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Corrosion of ternary borosilicate glass in acidic solution
studied in operando by fluid-cell Raman spectroscopy
Christoph Lenting 1,2✉ and Thorsten Geisler 1

Fluid-cell Raman spectroscopy is a space and time-resolving application allowing in operando studies of dynamic processes during
solution–solid interactions. A currently heavily debated example is the corrosion mechanism of borosilicate glasses, which are the
favoured material for the immobilization of high-level nuclear waste. With an upgraded fluid-cell lid design made entirely from the
glass sample itself, we present the polymerization of the surface alteration layer over time in an initially acidic environment,
including the differentiation between pore and surface-adsorbed water within it. Our results support an interface-coupled
dissolution-precipitation model, which opposes traditional ion-exchange models for the corrosion mechanism. A sound description
of the corrosion mechanism is essential for reliable numerical models to predict the corrosion rate of nuclear waste glasses during
long-term storage in a geological repository.
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INTRODUCTION
Corrosion studies are commonly conducted in a multi-step
fashion, involving first the alteration experiment itself, followed
by sample preparation, and post mortem analysis. Inherently,
stuctural and chemical changes due to the preparation step have
to be considered when interpreting the post-mortem analysis. In
general, post mortem analysis suffers from two major disadvan-
tages: (1) quenching, i.e., sudden change of environmental
conditions from the termination of the experiment and subse-
quent drying, sawing, and polishing may alter the structure of the
corrosion product and (2) the quenched sample represents only
one point in time in a dynamic process of potentially multiple
reaction steps. For post-mortem analysis, the latter can only be
overcome by performing several experiments in parallel and
quenching these at different time steps, making it difficult to
correlate textural observations as new samples have to be used for
each time step.
Specifically for silicate glass corrosion, quenching and drying

the sample is critical as the main corrosion product is a hydrous
amorphous silica gel (e.g., see refs. 1–3 and references therein),
which is generally prone to structural and chemical changes such
as condensation and/or polymerization, loss of water, and/or
cracking due to cooling, changes in pH, and dehydration4. Surface
coatings of secondary minerals, which are common phenomena
observed with chemically more complex glass or solution
composition (e.g., see ref. 5), could to some extent be the result
of rapid supersaturation by quenching the experiment to room
temperature. This has to be taken into account in the ongoing
discussion about the role of secondary mineral precipitates for the
potential corrosion rate resumption in long-term disposal
scenarios of vitrified high-level nuclear waste6.
Based on a number of the recent experimental studies utilizing

isotope tracer analyses3,7–11, high-resolution TEM imaging11–13,
and atom probe tomography14, the overall mechanistic framework
of silicate glass corrosion has been questioned. Thus, in situ
studies overcoming the above-mentioned shortcomings of post-
mortem analyses might become essential for the formulation of a

coherent corrosion mechanism. However, only a limited number
of analytical techniques are available that allow studying
solid–water reactions in operando without disturbing the reaction.
In the last decades, atomic force microscopy (AFM) has as in situ

technique become a vital tool for the in situ study of mineral
surfaces in contact with aqueous solution at ambient15,16 and
even at elevated temperatures up to 150 °C17. However, it is by
design limited to morphological changes at the surface of the
solid of interest, which is not applicable to study the evolution of a
surface alteration layer (SAL) as needed for the simulation of long-
term storage of corrosion-resistant glasses. Hence, only few
studies used this in situ technique, e.g. see refs. 18,19. Vertical
scanning interferometry (VSI) is another surface-related analytical
technique. It can provide dissolutions rates of a specific surface
based on minute height measurements in relation to a masked
reference surface20 and was also successfully applied for the study
of glass corrosion21. However, similar to AFM, VSI can only record
the dissolution of a surface until a layer of a secondary phase
precipitates. Another disadvantage of this technique is the
necessity to interrupt the experiment and dry samples for the
height measurements.
The development of silica-based alteration layers on minerals

has recently been analysed up to 80 °C by in situ synchrotron-
based X-ray reflectivity, which allows to directly monitor dissolu-
tion and growth rates of the mineral and surface layer as well as
infer structural properties of these layer from the scattering length
density22.
A different in situ approach is the in situ measurement of ions

and pH with microelectrodes in solution during experimental
corrosion/alteration on wollastonite (CaSiO3)

23 that was used to
investigate the reaction dynamics and formation of amorphous
silica layers as corrosion product. However, the ‘open reactor’
design limits the applicability to ambient temperatures and
relative short run times. Nonetheless, the study makes as strong
case for the reaction being governed by the formation of strong
solute concentration gradients between the corroding interface
and the bulk solution, which is arguably transferable to the
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corrosion of silicate glasses as well. The only major in situ data
regularly obtained during glass corrosion experiments are aliquot
analyses of the bulk solution, which are, however, less meaningful
when discussing the underlying corrosion mechanisms, particu-
larly in the light of the above-mentioned findings.
In a recent paper24, fluid cell Raman spectroscopy was applied

for the first time to investigate the glass corrosion progress in
operando, i.e., resolved in space and time. With a lateral resolution
of about 10 μm and time-step size of about 1.5 h per linescan, it
was possible to show corrosion rate changes, the built-up of a pH
gradient at the solution–glass interface as well as within the SAL.
The glass (60% SiO2, 20% B2O3, 20% Na2O) was altered under a
near neutral pH, revealing the formation of a several-micrometre-
thick water-rich zone between the SAL and the glass, which was
interpreted as an interface solution, as well as pH gradients at the
glass surface and within the SAL. Furthermore, by replacing the
running solution with a deuterated solution without terminating
the experiment, it could be shown that water transport through
the SAL cannot be the rate-limiting step for the corrosion process.
Encouraged by these results, we lightly refined the cell design to
improve the spatial and depth resolution by eliminating refraction
interfaces. For this purpose, the entire lid of the fluid cell was
manufactured from the same sample glass with a sink hole drilled
from the bottom functioning as reaction interface (Fig. 1). Note
here that this is, of course, only a viable option for other
transparent amorphous or crystalline materials if ample material of
a single body is available. Lastly, an acidic reaction solution was
chosen to complement the results of the previous in operando
study24 and to test whether an interface-coupled dissolution-
precipitation process (ICDP) also operates in acidic solutions, as
suggested from ex situ experiments7, but which has been
questioned recently8.

RESULTS AND DISCUSSION
Raman spectra of the glass and reaction product
Raman spectroscopy on silicate glasses provides insights into its
structural network organization, mainly on the connectivity of
Si–O bonds. The degree of polymerization is reflected by the
distribution of Qn species in the amorphous structure, where Qn

depicts a silica tetrahedron and n the number of linkages over the
oxygen corners to adjacent SiO4 tetrahedra. With n= 0 (Q0), the
tetrahedron is fully isolated from the remaining silica network,
sharing no corner with another silica tetrahedron. On the other
side, Q4 represents a four-corner-shared tetrahedron in a three-
dimensional silicate network. The connectivity of Qn species is also
referred to as the number of non-bridging oxygens (NBO),
whereby a bridging oxygen being the corner- or edge shared

oxygen(s) of adjacent tetrahedrons. An NBO may be connected to
glass network modifiers (e.g., Na+) within the glass or interacting
with an atmosphere or solution at the glass surface.
Figure 2 includes a Raman spectrum of the pristine ternary Na

borosilicate glass with O–Si–O bending and Si–O stretching
modes in the spectral range from 200 to 2800 cm−1, second-
order bands25 between 2400 and 2800 cm−1. Furthermore, the ν5
symmetric B–O stretching modes of planar metaborate ring
structures26 were detected near 630 cm−1 and the symmetric
stretching modes of the above-mentioned Qn species between
900 and 1250 cm−1, with the Q3 having the highest intensity.
Bond vibrations of BO3 units in boroxol rings and the stretching
bands of molecular oxygen (1555 cm−1) and nitrogen (2331 cm−1)
from air between objective and glass surface were also detected.
While the occurrence of Qn species can be expected within the
spectral range between 850 and 1250 cm−1, an exact band
assignment for each Raman spectrum was tested, but finally not
performed due to the too low signal-to-noise ratio and complex
background of the individual spectra. However, a quantitative
approach for the pristine glass (and an heavy ion irradiated
counterpart) can be found elsewhere27. In particular, the chemical
composition of borosilicate glasses is the major control on the
degree of polymerization of the glass network, which is reflected
by the Raman intense Qn bands. However, for the amorphous
silica, which is the main reaction product observed in this study,
the increase in polymerization is best seen in the increase of
siloxane ring sizes observed by the symmetric ring-breathing
mode vibrations (δbreath) in the low wavenumber region (Fig. 2) as
the intensity of the Qn speciation is comparatively low. In detail,
the spectrum of the here found amorphous silica is generally
characterized by a red-shifted, sharp D1 band around 490 cm−1

attributed to fourfold siloxane rings. The absence of the D2 band
indicates that smaller, i.e., threefold siloxane rings are neglectable
or did not occur. The overall band profile exhibits an asymmetry,
which can be attributed to siloxane rings of higher orders
(≥fivefold)28. As expected, modes of the metaborate ring
structures found in the pristine glass cannot be observed in the
amorphous silica, but further Si–O–Si bending modes are
observed between 750 and 850 cm−1. The symmetric stretching
modes (νs) of the Qn species are detected, but are overlain by a
sharp intense band near 975 cm−1, which can be attributed to the
symmetric stretching mode of the Si–O bond of silanol
groups28,29. In the higher wavenumber region, the typical OH
and H2O vibrational modes of water and surface silanol groups
can be seen (Fig. 2). A summary of the important vibrational
modes in the measured spectral range for amorphous silica can be
found in Table 1.

Fig. 1 Experimental setup. a Schematic of fluid cell. For illustration, relative movement between objective and fluid cell is presented here,
while in reality the objective is fixed to the microscope, and the XYZ stage, on which the fluid cell is mounted, is the only moving part.
b Schematic of glass lid with dimensions. c Micrograph taken from the bottom of the glass cuboid into the blind hole.
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To study the structural changes of the precipitated amorphous
silica in space and time, a band intensity ratio has recently been
defined24 that allows monitoring the polymerization of the
amorphous silica. For this, the integrated intensity of the δbreath
symmetric breathing modes of fivefold and higher siloxane ring
structures between 250 and 460 cm−1 was divided by the total
integrated breathing mode intensity from all siloxane ring

structures measured between 250 and 600 cm−1 (Rn, see Table
1) after subtraction of a cubic background. In addition, in this
study also the relative fraction of adsorbed water onto the
amorphous silica was determined by the ratio of the integrated
intensity between 3500 and 3550 cm−1, where the superimposed
OH vibrations of adsorbed water molecules and vicinal/geminal
silanol groups30 are found, over the integrated intensity of the

Table 1. Overview of relevant Raman modes found in amorphous silica.

Raman shift (cm−1) Mode Description

430 δbreath(Si–O–Si) Symmetric breathing modes of ≥5-fold Si–O–Si ringsa

450–490 δrock(Si–O–Si) Silica rocking bandsa

488–495 D1 Defect band= symmetric breathing modes of planar fourfold Si–O–Si ringsab

601 D2 Defect band= symmetric breathing modes of planar threefold Si–O–Si ringsa

783–837 δbend(Si–O–Si) Silica bending bandsa

860 νas(O2Si=NBO2) Asymmetric stretching of Q2a

967–970 νas(O3Si–NBO) Asymmetric stretching modes of Q3

νas(O3Si–OH) Asymmetric stretching of Si–O in surface silanol groupsc

1060–1170 νs(Si–O–Si)) Si–O–Si stretching modesa

~1630 ν2(H2O) Bending mode of ‘free’ water and water H-bonded to H+ of silanol groupc

3250 2ν2(H2O) First overtone of water bending moded

3450 ν1(H2O) Symmetric stretching mode of waterd

3520 Superimposition of OH vibrations of adsorbed water molecules and vicinal/geminal silanol groupsd

3610 ν3(H2O) Asymmetric stretching mode of waterd

3615 νs(SiO–H) Stretching mode of silanol groups (H-bonded to O of water)c

~3680 νs(Si–OH) Stretching mode of vicinal/geminal silanol groupsa

3750 νs(Si–OH) Stretching mode of isolated silanol groupsa

Spectral assignments after aAguiar et al.28, bGaleener55, cDavis and Tomozawa56, dAnedda30.
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Fig. 2 Structural changes in amorphous silica. Representative background-corrected Raman spectra from amorphous silica (blue spectrum)
formed within the first hours of the experiment near the glass surface, and from the silicate glass (light grey spectrum), showing the typical
glass bands with second-order bands between 2300 and 2900 cm−1. Raman modes for silica are assigned after Aguiar et al.28. The stars (*)
mark bands from O2 (1555 cm

−1) and N2 (2331 cm
−1) of the air between glass and objective. Inset diagram shows a series of Raman spectra in

the frequency range between 200 and 600 cm−1 that were taken at different times at the same location (cf. Fig. 3a). The blue and yellow
spectra represent the first and last measurement at that location, respectively. Note that with increasing reaction time, the intensity near
430 cm−1 increases significantly, reflecting the formation of five- and sixfold silica rings with time. Moreover, the νs(SiO–H) band is not visible
in all spectra (purple spectrum), indicating an inhomogeneous distribution of silica inner surface OH groups that are linked via hydrogen to a
water molecule (cf. Fig. 3b).

C. Lenting and T. Geisler

3

Published in partnership with CSCP and USTB npj Materials Degradation (2021)    37 



total H2O/OH bands measured between 2800 and 3800 cm−1 (Fig.
2). Moreover, the relative fraction of (solely) surface silanol groups
in the amorphous silica was estimated from the ratio of the
integrated intensity of the sharp Si–OH band between 935 and
1010 cm−1 over the surrounding vibrational modes of the Qn

species of silica between 850 and 1250 cm−1 (Fig. 2). Lastly, the
relative content of water species in the analysed volume was
determined by the ratio of the integrated intensity of the OH
groups measured between 3000 and 3750 cm−1 and the
integrated intensity of the intense silica vibrational modes
measured between 250 and 1250 cm−1. Note that all these
parameters are not a correct quantitative measure of the actual
fractions. In the absence of a detailed understanding of the silica
structure and its Raman spectrum, however, these ratios are easily
determinable parameters that can be used to monitor relative
structural changes in silica as a function of space and time, which
is relatively independent of spectrum quality and physical
assumptions. As such, this approach has proven to be a robust
method to analyse the large number of about 5000 Raman spectra
collected during the experiment.

Corrosion dynamics
By the time the first mapping step was finished (1+ 1 h
experimental setup+ imaging), an hydrous amorphous silica layer
of about 90 μm had already formed (Fig. 3c). The formation
progress of this SAL could therefore not be followed directly. Note
here that the initial reaction surface has not been polished
extensively due to the fabrication process of the cell lid. It appears
to be an inherent disadvantage of the lid redesign due to the
technical challenges to properly polish the inside of the blind hole.
This could be a reason for the observed extremely high reactivity
at the start of the experiment. However, solid-state diffusion
processes in borosilicate glasses in this temperature regime are
rather slow as revealed by ToF-SIMS analyses, showing that

hydrogen diffuses merely a few tenths of micrometres within
209 days14. It can therefore be ruled out that a diffusion-controlled
glass hydrolysis and ion exchange process has produced such a
thick layer within 2 h. Accordingly, it is very likely that even under
acidic bulk conditions the SAL precipitated from solution by an
ICDP process as suggested previously7. Hereby, the congruent
dissolution releases glass constituents into solution, with the
possibility of saturating the adjacent solution at the solution–glass
interface with respect to amorphous silica, especially in the case of
acidic (to low-alkaline) solutions, where overall silica solubility is
very low, i.e., in the order of 150 ppm4. Moreover, the solution
volume within the drilled blind hole may be saturated much faster
than the underlying bulk solution (Fig. 1). Such local silica
saturation at a dissolving interface was also observed in
experiments on the replacement of wollastonite by amorphous
silica23. The principle idea behind local saturation in a surface
boundary solution is that during dissolution a concentration
gradient between bulk solution and dissolving interface will
develop if the release rate of Si from the glass is higher than the
transport of Si into the bulk solution. This is particularly relevant
within cracks, where supersaturation is much faster reached than
at surfaces in contact with the bulk solution. In the wollastonite
study, the interfacial solution also showed a distinctively higher
pH value than the surrounding solution (due to the release of
calcium by the dissolution of wollastonite). For the borosilicate
glass used here, we previously found with the help of relative
changes in the carbonate speciation also a pH gradient in front of
the water–SAL interface (and also further within the SAL)24. Due to
the pH condition used here, we cannot determine the pH in this
experiment, but the release of sodium from the glass into the
interfacial solution should have also increased the local pH. An
increase in pH, however, only effectively changes the solubility of
amorphous silica if the pH is higher than about 9 at 70 °C, but
shifts the polymerization of silica into the domain of rapid

Fig. 3 Spatial and temporal evolution of the surface alteration layer. False-colour Raman images rendered from the recorded spectra over
time, showing the spatial distribution of (a) the relative fraction of five- and sixfold rings in silica, b the relative fraction of adsorbed water on
the silica surface, and c OH groups in the analysed volume. The images were obtained by colour-coding the ratios A250–460/A250–600, A3500–3550/
A2800–3800, and A3000–3750/A250–1250, where A represents the accumulated and background-corrected intensity in the frequency range given as
index (in cm−1). Dashed lines encase profile location shown in Fig. 4, white lines represent the location of the retreating silica/glass interface,
which is derived from sigmoidal fits of the intensity of the OH bands. Grey areas in the top-left were initially not imaged. Glass areas in (a and
b) are also shown in grey as the selected regions of integrated Raman band intensities are not directly applicable for glass.
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aggregation (pH 2–7)4. Hence, nanoparticles of silica from the
condensation of monomeric silicic acid to dimers and oligomers/
cyclic structures in solution would quickly cross-link to form a gel
through the ongoing reaction of silanol groups to siloxane bridges
represented by the following equation:

� Si-OHþ HO-Si � Ð � Si-O-Si � þH2O (1)

The aggregation of particles is particularly preferred in the
presence of sodium, which neutralizes the negative surface
charge of silica particles4. Within the next 10 h, the hydrous silica
gel polymerized and aggregated, which is indicated by a red-shift
of the D1 band at the very beginning and the strong increase in
Si–O–Si ring structures of higher orders (Figs. 2 and 3a). At the
same time, the ratio of surficial silanol groups in the SAL to silica
bound in the network of the silica particles decreased in an anti-
correlated fashion (Fig. 4). The number of surficial silanol groups
and the resulting capability to adsorb water molecules at the
surface is a function of the surface properties, i.e. surface curvature
and charge. The Raman band at 3520 cm−1 represents a super-
imposition of silanol-related vibrations: (1) O–H vibrations of water
molecules adsorbed at the surface and (2) geminal/vicinal silanols
hydrogen-bonded to oxygen atoms of adjacent silanol groups
and/or adsorbed water molecules (Table 1). According to Fig. 4,
water adsorption by silica in the SAL increases in comparison to
the overall water content of the SAL up to 25 h of the experiment,
after which it declines again. A plausible explanation for this
behaviour is the change of curvature during silica sphere growth,
which results in the interaction of previously isolated silanol
groups to, in turn, change the surface charge and attract free
molecular water31. However, the growth of spheres changes the

surface to volume ratio, which decreases the concentration of
surficial silanol groups in the sampling volume of the laser beam32.
For a more detailed discussion on this mechanism of water
adsorption see the Supplementary Note 1. Note that the
agglomeration of small silica particles, i.e. gelling, also changes
surface properties and might enhance water adsorption in parallel
to sphere growth by the capillary effect33.
After about 75 h, when the initial maturation progress levels out

(Fig. 4), a water-rich zone between the pristine glass and SAL
formed (Fig. 3c), as indicated by the ratio of the integrated
intensities of the OH bands over the lower spectral range of the
solid silica (A3000–3700/A250–600). At this stage, a dramatic increase in
the retreat rate of the glass interface has been observed for about
15 h (Fig. 5), during which the water-rich zone apparently grew at
the expense of the pristine glass.
The different corrosion rates, estimated here by the in situ

measured glass retreat (Fig. 5), correlate well with the established
rate regimes1,34. The initial rate, r1 (Fig. 5), corresponds to the fast
forward dissolution rate (Stage I6), which is evoked by the
congruent dissolution of the glass network3,7. The slowdown of
the corrosion rate by about two orders of magnitude after the
formation of the initial SAL (r2, Fig. 5) conforms with the residual
rate regime (Stage II6). Hereby, the rate is controlled by the
transport properties of the SAL3. In the literature, a later-stage
resumption of the corrosion rate was reported and proposed to

Fig. 4 Structural changes in the SAL over time. Time dependence
of the ratios (a) A940–1000/A750–1250, b A250–460/A250–600, and (c)
A3560–3620/A3000–3750 taken from the locations encased by the dashed
lines (average over 10 pixel) in Fig. 3. Errors bars reflect the two-
sigma errors.

Fig. 5 Glass dissolution rate regimes. Retreat of the silica–glass
interface as a function of time, showing four different kinetic
regimes. The given rates r2, r3, and r4 were obtained by a linear least-
squares fit to the data. However, r1 was estimated considering that a
~90-μm-thick silica had already formed before the first image was
taken. The glass retreat is given by the shift of the position of
silica–glass interface compared to its position in the first image at t
= 1.0 h. The undulation on the fitted position is an artefact of the
mechanical x–y–z table. Errors bars reflect the two-sigma errors.

Fig. 6 Gap formation. Backscattered electron image taken after the
experiment from a polished section that was prepared from the
dried glass window. Note the occurrence of a gap/crack marking the
interface between the pristine glass and the SAL.

C. Lenting and T. Geisler

5

Published in partnership with CSCP and USTB npj Materials Degradation (2021)    37 



originate from the rapid formation of secondary minerals like
phyllosilicates and zeolites at solution–silica interface35–37, which
are supposed to cause an undersaturation of the (local) solution
and a destabilization of the gel layer38,39. However, the formation
of secondary phases was not observed during (Fig. 3a–c) or after
(Fig. 6) the here presented in situ data. The glass composition does
not support the formation of secondary mineral phases like
phyllosilicates and zeolites. Nonetheless, a short resumption of the
corrosion rate was observed (r3, Fig. 5), which here correlates with
the formation of the water-rich zone at the SAL–glass interface
(Fig. 3c). A plausible explanation for this is an increase in pH at the
silica–glass interface caused by release of Na from the congruent
glass dissolution and the transport limitation through the
polymerized SAL. As such, the interfacial (pore) solution could
have been undersaturated with respect to amorphous silica and
might have temporarily increased the rate of congruent glass
dissolution, after which the corrosion rate dropped again down to
a residual rate, r4 (Fig. 5).
After the experiment was terminated, the gap between the

pristine glass and the SAL could clearly be observed in back-
scattered electron (BSE) images (Fig. 6). This gap likely represents
the water-rich zone observed during the experiment. Quenching
and drying caused the precipitation of hydrous amorphous silica
that partly fills the gap (dark-grey in the BSE image). The areas of
darker BSE intensity in the inner parts of the SAL can be attributed
to residual water in the silica structure. We note that the width of
the gap is about 20 μm, which is comparable to the water-rich
zone observed in situ.

Implications
The above described observations into the dynamics of borosi-
licate glass corrosion in an initially acidic aqueous medium were
only made possible by application of the in operando Raman
technique and provide a series of insights needed to refine
existing corrosion models. The most intriguing feature of glass
corrosion found in this study might be the development of a
water-rich zone at the interface between glass and SAL despite
the low pH of the bulk solution. Gaps or cracks between pristine
glass and reaction rim are commonly found in dried samples from
ex situ experiments3,7,40–42 and are explained by cracking or
ripping apart due to shrinkage of the hydrous silica layer.
However, in this study and our previous in operando study24, a
gap formed already during the experiments in form of a water-rich
zone of similar extend and is thus part of the corrosion process
rather than a by-product of sample treatment. The formation of a
water film at the reaction interface is a common phenomenon and
fundamental feature of mineral replacement reactions by an
ICDP43,44 that has been discussed to be also applicable to glass
corrosion3,7,11,12,24. Furthermore, the water-rich zone, being a
structural weakness, could explain the phenomenon called
‘flacking’, ‘scaling’ or ‘delamination’, which is often observed in
archaeological45 and pharmaceutical glasses46.
For glass corrosion at pH values higher than about 9, i.e., when

silica solubility increases drastically, the ICDP mechanism has
already been accepted8,14. The results of this study do not only
confirm the previously made observation and interpretation of the
in situ gap formation under neutral to slightly alkaline conditions,
but also provide further evidence that the ICDP mechanism also
works under acidic conditions7.
Comparing the Raman spectra of the amorphous silica here

with those from the previous in operando study, the intense D1

band, representing fourfold silica rings, is only observed in this
study. However, the effect of pH on the silica network formed
from solution is well known4, and is here interpreted as further
evidence that the SALs observed in our studies must be
precipitated from solution principally over the entire pH range.

The development of the water-rich zone also shows a strong
correlation with structural maturation of the SAL, which involves
an increasing polymerization and silica sphere size growth,
reflected by the relative decrease of surface-adsorbed water
molecules (Fig. 4). Such maturation might slow down mass
transport through the SAL, although water can readily transverse
the SAL at such stage as indicated by deuterium tracer
experiments24. Depending on the ratio between glass corrosion
rate and mass transport, the pH can increase in the (pore) solution
and at the glass interface by continuous release of sodium from
the glass. This, in turn, self-enhances the corrosion rate as could be
observed by the (sudden) increase of the corrosion rate, which is
not an uncommon phenomena and currently discussed issue in
the nuclear waste glass community34,37,47.
Finally, the fast formation of an SAL of about 90 μm within the

first 2 h of the experiment is further evidence that the glass
corrosion proceeds by an ICDP mechanism3,7,11,24 and that this
process must not be restricted to high alkaline conditions as
recently proposed8. Solid state diffusion-controlled hydrolysis and
ion exchange reactions cannot facilitate glass corrosion over such
a length scale within the short time frame of our experiment.
However, it cannot be ruled out from this study whether the
proposed corrosion mechanism is applicable to more complex
glass compositions. In a recent study, the addition of Al to a similar
ternary borosilicate glass significantly decreased the initial and
residual glass dissolution rates in comparison to their Al-free
glass48. In which ways the glass composition and its resulting
effects on the nearby reaction solution influences the identified
individual reaction features, e.g., bond breakage of the silica
network or silica saturation and growth, and thereby the overall
reaction mechanism remains an issue that needs to be addressed
in future studies. For this, long-term in situ experiments with more
complex glasses could help to decipher whether a single
mechanism is dominating over the entire compositional and pH
range, in which dissolution, transport, polymerization, and
precipitation rates change interdependently as a function of the
local physico-chemical conditions. Solving this intricate interplay is
a prerequisite for forward-modelling of glass corrosion rates.

METHODS
Glass sample
The glass was synthesized in a platinum crucible at 1400 °C for 3 h from
SiO2, B2O3, and Na2CO3 powder that was mixed in the proportion to reach
a target glass composition of 60 mol% SiO2, 20 mol% Na2O, and 20 mol%
B2O3. The glass was molten a second time after crushing and milling it in a
ball mill to ensure chemical homogeneity. After quenching the melt in a
pre-heated stainless steel mold, it was tempered at ~560 °C for 6 h, letting
it cool down by switching off the oven. The monoliths were stored in
closed glass bottle at room temperature and show no observable corrosion
by naked eye until present. The lid was prepared by cutting a 10 × 10 ×
5mm3 large piece from the raw glass monolith. An approximately 4 mm
deep and 5mm wide blind hole was then drilled into the centre of the
glass plate using a diamond drill. To minimize surface roughness, the
internal surface was polished with 3 μm diamond paste on a cotton bud,
which was attached to a handheld drilling machine. All faces were then
carefully ground and polished, reducing the bottom of the blind hole to a
thickness of 180 ± 10 μm. The lid was then used immediately. After the
experiment, the glass sample was washed with distilled water and dried at
60 °C over night. To avoid Raman scattering from epoxy resin in the
sample, the hole was stabilized by injecting a dense gypsum paste for
grinding and polishing.

Experimental setup
For the in operando experiment, we redesigned the lid of our fluid cell24

such that the borosilicate glass under investigation directly acts as the lid
of the cell (Fig. 1). The blind hole in the centre of the lid, with the window
sealing the cell at the top, permits measuring the initially pristine glass, the
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emerging SAL, and the surrounding solution in a horizontal section across
the glass hole wall as schematically shown in Fig. 1. This geometry
provides a higher spatial resolution in direction of the reaction front
movement than conventional confocal depth profiling. As corrosion agent
a 0.1 M HCl solution with a pH of 1 at room temperature was chosen, since
it is known from previous experiments with this glass composition that a
several tenth of micrometre-thick SAL will form within a few days18,42. The
fluid cell was in this experiment only heated to 70 °C to not rupture
the fragile glass window by the autogenous pressure. Over the course of
the experiment, the pH increased to a value of 7.9 due to the release of
sodium (and boric acid) from the glass into the solution as measured at the
end of the experiment. Note here that the blind hole can be considered as
a wide crack in which supersaturation of silica may occur earlier than in the
underlying bulk solution.

Raman spectroscopy
The measurement were carried out with an Horiba Scientific HR800 Raman
spectrometer equipped with an Olympus BX41 microscope in 180 °
backscatter geometry and a solid-state Nd:YAG laser (λ= 532.08 nm) as
excitation source at the Institute of Geosciences at the University of Bonn,
Germany. The scattered Raman light was collected in the frequency range
between 200 and 4000 cm−1 by an Peltier-cooled electron-multiplier
charge-coupled device detector, having a low thermal and read-out noise
and high quantum efficiency, after having passed through a 500 μm
confocal aperture and a 100 μm spectrometer entrance slit and being
dispersed by a grating of 600 grooves/mm. With this analytical setup the
spectral resolution was 3.5 cm−1, as given by the full-width at half-
maximum of Ne lines. The accuracy of the spectrometer was monitored by
the O2 and the N2 band from the air between glass and objective at 1555
and 2331 cm−1, respectively (Fig. 1b). The intensities were corrected for the
overall instrument response function (known as white light correction).
After filling the fluid cell with the solution and closing it with the glass lid,
the cell was placed on a motorized x–y–z stage of the Raman spectrometer
with a step size of 0.1 and 0.5 μm in x, y, and z direction, respectively, and
heated to 70 ± 5 °C. A LWD ×100 objective with a numerical aperture, NA,
of 0.8 and a working distance of 3.4 mm was used. Since the glass water
interface could not be seen in optical images, the interface was initially
searched by measuring the OH frequency region between 2800 and
4000 cm−1 and scanning in x–y–z direction. About 1 h was needed to find
the optimal analytical position and parameters for the measurements. The
progress of the corrosion was measured at a depth of ~250 μm below the
glass surface, where the spatial resolution is naturally several orders worse
than the resolution close to the surface. By fitting a Boltzmann function to
the integrated intensities of the OH bands across individual line scans, a
lateral resolution of 10.2 ± 2.2 μm (2 s.d.) was estimated empirically. The
decrease of lateral resolution with depth mainly reflects the dramatic
decrease of the refraction-limited depth resolution, i.e., the dramatic
increase of the length of the region illuminated by the incoming laser
beam. This length depends mainly on NA and the refraction index of the
glass and can reach several tenth of micrometres when focusing deep into
the sample49–51.
The x–y dimension of the imaged area was initially 135 × 7.5 μm2 with

pixel spacing of 3.0 and 2.5 μm in x and y direction, respectively, but was
increased to 250 × 7.5 μm2 after about 77 h using the same pixel spacing.
The imaged area was increased, because it was realized that it did not
extend into the solution and pristine glass at the same time, because a
several micrometre-thick OH-rich silica zones had already developed
unexpectedly within the first hour. The beam power was initially set to
~430mW at the surface of the glass lid, but was then increased to
~610mW to compensate for lower count times per pixel over an enlarged
imaging area. The total counting time per pixel of an image was initially 30
times for 1 s, but was decreased to 20 times 0.7 s, yielding total image
acquisition times of ~70 and 60min, respectively. Altogether, 68 x–y
images were collected within about 250 h.

Data reduction
All Raman spectra were corrected for temperature effects and wavelength
dependence of the scattering process52,

I ¼ Iobs � ν20 � 1� exp
�hcν
kT

� �� �
ν

ðν0 � νÞ3 (2)

where Iobs is the measured intensity (in counts/s), h is the Planck constant,
c is the speed of light, k is the Boltzmann constant, T is the absolute

temperature (in K), ν0 is the wavenumber of the incident laser beam (in
cm−1), and ν is the measured wavenumber (in cm−1). See also Neuville
et al.53 or Behrens and Mysen54 for the application of the Long
correction52. The spectral analyses were then performed in the typical
frequency regions of O–Si–O bending and Si–O stretching modes, as well
as of OH stretching vibrations: (1) 200–600 cm−1, (2) 750–1100 cm−1, and
(3) 2800–4000 cm−1. In these frequency regions a cubic background was
first subtracted and the integrated intensities were determined for the
bands of interest by summing up the intensity multiplied by the spectral
width within a certain frequency region using the LabSpec 6 software. Due
to imaging misalignment, missing data points between 30 < x < 75 and
65 < t < 77 μm had to be interpolated by an Akima spline (fitted in y-
direction (time)). Deconvolution of the spectral regions by least-squares
fitting of spectroscopic functions to the experimental profiles was not
performed, since intensity integration appeared more robust as no
physical model is needed to fit the multitude of overlapping vibrational
modes (Fig. 2). For visualization of the four-dimensional x–y–t intensity
space of the recorded spectral maps (Fig. 3), the first of three lines in x-
direction (y=−2.5) per time step was chosen (as x–y-mapping was
performed first in x- and then y-direction).

Electron microprobe
A Jeol Superprobe 8200 at the Institute of Geosciences at the University of
Bonn, Germany, was used to image the corroded glass after the
experiment. Therefore, the fragile SAL inside the blind hole was stabilized
with gypsum paste. After drying, the glass lid was cross-sectioned and
grind down and to about the height of the Raman imaging plane, followed
by polishing steps with 3 and 1 μm diamond spray. The sample was then
coated with carbon and imaged with SE and BSE detectors.
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