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Tomographic mapping of the nanoscale water-filled pore
structure in corroded borosilicate glass
Daniel E. Perea 1,4✉, Daniel K. Schreiber 2,4✉, Joseph V. Ryan2, Mark G. Wirth1, Lu Deng3, Xiaonan Lu3, Jincheng Du 3 and
John D. Vienna2

Cryo-based atom probe tomography has been applied to directly reveal the water-solid interface and hydrated corrosion layers
making up the nanoscale porous structure of a corroded borosilicate glass in its native aqueous environment. The analysis includes
morphology and compositional mapping of the inner gel/glass interface, isolation of a tomographic sub-volume of the tortuous
water-filled gel, and comparison of the gel structure with simulations. The nanoscale porous structure is qualitatively consistent
with that of the molecular dynamics simulation, enabling in greater confidence in both interrogations. Comparison of the gel/glass
interface between desiccated and cryogenically preserved samples reveals consistently abrupt B dissolution behavior and
quantitative differences in the apparent H ingress into the glass. These comparisons give some guidance to future experimental
approaches to understanding glass corrosion behavior. More broadly, the cryogenic preservation and 3D visualization of the native
water/solid structure in 3D at the nanoscale has direct relevance to a wide range of materials systems beyond glass science.
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INTRODUCTION
The liquid-solid interface plays an essential role in many
phenomena encountered in biological, chemical, and physical
processes relevant to both fundamental and applied science;
corrosion is one major globally-relevant area of science that has a
profound socioeconomic impact. The corrosion of metal in the
presence of moisture results from reduction/oxidation (redox)
reactions at a metal surface and is, for example, estimated to cost
the United States hundreds of billions of dollars per year within
the infrastructure, utilities, transportation, production and manu-
facturing, and government sectors1. Corrosion also has a major
environmental impact through the unintentional release of heavy
metals2, including radionuclides3, into surrounding bodies of
water and soil environments negatively affecting the health of
local life. The further development of corrosion mitigation
strategies requires deep insight into the physiochemical processes
that occur at the reacting liquid-solid interface. However, the
liquid-solid interface represents a technical challenge for high-
resolution microscopy as liquids are generally incompatible with a
broad range of analytical tools that require high to ultrahigh
vacuum conditions. One strategy to preserve and probe the liquid-
solid interface is to cryogenically solidify the liquid. By doing so,
local ionic chemical gradients, surface composition, and morphol-
ogy can all be preserved within the solid water structure, making it
more amendable to vacuum-based high-resolution imaging
analyses. Following work by our group to develop both the
hardware4, and specimen handling and preparation protocols of
cryogenically-cooled specimens5, the work here reports on local
atom-by-atom composition gradients within a water-filled nano-
porous corroded glass using cryogenic atom probe tomography
(cryo-APT). Using these newly developed cryogenic tools reveals
surprising insights into the corroded glass structure and corrosion
processes that were previously unobtainable by conventional
microscopy approaches.

Borosilicate glasses are used to immobilize many nuclear
wastes6. However, the durability of glass is not an intrinsic
material property, but rather it reflects the evolving coupled
response of a glass to changing aqueous environmental condi-
tions7. Uncertainties in the durability of waste glasses over
geologic timescales have resulted in conservative performance
estimates and expensive repository designs. The environmental
degradation of glass has been a topic of study for decades8–11, but
the fundamental mechanisms and rate limiting steps of glass
corrosion are still debated7,12,13. This fundamental knowledge gap
results in overly conservative performance models and prohibits
the design of waste glasses with targeted performance14.
The aqueous corrosion of glass results in the formation of

structurally and compositionally distinct layers known collectively
as altered glass. Several distinct processes describe the overall
glass corrosion. Aqueous species (H3O

+ and/or H+) exchange with
ionic species in the solid glass, usually alkali ions (e.g., Na+, Li+,
K+), forming an ion exchange layer. Hydrogenous species (H2O,
H+, HO−, H2O) can also hydrolyze the directionally connected
glass network components and eventually dissolve these compo-
nents by hydrolyzing the last bridging oxygen bond7. Boron
species are typically the easiest to hydrolyze and dissolve leaving a
network rich in hydrated silica and alumina species. This material
restructures to form a hydrolyzed aluminosilicate amorphous gel.
Studies of the nature of this gel have shown a layered structure
that is likely to dynamically change with conditions and time15,16.
Ngo et al.17 identified two distinct gel-layers in altered interna-
tional simple glass (ISG) using elliptical spectroscopy−an outer gel
with higher porosity and an inner gel with lower porosity.
Selective nanoscale characterization of the structure, composition,
and chemistry of both the corroding glass and surrounding water
solvent and the interface between them is needed to reveal the
controlling processes that can enable scientific-based corrosion
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models that can inform waste form design to predict performance
over geologic timescales.
Here, we apply a novel approach of cryogenically preparing

specimens for APT analysis5, enabling the nanoscale tomographic
analysis within compositionally and structurally distinct hydrated
regions of the altered glass in its native aqueous environment.
Specifically, we report solid and dissolved ion composition
gradients across the outer gel (OG)/inner gel (IG)/glass interface
regions, as well as map the 3D nanoscale porous structure of the
inner gel. We anticipate that this cryo-based specimen preparation
and analysis approach can be further applied to the study of
liquid-solid chemistry within nano-confined geometries and
buried interfaces. For example, an extension of the work
presented here can be applied to map ionic and macromolecular
gradients across liquid-solid interface of biological membranes;
hydrated phases within bio and geominerals; ionic distributions
across liquid-solid interface within nano-confined volumes such as
crack tips or advanced battery materials.

RESULTS
Cryo-FIB preparation and APT analysis of altered glass
The glass sample analyzed in this study is a corroded piece of
SON68 boroaluminosilicate glass, which is the non-radioactive
surrogate for the French R7T7 nuclear waste glass18. Specific
details of the glass specimen and corrosion are described in the
Methods section. Site-specific focused ion beam (FIB) trenching
and APT specimen extraction and sharpening of specimens
targeting the native water/glass region were made possible using
a cryo-specific FIB liftout procedure described elsewhere19.
Specific details of the specimen preparation are described in the
Methods section. A modified specimen shuttle carrier suitcase
from Quorum Technologies was used to transfer specimens
between the cryo-FIB and APT (passive cooling and modest
passive vacuum [~1 × 10−5 mbar]) to prevent solid water
sublimation or frost accumulation during transfer (~90 s under
passive conditions)4.
The aqueous corrosion of glass results in the formation of

structurally and compositionally distinct layers known collectively
as altered glass. In Fig. 1a, a cross sectional cryogenic scanning
electron microscope (SEM) image shows a portion of a corroded
glass particle embedded in the frozen corroding water solution.
The altered glass (corrosion) layer exhibits slightly darker contrast
than the surrounding glass and has an average thickness
~300 nm. This alteration layer and pristine glass core are
preserved in the final needle-shaped APT specimen (Fig. 1b).
Two successful APT specimens were produced from this single
particle; one of which targeted the bulk solid water/outer gel
interface and is described in a separate method-focused manu-
script5, and one which targeted the hydrated nanoporous inner
gel/pristine glass interface and is the subject of the work
presented here.
A representative portion of the mass-to-charge-state ratio

spectrum (mass spectrum) obtained by APT of the porous inner
gel+ solution and underlying pristine glass is shown in Fig. 1c (full
spectra and mass ranges for identified ions are included in Fig. S1
and Table 1 in Supplementary Information). The composition of
the pristine glass is dominated by the primary glass components
(Si, O, Li, Na, Ca, B and Al). Notably, water fragments are also
detected as the series HO1+, H2O

1+, H3O
1+ (highlighted in blue as

HxO
1+ between 17–19 Da) and SiOH+ at 45 Da, which are

consistent with APT analyses of the solid water ice20 and hydrated
silica from the gel. Notably, peaks typically associated with frost
ice contamination at mass-to-charge-state ratios of 37 Da, 55 Da,
and 73 Da associated with [(H2O)x·H3O]

+ where x= 1–3 respec-
tively, which can occur during cryo specimen transfer between the
FIB and the atom probe, are absent5.

The precise relative position of each detected ion making up
the mass spectrum is known providing a means to 3D
compositional mapping. The element-specific 3D atom map
shown in Fig. 1d qualitatively reveals a heterophase interface.
Within the thin reconstruction slice (8 nm image depth), water-
related species (blue) clearly partition to the upper portion of the
reconstruction (i.e., closer to the exposed surface of the specimen),
consistent with the water-filled porous gel region. An isoconcen-
tration surface of 4 ion % H2O

1+ further delineates the water-rich
and water-poor regions (Fig. 1e). Although this horizontally
bisecting interface is roughly planar, close inspection reveals it is
not smooth.
Further inspection of the ionic speciation within the APT data

reveals clues into the nature of the altered glass structure. Figure 2
presents element-specific distribution maps of ionic signals from
the APT mass spectrum, which are further quantified by a 1D ionic
composition profile. Four distinct regions are apparent. Near the
specimen apex (left hand side), Ga implantation and FIB damage
result in an altered speciation. This is followed by two distinct gel
regions, nominally described as outer gel (OG) and inner gel (IG),
and finally pristine glass. The IG shows a distinctly higher
composition of O+ than the OG. This is consistent with a denser

Fig. 1 Cryo-FIB specimen preparation and Cryo-APT analysis of
altered glass. a Cryo-FIB prepared cross section SEM image of glass
particle embedded in water ice. Scale bar= 3 µm. b Specimen
shaped into needle morphology prior to APT analysis with the
relevant regions labeled. Scale bar= 500 nm. c Selected region of
mass spectrum showing major ions detected. Water and hydrated
Si-oxide are highlighted in blue. d APT reconstruction shown as an
8 nm thick slice. Only Si and HXO

1+ ions with x= 2 and 3 are shown
for visual clarity of the glass/gel heterointerphases. Scale bar=
10 nm. e APT reconstruction shown with the water-rich region and
Si-rich regions outlined by a 4 at. % H2O isoconcentration surface.
Scale cube is 10 × 10 × 10 nm3.
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hydrated silica network in the IG, resulting in less free water that
typically evaporates as larger HxO species. Indeed, the HxO

+ signal
increases proportionally versus the Si and O signals in the OG,
which is expected to have a more open and water-filled porous
structure. This signal decreases again within the FIB-damaged
region where sublimation of water ice is possible during sample
preparation.
The unique ability to prepare, transfer, and analyze

cryogenically-prepared specimens may also reveal possible
artifacts that have been introduced by traditional sample rinsing
and desiccation performed as part of conventional room
temperature specimen preparation. A comparison of APT compo-
sition profiles across the pristine glass/IG interface from cryogenic
and conventional FIB sample preparation of the same glass is
presented in Fig. 3. These are reported as decomposed atomic
compositions (Fig. 3a, b) and as ionic compositions (Fig. 3c, d). The
atomic profiles reveal similar key features in both datasets. The IG
is H-rich and alkali poor and the interface between glass and the
IG is delineated by an abrupt change in Al+B content, which has
been ascribed to a B dissolution front. Hydrogen penetrates into
the glass in both cases, which has been described alternatively as
evidence of ion exchange21 or as a possible field evaporation
artifact of the APT technique22. The qualitative consistency of this
observation for cryogenic and room temperature preparation

make apparent the H penetration is not a preparation artifact,
although there is a clear quantitative difference with more H
being preserved in the cryo-sample. Furthermore, a field
evaporation artifact (e.g., preferential evaporation or retention of
a specific species) should show opposite behavior depending on
evaporation sequence23,24. Here we note that similar H penetra-
tion was observed in previous work21 in the opposite evaporation
sequence, which proves it is also not a simple field evaporation
artifact. Additionally, the relative H distribution can also be
affected by the local electrostatic conditions of the specimen
during field evaporation across heterointerphases25–27. To assess
this, we provide in Fig. S2 of the Supplemental Information the
APT voltage curve across the glass/gel interface for specimens
prepared from cryogenically frozen and desiccated samples.
Importantly, there is no discernable voltage change across the
gel/glass interface for the cryogenically prepared specimen,
suggesting that there are no apparent evaporation field differ-
ences causing selective evaporation or spatial aberrations. On the
other hand, comparison of the voltage curves for desiccated
specimen geometries show a dramatic voltage drop at the
interface regardless of evaporation sequence and reinforces the
importance of the cryogenically prepared specimen. Taken
altogether, these data clearly show that H does indeed penetrate

Fig. 2 Tomographic mapping of the hydrated heterophase interface of altered glass. Ionic speciation in APT data collected from
cryogenically prepared glass gel. Element-specific ion maps (10 nm depth) and corresponding quantitative composition profile (ionic %). Scale
bar= 10 nm. Four distinct regions are delineated: the outer FIB damaged gel, outer porous gel, inner dense gel, and pristine glass. Shaded
bands represent 1σ error based on counting statistics.
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beneath the altered gel into the pristine glass corroded under
these corrosion conditions.
A close inspection of the ionic species measured by cryogenic

and room temperature preparation also provides important
insights for delineating dissolved species in solution from the
nanoporous gel within the mixed IG + solution region of the
cryogenically preserved sample. This is critical for fully leveraging
the 3D nature of the APT data to reveal the structure and
morphology of the gel itself. While the desiccated gel is
dominated by Si2+, O+, H+ and HO+ the signals from the water-
filled gel of the cryogenically prepared specimen show signifi-
cantly higher composition of H2O

+ and H3O
+ that originate from

solid water trapped within the porous IG. This is also consistent
with the interpretation of Fig. 2, where these larger HxO species
increase proportionally relative to the Si and O species in the
greater porosity of the OG region.
The ability to tomographically-map composition and distinguish

solution-bound species from the glass network provides a means
to quantitatively describe the nanoporous structure of the gel. To
do this, care has to be taken to define which species to be used to
define a surface to spatially delineate between the solution phase

from the hydrated silicate gel network. The signals from Li and Na
which originate from dissolved species in the water, may have
nanoscale mobility during APT field evaporation28, and thus are
poor candidates for delineating gel structure. Furthermore, these
alkali distributions may have been impacted by the potential
crystallization of solid water during plunge freezing; it is unknown
if the solid water is crystalline or amorphous ice within the
nanoscale pores of the gel. Future experiments utilizing faster
freezing approaches (e.g., high pressure freezing29) are needed to
improve confidence in the distribution of these species. Based on
these comparisons, H2O

+ and H3O
+ are the best candidate

signatures for creating isoconcentration surfaces that outline the
water-filled porous network of the gel and are presented within a
20 × 20 × 20 nm3 subsection of the inner gel as shown in Fig. 4a.
These surfaces, drawn at 9 ion% H2O

++ H3O
+, separate regions of

high-water content (blue) from low-water content (gray). This
visualization reveals a network of interpenetrating water channels
through the IG region of the altered glass. The volume fraction of
each phase is approximately 50%, in line with nominal expecta-
tions of the gel’s porosity30.

Fig. 3 Comparing elemental distributions in traditional room temperature prepared and cryogenically prepared altered glass specimens.
Decomposed elemental (top) and ionic (bottom) % composition profiles across the gel/glass interface for specimens prepared at (a, c) room
temperature desiccated specimens, and (b, d) cryogenic conditions. Nominal APT-measured atomic compositions of the bulk glass are
annotated to the right. Shaded bands represent 1σ error based on counting statistics.
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The ability to directly map the nanoscale water-filled porous
network of a corroded media can also provide experimental
guidance to developing rational corrosion models. As a qualitative
test, a molecular dynamics (MD) simulation of a corroded glass
structure from a simple 6-component glass, with the same molar
ratios of SON68, and commonly known as ISG6, was compared to
the cryo-based experiments; details of the MD simulation are
found in the Methods section. A visual comparison between the
experimental (Fig. 4a) and the simulated porous structure (Fig. 4b)
show good qualitative agreement, wherein about 50% of the
reconstructed volume is identified as interpenetrating water-rich
channels. We note that a detailed quantitative comparison
between the experimentally mapped and the simulation modeled
gel structure will be the subject of future investigations. In
particular, characterization of a ground truth experimental sample
is needed with a known and well-defined pore structure such as
Vycor®31. This will establish needed confidence to further mine the
reconstructed gel structure for the tortuosity and interconnected-
ness that will inform models of transport behavior through these
nanoscopic features. For now, we simply state that the general
structure and porous volume are comparable and also consistent
with expectations from the glass corrosion literature32.

DISCUSSION
Considering the difficulty of the cryo-based analyses, it is useful to
evaluate the strengths and limitations of the conventional (room
temperature) APT analysis of glass corrosion. APT analysis of
water-solid (water ice/OG) and highly porous layers (OG) must
utilize cryogenic specimen preparation routes as preservation of
the native water is inherent to their analyses. Conversely the IG/
glass interface is reasonably well reproduced via room tempera-
ture preparation. Quantitative differences at this interface are,
however, problematic for mechanistic interpretation. Significantly
more H is found penetrating the glass from cryogenic preparation
(12 at. % at 5 nm) versus room temperature (9 at. % at 5 nm), while
their respective alkali compositions are similar (2 at. % and 1.4 at.
% Li, respectively). It is thus difficult to definitively state that the H
originates from ion exchange versus some other explanation (e.g.,
neutral water diffusion33). Note that the incorporation of environ-
mental hydrogen is suppressed in titanium-based specimens,
which are known to have a high affinity for hydrogen incorpora-
tion, when prepared under cryogenic conditions in a FIB34. The
fact that the desiccated sample apparently loses significant H
during rising and drying suggests that some fraction of this H is
weakly bound to the glass, which may suggest a mixture of ion
exchange and water is present. The offset of inflection points for
the Li and B profiles in Fig. 3b, d may support the detection of an

ion exchange region with the Li profile extending about 14 nm
(~−7 to +7 nm), and the Al+B profile extending about 3 nm (~−1
to +2 nm). Further data, particularly to reproduce these results
quantitatively and under different corrosion conditions, are
necessary to reach a more definitive conclusion. However, these
data do provide further proof for H penetration into the glass,
almost certainly from diffusion-controlled processes, in addition to
the very abrupt B profile that is again best described as a
dissolution front.
In summary, we have reported the nanoscale composition and

structure analysis of the various regions of a corroded glass using
cryo-APT enabled by an innovative cryogenic specimen prepara-
tion and handling approach that is described elsewhere5. Via this
unique cryogenic preparation approach, we were able to preserve
the native structure and composition of water-filled altered glass
to reveal the nanoscale structure of the porous silicate gel, as well
directly map dissolved ion composition gradients within various
compositionally and structurally distinct regions. We anticipate
that extension of our approach can be further applied to the study
of liquid-solid chemistry within nano-confined systems such as
ionic and macromolecular gradients across biological membranes;
hydrated phases within biominerals and geominerals; ionic
distributions across liquid-solid interface within nano-confined
volumes such as crack tips or advanced batteries.

METHODS
Glass Sample
The composition of the SON68 glass used in this study is (in mol% oxide):
3.39 Al2O3, 14.02 B2O3, 5.01 CaO, 1.31 Fe2O3, 0.98 combined lanthanide
oxides, 4.60 Li2O, 11.39 Na2O, 52.69 SiO2, 2.15 ZnO, 1.54 ZrO2, and 2.93
other minor oxides. The glass was crushed and sieved to a nominal size of
30–75 μm and tested in deionized water at a nominal surface area to
solution volume of 20,000m−1. The glass was corroded in a PTFE lined
stainless steel vessel at 90 °C for approximately 6 years and is the subject of
other studies by our group5,35. The conventional room temperature
prepared sample was removed from an identical reactor vessel after
1117 days of alteration, rinsed twice with ethanol, and dried overnight in a
90 °C oven. A small sample volume (~100 μL) of powder-containing water
was extracted from the corrosion experiment vessel and held in a vial at
room temperature before beginning the FIB-based specimen preparation.

Cryo-FIB/SEM
A Thermo Fisher Helios 600 Nanolab dual-beam focused ion beam/
scanning electron microscope (FIB/SEM) equipped with a modified
Quorum PT-2010 cryo stage and specimen preparation station4 was used
to cryogenically prepare needle-shaped APT specimens containing the
corroding water media and an individual corroded glass particle. A full
description of the unique cryo-FIB based specimen preparation procedure
leading to the APT analysis described here is the subject of a separate
method development-focused manuscript by Schreiber et al.5. In brief, 2 μL
of aqueous slurry containing corroded glass particles in their corroding
water solution was drop cast from a micropipette onto a copper substrate
and plunged into slush nitrogen. Using a shuttle device, the frozen sample
was transferred under low vacuum into the cryo-FIB/SEM via a modified
cryo-load lock and onto the FIB/SEM cold stage (−189 ± 2 °C, ~2 × 10−6

mbar), which is sufficient to prevent water sublimation during FIB
processing. A cryogenically deposited bilayer of sputtered Pt metal and
FIB gas injection system deposited organometallic Pt provided electrical
grounding and surface protection against FIB damage. Site-specific FIB
trenching and APT specimen extraction and sharpening targeting the
native water/glass surface were made possible using cryo-specific FIB
liftout procedures5. The Quorum shuttle carrier was used to transfer
specimens between the cryo-FIB and APT (passive cooling and modest
passive vacuum [~1 × 10−5 mbar]) to prevent solid water sublimation or
frost accumulation during transfer (~90 s under passive conditions).

Cryo-APT
A LEAP 4000X HR (Cameca Instruments) atom probe tool that has been
modified with an Environmental Transfer Hub (ETH)4 and actively cooled

Fig. 4 Visualization of nanoscale pore structure. 3D visualization
of nanoscale heterogeneity within the inner gel by a experimental
cryo-APT and b MD simulations. Isoconcentration surfaces delineate
interpenetrating channels of water-rich (blue) and water-poor (gray)
regions in both datasets.
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cryogenic load lock (~−165 °C and ~4 × 10−8 mbar) was used to facilitate
environmentally-controlled specimen transfer of the cryogenically-
prepared APT specimens. APT analysis of the cryogenically prepared
specimens proceeded similarly to room temperature prepared APT
specimens of corroded glass21. Data collection parameters included UV
laser pulsing (λ= 355 nm) with a laser pulse energy of 150 pJ/pulse and a
detection rate of 0.2% (0.002 detected ions per laser pulse). The sample
was maintained at stage setpoint of 40 K and a nominal base pressure of
<3 × 10−11 mbar during data collection, which prevents water sublimation
from the specimen. Data reconstruction, visualization, and analyses utilized
the IVAS software package version 3.8.0 (Cameca Instruments). The 3D
composition space for isoconcentration surfaces was established with a
voxel size of 0.5 nm and a delocalization of 1.5 nm. Significant isobaric
mass peak convolutions (i.e., overlap) exist for the complex SON68 glass.
The most significant of these are 11B16Ox+1 with

27Al16Ox, where x= 0, 1, 2.
In the presented data, we considered the combined signal as B+ Al unless
otherwise explicated.

MD Simulations
The glass structure was formed through a simulated melt and quench
process with MD simulations by using the DL_POLY package36. Effective
partial charge pairwise potential with composition dependent boron
related parameters to account for the composition dependent coordina-
tion change of boron were used in the simulations37,38. Details of the
simulation procedure has been reported elsewhere15,39. An algorithm was
developed to simulate the dissolution process by removing all Na and B
atoms, 30% Ca and free oxygen (oxygen not bonded to any Si, Al or Zr)15.
The final gel structure, containing the elements Si-Al-Ca-Zr-O-H, was
created by hydroxylation of the dangling bonds of the network forming
polyhedral and then randomly adding water molecules into the void
spaces within the glass network. This procedure mimics the diffusion,
dissolution and reorganization processes that leads to a porous hydrated
gel structure and shows similar features of the passivation gel layer
structure as a result of silicate glass dissolution40. To further mimic the APT
data, an additional 50% of all atoms were removed accounting for detector
efficiencies, resulting in a final system of ~68,000 atoms forming a 14 ×
14 × 14 nm3 volume of water-filled gel. These data were imported into the
same APT analysis software to generate isoconcentration surfaces (9 ion%
H) of the simulated gel structure.

DATA AVAILABILITY
The data that supports the results of the presented study are available from the
corresponding author(s) upon request.
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