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ABSTRACT
The calcium aluminosilicate glass (CAS) system is a useful ternary system to evaluate the
corrosion response of alkaline earth aluminosilicate glass surfaces. The chemical durability of
this glass system has not been well studied, but is relevant to both fundamental glass science and
industrial glass manufacturing where alkali-free aluminosilicate glasses are exposed to corrosive
conditions during processing for electronics and optics. The objective of this work is to relate
the bulk composition to surface response for various compositions in the calcium aluminosilicate
system. These studies emphasized the characterization of CAS glass surfaces before and after
corrosion in combination with existing solution chemistry experiments. Corrosion effects such
as altered layer formation and hydration were studied for a range of CAS glass compositions.
Surface characterization techniques such as x-ray photoelectron spectroscopy (XPS), infrared
vibrational spectroscopy (FTIRRS, ATR-IR), and secondary ion-mass spectrometry (D-SIMS)
were used to characterize the glass surfaces. The surface response of CAS glass surfaces was
found to depend on composition, solution pH, and reaction time. For relatively high-silica CAS
glasses (>70% SiO2), incongruent dissolution was not found to be an in-depth effect of corrosion
even in strong acid conditions as observed for other glass systems such as the sodium
aluminosilicate glass system. Analysis of the reacted glass surfaces indicated the attack of Al-O
bonds and release of calcium as the primary mode of degradation in acidic solution. The
reactivity of the glass surfaces was found to trend with the relative amount of alumina in the bulk
composition.
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Chapter 1
INTRODUCTION AND BACKGROUND INFORMATION
Section 1.1: Introduction
The study of the calcium aluminosilicate glass system is relevant to fundamental glass
science as well as to commercial glass production, earth sciences, and nuclear waste disposal2.
This system is particularly interesting as a ternary alkaline earth aluminosilicate glass system that
contains divalent modifier cations (e.g. calcium) and lacks monovalent modifier cations (e.g.
sodium). Also, natural alkaline earth aluminosilicate materials are some of the most abundant
materials found in the Earth’s crust. Alkali-free alkaline-earth silicate glasses are of importance
when dielectric loss and ionic impurities must be controlled for electronics applications and
when a higher refractory glass is needed. Understanding the chemical durability of glasses is
also crucial to the development of commercial glass products. The alteration of glass surfaces
from exposure to corrosive conditions changes the physical and chemical properties of the final
product. For example, the storage of glass in humid conditions during shipping or the etching of
glass during processing (such as in lithography involving wet chemical etching) will alter the
glass surfaces and change the usability of the final glass products. From a materials science
perspective, it is important to understand the relationship between glass composition, structure
and the surface properties of the glass materials. Surface science offers a suite of
characterization techniques to analyze the glass surfaces.
Few comprehensive corrosion studies on the CAS glass system have been published.
This work is unique in offering analysis of the reacted CAS glass surfaces using a wide range of
surface characterization tools. Many glass studies involve estimating the nature of the reacted
surfaces from solution analysis data. Information from this type of study that is relevant to the
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CAS glass system will be used to complement the surfaces analyses in this work. The purpose of
these studies is to make connections between bulk glass composition, theoretical structure and
corrosion response of the glass surfaces.

Section 1.2: CAS Glass Structure
The structure (i.e. short and/or intermediate range order) of calcium aluminosilicate
glasses has been previously studied. The determination of CAS glass structure has depended on
the use of many characterization techniques including NMR, XRD, neutron scattering, Raman,
and infrared vibrational spectroscopies3-11. When discussing the structure of CAS ternary glass
networks, SiO2 can be thought of as a primary network former species with Al2O3 as an
intermediate (that may participate in network formation) and calcium as a network modifier 1. In
pure silica glass, SiO2 forms a continuous silicate network of SiO4 tetrahedra. Silica tetrahedra
share an oxygen forming bridging oxygen (BO) sites. In this case, the glass is said to be fully
polymerized when all tetrahedral are associated with BO 2. Addition of Al2O3 and CaO in
different stoichiometry values will change the connectivity of the silicate glass network (i.e.
depolymerization) but the resultant aluminosilicate glass network will remain built on a
tetrahedral backbone (with some proposed exceptions for very low-silica compositions with
<50% SiO2) 3. Aluminum enters the glass network to form AlO4- tetrahedra with an excess
negative charge. Upon addition to the glass, calcium (in the form of octahedrally-coordinated
Ca2+) will balance the charge of two AlO4- sites. As long as the amount of CaO remains equal
to the amount of Al2O3, the idealized network remains fully polymerized. When excess CaO is
added to the glass (i.e. there is more calcium than needed to charge balance the AlO4- sites), there
is a breakdown of the connectivity of the silicate network3. The excess modifiers enable the
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formation of Si-O-Ca linkages7. These sites are sometimes referred to as non-bridging oxygen
(NBO) sites3. Figure 1.1 below contains a visual example of the short range order in an
aluminosilicate glass containing silica and alumina tetrahedral with modifier cations and NBO
sites12.

Figure 1.1. Theoretical short range order in an aluminosilicate glass12.

Studies of the structure of real CAS glasses have shown deviations from proposed
idealized structures8,9. Measurements of anorthite glasses have indicated the presence of fivecoordinated aluminum10. It has been accepted that silicon and aluminum are generally fourcoordinated in aluminosilicate glasses, however some additional possibilities for the coordination
of aluminum have been a subject of research and debate7-11. Both five and six-coordinated
aluminum have been observed in CAS glasses6. Other structural species such as the controversial
oxygen tricluster (an oxygen bonded to two silica tetrahedra and one alumina tetrahedron) have
been proposed to exist11. In the case where there is an insufficient amount of calcium present at
certain AlO4- sites to balance the excess negative charge, aluminum may be forced into higher
coordination to maintain charge balance. Higher-coordinated aluminum may occur for glasses
with low-SiO2, high Al2O3 and CaO content where the aluminosilicate network breaks down or
for peraluminous glasses where %Al2O3 > %CaO. The respective amounts of five-coordinated
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Al or six-coordinated Al has been shown to depend on the ratio of CaO/Al2O3 in the bulk glass.
For high-silica content CAS glasses, the aluminum avoidance principle would suggest that
alumina tetrahedra would share bridging oxygens with silica tetrahedra in an alternating or
disordered manner such that two four-coordinated aluminum would not share the same BO44. It
has been proposed that when the Al2O3 content is high enough, breakdown of the aluminum
avoidance principle is possible resulting in the presence of Al-O-Al bonds.

Figure 1.2. CAS Glass Ternary.
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It may be helpful to discern three distinct structural regions in the CAS ternary (Figure 1.2):
1) A high-silica region (>70% SiO2) representing glasses with a highly connected
aluminosilicate framework. Silicon and aluminum are primarily four-coordinated and
calcium serves to charge balance the negative charge of alumina tetrahedra. Alumina
tetrahedra substitute for silica tetrahedra such that aluminum avoidance is satisfied.
As excess CaO is added and the compositions become more peralkaline, NBOs form
and the glass network is depolymerized. An exception in this high-silica region is the
peraluminous CAS101575 composition which would be expected to have a similar
aluminosilicate tetrahedral backbone with a higher amount of aluminum in five
and/or six coordination due to insufficient modifier cations present for charge balance
requirements.
1) A transitionary region (50-70% SiO2) with stepwise changes in structure are observed
with each change in composition. The aluminosilicate glass network observed for the
higher-silica compositions loses connectivity as higher amounts of CaO and Al2O3
are added to modify the network. The higher relative amount of modifier cations
enables higher concentrations of NBO to form in peralkaline compositions. Higher
amounts of Al2O3:SiO2 and lower CaO:Al2O3 enables a greater concentration of AlV
and AlVI. Defiance of aluminum avoidance is possible and the concentration of Al-OAl sites increases.
2) A low-silica (<50% SiO2) region in which the network connectivity resembles a
calcium aluminate network rather than a traditional aluminosilicate network. The
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concentrations of AlV and AlVI are highest in this region (but still less than AlIV),
especially for the glasses with lowest CaO:Al2O3 ratio.

Figure 1.3 below summarizes expected trends in network connectivity across the CAS glass
ternary for compositions above >50% SiO2 and CaO/Al2O3 ≥ 1 12. The concentrations of
Si-O-Si and Al-O-Si sites are expected to be inversely proportional and the concentration of
expected NBO sites increases with peralkalinity.

Figure 1.3. Expected trends in network connectivity across the CAS glass ternary12. Trends described for glasses
with >50% SiO2 and CaO/Al2O3 ≥ 1.
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Section 1.3: Background on Aluminosilicate Glass Corrosion
The corrosion of glass involves a complex set of processes such as hydration, hydrolysis,
and ion exchange processes2,13. The rate and extent of each of these processes as well as their
influence on each other will change the nature of dissolution of glasses in corrosive
environments. The reaction behavior of glass surfaces may differ from that of the bulk glass.
This possibility makes the study of glass corrosion even more complicated. Often, glass
corrosion is discussed in the focus of particular timescales (e.g. Stage I, Stage II). Figure 1.4
below offers a visual representation of a widely accepted model for the time dependence of glass
dissolution14. The practice of discerning particular stages of corrosion can be helpful when
describing both general chemical durability as well as when discussing the specific corrosion
mechanisms responsible for attack of the glass at a certain reaction time14. In this manner, the
analysis of a glass surface for a given time step (e.g. 100 hours of reaction) is only a snapshot in
time of the corrosion response of that particular glass in that specific reaction environment.
Often, studies that involve the study of reaction kinetics are useful to compare the time
dependence on glass corrosion rates to the surfaces analyzed post-reaction2.

Figure 1.4. The time dependence of glass corrosion rates (in terms of Stage I, Stage II)14.
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When glass surfaces corrode in a manner that the resultant elemental surface composition
is similar to the bulk glass composition (regardless of physical changes such as roughening), the
dissolution can be considered to be congruent13. Extensive formation of altered layers of
different composition and structure are not usually observed in this case. Incongruent dissolution
involving preferential removal of cations such as sodium, calcium, and/or aluminum in
aluminosilicate glasses can lead to the formation of altered surface layers2,13. This type of
corrosion response is sometimes generalized as selective leaching13. Figure 1.5 below contains
simplified schematics for congruent and incongruent glass dissolution.
When discussing altered layer formation (i.e. leached layer formation) and bulk
dissolution of glasses in aqueous environments, it is important to consider the specific
mechanisms by which the environments attack the glass surface. Subsequently, models for glass
dissolution and altered layer formation can be developed by relating information obtained from
analyses of reacted surfaces to the proposed corrosion mechanisms.

Figure 1.5. Congruent (left) and incongruent (right) dissolution are both possible during the corrosion of glass
materials.
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Hydration/Hydrolysis
When glasses are exposed to aqueous environments, they may be hydrated by diffusion
of molecular water into the glass surface which may or may not react chemically with the glass
network15. In the case of hydrolysis, water directly attacks the glass network by breaking oxide
bonds to form hydroxyl (M-OH) species16. Equations 1.1a and 1.1b describes two possible
scenarios for hydrolysis of the aluminosilicate glass network and is based on the general formula
proposed by hydrolysis of glass2. In the case of an aluminosilicate glass, it is possible for
hydrolysis of network sites to form either Si-OH or Al-OH species from corrosion.
≡ 𝑆𝑖 − 𝑂 − 𝑆𝑖 ≡ +𝐻2 𝑂 ↔ ≡ 𝑆𝑖 − 𝑂𝐻+ ≡ 𝑆𝑖 − 𝑂𝐻

(Equation 1.1a)

≡ 𝑆𝑖 − 𝑂 − 𝐴𝑙 ≡ +𝐻2 𝑂 ↔ ≡ 𝑆𝑖 − 𝑂𝐻+ ≡ 𝐴𝑙 − 𝑂𝐻

(Equation 1.1b)

Later condensation of these hydrolyzed species is possible (sometimes described as
repolymerization)2. Often, aqueous corrosion of aluminosilicate glass surfaces involves both
diffusion of molecular water into the surface and also hydrolysis to form M-OH species2. The
extent of hydration is dictated by solution conditions, glass composition and structure, and
connectivity of the aluminosilicate glass network16. The pathways by which molecular water
may diffuse into the glass is limited by the distribution of ring and void sizes present for a
particular glass composition/structure, as well as the reactivity of cationic species present in the
glass network with water. The extent and rate of hydrolysis is further limited by reactivity at a
given solution pH, reaction temperature and geometry, and glass composition15. The kinetics of
hydrolysis will depend on connectivity of the glass network, general reactivity of glass forming
elements at a given pH, and coordination of network forming elements2. A pure silicate glass
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network has low solubility in neutral and acidic pH environments, but can be attacked by -OH in
basic conditions (pH > 9) 15. Addition of CaO and Al2O3 to form an alkaline-earth
aluminosilicate glass network enables a higher degree and higher rate of attack by aqueous
environments at a broader range of pH conditions. The reduced polymerization of the CAS glass
network and greater likelihood of formation of sites such as NBO (Si-O-Ca2+) or alternatelycoordinated aluminum enables a higher reactivity with aqueous environments15,17. Unlike SiO2,
the solubility of Al2O3 has a maximum around pH 4-5 and therefore is significantly more soluble
in acidic conditions2,17. It has also been proposed that, as the water penetration into the glass
increases, the formation of -OH species formed by hydrolysis saturates and that the diffusion of
molecular water continues to increase with time (as shown in Figure 1.6)19.

Figure 1.6. Saturation of Si-OH formation and increase of molecular water diffusion into a CAS glass surface as
water content increases19.

Ion Exchange
Leaching of mobile modifier cations (such as Na+, Ca2+) from glass surfaces is sometimes
thought to be a result of an ion-exchange process. This process involves the interdiffusion of
hydrogen species (H+ and/or H3O+) with modifier cations in the glass network20. The degree and
nature of ion exchange depends on glass composition and structure, as well as the chemistry of
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the reaction environment. Ion exchange has been shown to be limited by diffusion through an
altered layer if the kinetics of reaction follow a rate that is linear with the square root of time
(corresponding to the initial forward reaction). With increasing reaction time, the rate of ion
exchange becomes reaches a steady state linear with time and is limited by the movement of the
interface between the glass surface and reaction environment2. Multiple models for ion
exchange and preferential leaching in general have been proposed by Doremus, Lanford, Smets
and Lommen, Casey and Bunker and more20-27. Many authors have used the following formula
(Equation 1.2) for ion-exchange during corrosion of sodium aluminosilicate glasses2:
≡ 𝑆𝑖𝑂− 𝑁𝑎+ + 𝐻3 𝑂+ →≡ 𝑆𝑖𝑂− 𝐻3 𝑂+ + 𝑁𝑎+

(Equation 1.2)

In the case of a ternary calcium aluminosilicate glass with only divalent modifier cations,
twice as many hydrogen-bearing entities (H+/H3O+) would be needed to ion-exchange with the
divalent Ca2+ cation.
≡ 𝑆𝑖𝑂− 𝐶𝑎+ 𝑂− 𝑆𝑖 ≡ +2 𝐻3 𝑂+ →≡ (𝑆𝑖𝑂− 𝐻3 𝑂+ )2 + 𝐶𝑎+

There are three possible sites associated with calcium for this ion-exchange to take place:
1. Ca2+ that is associated with the negative charge of two NBO sites.
2. Ca2+ that is balancing the negative charge of two AlO4- tetrahedral near each other (least
likely)
3. Ca2+ that is balancing the negative charge of one AlO4- tetrahedral and is associated with
one NBO site.
Out of the three scenarios for ion-exchange above, the case in which Ca2+ is associated with one
NBO site and one AlO4- is hypothesized to be the most likely case.
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CAS Glass Corrosion
There is a lack of a robust foundation of published literature regarding the corrosion of
calcium aluminosilicate glasses. In general, alkaline-earth aluminosilicate glasses are more
chemically durable than alkali aluminosilicate analogs28. Angeli et. al described the role of
calcium in aluminosilicate dissolution behavior, but for mixed alkali glasses where sodium was
also present as a major modifier (25% Na2O) and bulk content was kept low (5% Al2O3)28. Still,
Angeli et. al noted that addition of calcium to sodium aluminosilicate glasses decreased the rate
and extent of interdiffusion of hydrogen-containing species with modifier cations until a
threshold of about 10-15% CaO. As excess CaO in the bulk glass was increased above 15%
CaO, overall glass dissolution and leaching increased. Angeli et. al attributed this behavior to
increased depolymerization of the aluminosilicate glass network as the CaO content was
increased thereby enabling further attack of the glass network by either diffusion of molecular
water or by hydrolysis.
One important study done by Snellings involved the exposure of calcium aluminosilicate
glasses to aqueous solutions of variable pH for very short time periods and subsequent analysis
of the reacted solutions17. Snellings reported the following general findings:
1. Leaching behavior was predominate at low pH. Evidence of repolymerization of the
silica-rich leached layers was not observed.
2. At high pH, congruent dissolution was observed and no evidence of leached layer
formation was observed.
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3. In neutral aqueous solutions, the immersion pH and stability of the glass surface was
found to depend on bulk glass composition. A higher bulk CaO content corresponded to a
higher pH of solution after reaction.
4. Glasses with higher-silica content were more resistant to corrosion and glasses with
higher CaO content were found to be the least durable.

The observations on the corrosion behavior of CAS glasses by Snellings followed the
general pH dependence of corrosion behavior previously proposed for aluminosilicate glass
systems such as sodium aluminosilicate glasses and mixed alkali systems. Leaching in acidic
conditions and the subsequent formation of silica-rich leached layers, congruent dissolution in
basic conditions, and higher immersion pH from neutral starting solutions are all corrosion
phenomena that fit into previously accepted models for aluminosilicate glass dissolution and
possible altered layer formation2.
Static corrosion experiments of CAS glass powder samples in aqueous solutions and
subsequent analysis of the reacted solutions were carried out by Corning29. In these experiments,
glasses were reacted in acidic, neutral, and basic solutions for various time periods. Analysis of
this data provided insight into the influence of solution chemistry on glass dissolution rates,
congruency of dissolution, and estimated nature of surface alteration. Results from this work
indicated the following:
1. Incongruent dissolution was observed for glasses reacted in acidic solutions. This
incongruency was the most severe for higher-silica (>70% SiO2) compositions.
2. In basic conditions, dissolution of the glasses was mostly congruent.
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3. The overall rate of glass dissolution was shown to trend with bulk SiO2 content.
High-silica glasses dissolved at a much slower rate than low-silica glasses.
4. Reaction of certain glasses in neutral pH aqueous solutions showed evidence of
possible aluminum enrichment in the reacted surface.

Figure 1.7 below visually summarizes the trends in CAS glass corrosion observed during
solution chemistry experiments for glasses corroded in acidic conditions29.

Figure 1.7. Trends in CAS glass corrosion in acidic conditions as a function of composition29.

Information obtained from these studies were used to complement the analyses of reacted
glass surfaces in this work. While solution analysis studies are common and useful to determine
corrosion rates, congruency of dissolution, and to estimate the nature of surface alteration, this
work aims to provide information about CAS glass corrosion by analyzing the actual reacted
glass surfaces with a suite of surface characterization techniques.
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Section 1.4: Surface Analysis
X-ray photoelectron spectroscopy (XPS) is a useful tool to non-destructively and
quantitatively measure the average elemental composition of glass surfaces30. XPS has been
used to study the corrosion of glass surfaces for many years by comparing the surface
compositions of prepared glass and reacted glass surfaces. Infrared vibrational spectroscopy has
been used to study both the bulk structure of aluminosilicate glasses as well as to monitor
corrosion of glass surfaces31-33. Reflectance infrared spectroscopy has been used to collect
spectra associated with characteristic network vibrations and to relate to proposed glass structure
models for a given set of glass compositions. Reflectance IR spectroscopy has also been used to
study the structure of extensive altered layers formed on glass surfaces after leaching.
Attenuated total reflectance (ATR-IR) has been used to monitor the hydration of silicate glass
surfaces by measuring the intensity of spectral bands associated with fundamental, stretching,
and bending vibrations of molecular water and hydroxyl (-OH) species interacting with the glass
surface33-35. Secondary ion mass spectrometry measurements have been particularly useful in
gathering depth profiles for glass forming elements as well as for hydrogen2,34. Hydrogen
penetration depth profiles from Dynamic SIMS measurements have been used to estimate altered
layer thickness and the nature of corrosion mechanisms at play during glass dissolution and
leached layer formation2,34. These surface characterization techniques were utilized to gather
information about the CAS glass surfaces discussed in this work.
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Section 1.5: Statement of Objectives and Overview of Work
The objective of this work was to characterize calcium aluminosilicate glass surfaces
before and after reaction in aqueous solutions. Subsequently, an objective of this work was to
compare the results from the surface analyses done to dissolution studies on CAS glasses
involving solution chemistry analysis. Glass samples were reacted in acidic solution and water
for various time periods. Acidic reaction solutions were used to promote altered layer formation
based on prior knowledge of the corrosion of aluminosilicate glass surfaces at low pH. The
surfaces were then analyzed by XPS, infrared vibrational spectroscopy, and D-SIMS. Surface
analysis included monitoring changes in surface composition, alteration depths after reaction, the
compositional gradients within alteration depths, and the degree of hydration in the glass
surfaces. The next chapter describes the CAS glass compositions studied and the specifics of
experimental procedures and subsequent surface analyses. Experimental results will then be
presented followed by a discussion of the results in terms of pH dependence of corrosion,
predominant corrosion mechanisms, nature of altered layer formation, and relationships between
glass composition/structure and corrosion response. Finally, conclusions from this work will be
summarized along with ideas for possible future work to advance the understanding of the
chemical durability of calcium aluminosilicate glasses.
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Chapter 2
SUMMARY OF CAS GLASS COMPOSITIONS, EXPERIMENTAL PROCEDURES
AND SURFACE ANALYSIS
Section 2.1: CAS Glass Compositions
The CAS glass system is presented as a ternary composition diagram in Figure 2.1. The
glasses discussed in this work are in the 60-80% (oxide mole%) SiO2 range. Moving horizontally
across the ternary corresponds to changes in connectivity of the bulk glass network while
keeping the bulk silica content equal. Moving along a diagonal corresponds to a change in bulk
silica content and network polymerization while keeping bulk CaO or Al2O3 content constant.
Glass compositions in which bulk concentrations of CaO and Al2O3 are equal are considered to
be along the “charge-compensated” join where minimal NBO content is expected. Glasses to
the left of this join are peralkaline (i.e. excess CaO) and glasses to the right of this join are
peraluminous (i.e. excess Al2O3). For the rest of this work, specific glasses will be discussed
using their bulk composition values as CASxxyyzz where xx=%CaO, yy=%Al2O3, and zz=%SiO2
in mole oxide percent. Therefore, a glass with composition 15% CaO, 15% Al2O3, 70% SiO2
will be designated as CAS151570. A full list of specific glass compositions can be found in
Appendix I.
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Mineral Glasses (CaO = Al2O3)
Peraluminous Glasses
Peralkaline Glasses

Figure 2.1. Summary of calcium aluminosilicate glass ternary system.
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Section 2.2: Sample Preparation
Static corrosion experiments were performed using polished glass coupons of
approximate size 6 mm x 6 mm x 2 mm. Samples were cut and polished (by Corning) using a
water-based polishing process. The surfaces of the polished samples were partially depleted in
Ca and Al with respect to the expected bulk values as measured by XPS. The resultant depletion
depth from polishing was estimated to be shallow (about 5 nm) for all samples studied (from
SIMS, XPS). The compositions of as-received melt surfaces were also measured by XPS.
Figure 2.2 provides a representative comparison of these melt surface compositions to the
polished samples and the independently measured bulk composition. The bulk composition
values were measured using an ICP-OES technique and provided by Corning. The flat coupon
sample geometry was optimal for surface analysis (XPS, FTIRRS). Polished samples were
ultrasonically cleaned in acetone for 10 minutes, rinsed with isopropyl alcohol, and then air dried
before being placed in reaction solutions.

Figure 2.2. XPS surface compositions for in-vacuum fracture, as-received melt, and polished surfaces of a glass
with bulk composition 15% CaO, 15% Al2O3, 70% SiO2.
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Section 2.3: Corrosion Experiments
Static Corrosion
Samples were corroded statically in aqueous solutions for various time periods with a
sample surface area to solution volume ratio (SA/V) of approximately 0.5 cm-1. Reaction time
varied from 0-168+ hours for most experiments. Solutions were prepared using reverse osmosis
(RO) water and/or pure, concentrated 1M hydrochloric acid by dilution until the desired pH at
room temperature was achieved. Static corrosion was carried out in PTFE vessels in a 75°C
oven. The polytetrafluoroethylene (PTFE) vessels were cleaned before use in 10% nitric acid
solution and then boiling water. At least 80 mL of reaction solution was used for one to three
samples. After corrosion, the samples were removed from the vessels, they were rinsed with RO
water and dried in air before storage. Samples were UV-ozone cleaned for 15 minutes to remove
excess hydrocarbons before surface analysis.
Weathering Experiments
In another set of experiments, samples were reacted in a humidity chamber with constant
temperature of 80°C and humidity value of 80% RH. Samples were reacted for time periods
from 0-2200 hours. After reaction, the samples were rinsed with DI water and dried in air.
Samples were UV-ozone cleaned for 15 minutes to remove excess hydrocarbons before surface
analysis.
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Section 2.4: Surface Analysis
XPS
A Kratos Ultra spectrometer was used to make XPS surface composition measurements
on glass surfaces before and after surfaces. Quantitative XPS surface compositions could be
obtained as an average of the surface composition over the top 8-10 nanometers of the sample
surface. Monochromatic AlKα x-rays were used with an anode current of 20 mA at an electron
acceleration voltage of 14 kV. The pass energy was set at 20 eV or 80 eV and the analysis area
was about 2 mm x 2 mm. High resolution scans were taken for specific elemental peaks (O 1s,
Na KLL, Ca 2p, C 1s, Si 2p, Al 2p) at a step size of 0.1 eV and survey scans were taken with a
step size of 0.3 eV. Scan dwell time was adjusted to provide a suitable signal-to-noise ratio for
quantification. Quantification using peak fitting (peak areas), sensitivity factors, and the specific
spectrometer function was carried out using CASA XPS software. During quantification of
XPS data, the surface compositions were corrected for adventitious carbon on the sample surface
using Equations 2.1a-2.1c1. In these equations, λ corresponds to the inelastic mean free path of a
specific element, φ is the angle of photoemission, ‘x’ is the measured concentration of
adventitious hydrocarbons (at%), KE is the kinetic energy of photoelectrons associated with a
particular element, ‘d’ is the hydrocarbon overlayer thickness, Imeas is the measured peak
intensity/area and Icorr is the corrected value.
d = -λC1s∙cosφ∙ln(1-x/100)

Equation 2.1a

λA = 0.016∙KE0.7608

Equation 2.1b

Icorr = Imeas∙e(d/cosφ∙ λA)

Equation 2.1c
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Quantification of XPS surface composition data is obtained through the integration of
elemental peak areas (O 1s, Si 2p, etc.) and subsequent attenuation of these peak areas with
material-dependent relative sensitivity factors (RSFs), a spectrometer-dependent transmission
function, and the mean free path of each element. This quantification can be summarized by
Equation 2.2 below2.

Corrected Peak Area = Raw Peak Area/ (Transmission Function*IMFP*RSF)

Equation 2.2

Relative sensitivity factors were determined for calcium aluminosilicate glasses by
comparing measured XPS surface compositions of fracture surfaces made in-vacuum to bulk
composition values obtained through solution analysis. RSFs for the glasses studied were
determined through an iterative method where the RSF for silicon was set to 1 and the RSFs for
the other elements were changed until the difference between the bulk ratios of Ca/Si, Al/Si,
O/Si obtained by bulk solution analysis and XPS surface analysis was minimized. A plot of
these ratios for XPS surface analysis (uncorrected) vs. bulk solution analysis for the CAS glasses
studied rendered trend lines whose slopes represent approximate RSF values for each element.
These calculations are presented in Figure 2.3 below. The linearity of the trend lines in Figure
2.3 indicate that there was not a significant matrix effect present for the XPS measurements of
the glasses studied.
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Figure 2.3. Summary of XPS study of fracture surfaces of CAS glasses made in-vacuum.

XPS Depth Profiling and Variable-Angle XPS
In addition to XPS surface composition measurements, depth profiling by XPS was
carried out using both high energy Ar-ion beam sputtering between XPS and with variable-angle
XPS measurements. Depth profiling by ion-beam sputtering was done by sputtering the surface
with high-energy Ar ions between XPS surface measurements. 4kV Ar ions were used for
sputtering, and the sputtering time was adjusted to remove at least 10 nm of material between
measurements. Optical profilometry measurements of glass samples were used to estimate an
ion-beam sputter rate and to subsequently provide a depth scale for XPS depth profiles used in
the acid corrosion studies. The resultant craters from ion beam depth profiling XPS
measurements were measured with optical profilometry and the sputtering rate was calculated as
follows:
Sputter Depth (nm) / Total Sputter Time (s) = Sputter Rate (nm/s)

Equation 2.3
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Optical profilometry measurements were taken on corroded glass samples post-sputtering
and also after a <5 nanometer gold coating was sputtered onto the ion-beam sputtered glass
surface. Gold coating was applied to the samples before an additional measurement to test the
possibility of optical scattering in any of the glasses having an effect on the etch depth analysis.
With the exception of one glass (CAS205), the gold coating did not have an unexpected effect on
the optical profilometry measurements. The estimated ion-beam sputter rate is 7 Å/s for this
group of glasses.
Variable-angle XPS was used to provide a non-destructive, highly surface sensitive
profile within the top 10 nm of the sample surface by varying the XPS measurement geometry.
Because the escape depth for the CAS glass forming elements are similar for oxide materials, the
analysis depth for each element should change accordingly as the angle between the sample
surface normal and detector is varied. In this work, a higher angle (e.g. 90°) corresponds to a
greater information depth. This angle was varied between 15, 30, 45, 60, and 90 degrees.

Figure 2.4 Measurement geometry f variable-angle XPS.

The relationship between experimental geometry and information depth follows the
relationship2:
D = 3λsinθ

Equation 2.4
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The information depth “D” where 95% of the signal originates is dependent on the inelastic
mean free path ‘λ’, and the angle ‘θ’ between the sample surface normal and the photoelectron
detector. The process for variable-angle XPS (VA-XPS) measurements was verified by
measuring a silicon wafer with known SiO2 oxide layer thickness.

SIMS
Dynamic secondary ion mass spectrometry (D-SIMS) measurements were taken to
precisely depth profile glass samples from the top surface into the bulk of the glass. D-SIMS
depth profiles were obtained using a CAMECA 4550 depth profiler with a quadrupole-based
SIMS. 2kV Cs+ primary ions were used at a current of 45nA. Spot size was about 40
micrometers with a raster area of 210 x 210 micrometers. Positive secondary ions were collected
over an area of 65x65 micrometers. A 300eV electron gun was used for charge stabilization.
Sputter rates for bulk glass and altered layers were determined by measuring the sputtered crater
depth with a P17 KLA-Tencor Profiler.
FTIRRS
Fourier transform infrared spectroscopy in specular reflectance mode was used to obtain
spectra associated with bulk glass network vibrations. Spectra were collected for 600-4000cm-1
with a mid-IR source. 400 scans were taken for each measurement with a resolution of 6cm-1
and 100 micrometer spot size. Reflectance spectra of glass samples were divided by the spectra
of a gold plated surface. Three spots were measured on each sample surface to account for spotto-spot variation in spectra.
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ATR-IR
Attenuated total reflectance infrared spectroscopy (ATR-IR) was used to obtain IR
spectra associated with water and hydrogen-bonded species in the glass surface and near-surface.
ATR-IR spectra were collected with a diamond crystal MVP Pro ATR-IR attachment (3 mm
aperture) from 4000-400cm-1 with a resolution of 6 cm-1. 100 scans of each spot were taken and
3 spots were measured for each sample surface. ATR-IR measurements were made after flushing
the diamond surface with nitrogen gas for 15 minutes.
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Chapter 3
EXPERIMENTAL RESULTS
Chapter 3 contains a compilation of the surface characterization data used in this work to
make observations about changes in the CAS glass surfaces after corrosion. For the discussion
of these results and how these results relate to mechanisms of corrosion and layer formation,
please see Chapter 4.
Polished CAS glass monoliths were reacted in water and pH 1 acid solution. The
resulting reacted surfaces were then characterized using a suite of surface analysis techniques.
Surface characterization tools were used to measure the composition of the glass surface, the
depth of corrosion effects, altered layer formation, hydration of the surfaces, and structural
changes from corrosion. The surface characterization tools employed include x-ray
photoelectron spectroscopy (XPS), infrared vibrational spectroscopy (FTIRRS, ATR-IR), and
dynamic secondary ion mass spectrometry (D-SIMS). XPS was used to quantitatively measure
the exact glass surface composition. Reflectance IR spectroscopy (FTIRRS) was used to monitor
major structural changes in network vibrations after corrosion by changes in peak intensity, peak
shape or shifts in wavenumber position. Attenuated total reflectance infrared spectroscopy
(ATR-IR) was used to semi-quantitatively analyze the degree of hydration in the glass surfaces
after reaction. Dynamic SIMS was used to depth profile the corroded glass surfaces to measure
layer depths as well as the compositional gradients within those layers. SIMS was also used to
obtain profiles for hydrogen penetration into the glass surface (which cannot be measured by
XPS). Figure 3.1 visually summarizes the associations of each type of data with corrosion
effects in the glass surfaces. After the surface characterization results are presented, a discussion
will follow to relate trends in surface corrosion to changes in glass composition and structure and
the role of certain glass corrosion mechanisms.
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Figure 3.1. Visual summary of the corrosion effects observed by interpretation of each surface analysis technique
used in this work along with respective scales for information depth.

Section 3.1: XPS
The surface compositions, measured by XPS, of unreacted and reacted glasses are
provided in Figures 3.12-3.13 below. These figures compare the bulk composition to the
measured composition of polished and corroded surfaces in a column graph format to highlight
the depletion of Ca and Al with respect to Si. Surface compositions are presented in terms of
Ca/Si and Al/Si atomic percent ratios. The bulk Ca/Si and Al/Si ratios are derived from
independent measurements of the CAS glasses by ICP-OES. The polished CAS surfaces were
consistently depleted in Ca and Al with respect to expected bulk concentrations, with a greater
depletion of Ca than Al for all compositions. The depletion from polishing was determined to be
about 5 nanometers or less in the glass surfaces by depth profiling with XPS and SIMS.
Figures 3.12-3.17 compare bulk values for glass composition to surface compositions, as
measured by XPS, for polished and samples reacted in acidic solutions. For the CAS202060
composition, reaction for 24 hours in pH 1 acid solution resulted in depletion of calcium and
aluminum (w.r. Si) from the measured concentrations in the polished surface. After seven days
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of reaction in acid solution, Ca and Al were completely depleted from the top 5-10 nm of the
surface.

Figure 3.2. XPS surface compositions of CAS202060 after 24h and 168h reaction in pH 1 acid solution.

Figure 3.3. XPS surface compositions of CAS201565 after 24h and 168h reaction in pH 1 acid solution.
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Figure 3.4. XPS surface compositions of CAS151570 after 24h and 168h reaction in pH 1 acid solution.

Figure 3.5. XPS surface compositions of CAS151075 after 24h and 168h exposures to pH 1 acid solution.
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Figure 3.6. XPS surface compositions of CAS101575 after 24h and 168h reaction in pH 1 acid solution.

Figure 3.7. XPS surface compositions of CAS101080 after 24h and 168h reaction in pH 1 acid solution.

For the CAS201565 and CAS151570 compositions, calcium and aluminum were
completely depleted after 24 hours of reaction in pH 1 acid solution and remained fully depleted
after 168 hours. For the CAS151075 composition, some Ca and Al were measured on the
surface after 24 hours in acid solution but were fully depleted after 168 hours of reaction.
Calcium was depleted to a greater extent than aluminum. For the peraluminous CAS101575
composition, calcium and aluminum were fully depleted in the surface after 24 hours of reaction.
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For the CAS101080 composition, Ca and Al were partially depleted after 24 hours of reaction
and fully depleted after 168 hours of reaction.
Figures 3.8-3.13 contain XPS surface compositions of CAS glass surfaces reacted in
water for various time periods. Surface compositions of reacted surfaces are compared to bulk
values and to surface compositions of polished samples.

Figure 3.8. XPS surface compositions of CAS202060 glass for polished surfaces and after reaction in water at
75°C.

Figure 3.9. XPS surface compositions of CAS201565 glass for polished surfaces and after reaction in water at 75°C.
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Figure 3.10. XPS surface compositions of CAS151570 glass for polished surfaces and after reaction in water at
75°C.

Figure 3.11. XPS surface compositions of CAS101575 glass for polished surfaces and after reaction in water at
75°C.
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Figure 3.12. XPS surface compositions of CAS151075 glass for polished surfaces and after reaction in water at
75°C.

Figure 3.13. XPS surface compositions of CAS101080 glass for polished surfaces and after reaction in water at
75°C.

For the CAS202060 composition after 24 hours of reaction in water, calcium and
aluminum were partially depleted. After 576 hours of reaction, there was a stark increase of
measured aluminum on the surface while calcium remained depleted. For the CAS201565
composition, calcium and aluminum concentrations remained relatively unchanged after 24
hours of reaction in water. For the CAS151570 composition, calcium and aluminum
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concentrations were similar to the polished surface concentrations after 24 hours of reaction in
water. After 576 hours of reaction in water, Ca/Si and Al/Si concentrations were enriched for
this composition compared to the polished surface. The relative concentrations of Ca and Al
were still depleted with respect to the bulk values for this case. For the CAS101575
composition, the concentration of Ca/Si remained relatively unchanged with respect to the
polished surface after 24 hours and 576 hours of reaction in water but remained depleted with
respect to the bulk value. For this composition, the concentration of Al/Si increased with
increasing reaction time in water and was enriched with respect to the bulk value after 576 hours
of reaction. For the CAS151570 composition, the concentration of calcium (w.r. to the polished)
surface increased with increasing reaction time in water but was still depleted with respect to the
bulk glass value after 576 hours of reaction in water. For this composition, depletion of Al/Si
was not observed after 24 hours and 576 hours of reaction in water and was slightly enriched
above the bulk value for the 24-hour sample. For the CAS101080 composition, the surface
concentration of calcium was partially depleted after 24 hours of reaction in water but the
concentration of aluminum remained unchanged.
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Section 3.2: SIMS
Figure 3.24 contains an example of SIMS depth profiles for the CAS151570 glass for
polished and reacted surfaces. The measured SIMS intensities for Ca, Al, and H have been
normalized to the intensity of Si as a function of sputter depth.

Figure 3.14. Examples of D-SIMS depth profiles for polished and reacted glass surfaces.

The Ca/Si and Al/Si profiles showed a sigmoidal-shaped profile. For surfaces in which
there is an appreciable altered region, Ca/Al is depleted to a certain depth and then the
concentration rose to the bulk sputter equilibrium value after the reaction zone.

These studies

did not include quantification of the SIMS data, but the profiles were used to determine the depth
of alteration in terms of hydrogen penetration and/or calcium depletion from incongruent
dissolution in acidic conditions. The hydrogen penetration or calcium depletion depth was
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determined by considering the depth at which the measured concentration was 50% different
from the bulk equilibrium value. The glass surfaces were enriched in hydrogen which is evident
in the depth profiles for all reacted surfaces. The shape of the hydrogen profiles for the reacted
surfaces were similar to that shown in Figure 3.15 where there was a local maximum in the
hydrogen enrichment before decreasing to the 50% interfacial value and then eventually to the
sputter equilibrium associated with the bulk glass. For the glasses studied, the hydrogen
penetration and calcium and aluminum depletion depths were mostly similar as highlighted in
Figure 3.15. The altered layer thickness can be thought of in this case as either the depth of
calcium depletion or hydrogen enrichment.

Figure 3.15. Comparison of H/Si, Ca/Si, and Al/Si SIMS profiles for CAS151570 glass after 168 hours reaction in
pH 1 solution.
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Tables 3.1a-3.1b below summarize the calcium and aluminum depletion and hydrogen
penetration depths obtained from the SIMS depth profiles.

Table 3.1a. Depths of hydrogen penetration calculated from D-SIMS depth profiles for CAS glasses reacted in pH 1
solution.

Hydrogen Penetration (nm)
Time (h) CAS201565 CAS151570 CAS101575 CAS151075 CAS101080
0
4
4.3
3.7
4
5
24
34
9
5
3.7
5
168
72
22
15
7
10
1000
21
9
-

Table 3.1b. Depths of calcium depletion calculated from D-SIMS depth profiles for CAS glasses reacted in pH 1
solution.

Calcium Depletion Depth (nm)
Time
(h)
0
24
168
1000

CAS201565 CAS151570 CAS101575 CAS151075 CAS101080
4
36
71
-

14
10.5
22
-

9.2
7.5
18.3
23

4
4.5
8.5
11

6
6.2
8
-

Table 3.1c. Depths of aluminum depletion calculated from D-SIMS depth profiles for CAS glasses reacted in pH 1
solution.

Aluminum Depletion Depth (nm)
Time
(h)
0
24
168
1000

CAS201565 CAS151570 CAS101575 CAS151075 CAS101080
5
35
67
-

6
9
20.5
-

5
7
16
19

2
3
7
8

3
3
6
-
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Figure 3.16 shows a plot of hydrogen penetration depth vs. the square root of time for the acidreacted surfaces of five compositions studied with SIMS. The depth of alteration varies linearly
when plotted against t1/2 and the linearity appears to increase with increased altered layer depth.

Figure 3.16. Linear fit of hydrogen penetration depth (SIMS) vs. reaction time t1/2.

Section 3.3: FTIRRS
FTIRRS was used to monitor changes in the surface by comparing the reflectance spectra
of polished and reacted samples. Changes in number of peaks, peak shapes, and peak positions
in reflectance spectra were monitored as a function of corrosion time and bulk composition.
Figure 3.17 offers a comparison of FTIRRS spectra for polished samples which represent the
bulk network spectra for each composition. Table 3.2 below lists predominant peak positions for
polished and reacted surfaces.

40

Figure 3.17. FTIRRS spectra representing bulk network vibrations for the CAS glass compositions studied.
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Table 3.2. FTIRRS peak positions for polished surfaces and samples reacted in pH 1 acid.
Composition

Treatment
Polished
24h, acid
168h
3528h

Peak 1
966.7
956.1
963.8
963.3

Peak 2
1102.1
1100.7
1101.7
1102.1

CAS151075

Polished
24h
168h
250pH1
1000h pH 1

975.3
972.5
972.5
976.3
975.3

1093.0
1093.9
1093.9
1094.4
1094.4

CAS101575

Polished
24h
100h
168h
3528h

961.4
960.4
964.3
960.9
948.3

1097.8
1097.3
1097.3
1096.8
1104.6

CAS151570

Polished
24h
168h
3528h

959.9
958.5
956.5
957.5

1083.3
1090.6
1092.5
1090.1

CAS201565

Polished
24h
168h

967.6
959.9
954.6

1093.5
1093.5
1093.5

CAS202060

Polished
24h

959.9
960.9

-

CAS101080
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Table 3.3. FTIRRS peak positions for polished samples and samples reacted in water.
Composition

CAS101080

CAS151075

CAS101575

CAS151570

CAS201565

CAS202060

CAS201070 (CCZ)

CAS301060 (CDB)

CAS401050

CAS501040

Treatment

Peak 1

Peak 2

Polished

966.7

1102.1

24h, H2O

969.6

1102.1

100h

967.2

1102.1

4300h

959.4

1102.1

Polished

975.3

1093.0

24h

983.1

1093.5

504h

982.1

1093.9

4300h

980.6

1093.5

Polished

961.4

1097.8

24h

966.7

1098.3

504h

966.66

1097.8

Polished

959.9

1083.3

24h

961.4

1084.3

504h

962.3

1084.3

Polished

967.6

24h

969.6

Polished

959.9

24h

961.4

504h

960.9

Polished

1078.0

100h

1076.6

4300h

1078.0

Polished

1001.4

100h

1003.3

504h

1009.1

4300h

1010.5

Polished

1002.9

100h

1004.8

4300h

1005.2

Pol

987.9

100h

988.4

4300h

998
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Figure 3.28 below shows the changes in FTIRRS spectra for CAS glass surfaces before and after
reaction. For the CAS201565 composition, the spectra for the acid-reacted surfaces showed noticeable
peak-splitting in the main network vibration region but the higher-wavenumber peak did not show a peak
shift.

Figure 3.18. FTIRRS spectra of CAS glasses before and after reaction in pH 1 acid solution and H 2O.
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Section 3.4: ATR-IR
ATR-IR was used to measure the degree of hydration and hydrolysis in reacted glass
surfaces by monitoring changes in ATR-IR spectra. Two spectral bands, with approximate
centers around 3400 cm-1 and 1630 cm-1 were of primary interest in this study. The broad 36002500 cm-1 band is associated with hydroxyl (-OH) stretching vibrations from Si-OH and water
species, and the 1630 cm-1 band is associated with molecular H2O 1. Figure 3.19 below shows
examples of how these two spectral bands may grow with increased reaction time.

Figure 3.19. Examples of ATR peak growth with increased reaction time for the bands associated with hydroxyl
(-OH) and molecular H2O.

Analysis of ATR-IR data included monitoring changes in peak intensity (relative to
baseline) and integrated peak areas. Using OriginPro computer software, a linear baseline was
fit for each peak. After baseline subtraction, the peak center, maximum height, and integrated
peak area were calculated. The relative peak area and intensity changes were then normalized to
the values for the polished samples. When analyzing the change in an individual spectral band
as a function of reaction time, consideration of the change in ATR peak intensity or change in
peak area showed the same behavior. Figure 3.21 presents a comparison of the 3400 cm-1
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spectral band associated with hydroxyl stretching vibrations for five CAS glass compositions
reacted in acid solution for 168 hours. The shape of this band is consistent for all compositions
after reaction in acidic solution. A higher silica content corresponded to the least growth in this
spectral band after reaction.

Figure 3.20. Linear fit of relative ATR peak growth vs. sqrt(reaction time).

Figure 3.21. Hydroxyl stretching band measured with ATR for five CAS glass compositions after 168h reaction in
pH 1 acid solution.

Figure 3.22 below summarizes changes in both ATR peaks as a function of reaction time for five
glass compositions after reaction in acid solution. Both the hydroxyl band and molecular water
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band increased with reaction time for all of the glasses studied. In general, the increase of the
hydroxyl band peak intensities/areas was greater in magnitude than for the molecular water band.

Figure 3.22. Growth of ATR peaks associated with hydration and hydrolysis of CAS glass surfaces as a function of
reaction time.

Figure 3.23 compares the changes in ATR peaks as a function of glass composition and
solution pH for samples reacted in water and pH 1 acid solution for 24 hours.

Figure 3.23. Relative ATR peak intensity for hydroxyl stretching and molecular water ATR spectral bands as a
function of bulk glass composition for surfaces treated in acidic solution and water.
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Changes in ATR peak intensities were more profound for acid-reacted surfaces than
water-reacted surfaces. For the acid-reacted surfaces, the magnitude of these changes varied
with bulk silica content as shown in Figure 3.23.
Figure 3.24 below contains results for a similar ATR peak analysis for five CAS glasses
weathered in at 80C/80RH from 0-2500 hours.

Figure 3.24. Relative ATR peak intensity for hydroxyl stretching and molecular water ATR spectral bands as a
function of bulk glass composition for surfaces weathered at 80°C/80%RH.
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Chapter 4
DISCUSSION OF RESULTS
pH Dependence
The surface responses of calcium aluminosilicate glasses to reaction in dilute aqueous
solutions were observed to be dependent on solution pH. The sample area-to-solution volume
(SA/V) ratio was enough that neither saturation of the solution nor an increase in pH from glass
dissolution was observed. After reaction in strongly acidic solution, calcium and aluminum were
both preferentially depleted with respect to silicon (and oxygen) from the glass surfaces for all of
the compositions studied. The XPS surface compositions of the 168-hour reaction samples
showed complete depletion of calcium and aluminum for all of the glasses studied. However,
preferential depletion of calcium and aluminum was not observed for surfaces reacted in water.
Figure 4.1 highlights the pH dependence of surface response observed after reaction in acid
solution or water.

Figure 4.1. Comparison of XPS surface compositions for a CAS151570 glass reacted in acid solution (left) and
water (right).

The evidence for incongruent dissolution of calcium and aluminum observed for acidreacted surfaces is supported by solution analysis data from static corrosion experiments done at

49
Corning. Figure 4.2 below contains a representative example of the corroboration of incongruent
dissolution observed from XPS data by solution analysis from static corrosion experiments. The
steeper slope and higher overall dissolution rates for the curves corresponding to normalized loss
of calcium and aluminum (w.r. Si) presented in Figure 4.2a indicate preferential dissolution of
calcium and aluminum during reaction in acid solution. This type of corrosion response could
produce the surface whose composition was measured by XPS and is presented in Figure 4.2b
for the acid-reacted CAS201565 composition.

Figure 4.2a. Solution analysis from static corrosion of CAS201565 glass in acidic solution.

Figure 4.2b. XPS surface compositions of unreacted and acid-reacted CAS201565 glass surfaces.

Preferential dissolution of calcium and aluminum was not observed for water-reacted
CAS glass surfaces. For example, the surface of the CAS202060 glass showed a substantial
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increase in Al/Si above the bulk and polished surface concentrations after 576 hours of reaction
in water. This apparent enrichment in Al is supported by solution analysis data for this glass
reacted in water for relative long times of reaction1. Figure 4.3 compares this solution analysis
data to the XPS surface compositions of CAS202060 glass surfaces reacted in water. Unlike the
data for acid-reacted surfaces, the solution analysis data in Figure 4.3a shows a shallower slope
and lower rate of extraction for Al than for Ca and Si. This type of corrosion response could
result in the Al-enriched surface observed by XPS for the CAS202060 after 576 hours of
reaction in water presented in Figure 4.3b. This enrichment of aluminum on the surface reflects
the insolubility of alumina species in the neutral pH range. This corrosion response is in contrast
to that of acid-reacted surfaces, but the nature of the Al enrichment is unclear.

Figure 4.3a. Solution analysis from static corrosion of CAS202060 glass in water.

Figure 4.3b. XPS surface compositions of unreacted and water-reacted CAS202060 glass surfaces.
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Altered Layer Formation and Compositional Trends in Reactivity
While XPS is useful to analyze changes in the top surface (about 10 nm), additional data
is needed to describe the in-depth alteration of the glass surfaces after reaction. SIMS depth
profiles for reacted samples also show preferential depletion of calcium and aluminum into the
sub-surface of the glass surfaces after reaction in strong acid solution. Figure 4.4 summarizes
the alteration depths after 168 hours of reaction in acid solution as a function of glass
composition.

Figure 4.4. Alteration depths obtained from analysis of D-SIMS depth profiles for five CAS glass compositions
after reaction in pH 1 acid solution for 168 hours.

Alteration depth decreased with increasing bulk silica content and decreasing relative
alumina content. The alteration depth was shallow (<25 nm) for all of the compositions except
for the CAS201565 composition which exhibited a greater extent of preferential depletion of
calcium and aluminum (about 70 nm) than for the other compositions studied. The FTIRRS
spectra for this acid-reacted glass is the only spectra obtained that reflects the presence of a
substantial altered layer as shown in Figure 4.5.
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Figure 4.5. Change in FTIRRS spectra for acid-reacted CAS201565 glass surface.

The information depth of FTIRRS in this wavenumber region (≈1200-850 cm-1) is much
greater (on the order of microns) than the thickness of the layer present on the acid-reacted
CAS201565 glass, but the absorbance of silica is very strong in this region3. Therefore, the
resulting FTIRRS spectra of the acid-reacted CAS201565 glass surface in Figure 4.5 is a
convolution of the spectrum of the altered layer on top of the bulk glass.
The trends in XPS and SIMS point to a general trend in reactivity for the CAS glasses
studied that is dependent on bulk alumina content as highlighted in Figures 4.2 and 4.3. This
trend in surface reactivity with reaction solutions holds true when the peak growths observed by
ATR are plotted as function of composition, solution chemistry, and reaction time as shown in
Figure 4.6. The ATR-IR peaks monitored in this work are a measure of the degree of hydration
and/or hydrolysis of the glass surfaces.
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Figure 4.6 Growth of ATR peaks as a function of bulk glass composition and reaction time in acidic solutions (left)
and as a function of bulk glass composition and solution pH for 24h of reaction (right).

One of lowest silica glasses studied, CAS201565 exhibited a higher reactivity with acidic
solution than the other glasses studied. The higher reactivity of this glass is reflected by the
greatest amount of relative growth in ATR peaks associated with hydration, complete depletion
of calcium and aluminum after both 24 and 168 hours of reaction in acid (XPS), the change in IR
reflectance spectra, and the deepest alteration depth as measured by SIMS. The CAS151075,
although not the glass with the highest silica content studied, exhibited the least reactivity with
acidic solution as it was shown to have similar minimal growth in ATR peaks associated with
hydration as for the highest-silica composition (CAS101080), the greatest amount of residual Ca
and Al in the surface measured by XPS after 24h of reaction, and the shallowest alteration depth
as measured by SIMS. Despite having the same silica content as CAS151075, the peraluminous
CAS101575 glass exhibited greater shifts in FTIRRS peaks, greater relative growth of ATR
peaks associated with hydration, complete surface depletion of calcium and aluminum after 24
and 168 hours of reaction in acid solution (XPS), and a greater depth of alteration as measured
by SIMS. Figure 4.7 below summarizes the compositional trends in reactivity by utilizing the
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relative growths of ATR peaks and alteration depths from SIMS as primary indicators of
reactivity of the glass surfaces with acidic solutions.

Figure 4.7. Relative ATR Peak Intensity for -OH spectral band (3400 cm-1) vs. hydrogen penetration depths from
SIMS analysis.

The compositional trends in corrosion response observed for these CAS glasses are
mostly in line with the proposed trends in short-range order presented earlier in this work. Of the
three main structural regions proposed for the CAS ternary glass system, the glasses studied in
this work fall either into the high-silica region of CAS glasses with a highly connected
aluminosilicate network or into the transitionary 50-70% SiO2 region as highlighted in Figure 4.8
below. The increased amount of NBO sites for the lower-silica compositions and reduced
polymerization of the glass network explain the increased reactivity of these glasses.
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Figure 4.8. FTIRRS spectra representing bulk network vibrations for the CAS glass compositions studied.

Corrosion Mechanisms and Comparison to Sodium-Containing Systems
The SIMS profiles show a similarity it depth between calcium depletion and hydrogen
penetration into the glass surfaces as shown in Figure 4.9. This similarity could be consistent
with substitution of H+/H3O+ for Ca2+ during reaction similar to previously studied ion exchange
processes for glass surfaces in acidic conditions. The local decrease in the amount of measured
hydrogen at very shallow depths (<10nm) observed in the SIMS profiles presented in this work
could be attributed to evaporation of water from the very surface (top few monolayers) after
samples were pulled from solution (e.g. when put in vacuum conditions to measure with XPS).
This evaporation has been observed in similar studies but is not reflected in the corresponding
ATR-IR data of the same surfaces due to the increased information depth of ATR4. In addition,
the total breadth of the interface for hydrogen penetration profiles was greater than for calcium
and aluminum depletion profiles for the acid-reacted surfaces. This result is probably due to
additional amounts of hydrogen entering the glass through hydration and hydrolysis across the
entire altered region (as supported by the results from ATR). Quantification of SIMS data was
not done in this work, but would allow for the measurement of the ratio of diffused hydrogen to
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dissolved calcium. Based on this ratio, the role of ion exchange as the predominate mechanism
during corrosion in acid solution could be partially established2. The relationship of hydrogen
penetration depth and the square root of time is linear as shown in Figure 4.10 which could
indicate parabolic kinetics of reaction2. This linearity has been previously shown to correspond
with diffusion-limited processes2. As shown in Figure 4.10, the trend lines fit for data from the
measurement of acid-reacted glass surfaces increase in linearity (i.e. the linear fit parameter ‘R’
is closer to 1) corresponds with an increase in the altered layer thickness. The depletion depths
of aluminum and calcium are also similar as shown in Figure 4.9. These results suggest that the
reacted surfaces are a silica-rich and/or Si-OH-rich layer depleted of calcium and aluminum.
Aluminum does not ion-exchange with hydrogen as modifier cations such as sodium and
calcium. Therefore, unlike the preferential removal of calcium, the removal of aluminum from
the glass surface requires the breaking of Al-O bonds in the network.

Figure 4.9. Comparison of H/Si, Ca/Si, and Al/Si SIMS profiles for CAS151570 glass after 168 hours reaction in
pH 1 solution.
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Figure 4.10. Hydrogen penetration depth (D-SIMS) vs. sqrt(t) for reacted CAS glass surfaces.

The altered layers formed for the acid-reacted glass surfaces in this study are most likely
made up of predominately Si-OH formed during attack of the glass network (and perhaps
residual SiO2 species) due to the hydrogen enrichment observed from the SIMS and ATR data.
Condensation of these Si-OH species could result in the formation of SiO2 and the release of
molecular H2O that could stay in the altered layer or possibly diffuse in or out of the glass2. This
condensation of hydrolyzed entities has not been directly observed in this work, and the findings
by Snellings did not suggest such an occurrence at short reaction times5. However, the
experiments described in the study of CAS glass corrosion by Snellings involved very short (30
minute) reactions and certain processes (e.g. condensation of the altered layer) may only happen
at longer reaction times. It is unclear whether the shallowness of alteration depths observed for
the CAS glasses studied are a result of slow kinetics or if the altered layers formed are selflimiting diffusion barriers. The polymerization of the SiO2-rich altered layer could limit the rate
of layer formation (i.e. limit interdiffusion processes) to near the same rate as bulk dissolution
after a certain time of reaction. In the case of slow kinetics being responsible for relatively
shallow altered layers, an additional consideration is required for the stability of the altered layer
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itself. The incongruent corrosion behavior of a glass may enable altered layer formation, but if
that layer itself is not physically stable it may flake off after an excess altered layer thickness is
achieved.
The relative growth of ATR-IR spectral peaks associated with hydration and hydrolysis
showed an increase for both hydroxyl stretching and molecular water bands. The growth of both
of these peaks with reaction time suggests both diffusion of molecular water as well as
hydrolysis of network sites to form M-OH. The growth of these peaks was an order of magnitude
higher for acid-reacted surfaces than for water-reacted and weathered surfaces. The relative
increase of the band associated with -OH species appears to be greater than the band associated
with only molecular water, which suggests a greater formation of hydrolyzed species than
diffusion of molecular water into the glass surfaces. Hydrolysis to form both Si-OH and Al-OH
species was evident in ATR data. Due to the preferential dissolution of Ca and Al in acidic
conditions and the formation of a Si-rich region, the hydrolyzed species may or may not exist on
sites as part of a relic of the original glass network. In the case of aluminum, the attack on Al-OSi sites and release of Al could be followed by hydrolysis in solution to form soluble aluminum
hydroxide species. For silicon, -OH sites may form on original glass network sites after the
attack of Al-O-Si, on the oxygen of former NBO sites whose Ca2+ has been extracted, or
dissolved silicon could form Si-OH species in solution. The precipitation of dissolved hydroxide
species back onto the glass surface depends on solution chemistry.
The nature of the altered regions observed in this work for CAS glass surfaces do not
seem analogous the altered layers characteristic of leaching observed for sodium-containing or
mixed alkali aluminosilicate glasses after reaction in acidic environments. For example,
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Hamilton observed a two-layer interface for leached sodium aluminosilicate glasses consisting of
a layer depleted of both sodium and aluminum followed by a layer depleted only of sodium2.
Also, the depths of alteration observed in this work for ternary CAS glass surfaces after reaction
were substantially more shallow than those observed for sodium-containing aluminosilicate
glasses2,4. Hamilton observed the change in IR spectra of a sodium silicate glass after reaction in
acid solution to resemble an acid-catalyzed silica xerogel as shown in Figure 4.112. In the same
work, Hamilton also noted that this change in spectra corresponded to layer thickness2. An
increased amount of bulk Al2O3 resulted in a decrease in layer thickness and therefore less
change of the IR spectra2. This effect of aluminum content on leached layer thickness was not
observed for acid-reacted CAS glass surfaces in this study. Instead, the effect of additional
Al2O3 in the bulk glass composition resulted in a higher reactivity (and greater depth of
alteration) with acidic solution. The IR spectra in Figure 12 for a jadeite glass after reaction in
acidic solution closely resembles the IR spectra for the acid-reacted CAS201565 glass presented
in this work2. The spectrum for the acid-reacted jadeite glass is for the glass with the least thick
leached layer (210 nm) among the glasses Hamilton compared and the spectrum for the acidreacted CAS201565 glass corresponds to the thickest altered layer (72 nm) observed in this
study2.
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Figure 4.11. Change in IR spectra as a function of reaction time in acidic solution for a sodium silicate glass2.

Figure 4.12. Change in IR spectra for a CAS glass (left) and NAS glasses (right) after reaction in acidic solution2.

The preferential depletion of calcium and aluminum with respect to silicon, but
congruency with respect to each other, as a function of depth suggests the following for the
primary mode of corrosion of CAS glasses in acidic solution:
1. The attack of Al-O-Si by and subsequent formation of Si-OH and release of Al
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2. The preferential dissolution of mobile Ca2+
3. The attack of residual Si-O-Si from penetration of water to promote bulk glass
dissolution.
The attack of Al-O-Si and extraction of Al could allow the subsequent release of Ca which was
serving as a charge balance cation near the Al or perhaps the extraction of Ca first then allows
attack on the aluminum-containing sites. Although the attack of Al-O could include proposed
Al-O-Al sites in a CAS glass network, their concentration is considered rare relative to Al-O-Si
connections. Figure 4.13 below shows the inverse proportionality of the idealized concentrations
of Al-O-Si and Si-O-Si network sites for the CAS glasses studied.

Figure 4.13. Inverse proportionality of [Si-O-Si]/[SiO4] and [Al-O-Si]/SiO4 network sites as a function of glass
composition for the CAS glasses discussed in this work.

62

Figure 4.14. Reactivity of CAS glass surfaces as a function of bulk Al/Si (at%) as discerned from ATR and SIMS
data.

Further dissolution studies are needed to conclude the kinetics of these corrosion
processes. If the attack of network bonds (Si-O-Si, Al-O-Si) followed by release of Ca, Al and
the formation of Si-OH is the primary mode of dissolution for these glasses in acidic conditions,
then the reactivity of these glasses in acid could be governed by the network connectivity (i.e.
number and distribution of Al-O-Si sites) and bulk aluminum content rather than by the number
of NBO sites. Figure 4.15 below offers a simplified model for the dissolution and altered layer
formation of calcium aluminosilicate glasses during reaction in acidic solutions.
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Figure 4.15. Model for corrosion behavior of CAS glasses reacted in acidic solutions.

64
Chapter 5
CONCLUSIONS AND FUTURE WORK
Section 5.1: Conclusions
The surfaces of calcium aluminosilicate glasses were studied to examine the effects of
surface preparation and reactions in water and acidic solutions. X-ray photoelectron
spectroscopy (XPS) was used to measure the changes in surface composition after reaction,
dynamic secondary ion mass spectrometry (D-SIMS) was used to measure elemental depth
profiles (including hydrogen) in the glass surfaces, and infrared vibrational spectroscopy was
used to monitor both changes in bulk network vibrations as well as hydration and hydrolysis of
the glass surfaces. Surface analyses in this work, in combination with information from solution
analysis studies on corrosion in the CAS glass system, were used to relate glass composition to
corrosion behavior. Three structural regions in the CAS glass composition ternary were proposed
to have a direct effect on the corrosion response of the glass surfaces after reaction in aqueous
environments. The congruency of dissolution was found to depend on the solution pH and
reaction time. Dissolution of the CAS glasses studied was found to be incongruent in acidic
conditions. The reactivity of the CAS glasses in acid was found to depend on bulk aluminum
content. High-silica CAS glasses were found to be generally less reactive than lower-silica
glasses. The extent of alteration depth from incongruent dissolution in acidic conditions was
found to be relatively shallow (<80nm). In this work, incongruent dissolution in acidic solution
resulted in the preferential dissolution of calcium and aluminum from the surface. The resulting
alteration layers consisted of hydrogen penetration, calcium depletion, and aluminum depletion
on a very similar scale. ATR-IR spectroscopy was used to show the hydration and hydrolysis of
CAS glass surfaces as a function of bulk composition, reaction environment and reaction time.
The analysis of the structure of the altered layers by reflectance infrared vibrational spectroscopy
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was hindered by the shallow depths of alteration. The predominate corrosion mechanism
proposed to produce altered layers at low pH was the attack of Al-O-Si network sites, the release
of Al3+ and Ca2+ cations into solution and the hydrolysis of Si-containing sites. Therefore, the
dissolution in strong acid was found to be controlled by Al-O-Si network sites as previously
shown for sodium aluminosilicate glasses. However, the altered layers observed in this study are
not analogous to the leached layers formed on sodium-containing aluminosilicate glasses after
acidic corrosion. The altered layers were found to be hydrolyzed, silica-rich layers with
evidence of additional hydration by diffusion of molecular water. Also, the enrichment of
aluminum on the surface of water-reacted, low-silica CAS glass surfaces was concluded as
possible precipitation of Al-OH species on the glass surface at neutral-to-basic pH conditions.
Section 5.2: Future Work
Moving forward in the study of calcium aluminosilicate glass corrosion, the relationship
between glass composition, structure, and corrosion response should be explored at a wider
range of pH conditions and compositions. With knowledge of the surface alteration at a wider
range of solution chemistry conditions, as well as a more thorough understanding of the kinetics
of dissolution processes obtained from solution analysis experiments, a descriptive model for the
dissolution of calcium aluminosilicate glasses can be developed. The study of the corrosion of
CAS glasses with a greater amount of excess CaO than those in this work could provide further
insight into the nature of altered layer formation (e.g. leached layer formation from ion
exchange). In addition, the difference of the leachability of calcium associated with NBO sites
versus calcium associated with the charge balance of aluminum could be discerned. Surface
spectroscopy offers additional characterization tools to analyze reacted CAS glass surfaces. Due
to the shallow nature of altered layers formed in this system, variable-angle XPS measurements
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of CAS glass surfaces before and after reaction could be vital for measuring gradients in
composition in the very near surface (<10nm). Quantitative or semi-quantitative methods of
interpreting ATR-IR data obtained from corroded surfaces could improve the understanding of
hydration and hydrolysis from water penetration into the glass surface. The study of surface
speciation, cation coordination, and corrosion response of melt-derived CAS glass surfaces could
aid in understanding the effects of glass composition when a glass lacks monovalent cation
modifiers and only contains divalent modifiers. Ultimately, the further understanding of CAS
glass corrosion and development of new models to describe alkaline earth aluminosilicate glass
corrosion will aid the glass industry to develop better glass commercial glass products for
applications in electronics and chemical durability.
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Appendix
CALCIUM ALUMINOSILICATE GLASS COMPOSITIONS AND DENSITIES
Table A. Compositions of calcium aluminosilicate glasses studied in percent mole oxide. Glasses and
compositions provided by Corning and bulk compositions were determined by ICP-OES.

Mole Oxide %
Composition
CAS151570
CAS202060
CAS152065
CAS201070
CAS301060
CAS201565
CAS20575
CAS151075
CAS101575
CAS15580
CAS101080

SiO2
69.7
59.9
65.0
69.8
59.5
65.0
74.9
74.8
74.8
79.6
80.2

Al2O3
14.9
19.8
19.8
9.8
9.9
14.7
5.0
10.1
15.0
5.1
9.7

Na2O
0.03
0.03
0.02
0.02
0.02
0.02
0.01
0.02
0.02
0.01
0.01

K2O
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

MgO
0.1
0.2
0.1
0.1
0.2
0.1
0.2
0.1
0.1
0.2
0.1

CaO
15.2
20.1
15.0
20.2
30.4
20.1
19.9
14.9
10.0
15.1
9.9

Sb2O3
0.02
0.01
0.01
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.01

Fe2O3
0.01
0.01
0.01
0.01
0.02
0.01
0.01
0.01
0.01
0.01
0.01

Table B. Compositions of calcium aluminosilicate glasses studied in atomic percent. Glasses and compositions
provided by Corning and bulk compositions were determined by solution analysis.

Composition
CAS151570
CAS202060
CAS152065
CAS201070
CAS301060
CAS201565
CAS20575
CAS151075
CAS101575
CAS15580
CAS101080

Ca
4.8
6.3
4.6
6.7
10.5
6.5
6.9
4.9
3.1
5.1
3.2

Al
9.5
12.4
12.2
6.6
6.8
9.5
3.4
6.6
9.4
3.4
6.3

Atom %
Si
O
22.2
63.5
18.8
62.5
20.0
63.1
23.3
63.3
20.6
62.0
21.0
62.9
25.8
63.8
24.5
63.9
23.4
64.0
27.0
64.4
25.9
64.5

Na
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

K
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Mg
0.0
0.0
0.0
0.0
0.1
0.0
0.1
0.0
0.0
0.1
0.0

Fe
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
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Table C. Compositions of calcium aluminosilicate glasses studied in terms of ratios of Si and O. Glasses and
compositions provided by Corning and bulk compositions were determined by solution analysis.

Composition
CCF CAS501040
CCH CAS402040
CCJ CAS401050
CCL CAS303040
CCN CAS302050
CCQ CAS252550
CCT CAS151570
CCV CAS202060
CCX CAS152065
CCZ CAS201070
CDB CAS301060
CDD CAS201565
CDF CAS20575
CDH CAS151075
CDJ CAS101575
CDN CAS15580
CDQ CAS101080

Ca/Si
1.21
0.94
0.79
0.73
0.62
0.50
0.22
0.33
0.23
0.29
0.51
0.31
0.27
0.20
0.13
0.19
0.12

Al/Si
0.47
0.93
0.38
1.42
0.80
0.97
0.43
0.66
0.61
0.28
0.33
0.45
0.13
0.27
0.40
0.13
0.24

O/(Si+Al)
2.67
2.25
2.44
2.01
2.13
2.01
2.00
2.00
1.96
2.12
2.26
2.06
2.18
2.05
1.95
2.12
2.00

Ca/O
0.31
0.22
0.24
0.15
0.16
0.13
0.08
0.10
0.07
0.11
0.17
0.10
0.11
0.08
0.05
0.08
0.05

Al/O
0.12
0.21
0.11
0.29
0.21
0.25
0.15
0.20
0.19
0.10
0.11
0.15
0.05
0.10
0.15
0.05
0.10

Si/O
0.25
0.23
0.30
0.21
0.26
0.25
0.35
0.30
0.32
0.37
0.33
0.33
0.41
0.38
0.37
0.42
0.40

Ca/Al
2.56
1.01
2.08
0.52
0.77
0.52
0.51
0.51
0.38
1.03
1.54
0.69
1.99
0.74
0.34
1.49
0.51
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Table D. Average density values for CAS glass compositions studied.

Composition
CAS501040
CAS402040
CAS401050
CAS303040
CAS302050
CAS252550
CAS151570
CAS202060
CAS152065
CAS201070
CAS301060
CAS201565
CAS20575
CAS151075
CAS101575
CAS15580
CAS101080

Average Density
(g/cc)
2.91
2.82
2.82
2.76
2.72
2.70
2.51
2.62
2.56
2.54
2.69
2.58
2.51
2.47
2.46
2.43
2.40
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