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A. WTRODUCTION

Corrosion properties of glass have been investigated since the advent of modern chemistry. Surface
reactions of glasses with fluid media, such as adsorption and desorption, chemical reactions, ion
exchange, and so on, play an important role both in manufacturing (polishing, cleaning, coating, and
production of silica-rich glass) as well as in product properties, such as mechanical strength,
reflectance, and catalytic activity. Studies have been performed to qualify glass as a material for
reaction vessels and optical instruments, for use in building construction, for cement and plastic
reinforcement, for bone replacement, for radioactive waste fixation, and for many other applications.

The corrosion behavior is typically studied in the laboratory using a large variety of test methods.
Included are various standard test methods [1-6] allowing comparison of specific dissolution
properties of different glass compositions, test methods for quantification of rate law parameters [7,
8] test for simulating service conditions, and so on. In these tests, powdered or bulk glass samples
with or without special surface treatments are exposed to stagnant or flowing aqueous media,
distilled water [9] or other corrosive fluids at low or high temperatures in autoclaves [1O]. Vapor
hydration tests are used by archeologists to understand natural alteration of obsidians [11] or stability
of nuclear waste glass in vadose zones. Corrosion properties are characterized by the analyses of
detached glass components dissolved or dispersed in these fluids, of solution pH, solid corrosion
products or by analyses of corrosion depth (ion implantation or profilometry), concentration gradi-
ents of reactants, or glass components at the glass surface. In addition to laboratory testing, features
of natural or archeological glasses are analyzed, mainly by surface sensitive techniques.

Probably the most widely studied glasses today are soda lime glasses, vitreous silica, and
nuclear waste glasses. By using a multitude of test methods, extensive experimental databases
have been created and models have been developed to predict the behavior of these glasses in
geological environments for thousands of years. Reviews of the current state of knowledge are
available [12-16].

In most cases, it is not possible to use corrosion test results directly to assess behavior under
service conditions. A ranking of the relative corrosion resistance of glass compositions often depends
on the test method used. To a large extent, this is due to multiply coupled processes, resulting in
highly nonlinear corrosion behavior with respect to parameters such as glass composition, pH,
solution volume, and so on. Consequently, the prediction of glass performance under service
conditions can hardly be based on a single test but requires an extensive test plan. This is particularly
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obvious when using results from laboratory tests that may be carried out over a period of a few years
to assess the performance of nuclear waste glasses intended to immobilize radiotoxic elements for
thousands of years. In the laboratory, short-term phenomena and test artifacts become important,
while dominant long-term processes are difficult to quantify.

B. STRUCTURE OF GLASS

For understanding basic glass corrosion mechanisms, some fundamental knowledge of glass
structure is necessary. Glass structure can be described as a randomly oriented continuous glass
network [24, 27]. The amorphous structure is very complex. Neutron scattering analyses and
extended X-ray absorption fine structure (EXAFS) allow three ranges of order for silicate glasses to
be distinguished (Fig. 1; [17]): Range I: Ordered cation coordination spheres, as in crystals [18]
(with a tendency to smaller coordination number [19, 2O]. Range II: Cation polyhedra connected by
oxygen (in oxide glasses). Range III: Larger units such as rings, chains (e.g., in phosphate glasses).

Depending on formal charge, size, and coordination number, a given cation, such as Si, P, B, or
Al, may increase the connectivity of the glass network (network former); others, like the alkali
elements, may decrease it (network modifier) or may take an intermediate role [21-24]. Glass
network connectivity is maintained by mixed ionic/covalent bonds [25]. In silicate glasses the
fundamental structural units are silica tetrahedra, which easily interconnect by forming siloxan
bridges (=Si-O-Si=) [24, 26, 27]. Pure vitreous silica has a high chemical resistance, but has
various technical disadvantages (high melting point, small working range), so that it is only used for
specific applications. Addition of alkali ions reduce both melting point and corrosion resistance due

FIGURE 1. Glass network according to Zachariasen without far range order but with order in the Ranges I, II,
and IH [15].



to disruption of oxo bridges and formation of strongly ionic nonbridging oxygen bonds (NBO):
C=Si-O-Si= + Na2O<->2=Si-O~Na+). In case alkali concentrations become very high, one can
observe the formation of channels with high mobility for alkali ions. Using 29Si NMR one can
distinguish between Si-tetrahedra with 4, 3, 2, and 1 oxo bridges (Q4, Q3, Q2, Q1-Sites). The
distribution is governed by the alkali/SiO2 ratio. By Coulombic forces, the glass network takes a
structure of maximum distance between negative charge centers [28]. Alkali earth cations can
increase the crosslink density of the glass network (e.g., Ca2+: =Si-O-Ca-O-Si=). The number of
oxo bridges in the glass can also be increased by adding Al to the glass, leading to the formation of
anionic aluminate tetrahedra bound to Si-Q3-Sites [29]. The resulting negative charge is
compensated by locating alkali ions in the vicinity. At a ratio R = Al/Alkali of 1, the charge is
compensated entirely and Na ions are very immobile [3O].

According to Hinz [32] the coordination number of cations in the glass structure depends on the
ratio, (cation radius)/(anion radius). Up to a ratio of 0.225, threefold coordination is dominant, to
0.414 tetrahedral, to 0.732 octahedral, and to 1.00 there is cubic coordination. A comparison of
cation/anion radii ratios and coordination numbers of various cations in crystalline structures and
oxide glasses is given in Figure 2. Average crystallographic radii are obtained from bond length data
of Shannon [31] (with roxygen= 1,32 A [32] instead of 1.26 used by Shannon). Figure 2 shows a
linear relation clearly indicating that bond length in glasses and crystals are similar, but coordination
numbers appear to be slightly higher in crystalline structures. According to this diagram, network
forming cations occur up to a ratio of radii of 0.55.

1. Heterogeneity

When glasses contain multiple phases, typically one phase is more soluble than the other and may
control the corrosion resistance or leaching rate. Examples are B-rich borosilicate glasses with an
easily leachable B-rich glass phase or soluble alkali molybdate phases formed in ill defined nuclear
waste glass compositions. In contrast, in silica rich borosilicate glasses, phase separation can lead to
an increase in glass durability if a durable Si-rich continuous phase is formed, which includes the B-

Ratio of crystallographic radii

FIGURE 2. A comparison of crystallographic ratios of cation to anions with respective ratios for glasses.
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rich phase in dispersed form [33]. Even in the absence of phase separations, microheterogeneities
may occur. In 1921, a glass structure theory was developed [34] based on randomly oriented
microcrystals similar to the recent "Strained Mixed Cluster" model [35, 36]. Typical clusters are
boroxol rings in B2O3-glass, P8-, or P9-cages in some phosphate glasses or layered Ca-octahedra in
Ca silicate glass. Cluster boundaries are reactive centers.

C. GLASS CORROSION MECHANISMS

The corrosion rate of glass is not an inherent materials property, but depends on glass composition,
structure, and surface states, as well as on environmental conditions, such as the composition of the
corrosive fluid (including pH), hydrodynamic conditions, temperature, stress, strain, vapor pressure,
and so on. An overall mechanism of sequential and parallel partial reactions can be formulated for
the glass-water reaction, probably applicable to most glass compositions. Different reaction rates
and empirical rate laws, as well as specific selective leaching properties and pH changes are
interpreted as resulting from the different relative importance and consequences of the various partial
reactions in the overall reaction scheme. The nature of the rate-limiting reaction in this overall
scheme depends both on environmental constraints and on glass composition and structure.

The principal partial reactions in the glass-water interaction are glass network hydration, ion
exchange and dissolution of the glass network, resulting in changes of composition of corroding
fluids and formation of altered surface layers. Additionally, transport processes, such as access of
reactants (e.g., water molecules) and removal of products (e.g., dissolved glass network formers),
may become rate limiting under certain conditions.

Glass hydration and alkali/H+ ion exchange are reactions that occur in parallel with glass
network dissolution [37-40], and these reactions are interrelated; for example, in silicate glasses,
alkali exchange leads in most cases to pH increase in solution (but not in Mg rich solution), which
increases glass matrix dissolution rates.

The alkali/H+ ion exchange process is often (not always [41]) diffusion controlled, implying that
the rate of selective alkali release from glasses is initially highest and decreases with the square root
of time until it becomes equal to the rate of matrix dissolution. The process may be governed either
by the electroneutrality coupled, diffusion coefficients of alkali ions and H+ bearing species in
opposite directions, with the lower mobility of H+ bearing species such as H3O

+ ions [42, 43]
normally being rate controlling. Alternatively, the rate-limiting reaction may be the diffusion of
water molecules into the glass network [44-46]; that is, the hydration of the glass network. Based on
findings that the pH response of glass electrodes is essentially determined by exchange equilibria of
the outermost surface species with species in solution, it was suggested that ion exchange at the
surface is driven by electrochemical potential differences between charged and uncharged sur-
faces species and the bulk glass [47]. However, the electrical coupling of H+ and Na+ migration in
the surface layer leads to electrical fields much stronger than those between the surface and the
glass [48].

Various models for the coupling of ion exchange and matrix dissolution can be found in the
literature [49-51]. The relative importance of the ion exchange reaction depends on the diffusion
coefficient D(m2/s) and the corrosion rate r(m/s). The D depends on glass and solution composition.
For borosilicate glasses it can be shown that D is not related to the diffusion coefficient of Na in the
dry glass [52]. The ion exchange process is strongly reduced with increasing alkali content of the
solutions. The effect increases in the order, Li+ < Na+ < K+ < Cs+ [53]. In the time between t = Q
and t <C T2ID, the overall reaction is diffusion controlled [54]. Matrix dissolution becomes dominant
for times t > T2ID. The ratio DIr gives the average steady-state depth of either alkali diffusion or
water diffusion in the glass and the product r-t denotes the thickness of corroded glass.

For silicate glasses, it has been shown [55] that the corrosion rate r is proportional to the
thermodynamic stability of a hypothetical mechanical mixture of component oxides. This linear free
energy relationship has been confirmed for window glasses, medieval church glasses, natural basalt



glasses, and nuclear waste glasses [56]. In general, the corrosion rate, r, is not constant, but depends
on solution composition. The pH and the concentration of matrix formers (e.g., dissolved silica)
in solution are particularly important. Minimal corrosion rates are often observed at neutral pH
[57, 58]. The pH dependence is related to the concentration of activated surface complexes [59].
Often, a decrease of corrosion rate, r, with time is observed. Initially, this decrease with time was
interpreted as an effect of protective layers, but later it was shown, for silicate glasses, to be an effect
caused by solution saturation, described in a simplified way as [60-62]:

, / 1 ^Si, actual solution coned. \ X 1 Xr — / c + i i — I ^i;
\ ^Si, saturation coned. /

with the saturation concentration of silicic acid and the forward rate constant k+ depending on pH,
solution composition, temperature, and ionic strength. Saturation effects were also reported for some
phosphate glasses [212]. With the approach of saturation, the affinity [63] of glass dissolution, and
thus, the reaction rate decreases [64-66]. At saturation, the corrosion rate decreases by up to a factor
of 1000, but corrosion continues, either due to formation of secondary phase or due continued alkali
release by the ion exchange reaction. The saturation effect may result in an increase of corrosion rate
with increasing solution volume. The effect of surface area to volume ratio (S/V) on glass corrosion
rates has been known for more than 20 years [67, 68] and is illustrated with experimental data for a
nuclear waste glass in Figure 3 [71].

At the lowest S/V, mass loss per unit surface area, corrosion rates and corrosion layer thickness
are maximum values and independent of S/V. Two further reaction steps can be observed with higher
S/V [69]: an intermediate step where the reaction rate decreases to a minimum (as shown in Fig. 3)
and at very high S/V, where the reaction rate is augmented by secondary phase formation. Whether or
not this last step occurs depends on glass composition, particularity on the Al content [7O].

log S/V [m~1]

FIGURE 3. Dependence of the extent of glass corrosion [normalized elemental mass loss (NL)] on the ratio 5/
V: PNL-76/86 Glass, 9O0C, pure water [67]. Divided by the density of the glass (2.7 g/cm3) NL values can be
translated into equivalent reaction layer thickness (in jam).
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Two S/V effects should be distinguished: pH-related effects and saturation effects. Larger S/V
values lead to faster saturation and often to pH increase (not always, e.g., not with phosphate glasses,
or with silicate glasses in Mg-rich waters). Thus, in a nonbuffered system, the pH-dependent
corrosion mechanism [68] varies with the S/V ratio. The saturation-related S/V effect leads to a
dependence of the extent of glass corrosion on the product t - S/V, as confirmed experimentally [71];
however, simultaneous occurrence of saturation effects and pH variations may complicate this
simplistic view [72].

D. EFFECTS OF GLASS COMPOSITION ON CORROSION KINETICS

The stability of the glass matrix against corrosion, ion exchange, and water diffusion as well as
saturation concentrations and long-term corrosion mechanism depend to a large extent on glass
composition. The chemical nature and concentration of the glass components are both important.
Depending on the interactions with other glass components, a given component may act as either a
stabilizing or a destabilizing agent; it may enhance or decrease the relative importance of ion
exchange when compared to matrix dissolution.

A comparison of the corrosion rates of important commercial silicate glasses at 9O0C and
buffered pH 7 is given in Table 1 [73].

The table shows that glass components do influence glass stability. However, since effects are not
additive, it is difficult to predict the corrosion rates of multicomponent glasses from the corrosion
rates of simple glasses. The effect of composition on stability is not an inherent glass property, but
depends on solution composition, surface-to-volume (S/V) ratio, and so on. The corrosion stability
of a given glass must be experimentally determined if performance is to be predicted for specific
service conditions. Nevertheless, some quantitative estimations of glass corrosion effects are
possible and are described in the following paragraphs.

There are both theoretical and empirical models describing the effect of glass composition on
corrosion rates. Theoretical models are based on semiempirical linear-free-energy relationships
(LFER). The most important model is based on studies of Paul [75] showing a relation between
corrosion resistance and the hydration enthalpy of a mechanical mixture of component oxides and
silicates. This model applies particularly to k+ in Eq. (1) [76]. A list of standard hydration enthalpies

TABLE 1. Corrosion Rates of Silicate Glasses at 9O0C, pH7a

Sodium-trisilicate
Corning 015

soda lime
PPG soda lime

R7T7 nuclear waste
borosilicate

Pyrex borosilicate

Kimble R6
soda lime

Obsidian

Tektite

Composition (wt%)

SiO2 (75), Na2O (25)
SiO2 (72), Na2O (22), CaO (6)

SiO2 (74), Na2O (13.3), CaO (8.3),
Al2O3 (0.06), MgO (3.7)

SiO2 (82), Na2O (4), B2O3(U),
Al2O3 (2)

SiO2 (74), Na2O (12.9), CaO (8.3),
Al2O3(LS), MgO (4.5)

SiO2 (76), Na2O (3.8), CaO (0.5),
Al2O3 (13), K2O (4.8), FeO (0.7)

SiO2 (73), Na2O (1.5), CaO (1.9),
Al2O3 (13), K2O (2.4), FeO (4.4)

Linear
Rate

(Hm/d)

344
5.7

0.8

0.4

0.2

0.02

0.0002

0.08

Ea

(kJ/mol)

84

68

70

54

79

62

80

Hydration
Free Energy

(kJ/mol)

-18.5
-19.6

-13.8

-8.3

-13.1

3.6

References

73
73

73

58

73

73

73

74

"See [73].



AGjJyd,- is available [77,78] and can be used to formulate the standard hydration enthalpy of the glass
phase, in order to calculate corrosion rates caused by solution hydrolysis using the equation

IHr = Jr1LX4AGj^y+** (2)

where ^1 and k2 are empirical constants that are specific for a given corrosion test. For borosilicate
and lead-rich glasses, deviations from linearity were interpreted as resulting from different structural
roles of boron in the glass and were corrected [79]. If solution hydrolysis and complexation of
dissolved glass constituents as well as surface complexation constants are taken into account, the
corrosion rates of silicate glass fibers can be accurately described in the pH range 1-12 [8O]. An
alternative model is the structural bond strength model [193]. This model assumes that the corrosion
resistance is controlled by the average bond strength Vin the glass, which can be calculated from the
enthalpy of formation of the component oxides, considering the role of a glass component as network
former, modifier or intermediate oxide. For more accurate prediction, empirical models are used that
allow interpolation (not extrapolation) in an empirical compositional multidimensional space. These
models are based on a multivariate fit of thousands of experimental data to a general equation [81].

E. SURFACE MODIFICATION

After the first contact of a corrosive fluid with the glass, the surface becomes electrically charged,
resulting from the population of charge carriers (surface species: =SiO~, =SiOM, =SiOH, =
POH- • •) that belong both to the glass and to the solution. Surface species distribution is responsible
for the response function of glass electrodes, and not ion exchange, as is assumed normally [82].

Often, a sequence of reaction layers can be identified, consisting of an inner diffusion layer,
followed by a porous gel layer, and one or more laminar layers of precipitated reaction products. The
dissolution front of the glass phase is located between the gel layer and the inner diffusion layer. In
many cases, there is a smooth transition between the diffusion layer and the gel layer and both
together are termed the "gel layer" without distinction [91]. The chemical and mineralogical
composition of the assemblage of layers determines the retention capacity for radiotoxic or chemical
toxical substances, the reflection properties etc. The principal scheme of these layers is given in
Figure 4.
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FIGURE 4. Schematic representation of different surface regions of corroded silicate glasses.
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In water-containing fluids, the initial surface modification is glass hydration, without loss of the
glassy state. If sufficient network bonds are hydrolyzed, a transformed layer [83] (gel) is formed,
with a clear phase boundary to the glassy phase. The transformed surface layers are porous [84],
containing molecular water [85, 86] and allowing for high ionic mobility [87] as well as high water
mobility. Molecular water may result from inwards diffusion of water carrying H+ ions or may,
alternatively, result from the condensation reaction [88, 89], 2=Si-OH -»H2O + =Si-O-Si=. The
quantity of water entering the glass depends, among other parameters, on space and strain in the glass
network [9O].

Ion exchange results in a depletion of alkali ions in the hydrated glass. Potassium-rich silicate
glasses show concentration profiles with smoothly decreasing K concentration from the bulk glass to
the surface, whereas sodium rich silicate glass show S-shaped profiles with almost constant Na
concentrations between an inflection point and the surface [91]. This difference in shapes was
explained by the different structures of Na- and K-silicate glasses [92], but this is unlikely, as in
mixed Na/K lime glasses the same difference in respective concentration profiles was observed [93].
Conradt and Scholze [91] provided a convincing explanation for the different shapes: when ion
exchange in the "gel layer" is more rapid than the formation of this layer, the S-shape is found,
whereas for comparable velocities of the two processes the potassium profile results. In natural
tektite glasses [94] and obsidians [95] one has observed water diffusion without alkali release,
clearly indicating that ion exchange is a secondary process to water diffusion. Alkali release is also
suppressed if the alkali content of the solution is high [96].

The corroded glass may also dissolve entirely (as occurs with some potassium silicate glasses),
but in many cases the glass surface becomes enriched at the surface with sparingly soluble glass
constituents. This is particularly true if the glass contains large quantities of heavy metals.
Depending on glass composition and environmental constraints (temperature, pressure, solution
composition, pH, flow rate, vapor pressure, contact time, etc.), amorphous (gel), or crystalline
reaction products are formed.

When compared to the original glass, the gel layer is depleted in network modifying elements
(Na, Ca, Li, Cs, etc.) but enriched in Si, Al, transition and heavy metal contents (Fe, Ti, Nd, U, Zr,
etc.) [97,98]. Under acid conditions, even rare earth elements become depleted [99]. Metal ions from
solution may become incorporated into the gel layer (e.g., Mg). The content of molecular water is
significantly higher than the content of silanol groups [100] and water may occur phase separated in
the structure of the layer [101]. The interface between the diffusion layer and the gel layer often has
the character of a phase boundary. The gel layer is attached to the diffusion layer by siloxane bridges
(=Si-O-Si=) [136] but is often possible to mechanically remove the adhering gel from the glass
surface.

The gel layer is a rather stable alteration product, whose dissolution rate may become smaller
[102] or larger [103] than that of the glass. It is likely [102] that the solubility of the gel determines
the saturation effect with respect to the glass [Eq. (1)].

Released glass components accumulate in solution until solubility limits with respect to pure and
mixed secondary phases are achieved. If the solubility is exceeded, precipates form at the outer
surface or even within the gel layer. The composition of the precipitates is a strong function of
chemical alteration conditions (pH, pCO2, redox potential, • • •)• In principle, the composition can be
predicted both for closed and open systems, using models based on equilibrium thermodynamics
[104] (geochemical modeling [105]). Successful modeling efforts are reported in the literature
particularly on basalt glass alteration [106-108] and nuclear waste glass alteration [109, UO]. The
sequence of secondary phases during silicate glass corrosion is metal(hydrate)oxides —>• clays —»
zeolites —* SiO2.

Typical oxides and oxyhydroxides are amorphous or crystalline iron oxyhydrates such as goethite
or akaganeite, Ti-hydroxides or aluminum hydroxides such as gibbsite. These phases are formed in
the first hours of glass/water contact within a layer of few 100 nm [111-114]. Clays are among the
most abundant crystalline alteration products both of natural glasses as well as of manmade glasses
[97, 115-117, 148]. Zeolites are formed mainly at alkaline pH (8-14). Typical zeolites formed are



phillipsite [118] and chabazite. Analcime is formed particularly at temperatures between 150 and
25O0C [12, 97, 98, 115, 119, 148]. Other crystalline alteration products include calcium-silicate
hydrate (CSH) phases BaSO4, anhydrite, molybdates, phosphates (e.g., Apatite [120], LiPO4 [148]),
silicates (e.g., uranyl silicates, Weeksite [121], Uranophane and Haiweeite [122]), layered double
oxides like hydrotalcite [123], and so on. The kinetics of zeolite formation can be described by
growth and dissolution reaction processes, closely resembling the Oswald step sequence [124].

With certain glass compositions, secondary phase formation may also be detrimental to glass
corrosion. This is particularly the case if formation of silica-rich zeolites prevent silica concen-
trations in solution to reach saturation values. Frequently, an increase of corrosion rates is observed,
once zeolites are formed [125].

F. PROPERTIES OF SURFACE LAYERS

1. Surface Layers as Protective Surface Films

In order to explain the time-dependent decrease of corrosion rates, it has been assumed [126, 127]
that the corrosion layers are protective, but, in many instances, corrosion rates decrease because of
saturation effects in solution [131]. Mass balance calculations have shown that borosilicate glass
dissolution continues even if tightly adhering surface layers are formed [128]. However, particularly
in Mg-rich solutions, a protective effect was observed for borosilicate glass compositions [129], soda
lime glasses [130], and for natural tektites [131]. For soda lime glass, the addition of Al had a similar
effect as Mg in decreasing corrosion rates. Protective effects of surface layers were also observed on
bioactive glasses exposed to artificial plasma [132] and phosphate-containing solutions [133]. This
effect was attributed to formation of Ca-phosphate crystals (apatite) at the glass surface.

The protective effect of the surface layer may be interpreted by local saturation phenomena, that
is, by the formation of a diffusion barrier for dissolved H4SiO4(aq) [134, 135]. This implies a
protective effect being particularly important if the forward reaction rate of the glass is high. This
protective effect becomes unimportant if the bulk solution becomes saturated with respect to
dissolved H4SiO4(aq), or if, because of tensile stress, fractures are formed in the surface layer [136].

G. EFFECT OF FLUID MEDIUM

1. Effect of Composition of the Aqueous Solution

1.1. pH The most important parameter governing glass corrosion is probably the solution pH.
Solution pH influences the reaction mechanism, the solubility of silica and of metal cations, as well
as the degree of selectivity of the corrosion process. For example, with borosilicate glasses in acid
media, selective extraction of glass modifiers and of B is observed, whereas under alkaline
conditions congruent dissolution occurs. Dissolution rates under alkaline conditions increase
significantly with pH [137]. If the boron concentration in the glass is sufficient high to hinder the
formation of a continuous three-dimensional Si-O-Si- network, smaller (Si-O-Si)n units may be
formed and may be released by a percolation process, leading to congruent release even under acid
conditions (pH 2) [138].

For evaluating the effect of pH on glass dissolution it is important to recognize the inverse effect
of glass dissolution on pH. A self-accelerating failure mechanism of glass occurs if glass dissolution
leads to increase or decrease of pH, and corrosion rates increase because of these pH changes. The
interrelationship may be illustrated with some examples:

1. In a nonbuffered static test with limited solution volume, the alkali released from commercial
Al-containing soda-lime silicate glass leads to a rapid increase in pH, with increasing dis-
solution rates. Rates become significantly higher than those of Pyrex glass, the latter showing



less increase in pH during corrosion. The situation is entirely different if the pH is buffered at
7. Then the soda-lime glass becomes more stable than Pyrex glass [73]. The slower increase
of pH when dissolving Pyrex glass was explained with the smaller Na content of this glass.
However, a factor probably even more important is the boron content of the glass. Dissolved
boron can act as a very efficient buffer, fixing the pH at a value of ~ 9. The high stability of
borosilicate glasses may, at least in part, be attributed to this buffer effect. A key factor
controlling pH changes during glass corrosion is the alkali/B ratio in the glass. If this ratio is
smaller than or equal to unity, there will always be sufficient B in solution to buffer the pH.

2. Silicate glass dissolution in Mg-rich solutions leads to decreased pH and increased corrosion
rate of Al- or Fe-rich glasses. This effect also occurs during the alteration of natural rhyolitic
glasses in arid environments [139]. A particularly detrimental effect of the pH decrease is the
mobilization of heavy metals. This effect was observed when actinides were released from
borosilicate nuclear waste glasses [14O].

3. The phosphoric acid release from phosphate glasses, as well as the fluoride release from
heavy metal fluoride glasses, in static tests leads to a rapid decrease in solution pH and to an
increase in glass corrosion rates, as discussed in the following paragraphs.

Often, these pH changes occur in standard tests, making data interpretation difficult. Studies on the
effect of pH on glass corrosion must, therefore, be performed either in buffer solutions at constant
pH, in very high solution volumes, or at high water flow rates. The design of more stable glass
compositions may focus more clearly on this self-accelerating mechanism; for example, constituents
that provide a pH buffer effect can be added to the glass formulation.

1.2. Effect of Special Ions in Solution Highly concentrated alkali salt solutions are known to
decrease glass corrosion rates [141]. This effect has been explained by the suppression of the initial
ion exchange processes. The corrosion resistance of alkali borosilicate glasses can be enhanced
significantly by adsorption of certain ions from solution, such as Al3+, Ca2+, Mg2+, or Zn2+ [142].
The effect may in some cases be explained by the formation of protective layers. Also, the solubility
of the surface gel layer may be decreased by adsorption of these ions. If the saturation effect of
glass dissolution is associated with the solubility of the gel, then the decrease of solubility should
have a strong effect on glass corrosion rates. Adsorption of ions from solution was found to
decrease in the order Ca>Ba>Ag>Mg [143].

2. Corrosion by Vapor-Phase Hydration and the Atmosphere

There are many similarities but also significant differences when comparing glass corrosion in liquid
water with vapor-phase hydration. In vapor test hydration, only a surface film of adsorbed water
molecules exists on the glass surface and dissolved glass constituents cannot be transported away.
The thickness of the water film depends on relative humidity (RH) as well as on the hygroscopy of
the glass phase, hence, on glass composition. For some glasses, even 30% relative humidity leads to
attack of the glass surface. The quantity of water adsorbed increases with time and with the quantity
of leached alkali. The humidity resistance increases in the order soda-lime bulb tumblers < soda lime
tubing < commercial plate glass, television panels < commercial window glass, soda-lime bottle
glass, soda-lime tubing < commercial light bulb (outside) < alumino silicate, alkali borosilicate
tubing < opal tableware, borosilicate tubing [144].
Due to the small thickness of the surface film, one may think of the vapor-phase hydration process as
being similar to glass dissolution at high surface area/solution volume ratio (S/V). In such a thin
water film on silicate glasses, the pH can rise rapidly. Once the pH is > 9, the corrosion of the glass
network may occur, reaction products become deposited and the glass surface losses its transparency
and reflectance. Vertically stacked flat glass sheets may become unusable if stored under humid
conditions. On the other hand, in the case of glass windows, the rain always washes these reaction
products off, surface pH decreases, and glasses remain stable for longer periods of time.



For corrosion of window glass in buildings under attack of atmospheric agents, four stages can be
distinguished [145]: (1) Adsorption of water and COi, associated to formation of alkaline surface
pH, leaching, and formation of secondary minerals. This surface precipitates can easily be removed
by cleaning with water. (2) If humidity contact continues, surface precipitates become thicker
(~ 1 um) and calcite forms and the surface becomes colored, but can still be cleaned with water. (3)
Further contact with humidity leads to strong leaching and enrichment of alkali and alkali earth
elements as salt minerals at the surface and the silicate network becomes corroded by forming
residual silica-rich structures. After cleaning with water, the surface remains modified, and effective
cleaning requires acid treatment or even the use of hydrofluoric acid. (4) In the last stage the surface
becomes rough and even a hydrofluoric acid cannot clean the surface.

High S/V ratios are also attained by vapor-phase hydration of stacked window glasses in humid
environments for example during transport in mountain or maritime regions [145]. On the other
hand, at a lower relative humidity of 75% and 220C it takes ~70 days, before significant
dealkalization occurs [146]. Alteration phases (e.g., CaSiO3) [147] are rapidly formed due to high
surface pH conditions. Also, hydrated carbonate minerals may form upon contact with carbon
dioxide from the air. It is recommended to prevent stacked glass sheets to remain for a long time in
humid environments, that interleaving materials be used, which may buffer potential pH rises, and
that storage areas should be well ventilated.

In a corrosion test of borosilicate glass with steam at 20O0C (steam generated 0.25-mL liquid
water at the bottom of the reaction vessel), water condenses on the glass without dripping and an
effective S/V of 400Om"1 was estimated [148]. Higher water volumes led to condensation of
water at the glass surface and dripping, thus recycled rinsing of the sample. After an induction
period of a few days, corrosion rates in steam were found to be higher (linear rates of 2.5 and 21 urn/
day for two similar glasses) than rates (after 30 days 0.01 and 1 jam/days) under hydrothermal
conditions at S/V=40m"1 at the same temperature. Corrosion layers in steam were found to be
richer in alkali contents and contained more silica rich crystalline phases (zeolites and feldspars)
than the corrosion layers formed under hydrothermal conditions. It was suggested that these phases
drive the long-term glass corrosion rate at high S/V ratios, caused by uptake of silica and prevention
of saturation effects.

Vapor-phase hydration was also studied with phosphate glasses. Here no diffusion control but a
linear rate law was observed, associated to hydrolysis of the glass network [149].

3. Hydrofluoric Acid

Etching of glasses by HF is used in many technological and scientific fields, such as glass surface
cleaning, glass strengthening, fission track edging, and so on. Wet chemical etching of silicate
glasses in HF solutions has been reviewed [15O]. Up to HF concentrations of ~ 5 wt%, the etching
rate increases linearly with HF concentration, whereas higher HF concentrations lead to an over-
proportional increase in etching rates. The mechanism of dissolution is governed by adsorption of
HF and HF^" species and catalytic action of H+ ions [15O]. The initial reaction step is HF
adsorption, followed by leaching of alkali and alkali earth. The rate-limiting step appears to be
the breakage of siloxane bonds both at the outer surface and in the interior of the leached layer
[153]. The reaction between HF solutions and silicate glasses was found in certain cases to be
transport controlled with respect to the mass transfer of dissolved glass constituents in solution
with a typical activation energy of 20-45 kJ/mol [150-152]. Initial corrosion rates in 10 wt%
HF solutions were ~ 100 jam/day at 250C for fused silica [15O]. Corrosion resistance in HF
decreased with the addition of Na, Mg [152], Al, and Ca [150] as well as of P or As to the
glass, whereas the etching rate decreased after B addition [15O]. The relations between glass
composition and etching rate are highly nonlinear [153]. The etching of multicomponent glasses
by HF does not always lead to complete dissolution. In particular, if the glass contains alkali
earth or rare earth elements, the precipitation of sparingly soluble fluoride phases can be observed
[15O].



4. Strong Acids

Corrosion of borosilicate glass has been tested in strong nitric acid up to a normality of 16. A
maximum corrosion rate of 2500 um/day (2-h test at 250C) was observed in 6 N solution, and higher
acid strength led to a decrease in reaction rates, attributed to a decrease in water activity [154].

H. BIODEGRADATION OF GLASSES

In contact with bacteria, many glasses show increased corrosion. There is evidence for the existence
of "silicate bacteria," defined as chemolitho-autrophic bacteria, which gain their energy by
deterioration of Si-O bonds in silicates [155]. The effect also depends on the availability of nutrition
[156]. Microorganisms, such as molds, are known to affect the stability of optical glasses [157] as
well as medieval window glasses [158]. Experimental corrosion measurements of model glasses of
medieval glass composition in the presence of fungi have shown 5-30 more glass corrosion (gel
layer formation) than in the absence of fungi [159]. The effect was explained by a combination of an
acid attack on the glass surface and a complexation reaction.

L SPECIAL GLASS COMPOSITIONS AND APPLICATIONS

1. Alkali/Alkali Earth Silicate Glasses—Window Glasses

Among the most important industrial glasses are soda lime glasses, that is, a special type of alkali/
alkali earth silicate glasses. Alkali ions in general decrease the stability of silicate glasses by
decreasing the cross-link density of the three-dimensional glass network and by provision of ion
exchange sites. In the pH range 1.4-10.9 the reaction of pure alkali silicate glasses with water is
characterized by selective alkali release, following initially a square root of time rate law [16O].
Divalent or trivalent cations stabilize alkali silicate glasses by formation of O-R-O bridges in the
glass structure [161, 162] which hinder the water diffusion/ion exchange process. For a soda lime
glass with the composition wt% SiO2 75, Na2015, CaO 10 exposed to a buffered pH5.3 solution at
880C, the diffusion coefficients for H and Na where 6 x 10"16 and 6 x 10~13 cm2/s, respectively
[163], probably governed by diffusion through a transformed surface layer. Diffusion coefficients
decreased by about a factor of 5 if an aliquot of 3 wt% of the Na2O content of the glass is replaced by
K2O, emphasizing a mixed alkali effect [164]. An isotopic effect D/H, as well as 18O uptake data, are
consistent with rate control by breaking an H-O bond (or D-O bond) of indiffusing water molecules
and subsequent hydrolysis of Si-O-Si bonds to 2 Si-OH as necessary precursor reactions to Na/H
ion exchange [165]. Isotopic exchange reactions indicated condensation reactions according to the
scheme 2=Si-OH —> = Si-O-Si= +H2O as well as high mobility of water in the leached layer,
~1000 times faster than the rate of leached layer growth. Hence, water diffusion was not rate
limiting. Condensation of silanol groups in the leached surface layer was also evidenced by an
increase in Q4 silica groups for a potash-lime glass, analyzed by (Mazing Angle Spinnig Nuclear
Magnetic Resonance) 29Si-MAS-NMR [166].

While ion exchange and diffusion processes dominate the initial stages of the glass water
reaction, glass network corrosion subsequently dominates. For a soda-lime composition for flat glass
wt% SiO2 72.0, Na2013.9, MgO4.0 CaO 8.3 activation energies for forward glass network
corrosion rates were found to be 66 kJ/mol [167] at a neutral pH, while increase in activation energy
is observed at lower and decrease at higher pH [191]. A primary factor controlling soda-lime glass
network corrosion in nonbuffered water is a pH effect associated to the surface to volume ratio (S/V).
Under static dissolution conditions the pH rises with the progress of glass corrosion. The higher the
temperature or the S/V ratio, the faster this pH rise occurs. If the pH is > 9, rapid increase of
corrosion rates occurs. This does not happen, if the pH is buffered at neutral values [168]. Then slow
corrosion rates of about 1 um/day are observed at 9O0C [191].



The rather poor resistance in alkaline solutions results in staining of window glasses at the rain-
exposed side of buildings, if constructions allow for contact with alkaline run-off water from
concrete or cement walls [169]. Introduction of nitrogen by adding of Si3N4 to the glass melt
increased durability of window glass considerably (factor 3 in 2 NNaOH) [17O].

For a soda-lime float glass, the composition of top and bottom surfaces are not identical, which is
attributed to tin from the bath and Fe enrichment at the bottom. The tin layer can easily be dissolved
in 1M NaOH [171]. The tin-rich layer was found to protect the glass, resulting in about one order of
magnitude lower glass surface leach rates [172] and less hydrogen penetration [173] when compared
to the tin-free top surface. An addition of 2.5 wt% of tin to soda-lime glass increases glass stability
[174].

2. Alumosilicate Glasses

Addition of Al to soda-lime glasses leads to another class of rather stable glasses, the alumosilicate
glasses. The replacement of ^ of the CaO content of a soda-lime glass by Al2O3 (composition wt%
SiO2 75, Na2015, CaO 5, Al2O3 5) leads to a decrease of diffusion coefficients for hydration by H
bearing species by a factor of 5 to a value of 10~16 cm2/s and of Na by a factor of 50 to a value of
10~14cm2/s [163]. An increase of the Al/Si ratio of silicate glasses increases the network
corrosion resistance [175] by formation of Si-O-Al bridges and immobilization of a fraction of Na
ions for reason of charge compensation in the vicinity of these bridges. The ratio of mobile to
immobile Na ions in the glass (exchangable and nonexchangable Na) depends on the molar Na/Al
ratio in the glass. With a molar ratio of Na/Al < 1, an increase in the alkali content of the glass
does not lead to an increased glass corrosion rate, because there are no nonbridging oxygen in the
glass structure [176]. There are also some cases with no effects of Al on corrosion stability of the
glasses [177].

The formation of Si-O-Al bridges stabilizes the glass only, if the hydrolytic stability of this bond
structure is high. This is the case at neutral to slightly alkaline pH, but not at acid pH. Also in strongly
alkaline solutions corrosion was observed to increase with increasing Al contents, attributed to the
ease of hydrolysis of Al-O bonds under alkaline conditions and the gradual change from tetrahedral
to octahedral coordination of Al ions by contact to alkaline solutions [178]. Hence, the stabilizing
effect of Al depends also on solution chemistry. In addition, the effect of alkali earth elements on the
corrosion resistance of alumosilicate glass depends on the chemistry of the aquatic medium. For
example, the partial replacement of Si by alkali earth ions decreases the corrosion resistance of alkali
aluminum silicate glasses (18.5 Na2O-7.4-Al2O3-74.1 SiO2) at neutral pH and increases it at pH 10
[179]. This effect results from the reduced mobility of alkali earth ions at high pH values.

In addition, aluminum plays an important role in controlling the solution concentration of silica.
This is important under closed system alteration conditions, where saturation effects may decrease
glass corrosion rates. Two cases may be distinguished: (1) control of Si solution concentration by the
transformed surface of the dissolving glass, leading to faster slow down of glass corrosion rates due
to saturation [180, 181] or (2) control of Si concentration by the formation of secondary phases
resulting in a hindrance of the slow down of reaction due to a hindrance of saturation at the glass/
solution interface. For example, an Al-rich glass showed a much higher long-term corrosion rate than
a glass with much less Al [182]. This was due to the reduction of silica concentrations in solution due
to the formation of analcime, a zeolite mineral, as secondary solid reaction product.

3. Borosilicate Glass

Borosilicate glasses with ~4-8% alkali oxide, 2-7%, Al2O3, 0-5% alkali earth oxides, 70-80%
SiO2, and 7-13% B2O3 are particularly water and temperature resistant, typical examples are Duran
or Pyrex glass. Zinc added to borosilicate glasses at concentrations up to 16mol% lead to increased
glass stability [183]. In aluminum silicate glasses without NBO (Na/Al < 1), a replacement of up to
80% of Al2O3 by B2O3 leads to an increase in corrosion resistance.



FIGURE 5. Ternary Na2O-B2O3-SiO2 structure unit stability diagram and relation to glass durability and
phase separation.

The corrosion resistance of borosilicate glass can be understood only on the basis of glass
structure. The relation between glass structure, glass composition, and glass stability is described by
a model of Dell et al. [184]. Including new results for the ternary system [186] as well as for
the binary alkali borate [185] and alkali silicate system, the results of the model are illustrated in
Figure 5.
Besides SiO4 tetrahedra (Q"), additional structural units of borosilicate glasses are anionic BO4

tetrahedra (N4 sites) and symmetric or asymmetric trigonale groups (N3s or N3a sites), with a
distribution among these sites determined by the mol ratio R = Na2O/B2O3 and K= SiO2/B2O3. The
occurrence of tetrahedral groups depend on the presence of alkali. The maximum tendency for phase
separation into Si-rich and B-rich glass phases [186] occurs at R = 0.19. The increase of alkali
content of the glass increases the solubility of borate groups in the silicate glass network [184] by
forming borosilicate groups related to Danburite groups and Reedmergnerite (NaBSi4Oi0) units
[184,186]. At higher R values, not all Na ions are associated to tetrahedral borate groups but to Si-
Q3 tetrahedras, or with further alkali content to Si-Q2 sites. This leads to an increase of alkali
mobility in the glass, resulting in a stronger tendency for ion exchange with contacting aqueous
solutions.

High silica glasses can be fabricated based on phase-separated glasses in the Na2O-B2O3-SiO2

system (Vycor process [187]). Here, glass corrosion is not detrimental to glass use, but is a key
design parameter because the borate-rich phase must be dissolved rapidly. The microstructure of the
glass determines the rate of dissolution. Rapid dissolution can, for example, be achieved by adding a
small amount of high valency cations such as V, P, or Mo, increasing the size of phase separations in
the glass and the rate of borate phase dissolution [188, 189].

An industrially important, durable borosilicate glass is Pyrex glass (wt% SiO2SO, Na2O 4,
Al2O3 2, B2O314). As expected from Figure 5, Pyrex glass is phase separated into a nearly pure silica
matrix with a dispersed borosilicate phase with spherical regions of 5 to 10-nm diameter [19O].
Corrosion rates are probably dominated by the dissolution of the boron-rich phase. Corrosion rates
were found to be invariant with pH between O and 4 and increased by about a factor of 10 until pH 9.
At 950C and pH 9 a linear forward corrosion rate of 0.6 um/day was measured with pH independent

Db =Danburite ring Si 207.B207

Rm = Reedmergnerite unit NaBSi 30a

Box = Boroxol ring

Q2'3'4 = Si-Tetrahedra with 2,3,4 oxo bridges
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better
dura-
bilityA) french

nuclear
waste glass

B) Pvrex

no glass formation
(lmaoka 1961)

alkali borate

Na2O, LiO2 wt% B2O3

SiO2

more
ionexchang?



FIGURE 6. Dependence of the extent of glass corrosion (release of boron) on the content of silica in the glass
[212].

activation energies of about 60kJ/mol [191]. At 250 to 26O0C in a closed system, boron release
continued with a linear rate of ~ 4 urn/day, but Na and Si-loss reach a temperature-dependent
saturation state, with Na/Si ratios in solution equal to those in the glass [192]. Activation energies for
hydration where only 17kJ/mol, much lower than the activation energies for B release. This
indicates that hydration and B release are independent processes, and hydration does not occur by
filling the holes of phase separated boron rich phases.

With simple borosilicate glasses, as well as nuclear waste borosilicate glass compositions, the
corrosion resistance is not a linear function of glass composition, but shows strong nonlinear
behavior. For example, the addition of O to 2 wt% SiO2 to a waste glass for West Valley (USA) led to
only a small increase in corrosion resistance, but 3% addition decreased the corrosion rate by a factor
of 10 (Fig. 6). A further increase in silica content had a negligible effect [193].

For glass compositions containing redox sensitive elements, the corrosion resistance becomes a
function of the redox conditions during glass production as well as of the redox state of the aqueous
solution. For example, Fe111 acts much more as a stabilizing agent than does Fe11 (Fig. 7) because Fe111

may take a similar role in the glass structure as a network forming element, such as Al. Consequently,
if such glasses are melted under oxidizing conditions, they become more stable when compared to
glass melting under reducing conditions [193].

4. Nuclear Waste Borosilicate Glasses

Borosilicate glass is the principal solid matrix for immobilizing high-level radioactive waste for deep
geological disposal. Numerous borosilicate glass compositions have been suggested [194].
Compositions of all industrially produced European radioactive waste borosilicate glasses are
located in Figure 5 in an optimum balance between (1) low tendency for ion exchange, (2) relatively
high corrosion stability, and (3) absence of phase separation. Higher corrosion resistance could be
achieved by higher Si content (more Q4 groups) but this would increase the tendency for production
of phase-separated glasses. The resulting structure is a stable three-dimensional glass network with
NS, N4, Q

3, and Q4 with coordination cages of oxygen of various sizes and coordination, capable of
hosting a large suite of different multivalent radioactive cations simultaneously.

The glass corrodes slowly in groundwater and humid air and inevitably certain quantities of
radionuclides are mobilized. Various reviews on nuclear waste glass performance have been
published [13, 14]. Predicting long-term glass performance is difficult. Disposal sites are located in
deep rock with very slow groundwater flow rates. Hence, saturation effects become much more
important than for other types of glass applications. Accumulation of dissolved silica and other glass
constituents in solution leads in many (not all) cases to a significant decrease in the overall reaction
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FIGURE 7. Corrosion results at 9O0C in MCC-3-Test (Na release) of two American radioactive waste glasses
as function of redox state (Fen/Fe(tot)) of the glass matrix [212].

rate [195-197]. Provided the accumulation of Si is not hampered (i.e., by formation of Si-rich
crystalls such as zeolites, by high water flow), a saturation state will be reached with reaction rates
< 1/1000 of the initial rates [198]. This decrease in reactivity has been attributed to decreasing
affinity for the rate-limiting dissolution reaction [198-20O]. Protective layers were normally not
formed. The fundamental disequilibrium between the bulk glass phase and the solution remains, that
is, overall affinity remains appreciable and, the glass/water reaction will continue as long as an
aqueous phase is present. The mechanism of this "long-term reaction" is not yet fully understood. It
has been suggested that the dissolution rate may either be driven by the precipitation of secondary
phases [198, 201] formation of colloids [196], or resumption of rate control by water diffusion/ion
exchange [202].

Glass alteration may or may not be accompanied by transfer of glass constituents (including
radionuclides) to a potentially mobile aqueous phase. Sparingly soluble glass constituents become
incorporated in or sorbed on solid glass alteration products on the glass surface: the gel layer and a
precipitated layer, but may also be sorbed on groundwater colloids. The formation of new secondary
phases, such as silicates, molybdates, uranates, carbonates, and so on, establishes a new geochemical
barrier for reimmobilization of radionuclides dissolved from the waste matrices. As an example,
secondary clay minerals (saponite), powellite, and baryte phases formed on the surface of Cogema-
type HLW-glass during corrosion in brine. The phases formed are normally not pure but are solid
solutions of quite complicated composition. Solid solution formation is a beneficial effect for
retention of radionuclides. The clay mineral saponite is important for sorption of trivalent and
hexavalent actinides, while powellite and barite are host phase for incorporating either trivalent
actinides or divalent radionuclides within their crystal structure. Tetravalent elements appear to
become concentrated into thermodynamically very stable zircon or cereanite type phases. Recently,
it has been shown that the retention behavior of trivalent, tetravalent, and hexavalent elements can be
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Fe(HXEFe = 0.76
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described by sorption isotherms in certain pH ranges, whereas solubility/coprecipitation is dominant
in other ranges [203].

Radiation damage of the glass phase and transmutation have only a minor effect on glass
durability, whereas the effects of radiolysis of water and aqueous species may increase in glass
dissolution rate by a factor of 5 [14]. Initial reaction rates may become higher if neutral starting
solutions are acidified by radiolysis. Alternatively, for experiments at very high S/ V in the presence
of nitrogen, it has been shown [204] that dissolution rates of radioactive glasses may be as much as a
factor of 40 lower than the corresponding rates of a simulated glass. In this case, the alkaline
evolution of solution pH is partly balanced by acidification due to radiolysis. In the absence of
nitrogen the initial rate is slightly affected by radiolysis but there is only little effect on the rate of
long-term dissolution at high SIV [205, 206].

5. Alkali Resistant Glasses

Glass-fiber reinforced cement (GFRC or GRC) composites are based on glass fibers with high
alkaline durability. Mechanical properties of these cements depend on the chemical durability of the
fibers. Suitable alkali resistant fibers contain high contents of Zr, for example, in CemFIL (16 wt%)
or ARG-fiber. The Zr-containing glass fibers (CemFIL-1) were leached at 550C for a year in Portland
cement pore fluids, resulting in only 2 um of corrosion. Glass stability was caused by the formation
of a shell of Zr- and Ca-rich reaction products [207]. In the absence of Ca, no protective effect of Zr-
rich surface reaction products were observed. Maximum glass stability was observed with lOOmg/L
Ca in solution [208].

Disadvantages of the Zr-rich fibers are the expensive high-melting and processing temperatures.
Therefore, a number of alternative alkali resistant glass compositions have been developed. Glass
compositions in the mole percent range CaO <9, Na2O 13-15, BaO < 10, ZrO2 7, MgO 3, SiO2

65-75 show similar resistance to ChemFIL and 10O0C lower manufacturing temperatures [209].
Low corrosion rates, ~0.01 um/d, of Zn-Al-silicate glass fibers, modified with Fe, Mn, or Ti
oxides, were observed at 6O0C in Ca(OH)2 solutions at pH 12.6 [21O].

6. Phosphate Glass

Phosphate glasses show a number of advantages when compared to silicate glasses: optical
properties, high thermal expansion coefficient, low melting points, and formation of sparingly
soluble host phases for radiotoxic elements. However, instability to crystallization and low chemical
durability of many phosphate glass composition leads to less widespread use than silicate glasses.
Depending on glass composition, the corrosion rates of phosphate glasses cover a range between
1000 and 0.01 urn/day [211].

A particularly stable class of glasses is to be found in the lead-iron phosphate system. A review is
given by Sales and Boatner [212].

7. Glass-Reinforced Plastics

Low specific gravity (< 2 g/cm3), low cost, easy repair and shape adaptation, high strength, and so
on, make glass-reinforced plastics very popular as structural and corrosion resistant material for
pipes, and tanks chemical process equipment. There are three main factors controlling corrosion: the
fiber, the matrix, and the interface. With respect to the fiber, corrosion stability depends on the same
principles as for ordinary glasses. Highly corrosion resistant vitreous silica fibers can, for example,
be made from acid leached E-glass fiber. Stress-induced corrosion processes are important [213].
The fibers may be attached to the resin by silanation [214]. The effect of chemical attack can
greatly be reduced by proper choice of the resin and proper fabrication. The following basic
principles [215] are useful for resin selection to provide resistance to various chemicals. Aqueous
solutions and salts are generally nonaggressive, but strong oxidizing acids attack the resin; organic



TABLE 2. Optical Glass type Families in Chemical Durability Tests a

Resistance to

Family

Low dispersion
Crown
Flint

Alkaline earth

Rare earth and
high difrractive

Climatic Variation

Good
Very good

Medium or good

Very good

Acids

Medium
Good
Very good

Medium

Medium
or good

Alkaline Solutions

Medium
Good
Medium or good

Medium or good

Good or very good

Weathering

Good
Good or

very good
Good

Inferior

Staining

Very good
Very good

Medium or
inferior

Very good

a See [216].

solvents, such as benzene, attack most polyester or vinyl esters, whereas epoxy esters are better for
organic solvent resistance.

8. Optical Glasses

Corrosion may change the optical properties of glasses during manufacturing, polishing, and so on.
The variety of compositions used for optical applications does not allow a generalized treatment of
chemical durability. With respect to glass durability, five families of glasses have been distinguished
[216], as presented in Table 2.

As for alkali silicate glasses, a square root of time rate law was followed by a linear rate law for
optical lead silicate glasses (mol% SiO2 65, PbO 25-35, K2O 0-10, Al2O3 0-2) under acetic acid
static corrosion conditions [217]. Activation energies were ~ 50kJ/mol. As for alkali ions in alkali
silicate glasses, diffusion-controlled surface depletion profiles were observed for Pb release from the
glass [218].

Contact of *BaO /^SiO2 glasses to distilled water led to Ba leaching from surface regions 50-
300 nm thick, resulting in decreased density and refractive index of this surface region [219]. Even
the initial surface conditions of optical glasses are strongly affected by dissolution effects; for
example, mechanical polishing effects were found to be governed by stress- induced chemical
surface dissolution [220], or by direct chemical leaching in the polishing solution.

9. Glass Corrosion and Human Health

Corrosion of glassware may be detrimental to health if toxic elements are released into food to a
significant extent. Examples are lead crystal wine decanters, an important potential source of lead
exposure (release of 66 (ig Pb/L into white wine in 4h) [221]. On the other hand, glasses with
0.2 wt% Cr2O3 did not show any release of Cr into solution [222]. For Ni, a beneficial effect may be
observed; for example, bottled wine may have significantly less Ni content than the original grapes,
attributed to sorption of Ni on the glass surfaces [223].

Bioglass as bone replacement was discovered by Hench et al. [224], characterized to form tight
bonds to living bones (bioactivity). Some glasses and glass ceramics are already in clinical use.
Bioactivity is based on the ability of the glass or glass ceramic to form, as a reaction product, bone-
like apatite during corrosion in body fluids at 370C. Hence, most glasses contain CaO and P2O5 as a
main component; however, bioactivity has also been reported for soda-lime glasses, showing apatite
formation during corrosion in body fluids [225] and other phosphate containing solutions [133].
Apatite formation in glass surfaces leads to formation of protective surface layers [132, 133].

Aspirable silicate glass fibers can be detrimental to health if they do not dissolve sufficiently
rapidly in physiological solutions. Long-term (120 day) experiments in Gamble solution at 370C at



TABLE 3. Overview of Corrosion Results of Various Silicate Fibers in Physiological Solutions at 370C
(Tests for 120 days)fl

Type of fiber

Glass wool
JM 104 (475)
JM 104 (E)
TEL
Superfine

Mineral wool
Diabas
Basalt
Schlacke

Fire resistant fibers
Vitreous silica
Fiberfrax R
Fiberfrax H

Natural fibers
Chrysotile UICC

Krokydolite
Erionit

Average
Diameter

(in um) Used

0.4
0.5
3.5
0.4

4.0
4.9
4.8

0.8
1.9
1.9

0.1
0.2
0.01

Average
Dissolution

Rate (in nm/day)

0.8
0.21
3.4
1.4

1.15
1.10
0.69

1.1
0.27
0.28

0.005
0.011
0.0002

Residence Time
(in years of a 1-um

diameter fiber)

1.7
6.5
0.4
1.0

1.2
1.2
2.0

1.2
5.0
4.9

100
100
100

a See [226].

pH 7.6 have indicated a substantial difference in the residence time of natural mineral fibers and
artificial fibers (Table 3) [226] expected under in vivo conditions. In another study, 30 glass
compositions in the system SiO2-Al2O3-B2O3-CaO-MgO-BaO-Na2O were studied. Predicted
corrosion rates in physiological solutions varied between 0.2 and 200ng/day [227].

10. Silicate Glass Fibers

Glass fibers and bulk glasses of the sample composition differ in various physical and chemical
properties. Faster cooling rates during production make the glass network of fibers more open. Also
density, refractive index, and Young's modulus are lower. Consequently, corrosion behavior might
also be different. Corrosion of silicate glass fibers have been extensively studied, for application
fields such as optical wave guides, cement, or plastic reinforcement. A review of the resistance of
glass fibers in corrosive environments is given in [228]. A comparative study of the corrosion
behavior of glass fibers in the composition range mol% (Na,K)2O 0.5-15, SiO2 46-70, Al2O3 0.7-
11, (Ca,Mg)O, B2O3 0-7, ZrO2 0-2 show saturation effects under static corrosion conditions
(interpreted as "formation of protective layers") and continued dissolution in dynamic corrosion
tests [229]. Specific surface areas of silicon aluminate (SiO2-Al2O3) glass fibers were found to
increase dramatically during corrosion at pHl and only little at pH3. This was interpreted as
resulting from Al release, leaving micropores in the glass network [23O].

Microphase separated E-glass fibers (wt% SiO2 52.8, B2O3 10.8, Al2O3 14.4, CaO 16.7, MgO 4.9,
Na2O 0.2, and K2O 0.02) are known to become converted to high-silica glass by leaching in mineral
acids [231]. After leaching, the surface area is very high (100-300 m2/g) caused by micropores of
<2nm diameter [232], probably only 0.4 and 0.8 um, coexisting with larger mesopores of 6nm
[233]. During corrosion, a core-sheath structure is built up with loss of mechanical strength of the
outer sheath caused by replacement of Ca and Al (and probably B) by H+ [234]. The extraction of
metal ions proceeds in two steps: (1) dissolution of an interconnected phase exterior to the silica
network and (2) dissolution of metal ions form the silica network [235].



Due to formation of voluminous alkali depleted surface layers, acid corrosion of E glass leads to
an increase in the thickness of the fibers and formation of fractures. The thickness of the
layer increases with the square root of time [236]. Under alkaline conditions, E glass is not
stable. For example, as long as <40% of 10-15-um thick glass fibers were dissolved, corrosion
rates in saturated Ca(OH)2 solutions (pH 12.6) at 250C were found to be in the range of 0.08 urn/day
[237].

11. Fluoride Glasses

Heavy metal fluoride (HMF) glasses have been proposed as the next generation optical wave guides
for their transparency to infrared (IR) light. It is particularly important that these glasses show some
stability against liquid water and water vapor of common environments. Early studies of BeF2

glasses have shown highly hygroscopic behavior. A systematic study of chemical durability in
multivariate compositional space in the Th-Ba-Al-Zr-F system are reported [238]. In contrast,
ZrF4 based and BaF4-ThF4 based glasses show remarkably high corrosion resistance for
atmospheric moisture and temperatures <200°C, but they were not very durable in liquid water.
With congruent matrix dissolution rates at 250C of 3-30um/day BaF4-ThF4 based glasses were
~ 50-100 times more stable in deionized water than ZrF4 glasses [239], however, they are still much
less durable than typical silicate glasses. Leach rates follow the aqueous solubility of the modifier
metal fluorides (AlF3, NaF, LiF) > (BaF2, LaF3) [24O]. The high corrosion rates were attributed to
evolution of acid pH values in static dissolution tests and corresponding high solubility of glass
components, particularly severe with ZrF4 glasses (pHfin = 2.5). A systematic study of pH effects on
HMF glass stability confirmed this interpretation. Indeed, when the pH was fixed at neutral to
slightly alkaline values (pH< 10), corrosion rates as low as 0.01-0.1 urn/day were observed after
few hours of testing, even with ZrF4 based compositions [241]. Corrosion results indicate that the
reaction of fluoride glasses with water is controlled by moving boundary diffusion according to a
square root of time rate law as a thermally activated process [242]. Corrosion layer formation is
accompanied by ion exchange of fluoride ions with OH~ [243, 244]. The existence of this ion
exchange reaction leads to a technical application of HMF glasses as fluoride ion selective electrodes
[245]. The release of fluoride ions and consumption of hydroxyl ions thus explains the decrease of
pH with the proceeding corrosion reaction. The adherence of surface layers to the glass is rather
weak, thus the layer appears to be nonprotective. Nevertheless, after initial ion exchange water
diffusion into the glass appears to play a significant role in controlling glass corrosion rates [246].

In contrast to HMF glasses, much less work is done on the corrosion stability of other fluoride
glasses such as fluoroaluminate glasses. During corrosion, a slight increase in pH is observed. The
corrosion mechanism appears to be different from that of the HMF glasses. Congruent leach rates are
controlled by metal fluoride solubilities [247].

J. METHODS FOR IMPROVING GLASS SURFACE STABILITY

1. Polymer Coatings

Successful attempts have been made to protect poorly resistant medieval church window glasses by
polymer coatings, such as viacryl resin [248]. Though organic polymers allow for water diffusion to
the glass surface beneath, the surface was found unattacked after 7 years. This surprising effect was
explained by saturation effects of silica in the pore space of the coating, slowing down reaction rates.

2. Resistant Oxide Glass Coatings

The weathering characteristics of soda-lime glass can be improved by coating with sol-gel derived
SiO2 or 9 TiO2-91 SiO2 films [249]. The film with Ti is even more protective than pure SiO2. The



durability of soda-lime glasses against alkaline solutions can be enhanced by coating with Ti or
Zr [25O].

In order to improve the chemical durability of heavy metal fluoride glasses, many efforts have
been undertaken to develop different types of coating materials; for example, lead phosphate glass
coatings with a transformation temperature tg of only 2270C and a corrosion rate of ~ 0.5 urn/day
[251].
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