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Stress corrosion cracking is a well-known phenomenon in oxide glasses. However, how amorphous phase separation
(APS) alters stress corrosion cracking, and the overall mechanical response of an oxide glass is less known in literature.
APS is a dominant feature concerning many multicomponent systems, particularly the ternary sodium borosilicate (SBN)
glass systems.

Keywords: sodium borosilicate glasses ; amorphous phase separation ; miscibility gap ; physical properties ; mechanical
properties ; dynamic fracture ; stress corrosion cracking

| 1. Introduction

Since Before the Common Era, humankind has been fabricating oxide glasses for various uses. Over the years, interest in
oxide glasses has grown due to advantageous optical, chemical, and electrical properties L. Some of these properties
include optical transparency, electrical isolation, and a high melting point (between 800-1800 °C depending on the
chemical composition). Yet oxide glasses have a major drawback: they seem to fail abruptly. However, studying the failure
of the glass samples in detail frequently leads one to discover sub-critical crack growth, also called stress corrosion
cracking (SCC) because it is aided by environmental factors, or flaws that occurred before the dynamic fracture. For
homogenous oxide glasses, this phenomenon is well documented in literature ZIEIAIRIGIABININNLL  Moreover, the SCC

properties are known to depend on the chemical composition of the oxide glass BIRI4, the fictive temperature B8], the
environmental factors [BIAILOMLL etc. |n recent years, it has become apparent that understanding dynamic and sub-
critical cracking requires a detailed knowledge of how short- and medium-range structures influence physical and
mechanical properties in these glasses. By gaining this deep understanding, researchers will obtain key knowledge to
advancing glass technology. This will ultimately benefit all kinds of industry, including high technology fields such as laser
technology, energy-saving technology, and communication technology.

A single-phase material has a structurally and chemically homogeneous distribution of its constituents. Multiphase
materials occur when precipitates with structural and/or chemical composition differences form. Each phase in these
materials is homogeneous, and there is a distinctive barrier between different phases LR3I | jquid—liquid phase
separation occurs in multi-component liquids when the Gibbs energy curve shows two distinct minimums as a function of
the liquid composition.

From a thermodynamic viewpoint, a simple binary system composed of components A and B can exist as a homogenous
mixture (attractive interactions A-B), or it might prefer to exist as a heterogeneous mixture with repulsive A—B interactions.
The preference to exist as a heterogeneous mixture induces phase separation over a well-defined range of compositions,
temperatures, and pressures. Likewise, phase separation can also be due to irradiation 28], Phase separation processes
produce a large variety of mesoscopic structures, which modify the macroscopic behavior of the material. Theories

propose different mechanisms to explain these scenarios taking into consideration the composition of the glass and the
kinetic limits LEIL7],

Over the years, researchers identified metastable miscibility gaps in multiple different types of oxide glass systems 18I
(201 particularly those based on silica and boron oxides (21221231, Simulation and experimental approaches aid in obtaining
phase diagrams to predict the miscibility gaps. These studies [24[231[26127](28[29] he|p in understanding from short- to
medium-range (micro and meso) structures of the glasses. Researchers also study how these changes scale up to
variations in the overall physical and mechanical/fracture properties of phase separated glass systems BUBU, An industrial
application of phase separated glasses and their enhanced mechanical/fracture properties concerns crush-resistant
glasses 2. Furthermore, phase diagrams have industrial significance when considering functional materials, such as
glass-ceramics and porous glasses [231134135],



| 2. Thermodynamic Interpretations of Phase Separation

Thermodynamic theories are some of the most widely accepted methods for explaining the occurrence of phase
separation in materials. Section 3.1 reviews the case of a two-atom theoretical system. Section 3.2 turns to the more
complex problem of multi-oxide glass systems. Section 3.3 addresses the special case of SiO 2- B 20 3- Na 20 glasses.
APS in glasses is usually considered and analyzed as liquid—liquid phase separation LBEIEY However, it should be
noted that a glass is not in thermodynamic equilibrium; hence, discussions herein concern inherently metastable glasses.

Figure 1 depicts a typical miscibility gap and the Gibbs free energy curves as a function of x B . In Figure 1 a, the solid
dark blue line represents the binodal curve, which is the boundary between the domain where only a single phase exists
to a domain where multiple phases exist, and hence a miscibility gap. This curve is obtained from the shape variation of
Gibbs free energy curves ( Figure 1 b,c).
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Figure 3. (a) Schematic two-liquid immiscibility region showing binodal (zone 1) and spinodal (zone I1); (b) Sketch of the
Gibbs free energy curve versus composition Xb (mole fraction of component B) for temperature T1 where T1 > Tc and (c)
Gibbs free energy curve versus composition (mole fraction of component B) for temperature T2 < Tc. Binodal
decomposition occurs in zone |, and spinodal decomposition occurs in zone 11 LAEEIS9].

For many years, the CALPHAD (CALculation of PHAse Diagrams) method was used to provide predictions of liquid phase
miscibility gaps in multiple different systems B4l This method uses the Gibbs energy to calculate phase diagrams and
thermodynamic properties. Input parameters include conditions such as chemical composition, temperature, and
pressure. Extending CALPHAD methods to oxide glasses may give reliable estimates of the phase diagram 42, yet this is
proving difficult because glass is not at equilibrium.

Generally, the ternary metastable liquid-liquid phase diagram is highly important. Moreover, kinetic factors also have
essential effects on the phase separation processes. For a given glass with a chemical composition within the miscibility
gap, annealing protocols determine: (1) the phase composition while attaining equilibrium ( Section 3.1 ), (2) the type of
phase separation (binodal or spinodal) 3!, (3) the nucleation/growth kinetics in the miscibility gaps B424l and (4) the final
phase compositions and phase size 2461471 The next section focuses on different structures of some APS-SBN
(amorphous phase separated SBN) glasses.

| 3. Physical Properties of APS Glasses

The inherent structure of the glass and its amorphous phase separated counterpart could play a role in altering physical
and mechanical/fracture glass properties. In this section, we take a closer look at how the APS structure of the glasses
plays on the physical properties where Section 6 concentrates on the mechanical/fracture properties.

APS produces a large variety of structures in glasses. This affects the density calculations. Burnett and Douglas’ B2
investigations found that phase separation consists of two distinctive stages: (i) the decomposition stage when the
developing phases gradually reaches the equilibrium composition; and (ii) the coarsening stage when the size of the
phase separation regions increases without considerable changes in phase composition. At the end of the first stage, the
dimension of phase separated regions are usually large enough to neglect the interfacial effects between different phases
(48] |n this case, a two-phase glass can be considered as a composite material consisting of two different homogeneous
substances, i.e., the tie-line end members .



From the above equations, the sign of the first derivative does not change with w B , and it depends on the gquantitative
comparison between p a and p B . Additionally, the second derivative is always positive. This shows that the curve of p as
a function of one component’s initial weight fraction is convex.

The comparison between experiments and theory shows the wide usability of Equations (16) and (17). This analysis is
also valid for ternary and higher-order systems in a two-phase region. In these regions, the above equations are valid if
one follows the tie line of constant temperature 459,

| 4. MechanicallFracture Properties of APS Glasses

Glass is one of the most common materials in daily life due to many advantageous properties, including transparency,
thermal and chemical stability, etc. However, its biggest disadvantage is its brittleness, which limits its uses in many
applications. This is still the case despite a long history of developments aiming at overcoming this drawback BL52]53](54]
To understand the mechanical/fracture properties of APS glasses, Section 6.1 first takes a closer look at the Young's
modulus of APS glasses. It highlights the PbO - B 20 3 glass systems discussed in Section 5 . Then, Section 6.2
addresses some fracture properties of APS glasses, including the interaction between the crack front and secondary
phases during dynamic fracture ( Section 6.2.1 ), fracture toughness ( Section 6.2.2 ), sub-critical cracking ( Section 6.2.3
) and post-mortem fracture surface analysis ( Section 6.2.4).

Likewise, Miyata et al. 23 studied B 20 3-rich particles in a PbO -rich matrix (i.e., am<ap,fm<lp,andEm>Ep).
With all the theoretical analysis above, they proposed that the crack passes around the particles in this system.

As stated above, APS in glasses alters crack propagation at the mesoscale. Hence, macroscopic fracture properties
should be influenced by these medium-range structural variations 28, It has been widely considered that the presence of
APS systematically increases the fracture toughness of the glass B438l Several toughening mechanisms have been
proposed to explain how heterogeneous inclusions affect the fracture behavior as it is mentioned at the beginning of
Section 6.2.1 (crack pinning, deflection, trapping, etc.).

As was analyzed in Section 6.2.1 55, for the PbO -rich particles/ B 20 3-rich matrix wheream>ap, T m>Tp,and Em
< E p, the crack propagates preferentially through the PbO -rich phase; for the B 20 3-rich particles/ PbO -rich matrix
wheream<ap,m<Tlp,and Em>E p, the crack propagates preferentially around the B 20 3-rich “impenetrable”
particles.
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