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Abstract:

Aqueous dissolution of silicate materials exhibits complex temporal evolution and rich pattern formations.
Mechanistic understanding of this process is critical for the development of a predictive model for a long-
term performance assessment of silicate glass as a waste form for high-level radioactive waste disposal.
Here we provide a summary of a recently developed nonlinear dynamic model for silicate material
degradation in an aqueous environment. This model is based on a simple self-organizational mechanism:
dissolution of silica framework of a material is catalyzed by cations release from material degradation,
which in turn further accelerates the release of cations. This model provides a systematical prediction of
the key features observed in silicate glass dissolution, including the occurrence of a sharp corrosion front,
oscillatory dissolution, multiple stages of the alteration process, wavy dissolution fronts, growth rings,
incoherent bandings of alteration products, and corrosion pitting. This work provides a new perspective
for understanding silicate material degradation and evaluating the long-term performance of these materials
as a waste form for radioactive waste disposal.

Introduction

Silicate materials can be found in numerous industrial and technological applications including molecular
sieves for chemical separation, catalysts for chemical conversion [1], optical fibers for communication [2],
biomedical devices [3], construction materials [4], and waste forms for nuclear waste disposal [5-6]. In
many of such applications, the chemical reactivity of a material with water directly determines the lifetime
of the material in service. Thus, understanding chemical alteration of these materials in aqueous
environments is particularly important for material development and their potential applications, especially
for radioactive waste disposal, which requires the performance of a material to be evaluated for an extended
period up to hundreds of thousand years [5-6]. Over such time scales, any model prediction of material
performance must be footed on a mechanistic understanding of the underlying processes.

The underlying mechanism for the dissolution remains controversial. The debate has centered on the
possible formation of a leached surface layer and its role in material dissolution. A silica-rich surface layer
has been detected on both manufactured and natural silicate materials [7-9]. Alkali and alkaline cations in
this layer are partially leached out and replaced by hydrogen ions through a coupled diffusion-ion exchange
process. The leached layer may be subjected to in-situ silicate network reorganization, leading to the
formation of a dense silica gel layer that may passivate a dissolving solid surface [10]. However, this view
has been challenged by the observations of extremely sharp interfaces between altered rims and pristine
material domains [11-14] and oscillatory zonings in the altered rims [15-17], suggesting that material
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corrosion may undergo a direct dissolution-
precipitation process. Oscillatory zonings on
archeologic glass samples have been attributed to
seasonal fluctuations in temperature or hydrologic
conditions [18]. But this explanation is apparently
not applicable to laboratory experiments, which
are usually conducted under static conditions with
no externally imposed periodic changes in
experimental conditions. Thus, the observed
oscillatory dissolution behaviors must be self-
organizational, i.e., originated from the internal
dynamics of solid-water interactions.

Results

Self-organizational mechanism

Self-organization requires a positive feedback
among physical and chemical processes involved
in a system. Wang and his colleagues have
proposed the following positive feedback [19]: As
a silicate material corrodes, cations (notably Na+)
in the material are released into the solution,
resulting in a local high cation concentration and
pH at the reaction front. Under alkaline
conditions, silicate dissolution is catalyzed by both hydroxyl groups and cations. The resultant high pH
and cation concentration enhance silicate material dissolution, which in turn accelerates cation release. the
overall dissolution-precipitation reaction process can stoichiometrically be represented by reaction (1) [20]:
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Fig. 1. Schematic representation of the system for
silicate material degradation [19]. Vertical axis
represents both Y coordinate and the
concentrations of dissolved species. The dashed
line indicates a small perturbation introduced to an
initially planar dissolution surface.

Cations
Silicate -) Alteration products + asSiO2 (aq) + acCations(aq) (1)

where as and ac are the stoichiometric coefficients of dissolved Si02 and cations, respectively, in the
overall silicate alteration reaction. Since most of Si02 released from the dissolution is re-incorporated into
the alteration products, as is relatively small compared to ac. The cations in reaction (1) refer to alkali
cations (mainly Na+) and part of alkaline-earth cations that remain as dissolved cationic species in solution
after their release from material degradation.

Mathematical model

Let's consider a modeling system as illustrated in Fig. 1. The dissolved species released from the alteration
communicate with the bulk solution via diffusion through the alteration products. Assume that the position
of the dissolution front at time t can be described by X = F(Y, t). The evolution of the glass dissolution
front can be described by the following dynamic equations [20]:

For F(Y, t) < X<L:
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where X and Y are the spatial coordinates (Fig. 1); F(Y, t) describes the location of the dissolution front; t
is the time; Cs and Cc are the concentrations of dissolved Si02 and cations, respectively; D, and Dc are the
effective diffusion coefficients of the two species, respectively; and L is the thickness of the alteration zone.

At X = F(Y ,t):

cesR = —D,VCs • n

acR = —DcVrc • n

nR = k[1+ )(3 c,(I TYi (cf — cs.)

Cs = cl(00)(1+ FK)

K — / [1 + (ay)213/2

= (1, _ F) [1 T ( OF\ 211/2

k ay/ / Uy)

where rt is the normal vector of the dissolution front pointing toward the alteration zone; R is the dissolution
rate; k is the reaction rate constant; /3 and m are constants characterizing the catalytic effect of cations on
the dissolution rate of silica framework; ClEp is the concentration of cations at the isoelectric point; cl is
the solubility of silica framework on a surface of curvature K; cl(co) is the solubility of silica framework
on a planar surface; is the surface tension of the interface between the pristine glass and the solution; and
superscript "T' in Eq. (9) represents the transposition of a vector. Equations (7) and (8) capture the effect
of surface tension on the solubility of silica framework.

At X =

Cs = (10)

Cc = (11)

The kinematics of the dissolution front can be described by:

OF — OF)211/2
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(12)

(13)

where p is the molar density of the silicate material; it is the reaction rate evaluated at the planar front; and

Cc and C, are the concentrations of dissolved Si02 and cations at the planar front, respectively.
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Oscillatory dissolution

Equations (2) through (13) have been solved
numerically for a planar dissolution front
[19,20]. The model simulations show that,
under certain model parameter ranges, the
concentrations of both cation and dissolved
silica at the dissolution front can oscillate out
of phase with time (Fig. 2), even if the
concentrations in the bulk solution outside
the alteration products remain constant, and
so do the glass dissolution rate and the rate of
alteration product precipitation, resulting in
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repetitive chemical or structural bandings in 20 40 60 80 100 120 140

alteration products [15-18]. Through a model Scaled time

analysis, the time scale for each oscillation is
estimated to range from hours to a year, Fig. 2. Predicted concentration oscillations at the glass
consistent with observations [15,16,18] . dissolution interface [17] .
Similarly, the scale of each band is estimated
to be sub-micrometers to micrometers, again consistent with observations [12,16]. The thickness of each
band is expected to be roughly the time scale for each oscillation multiplied by the diffusional flux of mass
across the alteration product layer, with the former proportional to the thickness of the alteration layer (L)
while the latter inversely proportional to L [19]. Consequently, the thickness of each band should remain
relatively constant as L evolves during material degradation. Apparently, the bands formed as such do not
follow a spacing law for a typical Liesegang banding [21].
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Fig. 3. Morphological instability of dissolution front induced by the proposed self-organizational
mechanism A. Schematic illustration of the evolution of an unstable dissolution front. B. Growth rate
of perturbation as a function of the wave number of perturbation.
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Morphological instability of dissolution
front

Let's assume that the dissolution of a
silicate material starts on a planar
reaction front (Fig. 1). In an actual
system, the front is inevitably subjected
to environmental perturbations, resulting
in small fluctuations in reaction rate on
the dissolution front. Based on the self-
organizational mechanism proposed
above, in a faster dissolution location
(labeled "e in Fig. 1), more cations
would be released and accumulated,
which in turn further accelerates the
dissolution at this location. The opposite
happens at location "b”, where the
cations can be relatively easier to diffuse
away due to a shorter diffusion distance
through the alteration zone (Fig. 1).
Consequently, a small perturbation to an
initially planar front can be amplified,
leading to the formation of a wavy front
(Fig. 3A).
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Fig. 4. Schematic illustration of the interaction of oscillatory
A linear stability analysis of equations dissolution with dissolution front instability leading to
(2) through (13) have been performed complex pattern formation.
[20]. In this analysis, an infinitesimal
perturbation of a given wave number is
first introduced to an initially planar reaction front, and the growth rate of the perturbation is then
determined as a function of wave number. A typical growth rate of perturbation as a function of wave
number is shown in Fig. 3B. As shown in the figure, over a certain range of wave number, the growth rate
of perturbation becomes positive, implying that the perturbations with these wave numbers can potentially
be amplified, leading to the formation of a wavy dissolution front. The actual wave length of the front is
determined by the wave number with a maximum growth rate (corr.). The wave length is estimated to
range from a few to hundreds of micrometers [20], consistent with observations [11-13,16].

As shown in Fig. 4, the interaction of oscillatory dissolution with morphological instability of the
dissolution could lead to complex pattern formations in alteration products [20]. For example, if the growth
rate of morphological perturbations is comparable with the rate of dissolution front advancement and the
concentration oscillations excursion into a morphologically unstable field with narrowly ranged
wavelengths, resulting in a set of coherent wavy bands (Figs. 4A and 4B). On a view plane parallel to the
front, these wavy bandings can be expressed as concentric growth rings [16] (Fig. 4C). Also, if the growth
rate of morphological perturbations is comparable with the rate of dissolution front advancement and the
concentration oscillations cross over a morphologically unstable field with a wide range of wavelengths,
leading to a set of incoherent alteration bands (Fig. 4D).

Zeolite formation and long-term glass dissolution rate

The proposed self-accelerating mechanism also provides a new perspective about zeolite formation in
silicate glass dissolution and its relation to the long-term durability of the materials [20]. As the dissolution
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proceeds, the dissolution rate increases as more cations accumulate in the boundary layer. Eventually, the
dissolution rate overtakes the mass exchange rate, leading to a "runaway" situation with a sharp increase in
the cation concentration at the interface and therefore the dissolution rate. The sharp increase in both cation
concentration and pH inevitably causes zeolite precipitation. Therefore, contradicting the existing point of
view that the zeolite precipitation causes alteration resumption [6], The self-accelerating concept suggests
that zeolite formation is a consequence of the alteration resumption process. The precipitation of zeolite
would eventually limit further increase in the reaction rate by removing cations from the dissolution front.
Thus, the resumption rate may likely represent a long-term rate for silicate glass dissolution. Whether or
how soon the alteration resumption occurs depends on glass composition. The durability of a glass can thus
be engineered by choosing an appropriate glass recipe [20].

Conclusions

It has been shown that the observed complexity of silicate material degradation can emerge from a simple
self-organizational mechanism. This mechanism enables us to systematically predict the key features
observed in silicate glass dissolution, including the occurrence of a sharp corrosion front, oscillatory
dissolution, multiple stages of the alteration process, wavy dissolution fronts, growth rings, incoherent
bandings of alteration products, and corrosion pitting. This work provides a new perspective for
understanding silicate material degradation and evaluating the long-term performance of these materials as
a waste form for radioactive waste disposal.
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