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Nanometre-scale evidence for interfacial
dissolution–reprecipitation control of
silicate glass corrosion
Roland Hellmann1,2*, Stéphane Cotte1,2†, Emmanuel Cadel3, Sairam Malladi4, Lisa S. Karlsson5†,
Sergio Lozano-Perez5, Martiane Cabié6 and Antoine Seyeux7
Silicate glasses are durable solids, and yet they are chemically
unstable in contact with aqueous fluids—this has important
implications for numerous industrial applications related to the
corrosion resistance of glasses1 , or the biogeochemical weathering of volcanic glasses in seawater2 . The aqueous dissolution
of synthetic and natural glasses results in the formation of
a hydrated, cation-depleted near-surface alteration zone1,3–8
and, depending on alteration conditions, secondary crystalline
phases on the surface1,2,4–7 . The long-standing accepted model
of glass corrosion is based on diffusion-coupled hydration and
selective cation release, producing a surface-altered zone2,5–8 .
However, using a combination of advanced atomic-resolution
analytical techniques, our data for the first time reveal that
the structural and chemical interface between the pristine
glass and altered zone is always extremely sharp, with
gradients in the nanometre to sub-nanometre range. These
findings support a new corrosion mechanism, interfacial
dissolution–reprecipitation. Moreover, they also highlight the
importance of using analytical methods with very high spatial
and mass resolution for deciphering the nanometre-scale
processes controlling corrosion. Our findings provide evidence
that interfacial dissolution–reprecipitation may be a universal
reaction mechanism that controls both silicate glass corrosion
and mineral weathering9–13 .
The corrosion of silicate glasses plays an important role
in numerous industrial, biomedical, environmental and geologic
processes. Detailed knowledge of the mechanism controlling
chemical alteration is fundamental for predicting the longterm radionuclide retention potential of nuclear borosilicate
glasses in contact with aqueous fluids in geologic repositories,
fibreglass corrosion resistance, and the chemical durability of
glass packaging for pharmaceutical, food and beverage products.
Moreover, understanding glass surface alteration is important
for the development of new biomaterials and bioactive glasses,
protecting optical glass exposed to the atmosphere, mitigating
against the degradation of historic and archaeological glasses, and
the use of ground glass for in situ remediation of groundwater.
Because oceanic crust has a significant basaltic glass component,
chemical weathering reactions in seawater are both a primary
control of ocean chemistry and a sink for aqueous CO2 ; glass
weathering is therefore an important part of the global carbon cycle.

The mechanism controlling silicate glass alteration in aqueous
fluids has been controversial. In the past, two models prevailed14 :
one advocated that a hydrated and cation-depleted altered surface
zone forms by an in situ transformation process controlled by
diffusion and selective cation exchange8 ; the other model postulated
that precipitation of dissolved constituents from the glass results in
a surface layer of secondary crystalline phases15 . It was generally
thought that the former model applies to chemically simple
synthetic silicate glasses, whereas the latter applies to complex
glasses or glasses weathered in natural systems14 . Further research
resolved this dichotomy by showing that neither model was
mutually exclusive. Thus, for the past two decades a general model
of corrosion has come to be accepted in the glass community,
based on the formation of a chemically and structurally distinct
surface-altered zone, which is often divided into an inner diffusion
zone and an outer gel zone. The former is created by the selective
removal of certain cations (non-stoichiometric release) by ion
exchange—this is controlled by solid-state interdiffusion involving
the inward diffusion of hydrogen species (H3 O+ , H2 O) coupled to
the outward diffusion of mobile cations1,5–8,16–19 —in particular, alkali
and alkaline earth elements. This relict zone5 retains covalent bonds
to the parent glass. After a certain degree of reaction progress has
occurred, a separate gel layer forms, primarily by two processes:
hydrolysis/condensation reactions and resorption of dissolved silica
from bulk solution1,4–7,19 . Depending on the glass composition and
alteration conditions, secondary crystalline phases (phyllosilicates,
metal oxyhydroxides, hydrosilicates, zeolites) may precipitate on top
of the gel1,2,4–7 .
A recent study of silicate glass corrosion at pH ≈ 0 and 150 ◦ C
has challenged the traditional glass alteration model9 . Using 18 O and
26
Mg tracers, it was postulated that another mechanism, coupled
interfacial dissolution–reprecipitation20 , leads to the stoichiometric
dissolution of the glass and reprecipitation of an amorphous
silica phase on the surface, without interdiffusion-controlled ion
exchange controlling the glass reaction front. However, the validity
of this mechanism at realistic conditions of glass corrosion in
circum-neutral or basic pH fluids can be questioned. To test the
idea that interfacial dissolution–reprecipitation is a generalized glass
corrosion mechanism, we investigated a borosilicate glass (SON
68) altered at 50 ◦ C in deionized water for periods of four days, one,
three and seven months. The reactor solutions were periodically
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Figure 1 | STEM-HAADF images and EFTEM elemental maps of boron and
silicon showing surface alteration in cross-section as a function of time.
a, Four days. b, One month. c, Three months. d, Seven months. In each
image the surface-altered zone is delimited by arrows; C denotes
carbon—either a post-corrosion coating or a carbon-rich epoxy glue. The
scale bars for the STEM images correspond to a length of 25 nm, whereas
the scale bars for the EFTEM maps correspond to 100 nm. In the EFTEM
maps, the grey scale intensity is proportional to the elemental
concentration (that is, white, high concentration; black, low concentration).
All specimens were prepared in cross-section by focused ion beam milling
or Ar ion thinning.

sampled and specific cation concentrations were measured
(Supplementary Table 1).
The starting point of our study was the application of a
unique combination of techniques with very high spatial and mass
resolution that has not been used in previous studies. This allowed
us to obtain sub-nanometre-resolved structural images, and twoand three-dimensional chemical distribution maps of the glass–
altered zone interfacial region for this time series of corroded
glasses. Imaging with (scanning) transmission electron microscopy
((S)TEM) with a high-angle annular dark-field (HAADF) detector
allowed us to discriminate the altered zone from the pristine glass.
The width of the altered zone increases, from 35 to 40 nm after
four days, 50–60 nm at one month, 50–70 nm at three months,
and 70–90 nm after seven months (Fig. 1a–d). (S)TEM images of
each of the glass specimens show nearly uniform contrast in the
altered zone, suggesting a homogeneous morphology and structure,
whereas the lower intensity in comparison with pristine glass
indicates its slightly smaller density. The glass/altered zone interface
is always distinct and very sharp. Energy filtered TEM (EFTEM)
thickness maps confirmed that this was not a thickness effect.
The structural interface between the pristine glass and altered
zone is always spatially commensurate with an interface that
2

delimits a significant change in chemistry. Using EFTEM elemental
mapping and electron energy-loss spectroscopy (EELS) spectrum
imaging, we qualitatively mapped the two-dimensional chemistry
of the entire altered zone and the interface with the pristine glass at
nanometre resolution. This was routinely possible for light elements,
such as Si, O, B, Ca and C. The other major glass cations (Al, Na, Li,
Zn, Zr, Fe and Mo) have too low a concentration, or too high an
atomic number, and therefore could not be mapped using these two
techniques. In the EFTEM chemical maps (Fig. 1a–d), each altered
zone appears as a distinct linear band that is chemically different
from the pristine glass. The element-defined widths of each set of
bands are always identical, based on either B and Ca depletion, or
Si enrichment. Moreover, they also map directly onto the altered
zone of the corresponding (S)TEM image. Chemical profiles derived
from EFTEM and EELS maps reveal that the elemental gradients at
the interface are generally 3–5 nm wide (Fig. 1 and Supplementary
Figs 1 and 2). For all samples, B and Ca are uniformly depleted in the
altered zone, and anti-correlated with Si, which is enriched. Oxygen
levels do not change significantly. The combination of (S)TEM
observations and EFTEM/EELS chemical mapping indicates that
the altered zones of our samples consist of a single layer. The very
abrupt chemical concentration jumps we measured are significantly
sharper than the sigmoidal cation profiles that have been reported in
previous glass corrosion studies7,8,17,18,21,22 , based on techniques with
significantly poorer spatial resolution.
We employed atom probe tomography (APT; ref. 23) as a
complementary technique to (S)TEM-EELS to obtain atomicresolution measurements of the major cations present in the
altered layer and glass in two separate regions of the one-month
sample. The three-dimensional APT reconstructions confirm that
the altered zone is chemically distinct (width ∼50 nm) and
spatially commensurate for all elements measured. Figure 2a shows
elemental maps for B and Ca, derived from a three-dimensional
reconstruction. The atomically sharp chemical interface separating
the B- and Ca-depleted altered zone from the glass is very apparent,
and in good agreement with the EFTEM/EELS results. Elementspecific profiles of the major cations constituting the glass (Fig. 2b),
all derived from the same three-dimensional reconstruction, reveal
that sharp chemical interfaces (≤1–2 nm in width) characterize both
network-forming elements: Si, Al, B and O, as well as network
modifiers: Ca, Na and Li. In contrast, the Na and Li profiles do
not immediately attain their known nominal values at the interface,
but rather show a step-like interfacial jump, followed by a gradual
monotonic increase in the glass. We attribute this artificial depletion
of alkalis to both diffusion in the glass under an electric field and
surface migration from laser pulsing during the APT analysis (see
Supplementary Information). A comparison of our results with
APT profiles from a borosilicate glass24 altered over 25 years in a
granitic environment shows some similarities—in particular, sharp
concentration changes for B and Na. In contrast, the Li profile in
ref. 24 does not exhibit a sharp break at the glass interface, and was
attributed to H–Li ion exchange via volume solid-state diffusion.
Deconvolution of APT spectra can be very challenging, in
particular for a chemically complex, 31-element borosilicate glass.
For this reason we were not able to obtain profiles of some of the
heavier metal cations present at 1–2 wt% in the glass, in particular
Fe, Zr, Mo and Cs. Furthermore, we did not present APT H profiles
because of possible interference from spurious H adsorbed to the
APT sample chamber. To overcome these limitations, we analysed
all of the samples (including a non-altered control) with time-offlight secondary ion mass spectrometry (ToF-SIMS), a technique
with higher analytical sensitivity (10 atomic ppb) than APT, albeit
with significantly poorer spatial resolution. In Fig. 3 we present
vertical depth profiles for the one-month sample; here the altered
zone is bounded by two interfaces: an external interface with a
post-alteration Au coating (depth ∼ 20 s, = 50% max. counts), and
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Figure 2 | Three-dimensional reconstruction of one-month glass by atom probe tomography. a, Three-dimensional chemical maps for B and Ca, where
each dot represents a single atom. The altered zone (or ‘layer’) is strongly depleted in B and Ca, and the chemical interfaces delimiting the pristine
glass–altered zone boundary are almost atomically sharp. b, Chemical profiles derived from three-dimensional chemical maps, extending from the altered
zone to the pristine glass (note two different ordinate scales, depending on element). The altered zone/pristine glass interface is characterized by sharp
increases in Si, Al and O concentrations and sharp decreases in B, Ca, Na and Li concentrations. The Na and Li profiles show a small but sharp
concentration jump at the interface, followed by monotonically increasing concentrations in the glass. This artificial depletion is attributed to thermal
diffusion of Na and Li during laser pulsing.

an internal interface at the glass (depth ∼ 250 s). We present the
chemical depth profiles in terms of sputtering time, which is related
to absolute depth. The combination of a large beam footprint (beam
≤ 5 µm, 100 µm × 100 µm raster area) and surface topography is
largely responsible for the artificial broadening of the ToF-SIMS
chemical profiles, which explains the lack of sharp compositional
changes at these two interfaces.
The ToF-SIMS profiles reveal that NaO and Li attain their
nominal glass concentrations directly at the altered zone/glass
interface, in a similar manner to B and CaO, a finding that supports
our previous interpretation concerning the influence of artificial
diffusion (that is, depletion) of these elements during APT laser
pulsing. Interestingly, certain elements and their oxides, such as
Si, AlO and FeO, show enrichment over the entire altered zone—
this result complements the APT measurements (Fig. 2b). ZrO
shows enrichment, but only at the interface. Other studies have
also measured Zr and Fe enrichment in surface-altered layers7 . The
entire altered zone is also characterized by an elevated concentration
of H, indicating the influx of aqueous species from the bulk fluid to
the glass interface—note how the H profile mimics the behaviour
of the Si, AlO and FeO profiles. All the differently aged samples
show evidence of elevated levels of hydration, with hydration being
restricted to the altered layer (Supplementary Fig. 3).
By following the fate and mobility of a group of important
constituent elements of a complex borosilicate glass altered for
periods of time extending to seven months, we have obtained
a set of consistent nanometre to sub-nanometre-scale data that
refutes the traditional model of glass corrosion, as our data show
no evidence for cation–H3 O+ interdiffusion and the presence
of a separate inner diffusion zone in the surface-altered zone.
The most important measurements supporting our argument are
the almost atomically sharp structural and chemical gradients at
the altered zone/glass interface. In contrast, interdiffusion models
applied to silicate glass corrosion, as well as to silicate mineral
weathering, predict surface-altered zones with chemical profiles
that exhibit smooth sigmoidal-like depletion behaviour8,10,11,16,25 .
Moreover, our data reveal that the widths of the altered zone for
a given specimen are always identical and independent of the

cation and its charge z (SON 68 glass cations: z = +1 to +4).
This contradicts a fundamental principal of diffusion, because the
distance of diffusion (that is, the cation-depletion depth) is inversely
dependent on cation charge (z = +1 cations will diffuse more
rapidly than z = +4 cations). Furthermore, the aqueous data reveal
that B (a network former) and Li (a network modifier) exhibit almost
identical release behaviour (Supplementary Fig. 4), but given their
different structural bonding it is difficult to reconcile this with an
interdiffusion mechanism, or even with hydrolysis/recondensation
processes (Supplementary Information).
A physically more plausible mechanism to explain our results
is coupled interfacial dissolution–reprecipitation9–11,13 . The main
characteristic of this mechanism is a synchronous coupling of
stoichiometric release of all elements from the parent phase and
reprecipitation of a distinct secondary surface layer phase. These
two processes are considered to occur directly at a sharp dissolution
front where the pristine glass contacts an ultrathin interfacial
fluid film of ordered water molecules (<∼1.3 nm, equivalent to 3
layers). Having physical and chemical properties different from the
bulk fluid26,27 , interfacial water may modify saturation, nucleation
and precipitation processes within the thin film. This point is
supported by the measurements confirming that, during all of
the glass alteration experiments, the bulk solution was always
undersaturated with respect to amorphous silica (Supplementary
Table 2), and yet an amorphous silica-rich surface layer always
formed. This mechanism is distinct from a classical precipitation
process controlled by bulk solution oversaturation. The absolute
enrichment of Si, Al, Fe and Zr (Figs 2b and 3) at the interface
and within the entire altered layer (except Zr) can best be
explained by their mobilization by dissolution, followed by solvation
and precipitation of an amorphous phase primarily composed of
hydrated silica, and incorporating minor amounts of Al, Fe and
Zr (oxy)hydroxides. Moreover, there is no a priori reason for this
type of absolute enrichment to occur if the altered zone were to
be created by an interdiffusion process. The presence of elevated
concentrations of H and OH within the altered layer indicates the
permeation of aqueous H species through the altered layer up to
the glass dissolution front. However, structural reorganization of
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is perhaps the most exciting finding of our work. Even though
glasses possess no long-range atomic order and periodicity, as
do minerals, both types of material develop sharp structural and
chemical interfaces during alteration, suggesting the same operating
mechanism. This underlines the importance of short-range atomic
order in controlling alteration and other dynamic surface processes.
It has been suggested that interfacial dissolution–reprecipitation is
both a unifying mechanism for chemical weathering of minerals10
and the general re-equilibration of solid–fluid interactions30 . The
glass corrosion data we present here supports the unifying
importance of this mechanism.

100

Methods

600
8,000

500
400
300

4,000

2,000

0

0

100
Au
H

AlO
Si

200

300

500
400
Time (s)

600

700

0
800

B
Li
NaO

FeO
ZrO
CaO

Counts

Counts

6,000

Figure 3 | Chemical profiles of one-month glass as a function of depth
(expressed in terms of sputtering time) measured by ToF-SIMS. Even
though the chemical interfaces are artificially broadened and therefore are
sigmoidal in shape, the profiles reveal important compositional trends in
the altered layer (A. L.): enrichment of Si, AlO and FeO, which is
anti-correlated with depletion of B, Li, CaO and NaO. ZrO shows slight
enrichment at the altered layer/glass interface. The H profile indicates that
the altered layer is hydrated; note also how the H profile mimics the Si, AlO
and FeO profiles (see also Supplementary Fig. 3). The Au profile stems from
a post-alteration surface coating of gold on the sample surface. All
elemental counts from 0 to 10 s were collected during non-steady-state
conditions and should not be considered.

altered layers has been documented before, resulting in a decrease
in permeability and partial passivation21 .
The question as to whether or not the interfacial dissolution–
reprecipitation mechanism is universally applicable to all silicate
glasses is difficult to answer, as no other published studies to
our knowledge have used the combination of techniques with
high spatial and mass resolution that we employed. However,
some recent studies provide evidence that seems to support this
new mechanism: for example, sub-nanometre sharp structural
interfaces3,19 ; nanometre-scale sharp B and Na profiles24 for SON 68
(25 years alteration); very steep B and K (tracer) profiles in a simple
five-oxide glass28 . Nonetheless, a conclusive answer to this question
resides with future state-of-the-art nanometre-scale measurements
of synthetic and geologic glasses, altered over very long time periods
and at high S/V.
Bearing in mind the caveats mentioned directly above, the
present work strongly supports a new conceptual framework for
understanding the glass corrosion process. Hopefully this will
spur more research to further our knowledge of the corrosion
mechanism, as it is of critical importance for modelling and
predicting nuclear glass corrosion performance, which is the
cornerstone of nuclear waste storage programmes. In particular,
interfacial dissolution–reprecipitation has important implications
for better understanding retention factors for radionuclides, as well
as the temperature dependence of the rate of retreat of the reactive
glass front (that is, based on the difference in the thermal activation
energy associated with chemical reactions versus volume solid-state
diffusion). These factors play an equally important role with respect
to the chemical durability of industrial and natural glasses, as well as
the interaction of surface-altered layers with metals, trace elements
and pollutants from the surrounding environment. From a material,
chemical and earth sciences perspective, the unexpected similarity
between glass corrosion and mineral weathering reactions10,11,13,29
4

Monolithic samples several tens of mm on a side and a few mm thick were cut
with a wire saw and polished. Samples were altered in deionized water at 50 ◦ C in
static reactors (solid surface area to volume of fluid, S/V = 0.1 cm−1 ) for periods
of four days, one, three and seven months. Electron transparent samples for
(S)TEM measurements were prepared in cross-section, either by Ar ion milling or
focused ion beam (FIB). The TEM foils of altered glass surfaces and an unaltered
control were investigated using a Jeol 3000F (300 kV) at the Department of
Materials, Oxford University, or using a Tecnai F20ST/(S)TEM (200 kV) at the
Kavli Institute of Nanoscience Delft. Atom probe investigations were carried out
on the one-month sample at 80 K on a laser-assisted 3DAP CAMECA-LaWaTAP
(GPM, Université de Rouen). ToF-SIMS analyses of all samples were performed at
Chimie ParisTech, using an IonTof ToF-SIMS5 spectrometer with a pulsed 25 keV
Bi+ primary ion source; depth profiling used a 2 keV Cs+ beam. For further
details, see the Supplementary Information.
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