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in initially silica saturated solution
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Abstract

Corrosion of glass in silica-saturated solution has been performed with the assumption that
dissolution of silicate species from the glass network would not occur. Using surface-sensitive
analytical techniques, we report experimental evidence suggesting the dissolution of silicate
network species from a model nuclear waste glass, called international simple glass (ISG), in an
aqueous solution initially saturated with soluble silica species. Results from low energy ion
scattering and x-ray photoelectron spectroscopy reveal a complete depletion of mobile element
species (B, Na) from the ISG surface and an enrichment of Zr on the outmost surface. In support
of spectroscopic analyses, results from topographic imaging with atomic force microscopy show
a stochastic dissolution of glass surface resulting in a higher surface roughness with increasing
corrosion time in aqueous solution. This study shows that a true equilibrium between soluble silica
species in the solution phase and silicate species in the glass network could not be warranted by
performing corrosion experiments in the solution where dissolved silica species are initially
equilibrated with amorphous silica in the presence of KOH. The leaching of mobile species (B,
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Na) could affect the saturation level of aqueous solution and induce further dissolution of the glass

surface.

1. Introduction

Aqueous corrosion of glasses used for immobilization of nuclear waste materials has been
extensively studied in recent years.(1-4) The glass corrosion process generally evolves through
three stages.(5, 6) The stage-1 is associated with a fast corrosion rate in dilute solution conditions,
which leads to the formation of a so-called alteration layer. As the alteration layer grows thicker
and the solution concentrations of soluble species leached from the glass approach the saturation,
the corrosion rate decreases to an extremely low state. The steady state with the extremely slow
dissolution rate is called stage-Il; in this period, the surface film protects the glass from further
corrosion by limiting the transport of mobile species through the layer.(5, 7) Sometimes, after a
long time in this latency period, the fast corrosion process resumes; this is called stage-111.(8)
Understanding the corrosion mechanism of glass and the stability of the alteration layer in stage-
Il is important to predict the durability of glass used for nuclear waste immobilization.(1, 9-11)

The glass corrosion process is extremely complicated because it involves chemical reactions
of a non-equilibrium material (glass) in a non-equilibrium condition (extremely slow kinetics).
Due to this nature, the reaction products (for example, the composition and structure of alteration
layer) can vary depending on the glass composition and surface preparation history.(11-13) In
addition, the initial condition of the agueous solution can also affect the glass corrosion
behavior.(10, 14-16) Moreover, the effects of initial surface conditions on glass corrosion have not

been studied extensively.(11, 13) So, it is very important to properly prepare and fully characterize



the glass surface and precisely control the corrosion condition for a better understanding of

corrosion mechanisms.

Based on the thermodynamic affinity model,(17, 18) if the glass is immersed in the initially
silica-saturated solution, then the dissolution of silicate network components from the glass would
not occur or at least be negligible.(9, 19, 20) In this condition, the corrosion is thought to be
dominated by the transport of water molecules and leachable ions (mostly alkali modifier ions and
boron network formers) through the gel layer being formed between the solution and pristine bulk
glass phases.(7, 9) Among the network formers, Si is the most abundant in typical silicate glasses
and expected to be stable because the initial solution is saturated with the soluble silica species.
Other network formers are B, Al and Zr. The B species is easily dissolved.(1, 7) The Al species is
believed to be stable as long as the solution pH is higher than 4.(1, 10, 20, 21) The Zr species is
considered to be practically insoluble because the solubility product constant (Ksp) of its hydroxide
is extremely small.(22) Based on this model (or assumption), the depth profiles of various elements
measured with time-of-flight secondary ion mass spectrometry (ToF-SIMS) are often normalized

with the Zr signal.(1, 20, 23)

In this study, we tested if this thermodynamic affinity model is valid at the inception of the
stage-I1 corrosion by analyzing the surface composition and topography of a model nuclear waste
glass after treatment with the silica-saturated solution for short periods of time (from 100 seconds
to 7 days). International simple glass (ISG) was chosen for this study.(3) Its composition is given
in Table 1. To minimize the variance in surface conditions and prepare the surface closest to the
bulk composition, fractured surfaces were used. The composition of the outermost layer of the
fractured surface was analyzed using low energy ion scattering (LEIS).(24) Changes in surface

composition after corrosion in the silica-saturated solution were monitored using LEIS and x-ray



photoelectron spectroscopy (XPS). The topography of the corroded surface was characterized by
atomic force microscopy (AFM). The results from these analyses suggest that the thermodynamic
affinity model may not be valid for the ISG glass in the pre-silica-saturated solution at least at the

beginning of stage-11 corrosion.

2. Experimental Details

2.1. Sample Preparation

The ISG used in this study was provided by MO-SCI Corporation. Small discs were cut
from the received bar and then cleaned thoroughly by sonicating with ethanol and acetone. The
freshly fractured surface was used for corrosion treatments. In this way, any structural and
compositional defects resulted from sample surface preparations such as mechanical polishing or
cleaning could be avoided. The aqueous corrosion solution saturated with soluble silica species at
90 °C was prepared following the protocol described in Ref. (1). The amorphous silica was added
to ultrapure water in a 500 mL PFA jar (Savillex Corporation) and 0.5 M KOH solution was used
to increase the pH of silica containing water to 10. This pH adjustment was performed to accelerate
the dissolution of amorphous silica in water. After holding the jar in an oven at 90 °C for a week,
the pH of the solution was adjusted to 7 and this solution contains 5.09 mM of soluble silicon
containing species and ~ 0.1 mM of K* ions.(1) When the solution temperature is dropped to room
temperature, then the dissolved silica concentration decreases to 1.91 mM.(25) The ISG glass
sample (0.5 cm x 0.5 x 0.5 cm) was kept on a PFA mesh support screen (Savillex Corporation)
immersed in a 350 mL leaching solution in the 500 mL PFA jar. The corrosion experiments were
done in an oven held at 90 °C. The pH of corrosion solution was kept at 7.0 £ 0.5 using 0.5 M HCI

and 0.5 M KOH solutions. The ratio of sample surface to solution volume (S/V) was kept low (~
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0.43 m?) to avoid significant changes in solution composition due to glass corrosion. The
corrosion time was varied from 100 seconds to 1 hour, 1 day, and 7 days. After taking out of the
solutions, the samples (except the 100 s treatment) were rinsed thoroughly with ultrapure water
(18 MQ-cm resistivity) and then dried using a dry nitrogen blow. They were then immediately
mounted to the LEIS chamber. After LEIS analysis, the same samples were analyzed with XPS

and AFM.
2.2 Compositional analysis of topmost surface with low energy ion scattering (LEIS)

Changes in elemental composition of the top atomic layer of pristine fractured surface and
corroded surfaces were determined using a Qtac100 LEIS instrument (ION-TOF, Chestnut Ridge,
NY).(26) The spectrometer was equipped with a double-toroidal Calipso energy analyzer. The
primary ion source was a 3 keV *He* beam at the surface normal incident angle. This primary ion
source condition was chosen to maximize the sensitivity of a broad range of atomic masses (from
16 amu of oxygen up to 91.22 amu of zirconium). The atomic mass of boron (10.8 amu) is too
small to be detected in this condition. The scanned area was 1000 x 1000 um? with a typical ion
dose of 2 x 10'* ions / cm?. The *He* ions scattered from sample were collected at an angle of 145°.
During LEIS measurements, an electron flood gun was used for charge compensation on the
sample surface. All spectroscopic experiments were done at room temperature in a vacuum
chamber of ~10°° mbar. To study the composition of clean pristine ISG surface, a sample was
fractured under ultrahigh vacuum before being transferred to the spectrometer. In LEIS analyses
of the corroded ISG samples, sample surfaces were first cleaned by sputtering with a 0.5 keV Ar*
beam before being probed by the primary ion beam. The LEIS spectra were fitted using the CASA
software package with a Shirley baseline. The peak area of each element obtained from the fitting

was normalized by the peak area of oxygen.



The extreme surface sensitivity of LEIS comes from the fact that a low energy ion beam is
used and only ions scatter off from the outermost layer are detected.(27, 28) The low energy does
not allow ions to penetrate too deep into the surface and they mostly collide with atoms on the
outermost surface. Due to the lack of matrix effect in LEIS analysis the LEIS signal is proportional
to the surface concentration of elements.(27, 28)

2.3. X-ray photoelectron spectroscopy (XPS) analysis of 1SG surfaces

XPS analyses of ISG surfaces were carried out with a PHI VersaProbe Il system equipped
with a monochromatic Al-Ka x-ray source.(29) The probe depth was about 10 nm and the spot
size information is ~ 4 mm?2. The low-resolution scans were performed for O 1s, Na KLL, Ca 2p,
B 1s, Zr 3d, C 1s, Si 2p and Al 2p regions at a pass energy of 117 eV. The high-resolution C 1s
spectra were collected with a pass energy of 29 eV.(29) Peak fitting is performed for C 1s spectra
by a Voigt function (65% Gaussian, 35% Lorentzian) for adventitious carbon correction. Details
of relative sensitivity factors (RSFs) determination of all elements of ISG and spectra processing
and quantification were described in previous work.(11) The concentration for each element was

obtained by averaging the results of three random spots.

XPS depth profiles for element of Na, B, Al, Ca, and Zr on corroded ISG were performed
by the same XPS instrument. An Ar" beam with an energy of 4 kV was employed for the
measurement. The sputter rate was determined by performing depth profiling for SiO2 film with a
known thickness. The corresponding scanning steps for samples corroded for 1 h, 1 d, 7 d are 80
nm, 80 nm, 120 nm, respectively. The crater depth created during XPS depth profile measurements

was 400 nm, 800 nm, and 3200 nm for 1 hour, 1 day, and 7 day-corroded samples, respectively.

2.4. Topography analysis with atomic force microscopy (AFM)



The surface topography of uncorroded and corroded surfaces of air-fractured 1SG samples
was characterized using AFM (Nanoscope V Dimension Icon, Bruker, USA) with silicon AFM
tips (ScanAsyst-Air, Bruker, USA). Peak force tapping mode was used with a peak force tapping
setpoint of 0.5 nN and a feedback gain of 10. The typical scan size was 10 pm % 10 um and the
scan rate was 1 Hz.

3. Results and Discussion
3.1. LEIS analysis of the topmost layer of pristine 1SG surfaces

LEIS is well known for the sensitivity of the topmost atomic layer with very little
interference from subsurface species.(27, 28) The fractured surface that has never been touched
with any physical objects or chemicals could be assumed to be the most pristine surface that one
can prepare. Even in that case, the surface composition may not be assumed to be the same as the
bulk composition.(24) Relaxation and migration of surface atoms could alter the composition of
surface different from that of the bulk even without any physical or chemical contacts.(26) The
LEIS spectrum of the vacuum-fractured ISG surface is shown in Figure 1a. Note that B (10.8 amu)
cannot be detected in this experimental condition. Also, Al (27 amu) versus Si (28 amu) as well as
K (39 amu) versus Ca (40 amu) cannot be distinguished because their atomic masses are too close
to each other. It is known that the LEIS sensitivity increases in proportion to atomic number.(28)
Even if the mass difference is taken into account, the LEIS signal intensity of Na (23 amu) is found
to be extremely high compared to that of Si. Figure 1b shows the normalized bulk and surface Na
contents. The Na bulk content is obtained by normalizing the mole % of Na to that of O (Table 1).
The Na content (normalized with oxygen peak) at the topmost atomic layer is about 5 times higher
than what is expected from the bulk composition (Figure 1b). This result is consistent with the

recent computational work predicting the Na enrichment at the glass / vacuum interface.(24)



Possible reasons for the surface enrichment of alkali ions on clean fractured surfaces were
discussed in the literature. One factor contributing to this surface enrichment is the mechanical
relaxation induced diffusion of alkalis toward the outermost surface.(26) The other factor might
be the enhanced mobile cation diffusion due to the temperature rise at the tip of the moving crack
during the fracturing process.(26) It is also possible that the negative charge at the fracture surface
is the driving force for the migration of alkali cations to the surface.(30) During the fracturing
process, the glass could also break along the percolation channel of Na ion clusters resulting in a
surface enrichment of Na.(31, 32)

Surface enrichment of Ca on ISG surface upon fracturing in vacuum was also examined.
The result show that, like Na, there is also a surface enrichment of Ca on vacuum-fractured ISG
sample (see Supporting Information). The Ca concentration on the vacuum-fractured surface is 1.7
times higher than that in the bulk. This enrichment of Ca is opposite to what observed on trisilicate
glass by Kelso et al.(26)

The LEIS spectra of ISG surface prepared by air-fracture and then immersion in ultra-pure
water or silica-saturated aqueous solution for 100 s are also shown in Figure 1a. The normalized
Na content at the topmost atomic layer is given in Figure 1b. The data shows that even after only
100 s in contact with aqueous solution, the Na content at the topmost atomic layer drops by 60 —
70% from the concentration of the pristine surface. It is interesting to note that the decrease of the
Na signal is accompanied by the increase of the Si/Al signal. This could mean that the Na ions are
masking the Si and Al network former sites at the topmost atomic layer of the vacuum-fractured
surface. The Na content on the ISG sample immersed for 100 s in saturated silica solution (also
containing K*) is lower than that on the sample immersed in ultrapure water for 100 s. It could be

due to the masking effect caused by K* and silicon containing species adsorbed from the silica



solution onto the 1SG surface. Compared to the pristine surface, the Ca signal intensity is decreased
after 100 s contact with ultrapure water. This implies that the leaching rate of Ca ions from the
surface is faster than the replenishing rate through the diffusion from the bulk at this very early
stage of corrosion. In the case of the silica-saturated solution treatment, the large increase in the
K/Casignal intensity is believed to be caused by the adsorption of K* ions from the solution phase.
Overall, the results clearly show that even simple rinsing with water for a short period of time
would alter the surface composition of I1SG.

3.2. Surface composition of aqueous-corroded ISG from LEIS and XPS

Figure 2a shows LEIS spectra of air-fractured 1SG samples corroded in silica-saturated
solutions for different corrosion times. It was observed from these LEIS spectra that the
background of the lower energy side of the Zr peak gets higher with corrosion time in aqueous
solution. This low-energy tail could be attributed to backscattering in deeper porous alteration
layer and its intensity is mainly determined by the reionization process.(4, 28) Thus, the results
indicate that the alteration layer is porous, and *He* ions can penetrate into the subsurface region,
be neutralized, collide and scatter back to the outermost surface where they are re-ionized and then
detected by the LEIS detector at energies lower than that of the main peak.(27, 28)

The area of Zr peak obtained from fittings was normalized to the area of O peak and given
in Figure 2b. The normalized Zr contents of bulk ISG, ISG vacuum-fractured surface, and ISG air-
fractured then immersed in ultra-pure water or silica saturated solutions for 100 sec (data from
Figure 1a) are also shown for comparisons. The lower Zr content on the ISG sample immersed for
100 s in saturated silica solution in comparison to that on the sample immersed in ultrapure water
for 100 s could, as in the case of Na content, be due to the masking effect caused by K* and silicon

containing species adsorbed from the silica solution onto the ISG surface. The Zr surface contents



calculated from LEIS spectra of vacuum fractured 1SG and ISG air-fractured then immersed in
water or silica saturated solution are lower than the value calculated from the bulk composition.
This difference could be explained by the masking effect of Na (in the case of vacuum fracture),
K* and silicon containing species adsorbed from the silica solution onto the ISG surfaces. In
Figure 2b, it can be seen that there is a significant enrichment of Zr on the ISG surface after being
corroded in aqueous solutions for more than 1 hour.

A similar enrichment of Zr on corroded glass surfaces has been reported by Hellman and
others.(33-37) In their studies, however, glass samples were corroded in dilute conditions of
soluble silicon containing species. In these conditions and due to the extremely low solubility of
zirconium oxide in comparison to others, it is reasonable to observe a surface enrichment of Zr on
corroded glass samples. The corrosion behavior of glass has been shown to vary with zirconium
and hafnium contents in the glass.(38-41) The study by Gin et al. showed a large enrichment of
29Sj on the outermost alteration layer formed on ISG corroded in aqueous solution initially
saturated with amorphous 2°SiO2 at 90 °C.(21) This study also showed that 2.3% of initial silicon
atoms in the glass surface were replaced by 2°Si atoms present in the leaching solution. It means
that there were a dissolution of surface network and condensation reactions between silicon
containing species in the solution (2°Si) and Si species of the silicate network. It is again confirmed
that surface dissolution still occurs in the initially silica-saturated solution.

The results obtained from LEIS experiments show a complete depletion of Na and a
significant enrichment of Zr on the topmost surfaces of ISG corroded in aqueous solutions initially
saturated with soluble silica. XPS analyses of the same corroded ISG samples were carried out to
obtain the atomic concentrations of elements of the corroded surface averaged over the top 10 nm

region. The results obtained are given in Figure 3. The atomic concentrations of detected elements
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are shown as atomic %. Figure 3 shows that boron was completely depleted from the leached layers.
The 1SG sample corroded for 1 hour shows a small amount of sodium on its surface while samples
corroded for longer times (1, 7 days) show negligible sodium concentrations. The increase of
relative atomic percentage of Al and Si contents after 1-hour corrosion can be explained by
dissolution of Na, B, and Ca from ISG into the solution phase. However, the Al and Si contents
then decrease with longer corrosion time in aqueous solutions, which is accompanied with an
increase of surface Zr content. These results suggest that surface dissolution of Al and Si is surely
occurring, which leads to an enrichment of Zr that has extremely low solubility of its oxide in
water. Both LEIS and XPS analysis results confirm the surface enrichment of Zr upon corrosion
of 1SG in silica-saturated solutions. The decrease of Na, B, Al, and Si contents also leads to an
enrichment of Ca on ISG corroded for 1 day in agueous solutions.

XPS was further used in this study to obtain depth profiles for Na, Zr, B, Al, and Ca
elements for the air-fractured ISG surfaces corroded in silica saturated solutions. The elemental
concentrations (at.%) of these elements are given in Figure 4. B and Na are completely depleted
in the alteration layers. An enrichment of Zr on the outside surface is also observed, especially on
ISG corroded for 7 days. Ca is present in the alteration with a significant concentration. It was
reported to remain in the alteration layer of 1ISG corroded in silica saturated solutions, especially
in solution without added electrolytes.(10) The XPS depth profiling results show that enrichment
of Zr is only present on the outer surface of corroded ISG samples.

3.3. Surface topography changes of aqueous-corroded I1SG

The glass surface corroded in the initially silica-saturated solutions has been studied

assuming that Si, Al, and Zr do not dissolve from glass network into aqueous solution. While

corrosion solutions were initially saturated with soluble silica, it does not warrant that there is a
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true equilibrium between the Qn species (where n represents the number of bridging bonds) in the
glass network and the silicic acid in agueous solution. Due to this non-equilibrium nature,
dissolution of Si and Al from glass surface is possible. As a result, the surface topography can
change during the corrosion process. Figure 5 shows the topographic evolution of the ISG air-
fractured surface before and after corrosion in silica saturated solution for different time. These
AFM images reveal a significant change of surface topography due to the corrosion. The root
means squares (RMS) of surface roughness are given in Figure 5f. The surface roughness of ISG
sample increases significantly with corrosion time in aqueous solution. A change of surface
topography of polished 1SG samples corroded in pH 7 silica-saturated solutions at 90 °C was
reported by Liu et al.(11) The increase of RMS values with corrosion time is consistent with the
stochastic dissolution phenomenon occurring at a flat surface.(42-45)

AFM was used by Mellott and others to study the change of surface roughness of fire
polished glass and fiber surfaces after corrosion in aqueous solutions.(46) It was reported that there
was no detectable roughening generated by cation leaching alone and the increase of surface
roughness was due to network dissolution. The change of surface roughness was also correlated
with the amount of silica dissolved into the solution.

3.4. Implication to Aqueous Corrosion Process

The results from spectroscopic analyses (LEIS and XPS) and topographic analysis (AFM)
confirm that 1SG is still dissolving even in the initially silica-saturated solution. The silicon
containing species and their concentrations in aqueous solutions have been shown to vary with
electrolyte concentrations.(47, 48) Using fast atom bombardment mass spectrometry, Tanaka and
Takashima reported various silicon containing species in aqueous sodium chloride solutions and

their total concentration increased with the NaCl concentration.(48) This finding suggests that the
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leaching of Na and B from the ISG glass could alter the silica species present in the solution phase,
which will be inevitably accompanied by the alteration of the saturation concentration of soluble
silica species in the solution. This may lead to dissolution of silicate network formers from the
glass.(49) The reverse process (precipitation of silica species onto the glass surface) is also possible
if the silica saturation concentration is decreased because of leaching of modifier ions from the
glass; if this happened in the case of ISG studied in this work, then the Zr surface concentration
would have decreased in LEIS and XPS analyses.

The evidence of surface dissolution of glass samples even in the initially silica-saturated
solutions may imply that there might be no true equilibrium between silicon-containing soluble
species prepared with reference samples different from the glass composition and the silicate
species in the network of the glass sample of interest at the beginning of the corrosion process.
This study performed corrosion experiments for a short time (up to 7 days); however, it is
important to keep in mind that the network dissolution observed in the beginning of the corrosion
process is unlikely to occur in the alteration layer formed over a long exposure time; but, the
behaviors at the initial stage may influence the subsequently-formed structure of the alteration
layer because of the path-/history-dependence of non-equilibrium chemical reactions. The glass
corrosion mechanism can change with time and it was observed for UK Magnox-waste glass that
it took more than 28 days for its corrosion process at 90 °C in deionized water to change from fully

controlled ion exchange at the beginning to fully controlled hydrolysis.(50)

4. Conclusions
Surface dissolution of glass network in the initially silica-saturated solutions has been

studied using surface-sensitive characterization techniques such as LEIS, XPS and AFM. Although
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the thermodynamic affinity model predicts no loss of silicate network component because the
soluble silica concentration was initially equilibrated with amorphous silica solid, the surface
analysis results reveal evidence suggesting the dissolution of silicate network components from
the glass surface. Mobile elements (B, Na) leached out from the glass might affect the saturation
level of silicon-containing species in the aqueous phase and further studies on this effect are

required to better understand glass corrosion.

Supplementary Information
Ca content calculated from the LEIS spectrum of vacuum-fractured ISG sample. The

Supporting Information is available free of charge on the ACS Publications website at DOI:
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List of Table Captions

Table 1. Elemental molar composition of ISG (based on wt% of ingredients provided by MO-
SCI, Corp).

List of Figure Captions

Figure 1. (a) LEIS spectra of the pristine (vacuum-fractured) ISG surface and the surface contacted
with aqueous solutions (ultra-pure water and silica-saturated water) for 100 seconds after air
fracture. (b) Na content calculated from the LEIS spectra. The normalized bulk concentration of
Na (from Table 1) is also shown for comparison.

Figure 2. ISG fractured in air and corroded in 90 °C, pH7, silica saturated solution (with K* ions):
(@) LEIS spectra; (b) normalized Zr content.

Figure 3. Elemental concentration (atomic %) for Na, B, Ca, Al, Si, and Zr determined from XPS
analysis of the fractured ISG (bulk) and the surfaces corroded for varying times (from 1 hour up
to 7 days) in pH 7 aqueous solution initially saturated with soluble silica species at 90 °C.

Figure 4. XPS depth profiles of air-fractured 1SG glass corroded in pH7 silica-saturated solutions
at 90 °C: (a) 1 hour, (b) 1 day, (c) 7 days.

Figure 5. AFM images of ISG fractured samples corroded in 90 °C, pH7, silica saturated (with K*
ions) solution for (a) 0 hour (uncorroded); (b) 1 hour; (c) 1 day; (d) 7 days. Figure (e) shows RMS

values of surface roughness.
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Tables

Table 1. Elemental molar composition of ISG (based on wt% of ingredients provided by MO-
SCI, Corp).

Element Si B Na Al Ca Z O

Mol% 17.99 9.73 7.68 2.22 1.56 0.50 60.31
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