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Spectroscopic ellipsometry study of thickness and porosity of
the alteration layer formed on international simple glass
surface in aqueous corrosion conditions
Dien Ngo 1, Hongshen Liu1, Nisha Sheth2, Raymond Lopez-Hallman2, Nikolas J. Podraza3, Marie Collin4, Stéphane Gin4 and
Seong H. Kim 1

The porosity and pore-size distribution in the glass play an important role in glass corrosion; however, such information is difficult
to be obtained non-destructively. Here we report the use of spectroscopic ellipsometry (SE) under controlled humidity
environments to determine those structural parameters in the alteration layers formed on international simple glass (ISG), a model
nuclear waste glass, in aqueous corrosion conditions. The SE results show that the ISG sample corroded for nearly 4.5 years
develops pores larger than 2 nm in diameter, while the alteration layers formed initially in less than 1 month do not have such large
pores. The development of larger pores over a long period of corrosion time, while the overall thickness remains relatively constant,
implies structural rearrangements of the silicate network occurring within the alteration layer, which could eventually affect the
transport of reactants and products as well as the structural stability.
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INTRODUCTION
Understanding glass corrosion behaviors in aqueous media is
important to develop the degradation mechanism of glass
materials and predict their environmental stability.1–9 Due to ion
exchange, hydrolysis-condensation and/or dissolution-reprecipita-
tion, and reconstruction of the glass network during the corrosion
process, the composition and structure of the surface region of
glass are changed, forming a so-called alteration layer whose
structure is different from the bulk.4,10–12 The alteration layer is
usually rich in silica content and contains hydrous species (Si-OH
and H2O) like a hydrated porous gel; this surface layer could work
as a molecular sieve to protect the glass from further corrosion.4

The properties of water in such layers vary with pore sizes and the
amount of water filling the internal pores.13–15 Depending on the
pore size, the confined water molecules could behave like bulk
water or confined water that is interacting with the pore wall.16,17

The information on the porosity and pore-size distribution in the
alteration layer, therefore, is important to understand the
transport of water and other hydrolysis products through the
alteration layer and then the mechanism of further corrosion. This
structural information is also valuable for computer simulations of
glass dissolution and for understanding mechanical properties of
altered glass surfaces.16,18

In the previous studies, the pore sizes in the gel layer have been
estimated using transmission electron microscopy or a post-
experiment tracing test.2,4 The former is a destructive method and
it would be difficult to determine the exact pore-size distribution
unless the pores are periodic with clear imaging contrasts.2 The
latter uses organic dyes or stains with certain molecular sizes that
can be traced with another method, such as depth profiling with

X-ray photoelectron spectroscopy (XPS) or time-of-flight second-
ary ion mass spectrometry (ToF-SIMS). However, diffusion of dye
molecules would be extremely slow if the pore size is comparable
to the size of the probe molecules. Without knowing the exact
structure or chemical composition of the pore surfaces, it would
be difficult to estimate the diffusion coefficient of probe molecules
in the Knudsen diffusion regime. Thus, it is desirable to measure
the pore-size distribution in the alteration layer with a non-
destructive and stain-free method.
Spectroscopic ellipsometry (SE) is suitable for that purpose.19–26

The float glass corrosion has been investigated by monitoring the
changes of ellipsometric angles.22 Portal et al. has demonstrated
that the corroded layer thicknesses obtained from SE were in
good agreement with results obtained from ToF-SIMS in a study of
corrosion of an alkali silicate glass.25 This study also revealed a
porous, layered structure of the corroded surface.25 Recently, SE
was used to characterize the pore volume fraction and alteration
layer thickness of International Simple Glass (ISG) coupons
corroded in aqueous solutions of different pH values with the
corroded surface layers modeled by introducing a gradient in
refractive index with depth into the altered layer.24 Good
agreement between the alteration layer thicknesses obtained by
SE and that from scanning electron microscopy (SEM) were
obtained.24 However, the pore-size distribution in the alteration
layer has not been determined.
Here, we demonstrate the use of SE to analyze adsorption and

desorption isotherms of water vapor in the alteration layer formed
on ISG via aqueous corrosion. ISG, a model system mimicking
nuclear waste glass materials, is a boroaluminosilicate glass with
sodium and calcium ions as network modifiers and a trace amount
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of zirconium as an additional network former (composition (mol
%): 60.2 SiO2, 16.0 B2O3, 12.6 Na2O, 3.8 Al2O3, 5.7 CaO, 1.7 ZrO2).

27

The ISG coupons were corroded in aqueous solutions of pH
7 saturated with soluble SiO2-species and varying concentrations
of KCl (0−40mM) at 90 °C for 7 days, 28 days, and 1625 days. It is
known that in these conditions the corrosion rate is high initially
and then diminished due to the formation of a passivating layer.4

The period with a high forward reaction rate is called stage-I and
the period with a very low residual corrosion rate is called stage-II.
Based on previous studies,28 the samples corroded for 7, 28, and
1625 days can be considered as in the stage-II of glass corrosion
process. The analyses of SE spectra obtained provide not only the
thickness and refractive index of the alteration layer, but also
information on porosity and pore-size distribution in the alteration
layer. The changes in the porosity and pore-size distribution over
time may provide insights into structural alterations or rearrange-
ments in the silica-rich alteration layer during stage-II of ISG
aqueous corrosion.

RESULTS AND DISCUSSION
Thickness, void volume fraction, and refractive index of corroded
layers
Figure. 1, as an example, shows ellipsometric spectra (in Ψ and Δ)
over a spectral range from 381 to 893 nm for ISG coupons before
corrosion experiments, corroded in SiO2-saturated aqueous
solution for 7 days, corroded in SiO2-saturated solution containing
40mM KCl for 1625 days, respectively. The SE measurements of
corroded samples were performed after holding the samples at
0% RH inside the environment-controlled sample cell for about
10 h. In this way, all molecular species that can be desorbed
without heating are desorbed. Heating the sample, in situ, for
further dehydration was not used in this experiment, since it

results in collapse and delamination of the alteration layer. Note
that further dehydration is possible using a critical point drying
method before the SE measurement,24 but, the air exposure
during the sample transfer to the ellipsometer allows re-
absorption of water into the alteration layer (see Figs. 3 and 4 in
the next section), annihilating such ex situ drying effect.
Interference fringes are observed in the ellipsometric spectra for
the corroded samples (Fig. 1c–f), indicating a thick alteration layer
with optical response differing from that of the underlying
uncorroded glass substrate. The same feature is also present on
the ellipsometric spectra of ISG samples corroded in other
conditions (see Fig. S1 in Supplementary Information, SI).
The ellipsometric spectra of corroded ISG coupons in this study

were fitted with an optical model including four discrete sublayers
representing different optical characteristics on a semi-infinite
uncorroded glass substrate. Each sublayer has an index of
refraction different from those of the other sublayers and the
underlying uncorroded bulk. The refractive index of a sublayer is
modeled using a Bruggeman effective medium approximation
(EMA) accounting for fractions of pristine glass and void at 0%
RH.29 At non-zero RH, the contribution due to absorbed water is
introduced into the EMA, while the layer thickness and glass
volume fraction in each sublayer remain the same as the 0% RH
values. The data shown in Fig. 1 exhibit a good agreement
between the experimental data and the fit generated by this
model (see Fig. S1 in SI for other fit results). The optical model
could be expanded to more layers or alternately, a continuous
gradient in refractive index could be applied. Although the
increased degrees of freedom could improve the overall fitting, it
would also increase the uncertainty in the physical structure
model applied. Thus, all fittings in SE data analysis were limited to
the minimum number of layers needed.

a c e

b d f

Fig. 1 Experimental ellipsometric spectra (in Ψ and Δ) of the ISG coupons measured at 0% RH. a, b Before corrosion experiment; c, d sample
corroded in SiO2-saturated water without KCl for 7 days; e, f sample corroded in SiO2-saturated water with 40mM KCl for 1625 days. The solid
lines are fittings to experimental data. The SE incident angle was 70°
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The leaching of ISG in silica saturated solution lead to an
incongruent dissolution of B, Na, and Ca and a partial hydrolysis of
the other glass formers (Si, Al, and Zr).3,4,15 The amount of Ca
retained in the gel layer depends on the presence of K in the
solution.30 As the glass-to-gel transformation takes place at
constant volume,15 the loss of the mobile glass cations during
aqueous corrosion leads to an increase in pore volume fraction
and a decrease in refractive index in the alteration layer. As an
example, Fig. 2a shows the void volume fraction and refractive
index at a wavelength of 600 nm as a function of depth from the
external surface obtained from the fit of the SE data measured at
0% RH for the alteration layer on the ISG sample formed in SiO2-
saturated water without KCl for seven days. In all cases studied,
the void volume fraction increases from 0% in the bulk to ~20% in
the topmost surface region (see Fig. S2 in SI for other data). The
step-wise change is an artifact expected for an optical model with
four discrete layers. In reality, the trend would be a smooth
gradient; thus, the void volume fraction of each layer in Fig. 2a
could be viewed as an average value of the region represented by
the thickness of each layer.
This change in refractive index with depth can be attributed to

a depth dependence on relative void fraction, changes in
concentration of leachable elements (B, Na) in the glass, and
density changes due to network reconstruction upon the loss of
boron. The void volume fraction of the outer layer (marked as L4 in
Fig. 2a) is partly due to the roughness of the corroded surface,
which have originated from mechanical polishing of the pristine
surface. The very thin layer near the pristine bulk (marked as L1 in
Fig. 2a) has the lowest value of void volume fraction and this
region is assumed to be the reaction front of the aqueous
corrosion process.2 The interface between this innermost L1 layer
and the pristine glass also has a roughness or lateral inhomo-
geneity due to the stochastic nature of the corrosion process.3

Then, the L2 and L3 layers in Fig. 2a can be called as the inter-
phase region between the alteration layer and the bulk glass and
the main part of the alteration layer, respectively.
The refractive indices of the L2 and L3 sublayers in the alteration

layer of the sample formed in SiO2-saturated water without KCl for
seven days are given in Fig. 2b, c. The refractive index spectra
were determined at different relative humidities. The increase in
the refractive index upon an increase in RH suggests that the
alteration layers are porous and those pores are readily accessible

by water molecules in the gas phase. It is important to keep in
mind that holding the sample in 0% RH at 22 °C could not remove
all strongly bound water molecules. The strongly bound water
could be removed by heating the sample to a temperature higher
than 300 °C, but such heating could cause the collapse and
delamination of the alteration layers due to the difference in
thermal expansion coefficients between the alteration layer and
the bulk pristine glass and/or the capillary force of water meniscus
inside pores. On a flat surface, the capillary force is largest at RH
around 10–20%.31 Since the alteration layer is stable upon cycling
RH below and above this range, the capillary force effect appears
insignificant at least in the ambient conditions.
The total thicknesses of alteration layers from the SE analysis of

ISG coupons subjected to different corrosion conditions are given
in Table 1. For a comparison, the alteration layer thicknesses
determined from XPS or ToF-SIMS depth profiling are also
provided. The uncertainties in XPS and ToF-SIMS depth profiling
are 10% and 5%, respectively. The results show comparable values
of the corroded layer thickness obtained by different techniques.
The presence of KCl in aqueous solutions appears to reduce the
growth rate of corrosion layers of ISG coupons in comparison to

a b c

Fig. 2 ISG coupon corroded in SiO2-saturated water for 7 days: a Void volume fraction and refractive index gradients at 0% RH, PG is the
pristine glass (bulk), and L1-4 are surface layers with distinct refractive index and void volume fraction, respectively; b Refractive index of layer
2 (inter-phase region between the alteration layer and the bulk); c Refractive index of layer 3 (the thickest part in the alteration layer)

Table 1. Alteration layer thickness on corroded ISG coupons

Experimental
conditions

Thickness by SE
(nm)

Thickness by XPS or ToF-SIMS
(nm)

0mM KCl, 7 days 1782 ± 22 1960

13mM KCl, 7 days 1304 ± 25 1500

13mM KCl, 28 days 2376 ± 6 2250

40mM KCl,
1625 days

1995 ± 18 1800

All aqueous solutions in corrosion experiments were at pH 7, 90 °C and
saturated with soluble SiO2 species. The experimental conditions that
reflect the differences between corrosion solutions are shown in the first
column of the table. The SE fit results are shown in Supplementary
Information; the SE thickness is the sum of all four layers (L1+ L2+ L3+ L4).
To compare with the SE thickness the alteration layer thickness of the 1625
day-corroded sample was determined from depth profiling with ToF-SIMS,
while those of other samples were from depth profiling with XPS.
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that in pure water. In the presence of an electrolyte in the aqueous
solution, cations can diffuse into the alteration layer during the
corrosion process (see Table S2 in SI). Those cations might reduce
or hamper the transport of water molecules in the alteration layer
or alter reaction dynamics at the interface with the pristine bulk
glass. It has been reported that for a mixture of H2O-CaCl2
confined in Vycor, the local diffusion coefficient of confined water
molecules was only 6% of the value of pure water confined in
Vycor.32 The slower diffusion of confined water in the alteration
layer during the aqueous corrosion process could have significant
impacts on the overall rate of corrosion.12

The effects of K+ and other alkaline ions on the alteration kinetics
of ISG glass have been studied by Collin et al. in similar conditions as
those of the present study (90 °C, pH 7, and silica saturated
solution).30 The K+ was shown to decrease glass alteration rate. The
study also showed that the effects of K+, Na+, and Li+ are different.
Under the experimental conditions of the study, the pore wall is
negatively charged by the dissociation of silanol groups and the
charged surface induces an ordered structure of surface water. While
the effective ionic radii of the cations clearly influences the
interaction between the hydrated ions and gel surface, the
electrostatic interactions between these hydrated ions and pore
wall need to be considered for a better understanding of the
obtained results.33,34 Due to the charge of the pore surface, water in
the pore will act as confined or bulk-like molecule depending on
pore sizes; thus, the dynamics of water will be affected. The effects
of alkaline ions on water structure at charged interfaces have been
observed for open systems33,34 and they might be different in
confined geometry like nanoporous gel layer.

Adsorption–desorption isotherms
The refractive index change of the alteration layers with ambient
RH condition implies that the layers are porous (Fig. 2). To further
characterize the pore sizes, adsorption–desorption measurements
of water were performed using SE while RH was changed step-
wise from 0 to ~90% then back to 0%. If the adsorption isotherm
shows a type-IV behavior, then the pore-size distribution can be
obtained using the Kelvin equation.35 It is also possible to obtain
information about the affinity between the pore surfaces and the
water adsorbate.36 The analysis of ellipsometric spectra collected
at 0% RH were used to determine the initial solid and void volume
fractions within each sublayer in addition to each sublayer

thickness. During the isotherm measurements, the solid volume
fractions and thicknesses were assumed to be constant and the
water molecules filled the open pore in the layers.
The optical models obtained from SE data of 0% RH for ISG

coupons corroded in aqueous solutions without and with 13 mM
KCl for seven days and with 40 mM KCl for 1625 days are
presented in Figs. 3–5 with their corresponding
adsorption–desorption isotherms of water in the L2 and L3
sublayers. The optical model and isotherms for the sample altered
in 13 mM KCl solution for 28 days are given in Fig. S3 in SI. The
isotherms are given for layers 2 and 3 only in Figs. 3–5. The outer
layers (L4) contain surface roughness so that the isotherms of
water in these layers do not completely represent the molecules
filling in or evaporating from pores. Thus, the isotherms for this
layer were not analyzed to obtain information about pore size. In
the case of the L1 region, the adsorption–desorption isotherms
(see Fig. S4 in SI) show abnormal changes and they might be due
to errors in spectral fitting due to the low void volume fraction of
this layer or the structural inhomogeneity in the reaction front
region between the alteration layer and the pristine bulk.
The water adsorption–desorption isotherms of the alteration

layers on ISG coupons corroded for 7 days and 28 days show a type-I
isotherm that is typical for porous materials with pore diameters of
less than 2 nm.35 The isotherms in Figs. 3–5 reveal a strong uptake of
water upon increasing RH from 0 to ~1%. The large slope of these
isotherms indicates a strong interaction or affinity between the pore
surface and adsorbate (water) molecule.35 The water does not fill the
entire pores completely at RH ~90% (near saturation vapor
pressure). It might imply that some pores are not accessible to the
water molecules from the gas phase and this is consistent with
results obtained in a recent study by Collin et al.30

The adsorption–desorption isotherms of water in L2 and L3 of
the ISG coupon corroded for 1625 days (Fig. 5b, c) show a type-IV
isotherm with hysteresis loops at RH between 30 and 60%. These
hystereses are due to capillary condensation in large pores with
diameters of more than 2 nm. A strong uptake of water at low RH,
however, indicates that pore diameters of less than 2 nm are also
present in the corroded layer. Such behavior is not observed for
the alteration layer formed in 7 and 28 days. Specular reflection
infrared (SR-IR) spectroscopy analysis shows no drastic differences
in the silicate network of the alteration layers among four samples
prepared in this study (see Fig. S5 in SI). Combining SR-IR and SE
data together, it can be inferred that the local network

a b c

Fig. 3 ISG coupon altered in SiO2-saturated water without KCl for 7 days: a Optical model of the sample at 0% RH (L1-4 are surface layers); b
Isotherm of water in layer 2 (deeper region close to the bulk); c Isotherm of water in layer 3 (thick middle region). The dashed lines in (b,c) are
the void fraction determined by fitting the SE data at RH= 0%
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connectivity in the alteration layer does not change substantially
at the molecular length scale that can be probed by SR-IR during
the stage-II period; however, there seems to be network
reconstruction processes over a larger length scale occurring over
several years, which leads to formation of large pores that did not
exist at the inception of stage-II.
The void volume fractions (or “free” volumes) in the alteration

layer of all ISG coupons in the current study are smaller than
values obtained in other studies on similar samples.15,24 It should
be noted that the void volume fractions in this study were
determined after holding the samples at 0% RH while other
studies used different methods such as supercritical CO2 drying

24

and thermogravimetric analysis (TGA).15 It is very difficult to
remove strongly bound water in pores at 0% RH at ambient
temperature; thus, some water may still remain in the corroded
layer, especially if there are any closed pores. The supercritical CO2

drying may remove more water from the leached layer, but it will
require a special cell for in situ adsorption–desorption

experiments with SE without exposing the sample to air after
the supercritical CO2 drying. The SE data measured in ambient air
after supercritical drying24 should be analyzed with a model that
considers re-absorption of water from the ambient air, as shown in
Fig. 5. The TGA method is destructive and only information about
void volume fractions can be obtained. In the TGA method the
sample was heated to temperature above 300 °C so that strongly
bounded water can be removed from the leached layer. It should
also be noted that this temperature is high enough to induce
dehydroxylation reactions of adjacent hydroxyl groups.37 As a
result, the void volume fraction obtained from TGA measurement
is higher than that in the current study.

Pore-size distribution in the alteration layer of the 1625-day
corroded ISG sample
The size of pores in the alteration layer of the 1625-day corroded
sample was calculated using the Kelvin equation (see Methods).
The isotherms in the relative humidity range of 20–90% were used

a b c

Fig. 5 ISG coupon altered in SiO2-saturated solution with 40mM KCl for 1625 days: a Optical model of the sample at 0% RH (L1–4 are surface
layers); b Isotherm of water in layer 2 (deeper region close to the bulk); c Isotherm of water in layer 3 (thick middle region). The dashed lines in
(b,c) are the void fraction determined by fitting the SE data at RH= 0%
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Fig. 4 ISG coupon altered in SiO2-saturated solution with 13mM KCl for 7 days: a Optical model of the sample at 0% RH (L1–4 are surface
layers); b Isotherm of water in L2 (deeper region close to the bulk); c Isotherm of water in L3 (thick middle region). The dashed lines in (b,c) are
the void fraction determined by fitting the SE data at RH= 0%
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and the pore-size distributions were determined using both
adsorption and desorption curves. Due to the lack of information
on the network structure of the gel layer it is not determined in
this study which branch of the hysteresis loop should be used for
the calculation of pore-size distribution. The results are shown in
Fig. 6. It should be noted that the calculation result from the Kelvin
equation is not the absolute distribution; it is rather a semi-
quantitative analysis within the validity of the assumptions used in
the calculation such as the shape of pores (assumed to be
cylindrical in our calculation), surface tension and density of the
confined water (assumed to be the same as the bulk values of
water), etc.35 The distributions in Fig. 6 show that the alteration
layers formed on ISG in SiO2-saturated solution with 40 mM KCl for
1625 days have pores larger than 2 nm in diameter. In Fig. 6 the L3
region has more pores with larger diameters than the L2 region.
This is reasonable since L3 has void volume fraction larger than L2
(Fig. 5a). The distribution of pore diameter of less than 2 nm could
not be resolved in this study because it requires more precise
control of RH in the 0–10% range.
It is known that the presence of the alteration layer on ISG

keeps the corrosion rate extremely low, which is designated as the
stage-II in the corrosion step (also called residual rate regime).4

Although it has not been seen for this glass even after 14 years of
alteration,38 in some cases after a long period of stage-II, the
corrosion rate can suddenly increases again close to the forward
reaction rate of stage-I; this resumption of fast corrosion is called
stage-III.39,40 The causes for the transition from stage-II to stage-III
are not fully understood yet.39,41,42 It has been shown that the
resumption of fast corrosion is often associated with zeolite
precipitation and this process is highly dependent on temperature
and pH of the solution.39,40 One may add another hypothesis
based on the results of pore-size distribution from SE analysis of
the alteration layer itself. The large pores growing slowly over time
may reduce the mechanical stability or integrity of the alteration
layer. If so, the reduced stability may play a role in stage-III. This is
a hypothesis that needs to be tested through an independent
study.

Comparison of SE and ToF-SIMS depth profiles of the 1625-day old
alteration layer
Figure. 7 compares the depth profiles of the alteration layer for the
1625-day ISG sample obtained by ToF-SIMS and SE experiments.
The ToF-SIMS profiles are shown for B, Na, and Ca, while the
results of SE analysis at 0% RH profile are the refractive index,

shown here at a wavelength of 600 nm, and the solid volume
fraction. The inter-phase regions where the Na, Ca, and B
concentrations change drastically in the ToF-SIMS profile could
correspond to the L1 and L2 layers with different solid volume
fractions. Especially, the region about 1.8 μm from the surface
where the slopes of the Na and Ca concentration gradients
change substantially might correspond to the L2 layer. Although
the SE profile is stepwise, it could be smoothened by fitting SE
spectra with a model including more sublayers in the alteration
layer. The structural change in the outer region between 100 nm
and 1.75 μm from the surface seems to be insignificant, which can
be fitted with a fixed value of refractive index and porosity (L3
layer in the SE profile). Based on the isotherm data (Fig. 6), the

a b

Fig. 6 ISG coupon corroded in SiO2-saturated solution with 40mM KCl solution for 1625 days: a Pore-size distribution in L2 (deeper region
close to the bulk); b Pore-size distribution in L3 (thick middle region). The pore-size distributions in each layer were calculated using both
adsorption and desorption data

a

b

Fig. 7 ISG coupon altered in 40 mM KCl solution for 1625 days: a
ToF-SIMS profiles of B, Na, and Ca; B SE profile at 0% RH of refractive
index at 600 nm wavelength. L1–4 are layers 1–4, respectively
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inter-phase region (L2) has a lower population of 2–3 nm wide
pores than the outer region (L3) of the alteration layer.
In summary, SE has been successfully used to characterize the

thickness, porosity, and pore-size distribution of the alteration
layer on ISG coupons corroded in different experimental condi-
tions. The obtained results show that during the corrosion process,
gradients of void volume fraction and refractive index evolve in
the glass surface. The thickness of corroded layer is in agreement
with the depth profiles obtained with XPS and ToF-SIMS. The
water uptake by the alteration layer follows the type-I isotherm for
ISG samples corroded for 7 days and 28 days, while it shows the
type-IV isotherm for the sample corroded for 1625 days. These
results indicate that pore diameters in samples corroded for 7 days
and 28 days are less than 2 nm (below which RH-controlled SE
experiment is not very sensitive). The sample corroded for
1625 days contains pores larger than 2 nm, which may imply that
silicate network restructuring occurs slowly over a long period of
time in the stage-III.

METHODS
Sample preparation
The samples used in adsorption–desorption SE experiments were corroded in
aqueous solutions with or without added electrolyte (Table 2). Before
corrosion experiments, ISG coupons (1 cm× 1 cm× 0.2 cm) were cut from an
ISG block (MoSci Corp.). One side of the cut sample was ground and polished
to 1 micron surface finish using alumina polishing pads (Allied High Tech
Products Inc) and diamond paste (Pace Technologies). The opposite side was
not polished to avoid backside reflections in the SE measurements. The
samples were then cleaned thoroughly with acetone (Honeywell Burdick &
Jackson) and treated in a UV-Ozone chamber for at least 20min. The cleaned
glass samples were immersed in leaching solutions saturated with silica
[Co(Si)= 143mg L−1 at pH 7 and 90 °C] in 500mL PFA jars (Savillex
Corporation). The glass-surface-area-to-solution-volume ratio (S/V) was
0.8m−1. Experiments were performed in an oven heated to 90 °C and the
pH of leaching solutions was kept at 7.0 ± 0.5 using 0.5 M HNO3 (Alfa Aesar)
and 0.5M KOH (MACRON Fine Chemicals). There were four samples used in
this study. The samples were corroded for 7 days, 28 days, and 1625 days at
90 °C in SiO2-saturated aqueous solutions containing [KCl]= 0–40mM. After
removal from solution, ISG samples were rinsed thoroughly with ultrapure
water (18 MΩ·cm resistivity) and dried under a nitrogen flow from a spraying
gun to remove external surface water.

Spectroscopic ellipsometry
The theoretical background and data analysis methods of SE are described
elsewhere.43 In an ellipsometry measurement, the change in the
polarization state of light is represented by the ratio (ρ) of reflection
coefficients for electric field components of light parallel and perpendi-
cular to the plane of incidence.

ρ ¼ rp
rs
¼ tanΨei Δ (1)

The ratio is a complex value and Ψ and Δ are ellipsometric angles. In
ellipsometry, information about the system under the study is obtained by
fitting measured ellipsometric spectra to optical and structural models.
The current study used a rotating analyzer spectroscopic ellipsometer (J.

A. Woollam Co. Alpha-SE) for optical characterization of corroded ISG glass
samples. This ellipsometer configuration had a wavelength range of
381–893 nm with a step of about 6 nm wavelength increment and

measured tanΨ and cosΔ. The incident angle of light used in the study was
70°. The samples were in a cell connected to a humidity control system.
The cell had two CaF2 windows that were aligned perpendicular to the
incident and reflected light respectively. The humid vapor in the cell was
obtained by mixing dry air and H2O-saturated air that was passed through
a jar containing ultrapure water. The total flow rate in all measurements
was 2 L/min. The SE measurements were performed for both adsorption
and desorption cycles. During the experiment, each RH was held for at
least 30 min. The use of vapor flow allows a fast equilibrium to be
reached.44 The temperature in the SE cell was about 22 °C during the
experiment.

SE data analysis
The SE spectra in this study were analyzed using the CompleteEASE
software package (J. A. Woollam Co.). The sample was kept at 0% RH for
about 10 h before adsorption measurements and ellipsometric spectra at
0% RH was analyzed to determine the initial void and solid volume
fractions as well as the thickness of sublayers. The corroded glass samples
were analyzed using multilayer optical models and the Bruggeman EMA
was used in modeling the optical response of each sublayer in the
alteration layer.29 The general equation for EMA is given in Equation (2), in
which ε is the effective dielectric function of the layer, fi and εi are the
volume fraction and dielectric function of constituent i, respectively.

XN
i¼0

fi
εi � ε

εi þ 2ε
(2)

For non-absorbing spectral regions, the refractive index is related to the
dielectric function via n2= ε. Three pristine bulk glass substrates were first
measured and modeled assuming a surface roughness layer represented
by an EMA consisting of 50% glass and 50% void.43 Spectra in ε are
modeled using a combination of a constant additive term equal to unity
and a Sellmeier oscillator.45

ε ¼ 1þ AHigh
E2High � E2 (3)

where EHigh= 9.91 ± 0.06 eV and AHigh= 124.60 ± 1.72 eV2. Least squares
regression is used to minimize the weighted mean square error (MSE)
between the measured spectra and model fit.46 The index of refraction
obtained is in agreement with the ones obtained using a prism coupler
(Metricon, Model 2010/M; see Fig. S7 in SI) and is used as a reference set of
optical properties for the pristine glass in the corroded samples.
In the fitting of SE spectra measured at other relative humidity, the solid

volume fraction and the thickness of each sublayer were kept constant
while the water volume fraction was varied. The water volume fractions
were then plotted versus relative humidity to obtain the adsorption and
desorption isotherms.
In the SE analysis of corroded glass samples, some simplifying

assumptions were utilized. The boundaries between sublayers were
assumed to be parallel, homogenous, and optically isotropic. It was also
assumed that there were no changes in pore network and layer thickness
during adsorption and desorption measurements.36 The pore sizes were
considered to be small in comparison to the wavelength of the incident
light. This assumption was required to validate the use of the EMA in
representing the optical response of sublayers consisting of glass, void,
and water components. It was also assumed that the optical properties of
the solid part of the leached layer are as those of the pristine ISG. This
assumption was made due to the difficulty in accurately determining the
refractive index of the solid part of a porous leached layer.
The pore sizes of sublayers, when it is possible, were calculated using the

Kelvin equation (Eq. 4) describing the relationship between the relative

Table 2. Experimental conditions of ISG coupons in the present study

Sample No. Solution Temperature (°C) Corrosion time (days)

1 SiO2-saturated, 0mM KCl 90 7

2 SiO2-saturated, 13mM KCl 90 7

3 SiO2-saturated, 13mM KCl 90 28

4 SiO2-saturated, 40mM KCl 90 1625

The pH of all leaching solutions was 7 ± 0.5.
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humidity of vapor (p/po) and the radius of a meniscus (rm) of the liquid in
the pores.35

ln
p
po

¼ � 1
rm

2γVL
RT

cosθ (4)

In Equation 4, γ and VL are the surface tension and molar volume of the
liquid, respectively, while R and T are the gas constant and temperature.
The contact angle between the pore wall and liquid is θ. In this study, the
pores were assumed to be cylindrical and θ was assumed to be 0°. The
radius of a meniscus, based on those assumptions, is then equal to the
pore radius (rm= rk); the distribution of pore diameter (2rk) is plotted in Fig.
6. The thickness of the physisorbed water layer in the pores cannot be
determined and this study reports values of the pore diameter only. The
surface tension and molar volume of water in the pores are impossible to
be measured experimentally; thus, the values of bulk water were used in
the calculations. The pore-size distribution is determined by taking the first
derivative of water volume fraction versus the pore diameter ∂Vwater

∂dk

� �
. The

relative humidity-controlled SE experiment used to obtain adsorption/
desorption data for pore-size calculations is not very sensitive to pore
diameters less than 2 nm.35

X-ray photoelectron spectroscopy
XPS was used as a complementary technique to determine the thickness of
alteration layer on corroded glass samples. The XPS depth profile
measurements were performed with a Phi VersaProbe II spectrometer
(Chanhassen, MN) that was equipped with a monochromatic AlKα
(1486.6 eV) X-ray source and an Ar ion sputtering beam. The depth
profiles of O, Na, B, Zr, and Si are given in the Supplementary Information.

Time-of-Flight Secondary Ion Mass Spectrometry
The monolith sample corroded for 1625 days was analyzed using ToF-SIMS
(IONTOF TOF 5). An O ion beam was set at 2 keV and 510 nA and used for
surface abrasion (200 × 200 μm). Actual depth profile analysis was provided
by a Bi ion sputtering beam (25 keV, 2 pA, 30 × 30 μm). The surface was
neutralized during analysis by a low-energy electron flux (<20 eV).
Measuring the depth of the final crater allowed elemental profile depth
calibration. B, Na, and Ca profiles were then normalized to the Zr profile to
avoid matrix effects. Zr was chosen as it is immobile during glass alteration
in these conditions.47 The resulting data were normalized to the mean
measured in pristine glass to extract quantitative information.

Data availability
The data that support the findings of this study are available from the
authors on reasonable request.
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