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Abstract 

 

Glass surfaces govern the properties of strength, chemical durability, adhesion and optical 

quality of glasses. The surface acts as an interfacial site between the surrounding 

atmosphere and the bulk of the glass network. The reactivity of the interface to a variety 

of physical and chemical processes is critical to the performance of the material. The 

influence on the surface structure caused by an external stimulus is intimately correlated 

to the mechanical properties of glass surfaces. The enhancement of the mechanical 

properties of glasses such as hardness, scratch resistance and strength, necessitates a 

comprehensive knowledge of the underpinning relationship between the surface 

structural and mechanical properties. 

 

The subject of the alteration of the glass network caused by the exposure to liquid water 

and atmospheric humidity, associated with the degradation of mechanical properties, has 

received considerable attention in the past. However, the lack of a thorough insight on the 

fundamental cause of the change in surface mechanical properties of silicate glasses in 

intimate correlation with the influence on the structural network continues to persist. 

This research was aimed to bridge the gap in knowledge by elucidating the relationship 

between the surface structural and mechanical properties of soda-lime-silica (SLS) glass, 

that finds widespread applications ranging from windows to container bottles. 

Superheated steam was used as a medium of interaction with the SLS glass surface to 

study the modification of the surface structural network in correlation to the influence on 

subsurface hardness. Two categories of SLS glasses, container glass and microscopic glass 

slide, were used for a comparative study. It was evidenced that the depth of influence of 

superheated steam was restricted to the near-surface region up to approximately 300 nm 

below the surface. The subsurface hardness was enhanced by 30% in the container SLS 

glass when subjected to interaction with superheated steam at sub-Tg temperature of 510 

°C for 30 minutes (Tg: glass transition temperature). On the contrary, the subsurface 

hardness of the other variant of SLS glass (glass slide) merely increased by 4%. Both the 

glasses were treated by superheated steam at a temperature of 50 °C below the onset of 

Tg for 30 minutes. These parameters were found to be optimal with respect to the 
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increment in subsurface hardness associated with the mobility of the glass network. The 

viscosity at this temperature also facilitated the investigation of the structural changes 

thoroughly. The striking contrast of the influence on subsurface hardness between the 

two categories of SLS glasses necessitated a conscientious study of the role of the hydroxyl 

groups as well as the silicate network connectivity. It was demonstrated that the 

molecular water associated with a weak hydrogen bond to the bridging oxygen of a 

silicate ring occupied the interstitial voids within the silica tetrahedral units to contribute 

to subsurface hardening. The extent of stuffing of the interstitial voids by molecular water 

was determined by the network rearrangement caused by superheated steam. The 

diffusion of water molecules was favored by network depolymerization associated with a 

decrease in subsurface silicate network connectivity. This led to the availability of micro 

channelized pathways in the near-surface region of the container SLS glass. On the 

contrary, the SLS glass slide underwent silicate network repolymerization marked by the 

evidence of an increase in the concentration of bridging oxygens. This obstructed the 

pathway for the penetration of the water molecules during steam treatment. The 

difference in the behavior of subsurface silicate network rearrangement was attributed 

to the initial states of the silicate networks of the surfaces in their pristine states. The 

untreated SLS container glass had higher concentration of NBOs as opposed to its 

counterpart, that facilitated further weakening of the network on interaction with 

superheated steam to decrease the network connectivity. 

 

The other remarkable discovery was related to the susceptibility of the steam-treated 

glass surface to ageing in ambient atmosphere. It was evidenced that the water molecules 

linked to the silicate network with weak hydrogen-bonds were vulnerable to escaping 

either to the outer atmosphere or dissipating to the bulk of the glass network, when 

subjected to ageing. This was accompanied by a decrease in the subsurface hardness of 

the container SLS glass. The occurrence of the former event of the escape of the entrapped 

water molecules to the outer atmosphere may be prevented by deposition of thin film 

coating on the glass surface. 

     

Overall, it was discovered that the silicate network connectivity in combination with the 

interstitial voids within the silica tetrahedral units play a decisive role in governing the 

subsurface hardness of SLS glass. The role of stuffing of the interstitial voids with 
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hydrogen-bonded water molecules to contribute to subsurface hardening forges the basis 

of regarding these voids to be detrimental to the propagation of surface-initiated cracks 

to the depth of the glass network.    
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Kurzfassung 

 

Glasoberflächen bestimmen die Eigenschaften wie Festigkeit, chemische Beständigkeit, 

Haftung und optische Qualität von Gläsern. Die Oberfläche fungiert als Grenzfläche 

zwischen der umgebenden Atmosphäre und dem Glasnetzwerk. Die Reaktivität der 

Grenzfläche ist bei einer Vielzahl von physikalischen und chemischen Prozessen 

entscheidend für die Leistungsfähigkeit des Materials. Die Beeinflussung der 

Oberflächenstruktur durch einen externen Stimulus steht in engem Zusammenhang mit 

den mechanischen Eigenschaften der Glasoberfläche. Die Verbesserung der 

mechanischen Eigenschaften von Gläsern, wie z. B. Härte, Kratzfestigkeit und Festigkeit, 

erfordert ein umfassendes Wissen über die zugrunde liegende Beziehung zwischen der 

Struktur des Glases an der Oberflächen sowie im Volumen. 

Die durch die Einwirkung von flüssigem Wasser und Luftfeuchtigkeit verursachte 

Veränderung des Glasnetzwerks, die mit einer Verschlechterung der mechanischen 

Eigenschaften einhergeht, hat in der Vergangenheit große Aufmerksamkeit erregt. Es 

fehlt jedoch nach wie vor ein tiefer gehender Einblick in die grundlegende Ursache für die 

Veränderung der mechanischen Oberflächeneigenschaften von Silikatgläsern in 

Zusammenhang mit der Netzwerkstruktur des Glases. Diese Forschungsarbeit schließt  

diese Wissenslücke, indem sie die Beziehung zwischen der Oberflächenstruktur und den 

mechanischen Eigenschaften von Glas aufklärt.  Untersucht wurde Natron-Kalk-Silikat-

Glas (engl. soda-lime silicate (SLS ) glass), das Anwendung zum Beispiel als  Fenster- oder 

Behälterglas findet. In der vorliegenden Arbeit wurde überhitzter Wasserdampf als 

Medium für die Interaktion mit der SLS-Glasoberfläche verwendet, um die Veränderung 

des strukturellen Oberflächennetzwerks in Korrelation mit dem Einfluss auf die unter der 

Oberfläche liegende Härte zu untersuchen. Untersucht wurde zwei verschiedene 

Glasprodukte, zum einen ein grünes Flaschenglas, zum anderen flache Glasobjektträger 

für die Mikroskopie. Die Untersuchungen zeigten , dass der Einfluss des überhitzten 

Dampfes auf einen oberflächennahen Bereich bis etwa 300 nm unter der Oberfläche 

beschränkt ist. Die Härte des unter der Oberfläche liegende Behälterglases konnte um 30 

% erhöht werden, wenn es 30 Minuten lang bei einer Temperatur unterhalb der 

Glasübergangstemperatur (Tg: 560 - 575 °C) mit überhitztem Dampf beaufschlagt wurde. 
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Im Gegensatz dazu erhöhte sich unter denselben Bedingungen die Oberflächenhärte des 

Glasobjektträgerglases lediglich um 4 %. Die Parameter der Dampfbehandlung erwiesen 

sich als optimal im Hinblick auf die Zunahme der Oberflächenhärte in Verbindung mit der 

Mobilität des Glasnetzwerks. Auch die Viskosität bei dieser Temperatur erleichterte die 

Untersuchung der strukturellen Veränderungen. Der auffällige Unterschied zwischen den 

beiden untersuchten SLS-Gläsern in Bezug auf den Einfluss auf die Oberflächenhärte 

erforderte eine sorgfältige Untersuchung der Rolle der Hydroxylgruppen sowie der 

Konnektivität des Silikatnetzwerks. Dabei konnte gezeigt werden, dass das molekulare 

Wasser, das mit einer schwachen Wasserstoffbindung an den verbrückenden Sauerstoff 

eines Silikatrings verbunden ist, die Zwischenräume innerhalb der tetraedrischen 

Siliziumdioxideinheiten ausfüllt und so zur Oberflächenhärtung beiträgt. Der Grad der 

Füllung der interstitiellen Hohlräume durch molekulares Wasser wurde durch die 

Änderungen des Glasnetzwerks durch den überhitzten Dampf bestimmt. Die Diffusion der 

Wassermoleküle wurde durch eine Depolymerisation des Netzwerks begünstigt, die mit 

einer Abnahme der Konnektivität des Silikatnetzwerks unter der Oberfläche einherging. 

Dadurch wurden Mikrokanälen im oberflächennahen Bereich des Behälterglases 

geschaffen. Im Gegensatz dazu kam es auf der Objektträger-Glasplatte zu einer 

Repolymerisation des Silikatnetzwerks, gekennzeichnet durch einen Anstieg der 

Konzentration von brückenbildenden Sauerstoffbindungen (engl. bridging oxygen, BO). 

Somit wurde der Weg für das Eindringen von Wassermolekülen während der 

Dampfbehandlung versperrt. Dieser Unterschied bei der Umlagerung des 

Silikatnetzwerks unter der Oberfläche wurde auf die Ausgangszustände der 

Silikatnetzwerke an der Oberfläche zurückgeführt. Das unbehandelte Behälterglas wies 

im Gegensatz zu seinem Gegenstück eine höhere Konzentration an nicht-

brückenbildenden Sauerstoffionen (engl. non-bridging oxygen, NBO) auf, was eine 

weitere Schwächung des Netzwerks bei der Interaktion mit überhitztem Dampf 

begünstigte und die Netzwerkkonnektivität verringerte. 

Die andere bemerkenswerte Änderung betraf die Anfälligkeit der dampfbehandelten 

Glasoberfläche für die Alterung in der Umgebungsatmosphäre. Es konnte nachgewiesen 

werden, dass diejenigen Wassermoleküle, die über schwache 

Wasserstoffbrückenbindungen mit dem Silikatnetz verbunden sind, bei der Alterung 

entweder in die Umgebungsatmosphäre entweichen oder sich im Volumen des 
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Glasnetzwerkes verteilen können. Dieser Vorgang ging mit einer Abnahme der 

Oberflächenhärte des SLS-Glases einher.  

Die Konnektivität des Silikatnetzwerks spielt in Kombination mit den Zwischenräumen 

innerhalb der Silikat-Tetraedereinheiten eine entscheidende Rolle bei der Steuerung der 

Oberflächenhärte von SLS-Glas. Die Tatsache, dass die Füllung der interstitiellen 

Hohlräume mit wasserstoffgebundenen Wassermolekülen zur Oberflächenhärtung 

beiträgt, legt zudem den Schluss nahe, dass diese Hohlräume der Ausbreitung 

oberflächeninitiierter Risse in die Tiefe des Glasnetzwerks abträglich sind. 
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Motivation 

 

Glass surface is susceptible to incessant interaction with ambient atmosphere to affect the 

structural chemistry. The instantaneous state of the surface prior to an event determines 

the fate of the event. Adsorption of water molecules from the ambient atmosphere serves 

as a paradigm of a ubiquitous event. The interfacial characteristics influenced by the 

surface structural chemistry govern the overall performance of the material — defined by 

its chemical durability, corrosion resistance, optical and mechanical properties. This 

necessitates a thorough understanding of the underpinning surface structural chemistry 

of glasses. 

 

Soda-lime-silica (SLS) glass serves a broad spectrum of societal materialization, ranging 

from window glasses to container bottles. The broad field of its application raises the need 

for an optimum performance with respect to abating the brittle behavior that restricts its 

failure strength to three orders of magnitude below the theoretical strength. The 

mechanical properties of SLS glasses are intimately related to the structural network. 

However, there exists a lack of a thorough insight on the relationship between the surface 

structural and mechanical properties. This study endeavors to bridge the gap in 

knowledge with an attempt to draw a correlation of the modification in surface 

mechanical properties in response to the rearrangement in the subsurface silicate 

network. The alteration of the silicate structure caused by the influence of aqueous media 

and atmospheric humidity was a subject of considerable research in the past with the 

outcome of the corrosion mechanisms. Furthermore, hydrothermal treatment of SLS glass 

around 150 °C reportedly had negative impact with respect to a decrease in subsurface 

hardness. The absence of any comparable attention to the interaction of the SLS surface 

with superheated steam in the vicinity of the glass transition temperature (Tg) is one of 

the key sources of motivation of this work. The variation in surface mechanical properties 

influenced by the alteration in surface structure in response to the interaction with 

superheated steam was studied. Surface-sensitive spectroscopic techniques were used to 

draw complimentary evidence of the influence on surface nanostructure. The 

configuration of molecular water in the glass network was discovered on the basis of its 

influential role on surface structural and mechanical properties. Additionally, the effect of 
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ambient ageing on the alteration of the surface characteristics was investigated to 

discover the detrimental effect of surface degradation caused by atmospheric influence. 

 

A comprehensive study of the influence of superheated steam on the surface structural 

and mechanical properties is presented in this thesis with an attempt to formulate a 

model of the surface structure. The modification of the surface structure of SLS glass is 

schematically represented, based on the fundamental relationship of mechanical-

structural property.  The discovery of the contribution of the entrapped water molecules 

within the interstitial voids of the silica tetrahedral network accentuated the detrimental 

role of the free volume to the propagation of a crack front until brittle failure. This 

contributed to the realization of the importance of stuffing of these voids to enhance the 

mechanical properties of SLS glasses.   
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1 State of the art 

 

The primary goal of this chapter is to familiarize the reader with the version of the surface 

structure of soda-lime-silica (SLS) glass that is currently accepted.  The near-surface 

region has received significant attention to highlight its importance in controlling the 

mechanical properties of glasses. An introduction to the glass surface is presented in 

addition to the techniques of characterizing the surface structure. The efficacy of X-ray 

photoelectron spectroscopy (XPS) in characterizing the surface structure deservingly 

found columns of a separate sub-section. The susceptibility of the glass surface to 

corrosion in aqueous media and ambient atmosphere is presented before summarizing 

the methods of strengthening and hardening of silicate glasses. 

 

1.1 Silicate network connectivity 

The backbone of the structure of soda-lime-silica (SLS) glass consists of silica tetrahedral 

network of SiO4 units [1]. These SiO4 tetrahedra share corners with each other to form a 

continuous, three-dimensional network that lacks periodicity. The incorporation of alkali 

and alkaline earth modifiers such as Na2O, CaO, K2O etc. to the raw batch of silica sand 

reduces the melting point. The network modifiers reduce the degree of connectivity of the 

silicate structure by replacing the bridging oxygens (BOs) by non-bridging oxygens 

(NBOs). Fused quartz glass (100% silica) contains silica tetrahedral network with four 

BOs attached to each silicon atom, each BO being shared by two silicon atoms. The alkali 

network modifiers enter the silicate structure of SLS glass as singly charged cations (e.g., 

Na+, K+) to occupy the interstitial sites [2]. The positive charge is satisfied by an ionic bond 

to an oxygen atom. This is accomplished by breaking a bridge to attach an oxygen 

provided by the alkali oxide (M2O) to the broken bridge. This is illustrated by the reaction 

below: 

Si-O-Si + M2O = Si-O- M+ + M+ -O-Si-  

Thus, each alkali cation is expected to create one non-bridging oxygen (NBO). Each 

alkaline earth cation (e.g. Ca2+) creates two NBOs to ensure the charge neutrality. The 

creation of NBO reduces the degree of silicate network connectivity to promote the mass 

transport related properties such as fluidity (inverse of viscosity), diffusion, electrical 
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conduction, chemical corrosion. The structure acquires the freedom to expand, associated 

with an increase in thermal expansion coefficient. A schematic representation of the 

structure of SLS glass with modifier cations occupying the interstitial sites is shown in 

Figure 1.1. 

 

Figure 1.1. Two-dimensional schematic representation of soda-lime-silica glass 

structure. A fourth oxygen would be located above each silicon atom in the three-

dimensional structure [1]. Reproduced with permission from the Royal Society of 

Chemistry. 

 

The progressive addition of network modifiers to the silica tetrahedral network of SLS 

glass depolymerizes the network, associated with increase in the concentration of NBOs. 

The local coordination of a silica tetrahedral unit is designated by Qn, where Q refers to 

the SiO4 tetrahedron (Q) with ‘n’ bridging oxygens. 

Magic angle spinning nuclear magnetic resonance (MAS NMR) is a powerful tool to 

elucidate the local environment of the various nuclei in the glass structure [3, 4, 5, 6, 7, 8]. 

In an NMR experiment, a nucleus possessing a magnetic moment is spun at an angle θ to 

an externally applied magnetic field H0, causing the nucleus to process at Larmor 

frequency about the field axis. An oscillating electromagnetic field of the same frequency 
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is then allowed to interact. The resulting nuclear resonance then causes absorption of 

energy from the oscillating field proportional to the Boltzmann distribution of the nuclear 

spin population and the effective nuclear relaxation times. The NMR spectra are affected 

by the chemical shift anisotropy interaction resulting from the shielding of H0 by the 

electrons surrounding the resonating nucleus. Any change in the local electron density 

around the nucleus e.g., change in coordination number can be detected. When θ= 54.74° 

(3cos2θ-1= 0), the peak-broadening interactions in the NMR spectra are removed to 

narrow the linewidth [3], that justifies the term ‘magic angle’. In SLS glasses, the chemical 

anisotropy on 29Si yields information regarding the second neighbors, particularly the 

identification of BOs and NBOs. The local configuration around the silicon atom, expressed 

as Qn units (n= 0 to 4) is characterized to determine the extent of network 

depolymerization in the overall silicate structure. The chemical shift corresponding to 

around -93 ppm with respect to the standard reference of trimethylsilane (TMS) indicates 

the Q3 species, while Q4 species are identified by a chemical shift of around -106 ppm. The 

percentage abundance of each Qn species can be calculated by the normalized integrated 

peak areas of the curve-fitted NMR spectra. 

Raman spectroscopy is one of the popular analytical tools of investigating the silicate 

structure of glasses [9, 10, 11, 12, 13]. It is an inelastic light scattering phenomenon. The 

frequency of the monochromatic light used for excitation changes on interaction with the 

glass sample. The effect probes the vibrational levels of specific groups of atoms or ions. 

Photons of the laser light are taken up by the sample into a non-stationary, very short-

lived virtual state (~10-15 s) followed by instantaneous reemission. The frequency of the 

reemitted photons is shifted up (anti-Stokes Raman effect) or down (Stokes effect) 

relative to the original single frequency, by a value called the Raman shift. This, in turn, 

provides information about vibrational, rotational, and other low frequency transitions in 

molecules or molecular groupings of the sample being analyzed. It is an essential tool of 

characterizing the Qn species in the sub-surface region on the scale of micrometers below 

the glass surface [14]. The Raman spectrum between 150 and 1350 cm-1 is associated with 

the vibrations of the silicate structure consisting of two main regions: bending vibrations 

within inter-tetrahedral linkages corresponding to the low frequency (LF) region 

between and 300 and 600 cm-1; and Si-O stretching vibrations of the depolymerized 

silicate species corresponding to the high frequency (HF) region between 900 and 1300 

cm-1 [11, 12, 13]. The concentrations of the individual Qn species can be calculated by 
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deconvoluting the HF band to determine the overlapping peaks. The contributions of 

these overlapping peaks are assigned to specific Qn species to calculate the corresponding 

concentrations by the normalized integrated peak areas.  An empirical formula generally 

used for evaluating the degree of polymerization of the glass network uses the ratio 

between the LF and HF band areas [15]. The Q3 species generally dominate the bulk 

structure in SLS glasses with three bridging oxygens and one non-bridging oxygen linked 

to each silica tetrahedral unit. However, the surface structure of SLS glasses differ from 

the bulk, owing to the inevitable presence of silanol groups linked to NBOs, representative 

for a weaker network connectivity. The following section presents an introduction to the 

surface network.  

 

1.2 Introduction to glass surface 

Glass surfaces control the properties of strength, chemical durability, adhesion and 

optical quality [16]. The surface is a site for a variety of chemical and physical processes 

important in processing and properties of glasses. It acts as an interface between the outer 

atmosphere and the bulk of the glass network. The atoms at the surface act as frontiers 

between the two worlds that need to be crossed to access new possibilities, the 

development of physical and chemical rules that are amplified at the border atoms. The 

surface consists of “dangling” bonds in the form of Si- and Si-O- that are unsatisfied. The 

structure of the glass surface depends on the reactions of these dangling bonds with the 

surrounding environment. The ubiquitous presence of these active sites forges a basis to 

regard the surface as a living entity. The following sub section presents the role of these 

dangling bonds to form different types of silanol groups that critically define the surface 

structure.  

 

1.2.1 Surface silanol groups 

The reactions of the dangling bonds with the ambient atmosphere form silanol groups 

(SiOH). The near-surface region is essentially composed of hydroxyl groups. The 

inevitable interaction of the dangling bonds with atmospheric moisture leads to the 

formation of different kinds of silanol groups. They can exist in the form of isolated 
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silanols, geminal silanols, vicinal silanols and non-interacting silanols, as illustrated in 

Figure 1.2 [17]. 

 

 

(a) (b) 

 

 

(c) (d) 

Figure 1.2. Schematic representation of (a) isolated silanol (b) vicinal silanol (c) 

geminal silanol (d) non-interacting silanol. Si (yellow), O (red), H (gray) [17]. 

Reproduced with permission from John Wiley and Sons. 

 

Water and hydroxyl species are often retained in commercial glass from the water vapor 

in the melting atmosphere or the raw materials [18]. Water can exist in glass either in 

different forms of silanol groups (see Figure 2) or as interstitial molecular water. When 

the total water concentration is less than 1000-3000 ppm in the bulk, the majority of it 

exists as SiOH. Interstitial molecular water is dominant at higher concentration [19]. 

These hydrous species influence the glass structure and the properties of the glass. For 

instance, water reactions during the melting of silicate glasses weaken the Si-O-Si network 

by depolymerization and generation of terminal OH groups. Molecular water in silica glass 
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can affect structural relaxation [20]. Surface structural relaxation takes place much more 

rapidly than bulk structural relaxation, promoted by moisture in the atmosphere. It is also 

known that water adsorption and surface hydroxylation affect the mechanical strength 

[21, 22, 23, 24] and residual surface compressive stress in chemically strengthened glass 

[25]. The incorporation of these water species can enhance corrosion and dissolution, 

which forms the basis of discussion in the next section on glass surface corrosion.  

The application of infrared (IR) spectroscopy to detect different water species like H, OH 

and H2O in glasses has been extensively reported [18, 22, 26, 27, 28, 29, 30, 31, 32, 33]. 

The OH stretching vibration in the mid-IR region can be used to detect the presence of 

different forms of silanol groups and water molecules. Although the presence of bulk 

water can be evaluated by transmission IR, it lacks surface sensitivity to reveal the 

speciation of water in the near-surface region. Attenuated total internal reflection (ATR) 

mode of infrared spectroscopy (IR) enables surface-sensitive analysis in the outermost 

region of the surface [18, 29, 30, 31, 33]. It uses a crystal with a high refractive index 

(typically diamond) through which light is passed. When the crystal is in direct contact 

with the glass sample of lower refractive index, the light is totally reflected at the interface. 

The evanescent wave of the light penetrates into the glass sample in contact with the 

crystal surface. The absorption of this evanescent wave by the sample attenuates the total 

reflection of the light at the interface, which is recorded as a function of the wavelength of 

the reflected light. The evanescent wave decays exponentially with the distance from the 

surface within the specimen. Its penetration depth, dp, is usually expressed as the distance 

at which the electric field intensity in the sample falls to 37% (e-1) of the surface value. It 

is calculated by the following equation: 

𝑑𝑝 = 𝜆/{2𝜋𝑛1  [𝑠𝑖𝑛2𝜃 − (
𝑛2

𝑛1
)

2

]

1

2

}                                                                                                (1.1) 

Where, λ= wavelength of the IR beam, θ= incident angle of the IR beam, n1= refractive 

index of the internal reflection crystal, n2= refractive index of the sample. The refractive 

index changes only slightly in the wavenumber range between 1600 and 4000 cm-1 for 

SLS glasses [34]. The information depth of ATR-IR is about 0.5-0.7 µm for the mid-IR 

stretching vibration region of hydroxyl groups and ~1.1 µm for the bending vibration 

region of molecular water [18, 30, 33]. The penetration depth (dp) of the squared 

evanescent field [35] is nearly 118 nm at 3400 cm-1 with a probing depth (3dp) of 
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approximately 354 nm. The molecular water peak is observed around 1620 cm-1. The OH 

stretching region of the mid-IR spectra confined in the range of 2500 to 4000 cm-1 

provides surface-sensitive information about both silanol groups and molecular water. 

The OH stretch band is very sensitive to the strength of hydrogen bonding interactions. 

The bond lengths of the hydrogen bonds (H…O) that govern the strength of these 

interactions are a function of the OH stretching frequency as shown in Figure 1.3 [31, 36, 

37]. 

 

Figure 1.3. Relationship between O-H stretching frequency and H…O distance in solid 

materials [31, 36]. Reproduced with permission from Springer Nature. 

 

Water adsorption, dissolution of glass network and ion-exchange occur at the surface and 

interface, which necessitates a thorough knowledge of the hydrogen bonding interactions 

of the hydrous species at the internal or external interfaces. Vibrational sum frequency 

generation (SFG) spectroscopy is a powerful technique for studying surface and 

interfacial species [22, 30, 31, 38, 39]. It is a second-order non-linear optical technique 

unlike ATR-IR spectroscopy. ATR-IR is suited to be used for the detection of hydrous 

species at the near-surface region of glass, while SFG is suitable for the investigation of 

hydrous species at the surface and interface. These hydrous species are critical to the 

structure of the near-surface region of the glass as discussed below. 
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1.2.2 Near-surface structure 

The structure of the near-surface region can considerably differ from the bulk, owing to 

the inhomogeneous surroundings of the surface atoms and the tendency to lower the 

surface energy [40]. If the glass surface is melt-formed in a gaseous medium, the smooth 

surface of a liquid is frozen in. Formerly, it was believed that the surface had a lower 

refractive index corresponding to a lower density, because the surface was cooled faster 

than the bulk. It was later reported and complemented that the glass surface consisted of 

a layer of 4 nm with higher refractive index. This layer is often referred to as the “glass 

skin”. It evidently influences the mechanical, chemical and physical properties of glass, 

especially the quality of an adjacent coating. The glass skin protects the glass against the 

attack of surrounding media. Many evidences of glass surfaces confirmed that the skin 

had a higher density. The glass network may be assumed to be analogous to a fishnet. On 

the margin, the net mesh cannot be completely extended due to lack of three-dimensional 

drawing forces. Such configuration deformation results in smaller net voids. In addition, 

it has been reported that the glass surface is mainly formed by three or four membered 

silica tetrahedral rings [41], whilst the volume (bulk) is formed by six-, seven- and eight-

membered rings [42]. Such a disparity in the network structure results in smaller voids 

in the surface layer than the bulk. A network unit of six-membered ring with the ring 

opening of 0.24 nm, is comparable to the diameter of a water molecule (0.28 nm) [43]. 

Figure 1.4 represents a schematic diagram of the glass network structure of the near-

surface region. 
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Figure 1.4. Schematic representation of the glass network structure near a surface [40]. 

Reproduced with permission from the Journal of Glass Science and Technology. 

 

The gel layer (5 to 10 nm) consists of surface silanol groups and water molecules 

connected by hydrogen bonds to the silanol groups. This layer can be formed in air within 

several minutes [44]. The skin is considered to be silica-rich due to the absence of 

modifier cations. The structure of the surface and the near-surface region can be 

effectively studied by X-ray photoelectron spectroscopy, as discussed in the subsequent 

sub-section.   

 

1.2.2.1 Investigation of the near-surface structure by XPS 

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for 

chemical analysis (ESCA) — is a powerful tool to characterize the chemical speciation of 

the top surface and the near-surface region of SLS glass [45]. It employs a soft X-ray beam 

to induce emission of electrons from the irradiated surface, with a sampling depth that is 

usually around 5-10 nm. In addition to the possibility to detect and distinguish different 

elements (from Li to U), the advantage of XPS is its ability to provide quantitative 

information on the chemical state, including the local chemical bonding environments. 
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This section describes the basic working principle of XPS before elaborating its 

application to glass surfaces. 

 

1.2.2.1.1 Working principle of X-ray photoelectron spectroscopy 

The principle of XPS is based on the well-known photelectric effect explained by Albert 

Einstein in 1905 [46]. Photoelectron production in its simplest form, describes a single 

step process in which, an electron initially bound to an atom/ion is ejected by a photon. 

Since photons are massless (zero rest mass), chargeless package of energy, these are 

annihilated during photon-electron interaction with complete transfer of energy [47]. If 

this energy is sufficient, it will result in the emission of the electron from the atom/ion as 

well as the solid. The kinetic energy (KE) that remains on the emitted electron is the 

quantity measured. It is of a discrete nature and is a function of the electron binding 

energy (BE), which, in turn, is element and environment specific. 

When a glass sample is irradiated by a beam of soft X-rays of energy hν (few keV), 

electrons in orbitals with binding energies less than hν can be ejected from the atoms. 

They are subsequently detected in a spectrometer and analyzed in terms of their KEs. 

Although KE is the quantity recorded in XPS, it is the derived BE that is used to construct 

the energy spectrum. The relationship among KE, BE and the initiating photon energy, hν 

can be expressed by the principle of conservation of energy: 

𝐵𝐸 = ℎ𝜈 − 𝐾𝐸 −  Ф𝑠𝑝𝑒𝑐                                                                                                                  (1.2) 

where, Фspec is the work function of the spectrometer in ohmic contact with the solid 

sample (typically 3-5 eV). It represents the minimum energy necessary to remove an 

electron from the instrument on the assumption that a conductive sample in physical 

contact with the instrument is analyzed. Mg Kα (1253.6 eV) or Al Kα (1486.6 eV) X-ray 

anode sources are commonly used for XPS in laboratory instruments. The energy level 

diagram representative of the above equation is shown in Figure 1.5. 



 

24 
 

 

Figure 1.5. Schematic illustration of the energy level diagram of XPS. Adapted from [48] 

 

A typical plot of XPS spectrum represents the number of emitted electrons as a function 

of their binding energy. The information obtained from XPS measurements relies on the 

observation of photoelectrons emitted from core levels of the atoms in the sample surface. 

The ionizing radiation can access at least one core level for all elements, with binding 

energies in the range of 10-1400 eV. The binding energy of a core electronic level is 

determined by the electrostatic interaction between the electron and the nucleus. The 

binding energies of the elements are well-known and tabulated with minimal overlaps 

[49].  

The basic instrumental setup of XPS is shown in Figure 6. Al Kα X-rays are produced by 

irradiating an Al anode with a focused electron beam (1486.7 eV). A quartz single crystal 

is used to produce monochromatic Al Kα X-rays via defined lattice spacing and Bragg’s 

diffraction criterion. The X-ray beam interacts with the glass surface and generates 

photoelectrons that are collected, focused and fed into a hemispherical electrostatic 

energy analyzer. The electron multipliers in the detector sample the counts based on 

binding energy of the emitted photoelectrons. The described process is schematically 

illustrated in Figure 6 (a).  
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(a) 

 

(b) 

Figure 1.6. (a) Basic instrumental setup of XPS [50], courtesy of Physical Electronics 

(b) PHI 5000 Versa Probe III 

 

The environment within the XPS instrument should be such that [47]: 

(a) The photoelectron and Auger electron emissions are not affected by any external 

electrostatic or magnetic fields 

(b) The photoelectron and Auger electron emissions are able to traverse the region 

between the sample and the detector (around 1 m in distance) 
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(c) The sample from which the emission arises must not be modified in any form or 

fashion during the course of analysis. 

All external magnetic or electric fields must be minimized or accounted for. They would 

otherwise affect the kinetic energy and hence the binding energy of the emitted electrons. 

External fields also include those arising from the earth’s rotation, i.e. the earth’s magnetic 

field. Although this remains constant at a place, it does vary with location around the 

globe. XPS instruments also use mu-metal (~76% Ni, ~17% Fe, ~5% Cu, ~2% Cr) either 

in the construction of the analysis chamber, energy filter housing and detector housing or 

in the lining of these chambers/housings. This material acts as an effective shield against 

any extraneous magnetic or electrostatic fields. If used as a lining, 316L grade stainless 

steel (~68% Fe, ~17% Cr, ~12% Ni and 3% Mo) is then used in the chamber/housings. 

These materials are also used as they provide the conditions necessary for the production 

of ultrahigh vacuum (UHV) conditions. UHV conditions (pressure on the order of 10-9 

mbar) are necessary in XPS to satisfy the criteria listed above. Under atmospheric 

conditions, there exists on the order of 2 x 1019 molecules/cm3. Such a high density of 

foreign molecules would otherwise prohibit the transmission of electrons from the 

sample surface to the detector. This necessitates UHV conditions in the chamber, which 

in turn, demands the solid sample to be stable under UHV.    

The surface sensitivity of XPS is characterized by its ability to identify and quantify the 

elemental composition and speciation present over the outer 10 nm or less of any solid 

surface. It is based on the assumption that the element of interest exists at >0.05 atomic 

%. Surface specificity arises from the limited flight path an electron has within a solid 

before it loses a fraction of its energy by inelastic collisions against other electrons in the 

material that involve loss of energy. Although the X-rays that irradiate the sample surface 

can penetrate micrometers below the surface, photoelectrons that only originate from the 

outermost surface layers (usually less than 10 nm) can reach the solid surface without 

changing their kinetic energy for inelastic scattering. Only the electrons leaving the solid 

surface without any inelastic scattering contribute to the characteristic photoelectron 

bands. Consequently, the surface sensitivity of XPS is determined by the depth from which 

an electron can be generated to escape without inelastic scattering. The primary factors 

controlling the volume analyzed are: 
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(a) The distance a photoelectron can travel within a solid before losing energy by 

inelastic collisions, described by the term, inelastic mean free path (λIMFP). It is 

defined by the average distance traveled by an electron of a specific energy within 

a particular single-layered homogenous amorphous solid between two successive 

inelastic scattering events. 

(b) The angle relative to the surface from which the photoelectrons are collected. This 

angle is often referred to as the take-off angle (Θ). 

The population of electrons of a specific energy emanating from a solid decrease 

exponentially with their depth of origin. The sampling depth equates to the depth from 

which 95.7% of all photoelectrons emanate. It is equivalent to 3*λIMFP*cosΘ. The escape 

depth is defined by the normal to the surface from which 61.7% of the original 

photoelectron population originates. It is defined as λIMFP*cosΘ. 61.7% and 95.7% 

translate to a drop in intensity of e-1 and e-3, respectively. 

One of the strengths of XPS lies in its ability to quantify the recorded signals with relative 

ease without the need of any reference material. Quantification in XPS assumes 

homogenous amorphous-like mixtures over the volume analyzed with no diffraction 

effects present. The intensity of a particular photoelectron peak can simplistically be 

expressed in the absence of elastic scattering events as [47]: 

𝐼 = 𝐽 ⋅ 𝑐𝑎 ⋅ 𝛼𝑝𝑐 ⋅ 𝐾𝑓 ⋅ 𝜆𝐼𝑀𝐹𝑃                                                                                                                    (1.3) 

Where, J represents the X-ray flux striking the analyzed area; ca is the concentration of the 

photoelectron emitting atom/ion within the sampled volume (a is the element of 

interest); αpc is the photoelectron cross-section; Kf encapsulates all instrument factors 

such as the transmission function. The terms αpc, Kf and λIMFP are encompassed into what 

is referred to as the sensitivity factor F. The factor J is omitted since it remains constant 

during a particular analysis. The sensitivity factor is specific to the instrument used, as 

well as the element and level the photoelectron emanated from. The concentration of the 

element is derived from the sample of interest by dividing the intensity of the pertinent 

level by its sensitivity factor F, according to the following equation [47]: 

𝑐𝑎 = (𝐼𝑎/𝐹𝑎)/((𝐼𝑎/𝐹𝑎) + ((𝐼𝑏/𝐹𝑏)+. . . ) ⋅ 100                                                                              (1.4) 

Where, the subscripts, a, b and so on, represent different elements. 
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1.2.2.1.2 Application of XPS to glass surface 

There has been limited usage of XPS to study the structure of silicate glasses, until 

recently. NMR and Raman spectra have been more widely used, as discussed in section 

1.1. This is mainly because XPS is a surface-sensitive technique rather than a technique to 

obtain bulk structural properties. Moreover, the spectral resolution used to be relatively 

low to be interpreted properly. 

The bonding states of oxygen atoms are commonly determined by studying the O1s 

spectral line in the binding energy range of around 528-534 eV. The highest energy peak 

around 536 eV is a Na KLL Auger line. The O1s spectral line contains signals from 

overlapping peaks corresponding to BOs, NBOs and hydrous species in the form of 

SiOH/H2O [7, 17]. The hydrous species are cited as a combination of surface hydroxyls 

and water as a distinction cannot be made without removal of physisorbed water at 

elevated temperatures [17]. Hereafter, the term “hydrous species” will be used in the text 

to refer to the combination of silanol groups and molecular water — SiOH/H2O. Gaussian-

Lorentzian curve-fitting of the O1s spectral line is a popular method of distinguishing the 

overlapping contributions of the individual species. The relative abundance of the oxygen 

speciations can be calculated by the normalized integrated peak areas to obtain their 

concentrations, expressed in atomic percentages. This approach has been adopted in this 

work with an elaborate discussion in conjunction with presenting the experimental 

results in Chapter 3, Section 3.2.2. 

The contribution of the individual network modifier cations to the total concentration of 

NBOs may also be stoichiometrically calculated, along with the concentrations of BOs and 

SiOH/H2O, by the following system of equations, considering charge neutrality and mass 

balance [17]: 

 

𝑁𝐵𝑂 = 2ሾ𝐶𝑎ሿ + 2ሾ𝑀𝑔ሿ + ሾ𝑁𝑎ሿ − ሾ𝐴𝑙ሿ                                         

ሾ𝑂𝐻 + 𝐻2𝑂ሿ = ȁ(−2) ⋅ ሾ𝑂𝑇𝑜𝑡𝑎𝑙ሿ + (1 ⋅ ሾ𝑁𝑎ሿ + 2 ⋅ ሾ𝐶𝑎ሿ + 2 ⋅ ሾ𝑀𝑔ሿ + 3 ⋅ ሾ𝐴𝑙ሿ + 4 ⋅ ሾ𝑆𝑖ሿ)ȁ 

𝐵𝑂 = ሾ𝑂𝑇𝑜𝑡𝑎𝑙ሿ − ሾ𝑁𝐵𝑂ሿ − ሾ𝑂𝐻 + 𝐻2𝑂ሿ                                                                                    (1.5) 

 

Apart from O1s spectral line, the Na1s and Si2p spectral lines are also taken into 

consideration for investigation of the structure of SLS glasses. For instance, the 

characteristic shift of the peak maxima of Si 2p3/2 to lower binding energy is indicative of 
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increased Na2O content. Similarly, the Na1s peak maxima are affected by the glass 

composition.  

The XPS probing depth is confined to less than 10 nm below the surface, defined by the 

inelastic mean free path of the electrons, as discussed in section 1.2.2.1.1. For instance, 

95.7% (3λIMFP) of electrons with K.E. values less than 1 keV would travel less than ~6 nm 

in Si with 61.7% interacting within one-third of this distance. Information on the depth 

distribution of elements within this region of the solid can be attained by utilizing angle-

resolved X-ray photoelectron spectroscopy (AR-XPS). This possibility stems from the fact 

that the sampling depth is a function of both Θ and λIMFP.  In many instances, however, it 

is desirable to not only obtain information on the composition and speciation of the 

elements present at the outer surface of the glass, but also to understand how these may 

vary as a function of depth from the glass surface. A common method of probing further 

into the glass network is associated with ion beam sputtering. It facilitates removal of 

surface atomic layers in a controlled manner as a result of the impact of energetic ions 

over the area of interest. This can pave the way to the third dimension by offering the 

possibility of accessing depths that are otherwise inaccessible to XPS, that is, layers at 

depths well over the maximum sampling depth. If sputtering is carried out in an 

interleaved manner with collection of photoelectron spectra, depth profiles of the 

elements of interest can be obtained. The most commonly used ions for sputtering in XPS 

are Ar+ with typical energies in the range of 0.5 to 5 keV. There is an increased interest in 

the use of clustered ions such as C60+ that induce far less damage during depth profiling of 

organic films. Previous reports illustrated certain drawbacks associated with Ar+ 

sputtering on the structural damage of silicate glasses with respect to the migration of 

alkali ions [51, 52]. The usage of C60+ has been recently shown to have a reduced extent of 

structural damage [53]. 

For energetic monoatomic ion impact (e.g., Ar+), sputtering primarily occurs via the 

formation of a linear collision cascade. It is an elastic process with momentum being 

transferred to atoms/ions contained within the sample being analyzed. Since these ions 

can transfer this energy well below the sputtering front, significant damage of the sample 

can occur. During a linear collision cascade, a significant amount of kinetic energy is 

dissipated via elastic and inelastic processes. Only a small fraction of this energy is 

actually removed in the form of sputtered atoms. The remainder induces a myriad of 
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processes to modify both the composition (in the form of diffusion, segregation, 

implantation) and the electronic structure of the solid. 

In case of cluster ions (C60+, Arn+, where n is several thousands), sputtering is believed to 

occur primarily through low-energy inelastic processes. This may be realized by the fact 

that the energy of a 10-keV C60+ ion will be split among the 60 atoms yielding ~167 eV per 

atom. This reduced energy also results in significantly less sample damage. However, Ar+ 

sputtering remains to be a widely used technique to probe the depth of the glass network. 

It is to be noted that if the region of interest is less than the sampling depth, angle-resolved 

measurements is more effective as it prevents the sample damage (a side-effect of 

sputtering).  

 

1.2.3 Surface flaws 

The tensile strength of most solids falls short of the theoretical value by a large factor [54]. 

In the case of brittle solids, particularly glasses, the discrepancy was attributed to stress 

concentration at minute flaws by Griffith in 1920 [55]. The surface flaws act as stress 

concentrators when subjected to externally applied stress to fail at stresses several orders 

of magnitude below the theoretical strength of glass. The failure strength decreases with 

the increase in flaw size [56]. Figure 1.7 illustrates the strength of glass products as a 

function flaw size. 

 

Figure 1.7. Failure strengths of glass products as a function of flaw size [56]. 

Reproduced with permission from John Wiley and Sons. 
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Flaws in glass are created as defects during glass melting (such as striations, stones, 

chords), glass forming (such as sharp reentrant angles between adjoining surfaces, mold 

crevices and insufficient fluidity), and subsequent handling by the glass makers as well as 

the consumers. One of the practical examples is the formation of surface scratches by 

abrasion. The size and severity of flaws are probabilistic. A typical strength tests shows a 

large distribution of strengths. The standard deviation is often exceeded by more than 

25% of the mean value. On assuming the “weakest link” hypothesis for a fracture to occur, 

it may be shown that glass strength can be described by a Weibull distribution [56]: 

𝐹 = 1 − 𝑒
−(

𝜎

𝜎0
)

𝑚

                                                                                                                                (1.6) 

where, F is the cumulative failure probability up to an applied stress σ, σ0 is a normalizing 

stress and m is the Weibull modulus. Typical values of Weibull moduli in manufactured 

glass are around 5. Flaws of varying severity are generated on the glass surface during 

handling and storage. They create a large number of indents and impacts which have 

sufficiently strong localized stress field to nucleate more flaws and grow them, specifically 

where local yield strengths are exceeded. Unlike metals, network solids such as glass do 

not have dislocations whose motion can be organized to display ductility once the yield 

stress is exceeded to lead to brittle fracture. Although theoretical estimates of forcing 2 

atoms apart are as high as ~35 GPa, the failure strength decreases progressively with the 

incorporation of surface flaws at different stages of glass production, as demonstrated 

above in Figure 1.7.  

From one of the accepted viewpoints, failure originates from cracks with atomically sharp 

tips [57, 58]. The behavior of sharp cracks can be described in terms of a fracture 

mechanics formulation in which the crack length is the sole strength-controlling 

dimension. In another view, strength-controlling flaws are considered to be intrinsically 

“blunt”. The strength is then related to the radius of curvature of the tip as well as to the 

length of the crack [59, 60, 61]. Thus, flaw lengthening (sub-critical crack growth) and 

flaw sharpening (crack initiation from a notch-like defect) are two mechanisms of 

interpreting fatigue strengths. It is conceivable that these two steps could occur 

sequentially in any failure process. The slower step would control the kinetics in that case.  

The flaws develop easily on the glass surface because of the brittle nature of glass. The 
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index of brittleness was defined as B= H/Kc, where H is hardness and Kc is fracture 

toughness [62]. On a brief note, hardness represents resistance to deformation while the 

fracture toughness represents resistance to fracture, i.e., a glass with lower hardness and 

higher toughness would have lower brittleness. The following section is intended to shed 

light on the surface mechanical properties. 

  

1.2.4 Surface mechanical properties 

The fracture of glasses is determined by crack initiation and subsequent propagation [63, 

64]. Once a crack initiates in the glass surface, stress concentration occurs at the crack 

tips, resulting in catastrophic fracture under an applied stress much lower than the 

theoretical strength. Thus, the evaluation of crack initiation and crack propagation is of 

considerable interest for glass scientists and glass engineers. Naturally occurring flaws 

typically range in the scale of micrometers, that are difficult to locate and observe during 

their evolution to full-scale fracture. Micro indentation techniques such as Vickers 

indentation are particularly useful in this context to generate flaws with complete control 

of shape, size and site. Such flaws strongly resemble those which develop from general 

surface handling, machining, and polishing. Crack initiation by Vickers indenter is a 

commonly used technique to determine crack resistance of glass surfaces [62, 63, 64, 65, 

66, 67]. Vickers hardness is used to express the extent of plastic deformation of glass. 

Plastic deformation consists of two processes: densification and shear flow. Densification 

is the inelastic plastic deformation that is accompanied by a decrease in volume, while 

shear flow is the volume conservative flow that occurs without any decrease in volume. 

Densification leads to reduction in interstitial space of the three-dimensional network in 

the vicinity of the indenter. This enables the region beneath the indenter to deform more 

easily to fit the contour of the indenter. Thus, densification reduces the stress 

concentration beneath the indenter to increase the crack resistance. Indentation using a 

sharp indenter leads to high hydrostatic stresses beneath the contact zone. Indentation-

induced densification of glass has been evidenced [68, 69, 70]. The densified volume can 

be relaxed by annealing around the glass transition temperature. Thus, measuring the 

volume of indentation impression before and after annealing allows for the 

discrimination of the densified volume from the total indentation volume. At low peak 

loads, radial cracks initiate on the unloading cycle and grow to full length on complete 
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unload [71]. The radial cracks are nucleated by flaws at the deformation zone boundary 

and driven by the residual stress field arising from the strain mismatch of the plastically 

deformed zone embedded in the surrounding elastically restraining matrix. With increase 

in peak load, median cracks initiate on the loading half of the cycle as full circles beneath 

the deformation zone and grow in size with continued loading. On unloading, the median 

cracks spread outwards along the surface to leave a half-penny geometry at complete 

unload. At high peak loads, lateral cracks nucleate beneath the deformation zone on the 

unloading half of the cycle and grow on unloading to reach full size on complete unload. 

Figure 1.8 illustrates the different types of indentation cracks discussed. 

 

 

 

Figure 1.8. Resultant cracking systems of Vickers indentation [72]. Reproduced with 

permission from Elsevier. 
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Radial crack formation should be suppressed during and/or after unloading to increase 

the crack initiation load [72]. The driving force of radial crack formation is residual tensile 

stress surrounding the indentation. If the residual tension after indentation becomes 

smaller, crack formation resistance becomes higher. Crack resistance is defined as the 

load required for the radial cracks to initiate, indicating the difficulty of crack initiation. A 

crack initiation probability of 50% is considered to be the crack resistance. During 

loading, the glass is permanently displaced through densification and/or shearing, 

creating a hemispherical zone of compacted material surrounding the indentation cavity. 

The deformation mechanisms along with the stress fields during indentation are 

schematically represented in Figure 1.9.     

 

 

 

Figure 1.9. Schematic representation of the indentation deformation stages [73]. The 

dashed line indicates the indentation profile after unloading. Arrows indicate matter 

displacement. σ is the mean contact pressure. Reproduced with permission from AIP 

publishing. 

 

Figure 1.9 shows the indenter pressed into the surface of the material at a given load (P). 

Once fully penetrated, the mean contact pressure (σ) corresponds to the instantaneous or 

elastic hardness (Hel), which is significantly larger than the hardness (H) after full 

recovery. The prevailing deformation mechanism is controlled by the Poisson’s ratio (ν). 

The ratio of densification to the residual indentation volume decreases with increasing 
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Poisson’s ratio of the glass [74]. The deformation mechanism is either densification in 

glasses with relatively low atomic packing density (e.g. anomalous glasses such as silica 

or Pyrex glass), or volume conservative shear flow in normal glasses with close-packed 

atomic network such as SLS or lead-silicate glasses, or a combination of both in general 

[74].  

Vickers hardness (HV) is measured by pressing the indenter into the material under a 

defined test load [75]. The indenter is a square-based diamond pyramid with a face angle 

of 136°. After a certain dwell time, the load is removed. The Vickers hardness value is 

defined as the quotient of the applied load (F) and the surface area (A) of the residual 

indentation — the result of the permanent plastic material deformation component of the 

test. The indentation diagonal lengths (d) are measured on the specimen surface to 

determine the indentation area. Based on the Vickers indenter geometry, the Vickers 

hardness is given as [75]: 

𝐻𝑉 =
0.102𝐹

𝐴
=

0.102𝐹

𝑑2

2 sin
𝛼
2

= 0.1891𝐹/𝑑2                                                                                         (1.7) 

The factor 0.102 has been inserted to equation 1.7 to produce the same hardness values 

after adopting Newtons instead of kilo pounds as the unit of the test load. This definition 

and calculation are based on the assumption that the permanent indentation is a true 

geometric image of the indenter after load removal. This assumption, however, is not 

justified for reasons concerning the non-uniform stress distribution at the point of 

indentation as discussed [75]. While the test load is applied, the indenter is under the 

same stress as the specimen and will, therefore, be subject to elastic deformation. 

However, the indenter is viewed as having ideal stiffness because the modulus of elasticity 

of diamond is very large. A Vickers indentation is never a negative imprint of the exact 

indenter geometry, regardless of material properties. 

Universal hardness, HU, is based on indentation with a Vickers indenter. It is associated 

with the measurement of the indentation depth, or indenter displacement under test load. 

The designation of Universal Hardness implies the applicability of the method to all 

materials. Since the Vickers hardness or HV test is a different hardness test method, 

reference to the Vickers method should be avoided to prevent misunderstandings. The 

Universal Hardness is defined as the quotient of the test load (F) and the surface area (A) 

of the indentation under an applied test load. Based on the pyramid geometry, universal 
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hardness can be described as a function of applied load and the indentation depth under 

the applied load, with the assumption of an indenter of ideal stiffness [75]. 

𝐻𝑈 =
𝐹

𝐴
=

𝐹

4∗(sin 𝛼/2)/(𝑐𝑜𝑠2𝛼/2)∗ℎ2 =
𝐹

(26.43∗ℎ2)
                                                               (1.8) 

 

The universal hardness is expressed in N/mm2, that differentiates HU from HV. The values 

of universal hardness are generally higher than the classic Vickers hardness number by a 

factor of approximately ten [75]. As a result of the equilibrium between the applied test 

load and the resistance of the tested material to indenter penetration, the universal 

hardness is also physically more meaningful to be realistically used for evaluation of the 

surface hardness of glasses. The concept of universal hardness also fulfils the technical 

definition of hardness as the resistance of a material to the penetration by another object 

of harder material. In this research work, the approach of universal hardness, also known 

as Martens hardness, was adopted to evaluate the subsurface hardness at low loads 

analogous to nanoindentation, as discussed subsequently. 

As the name implies, nanoindentation can use much smaller loads on the order of 10-100 

mN to produce smaller indents with penetration depths in the range of 10-1000 nm, 

unlike typical hardness measurements [76, 77]. In fact, loads of only a nanonewton (nN) 

and displacements of 0.1 nm have been measured accurately [77, 78]. These attributes 

make nanoindentation an attractive choice for characterizing the mechanical properties 

of thin films and surfaces, such as the case depth of ion-exchanged glasses. Unlike 

traditional hardness measurements that involve indentation and imaging of the residual 

indent at a later time, nano- or ultralow load indentation is able to measure Young’s 

modulus and hardness continuously. It measures the load (P) along with the 

corresponding displacement into the surface (h) during one complete cycle of loading and 

unloading, enabling real-time determination of F and A. The underlying equations that 

allow the determination of hardness from nanoindentation assume a mostly elastic 

contact between the indenter tip and the sample, resulting in sink-in only rather than pile-

up of the material around the indent [78]. This is generally a valid assumption for the 

indentation of hard ceramics and glasses. A typical set of load-displacement data of 

instrumented indentation technique is presented in Figure 1.10 (a). The key quantities 

are the peak load, Pmax, the displacement at peak load, hmax, and the initial unloading 
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contact stiffness, S= dP/dh, i.e., the slope of the initial portion of the unloading curve. The 

physical processes occurring during indentation are schematically illustrated in Figure 

1.10 (b). 

 

 

 

(a) (b) 

 

Figure 1.10. (a) Typical load-displacement curve illustrating the loading and 

unloading cycle during indentation (b) Physical processes involved in indentation 

[78]. Reproduced with permission from Elsevier. 

 

As the indenter is driven into the material, both elastic and plastic deformation occurs, 

which results in the formation of a hardness impression conforming to the shape of the 

indenter to some contact depth, hc. During indenter withdrawal, only the elastic portion 

of the displacement is recovered, which facilitates the use of elastic solutions in modeling 

the contact process. The Oliver-Pharr data analysis procedure [79] begins by fitting the 

unloading curve to the power-law relation: 

𝑃 = 𝐵(ℎ − ℎ𝑓)𝑚                                                                                                                                 (1.9) 

where, P is the indentation load, h is the displacement, B and m are empirically 

determined fitting parameters, and hf is the final displacement after complete unloading 

(also determined by curve fitting). The unloading stiffness, S, is then established by 

differentiating the above equation at the maximum depth of penetration, h=hmax, i.e.  
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𝑆 =
𝑑𝑃

𝑑ℎ
(𝑎𝑡 ℎ = ℎ𝑚𝑎𝑥) = 𝑚𝐵(ℎ𝑚𝑎𝑥 − ℎ𝑓)

𝑚−1
                                                                               (1.10) 

The contact depth is also estimated from the load-displacement data using: 

ℎ𝑐 = ℎ𝑚𝑎𝑥 − 𝜀𝑃𝑚𝑎𝑥𝑆                                                                                                                        (1.11) 

Where, Pmax is the peak indentation load and ε is a constant which depends on the indenter 

geometry [79]. Empirical studies have shown that ε≈0.75 for a Berkovich indenter. The 

hardness is given by equation 1.8.  

At low indent loads, such as 0.5 N or below, the indentation size effect (ISE) has been 

found to affect hardness measurements in glasses. The ISE has been defined as an increase 

in hardness at decreasing indent penetration depths, typically below 1 µm [80]. The effect 

is thought to be caused by dislocation strengthening necessary to accommodate plastic 

deformation and/or friction between the indenter and the specimen [80, 81, 82]. 

Although there have been several reports on the ISE effect in bulk metallic glasses [82, 83, 

84], it has been found to exist in silicate glasses and fused quartz in small magnitude [79, 

85, 86, 87].      

The surface structural chemistry of the silicate network is closely related to the surface 

mechanical properties. The relationship between surface structural and mechanical 

properties lacks a thorough understanding. This work aims to bridge the gap in 

knowledge in this field.   

   

1.3 Glass surface corrosion 

The presence of the network modifier cations in soda-lime-silica glasses increases the 

vulnerability of the surface to undergo significant alterations. The susceptibility of SLS 

glass surface to corrosion by water in liquid and vapor state combined with atmospheric 

alterations is the highlighting feature of discussion of this section. 

1.3.1 Surface degradation by liquid water 

Water reacts with the surfaces of SLS glasses to form a hydrated silica-rich layer [88, 89]. 

Ion-exchange between hydrogen or hydronium ions and alkali ions in the glass precedes 

the hydration reaction as follows [30, 43, 88, 89, 90]: 

𝑆𝑖 − 𝑂−𝑁𝑎+ +  𝐻+ ⇌ 𝑆𝑖 − 𝑂𝐻 + 𝑁𝑎+ 
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𝑆𝑖 − 𝑂−𝑁𝑎+ +  𝐻3𝑂+ ⇌ 𝑆𝑖 − 𝑂𝐻 +  𝑁𝑎+ + 𝐻2𝑂 

𝑆𝑖 − 𝑂 − 𝑆𝑖 +  𝐻2𝑂 ⇌ 𝑆𝑖 − 𝑂𝐻 + 𝐻𝑂 − 𝑆𝑖 

The concentration profiles resulting from this exchange and subsequent interdiffusion 

process have been characterized and reported [88, 89]. The reaction of water with alkali 

silicate glasses may be divided into two stages: 

(a) The first step is concerned with the amount of sodium and silica dissolved being 

proportional to the square root of time. 

(b) In the second stage, the amount dissolved is proportional to time. 

These trends suggest the dissolution process to be initially controlled by diffusion, 

followed by a surface reaction. A transport process should prevail for a two-step process. 

A model of the hydrated layers on the surface of alkali silicate glasses is presented in 

Figure 1.11. 

 

Figure 1.11. Model of the hydrated layers on the surface of alkali silicate glasses [88]. 

Reproduced with permission from Elsevier. 

 

The central assumption of the Doremus model of interdiffusing ions [89] lies in the fact 

that in an SLS glass, the hydration consists of substitution and interdiffusion of hydrogen 

(H+) or hydronium (H3O+) ions with the Na+ ions in the glass. The physical basis of this 

model is that the Na+ ions are the only mobile charge carriers in such a glass. The Na+ ions 



 

40 
 

tend to diffuse out of the glass because of their mobility and the large concentration 

gradient at the glass surface. However, they cannot leave the glass because their negative 

anions are immobile. After a small diffusion of the Na+ ions, an electric field is set up that 

stops further diffusion. However, if a second positive ion (e.g. H+ or H3O+) is introduced at 

the surface, this ion can interdiffuse with the Na+ ions, resulting in the diffusion of Na+ out 

of the glass as it is replaced by H+ or H3O+. The transformation of the initial glass network 

to looser gel-like structure results from the reaction of water to break the Si-O-Si bridging 

oxygen network into silanol groups. The neutral water molecules could then penetrate 

the partly hydrated layer and react with Si-O bonds for further hydration of the glass 

network followed by dissolution. 

While these reactions are slow at ambient conditions, they can be significantly accelerated 

at temperatures over 100 °C [91, 92, 93, 94]. First, the diffusion of water penetrating into 

the glass network is accelerated at elevated temperatures [95]. Second, the reactivity of 

water molecules is also higher. For example, the ionization constant of water (Kw) at 150 

°C is approximately 2 orders of magnitude higher than the value at room temperature [96, 

97]. 

 

1.3.2 Surface degradation by atmospheric influence 

The alteration of SLS glass surface by atmospheric humidity has been a subject of 

considerable study in the past [98, 99, 100]. The atmospheric alteration of a commercial 

soda-lime-silica glass is characterized by the appearance of a slight veil on the surface 

composed of sodium carbonate and calcium carbonate crystals [101, 102, 103]. These 

crystals can develop with time into sodium sulphate and calcium sulphate crystals in a 

polluted atmosphere containing SO2. The solubility of these crystals in water makes it easy 

to remove them. This is considered as a reversible stage from optical and mechanical 

viewpoint — the glass is very similar to the original glass after cleaning. In case of further 

alteration, some pits below the crystals may develop that can be accountable for 

deterioration in the mechanical properties of the glass. 

The relative humidity determines the number of layers of water molecules that build on 

the surface. Three to four layers are reached at 60% relative humidity, that increases 

exponentially when approaching 100% RH. The signs of glass hydration, marked by the 
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presence of a hydrated layer of a few micrometers, are observed beyond relative humidity 

of 50%. The rate of alteration is defined as the growth of the hydrated layer. In 

atmospheric conditions, the hydration rate generally increases with relative humidity, but 

it stays slower than the dissolution rate in hydrothermal or liquid water conditions in the 

initial dissolution regime. The glass composition has a critical influence in determining 

the rate-controlling process in the first few months of alteration, during which a hydrated 

layer forms. The composition also controls the properties of the hydrated layer, leading 

to different hydration kinetics in glasses of different compositions. The influence of the 

weathering mechanism by atmospheric influence on the glass surface is schematically 

represented in Figure 1.12 to illustrate the structural modifications in an alkali silicate 

glass.  

 

Figure 1.12. Glass weathering process starting with (a) clean surface (b) formation of 

a water film (c) a leached layer containing hydrogen (d) crystalline weathering 

products on the glass surface [104]. Reproduced with permission from ACS 

Publications. 
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The atmospheric alteration of glass is strongly influenced by the glass surface 

composition that may be different from the bulk composition due to process parameters 

[105, 106]. For instance, the tin-side of float glass that is enriched in tin, has a much better 

chemical durability than the air-side [107]. Similarly, the presence of SO2 in the annealing 

lehr causes surface dealkalization, which improves the durability of the glass [108]. This 

treatment is industrially exploited in the case of glass vials. In addition, the surface 

composition and structure may be modified by specific protective treatments such as 

those used in dishwashers with zinc and bismuth, or with polyethyleneimine [109, 110]. 

The mechanochemical wear in soda-lime-silica glasses shows a unique dependence on 

humidity [22, 24]. It shows a decrease in wear with increase in humidity unlike other glass 

surfaces that show an increasing wear with increasing humidity of the test conditions. In 

case of fused quartz glass, the wear volume gradually increases with relative humidity, 

which can be explained by the classical stress corrosion theory of enhanced crack growth 

by the dissociation of Si-O-Si network by water [90, 91, 92, 111]. The phenomenon of 

stress corrosion accelerates the hydrolysis reactions of glass on application of mechanical 

stress. However, the wear behavior in SLS glass differs by the increased wear resistance 

observed at high relative humidity. This could be attributed to the growth of hydronium 

ion concentration in the Na-leached region of the SLS glass surface. When the Na+ ions 

with lower ionic radii of 0.1 nm are replaced by larger hydronium ions of ionic radii 0.14 

nm, compressive stress builds up at the glass surface, which could improve the 

mechanical properties of the surface. As the humidity decreases, the concentration of 

hydronium ions in the surface decreases to make it more vulnerable to wear upon 

tribological shear.   

 

1.3.3 Surface degradation under hydrothermal condition 

Vapor-phase hydrothermal treatment of silicate glasses has received considerable 

attention [20, 30, 112, 113, 114, 115]. Hydrothermal reactions are typically carried out in 

a sealed reactor at temperatures over 100 °C. During the hydrothermal treatment at 200 

°C and 250 °C, water can diffuse into alkali-free glasses and react forming Si-OH groups 

[113, 114]. However, such hydrothermal treatments in liquid water have been reported 

to strengthen vitreous silica glass [113, 115]. In case of SLS glass, hydrothermal treatment 

in liquid water was reported to create a porous surface layer [116]. 
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One of the critical studies that further led to the advancement of understanding the 

influence of hydrothermal treatment of SLS glass on surface mechanical properties was 

reportedly focused around 150 °C [30]. The overall hardness decreased after the 

hydrothermal treatment. The silicate network was altered due to the reaction with water 

in the near-surface region associated with a modified, hydrated layer containing silanol 

groups. A longer treatment made the glass surface softer with a thicker modified layer. 

However, the resistance to crack formation increased that was attributed to the formation 

of silica-like surface layer to suppress crack initiation. This speculation was associated 

with the higher fracture toughness of silica glass than SLS glass. 

The natural contribution of the inevitable surface flaws to brittle failure (Section 1.2.3) 

and the susceptibility of the glass surface to corrosion (Section 1.3) necessitate methods 

of strengthening glasses to partially overcome the massive gap between the real failure 

strength and the theoretical strength. The following section sheds light on some of the 

well-known methods of strengthening and hardening SLS glasses.  

 

1.4 Strengthening and hardening of silicate glasses 

There are several approaches of strengthening glasses, given the variety of factors that 

can affect the strength of the glasses. The following sub-section 1.4.1 is focused on 

summarizing the popular strengthening methods of silicate glasses. 

1.4.1 Strengthening techniques 

Some of the common methods of strengthening silicate glasses are listed below [56]: 

i. Fire-polishing during manufacturing 

ii. Etching 

iii. Polymeric coatings such as epoxides and silanes 

iv. Lamination 

v. Inclusion of a second phase 

vi. Thermal tempering 

vii. Overglazing with lower thermal expansion glass 

viii. Chemical strengthening by ion-exchange 

ix. Ion implantation 
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A brief description of each of the aforementioned techniques is presented in this text. 

Fire-polishing of glass products during manufacturing takes little effort. It causes fluid 

glass to flow to close or round off the surface flaws to abate their severity [56].  

Etching of glass is generally accomplished by immersing the glass in a warm 1-4% 

aqueous solution of ammonium bifluoride for a short time [56]. The solution removes 

layers of glass, thereby rounding off the flaws. Etching with acids e.g. wet SO2 treatments 

— leaves a silica-rich surface layer. The treatment may also have a strengthening effect 

besides chemical durability. 

Polymeric coatings such as epoxy and silane act to reduce the concentration of humidity 

at the tip of the flaws [56]. Consequently, it would impede stress-assisted subcritical crack 

growth velocity. A commercial example of coating the glass with epoxy is in optical fiber 

communication, where fibers are immediately coated with a UV-curable acrylate epoxy. 

After curing, the fibers can be readily rolled onto drums without the fear of breaking. 

Laminated glass has attracted significant attention in the recent years with its use as a 

structural component for architectural applications.  Flat glass plates are bonded to each 

other using commercially available sheets of tear-resistant and UV-resistant polymeric 

interlayer such as polyvinyl butyral (PVB) [56]. The interlayer can absorb some impact 

energy, thereby acting as a barrier to crack propagation to enhance the toughness. 

Laminated glasses are commonly used in automotive windshields, windows, display cases 

floors, staircases, walls and columns. Aircraft cockpit windshields are actually laminates 

of two or three plies of chemically strengthened glass bonded to each other using thick 

layers of PVB. Glasses for ballistic applications are invariably laminated plies with the 

inboard ply, being a polycarbonate. 

Introduction of a second phase to the glass, either by bulk crystallization or by 

deliberately admixing with solid powders, causes advancing crack-fronts to be arrested 

or diverted, resulting in absorption of energy to enhance the fracture toughness [56]. This 

can substantially contribute to strengthening. 

Thermal tempering is one of the more commercially exploited methods of strengthening 

glasses. A glass is rapidly cooled from well above the glass transition range to develop 

surface compression [56]. An applied tensile stress must overcome this layer of surface 

compression that results in strengthening. The science of compressive stress 
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development is quite complex. The various layers of the glass article cool from above the 

glass transition range with an initial temperature gradient through the thickness at 

different cooling rates and pass through the glass transition at different instants of time. 

A parabolic stress profile is expected — outside layers develop compression and the 

interior develops area-balanced tension. An elaborate description of the underlying 

science and technology of the process is available elsewhere [117]. 

The technique of overglazing is concerned with the fusion of a glaze of lower thermal 

expansion coefficient to the substrate product, that results in the development of a large 

surface compression. Strengthening of glass tubes and containers by flame-sprayed 

glazing has been reported [118]. 

Chemical strengthening of glasses is a common practice that involves an ion-exchange 

process, in which, host alkali ions with lower ionic radii in the glass are exchanged with 

larger ions from a salt bath. The process occurs below the transition temperature. Na+ <—

> K+ from a KNO3 bath and Li+ <—> Na+ from a NaNO3 bath are the traditional exchanges 

employed [56]. The science and technology of chemical strengthening has been reviewed 

in several studies [119, 120, 121]. Examples of chemically strengthened glass products 

are aircraft cockpit windshields, display cover glass in smartphones such as the Gorilla® 

glass. 

Strengthening and surface hardening by ion implantation is a relatively new approach. 

Chemical strengthening by implanting Ar+ has been reported [122]. In another report, 

plasma was struck using a source containing ions such as Li+, K+, Mg2+, using ~50V/mm 

electric field to drive ions into the float glass [123]. Ion penetration is shown to be from 7 

to 50 µm with strengths in the range of 200 to 400 MPa achieved in 1-20 minutes of 

plasma treatment. 

The following sub-section describes the different approaches of hardening the glass 

surfaces. It is to be noted that the term “strengthening” has been used in the text to refer 

to an overall effect of mechanical strength of the glass product, including the surface and 

the bulk. The term “hardening” is predominantly a subsurface effect, and it literally refers 

to an increase in the resistance to plastic deformation.  
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1.4.2 Hardening techniques 

The goal of this sub-section is to highlight some of the known methods of hardening the 

glass surfaces. 

The microhardness of silicate glasses was shown to increase with N+ ion implantation 

[124]. The energetic ions that bombard the glass surface lose energy by inelastic collision 

with the stationary atoms and by excitation that causes the appearance of a vacancy in the 

glass structure along with interstitial clusters in the surface of the implanted glass. The 

implanting defect and foreign atoms lead to an expansion of the bombardment zone in the 

surface layer. Since this is constrained by the substrate, intense lateral compressive stress 

may be generated to enhance the hardness. Another study claimed to have used argon, 

nitrogen, carbon and potassium ions with energies in the range of 45-300 keV [125]. At 

low doses, the hardness decreased with an increase in both friction and surface stress, 

that was attributed to the electronic damage produced by ion implantation. At higher 

doses, the hardness increased again to reach a maximum, similar to the behavior of 

crystalline materials. 

The hardness, elastic modulus and fracture toughness of SLS glass were shown to increase 

by doping egg-shell (ES) powder [126]. Different phases such as gypsum, nepheline, 

aragonite, cristobalite etc. were evidenced in the ES doped SLS glasses produced by melt-

quenching. The enhancement of the mechanical properties was attributed to an increase 

in the degree of polymerization of the glass network [126].  

The addition of peanut shell (PS) powder to SLS glass up to 5 wt % as a dopant was also 

reported to enhance the mechanical properties like hardness, Young’s modulus and 

fracture toughness [127]. Crystalline phases like anorthite and magnesium aluminum 

silicate were evidenced. A similar reason was proposed in having an increased degree of 

polymerization of the glass network to strengthen the Si-O-Si bonds. The brittleness also 

decreased with the addition of PS.  

The microhardness of the glass surface can also be improved by the ion-exchange process 

that forges the basis of chemical strengthening as discussed in Section 1.4.1. One of the 

studies of the chemical tempering of SLS glasses reported an enhancement in 

microhardness by 8-17%, accompanied by a decrease in crack initiation probability by 

50% [128].  
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Having discussed about the different existing methodologies of strengthening and 

hardening of silicate glasses, I find it necessary to point out that there persists a lack of a 

thorough insight on the intimate relationship between the surface mechanical and 

structural properties of SLS glasses. This study is aimed to bridge the gap in knowledge in 

this field with a significant contribution to the understanding of the structure-property 

relationship. Superheated steam in the vicinity of the glass transition temperature was 

considered as a medium of interaction with the SLS glass surface to modify the surface 

structural and mechanical properties. To the best of my knowledge, superheated steam at 

temperatures around 500 °C hasn’t been reported to be used for the treatment of SLS 

glasses for surface modification. This is the first report of this kind.  

Chapter 2 describes the relevant experimental work associated with superheated 

treatment and the techniques used for the characterization of surface structural and 

mechanical properties.  
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2 Methodology 

 

The experimental work with relevance to the treatment of soda-lime-silica glass surface 

with superheated steam forms the basis of this chapter. The analytical methods used to 

characterize the influence of superheated steam on surface structural and mechanical 

properties are described subsequently. 

Two different types of SLS glasses were considered in this study – container glass and 

microscopic glass slides. The specimens were subjected to superheated steam treatment 

in close proximity of the glass transition temperature (Tg). The characteristics of the SLS 

specimens used are reported below. 

 

2.1 Characteristics of as-received SLS glasses 

Soda-lime-silica container glass bottles with flat surfaces supplied by ‘Wiegand-Glas’ were 

used in this study. The surfaces of the container bottles were not subjected to any hot-end 

or cold-end coatings during production. The glass bottles were green in color. Cylindrical 

glass samples with flat surfaces of diameter 25 mm and thickness 3 mm were cut out of 

the bottles by drilling (wet-cutting process) while ensuring to avoid any mechanical injury 

to the surface, except the edges. The elemental composition of the as-received container 

glass as obtained by ICP-OES analysis consisted of (in wt%): 31.4% Si, 49.5% O, 7.4% Ca, 

8.7% Na, 1.1% Mg, 0.9% Al, 0.6% K, 0.3% Fe. 

Standard microscopic glass slides (Thermoscientific, Menzel Gläser, ISO 8037/1) cut to 

the dimensions of (25x25x1) mm were used as the other variant of SLS glass. It was 

manufactured by a vertical stretching process, e.g. Fourcault.  The elemental composition 

of the as-received glass slides reported by ICP-OES consisted of (in wt%): 31.9% Si, 49.7% 

O, 4.5% Ca, 9.9% Na, 2.5% Mg, 0.8% K, 0.6% Al. 

The glass transition region (Tg) of the SLS glasses were determined by adopting the 

approach of ISO 7884-8:1987-12. Dilatometric analysis was performed at a heating rate 

of 5 °C/min using the device Netzsch 402 E/7/E-Py. The ranges of Tg and dilatometric 

softening point (Td) that were experimentally obtained for both types of studied SLS 

glasses are shown in Figure 2.2. 
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(a) (b) 

Figure 2.1. Determination of glass transition region (Tg) of the studied soda-lime-silica 

glasses by dilatometry (a) container glass (b) glass slide 

 

The Tg was determined to be confined within the range of 559 ℃ to 575 ℃ for the SLS 

container glass, and 510 ℃ to 540 ℃ for the SLS glass slide. 

The viscosities of the studied SLS glasses as functions of temperature were obtained by 

the ‘BatchMaker’ software. The glass compositions were entered into the software to 

estimate the viscosity as a function of temperature based on a statistical model [129]. The 

characteristic fixed points corresponding to specific temperatures were also determined 

by the software. Figure 2.2 shows a comparative plot of viscosity vs temperature of the 

as-received container glass and glass slide. 
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Figure 2.2 Viscosity vs temperature curve of container glass and glass slide obtained 

by BatchMaker software 

The characteristic temperatures on the curves dependent on specific viscosities are 

tabulated below. 

Table 2.1 Characteristic points on the viscosity-temperature curves of the SLS glasses, 

estimated by the BatchMaker software 

Point Viscosity 

log(dPa.s) 

Container glass 

(°C) 

Glass slide (°C) 

Melting point 2 1485 ± 14 1492 ± 12 

Working point 4 1053 ± 11 1052 ± 10 

Flow point 5 934 ± 10 929 ± 9 

Littleton’s softening 

point 

7.6 746 ± 7 730 ± 6 

Glass transition 

temperature (Tg) 

13.3 563 ± 8 534 ± 8 
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The distinction between long and short glass stems from the magnitude of the 

temperature interval between the working point and the softening point [1]. It is known 

as the working range. The time taken by the glass melt to reach from the working point to 

the softening point is also a crucial parameter of relevance. Melts with a large working 

range are often referred to as long glasses. Contrastingly, melts with relatively small 

working range are known as short glasses. The glass slide is a relatively longer glass, and 

the container glass is a shorter glass based on the differences in predicted temperatures 

between the working point and Littleton’s softening point. The glass transition 

temperature (Tg) of the container glass was experimentally found to be slightly higher 

than the glass slide as shown in Figure 2.1. This is in close agreement with the predicted 

values by the BatchMaker software, reported in Table 2.1.   

 

2.2 Experimental setup of superheated steam treatment 

The experimental setup built for superheated steam treatment in laboratory scale 

consisted of four major components — steam generator, over-heater, tube furnace and 

condenser. The process scheme is shown in Figure 2.3.  

 

 

Figure 2.3 Process schematic of the experimental setup of superheated steam 

treatment 

 

Liquid water was purged into the steam generator (Kärcher SC5), that produced saturated 

steam at a maximum flow rate of 3 kg/hr. The saturated steam was then passed through 

an over-heater to obtain superheated steam. The maximum temperature of the 

superheated steam at the outlet of the over-heater was measured to be around 310 °C by 

placing an external thermocouple. The outlet of the over-heater was connected to a tube 

furnace (Carbolite HST 12/400) with a stainless-steel tube. The temperature of the tube 
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furnace could be adjusted as per requirement (up to 600℃ in this study). The maximum 

operating temperature of the tube furnace was 1200°C. The glass surface was directly 

exposed to a continuous laminar flow of superheated steam in the stainless-steel reactor. 

The superheated steam (at 310°C) entered the tube to be heated up further during its flow 

to reach very close to the target temperature programmed in the tube furnace. The actual 

temperature of the glass specimen during steam-treatment was monitored by another 

external thermocouple, which was placed right below the specimen. The superheated 

steam was subsequently guided to a condenser (tube bundle heat exchanger – model: SP-

155, heating surface area: 0.33 m2, number of tubes: 30), which was connected at the 

outlet of the tube furnace. The condensed warm water was collected to make up the 

balance. The process was conducted under a supporting flow of nitrogen gas (producer: 

‘Riessner Gase’, purity: 99.999%, humidity ≤ 5%, oxygen ≤ 3%, hydrocarbons ≤ 0.2%) 

through the tube furnace at a rate of 1 Nl/min. 

 

2.3 Characterization Techniques 

The influence of superheated steam on the surface mechanical and structural properties 

was investigated by complementary characterization techniques. 

2.3.1 Surface mechanical properties 

The modification of the surface mechanical properties caused by superheated steam was 

analyzed by measuring the effect on subsurface hardness and scratchability of the glass 

surfaces. 

2.3.1.1 Hardness 

Surface hardness was measured by instrumented indentation technique using 

Fischerscope HM2000. The loading rate was fixed at ‘d√F/dt = constant’, with a load 

application time of 20 seconds. 16 indentations were performed on each sample across 

an array of 4x4. The load-displacement curves were dynamically generated during the 

penetration of the Vickers indenter from the glass surface to specific depths defined by 

the applied load to evaluate the Martens hardness, expressed in N/mm2. The Martens 

hardness, HM, was evaluated by the approach described in Chapter 1, section 1.2.4. The 

software 'WIN-HCU’ was used to process the data. 
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2.3.1.2 Scratch test 

Scratch tests on the SLS glass surfaces were performed by an Erichsen Lineartester Model 

249 using a tip 16/505 according to ISO 1518-1, with scratch stylus ‘B’ having a 

hemispherical hard-metal tip of diameter 1 mm. A fixed (high) load of 5 N was applied 

during the dynamic scratch tests through the length (diameter) of the glass sample at a 

high speed of 25 mm/s to form straight, fine surface scratches in the microabrasion 

regime, visible to the naked eye. The device enabled constant load application in a 

uniformly controlled manner during the scratch tests. The experiments were performed 

in a laboratory with a surrounding temperature of approximately 25 ℃ and relative 

humidity in the range of approximately 60% to 65%. The surface scratches were 

qualitatively examined by a field emission scanning electron microscope (SEM) (Model: 

Zeiss Sigma 300 VP). Secondary electron signals at a low accelerating voltage of 3 kV were 

used to generate surface-sensitive microstructures.  

 

2.3.2 Surface structural network 

The influence of superheated steam on the alteration of the surface structure was 

investigated by complementary spectroscopic techniques. The technical aspects of the 

analytical methods are described in the following sub-sections. 

 

2.3.2.1 Attenuated total reflection infrared spectroscopy 

The hydroxyl groups in the near-surface region were detected by attenuated total 

reflection infrared (ATR-IR) spectroscopy, according to the principle described in Chapter 

1, section 1.2.1. The spectra of the glass surfaces before and after treatment with 

superheated steam were obtained by Brucker Tensor 27. A typical ATR-IR setup consists 

of a crystal (refractive index, n1) that is in intimate contact with the sample surface 

(refractive index n2). When the angle of incidence is higher than the critical angle 

(arcsin(n2)/(n1)), total internal reflection of the IR beam at the crystal/sample interface 

causes an evanescent wave to penetrate into the sample that renders surface-sensitivity. 

A diamond crystal was used, for which the angle of incidence was fixed at 45°. The 

interaction of the evanescent wave with the absorption bands of hydroxyl groups in the 

specimen attenuated the total reflection (R), which was detected and converted to log 
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(1/R) to evaluate the absorbance intensity. 100 scans were performed with a resolution 

of 1 cm-1 in the spectral range of 2700 cm-1 to 4000 cm-1 corresponding to the OH 

stretching vibrations. The obtained spectra were baseline-corrected and smoothened, 

and the processed data is reported in Chapter 3. 

 

2.3.2.2 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) was used to study the influence on elemental 

composition as well as the surface structural changes as a function of depth from the glass 

surface, as described in Chapter 1, section 1.2.2.1.2. A PHI 5000 Versa Probe III 

spectrometer with an Al K alpha source (1486.6 eV) was used to conduct XPS studies. 

Monochromatized X-rays were obtained by quartz crystal. Sequential XPS measurements 

were performed at specific time intervals in conjunction with Ar+ sputtering at 5 kV. The 

target current on the specimen holder was 3 µA while the focus beam current was 302 nA 

at the Faraday cup. Surface charge neutralization was achieved by the virtue of a dual 

beam charge neutralization system that utilizes both a cold cathode detector hood source 

and a very low energy ion source (<10 eV) to provide turnkey charge neutralization. The 

pass energy was 26 eV, while the spectral resolution was about 0.2 eV. 

All spectral fittings were performed by ‘MultiPak’ software using Gaussian-Lorentzian 

composite function after Shirley background correction [130]. The best curve-fits were 

obtained in terms of the lowest chi-squared values (χ2) – representative of the goodness 

of fit. 10%-Lorentzian component was included in O1s curve-fits to take into account the 

uncertainty principle associated with the core hole lifetime [47]. The curve-fittings were 

performed in unconstrained manner [7] while ensuring that the full-width at half maxima 

(FWHM) of overlapping peaks lie within a narrow range of less than 0.3 eV.  

According to theory, O1s and Na1s spectral lines consist of a singlet, whereas, the Si2p 

spectrum is typically constituted of a spin orbit doublet. The Si2p1/2 peak intensity was 

precisely assigned half the intensity of Si2p3/2 in accordance with the theoretical 

requirement [131]. Identical FWHM values were assigned to both the peaks. The 

difference in binding energies between Si2p1/2 and Si2p3/2 peaks is 0.617 eV. Instead of 

the general tradition of C1s [132], the Ca2p spectral line was used as the standard 

reference while all other peaks were auto-shifted to its reference. The technical reason 

behind this, being the relative immobility of Ca2+ ions within the glass structure at room 
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temperature, which apparently eliminates the necessity of its analysis. Furthermore, 

carbon was negligibly present in the studied SLS glass specimens. 

 

2.3.2.3 Surface topography by Atomic Force Microscopy 

Atomic force microscopy (AFM) was used to study the influence of superheated steam on 

surface topography. The surface profile height as well as the void depths within the first 

monolayers were determined by AFM. High-resolution AFM measurements were 

performed by ‘Bruker Dimension icon’ (z-resolution ≈ 1 Angstrom). A silicon nitride 

cantilever tip was used to scan in tapping mode with a set point amplitude of 820 mV. A 

defined area of 1x1 µm2 with 512 pixels was scanned on the untreated SLS surface. The 

same spot was tried to be located to the best of our ability, to re-scan after superheated 

steam treatment, for a precise study of the alteration of surface topography. A flood mask 

of 2 Angstrom was applied in the software of scanning probe microscopy 'Nanoscope 

Analysis’ after 3rd order flattening, to map the silicate network on the topmost surface 

layer disseminated by the inherent voids in the form of nanochannels.  

 

2.3.3 Bulk structural network 

2.3.3.1 Solid-state nuclear magnetic resonance spectroscopy  

Solid-state 29Si MAS NMR study of the SLS glasses was performed to investigate the 

distribution of Qn species in the bulk structural network. SLS glass in powder form was 

subjected to the measurements using Bruker Avance II 300 (magnetic field 7.05 T) in a 4-

mm triple resonance probe. The samples were spun at 10.0 kHz. The spectra were 

obtained using a quantitative one-pulse experiment with a 90º pulse length of 3.5 µs and 

a recycle delay of 60 seconds. 29Si spectra were referenced indirectly with N(SiMe3)3/ 

σ(iso)= 2.4 ppm with respect to tetramethylsilane (TMS) (σ(iso)= 0.0 ppm. 
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3 Results and Discussion 

 

This chapter is focused on describing the influence of superheated steam on the surface 

mechanical properties while drawing a correlation with the modification of the surface 

structure of SLS glass. The intention is to establish a relationship between the surface 

structural and mechanical properties by considering superheated steam as a medium of 

interaction with the glass surface in the vicinity of the glass transition region. The 

characteristics of the two categories of SLS specimens used are described in Chapter 2, 

Section 2.1. The glass surfaces were exposed to a continuous flow of superheated steam 

using the experimental setup described in Section 2.2. The temperature and duration of 

the treatment were varied to identify any distinguishable influence on the hardness and 

the structural network of the SLS surfaces, as elaborated in the following sections.   

 

3.1 Influence of superheated steam on surface mechanical properties 

3.1.1 Subsurface hardness 

The variation of subsurface hardness was studied as a function of temperature and 

duration of steam treatment in the vicinity of the glass transition region of the container 

SLS glass. The Tg of the container glass was experimentally determined to be confined in 

the range of 559 °C to 575 °C, as stated in Chapter 2, Section 2.1 (see Figure 2.1). The 

temperature of superheated steam was varied between 480°C and 600°C for durations 

ranging from 5 minutes to 4 hours. Preliminary measurements of Vickers hardness at 

loads greater than 1 N corresponding to penetration depths over a micrometer below the 

glass surface did not exhibit any distinguishable change in hardness. This was indicative 

of the influence of steam limited to the near-surface region less than a micrometer below 

the surface. It was essential to identify the effective depth of influence of superheated 

steam below the surface. This necessitated the characterization of subsurface hardness 

by instrumented indentation technique that recorded the corresponding load-

displacement curve during the measurement, as discussed in Chapter 1, Section 1.2.4. 

There wasn’t any distinguishable influence on hardness at a load of 50 mN corresponding 

to a depth of penetration around 650 nm below the surface. However, when the load was 

decreased to 10 mN, there was a detectable change in hardness caused by the influence 
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of superheated steam at a depth below 300 nm. Figure 3.1 shows the statistical plot of the 

significance of variation in hardness as a function of temperature and duration of steam 

at an applied load of 10 mN. Sixteen indentations were performed across an array of 4x4 

on each sample. Three samples of each category were measured. The results presented in 

Figure 3.1 are representative of 48 indentations of each category. 

 

 

Figure 3.1 Variation of subsurface hardness of container SLS glass as a function of 

temperature and duration of superheated steam treatment. The applied load was 10 

mN. 

 

A consistent increment in hardness was observed with increase in temperature up to Tg, 

followed by a progressive decrease. This observation may be explained by an increase in 

network mobility with temperature that governs the diffusion of water molecules into the 

glass network. Optimum mobility was reached at the sub-Tg temperature of 510 °C, that 

was 50 °C below the onset of Tg. The subsurface hardness increased by 30% when steam-

treated at 510 °C for 30 minutes. A prolonged treatment of 4 hours did not yield any 
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suitable effect in terms of any significant rise in hardness. With further increase in 

temperature beyond Tg, the hardness decreased due to the dissipation of the water 

molecules, owing to the increased network mobility and structural relaxation associated 

with lower viscosity. 

Statistical analysis was performed by two-way ANOVA test to determine the effect of the 

independent variables — temperature and duration of steam treatment, on hardness. The 

resultant p-values indicated that the temperature of superheated steam had a statistically 

significant influence on hardness (p= 3.6 E-15 < 0.001). The duration of the treatment did 

not have any statistically significant effect on hardness (p= 0.08 > 0.05). However, the 

interaction between the effects of temperature and time was statistically significant (p= 

7.1 E-09 < 0.001). This is indicative of the criticality of selecting the right combination of 

temperature and duration of the treatment to achieve any significant enhancement in 

subsurface hardness. Accordingly, the optimum process parameter of steam treatment 

was chosen to be 50 °C below the onset of Tg for a duration of 30 minutes, considering a 

30% enhancement in hardness in container SLS glass. This set of parameters was selected 

for both the variants of SLS glasses considered in this study. Thus, the microscopic SLS 

glass slides were subjected to superheated steam at 460 °C for 30 minutes. The onset of 

Tg of this glass was 510 °C, as obtained experimentally (see Chapter 2, Section 2.1, Figure 

2.1). Hereafter, the abbreviations H510 and S510 will be respectively used in the text to 

refer to the heat-treated and steam-treated container SLS specimens at 510 °C for 30 

minutes. Similarly, H460 and S460 refer to heat-treated and steam treated SLS glass slides 

at 460 °C for 30 minutes, respectively. 

The variation in Martens hardness as a function of depth from the glass surfaces is 

illustrated in Figure 3.2. The applied load was 10 mN. Sub-Tg heat-treatment (without 

steam) had a contribution of about 10% to the rise in hardness in container SLS glass 

(H510 specimen). Superheated steam enhanced the hardness by 30% relative to the 

untreated specimen, restricted to a depth of 300 nm below the surface of the S510 

specimen (Figure 3.2 (a)). On the contrary, the influence of superheated steam was 

marginal in the SLS glass slide, reflected by a mere increase in hardness of 4% relative to 

the untreated specimen, as shown in Figure 3.2 (b). The reason behind the modification 

of subsurface hardness is explained in the subsequent sections in terms of the alteration 

of the surface structural network.    
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(a) (b) 

Figure 3.2 Variation of hardness as a function of depth from the SLS glass surfaces (a) 

container glass (b) glass slide. Peak load: 10 mN 

 

Figure 3.2 illustrated the variation in hardness as a function of depth at a peak load of 10 

mN, where the depth of penetration of the indenter was restricted below 300 nm. There 

was no distinguishable change in hardness of the steam-treated container SLS surface at 

a higher load of 50 mN, when the depth of penetration of the indenter was around 650 

nm. This is shown in Figure 3.3. This was indicative of the limited influence of superheated 

steam restricted to the near-surface region up to around 300 nm below the glass surface. 

The evidence of a substantial increment in hardness caused by superheated steam in the 

vicinity of Tg outweighs the reported behavior of forming a soft layer with a decrease in 

hardness under hydrothermal treatment around 150 °C [30].  
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Figure 3.3 Variation of hardness of container SLS glass as a function of load  

 

3.1.2 Surface scratch resistance 

The scratch resistance of the container glass surface was characterized to determine any 

influence caused by superheated steam. The scratch tests were performed on the 

container SLS glass surface according to the methodology described in Chapter 2, Section 

2.3.1.2. A uniform load of 5 N was applied across the diameter of the surface of the 

specimen to generate a scratch in the micro-abrasive regime [133]. The residual 

impression after the scratch test was qualitatively examined under scanning electron 

microscope (SEM). Figure 2.4 shows the SEM images of the scratches on untreated, heat-

treated and steam-treated surfaces.  

(a) 

 

(b) 
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(c) 

 

 Figure 3.4 SEM images of the scratches generated at a load of 5 N on (a) untreated (b) 

heat-treated (c) steam-treated container SLS glass surfaces 

 

It is clearly evident that the visibility of the scratches increases after sub-Tg heat and 

steam treatments relative to the untreated surface. The scratches are more prominent in 

Figure 2.4 (b) and (c), that suggest a decrease in scratch resistance of the surface caused 

by the influence of heat as well as steam at 510 °C for 30 minutes.  The structural cause of 

the decrease in scratch resistance is explained in section 3.2.2. The subsurface hardness 

and scratch resistance are shown to be influenced in different ways, with an increase in 

the former and decrease in the latter. 

The alteration of the surface nanostructure caused by the influence of superheated steam 

was investigated to gain a thorough insight of the structural changes accountable for the 

enhancement in hardness and decrease in scratch resistance. The following section 

describes the role of the incorporation of surface silanol groups by superheated steam. 

 

3.2 Influence of superheated steam on surface structure 

3.2.1 Hydroxyl groups 

The presence of surface hydroxyl species was determined by attenuated total reflection 

infrared spectroscopy (ATR-IR). The information depth of ATR-IR is about 0.5-0.7 µm in 

the mid-IR region of OH stretching vibrations, as discussed in Chapter 1, Section 1.2.1. The 

spectra of the SLS surfaces were recorded within the range of 2500 cm-1 to 4000 cm-1 to 

investigate the influence of superheated steam. The presence of overlapping peaks 
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necessitated mathematical curve-fitting by Gaussian function to identify the hidden peaks. 

The S510 surface showed a distinguishable rise in the intensity of absorbance of the band 

of interest, relative to the untreated surface. There were two additional peaks towards 

the higher wavenumber region of the curve-fitted spectra of S510, as shown in Figure 3.3. 

  

(a) (b) 

Figure 3.5 ATR-IR spectra of (a) untreated and (b) S510 container SLS surfaces. 

Gaussian function was used for curve-fitting (R-square > 0.9)  

 

The different peaks of the curve-fitted ATR-IR spectra were assigned to specific OH 

vibrations in accordance with literatures [26, 31, 36]. The bond length increases with 

increasing wavenumber associated with a decrease in bond strength as described in 

Chapter 1, section 1.2.1 (see Figure 1.3). The peak around 3200 cm-1 represents a 

chemisorbed water molecule hydrogen-bonded to a silanol group. The peak centered 

around 3600 cm-1 corresponds to a physiosorbed water molecule hydrogen-bonded to 

another water molecule. The additional peak observed in the S510 surface centered 

around 3750 cm-1 is assigned to the stretching vibration of a water molecule hydrogen-

bonded to the bridging oxygen of a silica tetrahedral unit that is entrapped within the 

interstitial voids. This additional peak is also present in the steam-treated surface of the 

microscopic glass slide (S460), as shown in Figure 3.6. However, there is no increase in 

the intensity of absorbance relative to the untreated surface, unlike the container glass 

surface. 
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(a) (b) 

Figure 3.6 Gaussian curve-fitted ATR-IR spectra of SLS glass slide (a) untreated (b) 

S460 

 

The absorbance intensity is directly proportional to the concentration of the respective 

hydroxyl species present in the near-surface region. The concentration of the entrapped 

water molecules within the silicate rings in the subsurface region of container glass is 

significantly higher than the counterpart of glass slide, owing to the relative rise in the 

intensity of absorbance by the influence of superheated steam in the former. The water 

molecules represented by the additional band around 3750 cm-1 are loosely hydrogen-

bonded with a bond length of about 2.1 Angstrom, and fill up the interstitial voids within 

the silica tetrahedral units in the near-surface region of S510 specimen to contribute to 

subsurface hardening. The peaks at higher wavenumbers of 3850 cm-1 and 3950 cm-1 are 

ascribed to isolated silanol groups. The vibration signals of different OH groups 

corresponding to the peaks of the curve-fitted ATR-IR spectra are schematically 

represented in Figure 3.7. 

 

(a) 

2950 cm-

1 

 

(b) 

3200 cm-

1 
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(c) 

3600 cm-

1 

 

(d) 

3750 cm-

1 

 

(e) 

3850, 

3950 cm-

1  

Figure 3.7 Assignment of ATR-IR peaks to specific OH vibrations 

      

A comparative illustration of the ATR-IR spectra of superheated steam treated surfaces of 

container glass (S510) and glass slide (S460) is shown in Figure 3.8 to study the difference 

in behavior of the two glasses.  

  

(a) (b) 

Figure 3.8 Comparative illustration of the curve-fitted ATR-IR spectra of steam-treated 

(a) container glass (S510) (b) glass slide (S460) 

 

The striking difference is the intensity of absorbance corresponding to the OH stretching 

vibrations. Since the intensity of absorbance is directly proportional to the concentration 

of the corresponding species, it is evident that the interstitial voids within the container 

SLS surface silicate network was more abundantly stuffed up with water molecules (3750 
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cm-1) than the SLS glass slide surface. This stuffing effect of the interstitial voids is 

proposed to contribute to subsurface hardening.  

Having studied the influence of superheated steam on silanol groups and water molecules 

within the surface network, there remained an open question on the behavior of the 

silicate structure in the near-surface region. Thus, it was essential to investigate the 

alteration of the silicate network connectivity. Additionally, the potential of superheated 

steam to cause any ion-exchange reaction in the near-surface region associated with the 

volatilization of modifier cations was another subject of investigation. This necessitated 

the application of X-ray photoelectron spectroscopy.   

3.2.2 Subsurface silicate network connectivity 

X-ray photoelectron spectroscopy is a surface-sensitive tool of obtaining the chemical 

speciations and local chemical bonding environment of the individual elements on the 

outer surface up to about 10 nm, as discussed in Chapter 1, Section 1.2.2.1.1. In this work, 

the analysis was extended to the third dimension to study the elemental composition and 

structural changes as a function of depth from the glass surface by Ar+ sputtering. An 

etching rate of 1 nm/min was assumed in this study, based on a previous report of Ar+ 

sputtering on SLS glass surface under similar experimental conditions [134]. Sequential 

sputtering was performed for a total duration of 110 minutes that corresponded to an 

approximate probing depth of 110 nm. The influence of superheated steam on the 

elemental depth profiles of O1s, Si2p, Na1s and Ca2p are shown in Figure 3.9 for both the 

categories of SLS glasses. 
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(a) (b) 

  

(c) (d) 

Figure 3.9 Elemental depth profile of container glass surface (a) untreated (b) steam-

treated (S510); glass slide (c) untreated (d) steam-treated (S460) 

 

Figure 3.9 serves as evidence of the absence of mobility of network modifiers (sodium and 

calcium ions) by the effect of superheated steam in both the glass surfaces. There was no 

depletion in the concentration of Na1s and Ca2p in either category of SLS glass, 

throughout the depth of sputtering. The lack of evidence of any ion-exchange reaction 

between sodium and hydronium ions in the near-surface region was unlike a previous 

report where an SLS glass was treated under hydrothermal conditions around 150 °C 

[30]. 

The local atomic bonding states of the oxygen atoms in the silicate network of the near-

surface region were investigated by studying the O1s spectral line. It broadly lies within 

the binding energy range of 528 eV to 534 eV, containing overlapping signals of BOs, NBOs 

and hydrous species, as discussed in Chapter 1, Section 1.2.2.1.2. A typical O1s spectral 

line is illustrated in Figure 3.10 (a). The three relevant signals pertaining to the silicate 

structure of the glass network in the O1s spectral line are assigned as follows [7, 17]: 

1. Non-bridging oxygen (NBO): OSi-O-Na, corresponding to the shoulder peak around 

530 eV. 

2. Bridging oxygen (BO): OSi-O-Si, corresponding to the central peak around 531 eV. 

3. SiOH/H2O species: OSiOH/H2O, corresponding to higher binding energy shoulder 

peak centered around 532 eV. 
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The assignment of the overlapping O1s peaks to the aforementioned signals 

corresponding to different binding energies can be explained by the electrostatic 

interactions [135]. This is dictated by the Linus Pauling’s scale of electronegativity, which 

bears the following order of decreasing trend: H>Si>Na. Hydrogen, possessing the highest 

electronegativity among the three elements, has a higher tendency to attract the electron 

cloud of the oxygen atom. On average, it is highly likely that there are fewer electrons at 

the oxygen atom in Si-OH than Si-O-Si and Si-ONa. Thus, the electron-electron repulsion 

at the oxygen atom in Si-OH decreases, which leads to increased binding energy. This 

justifies the assignment of the 532 eV peak to SiOH/H2O species. Similarly, sodium, 

bearing the lowest electronegativity among the three elements, is accountable for higher 

repulsion of the electron cloud at the oxygen atom in Si-ONa, consequently facilitating the 

ejection of O1s photoelectrons with a lower binding energy, in agreement with the 

proposition of Simonsen et al [135]. This, in turn, justifies the assignment of the 

intermediate peak at 531 eV to the Si-O-Si bridging oxygen, owing to the intermediate 

position of silicon in the order of electronegativity of the three elements apart from 

oxygen, which undoubtedly, possesses the highest electronegativity among the four 

elements in contention. The extraction of the contribution of the individual speciation was 

performed by fitting the high-resolution XPS O1s spectral lines by Gaussian-Lorentzian 

composite function. The integrated peak areas give an estimation of the concentration of 

the corresponding species.  

The Si2p spectral fittings were performed according to the theoretical requirements 

[131]. The Si2p spectral line is typically constituted of a spin orbit doublet. The Si2p1/2 

peak intensity was precisely assigned half the intensity of Si2p3/2. Identical FWHM values 

were assigned to both the peaks. The difference in binding energies between Si2p1/2 and 

Si2p3/2 peaks is 0.617 eV. A typical illustration of Si2p curve-fitting is shown in Figure 3.10 

(b). 
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(a) (b) 

Figure 3.10. Typical illustration of (a) O1s and (b) Si2p curve-fittings by Gaussian-

Lorentzian function 

 The concentrations of the individual oxygen speciations in the glass network were 

calculated by the normalized integrated peak areas of the respective components 

obtained from the curve-fittings, and represented in terms of oxygen to silicon atomic 

ratios to study the extent of subsurface silicate network connectivity. The O1s and Si2p 

curve-fittings of the untreated and steam-treated surfaces of both the variants of SLS 

glasses are illustrated in the Appendix (Figures A1.1-A1.8). The following sub-section 

describes the interrelation of network connectivity with hardness in the near-surface 

region of SLS glass.  

 

3.2.2.1 Relationship between silicate network connectivity and hardness 

The subsurface networks of the two categories of untreated SLS glasses were 

comparatively studied to distinguish the structural differences of their as-received states 

before superheated steam treatment. The respective concentrations of BOs, NBOs and 

hydrous species were extracted from the O1s curve fittings (see Appendix Figure A1.1, 

A1.5). A comparative plot of the variation in oxygen speciations at the subsurfaces of the 

two untreated glasses is shown in Figure 3.11. 
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(a) Untreated container glass surface (b) Untreated glass slide surface 

Figure 3.11 Concentrations of BOs, NBOs and hydrous species as a function of depth 

from the untreated (a) container glass surface (b) glass slide surface. Connecting lines 

act as a guideline to the eye.   

 

The untreated glass slide is characterized by a relatively higher concentration of bridging 

oxygens and lower concentration of non-bridging oxygens throughout the depth of 

sputtering, approximately equivalent to a depth of 110 nm below the glass surface. The 

NBOs and hydrous species are considered to be the “mechanically-weakening” species 

[136]. These reactive sites weaken the glass structure by decreasing the network 

connectivity, in other words, lowering the degree of polymerization of the silicate 

network. A higher population of these weak linkages in the subsurface network of the 

untreated container glass signifies lower extent of network connectivity in relation to its 

counterpart, the glass slide. Thus, the container glass is expected to be relatively more 

reactive to an external stimulus in superheated steam. This explains the higher abundance 

of the water molecules within the silicate rings of the steam-treated container glass 

corresponding to the higher intensity of absorbance of the OH stretching region in ATR-

IR spectra (see Section 3.2.1, Figure 3.8). It is to be noted that the first data point without 

sputtering corresponds to an information depth of less than 10 nm, as discussed in 

Chapter 1, Section 1.2.2.1.1. 

A comparative representation of the subsurface silicate network connectivity of the 

container glass before and after superheated steam treatment is shown in Figure 3.12. 

The extent of silicate network connectivity is represented by the atomic ratios of different 
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oxygen species to silicon as a function of depth from the glass surface. The corresponding 

individual atomic ratios are tabulated in Table 3.1. 

 

Table 3.1 Comparative variation of the atomic ratios of different oxygen species (BO, 

NBO, hydrous species) to silicon as a function of Ar+ sputtering time before (UT: 

untreated) and after superheated steam treatment of the container SLS glass at 510 °C for 

30 minutes (S510)    

Ar+ 

sputtering 

time 

(min) 

OSi-O-Si / Si OSi-O-Na / Si OSiOH/H2O / Si OTotal / Si 

 UT S510 UT S510 UT S510 UT S510 

0 2.3 1.95 0.78 1.24 0.66 0.34 3.74 3.53 

5 1.67 1.8 1.35 1.22 0.21 0.35 3.23 3.37 

10 1.61 1.78 1.2 1.34 0.18 0.24 2.99 3.36 

50 1.54 1.67 1.18 1.54 0.32 0.11 3.05 3.32 

80 1.57 1.64 1 1.46 0.33 0.3 2.9 3.4 

110 1.57 1.75 1.28 1.36 0.09 0.23 2.94 3.34 
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(a) Untreated container glass surface (b) S510 

 

Figure 3.11 Variation of the atomic ratio of individual oxygen speciations to silicon, as 

a function of Ar+ sputtering time (below); variation of atomic ratio of total oxygen (sum 

of individual contributions) to silicon, as a function of Ar+ sputtering time (above) (a) 

untreated container glass surface (b) steam-treated container glass surface (S510). 

Connecting lines act as guideline to the eyes  

 

The total oxygen concentration (OTotal) was calculated as the sum of the contributions of 

the individual speciations of BO (OSi-O-Si), NBO (OSi-O-Na) and hydrous species (OSiOH/H2O) 

extracted from the O1s peak-fittings (see Appendix Figure A1, A3). The total oxygen to 

silicon atomic ratio, OTotal / Si, is representative for the Qn structure of the silicate network 

[137], wherein, ‘n’ represents the number of bridging oxygens per silica tetrahedral unit. 

Theoretically, a value of 4.0 indicates a Q0 species, which is a self-sustaining unit with four 

NBOs in a silica tetrahedral unit. A stoichiometric ratio of 3.5 is theoretically indicative of 

Q1 structure associated with pyrosilicates (Si2O7)6-. It is marked by the presence of three 

NBOs linked to a silica tetrahedron. Similarly, a ratio of 3.0 represents a Q2 structure (two 
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BOs and two NBOs linked to a silica tetrahedron). Q3 and Q4 species are reflected by 

OTotal/Si ratios of 2.5 and 2.0, respectively. The experimental evidence proposes that the 

region constrained within the top 5 nm of the untreated glass surface (Figure 3.11 (a)) 

corresponding to the first data point without sputtering is essentially composed of Q0 and 

Q1 species — marked by an OTotal/Si atomic ratio of 3.74. These are the mechanically 

weakening structural entities. However, it does not rule out the likelihood of the presence 

of stronger Qn units (n: 2-4). Although the probability of encountering Q3 and Q4 species 

on the surface is lower compared to the bulk of the glass network [137]. The atomic ratio 

of OTotal/Si attains a saturation close to 3.0 (Q2 structure) throughout the depth of 

sputtering up to approximately 110 nm below the untreated container glass surface. The 

contribution of BOs (Si-O-Si) exceeds the contributions of the mechanically weakening 

entities of NBOs and hydrous species. The influence of superheated steam on the 

respective oxygen to silicon atomic ratios is shown in Figure 3.11(b). The saturation of 

the OTotal/Si atomic ratio increased to 3.5 in the near-surface region, marked by Q1 

structure. On comparative consideration of the individual contributions of BOs, NBOs and 

hydrous species to the total atomic ratios, the concentrations of both OSi-O-Si / Si (BO/Si) 

and OSi-O-Na / Si (NBO/Si) increased by the influence of superheated steam. However, the 

increase in NBO/Si exceeded the increase in BO/Si in the near-surface region, that 

signified silicate network depolymerization caused by superheated steam. 

The comparative illustration of the respective oxygen to silicon atomic ratios in the 

subsurface of the SLS glass slide is tabulated in Table 3.2 and plotted in Figure 3.12. 
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Table 3.2 Comparative variation of the atomic ratios of different oxygen species (BO, 

NBO, hydrous species) to silicon as a function of Ar+ sputtering time before (UT: 

untreated) and after superheated steam treatment of SLS glass slide at 460 °C for 30 

minutes (S460)    

Ar+ 

sputtering 

time 

(min) 

OSi-O-Si / Si OSi-O-Na / Si OSiOH/H2O / Si OTotal / Si 

 UT S460 UT S460 UT S460 UT S460 

0 2.19 2.32 0.59 0.94 0.42 0.29 3.21 3.56 

5 1.88 2.41 0.94 1.08 0.36 0.02 3.2 3.52 

10 1.77 2.67 0.91 1.28 0.45 0 3.15 3.96 

50 1.99 2.39 0.95 1.07 0.2 0.32 3.15 3.79 

80 1.98 2.36 0.96 1.08 0.22 0.22 3.16 3.66 

110 1.89 2.27 0.94 0.98 0.34 0.38 3.19 3.64 
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(a) (b) 

Figure 3.12 Variation of the atomic ratio of individual oxygen speciations to silicon, as 

a function of Ar+ sputtering time (below); variation of atomic ratio of total oxygen (sum 

of individual contributions) to silicon, as a function of Ar+ sputtering time (above) (a) 

untreated glass slide surface (b) steam-treated glass slide surface (S460). Connecting 

lines act as guideline to the eyes  

 

Superheated steam increased the total atomic ratio of oxygen to silicon (OTotal/Si) in the 

near-surface region of the glass slide, as shown in Figure 3.12. This behavior was similar 

to the container SLS glass (see Figure 3.11). However, in case of the glass slide, the 

increase in BO/Si exceeded the increase in NBO/Si, that signified silicate network 

repolymerization throughout the depth of sputtering. This was in contrast with the 

network rearrangement evidenced in container SLS glass. The comparative illustration of 

the subsurface network connectivites of the steam-treated surfaces of the two variants of 

SLS glasses is shown in Figure 3.13. The superheated steam treated glass slide surface 

was marked by a relatively higher ratio of BO/Si and lower ratio of NBO/Si. A higher 

degree of connectivity prevented further diffusion of water molecules into the silicate 

network of the glass slide, unlike the container glass surface. A relatively lower effect of 

stuffing of the interstitial voids with molecular water in the near-surface region of the SLS 

glass slide meant a suppressed increase in subsurface hardness relative to its counterpart. 
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(a) Steam-treated container glass surface (b) Steam-treated glass slide surface 

Figure 3.13 Variation of the atomic ratio of individual oxygen speciations to silicon, as 

a function of Ar+ sputtering time (below); variation of atomic ratio of total oxygen (sum 

of individual contributions) to silicon, as a function of Ar+ sputtering time (above). 

Connecting lines act as guideline to the eyes. (a) sub-Tg steam-treated container glass 

surface (S510) (b) sub-Tg steam-treated microscopic glass slide surface (S460) 

 

The extent of network polymerization by the influence of superheated steam was 

determined by the proportion of the difference in BO/Si and NBO/Si ratios after treatment 

in comparison to the untreated counterparts. The contributions of both OSi-O-Na and 

OSiOH/H2O were taken into the account of NBOs. The increase in NBO/Si after steam-

treatment exceeded the increase in BO/Si in container glass surface, evident by the 

negative values in Figure 3.14 — indicating network depolymerization. On the contrary, 

the microscopic glass slide was subjected to network repolymerization by the influence 

of stream-treatment with the increase in BO/Si dominating the counterpart of NBO/Si 

with positive values in Figure 3.14.  
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Figure 3.14 Difference in the increase in BO/Si and NBO/Si caused by the influence of 

superheated steam. Here, BO: OSi-O-Si and NBO: OSi-O-Na + OSiOH/H2O. Positive values 

indicate repolymerized network after steam-treatment, while negative values are 

indicative of depolymerized silicate network. 

 

The opposite behavior of network rearrangement in the two categories of SLS glasses by 

the influence of superheated steam could be attributed to the differences in the silicate 

networks of the corresponding untreated counterparts, shown in Figure 3.11. The 

untreated glass surface with relatively higher concentration of BOs favored network 

repolymerization when subjected to the interaction with superheated steam (glass slide). 

On the contrary, the untreated surface with relatively higher concentration of NBOs 

(container glass) favored network depolymerization when interacted with superheated 

steam. This suggested that a weaker pristine subsurface network favored the creation of 

NBOs by the influence of superheated steam. Consequently, it facilitated the diffusion of 

water molecules within the silicate network of the container SLS glass to contribute to 

subsurface hardening by stuffing up the interstitial voids with weakly hydrogen-bonded 

water molecules. This was evidenced by the relatively higher intensity of absorbance of 

the ATR-IR spectral vibration centered around ~3750 cm-1 in container SLS glass over the 

counterpart of glass slide, as discussed in Section 3.2.1. 

Overall, it was found that an increase in the degree of silicate network connectivity did 

not have any necessary impact on the subsurface hardness. The effect of stuffing of the 
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interstitial voids within the subsurface silicate network with molecular water played a 

critical role to enhance the subsurface hardness.  

The following sub-section attempts to reveal the cause of scratch formation on SLS glass 

surface, interpreted in terms of the silicate network connectivity. 

 

3.2.2.2 Relationship between silicate network connectivity and scratch 

resistance    

The scratch resistance of the container glass surface was found to be directly related to 

the atomic ratio of total oxygen to silicon, OTotal/Si [136]. The OTotal/Si ratios after sub-Tg 

heat and steam treatments are comparatively illustrated for both the SLS glasses in Figure 

3.15. 

  

(a)  (b) 

Figure 3.15 Atomic ratio of total oxygen to silicon (OTotal/ Si) of untreated, heat-treated 

and steam-treated (a) container glass (b) glass slide as a function of Ar+ sputtering time 

 

The total atomic ratio of oxygen to silicon (OTotal/Si) slightly increased after sub-Tg heat 

treatment (without steam), with a further increase when subjected to the interaction with 

superheated steam. However, a high stoichiometric ratio of OTotal/Si does not necessarily 

indicate weakening of the silicate network [137]. This is because of the importance of the 

consideration of the individual contributions of BOs, NBOs and hydrous species that 

account for the total oxygen concentration. The subject of the difference in the individual 

contributions of BO/Si and NBO/Si received prior attention in the text and were 
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illustrated in Figures 3.12-3.14. It is noteworthy that the XPS measurement 

corresponding to the first data point (without sputtering) of the H510 surface in Figure 

3.15(a) yielded an OTotal/Si ratio that exceeded 4.0. This doesn’t align with the theoretical 

expectations. It was proposed to be due to the “free oxygens (O2-)” [136] that occupied the 

voids within the repolymerized Q4 units on the heat-treated container glass surface.   

The increase in OTotal/Si ratio in the near-surface region between 5 nm and 100 nm was 

correlated to the scratch resistance of the container glass surface from the perspective of 

structural modification [136]. It was demonstrated that the visibility of the scratches 

generated in the micro-abrasive regime increased with sub-Tg heat and steam-treatment 

(see Section 3.1.2, Figure 3.4). The “mechanically weakening” elements associated with 

NBOs and hydrous species in this thin subsurface region contribute to increased 

vulnerability of a glass surface to scratches. Higher concentration of Q1 and Q2 species 

indicated by higher atomic ratio of OTotal/Si in the subsurface region of heat-treated and 

steam-treated surfaces (Figure 3.15(a)) is proposed to be accountable for their increased 

susceptibility to the formation of visible scratches from the theoretical perspective. 

The scratch on the untreated container glass surface in Figure 3.4 (a) is dissipated to a 

wider area. The scratches on heat-treated and steam-treated surfaces are confined to a 

narrow zone with high material pile up in the form of accumulated debris gathered in the 

vicinity of the scratched grooves (see Figure 3.4(b), (c)).  

The root cause of scratch formation on SLS surfaces was generalized based on a 

comparative study of the silicate network connectivity of the near-surface and bulk 

structure by XPS and Raman investigations, respectively [136]. The network connectivity 

of the thin subsurface layer between 5 nm and 100 nm was proposed to be the critical 

zone of consideration. A weaker structural network in this region dominated by Q1 species 

is expected to contribute to easy propagation of a surface-initiated crack to the depth of 

the stronger bulk network that is known to be abundantly populated by stronger Q3 

species. Any surface injuries will be subsequently accompanied by higher scratch depths, 

wear volume and material pile up, as observed in Figure 3.4 (b) and (c).  

Having studied the influence on the silicate network connectivity of the near-surface 

region, there was an open question on the modification of the surface topography in terms 

of the void depths within the silicate rings among the first few monolayers. This was 
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facilitated by the effective usage of the capabilities of atomic force microscopy (AFM), as 

discussed in the following section. 

   

3.3 Modification of surface topography 

The surface topography of the container SLS glass was studied by AFM. The influence of 

superheated steam on the cross-sectional profile height was analyzed by evaluating the 

root mean square roughness across the surface diagonal of the same spot scanned before 

and after steam-treatment. The three-dimensional representations of the AFM images 

scanned at a definite spot of 1x1 µm2 are shown in Figure 3.16. It was tried to ensure to 

scan the same spot after steam-treatment to precisely study the local alteration in surface 

topography. 

 

  

(a) (b) 

Figure 3.16 1x1 µm2 third order flattened three-dimensional AFM images of (a) 

untreated (b) steam-treated container glass surface 

 

 

The green nanochannels represent the voids dispersed within the islands of the silicate 

network represented in pink. The difference in cross-sectional profile heights across the 

surface diagonals of both the images is illustrated in Figure 3.17. 
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Figure 3.17 Comparative surface profile heights as a function of lateral distance across 

the same surface diagonal of Figure 3.20 (a) and (b), from top-left to bottom-right 

 

The depth of the valleys (negative profile height) of the untreated surface was higher than 

the steam-treated counterpart — indicative of higher void depths of the untreated 

surface. This difference is quantitatively dictated by the difference in root mean-square 

roughness between the two surfaces of 705.2 picometers, calculated by the embedded 

equation in Figure 3.17. The difference in void depths between the two surfaces under 

consideration is represented in Figure 3.18. 
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Figure 3.18 Comparative histogram representation of the distribution of void depths 

within the surface network of untreated and steam-treated specimens (S510) 

 

The distribution of the void depths at the top surface that corresponded to approximately 

two silicate layers is represented by a histogram. The maxima of the frequency of void 

depths were centered around 600 pm in the untreated surface [137] in contrast to 

approximately 350 pm after superheated steam treatment. The lower void depth of the 

steam-treated surface is proposed to be associated with the presence of entrapped water 

molecules within the voids of the silica tetrahedral units, as evidenced by the ATR-IR 

spectral investigations in Section 3.2.1. These interstitial voids within the silicate network 

mark the availability of a directional pathway for the propagation of a crack tip through 

the depth of the glass network [138]. 

The alteration in surface topography together with the role of surface silanol groups 

enticed the characterization of the surface wettability. The following section presents the 

influence on the wetting behavior of water caused by superheated steam.   
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3.4 Alteration in surface wettability 

The wetting characteristics of the glass surface were characterized with respect to the 

static contact angle of water. The measurements were performed in an ambient 

laboratory atmosphere with temperature around 25 °C and relative humidity of 60-65%. 

Figure 3.19 shows the comparative spread of a 2.5 µL droplet of water on the SLS 

container glass before and after superheated steam treatment. 

 

 

(a) 

 

(b) 

Figure 3.19 Static contact angle of water on (a) untreated (b) steam treated (S510) SLS 

container glass surface. Volume of water droplet: 2.5µL  

 

The contact angle on the untreated surface was around 32° (see Figure 3.19 (a)). The 

influence of superheated steam was evident to provoke rapid spreading of the water 

droplet on the surface (see Figure 3.19 (b)). The contact angle was nearly zero as the 
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droplet dynamically spread on the surface to lead to super hydrophilic characteristics. 

The SLS glass slide portrayed similar wetting characteristics. This behavior was 

attributed to the higher density of OH groups on the outermost surface [139, 140] in the 

form of different silanol groups (see Section 3.2.1). These Si-OH groups promoted the 

adsorption of molecular water by hydrogen-bonding to contribute to the adherence on 

the surface, associated with rapid spreading by the virtue of increased surface energy. The 

technological importance of the superhydrophilicity of the SLS container glass surface 

caused by superheated steam is discussed in Section 4.2.   

The spectroscopic investigations of ATR-IR and XPS, together with the alteration in 

surface topography and wetting characteristics — provided a thorough insight on the 

structural modifications caused by superheated steam in the near-surface region to 

explain the changes in subsurface hardness and scratch resistance. However, any possible 

influence in the bulk structure of the silicate network couldn’t be completely ruled out. 

This necessitated the investigation of the Qn species in the bulk silicate network by solid-

state 29Si MAS NMR, as discussed in the following section. 

 

3.5 Distribution of Qn species in the bulk silicate network  

The distribution of Qn species in the overall silicate network was quantitatively 

determined by the isotropic chemical shift with respect to the standard reference of 

tetramethylsilane by solid-state 29Si nuclear magnetic resonance spectroscopy. High-

resolution spectra were obtained by spinning the SLS glass specimen in powder form at 

the magic angle of 54.74º (3cos2⍬-1 = 0) with respect to the static magnetic field of 7.05T 

at a frequency of 10 kHz. This enabled to average the anisotropy of nuclear interactions, 

thus preventing the loss of spectral resolution (peak-broadening) [141]. The individual 

Qn species were determined by locating the overlapping peaks in the curve-fitted spectra. 

The shoulder peak corresponding to a chemical shift centered around -107 ppm indicates 

Q4 species, while the major broad peak centered around -93 ppm corresponds to Q3 

species [7, 8]. The MAS NMR spectral fits of both the categories of SLS glasses were 

analyzed before and after steam-treatment to determine the changes in the concentration 

of Qn species by the normalized integrated peak areas. The spectral fits of untreated and 

steam-treated container SLS glass are shown in Figure 3.20 (a) and (b), respectively. The 

untreated container SLS glass contained 84.8% Q3 species and 15.2% Q4 species. Sub-Tg 
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steam led to a conversion of 1.3% of Q4 species into Q3 species — indicative of a slight 

influence in the bulk silicate network by the virtue of overall silicate network 

depolymerization. Although the concentration of the change in Qn species obtained by 

spectral fitting appears to be minor, it does support the evidence of subsurface network 

depolymerization discussed in section 3.2.2. 

 

  

(a) (b) 

Figure 3.20 29Si MAS NMR spectral fits of (a) untreated and (b) sub-Tg steam-treated 

container SLS glass 

 

The MAS NMR spectra of the untreated and steam-treated counterpart of the other 

category of SLS glass (glass slide) is shown in Figure 3.21. 
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(a) (b) 

Figure 3.21 29Si MAS NMR spectral fits of (a) untreated and (b) sub-Tg steam treated 

SLS glass slide 

 

The untreated glass slide contained 83.8% Q3 species and 16.2% Q4 species. Sub-Tg steam 

treatment resulted in an increase in Q4 species by 4% at the expense of Q3 species. The 

conversion of Q3 to Q4 is characteristic of slight repolymerization of the bulk silicate 

network. This corroborates the evidence of subsurface network repolymerization, 

discussed in section 3.2.2. Thus, the NMR results signify slight rearrangement of the 

silicate network in the bulk of the glass structure caused by superheated steam. The trend 

of the network rearrangement of the bulk structure followed the suit of the near-surface 

region. 

The modification of the surface and the bulk silicate structure caused by superheated 

steam has received considerable attention in this work, thus far. It has been clearly 

established and correlated with the changes in mechanical properties. However, there 

remains an open question if the described changes in the near-surface region are 

everlasting, considering the vulnerability of the glass surface to atmospheric corrosion 

discussed in Chapter 1, Section 1.3. This necessitated re-investigation of the steam-

treated surface after subjecting it to ageing in ambient atmosphere, that forms the basis 

of discussion of the following section. 

   

3.6 Effect of ageing in ambient atmosphere 

The steam-treated glass surfaces were exposed to ambient laboratory atmosphere at an 

approximate temperature of 25°C and relative humidity in the range of 60-65%. The 

surfaces were investigated again after 1 week of ageing in the laboratory. The speculation 

of the steam-treated glass surface to be susceptible to atmospheric degradation proved to 

be true. The subsurface hardness of the container SLS glass was found to diminish with 

time, indicative of the transient nature of the fruitful effect caused by superheated steam. 

However, the steam treated SLS glass slide surface almost remained unaffected with 

ageing. The evolution of the subsurface hardness of the SLS glasses is shown in Figure 

3.22. 
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(a) (b) 

Figure 3.22 Evolution of subsurface hardness with ageing in ambient atmosphere (a) 

container glass (b) glass slide. Applied load: 10 mN. ANOVA single factor test: p<0.001: 

*** 

 

The noteworthy observation in Figure 3.22 is the vulnerability of the container SLS glass 

to ageing in ambient atmosphere with respect to a decrease in hardness of the steam-

treated surface. This decrease was statistically significant with ANOVA test yielding a p-

value less than 0.001, represented by three asterisks in Figure 3.22 (a).  The influence on 

the subsurface silicate network that defines the susceptibility of the container SLS glass 

to ageing was studied by XPS accompanied by Ar+ sputtering, as illustrated in Figure 3.23.   
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(a) (b) 

Figure 3.23 Variation of the atomic ratio of individual oxygen speciations to silicon, as 

a function of Ar+ sputtering time (below); variation of atomic ratio of total oxygen (sum 

of individual contributions) to silicon, as a function of Ar+ sputtering time (above) (a) 

steam-treated container glass surface (S510) (b) steam-treated container glass surface 

after 1 week of ageing in ambient atmosphere. Connecting lines act as a guideline to the 

eyes  

   

The atomic ratio of OSi-O-Si / Si of the aged glass surface increased at the expense of 

OSiOH/H2O / Si throughout the depth of sputtering. Furthermore, there was no contribution 

of OSiOH/H2O/ Si to OTotal/ Si after ageing. This essentially signified the condensation of 

vicinal hydroxyls (adjacent silanol groups) to form bridging oxygens according to the 

following reaction: 

𝑆𝑖 − 𝑂𝐻 + 𝑆𝑖 − 𝑂𝐻 → 𝑆𝑖 − 𝑂 − 𝑆𝑖 + 𝐻2𝑂 

The activation energy of the above reaction at room temperature is around 40 kJ/mol 

[142, 143]. The observed behavior of the rearrangement of the vicinal silanol groups to 

form bridging oxygens accompanied by the loss of weakly hydrogen-bonded water 
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molecules within the interstitial voids was a consequence of surface structural relaxation 

after steam-treatment during ageing [20]. The change in mass of the glass specimens as a 

result was negligible. The following two propositions are suggested with regard to the 

disappearance of the water molecules during ageing in ambient atmosphere: 

(a) The water molecules from the near-surface region could either escape to the outer 

atmosphere, and/or 

(b) Percolate and dissipate into the bulk of the glass network 

Neither of these possibilities can be ruled out. The occurrence of the former event may be 

restricted by depositing a thin film coating on the glass surface. The latter case personifies 

a natural phenomenon that may not be evitable. The exposure of the voids resulting in 

free volume within the silicate network after the disappearance of the water molecules is 

analogous to the untreated surface. This explains the degradation in hardness of the 

container SLS glass with ageing in ambient atmosphere.  

On the other hand, the relative absence of entrapped water molecules within the silicate 

network of the steam treated SLS glass slide (S460) ruled out the surface degradation 

phenomenon associated with deterioration of hardness in this variant of SLS glass. The 

slight increment in hardness after sub-Tg steam-treatment was retained after ageing, as 

shown in Figure 3.22 (b). 

It is noteworthy to mention that the ageing of the S510 surface in ambient atmosphere 

did not have any influence on the alteration of its superhydrophilic characteristics (see 

section 3.4). This is because the OH groups on the surface that contribute to the 

adsorption of the water molecules would persist due to its tendency of reforming back 

when exposed to air [139].     

Sections 3.1 through 3.4 demonstrated the influence of superheated steam on the surface 

structural and mechanical properties. Additionally, the susceptibility of the steam-treated 

surface to ageing was described in this section. Having gained a thorough insight of the 

surface structural changes, it was essential to schematically represent the surface 

structural modification caused by superheated steam to attract the reader’s attention 

from a pictorial perspective. This is illustrated in the following section. 
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3.7 Surface structural schematics 

The surface structure was schematized based on the evidence of the role of surface 

hydroxyl groups and silicate network connectivity, obtained by complementary 

characterizations discussed in the preceding sections. 

The surface structure of a typical untreated soda-lime-silica glass is schematically 

represented in Figure 3.24 (a). The different surface hydroxyl groups were assigned 

corresponding to the ATR-IR OH stretching vibrations, discussed in section 3.2.1. The 

“outer film” consists of physiosorbed and chemisorbed water molecules adsorbed from 

the ambient atmosphere by ubiquitous interaction with atmospheric humidity. The 

“exchanged layer” in the near-surface region is an SiO2-rich skin with a thickness on the 

order of few nanometers. It was formed by the volatilization of the mobile sodium ions 

during production and subsequent handling and storage [144, 145]. This region consists 

of different forms of silanol groups, as discussed in Chapter 1, Section 1.2.1. This sodium 

depleted exchanged layer is further divided into two layers: “outer skin (layer 1)” and 

“inner skin (layer 2)”. The outer skin has a reversible behavior with respect to the 

adsorption of water molecules to the silanol groups by incessant interaction with ambient 

atmosphere. The inner skin contains vicinal silanols (adjacent silanol groups) that are 

reactive during steam treatment. The schematic representation of the surface structures 

of steam-treated container glass and glass slide are schematically represented in Figure 

3.24 (b) and 3.24 (c), respectively.    
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(a) 

 

(b) 
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(c) 

Figure 3.24 Surface structural schematic representation of (a) untreated (b) sub-Tg 

steam-treated container glass (c) sub-Tg steam treated glass slide   

      

The inner skin (layer 2) containing vicinal silanols underwent condensation to 

repolymerize into bridging oxygens with silica tetrahedral units containing Q4 species, 

during steam-treatment. The altered Qn notations are highlighted in brown. The surface 

network of the outer skin of the container SLS glass depolymerized to form silanol groups 

associated with NBOs (highlighted in blue), as described in Section 3.2.2. This created a 

micro channelized pathway to facilitate the diffusion of water molecules to occupy the 

interstitial voids within the silica tetrahedral network. The weakly hydrogen-bonded 

water molecules corresponding to the OH stretching vibration centered around 3750 cm-

1 in ATR-IR spectra (see section 3.2.1) are highlighted in green. On the contrary, the 

evidence of silicate network depolymerization in the near-surface region of the glass slide 

meant an increase in the population of BOs in the inner skin with more Q4 units in Figure 

3.24(c). This closed network inhibited the diffusion of water molecules into the interstitial 

voids. The suppression of the stuffing effect of the voids by molecular water reflects a 

mere increase of 4% in subsurface hardness of the microscopic glass slide, as opposed to 

a 30% enhancement in hardness of the container glass surface. The susceptibility of the 

container glass surface to ageing in ambient atmosphere may be associated with the loss 

of these entrapped water molecules through the outer skin (layer 1) to the outer 

atmosphere. This was caused by the promotion of surface structural relaxation by 
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molecular water [20] after its interaction with superheated steam. The relative absence 

of these entrapped water molecules within the silica tetrahedral network of the SLS glass 

slide prevented the degradation of subsurface hardness with ageing in ambient 

atmosphere.    
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4 Conclusion and Outlook 

This chapter is divided into two sections. Section 4.1 presents a summary of this research, 

together with a concluding remark of the principal output. Section 4.2 is intended to act 

as a source of motivation for further research based on the output of this work. 

4.1 Conclusion 

This research was focused on establishing a fundamental relationship between the 

surface structural and mechanical properties of soda-lime-silica glass. Superheated steam 

was considered as a medium of interaction with the glass surface to study the 

modification in surface structural network in correlation with the influence on 

mechanical properties such as subsurface hardness. Two different categories of SLS 

glasses were chosen for a comparative study — container glass and glass slide. These 

glasses were manufactured by different processes with slightly different modifier 

concentrations and glass transition temperatures (Tg) were considered. The container 

SLS glass had a higher Tg in the range of 560 °C to 575 °C, while the microscopic SLS glass 

slide had a relatively lower Tg in the range of 510 °C to 540 °C. The process conditions of 

steam treatment to induce an optimum network mobility in the glass structure for a 

distinguishable alteration in surface mechanical and structural properties was 

determined to be 50 °C below the onset of Tg for a duration of 30 minutes at a flow rate of 

3 kg/hr. Accordingly, the container SLS glass surface was treated at 510 °C and the glass 

slide was treated at 460 °C for 30 minutes followed by mechanical and structural 

characterizations. The hardness of the container glass surface was enhanced by 30% up 

to a depth of 300 nm below the glass surface, in contrast to a marginal increase of 4% in 

the latter. The surface hydroxyl groups were characterized by ATR-IR spectroscopy, 

which revealed the presence of hydrogen-bonded water molecules entrapped within the 

interstitial voids of the silica tetrahedral network. The concentration of these water 

molecules was higher in the container glass surface, dictated by an increased intensity of 

absorbance of the OH stretching peak centered around 3750 cm-1. The reduction in void 

depths among the first monolayers within the silicate network evidenced by atomic force 

microscopy corroborated the presence of entrapped water molecules within the 

interstitial voids after steam-treatment. Having studied the role of the silanol groups, it 

was essential to investigate any possible network rearrangement that occurred during 

steam treatment to facilitate the diffusion of the water molecules.  
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The subsurface silicate network connectivity of the SLS glasses was studied by X-ray 

photoelectron spectroscopic investigations accompanied by Ar+ sputtering. The 

concentrations of the individual oxygen speciations of bridging oxygen (BO: OSi-O-Si), non-

bridging oxygen (NBO: OSi-O-Na) and hydrous species (OSiOH/H2O) were calculated by 

Gaussian-Lorentzian curve-fittings of O1s spectral lines. The atomic ratios of each oxygen 

speciation to silicon were plotted as a function of Ar+ sputtering time to determine the 

silicate network connectivity of the near-surface region up to a depth of approximately 

110 nm below the glass surface. The as-received container SLS glass surface had a higher 

concentration of mechanically weakening species associated with NBOs, while the surface 

of the as-received glass slide was more rigid with relatively higher concentration of BOs. 

Sub-Tg steam treatment led to an increase in the atomic ratio of total oxygen to silicon 

(OTotal/Si) in both the SLS glasses. This was correlated to the scratch resistance of the glass 

surface. It was observed that the visibility of the scratches on the container SLS glass 

increased after sub-Tg heat and steam treatments. From the structural viewpoint, the 

increased vulnerability of the glass surface to scratch formation in the micro-abrasive 

regime was attributed to an increase in the atomic ratio of total oxygen to silicon 

(OTotal/Si) in the region between 5 and 100 nm below the glass surface. 

The contribution of the different oxygen species that led to the total increase in OTotal/Si 

in the two categories of glasses varied. The proportion of increase in NBO contribution 

exceeded the increase in BO contribution to OTotal/Si in the near-surface region of 

container glass, that indicated surface network depolymerization caused by superheated 

steam. On the other hand, the increase in BO dominated over the increase in NBO 

contribution to the total increase in oxygen to silicon atomic ratio in the subsurface 

network of microscopic glass slide. This essentially signified surface network 

repolymerization. This finding was corroborated by the 29Si MAS NMR results of the 

distribution of Qn species in the overall silicate structure including the bulk network. 

There was a slight increase of 1.3% Q3 species at the expense of Q4 in the silicate structure 

of the container glass that signified a slight decrease in network connectivity 

(depolymerization). On the contrary, the concentration of Q4 species increased by 4% at 

the expense of Q3 species in the bulk silicate structure of the glass slide. This behavior 

served as evidence of a slight network rearrangement in the bulk silicate network as well. 

The differences in network rearrangement in the two glasses were attributed to the 

differences in the network connectivity of the pristine surfaces. The container SLS glass 



 

95 
 

with a weaker initial network favored depolymerization when subjected to the 

interaction with superheated steam.  This facilitated the diffusion of water molecules to 

occupy the interstitial voids to contribute to subsurface hardening. On the other hand, the 

glass slide with higher concentration of BOs in the as-received state underwent 

repolymerization during steam treatment that inhibited the diffusion of water molecules 

into the network.  

One of the striking discoveries was the susceptibility of the steam-treated surface to 

ageing in ambient atmosphere. The subsurface hardness of the container glass degraded 

after one week of ageing. This behavior was associated with the loss of the entrapped 

water molecules within the interstitial voids by the virtue of condensation of vicinal 

silanol groups to form bridging oxygens. This network rearrangement was promoted by 

surface structural relaxation facilitated by the entrapped molecular water in the steam-

treated surface network. However, the glass slide was seemingly unaffected by ageing due 

to the relative absence of water molecules within the silicate network after its interaction 

with superheated steam. 

The surface structural representations of the untreated and steam treated SLS glasses 

were schematized based on the experimental evidence of surface hydroxyl species and 

silicate network connectivity. The surface network depolymerization in container glass 

opened up a micro-channelized pathway for the diffusion of water molecules to occupy 

the interstitial voids within the silica tetrahedral network to contribute to subsurface 

hardening. In contrast, the dominance of surface network repolymerization in 

microscopic glass slide meant lower availability of diffusion pathways for water 

molecules during superheated steam treatment. The relatively lower concentration of 

hydrogen-bonded water molecules within the interstitial voids was accountable for 

higher availability of free volume within the silicate network with a marginal rise in 

hardness in the latter. Overall, the two types of SLS glasses considered in this study 

underwent different structural rearrangements during superheated steam treatment, 

that explained the observed differences in subsurface hardness of the glasses. 
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Concluding remark 

To sum it up, the relationship between the subsurface hardness and structural network 

of SLS glass was established. The extent of silicate network connectivity together with the 

interstitial voids within the silica tetrahedral units play a decisive role in governing the 

near-surface mechanical properties. The evidence of the enhancement in subsurface 

hardness due to the stuffing of the interstitial voids by hydrogen-bonded molecular water 

caused by superheated steam was indicative of the detrimental effect of these voids on 

the directional propagation of a crack front through the depth of the glass network. 

Furthermore, the promotion of surface structural relaxation caused by the water 

molecules during ageing was the underlying cause of the vulnerability of the steam-

treated glass surface to atmospheric corrosion. These evidences support the invincible 

tendency of the glass surface network to undergo rearrangement in response to any 

external stimulus, that essentially governs the overall performance of the material.  
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4.2 Outlook 

The output of this research may be considered as the basis of the following possibilities: 

A. Subsurface hardening of soda-lime-silica glass by superheated steam in the 

vicinity of the glass transition temperature. The effect of degradation of hardness 

with ageing may be prevented by depositing a thin film coating on the glass 

surface (e.g., alumina thin film). This is expected to additionally contribute to 

strengthening of the glass by preventing the direct exposure of the surface flaws. 

B. Promotion of superhydrophilicity of the glass surface by superheated steam. The 

technological importance of the alteration in surface wettability has been clarified. 

The steam-treated surface proved to be effective in promoting the adherence of a 

cold-end coating. The coating material “x-glas® KR 1002” with a high-water 

content as a solvent was developed by “Wiegand-Glas”. The objective was to 

replace the standard hot/cold end coatings to improve the scratch resistance of 

the glass surface by a one-step process that was environment friendly. Further 

investigations are in progress in the industry. The rapid spreading of the coating 

material was facilitated on the steam-treated surface in comparison to the pristine 

surface. This was due to the high surface energy of the superhydrophilic surface 

after its interaction with superheated steam. 

C. Although strengthening of silicate glass has been recently reported by 

superheated steam [146] by developing a compressive stress profile with a layer 

containing hydrogen species, the composition of the glass plays a critical role for 

the process to succeed. The combination of phosphorus and an alkali ion with low 

cationic field strength, potassium, played a significant role in promoting the ion-

exchange process for enhanced strengthening. Thus, the SLS glasses used in this 

study with relatively high sodium concentration instead of potassium, did not 

exhibit any strengthening by the influence of superheated steam (see Appendix 

A2) due to the absence of any ion-exchange reaction. As a future work, the effect 

of composition on the structural changes in the surface and the bulk network 

caused by superheated steam may be thoroughly investigated with an objective of 

further enhancing the strength of the glass. 
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Appendix A1 

XPS O1s & Si2p curve-fittings of untreated and steam-treated SLS glass surfaces are 

presented in this section. 90% Gaussian-10% Lorentzian composite function was used 

to obtain the best fits in terms of lowest chi-squared values.  

 

  

(a) (b) 

  

(c) (d) 
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Figure A1.1 Gaussian-Lorentzian curve-fits of O1s spectral lines of untreated container 

glass surface as a function of Ar+ sputtering time (i) 0 min. (ii) 5 min. (iii) 10 min. (iv) 50 

min. (v) 80 min. (vi) 110 min.     
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Figure A1.2 Curve-fitted Si2p spectral lines of untreated container glass surface as a 

function of Ar+ sputtering time (i) 0 min. (ii) 5 min. (iii) 10 min. (iv) 50 min. (v) 80 min. 

(vi) 110 min. 
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(c) (d) 

  

(e) (f) 

Figure A1.3 O1s curve fittings of sub-Tg steam-treated container glass surface as a 

function of Ar+ sputtering time (a) 0 min. (b) 5 min. (c) 10 min. (d) 50 min. (e) 80 min. (f) 

110 min.  
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Figure A1.4 Si2p curve-fittings of steam-treated container glass surface as a function of 

Ar+ sputtering time (a) 0 min. (b) 5 min. (c) 10 min. (d) 50 min. (e) 80 min. (f) 110 min.  
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(e) (f) 

Figure A1.5 O1s curve fittings of untreated microscopic glass slide surface as a function 

of Ar+ sputtering time (a) 0 min. (b) 5 min. (c) 10 min. (d) 50 min. (e) 80 min. (f) 110 min. 
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Figure A1.6 Si2p curve-fittings of untreated microscopic glass slide as a function of Ar+ 

sputtering time (a) 0 min. (b) 5 min. (c) 10 min. (d) 50 min. (e) 80 min. (f) 110 min. 
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Figure A1.7 O1s curve-fittings of superheated steam-treated microscopic glass slides as 

a function of Ar+ sputtering time (a) 0 min. (b) 5 min. (c) 10 min. (d) 50 min. (e) 80 min. 

(f) 110 min. 
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(e) (f) 

 

Figure A1.8 Si2p spectral fits of steam-treated microscopic glass slide surfaces as a 

function of Ar+ sputtering time (a) 0 min. (b) 5 min. (c) 10 min. (d) 50 min. (e) 80 min. (f) 

110 min. 

 

 

Appendix A2 

The failure stresses of the untreated, heat-treated (H510) and steam-treated (S510) 

container SLS glasses were characterized by ring-on-ring tests. Figure A2.1 illustrates the 

comparative plot of the failure stress against the probability of failure of the three 

categories of SLS specimens. 15 samples of each category were subjected to the test. 

 

Figure A2.1 Failure stress vs probability of failure of untreated, H510 and S510 

container SLS specimens 

 

The corresponding parameters of the mean strengths (Pf= 50%), characteristic strengths 

(Pf= 63.2%) and Weibull moduli are tabulated in Table A2.1. 
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Table A2.1 Mean strength, characteristic strength and Weibull modulus of untreated, 

H510 and S510 

Specimen Mean Strength 
(in MPa) 

(Probability of 
Failure, Pf = 50%) 

Characteristic 
Strength (in MPa) 

(Probability of 
Failure, Pf = 63.2%) 

Weibull 
Modulus 

Untreated 162.8 180.2 3.94 
H510 196.3 217.7 4.30 
S510 199.6 217.9 4.92 

The evidence of the increase in the mean strength by approximately 20% is true for both 

the heat-treated (H510) and steam-treated (S510) specimens. This signifies the absence 

of any additional strengthening effect by the influence of superheated steam. This is in 

accordance with the expectations due to the absence of any ion-exchange reaction (see 

Section 3.2.2, Figure 3.9). Therefore, the marginal increase in strength is attributed to the 

“heat-strengthening” effect, analogous to annealing, at sub-Tg temperature of 510 °C for 

30 minutes. 
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