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A simplified model for glass dissolution in water
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Numerical simulations of the water dissolution of a random ternary solid are presented.
The three elements represent silica, soluble oxides (alkalis and boron) and quasi-insoluble
oxides (Al,O3, ZrO,, Fe,03, ...). The soluble species are dissolved immediately when they
are in contact with the solution. Their proportion is kept below the percolation threshold.
For the other species, one introduces a model of dissolution-recondensation. It is shown
that the dissolution rate constants should be dependent on the bonding environment in
order to include surface tension. The condensation fluxes are proportional to the
concentration of each species in solution. In the dynamic regime (no recondensation), one
observes the congruent dissolution of silica and soluble species, after a short initial phase
of selective extraction of the soluble species. The common rate of dissolution decreases
with the proportion of insoluble species and increases sharply with that of soluble species.
This is mainly due to the formation of a porous hydrated layer whose active surface area
increases markedly with the proportion of soluble species. In the static regime (finite
solution volume), the equilibrium solubility of silica decreases with the proportion of
insoluble species and is practically independent of the proportion of soluble species. The
porous hydrated layer is rearranged and almost free of soluble species. The ripening of the
surface layer makes it protective and inhibits further extraction of the soluble species.
These results are in general agreement with the experimental observations on the
dissolution of durable glasses. © 2001 Kluwer Academic Publishers

1. Introduction mation of hydrated dealkalized layer from a few tens
Glass leaching is an important question in differentto a few hundreds of nm at their surface. This is ob-
technological domains. In the field of waste confine-served for glasses with low alkali content in moderate
ment (radioactive or not), it is highly desirable to pH conditions (pH< 9). Type Il differs from type Il
achieve high glass durability. On the other hand, thedy the presence of an extra layer due to the redeposit of
glass-fibers used in human environment and liable tsecondary phases such ag®@4-SiO, or CaO-BOs. In
be inhaled should be easily dissolved. In any case, thtype IV, which corresponds to glasses with high alkali
understanding of the corrosion mechanisms is the kegontent, the hydration layer is not sufficient to protect
point to design glasses with suitable properties. Ther¢he glasses from further dissolution. Finally, type V cor-
is a considerable literature, both theoretical and experresponds to complete and non-selective dissolution. It
imental, on the subject [1-31]. A number of importantis observed in high pH situation (pH9 ~ 10).
mechanisms have been identified: dissolution of the sil- More recently, Kinoshitet al. [19] have studied the
ica network, interdiffusion of alkalis and hydrogen, for- dissolution of borosilicate glasses in controlled low
mation of a hydrated layer (sometimes called “gel”) atpH conditions. They have obtained two classes of be-
the glass-solution interface. haviour according to the boron proportion in the glass.
The dissolution behaviour depends on both the glaskor high content, the dissolution is congruent, rapid
composition and the leaching solution. These two fac-and linear in time. For lower content, they observe se-
tors are not independent, since glass alteration modifidective extraction of boron and sodium with sublinear
the properties of the solution. Particularly, removal ofkinetics for the release of glass elements in solution.
alkalis from the glass increases the solution pH and'hey interpret their results in terms of percolation. For
makes silica more soluble. Hench and Clark have eshigh boron content, the silica network is not percolating
tablished a classification in five types [5]. Type |, which and the disconnected silica clusters are dragged away
includes pure silica in neutral pH, corresponds to inertogether with the soluble species. For lower boron con-
glasses where alteration is limited to the formation of atent, the silica network becomes percolating and the
very thin (~5 nm) surface hydration layer. Types Il and soluble components are selectively extracted from the
Il are durable glasses, which are protected by the forglass.
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A number of studies have been devoted to nucleaclear waste glasses. Thus, we keep the proportion of
waste glasses (see ref. [25] for a review). At the verysoluble species below the percolation threshold. We
beginning, alkali and boron atoms are released sele@lso assume that the interdiffusion of alkalis and hy-
tively, resulting in the formation of an alkali- and boron- dronium in the glass can be neglected. An elementary
depleted layer. Then, silicon, boron and alkalis are dismodel is defined for the dissolution-recondensation of
solved congruently. Finally, the alteration is stopped orsilica and the other weakly soluble species. The numer-
at least strongly slowed down when the solution getscal simulations are worked out both in the far-from-
saturatedinsilica[22, 25]. In this saturation regime, dis-saturation and saturation regimes. A preliminary study
solution is non-congruent again with higher release ofestricted to two-dimensional systems has been pub-
boron and alkalis [20]. It has been observed that minutdished recently [33].
changes in glass composition may result in strong dif- Although the model we propose is oversimplified
ferences in the alteration behaviour [15, 23, 24]. In aand may appear somewhat naive, it will prove able
recent study, the alteration of the reference french nuto reproduce the basic features of the dissolution of
clear glass R7T7 has been compared to that of simdurable glasses. Moreover, as shown by recent studies
plified glasses with higher alkali contents [30]. While [27, 29, 32—36], numerical simulation provides a con-
R7T7 is dissolved almost congruently, it has been posvenient way to investigate corrosion dynamics and to
sible to extract selectively 100% of the boron and alkalivisualize corrosion patterns. Both are closely related,
atoms contained in some simplified glasses. In the sam&nce corrosion generates specific morpholologies, but,
study, it has been shown by SAXS and thermoporomein turn, morphology changes the course of corrosion.
try techniques that the pores in the hydrated alteratiofror this reason, we believe that numerical simulations
layer are in the 2—4 nm range in diameter. It is highlymay provide an heuristic approach for a better under-
tempting to interpret these results again within the perstanding of the challenging question of the long-term
colation scheme. In durable glasses, soluble specigsehaviour of nuclear waste glasses.

(mainly boron and alkalis) are below the percolation The correspondence between real glasses and our
threshold and can be removed selectively only in themodel glass is discussed in Section 2. Some compu-
early phase of leaching. Then, the whole dissolution igational details are given in Section 3. The model for
controlled by that of the main silica network. In non- dissolution and recondensation of silica is developed
durable glasses, soluble species can be removed selen-Section 4. It is shown that surface tension should be
tively without limit. In turn, this creates a porous hy- included in order to achieve realistic morphologies of
drated network, which offers a increased active surfacéhe hydration layer. Section 5 is devoted to the station-
area for the dissolution of the silica network. ary dissolution rate in open conditions and Section 6

This leads us to distinguish three dissolution regimego the aging in saturation conditions. The effect of the
separated by two thresholds. The first threshold wouldjlass surface area to solution volume ratio, which is an
correspond to the percolation of the silica network andmportant experimental parameter, is emphasized. The
the second one to the percolation path for the extracinfluence of less-soluble oxides, such as@dor ZrOy,
tion of soluble species. For silica-poor glasses, the silicés studied in Section 7. The relevance of the model is
content is insufficient for achieving a continuous silicadiscussed in Section 8 and the main conclusions are
network (i.e., a percolating cluster). Then, the departursummarized in Section 9.
of the soluble oxides, either covalently bonded (boron)
or disrupting the network (alkalis), produces the com-
plete disintegration of the glass, with the finite silica2. Glass representation
polymers being released in solution as colloidal parti-Commercial glasses generally contain several (3 to 10)
cles. In the intermediate regime, both the silica networkcomponents. In the case of nuclear waste glasses, there
and the path for the extraction of the soluble oxides arare frequently more than 20 oxides, the major com-
percolating. Thus, it is possible to remove completelyponents being SiQ B,O3, N&O, Al,03, F&03, CaO,
the soluble species without disturbing the silica net-ZrO,, UO; . . .. To simplify, we arrange them into three
work. In that case, there are two alteration mechanismslasses, according to their dissolution behaviour in wa-
in parallel, silica dissolution and soluble oxide extrac-ter. Class A corresponds to the silica matrix, which is
tion. Finally, when the content in soluble oxides is eventhe main component of the glass (typically 50 to 60% in
smaller, the paths for their extraction are no more perconuclear glasses), class B includes the soluble species,
lating and their finite clusters are entrangled within themainly the alkali and boron oxides, and finally, class C
silica matrix. Then, the dissolution of silica is the lim- corresponds to the less soluble oxides, such a®Al
iting step of the alteration, including the release of theFe,O3, ZrO,, rare earth and transuranic oxides. The
soluble oxides (as long as one can neglect the diffusiothree species A, B, C in fractionss, ps and pc are
inthe solid state). These three regimes have been clearlandomly distributed on a tridimensional lattice. At the
identified in a Monte Carlo simulation by Aertsens andmoment, only the cubic lattice has been studied. More-
Van Iseghem [27]. Moreover, it has been shown re-over, we have ignored the possible correlations between
cently that sublinear leaching kinetics is expected inthe positions of the different species, which may result
the neighbouring of the second threshold [32]. from the clustering of boron and alkalis or from the as-

In the present paper, we are dealing with the leachsociation of compensating with modifying cations. The
ing of durable glasses in neutral to moderate basic saxygen atoms disappear in this simplified representa-
lutions, with special attention to the problem of nu- tion. However, when we will refer to A-A, A-B or A-C
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bonds, it should be understood that these bonds are nuaiith a probability proportional to their concentration in
direct but involve oxygen atoms as intermediaries.  solution. It turns out that it does not matter whether one

The correspondence between the composition of dissolves B species step-by-step or removes altogether
real glass and that of our model glass is not a trivialthe B clusters connected to the surface, as long as the
problem. Since our model emphasizes geometrical agtissolution of A species is slow enough. To meet this
pects related to percolation and since oxygen occupieequirement, the highest probability of dissolving a A
most of the volume, one can propose to establish thistom has been kept equal to or less than 0.1, which
correspondence by counting the oxygen atoms whiclmeans that the weakest A atoms have at most 1 chance
are associated with each type of cation. However, oneut of 10 to be removed within a computer step. We
should not consider the valence of the cations, but theihave checked that dividing all the probabilities by 10
coordination number. For instance, the tetravalent zirhas no other effect than slowing down the kinetics by a
conium is in octahedral environment and the trivalentfactor of 10 (and multiplying the duration of the simu-
aluminium is known to be tetrahedral in glasses (al-lation by nearly the same factor). Cyclic conditions are
though it can be octahedral in other circonstances). Thisnposed in the directions andy perpendicular to the
implies that some ionic cations (earth alkalis by prefer-leaching progress. Accordingly, if the sites {0 z) and
ence and alkalis by default) remainin glassesin order t¢63, y, z) are occupied respectively by water and solid
compensate for the negative charges due to the excespecies (A, B or C) in a 64 64 x Z simulation, the
oxygen atoms bonded to Zr or Al. Those compensatingitom on the site (63, z) is considered as belonging to
cations should then be thought as less soluble C speciethe solid-solution interface and can be dissolved. The
For example, let us consider a glass whose compositiogame is true for sitex( 0, z) and &, 63, 2).

expressed in proportion of oxide moles would be: Two kinds of experiments have been simulated by
choosing the volum& of the leaching solution. Sim-
55% SiQ, 15% B,O3, 15% NaO, 5% CaQ ulations withV = oo are equivalent to Soxhlet experi-

ments inwhich continuously replenished water flows on
the glass surface. Concentrations in solution are always

. zero and there is no recondensation of the dissolved
There are 200 oxygen atoms, of which 110 are assoCkpeies. This makes it possible to determine the initial
ated to Si, 20 to tetrahedral Al and 15 to octahedral Zrgissolution rate (Section 5). On the contrary, simula-

leading toA: B: C=55:275:17.5 as the correspond- iqns with a finite volume are equivalent to the so-called
ing composition for the model glass. This counting pro-gatic conditions. After some time, the solution gets sat-

vides a way to classify multicomponent glasses with, 5164 in A species and one obtains the equilibrium con-
respect to each others and should allow to compare thgsniration (Section 6). The smaller the solution volume,
predictions of the simulations with experiments wheny,e ghorter the time required to reach saturation. Since

the glass composition is changed. thisis true in simulations as well as in experiments, most

However, the A: B : Qatios obtained in this way do ot the simulations have been made with a small volume
not constitute an absolute scale. In effect, the site perss\, — 1P solution sites. WittS = 64 x 64 this gives a

colation threshold plays a leading role in our model.qiface area to solution volume ragpV =4 x 1075,

The threshold is Worth 0.3117 for a cubic I_att!ce_ but\yhich corresponds to® 10* m-, taking 0.2 nm as the
changes from one lattice to another [37]. lairiori  mgjecylar size of water. Such value is easily reached by
difficult to assess its value for a real glass, since it has Butting a powdered glass sample in a small container
complicated, disordered and possibly inhomogeneouge_g 2 g of pavder with a specific area of 1 %g in
structure. Moreover, taking into account interdiffusion 15g m| of water). It is representative of the hi§iV

of alkalis and hydronium ions may change the effective aios used in some experimental studies [17, 20, 24].
threshold with respect to its static value. Only eXPer-However, a few simulations have also been performed
iments may solve this problem. Experimental studies;; 5 smallerS/V, in order to study the effect of this

on a series of glasses_ whose composition is gradua"¥xperimental parameter on the glass morphology at
changed are currently in progress in our laboratory [38] ¢ 5t ration.

5% AlyO3, 5% Zro,

In simulations with a finite solution volume, it may

3. Computational procedure happen that the pores which have been created by dis-
Most of the simulations have been performed usingsolution become closed by the redeposition of A or C
an initial free surface are8=64x 64 sites. A few atoms. In that case, the simulation should not allow
simulations have been made wif=128x 128 or to dissolve into the main solution (the ‘ocean’) atoms
S=256x 256. They do not show differences with re- which are on the border of a closed pore (a ‘lake’).
spect to those presented below (except for a multiplicaAlso, it may happen that dissolution cuts off aggregates
tion of the calculation time by 4 or 16). One elementary(‘islands’) from the main solid (the ‘continent’). These
computer step includes two successive phases, dissolaggregates, which are the equivalent of colloidal parti-
tion and condensation. During the dissolution phasecles, should then be removed in one piece. Taking into
surface B atoms are dissolved without conditions andiccount these effects requires the determination of the
surface A and C atoms are removed by random choiceonnectivity of the fluid and that of the solid. As this
according to a model to be defined below (Sections 4letermination by brute-force method is heavily time-
and 7). During the condensation phase, A and C atomsonsuming, we have implemented the more sophisti-
may be deposited again on the surface by random choiagated but much faster algorithm, which was proposed
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by Hoshen and Kopelman for the study of percolation
clusters [39].

4. Model for dissolution

The standard model for glass dissolution involves inter-
diffusion of hydronium and alkali ions in parallel with
the dissolution of the covalent silica network [2]. The
hydrolysis and condensation reactions of Si-O-Sibonds
are known to be rather slow, particularly in the zone of
interest for the pH that we consider hereil@H <9 Figure 1 Evolution of a longitudinal cross-section (64512) in the

[1]. In the case of durable nuclear glasses, it is believeghodel described by Equation 1. The parameters of the simulation are:
that the dissolution of the silica network is the domi- ps =0.25, ks=10"3, ke=10 andS/V =4x 10°°. Views at times
nant process, except at very short time and possibly dt=10°, 3x 10°, 10* and 3x 10".

very long time [10, 16, 22, 25]. Although interdiffusion

may play an important role in acidic conditions, it doesgg c, where the solubility is typically in the range 50—
not seem to control the alteration of glasses by naturapgg mg/l of Sikq/ ke Was taken equal to 16 to achieve
water where the pH rises above 7. In most cases, lighi realistic solubility (104 corresponds to 5.5 m mol/l
alkalis and boron are dissolved congruently. As there i), 150 mg/l of Si). The results are shown in Fig. 1,
no reason for these species to have a similar diffusiogynich displays the time evolution of a 64512 lon-
coefficient in the glass, this indicates that diffusion isgjtydinal cross-section of the sample (this corresponds
not the controlling step of the dissolution mechanismyq apout 20« 512 mn? taking 0.3 nm as a typical size
Thus, we simply assume that the soluble B species amgy the sites in glass). One sees that the whole sam-
dissolved immediately if and only if they are at the e is progressively changed into a swollen foam. As
solid-solution interface, which amounts to suppose tha, consequense, the leaching front progresses endlessly
the diffusion is very fast in the hydrated pores of thejnsjde the sample and B species are extracted contin-
altered layer and very slow in the solid state. Moreoverygysly at a rate close to the initial rate. It should be
the sglutlon volume is supposed to be large eno_ugh fomentionned that the transformation into foam is also
the_ dissolved B species never to condense again at thgserved forpa = 1 (pure silica). The reason for this
solid surface. , , ~behaviour is easy to understand: since surface A species
First-order kinetics is considered to give a good first-3re dissolved without consideration for their bonding
approximation description of the dissolution of the sil- evironment, there is no surface tension and thus no
ica network [10]. This leads us to write the dissolution enthalpic forces to fight against entropy, for which a

rate of the A species as: foam is much more favorable than a monolithic sam-
q ple. For pa < 1, this low-density foam allows soluble
dNa - Z[kd — KkqCal 1) species to be extracted without limit. Although such a
dt -
|

behaviour may be observed in a highly aggressive alka-
line leachant, it is not expected to occur under moderate
whereky andk. are the dissolution and condensationpH conditions (pHx 6 to 9) which are the realistic ones
rate constants angl, is the A concentration in solution for nuclear glasses in a disposal environment.
(expressed as a molar fraction). In Equation 1, the sum The simplest way to introduce surface tension con-
runs over all the siteisof the actual surface. It is often sists in making the dissolution rate constant dependent
implicitly assumed that the surface area is constant andn the environment of the A atom to be dissolved. To
equal to the initial area before alteration. l%be this  this end, one introduces the rate constants for hydroly-
area andV the solution volume. Then, the solution of sis wy) and condensationu() of one single A-A bond
Equation 1 is: (this A-A bond actually represents the siloxane bond
Si-O-Si). The (relative) stability of the glass causes the
e S ratios = wp/wc to be smaller than 1. Then, the dissolu-
cat) = ch[l B eXp<_Vk°t)] (2) tion ratewgq(i) of an A atom on a surface sitelepends
on its number of A neighboursg as:
with ci? = kq/ ke being the equilibrium solubility. Equa- L
tion 2 implies a scaling of the alteration data with wali) = njw Wh\ — i wesh 3)
(S/V) x t, which has led experimentalists to use high d e e
S/V ratio to investigate the long-term behaviour. In
fact, the situation is not so simple. The actual surfacen this expression,uh/wc)" ! is the probability that
area of the altered glass is not equal to the initial areaall bonds but one are broken at a given timestands
the (S/V) x t scaling is not obeyed and Equation 1 for the number of ways to choose thegse- 1 bonds,
misses an essential ingredient -the surface tension- @nd wy, is the probability (per time unit) of breaking
account for a realistic morphology of the altered glasghe last one. This formulation implies that the energy
surface. of the A-B bonds (actually Si-O-B or Si-O-Na) is neg-
Equation 1 has been simulated for an AB systenligible, in agreement with the hypothesis of immediate
with pa =0.75 andpg = 0.25. As most of the experi- dissolution of B species. As A atoms are dissolved,
mental tests on nuclear waste glasses are performed thieir concentration in solution increases and they may

c
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be deposited again on surface siteith a rate constant

wheren; stands for the number of possible connections
at sitei andw, for the probability of forming a bond (per
time unit). Equation 4 assumes that once a A-A bond
has been established, the other 1 bonds are formed “

before the initial one is broken. It is also assumed that
the dissolved atoms are uniformly distributed, since dif-

fusion is considered to be fast in the solution. Within
this model, the kinetic equation becomes:

N, _

= Y lwa®) - wi@)] = we Y m[5" —ca] ()

As one of the rate constants (eithef or wc) is ar-
bitrary (it gives the time scale of the simulation), AB
systems are simply described by two dimensionless pa- o
rameters pg ands, which characterize the glass com- =
position and silica-water chemistry, respectively. The
model will be generalized in Section 7 to include lessrigure 2 Evolution of a longitudinal cross-section (64512) in two
soluble C species. Since Equation 3 can be interpretegimulations without recondensation of A specigs< oc). The hydrol-
energetically by taking ~ exp(~E/kgT), where E ysis and condensation rates are the same in both cages0.1 and
would be the energy of a single A-A bond, our model ¢ =2 6= wn/we=0.05). Top: pg =0.15 andt =5 x 10, 10 10",
) T . 15x 10* and 20x 10*. Bottom: pg =0.20 andt =1 x 10%, 2x 10%,
for dissolution is equivalent to that used by Aertsens;. ;¢ ang ax 10,
and Van Iseghem [27, 29], except for the prefactor
Actually, this prefactor is not very important. A few
simulations have been made by dropping it from Equa- !
tions 3-5. Their results are not qualitatively different 100 Formamin
from those presented below.

/\/‘—\-n--——\_,-f\/\.ﬂ

O e
/ 0,10

0.0

5. Dissolution rate 10

In this section, we describe the results of simulations
without recondensation of A species. Fig. 2 shows
the evolution of a longitudinal cross-section (64612 1
sites) in two simulations with the same kinetics con-

stant § = wn/wc=0.05), but with two different glass 0 210° 4100 610* 810* 110°
compositions pg =0.15 and pg =0.20). The subse-
quent pictures are separated by 30* time steps in
the first experiment and by 18teps in the second one. Figure 3 Variation with time of the ratic(t)/ S of the area of the porous
The leaching front moves forward linearly in time, but networkto the initial areafy =0.1,6 = 0.05 andV = oc). From bottom

much faster fopg = 0.20 than forpg = 0.15. One also  ©tP:ps=0.0,0.10,0.15,0.20 and 0.25.

observes the existence of a porous layer at the interface
between the solid and the solution whose thickness re-
mains constant in time. This layer becomes thicker as_
ps is changed from 0.15 to 0.20. Fig. 3 displays the £ 5400 !
time evolution of the ratio of the current area to the @

initial area for different values gbg. After a transient, 1500 in
the area of the porosified interface gets stabilized at am / *

S(t) / S ratio

time

2500

disso

stationary value, herafter denoted3slt turns out that g 1000 //
this stationary surface area increases steeply pigth / // n,
which reflects the increasing thickness of the porous <= 500 -
layer shown in Fig. 2. £ __4//

Fig. 4 displays the variation with time af, the posi- 0 ke
tion of the front, and that afa = Na/Sandng = Ng/S, 010° 510° 110* 1510* 210° 2510
the numbers of A and B atoms dissolved per (initial) time

surface unit forpg = 0.25. At the beginning, there is _ o .
Figure 4 Variation with time of the position of the frong, and of

a phase of non_StOChlomemC Q|ssolut|on, which Corre_the amounts of dissolved A and B atoms per initial surface area unit,
sponds to the selective extraction of the B clusters cong, — N, /s and ng = N/S. The parameters of the simulation are:

nected to the initial interface. The kinetics of dissolution pg =0.25, wn =0.1, 5 =0.05 andV = cc.
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in this initial phase should be controlled either by theTABLE 1 Variation of dissolution parameters with the proportimn
diffusion or the dissolution of the soluble species. It°f soluble species in glass 6= 0.05

is not proper_ly dgscrlbed within our model, which ne- 000 010 0.5 0.20 025
glects interdiffusion and assumes instantaneous disS@s(pg)/vo(ps =0) 1 72 29 170 1420
lution of the soluble species at the solid-liquid interface.%/s .01 20 5.7 21 103
After this transientz;, na andng increase linearly in o 39 35 3.4 31 3.0

time. If one defines rates as: vo(ps)/vo(ps = 0) is the ratio of the rate of dissolutiap with respect

dz dna dng to its value for a pure A systen%y/Sis the ratio of the stationnary area
= VA = —— VB = —— (6) of the porous structure to the initial (flat) area of the interfacefanid

dt dt dt the effective number of A neighbours for an A atom at the surface as

i

it turns out that they obey the relation: defined by Equation 9.
VA UB
vp=—=—="11 (7)  whereS is the stationary surface area as obtained from
Pa~ bs Fig. 3. Equation 8 can be rewritten as:
for all the values of the parametepg andé we have
studied. This means that the dissolution is congruent we . 4
and controlled by the dissolution of A species. The Vo = ag”ofs ’ ©)

common value ofs, va/ pa andvg/ pg is the stationary
rate of dissolutiomg, which should be understood as the

mean number of single layers dissolved per calculationy, s for an A atom at the surface. It should be noticed
step. .Compa”f?g the ;lmulatlon result fay W'Fh the . thatfip as given by Equation 9 is different from the aver-
experimental dissolution rates shoqld makg It pos.s'bl%ge number of neighbours (although they are expected
to set the _value ofa computer step in real time unit. 4 vary in the same way). Table | displays the variation
Fig. 5 displays the main result of this section, i.e. thewith ps of vo, So/'S andfio for 8 = 0.05 (g is calcu-
variation of the dissolution rate with the parameters lated from the data using Equation 9). It appearsthat
Ps ands. It apé)ears_tr;;ewo_dt_epends markedly r?n both increases by more than three orders of magnitude when
parameters. Especially, It increases more than expoF-JB goes from 0to 0.25 without changing the parameters
nentially with the proportion of soluble B species. This ¢, gissolution. MeanwhileSy/S increases by two
result is in full agreement with experimental data. FOrgrders of magnitude anfi decreases from 3.9 to 3.0
example, Bunkeet al. have shown that the dissolution 11,4 other simulations with= 0.025 ands — 0 1 shoW '
rate increases by three orders of magnitude from purg ¢ he increase of both the dissolution rate and the
silica to the borosmcate_ glass (Sifd-zo (Na‘zo)0~15 porous area is a bit weaker (stronger) wiida larger
(B20s)o15 [12]. In fact, vo is expected to diverge when (gnajier) However, the values b§ are practically the

the proportion of B atoms in the glass approaches the, e aqin Table | (within less thar0.1) for the three
percolation threshold, since the surface of the poroug,| ;ess of we have investigated.

network available for the dissolution of A atoms should From Table | and Equation 9, we can understand the
increase in huge proportions. However, an accurate dg;, i

L f the dissolut he threshold Id ariation of the dissolution rate with the composition
scription of the dissolution near the threshold would ¢, 41555 as resulting from two effects. First, increas-
require to introduce a limitation in the rates of dissolu-

) e ; ing the proportion of the soluble B species results in
tion and/o_r d_n‘fusmn of the B Species. . a decrease of the mean coordination of the A species
The variation of the rate of dissolution can be ratio- iefjected in the decreaseftfin Table I), which weak-
nalized by expressing from Equations 5-7 as: ens the covalent network. Second, the fast leaching of
the soluble species generates a porous structure which
(8)  increasesdramatically the surface offered for the disso-

which definesiy as an effective number of A neigh-

o LN _weS

paS dt |, Ppa S €% lution of the A species (by a factor of 100 fropg =0
to pg = 0.25). These two effects can be called chemical
and structural, respectively. Although the first effect is
10° ) more generally emphasized in the literature, the second
10! : one proves here to play the most important role in the
o o i increase of the dissolution rate with the proportion of
g 10? . soluble species.
§ 10° RO T
= » ¢ Y 6. Equilibrium solubility and saturation
.g 10 - behaviour
105 Letus now describe the results of simulations with finite
N solution volume and recondensation of A species. Fig. 6
10° shows the evolution of a longitudinal cross-section for

0 005 0.1 0.15 0.2 0.25 0.3

o pg = 0.25,8 =0.05andS/V =4 x 1078, First, one ob-
B proportion in glass

serves the formation of a porous layer, whose growth
Figure 5 Variation of the dissolution rate) as a function of the propor- stops after some time (al_JOUt 5000 steps in the present
tion pg of soluble species in glass féi=0.1 (circles), 0.05 (squares) Case). Thereafter, there is a gradual rearrangement of
and 0.025 (triangles). the porous network with pore shapes becoming more

1336



B concentration in solution

Figure 6 Evolution of a longitudinal cross-section (64512) in a simu-
lation with recondensation of A species. The parameters of the simulation
are: pg =0.25, wp =0.1, § =0.05 andS/V =4 x 1(P. Views at times
t=10% 3x 103, 104, 3x 10%, 10° and 3x 10°.

A concentration in solution
—
e .
=3

107 / 2

regular and pore diamet'ers Iarger: The pqrosity gets 0 110° 2 10° 3 10° 410°
mostly occluded. The typical pore diameter in the aged
sampleis of the order of 5to 10 sites, which corresponds
to a few nm, in agreement with experimental observasigure 8 Variation with time of A and B concentrations in solution for
tions [30]. This aging is related to the saturation of thed=0.05 andS/V =4 10-°. From bottom to top:ps =0.0 (for A
solution in A species. When the saturation is reached®"): 0-10.0.15,0.20 and 0.25.

there are statistically as many dissolved A atoms as

deposited ones in each computer step. However, ac%:akrilrlztlir;:(gfugoe?[&nls]'vat?]?natlﬁce) gﬁzreé\éﬁztr;ﬁ;hnzgﬂn'
cording to Equations 3 and 4, A atoms are dissolve Y y

preferably from sites with a small number of neigh- h?:isang%izs ;2 tgih%r':f/'gli%is;; A and B concentra-
bours and deposited onto those with a large numbey. 9- pay

, . : ons in solution for§ =0.05 andpg varying from 0
of neighbours. This generates a surface tension effe ] : :
which is analogous to Ostwald ripening and tends tﬁo 0.25. Though the time constants are strongly differ-

smooth the surfaces. One can also observe in Fig. gnt from one curve to another, Fig. 8.ShOWS tha.‘t the A
concentration saturates at values which are quite close

a slight shrinkage of the sample. In the present cas A ;
the shrinkage is quite limited because of the small so'%b each other. The equilibrium A concentratiajjSare

lution volume and the weak solubility, but it may be giveninTable | asafuncf[ion Qs aNdo. Th_eystro_ngly
much more important under other conditions. Fig. 7depend on the hydrolysis-to-condensation rafiout

shows the concentration profiles in the aged sample. ﬁ)nly slightly on the glass composition (less than a fac-

turns out that the porous layer is practically free of BFor two whenpg is changed from 0 to 0'25.)' Th's. IS
atoms and that there is a sharp S-shaped transition i1 sharp contrast to the enormous change in the initial

the B concentration at the interface between the porouglssé(alu“on rate (more than 1000 in Tgble D- The va_Iues
of ¢, ' can be understood from Equation 5, which gives

layer and the unaltered glass. This is consistent witr}Jlt eA uilibrium:
experimental results [14] and with the usual practice to q '

monitor alteration by recording the release of boron and = (") g, = oM (10)
q

time

where the average is taken on the surface sites of the
AL B B B o o aged sample. It is not surprising thﬁf‘ is found prac-
C whoo L . A ] tically independent ofyg, since at long times all the B
MM TRy e atoms have been removed from the porous layer. Thus,
: ] the mean environment of a surface A atom becomes
H . the same in the aged interface, whatever is the initial
] composition. Equation 10 definég, as an effective
: D st number of A neighbours at equilibrium. Its value, as
- J,f 3 calculated from the concentrations in Table I, turns
. out to be independent of boths ands and equal to
TS I TS I 3.0540.05. This low value may seem in contradiction
0 100 200 300 400 500 with _the smooth_surface_s ofth_e aged salmple. In fact, as
previously mentionned in section 5 fdg, fieqis not the

—

(=}
<]

<o
(=)}
I

concentration in glass
o [}
[ ] -
-
s
)

(=4

distance from the initial free surface mean number of neighbours of all the surface sites. It
Figure 7 Concentration profiles in the aged porous layex (0°). The rather .charac_terlzes. the sites WhIC.h are p_rgdpmlnantly
parameters of the simulation are the same as in Fig. 6. active in the dissolution-condensation equilibrium. The
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TABLE |l Aand B concentrations in saturated solution for different 10°

values of the parameteps ands
Ps 0.00 0.10 0.15 0.20 0.25 @ 4
10°cy? 0.8 14 1.4 1.4 1.4 2 10
8 =0.025 im =
108l i 0.3 0.5 1.4 14.5 <
= [
10°%c30 0.7 08 0.9 1.2 1.2 = ®
5 =0.05 A k) 1 g
1040gm - 0.11 0.18 0.42 29 @ 10 3
— n
eq ) >
5= 01 1@cA 0.7 0.8 0.8 0.8 1.0 g e
’ 1§C|Elsm - 0.09 0.15 0.22 0.55 L]
10° i
All the results have been obtained wiliVV =4 x 1076. In some cases 0 005 0.1 015 0.2 0.25 0.3
(*), the saturation is not completely reached at the longest time of the B proportion in glass

simulation.

Figure 9 Variation of the thickness of the gel layey for S/V =
sites with one or two neighbours, which are too weak x 10-6 as a function of the proportiops of soluble species in glass
are immediately dissolved and the sites with four orfor §=0.1(circles), 0.05 (squares) and 0.025 (triangles).
five neighbours are too strong to be removed. Anyway, ) i ) )
as changing by a factor of two changes the equilib- AN immediate consequence of Equation 12 is the
rium A concentration by a factor of ten, one sees thaPreaking of the §/V) <t scaling in the saturation
a restricted range of values is sufficient to cover an '€gime. To bring this effect into prominence, simula-
extended range of solubility (the molar fraction rangetions with differentS/V ratio have been performed for
10-5-10-3in Table Il is equivalent to 0.55-55 m mol/l Ps = 0.25 andé = 0.05. The main results are summa-
or 15-1500 mg/l of Si). rized in Table Ill. Experimentally, the values chosen

As observed for A species, the amount of dissolved gor S/ V would correseclmd to about:210%, 2 x 10%,
atoms also reaches a limit valg¥" (Fig. 8). However, 2% 10* and 2x 10> m~*. One sees that the A con-
the reason foritis different. For A species, the saturatiorf€ntration at saturation is nearly independengo¥,
results from the chemical equilibrium between disso/MPlying that the scaling is almost obeyed, as far as
lution and condensation reactions, while for B species” SPecies are concerned. This is not the case for the
it is due to the occlusion of the porosity induced by theB SPecies whose limit concentration increases plainly
glass rearrangement. The departure of B species and tM_\éth S/V_. This increase is weaker than the linear varia-
smoothing of the pore walls both contribute to maketion predicted by Equation 12, because at the same time
the aged sample more resistant than the initial glasghe thickness ofthe altered layeris a decreasing function
This prevents further extraction of B atoms beyond the?® S/V. Table Il also gives the variation of the con-
porous layer. Unlike A, the B concentration limits given 9ruénce ratio. It can be expressed from Equation 12 as:
in Table Il depend on bothand pg. This can be inter- lim
preted by considering the profile concentrations in the 0= CBe /pB =1+ E eg(pz,, S/V) (13)
aged porous layer (Fig. 7). As the B concentration is CAq/ Pa \ CAq(S)

almost zero and the A concentration is nearly the same
as in the unaltered glass, one can write: When S/V goes to zero, one expects to recover the

congruent dissolution evidenced in Section 5. Both the

V= Na%= paSd breaking of the §/V) x t scaling and the departure
_ _ (11)  from congruent dissolution are generally observed
Vam = NI — ppS(ds + ) in experiments at higts/V [17, 20]. They appear

) here to result from the extraction of boron and alkalis
whereds ande; are the shrinkage depth and the gelfom the gel layer, whose relative weight in the whole
thickness, respectively. From Equation 11, it follows: gissolution increases wit8/ V. To our knowledge, this

cgm cf\q(g) S is the first time that a simple explanation is provided
e pa Ty X €(Ps) (12)  for these observations.

where the dependence on the paramete@nd pg, )
has been explicitly emphasized. The first term in right-/+ Effect of less soluble species
hand side of Equation 12 represents the congruent paffn€ introduces now a new C species in order to
of the dissolution. It mainly depends on the chemicall€Present less soluble oxides such asO3 ZrO,,
parametes through the equilibrium concentratiaf’. ‘ o

The second term, which is the incongruent part, is prO-TABLE II_I Altered layer thlckngss, A a}nd B concgntraﬂons in satu-
portional to the glass surface area to solution vqumerate‘j solution and congruence ratio for differ& ratio
ratio and to the gel thickness. Fig. 9 shows that the lats/v 4x10°8 4x 1077 4x10°6 4x10°°

teris fully determined by the glass composition. It goes

from a few atomic layers fopg = Oto about 300 atomic % 850 440 300 160
layers (100 nm) forps = 0.25. These two values are 10 09 1.05 12 12
consistent with the experimental observations for the-?'c" 936 97z 23 >
glasses of types | and Il in the classification by Hench’ ' i i

and Clark [5]. The simulations have been made witk: 0.05 andpg = 0.25.
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Fe03, .... C species are expected to have a low sol-
ubility and to form more resistant bonds. To take into
account these new species, Equations 3 and 4 are gen-
eralized by defining hydrolysisut) and condensation
(w¢) rate constants for A-A, A-C and C-C bonds. Within
the same assumptions as in Section 4, it is easy to show
that the dissolution rate constants for A and C atoms
depend on their numbers of A and C neighboun? (

andnic) as: Figure 10 Comparison of longitudinal cross-sections (6812) of aged
nA nc interfaces (=3 x 10°) for pc =0.0, 0.05 and 0.10 (from top to bot-
Ay A AA Cc AC wﬁ‘A ' wﬁc ' tom). The parameters of the simulations apg:=0.25, aa =0.05,
= Ul i — = 6
wg (i) = (MPwe® +nfwe”) Y DAC Sac = Scc = 0.005 andS/V = 4 x 10-5.
c c

(14) " The decrease af” and the low value ot result di-

CC)nC rectly from the existence of the stronger A-C and C-C

Cpi A AC C. .CC w@c K Wh
wg (i) = (ni we ™+ N wg ) WAC wCC
C C

bonds With(SAC =d8cc < OpA-

Fig. 10 shows pictures of the aged porous layer for
pc =0.00, 0.05 and 0.10. The presence of C has three
while the depositing rate constants are expressed as:consequences on the layer morphology. First, the final

ALY _ (nA, AA C. AC thickness of the porous layer is larger, secondly, the
we (i) = (Mhwe™ + nfwe™)ea shrinkage has been practically suppressed and thirdly
C A AC . C.CC 19 the ripening effect is less important, which results in
wy (1) = (”i We ™+ Njwe )CC smaller pore sizes. All these effects are related to the
Wherecc is the concentration of C atoms in solution. fact that C atoms are almost insoluble. Their presence

The presence of A-C and C-C bonds introducesPins down hard clusters around which the glass should
four new parameter81 for which the choice of valuesréarrange. This inhibits the |al’ge scale restructuration
is somehow arbitrary. We have takenf* = wf¢ = obsgrved in AB systems. The increase of the_: amount
wSC=0.1, wh* =2 andw’® = wSC =20, so that the of dissolved B species in presence of quasi-insoluble

hydrolysis and the condensation of A-A bonds remainspecies (Table IV) is a direct consequence of the larger
the same as before (in the case 0.05) and the con- Penetration depth. Therefore the presence of C species
densation of A-C and C-C bonds is ten time faster tharflecreases the solubility of A species, but increases that
that of A-A bonds. This choice is consistent with the Of B species. This paradoxical result is unexpected and
idea that cations such as Al or Zr are much more reactivéill be discussed in the next section.
than silicon, although they are less soluble. Simulations .
have been carried out fgz = 0.25 and two values of 8. Discussion
the concentration of C specigse = 0.05 and 0.10. In this section, we would like to discuss the relevance of
The main results are given in Table IV. One observeur model for glass dissolution. It is quite certain that
that the presence of C species depresses the initial rag¢!Ch a simplified model cannot quantitatively repro-
of dissolution and more significantly the A concentra-duce the experiments on complex real glasses. Its am-
tion at saturation. However, the limit B concentration Pition is rather to provide an heuristic tool to improve
increases slightly, whereas the C concentration remairi§e understanding of glass dissolution and to emphasize
extremely small. From Equations 14 and 15, the equmbqualitative behaviours and trends. In this respect, we be-

rium of the dissolution and condensation fluxes gives:lieve that it captures a number of major features of the
dissolution of durable glasses in the neutral to moderate

~eq ~eq
Ca' = (8aa)™ (8ac)™ basic conditions. Among these features, one can men-
. g g (16) tion (i) the very large range of dissolution rates [2, 18]
et = (8ac)™ (5co)e : - -
C AC cc associated to a much more limited range of solubility

whereﬁiq andﬁecq are the effective numbers of A and ¢ in silica [2], (ii) the existence of a dealkalized hydrated
neighbours of a surface atom in the aged interface, anBOrous layer whose thickness increases sharply with the
San, Sac andscc are the ratio of hydrolysis to conden- alkali content [5] and decreases with BV ratio [25],

sation rates for A-A, A-C and C-C bonds, respectively._(“@), the stationary congruent dis_solution following an
initial phase of selective extraction of soluble species

[22, 25], (iv) the departure from congruence and the
breaking of the §/V) x t scaling at highS/V ratio
for boron and alkalis extraction [15, 20, 25] and (v)

TABLE IV Dissolution rate and A, B and C concentrations in satu-
rated solution as a function @iz

pc 0 0.05 0.10  the large rearrangement of the surface layer in the ab-
vo(Pc)/vo(pe =0) 1 077 061 sence of insoluble oxides contrasted to the more limited
10%c,’ 12 04 02 rearrangement when they are present [2]. This overall
10%cg" 2.9 36 41 agreement seems to imply that interdiffusion, which
10°%cg - 1.0 20 has been neglected here, plays only a secondary role,
The dissolution rate is referred to its value faf =0. The simulations at least in the main ph_ase OT the dissolution proce;ss.
have been made witha = 0.05,5ac = Scc = 0.005 andpg = 0.25. The Of course, the consideration of only three species to
concentrations at saturation are obtainedSpv =4 x 1076 represent the large number of oxides which may enter
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in the composition of the real glasses, and especiallyequires the reinforcement of the glass in the surface
in that of the nuclear waste glasses, is an oversimplitayer, which is well demonstrated in our simulation re-
fication. For example, it is known that the behavior of sults when surface tension is included.
heavy alkalis may be different from that of light al- Experimentally, the long-time extraction rate of
kalis, although both are well soluble in water. This isboron and alkalis, as obtained in static tests, is con-
also true for the alkaline earths. As mentionned in Secsiderably reduced with respect to the initial rate (by
tion 2, the alkali and alkaline earth oxides should bethree to four orders of magnitude), but generally it does
considered as less soluble C species, when their catiomot vanish [17, 22, 25]. Although the question is of
act as compensators of the excess negative chargesmdramount importance for the long-term behaviour of
4-coordinated Al or 6-coordinated Zr. However, in the nuclear waste glasses, the origin of this residual alter-
case of alkaline earths, the situation is probably moretion remains unclear [25]. Several mechanisms have
complicated, since they seem to play a role by thembeen evoked, among which the interdiffusion of alka-
selves in the durability of glasses. They are less solublés and water [40], the slow drift of the solution pH
than alkalis and they may form redeposition barrierswhich may be complicated by local effects in the sur-
at the glass surface. As regards the insoluble or quasface region, the deposition of secondary phases which
insoluble oxides, some of them (Zs@r Al,O3) are  may maintain out-of-equilibrium the glass-solution re-
much more efficient than others (&&; or TiO,) inre-  action [16] and the formation of cracks resulting from
inforcing the glass against leaching. As a rule, there ighe stresses accumulated in the hydration layer. This
no objection to take into account new species with mordatter point is of special importance, since it can induce
varied behaviours in the simulations. However, thisa renewal of the alteration after a period of time corre-
would imply to introduce an increasingly large num- sponding to the advent of cracking. As this interval of
ber of parameters to describe the binary interactionsime is expected to depend on the glass composition,
between all the considered species. This seems to be utitis may be at the origin of the difference between the
timely atthe present stage of development of the modeko-called durable and less durable glasses in short time
In the attempt to correlate the durability of glassesalteration tests. To check these different hypotheses, it
with their composition, our model appears complemenwould be interesting to perform experimental studies
tary of that based on the free energy of hydration [4, 9]in conditions where some of these effects are inhibited,
The latter is able to sort out the glasses by computindor example, leaching in controlled pH conditions or
a macroscopic energy of hydration as a weighted avemlteration of simplified glasses designed to be free of
age of the energies of hydration of their componentsthe cations involved in secondary phases.
By considering only three classes, our model is much As seen in Section 6, our simulations predict a com-
rougher in this respect. The assumption of unconditionplete freezing of the glass corrosion after the saturation
nal dissolution of the soluble B species is equivalent taof the solution in silica. There ara priori two ways
an infinitely negative free energy of hydration for theseto recover a (slow) progression of the leaching process.
species. Onthe other hand, since our simulations handlehe first one, which can be considered as extrinsic,
the particles individually, they provide a microscopic would consist of taking into account interdiffusion or
picture of the glass corrosion and they make it possiintroducing a drift in silica solubilitity resulting either
ble to predict the selective release of the different glasérom a pH shift or from the deposition of the secondary
components in solution. Moreover, the model suppliephases. The second way, which is more intrinsic, is to
information on the morphology of the altered layer andmodify the model in order to reduce the layer rearrange-
on the kinetics of the leaching. ment. As a matter of fact, it is likely that the present
In the field of nuclear glasses, there is a dispute taesults overestimate this rearrangement. This comes ba-
know whether the slowing down of the corrosion atsically from the fact that our simulations do not deal ac-
long time is due to the saturation of the solution or totually with a glass. When B species have been removed
the protective nature of the surface layer [8, 26]. Wein an AB system, the porous layer tends to rearrange
believe that this is a biased question, because the pras a single A crystal. This explains the paradoxical role
tective effect of the layer results from the aging, whichof C species mentionned in Section 7. Although they
follows the saturation. However, saturation by itself depress the dissolution rate and the silica solubity, they
is not sufficient. As a matter of fact, the dissolution- act as defects, which restrain the large scale rearrange-
recondensation of silica is a dynamical equilibrium.ment. This delays somewhat the porosity occlusion and
Even long after the solution saturation is reached, theréeads to a (slight) increase of the alteration depth.
are always silicon species which are removed some- Our results open the question of the existence of oc-
where to be deposited again elsewhere. This processduded porosity in the alteration layer. Although there is
exposes new soluble species, which should be extractemlirrently no definite experimental answer to this ques-
from the glass at a rate basically controlled by the sil-tion, we prefer to assume for the present time that this
ica primary (not compensated) dissolution rate. Thidgs an artefact of the calculation. To avoid this effect,
mechanism gives rise to dynamical percolation (in op-t is necessary to maintain the porous layer out-of-
position to static percolation which takes place whenequilibrium. A possible way to reach this end is to in-
the concentration of soluble species is above the petroduce kinetic barriers for large scale rearrangement or
colation threshold). To avoid percolation or, at least,random distributions of bond energies for representing
to significantly slow down the advance of the leachingsteric hindrance to bond formation. Also, it may be bet-
front, the alkalis should become less accessible. Thigertoinhibitthe deposition of Aatoms on some sites, for
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example those previously occupied by small alkalis, to 9.

account for the local rearrangement which may imme-

diately follow the departure of these atoms. A few trial ig 8

simulations have been performed in these directions. In
some cases, one observes from time to time bursts of

porosity reopening. These rare events could provide a2.

way to recover a residual leaching at long time.

13.

9. Conclusion

Our model for glass dissolution basically rests on twol4.
parameters, the proportion of soluble species, whicH®
caracterizes the glass composition, and the hydrolysisy

to-condensation ratio of the network-former species,
which describes the chemistry of the glass-water sys-

tem. The latter is modified by the presence of insolublel?-

oxides, but it also depends on the external condition
such as temperature or pH. Our principal results con-

cern the structure of the porous layer, the rate of dissozg,

lution and the equilibrium solubility. The thickness of

the porous layer is mainly controlled by the proportion20-

of soluble species in the glass. In turn, this governs th%
. o ; " 1

rate of dissolution in dynamic conditions and the to-

tal amount of soluble species extracted from the glass

in static conditions. On the contrary, the solubility of 22.

the glass-former species is mostly determined by the

hydrolysis-to-condensation ratio, since it results from &

local (dynamic) equilibrium and does notdepend infirst,,
approximation on the interface morphology. The most

importantissue is the freezing of the leaching, which re2s.

sults from the restructuration of the altered layer, when

surface tension is included in the model. This provides &%

simple explanation for the protective role of the surface,,

perimental studies [26, 31, 41]. Further work is required

to describe accurately the residual slow progression of°-
the glass corrosion which is experimentally observed®

31.

in long-term static tests.
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