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g r a p h i c a l a b s t r a c t
� The radionuclides yield is deter-
mined by the transport from the
glass through the surface corrosion
layer.

� Formation of the surface layer is due
to the dissolution of the glass
network and the formation of insol-
uble compounds.

� The model proposed accounts for
glass dissolution, formation of corro-
sion layer, specie diffusion and
chemical reactions.

� Analytical solutions are found for
corrosion layer growth rate and glass
components component leaching
rates.
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a b s t r a c t

A model is presented on nuclear sodium alumina phosphate (NAP) glass aqueous corrosion accounting
for dissolution of radioactive glass and formation of corrosion products surface layer on the glass con-
tacting ground water of a disposal environment. Modelling is used to process available experimental data
demonstrating the generic inhibiting role of corrosion products on the NAP glass surface.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

High-level radioactive waste (HLW) with typical specific activity
above 1010 Bq/L is currently generated by water-extraction
van).
processing of irradiated e.g. spent or used nuclear fuel (SNF or
UNF) typically in form of aqueous nitrate solutions [1e5]. Vitrifi-
cation is used on industrial scale for immobilisation of this waste in
a vitreous (glassy) wasteform. Sodium-alumina-phosphate (NAP)
glasses are widely used for this purpose in Russia whereas western
countries (UK, France, Belgium, Germany), USA, Japan, India and
China use boron-silicate (BS) glasses [6e11]. The justification on
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using NAP glasses lays upon composition of Russian HLW con-
taining large amounts of aluminium oxide. Additional arguments
on selecting NAP glasses were the relatively low melting (pro-
cessing) temperature (900 ÷ 1050

�
С), liquid-feeding and easy of

dosage systems. Indeed the NAP glass is particularly attractive for
immobilisation of wastes containing large amounts of Al and Na. In
contrast to BS glasses phosphate glasses incorporate significantly
larger amounts of corrosion products as well as actinide oxides,
molybdates and sulphates. Lanthanides and actinides in phosphate
glasses tend to complex strongly with phosphate ions. Fig. 1 shows
the glass forming regions of the Na2OeAl2O3eP2O5 system with
data on solubility of some HLW components in melted phosphate
glass at 1000 �C given in Refs. [4,10].

The optimum range of the Na to P ratio is from 1.0 to 1.3 for low
(850e950 �C) to moderate (1200e1300 �C) melting temperatures
of glass processing. This ratio can be increased at higher tempera-
tures: NAP glasses can contain up to 40% Al2O3 at 1400e1500 �C.

Four generations of EP-500 direct (joule) heating melters for
waste vitrification have been operating at PO “Mayak” since 1987
[9,10]. The vitrification facilities have produced since then 6200
tonnes of radioactive glass totalling 643 MCi (23.79 YBq) [6,7,12].
The molten radioactive glass is poured from the melter into 200 L
cans made of mild steel. These cans are then collected into cases
containing 3 cans each and further stored in a dedicated storage
facility until the final disposal site will be available. The storage
facility is now filled above 90% of its design capacity. Currently the
fifth generation of EP-500 melter and a new vitrified HLW storage
facility are under construction. The storage facility will be opera-
tional during the next 40 years after that the vitrified HLW will be
disposed of in a geological disposal facility. Disposal of vitrified
HLW shall ensure its safety for the entire period of radionuclides
decay e.g. for the geological timescales of many hundred thousands
of years [3,4,13e18]. Although the safety requirements belong to
the waste package disposed of the role of glassy wasteform as the
primary barrier is crucial in ensuring the overall safety of trans-
portation, storage and disposal.

Vitrified HLW in a disposal environment could eventually at a
later stage of disposal after some thousand years contact ground-
water although there is small likelihood that the contact can occur
at earlier stages due to low probability destructive events. On
contacting water the glass corrodes with main two types of
radionuclide release being hydrolysis and diffusion-controlled ion
exchange. With time the dominant corrosion process is glass hy-
drolysis when glass constituents are dissolved of and removedwith
water and a gel-like product forms on the surface (see the reviews
[19e22]). Sodium- and phosphate-ions are the relatively mobile
Fig. 1. Mass content of Al2O3 as a function of (Na/P) ratio at constant temperatures for
NAP glasses (Na2OeAl2O3eP2O5).
components of NAP glasses whereas aluminium hydroxide and
non-soluble phosphates form the corrosion layer on glass surface
[10]. The porosity of latter determines its transport capabilities of
water-dissolved glass components. The structure of corrosion layer
can change with time and that changes its permeability. For
example the interaction of matter dissolved with non-dissolved
precipitate in the pores can clog them and thus block the path-
ways of solution leading to a lower corrosion rate.

Corrosion of glass is widely investigated [19e30] although there
is not yet a generically accepted understanding of that process on
geological disposal of radioactive waste. This in its turn leads to an
absence of generically accepted permitted levels of radioactive
glass corrosion. Because of that the interest to glass corrosion is not
diminishing including methodology for investigation of process
and its modelling [31]. Long-term durability models are still being
refined with international efforts on a refined understanding glass
corrosion mechanism [19,31]. In this work we propose a mathe-
matical model of NAP glass corrosion in aqueous solutions relevant
to geological disposal. The model accounts for leaching (dissolu-
tion) of glass components and formation of corrosion layers on the
glass surface and transport of these components through the
corrosion layer. The equations obtained are then used to model
experimental data from available published sources.

The composition of NAP glass used in Russia to immobilise HLW
is represented on oxide basis in wt.% by alkali oxides amounting
24e27, aluminium and other multivalent metal oxides 20e24 and
phosphorus oxide 50e52 [4,10]. Durability of glasses in an aqueous
environment strongly depends on many parameters such as tem-
perature, solution pH and composition, water flow rate etc.
Leaching rate of radionuclides is determined by the rate of glass
corrosion and interaction of corrosion products with chemical
species of groundwater. The composition of latter is determined by
interaction of water with geological formation and materials pre-
sent or formed in the disposal facility for example resulting from
corrosion of containers. We present here data on NAP glass corro-
sion and its components leaching via a mathematical model of
physical and chemical destruction of radioactive glass and forma-
tion of surface layer on the glass contacting groundwater. The latter
is controlling the transport of species between the glass and ground
water. Modelling is then used to process available experimental
data from Ref. [32].

2. NAP glass corrosion in disposal conditions

To characterise processes that occur on NAP glass contacting
ground water it is necessary to determine the glass components
that are transferred to water and their form in the solution as well
as their interaction with species in water. Fig. 2 shows schemati-
cally corrosion processes in a closed aqueous system similar to that
characteristic of a typical geological disposal system when the
water exchange rate is extremely small or ideally nil. Note that in
opposite conditions of fast flowing water the corrosion processes
show a distinct initial diffusion-controlled ion exchange corrosion
mechanism followed by a hydrolysis-controlled corrosion process
[4,33,34].

Three distinct phases of glass corrosion are revealed depending
of glass corrosion mechanisms which are characterised as follows
[22,35]:

� Stage I of glass dissolution encompasses zones where multiple
mechanisms are operative including regimes that are ion ex-
change interdiffusion-controlled, hydrolysis-controlled, and a
rate drop that is diffusion or affinity controlled.

� Stage II of glass dissolution characterised by a steady state or
residual rate signals the end of the alteration phase and/or a



Fig. 2. Schematic of glass corrosion processes in typical geological disposal conditions.
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pseudo-equilibrium between the alteration and re-
condensation reactions.

� Stage III of glass dissolution is characterised by resumption of
alteration with a return to a forward rate.

Glass corrodes rapidly during the Stage I because the glass is in
contact with fresh groundwater solution containing little of glass
components. During this stage there is an exchange between so-
lution species (H2O, О, H3O, etc.) and glass (alkali, phosphorus, al-
kali earths, etc.). Apart from that due to hydrolysis a part of bound
phosphorus transforms into phosphates. Corrosion then proceeds
to Stage II where the rate decreases because of increase of con-
centration of glass components in the water. The decrease is due to
a combination of decrease of driving force of extraction of glass
species into solution and increase of backward transport of these
species to the glass surface.

Diffusion controlled dissolution of network modifiers and/or
radionuclides during Stage I and Stage II normally follow mathe-
matically a square root of the test duration, while other radionu-
clides are solubility limited, entrapped in the gel layer, or
complexed in secondary alteration phases that form on the glass
from the leachate solution.

Stage III is not necessarily characteristic for all types of glasses
and is characterised by a resumption of alteration with dissolution
rate reaccelerated to a rate characteristic to initial corrosion rate.
This is a poorly understood process which is associated with for-
mation of specific phases on the glass surface [22,35e38]. Note that
processes characteristic to Stage III were never studied in detail for
NAP glasses.

Non-uniform dissolution of glass typically seen in long-term
studies [39,40] results in a loose surface structure which trap
both dissolved and non-soluble species, that are formed a result of
interaction of leaching products with ground water species, back-
filling materials and corrosion products. Both transport and
chemical reactions occur in the surface layer. These result in a
changing structure of the layer.

The hydrolysis of NAP glass can cause saturation of water with
following compounds [41,42]: H3PO4, NaH2PO4, Na2HPO4, Al(OH)3
(Al2O3 � nH2O), NaAlO2, Fe(OH)2 (Fe2O3 х nH2O), FePO4. Addi-
tionally, due to the contact with host rock the water can become
saturated with silicic acids H2SiO3, H4SiO4 and their salts as well as
with cations of Ca, Na and Mg. These can form on interaction with
hydrolysis products the whole range of compounds: CaHPO4,
Ca(H2PO4)2, Ca3(PO4)2, Ca5(PO4)3OH, Mg3(PO4)2, CaAl2Si2O8,
Na(AlSi3O8), Al2(Si2O5)(OH)4 and others which enter in the
composition of surface layer.

Formation of surface layer is mainly determined by the transi-
tion into the aqueous phase of phosphate-ion in form of ortho-
phosphoric acid and sodium orthophosphates. The latter interacts
in the aqueous phase with Ca and Mg salts: Ca(НСО3)2, Mg(НСО3)2,
CaSO4, - for example:

2Nа3РO4 þ 3CaSO4 ¼ Ca3(PO4)2 þ 3Na2SO4

2Na3PO4 þ 3Ca(HCO3)2 ¼ Ca3(PO4)2 þ 6NaHCO3

Corrosion of glass is described using kinetic equations which
account for the transport of each of species e.g.: H3PO4, Na3PO4,
Ca(HCO3)2, CaSO4, MgSO4, Mg(HCO3)2. Yield of dissolved glass
components is described using diffusion equations through the
corrosion layer. The growth rate of layer is determined by the rate of
glass dissolution and rate of precipitation of non-dissolved reaction
products as well as by the rate of accumulation of hydrolysis
products in the layer. Therefore first of all it is necessary to account
for following products: Ca3(PO4)2, Mg3(PO4)2, Al(OH)3, Fe2O3 nH2O,
FePO4.

It is well known [43,44] that orthophosphoric acid dissociates in
water:

Н3РО4 þ Н2О 4 Н2PO4
� þ H3Oþ (K1 ¼ 7,1 � 10�3),

Н2РО4- þ Н2О 4 НPO42- þ H3Oþ (K2 ¼ 6,3 � 10-8),

НРО4
2� þ Н2О 4 PO4

3� þ H3Oþ (K3 ¼ 4,4 � 10�13).

Accounting for dissociation constants one can conclude that
dihydrogenphosphate ions Н2РО4

- in water are significantly more
abundant compared with monohydrogenphosphate ions НРО4

2�

and phosphate ions PO4
3�. Acids form a series of salts for example

NaH2PO4, Na2HPO4 and Na3PO4. The composition of salts depends
on pH of solution. Soluble dihydrogenphosphates (such as
NaH2PO4) yields weakly acidic solutions with pH~5. This occurs
because the reaction:

Н2РО4
- / НPO4

2� þ Hþ

is dominant above the reaction:

Н2РО4
- þ Н2О / Н3РО4 þ ОН

Sodium monohydrogenphosphate Na2HPO4 yields a weak alkali
solution with pH~9 because the reaction:

НРО4
2� þ Н2О / Н2РО4

- þ ОН-

Prevails above the reaction

НРО4
2� / PO4

3� þ Hþ

Orthophosphates such as H3PO4 form in strong alkali solutions
with pH~12 when hydrolysis partly occurs via:

PO4
3� þ H2O / HPO4

2� þ OH�

1% sodium salt solutions are characterised by following values of
pH: Na3PO4 ¼ 11.8; Na2НРO4 ¼ 4.4; NaН2РO4 ¼ 4.4; and
Н3РО4 ¼ 2.1. Mixtures which contain ions of mono- and di-
hydrogenphosphates have the pH within 6e8.
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Therefore in alkali solutions (pH > 6) ions of PO4
3� and HPO4

2�

form which is significant as ground waters are usually reducing.
The number of orthophosphate compounds is large e.g. the

system Na2OeP2O5eH2O only includes at least 15 salts such as
Na3PO4$12Н2О, Na2НРO4$2Н2О and NaН2РO4$2Н2О. These salts
dissolve in water incongruently. Crystalline structures of ortho-
phosphates revealed tetrahedral positions of oxygen atoms around
phosphorus ion.

Earth alkali phosphates ususally dissolve in water much worse
compared alkali phosphates. For example these are Mg(H2PO4)2;
Mg(H2PO4)2$2Н2О; Mg(H2PO4)2$4Н2О; MgHPO4$3Н2О; Mg3(PO4)2;
Mg3(PO4)2$8Н2О; Mg3(PO4)2$22Н2О. Crystalline precipitates of
magnesium hexa hydrogenphosphate form on adding various salts
of magnesium to weakly alkali or neutral solutions. Calcium or-
thophosphates can play an important role in groundwaters. Among
them apatite is distinguished as a natural source of phosphorus.
Compounds of the system CaO - P2O5 e H2O are shown in Table 1.

All these salts exept calcium monophosphate are poorly soluble
and reactions with them are slow. Solubility of calcium phosphates
depends on solution pH. In neutral and alkali solutions calcium
phosphate salts are aligned following the order:

hydroxyapatite >whitlokite > octacalciumphosphate >monetite >
Ca(H2PO4)2$H2O.

However monetite and brushite are the most stable (least sol-
uble) phases at pH < 4.8.

Hydroxyapatite (or hydroxylapatite) Са10(РО4)6(ОН)2, or
3Са3(PO4)2$Са(ОН)2 is the most important member of a large class
of compounds with generic formula М10(ХО4)6Z2 (where
M ¼ metal, Н3О

þ; Х ¼ Р, As, Si, Ge, Cr; Z ¼ OH, F, Cl, Br�, CO3
�, etc.).

All apatite compounds have a hexagonal crystalline structure.
Hydroapatites generically are non-stoichiometric characterised by
ratio Ca/P within the range from 1.3 to 2.0 although the ideal for-
mula has this ratio Ca/P ¼ 1.67. These substances can include
СаHPO4$2Н2О or Ca(OН)2, however in many cases the non-
stoichiometry appears because of vacancies or substitutions in
the crystalline structure or on the surface. Hydroapatite of almost
ideal composition can be formed on adding calcium hydroxide into
diluted phosphoric acid. Crystals precipitated in form of hexagonal
plates have typical sizes ~500 Å and a large specific surface
~100 m2/g.

Phosphoric acid readily interacts with iron (steel), aluminium,
zinc, magnesium, lead. Nickel and copper are quite stable in the
acid whereas zirconium, tantalum, silver, and platinum do not
interact with acid. Interaction with acid depends on temperature,
concentration and impurities. Traces of some organics can have
inhibiting action. Phosphoric acid in a wet soil forms polymeric
iron- and alumina-phosphates which cement the clayey particle of
soil. Iron phosphate can form on interaction of waste containers
corrosion products with ground waters. Following Fe(II)-
phosphates are known: Fe3(PO4)2, Fe3(PO4)2$4Н2О (ludlamite),
Table 1
CaO - P2O5 e H2O compounds.

Са(H2PO4)2 Monocalcium phosphate
Са(H2PO4)2$2Н2О Monocalcium phosphate monohydrate
СаHPO4 monetite
СаHPO4$0.5Н2О dicalcium phosphate hemihydrate
СаHPO4$2Н2О brushite
a-Са3(PO4)2 a-tricalcium phosphate
b- Са3(PO4)2 whitlokite
Са10(РО4)6(ОН)2 hydroxyapatite (hydroxylapatite)
Са2РО4(ОН)$2Н2О hydroxyspodiozite
Са8Н2(РО4)6$5Н2О octacalciumphosphate
Са3(PO4)2СаО tetracalciumphosphate
Fe3(PO4)2$8Н2О (vivianite). Fe(III)-phosphates are: FePO4 and
FePO4$2Н2О (strengite). Fe(III) salts are isotructural to aluminium
salts. Acidic iron phosphates are: FeНPO4; FeНPO4$Н2О;
FeНPO4$2Н2О; Fe(Н2PO4)2; Fe(Н2PO4)2$2Н2 and Fe(Н2PO4)3.

FeНPO4 and Fe(Н2PO4)2 in form of films form on the surface of
iron and steel in diluted orthophosphoric acid. Such films act as
protectors of corrosion and have a good adhesion. The chemistry of
the interaction is complex and generically can be written as:

Fe þ 2Н3PO4 / Fe(Н2PO4)2 þ Н2

Orthophosphoric acid which is used in practice for iron (steel)
passivation contains Zn2þ or Mn2þ cations the phosphates of which
enter into the structure of protective films.

Vivianite belongs to the group of isomorph minerals with
generic formula А3(ХО4)2$8Н2О (where А ¼ Mg, Zn, Ni, Co, Fe;
X ¼ P, As). Therefore container corrosion products can act as in-
hibitors of NAP glass dissolution. One can note that non-soluble
phosphates can form on interaction with water hardness species:

5Са(НСО3)2 þ 4Na3PO4 þ H2O / 0.5Ca10(PO4)6(OH)2
þ 10NaHCO3 þ Na2HPO4

3MgSO4 þ 2Na3PO4 / Mg3(PO4)2 þ 3Na2SO4

3. The mathematical model

We consider the following model situation (Fig. 3): flat NAP
glass surface contacts ground water through a corrosion layer of
thickness d (which at t ¼ 0 is absent d ¼ 0).

The model envisages the following processes:

1) Dissolution (leaching) of NAP glass network;
2) Hydrolysis products diffusion through corrosion layer;
3) Accumulation of corrosion products in the solution (and re-

actions among solution species) or yield of these products on
water exchange.

Radioactive species (as well as others impurities) can pass into
the solution and further involved in several processes: diffusion
through the surface layer, immobilisation on the glass surface or in
the layer. It is assumed that the diffusion coefficients of hydrolysis
products, radioactive species and impurities do not change with
time.

We introduce the notations: C e phosphate ions concentration
in solution including the corrosion layer,; СO e phosphate ions
concentration in the NAP glass; d(t) e layer thickness; D - phos-
phate ion diffusion coefficient in the corrosion layer (apparently D
is close to diffusion coefficient in the water). Assuming equilibrium
between phosphate ions in the solution and on the glass surface
one can write the simplest model for corrosion layer growth:

D
�
v2C=vx2

�
¼ vC=vt (1)

COðvd=vtÞ ¼ DðvC=vxÞjx¼dðtÞ (2)

The concentration in the solution out of corrosion layer is
determined by water exchange rate, noting it as Сj(t) one can write
the boundary conditions at x ¼ 0 and at x ¼ d(t):

Сjх¼0 ¼ СjðtÞ (3)



Fig. 3. Schematic of glass corrosion: 1e water solution, 2e corrosion layer, 3e glass.
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Сjx¼d ¼ CS (4)

where Сs e is the concentration of saturated solution (x axis po-
sition in Fig. 3).

The exact solution of equations set (1)e(4) is not known
particularly for arbitrary Сj(t). However within some assumptions
one can find approximate solutions. For processes that occur (see
equations (1) and (2)) we have two characteristic times:

t1 ¼ d2
.
D; and t2 ¼ ðСO=CÞd2

.
D (5)

Accounting that С0 [ C we have t1≪t2. For small thicknesses
d we have the following inequalities for the time t:

t1 < < t< < t2 (6)

In this case we can consider the stationary diffusion of species
through a constant thickness layer which slowly changes. If
Cj ¼ const(t) then we can analytically find the solution for d(t):

dðtÞ ¼ �
2
�
CS � Cj

�
Dt=CO

�1=2 (7)

Analytical solution is possible also for Сj(t) if the characteristic
time of Сj(t) changes is high compared t:

dðtÞ ¼
8<
:ð2D=COÞ

Zt

0

dt
�
CS � CjðtÞ

�9=;
1=2

(8)

Equation (7) shows that the thickness of corrosion layer in-
creases with time as t1/2. If Cj ¼ CS then the layer does not grow.
Here it is necessary to account for conditions of ensuring layer
growth in conditions of saturation.

It is worth to note that d - is the thickness of glass which
corroded. Here d is equalized to the thickness of corrosion layer
although they may differ. If the corrosion layer swells and its
thickness is larger than the thickness of corroded glass thenwe can
define an expansion coefficient to account for that. Following (7) if
we multiply the diffusion coefficient to the second power of that
expansion coefficient then we obtain a new effective diffusion co-
efficient so keeping all equations unchanged. Therefore we will
further consider d as the thickness of corrosion layer on the NAP
glass.

The yield of NAP glass components with small concentrations
considered as impurities is determined by the glass dissolution rate
which is found from equations (1)e(4) (and thus by equation (7))
and by the rate of precipitation of those components on the NAP
glass surface and within the corrosion layer (see Fig. 3 e the
boundary between 2 and 3). Mathematically the situation is
described by following:

1) Impurity diffusion through the layer with the capture of the
impurities in the layer

Dnvb2
.
vx2 � Kb ¼ vb

vt
(9)

where b - the concentration of impurities in the solution (including
the inside of corrosion layer), Dn - diffusion coefficient of impurities
through the surface layer, K - coefficient of the impurity trapping in
the surface layer.

2) Boundary condition on the boundary of the intact glass and
corrosion layer:

Dnvb=vxjx¼dðtÞ ¼ 6nCO½vdðtÞ=vt� � Pðb� bSÞ (10)

where 6n e the molar fraction of impurities (including radionu-
clides) in the glass (relatively to the content of phosphate-ion); bS -
the concentration of saturated (for impurities) solution, Р e kinetic
constant; for d(t) we use equation (7) or (8);

3) Boundary condition for х ¼ 0:

bjx¼0 ¼ bjðtÞ (11)

For impurities one can accept bjðtÞ ¼ 0 (12)

In general, the problem [see. Equations 9e11] is solved numer-
ically, but in the case of quasi-stationary diffusion conditions for
(12) we can write the approximate solution:

b ¼ b1shlx; l ¼
�
KD�1

n

�1=2
(13)

b1 ¼ ð6COvd=vt þ PbSÞ=ðPsh½ld� þ Dnlsh½ld�Þ (14)

Impurity flux is given by formula:

j ¼ Dnvb=vxjx¼0 ¼ Dnlb1 (15)

In the absence of capturing impurities in the corrosion layer
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(K ¼ 0) formulas are simplified:

b ¼ bjx¼dx=d; b1jx¼d ¼ d=Dnð6nCOvd=vt þ PbSÞ=ð1þ Pd=DnÞ
(16)

It is interesting the behaviour of bjx¼d in the limits when t/0
and t/∞:

t/0, bjx¼d/6nDðCS � CjÞD�1
n ;

t/∞, bjx¼d/bS.
Thus, the impurity concentration becomes close to a saturated

solution within the corrosion layer in the vicinity of the glass
surface.

4. Leaching of NAP glass components

The fission fragments and actinides as well as NAO glass com-
ponents may be exposed to water by two mechanisms. The first
involves a very slow diffusion component in the glass. Another
mechanism is decisive: the dissolution of the glass matrix, and is
accompanied by the release of the release of the individual com-
ponents (see e.g. the reference [JNM]). Glass impurities including
radionuclides pass into solution simultaneously with the compo-
nents. However but their fate is determined by several processes:
diffusion through the surface corrosion layer, capturing by the glass
surface and corrosion layer, and chemical reactions with compo-
nents of the solution. Mathematically, the above processes are
described by equations 9e12 or limit cases (13)e(16). Note the
condition (10), setting the rate of the impurity components for-
mation due to the hydrolysis of the glass.

It is important to find the maximum release rate of the impurity
in the water - the yield equivalent to the speed of dissolution of
glass:

jko ¼ CokvdðtÞ=vt (17)

Here Соk e concentration of k-th component of glass. Equation
(17) gives the maximum specie yield without any account of
capturing processes on the glass surface and within the corrosion
layer. It is significant that in the limit (see. Equation (17)) the
leaching rate of all components is the same.

Vk ¼ jko=Cok ¼ vdðtÞ=vt ¼ Vo (18)

and coincides with the growth rate of corrosion layer.
The solution of equations 13e16 corresponds to the condition

(12), that is, to a state where there is no any admixture in the
aqueous solution in contact with the surface layer. In the case of
conditions (11), that is when an impurity is present in the solution,
then yield is found from:

bk ¼ bjk þ bkshlkx; (19)

bk ¼
h
jk þ Pk

�
bsk � bjk

�i.
½Pkshlkdþ Dklkchlkd�; (20)

lk ¼
�
KkD

�1
k

�1=2
(21)

where the flux jk for the k-th impurity is taken from (17), Dk-im-
purity diffusion coefficient in the corrosion layer. Using these for-
mulas, it is easy to find the flux of components from the glass
surface (compare with formula (15)):

jk ¼ bklkDk (22)

This equation describes leaching of impurities which are
captured by the corrosion layer and glass surface. We can examine
that equation for Кk/0, Pk/0 when we have

jk/jko (23)

that was expected to occur.
It is pointed out that due to the glass surface capturing of im-

purities generally the concentration of components in the glass
(more precisely, on the surface of the glass) will vary over time - a
fact that is not included in the formulas above.

This can be done when considering the initial leaching stage. In
this connection, we can write the formula for jk when Pk ¼ 0, i.e.
when there is no flow of impurities from the solution to the glass
surface:

jk ¼ ðjko=chlkdÞ; (24)

where the denominator chlkd is always greater than one, therefore
jko is always greater than jk, due to absorption of components inside
the corrosion layer. To check the formula (24) let us make the
transition Кk/0 when we obtain jk/jko.
5. Leaching of NAP glass impurities and radionuclides

The leaching rate of impurities which do not bind in the
corrosion layer and on the surface of undisturbed glass is defined by
the formula (18). Account of specie capturing in the layer decreases
the yield following the equation:

Vk ¼ Vo=chlkd: (25)

Important to note that both Vk and Vo do not depend on k-th
component contents in the glass although some dependence might
be expected die to accumulation of impurities which is not ana-
lysed here.

Equations (18) and (25) of the leaching rate of the glass com-
ponents in underground water indicate that it is determined by
glass corrosion rate, i.e. on the rate at which the corrosion layer
grows and on corrosion depth of glass.

The specifics of each of the components is found in the formulas
through constants lk. Its physical sense is easiest to understand if
we define characteristic value with the dimension of length

Lk ¼ l�1
k ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDk=KkÞ

p
(26)

The length Lk increases with increasing impurity mobility and
decreases with increasing absorption of impurities in the surface
layer. It determines the scale value (corrosion thickness) in which
the absorption is set or not. Graphs illustrate this for the initial stage
of corrosion, when formula (7) is correct. In the absence of ab-
sorption we have:

Vk ¼ Vo ¼
"
D
�
CS � Cj

�
CO

2t

#1=2
(27)

Fig. 4 shows the plots of Vo(t) and d(t), where the dependences
d(t) proportional to t1/2 and Vk proportional to t�1/2 look diffusion-
like which in many cases is treated as an indication on diffusion
rather than glass corrosion.

Fig. 4 shows that the leaching rate decreases with time (pro-
portionally to t1/2) even if there is no absorption of the impurity in
the corrosion layer. If this absorption is available, leaching de-
creases even faster, which is especially noticeable [see formula
(25)] with an increase in corrosion layer thickness (Fig. 5).



Fig. 4. Schematic of NAP glass corrosion layer growth rate Vo(t) and its corrosion layer
thickness d(t) with time.
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6. NAP glass dissolution on solution saturation

According to formula (7) the glass hydrolysis stops on achieving
solution saturation by phosphate ions. For multi-component
structures, which include glass, such a statement is not quite cor-
rect: the dissolution of the glass continues even if contacting so-
lution saturation occurs on themain structure-forming component.
Apparently, this behaviour is ensured because no saturation occurs
of other components of the solid matrix, which leads to their
dissolution, degradation on the solid matrix surface with a corre-
sponding primary structure-forming components exit.

We describe corrosion of NAP glass in an aqueous phase with
the possibility of hydrolysis in conditions when phosphate ion
concentrations achieve saturation levels. For this purposewe add to
the diffusion flow a flux at the boundary of corrosion layer with
glass (the boundary between mediums 2 and 3 in Fig. 3). Diffusion
of phosphate ions through the corrosion layer is still described by
the diffusion equation (1). Taking into account the additional flow
the condition on the boundary separating the corrosion layer and
glass can be written as:

COvd=vt ¼ DvC=vxjx¼dðtÞ þ j∞ (28)

where j∞- phosphate ion flux on dissolution of NAP glass by the
aqueous solution saturated with phosphate ions. The value j∞ is
introduced phenomenologically. The concentration of species in
the solution out of corrosion layer is determined by the rate of
water exchange. Designate that concentration as Сj(t), then we can
write:
Fig. 5. Schematic of NAP glass corrosion layer growth rate Vo(t) and k-th specie
leaching rate Vk(t) with time.
Cjx¼0 ¼ CjðtÞ (29)

When х ¼ d(t) the condition of solution saturation is valid.

C
			
x¼dðtÞ

¼ CS (30)

where СS - the saturation concentration of phosphate ions at the
temperature of underground disposal.

The analytical solution of the nonlinear problem (1), (28)e(30)
is obtained under the assumption of a stationary diffusion. Equa-
tion (28) is transformed to:

COvd=vt ¼ D
�
CS � Cj

�
dðtÞ þ j∞ (31)

Equation (31) can be easily integrated, assuming that the tem-
perature of disposal does not vary (and therefore D, СS and j∞ are
unchanged) whereas the concentration of phosphate ions in the
solution is stabilised [Cj ¼ const(t)];

d� �
D
�
CS � Cj

�

j∞

�
ln
�
1þ j∞d=D

�
CS � Cj

�� ¼ j∞t=CO (32)

Here, the constant of integration is selected so that so that we
have d/0 when t/0.

It is interesting to consider the limiting cases for unsaturated
phosphate ion and a saturated solution that is determined by the
dimensionless parameter:

S ¼ j∞dðtÞ=D�CS � Cj
�

(33)

If the solution is unsaturated (S≪1) then from equation (32)
follows formula (7). In the opposite case (S[1) of hydrolysis in
saturated solutions the corrosion layer grows at a constant rate:

dðtÞ ¼ j∞t=CO (34)

Equation (31) for the corrosion layer thickness is very conve-
nient for studying the stability of the growth of flat corrosion layer.
Let the time t0 corrosion flat surface of the glass has a value d(t0).
Assume at this point that a perturbation corrosion front, i.e. the
thickness of the corrosion layer at different points on the surface is
different from d(t0):

dðx; y; zÞ ¼ dO þ D

where у, z - coordinates on the flat surface of the glass; it is
assumed that the perturbation is small jDj≪d(t0). The question
arises on how a deviation from the plane front will be developed
with time t > t0?

Designate dðy; z; tÞ ¼ dðtOÞ þ Dðy; z; tÞ. For small perturbations D
from equation (31) we get:

COvD=vt ¼ �D
�
CS � Cj

�.
d2ðtOÞD (35)

The solution of this equation is a decaying exponent:

Dðy; z; tÞ ¼ DOfðy; z; tOÞexp½ � lðt � tOÞ�g (36)

where

l ¼ D
�
CS � Cj

�

COd

2ðtOÞ (37)

This means that the flat corrosion front of homogeneous glass is
stable: all disturbances of this front damp and the thicker layer of
corrosion, the faster perturbations smooth over.

In conclusion, we note that the use of equation (31) to describe
the disturbances suggests that disturbances are long-wave with a
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wavelength much longer than d(t), while short-wave perturbations
are smoothed out quickly - within a diffusion times.
7. Application of mathematical model to experiment

The yield of NAP glass components is determined by the rate of
penetration of the corrosion inside the glass, so the experimental
determination of the corrosion rate is very important. It is easy to
determine the corrosion rate using standard short term experi-
ments. According to the simulation results (see formula (18)) the
maximum rate of leaching matches the speed of corrosion layer
growth. In accordance with the above, to determine the corrosion
rate of the glass matrix from experimental leaching data it is
necessary to select the element with maximum value of the
leaching rate. For the NAP glass this is caesium.

Transform formulas for the purposes of processing experimental
data. If we write mk - leaching rate of k-th the element, then

mk ¼ rVk (38)

where r ¼ (2,6e2,7) g/cm3 e glass density. In accordance with
the formula (24) we have:

mk ¼ rðdd=dtÞ=chlkd (39)

This means that it is always the inequality

mk � rðdd=dtÞ (40)

Thus, choosing from a number of experimental mk the itemwith
a maximum value we find mass corrosion rate:

rðdd=dtÞ ¼ mkmax (41)

This formula is easy to use for the treatment of experimental
data.

We introduce here the following designations.

B ¼ t1=2mkmax

.
21=2 (42)

M ¼ tmkmax (43)

If we compare the formula (7), (18) and (42), we see that B in
conditions described (see formula (7)) in experiments becomes
constant, which is well illustrated by the last two columns in the
table.

Accordingly, the mass value M determines the mass of glass
involved in the corrosion process (this mass, of course, refers to the
unit of surface area). As before d denotes the thickness of the
corrosion layer, defined by the formula:

d ¼ M=r (44)

From Refs. [10,32] we can get data given below in Table 2 for
caesium leaching from NAP glass in deionised water at 20�С.
Table 2
Processing of experimental data on caesium leaching, mkmax ¼ 4.1 � 10�6 g/cm2.d

Parameter Time, days

1 8 15 29

my, 10�6 g/cm2.d 3.3 4.1 1.7 1.1
В, 10�5 g/cm2.d1/2 e 0.82 1.1 1.6
М, 10�5 g/cm2 e 3.3 6.2 12
d, mm e 0.13 0.24 0.46
For other temperatures we can construct a similar table using
the data where one can find the activation energy of the corrosion
process. According to (7), (28), (41) and (42) the relation occurs

ðB=rÞ2¼ CSD=CO (45)

For the product CSD (value of the saturation concentration of
phosphate ion in solution multiplied to its diffusion coefficient in
solution) is natural to expect the activation behaviour:

CSD ¼ ðCSDÞOexpð � Ta=TÞ; (46)

where Та e activation temperature, T e temperature in Kelvin de-
grees. According to equations (45) and (46) we can use the
following formula for calculating the activation temperature

Ta ¼ 2ðlnB2 � lnB1Þ=
�
T�1
1 � T�1

2

�
(47)

Using evaluation mkmax ¼ (2,3 ± 0,1) � 10�5 g/cm2. d for NAP
glass in deionised water at 120�С on the basis of experimental data
from Ref. [10] we get: Ta ¼ (4,0 ± 0,4) 103 K, respectively, the
activation heat (energy) is: Qa ¼ RTа ¼ (33 ± 3) kJ/mol.

According to the formulas (46) and (47) for B the temperature
and the activation energy for the corrosion rate corresponds to half
of the values Та and Qa:

Тв ¼ Та/2 ¼ (2,0 ± 0,2) 103 К,

QB¼ Qa=2 ¼ ð17±2Þ kJ=mol (48)

For В the equation is valid В ¼ Во ехр(-Тв/T), where Во ¼ 0,44
10�1 g/cm2day1/2 with errors in determining В retained in deter-
mination of Тв.
8. Conclusions

In conditions of disposal of radioactive waste the radionuclides
yield from NAP glasses is determined by their transport from the
matrix through the surface layer into the groundwater and the
subsequent transfer by these waters. Formation of the surface layer
is due to the dissolution of the glass network components and the
formation of insoluble compounds from chemical reactions be-
tween the components of the solution supplied by the glass
dissolution, the geological environment and the corrosion products
of packages of vitrified waste. Radionuclides escaping from the NAP
glass can also react with the components of the solution, forming
the precipitated products, or they can be captured by glass corro-
sion insoluble components (for example, by adsorption). Thus, the
problem of leaching of radionuclide from the glass blocks cannot be
understood and described excluding glass corrosion processes.

The mathematical model of NAP glass aqueous corrosion takes
into account glass dissolution process due to hydrolysis, formation
of surface corrosion layer, specie diffusion via the corrosion layer
and the chemical reactions in solution.We have found approximate
analytical solutions of growth rate of corrosion layer and of glass
components component leaching rates. It has been accounted that
a non-zero solubility of glass exists in solutions saturated with
phosphate ions. In the initial stages of dissolution the yield of
phosphate ion into the groundwater solution is similar to the
diffusion that is proportional to the square root of time. However,
the dependence on time changes as the process evolves, and finally
the total output increases linearly with time. We have proved the
stability of the flat front of corrosion layer growth with time. The
mathematical model was used for the analysis of experimental
data.

To assess the corrosion of NAP glass and specie leaching rates
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one can use the following formulae, and experimental factors:

1) Glass corrosion depth: d(t) ¼ B(2t)1/2/r;
2) Leaching of the individual elements (without normalisation on

the content of the element in the matrix) mk � CokВ/(t ½ 100%);
3) В ¼ Boexp(-QB/RT), where t - time (days), Сок e mass content of

к-th element in the glass, %, r ¼ 2,6e2,7 g/cm3 e glass density,
В0 ¼ 0,44 х 10�1 g/cm2 $d1/2 (at temperatures 20e120�С),
QB ¼ RTB ¼ (17 ± 2) kJ/mol, ТB¼ (2,0 ± 0,2) 103 К.

The thickness of corrosion layer can be estimated using the
depth of glass corrosion d excluding the layer formed by the
interaction of glass products of hydrolysis with mineral compo-
nents of the underground water. Formulas given above enable
calculation of the maximum rate of corrosion of glass, provided as a
result of the water exchange there is no phosphate ion present.
Thus, even at 120 �C for 10 thousand years the depth of surface
corrosion phosphate glass is approximately 0.3 cm. It should be
borne in mind that as shown by evaluation the disposal tempera-
ture is equalized with the ambient temperature of the rock during
the first 200 years (when heat-releasing short-lived fission prod-
ucts have been fully decayed). This means that the rate of release of
the different components of the glass could essentially increase
only if the glass-water contact surface has been increased due to
mechanical failure of the glass [45,46]. Additional impact may have
the radiation damage due to self-irradiation of NAP glass in the
disposal environment [8,9,47,48].
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