
HAL Id: hal-01444665
https://hal.science/hal-01444665

Submitted on 3 Dec 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Nanoporous Glasses for Nuclear Waste Containment
Thierry Woignier, Juan Primera, Jerome Reynes

To cite this version:
Thierry Woignier, Juan Primera, Jerome Reynes. Nanoporous Glasses for Nuclear Waste Contain-
ment. Journal of Nanomaterials, 2016, 2016, 4043632 (10 p.). �10.1155/2016/4043632�. �hal-01444665�

https://hal.science/hal-01444665
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Research Article
Nanoporous Glasses for Nuclear Waste Containment

Thierry Woignier,1,2 Juan Primera,3,4 and Jerôme Reynes5
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Campus Gustavo Galindo, Km 30.5 Vı́a Perimetral, P.O. Box 09-01-5863, 090150 Guayaquil, Ecuador
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Research is in progress to incorporate nuclear waste in newmatrices with high structural stability, resistance to thermal shock, and
high chemical durability. Interactionswithwater are important formaterials used as a containmentmatrix for the radio nuclides. It is
indispensable to improve their chemical durability to limit the possible release of radioactive chemical species, if the glass structure
is attacked by corrosion. By associating high structural stability and high chemical durability, silica glass optimizes the properties
of a suitable host matrix. According to an easy sintering stage, nanoporous glasses such as xerogels, aerogels, and composite gels
are alternative ways to synthesize silica glass at relatively low temperatures (≈1,000–1,200∘C). Nuclear wastes exist as aqueous salt
solutions and we propose using the open pore structure of the nanoporous glass to enable migration of the solution throughout the
solid volume. The loaded material is then sintered, thereby trapping the radioactive chemical species. The structure of the sintered
materials (glass ceramics) is that of nanocomposites: actinide phases (∼100 nm) embedded in a vitreous silica matrix. Our results
showed a large improvement in the chemical durability of glass ceramic over conventional nuclear glass.

1. Introduction

A number of materials have been considered to incorporate
hazardous nuclear wastes such as ceramics, cements, metal
matrices, and glasses [1–8]. Presently, the two best candidate
materials are crystalline ceramics and glasses. Fixation of
radioactive wastes in glasses has been shown to be a viable
technological alternative for effective management of nuclear
wastes.The advantages of the method are that a large number
of elements can be incorporated into the glass structure and
a small volume of solid waste is produced as a result [9]. In
this process, the radioactive elements are mixed and melted
with a glass frit [10]. However, to ensure long-term storage,
long-life nuclear waste (actinides) has to be incorporated in
a matrix with excellent chemical durability [11, 12]. Research
is in progress to propose new matrices with high structural
stability, good mechanical properties, and high chemical

durability. Titania-based minerals and zirconia-based glass
ceramics, in which the crystalline phases are embedded in
an aluminosilicate glass matrix, are possible candidates [3–
5]. They consist of a highly durable crystalline phase homo-
geneously dispersed in a glass matrix that also has good
chemical durability [6–8]. The titanite and zirconolite phases
suggest that these matrices are highly corrosion resistant.

The properties of silica glasses, including good durability
and mechanical strength and the ability to incorporate large
concentrations of dopants, make them ideal candidates as
matrices for the storage of nuclear waste. The main disad-
vantage of silica glasses for this kind of use is their high pro-
cessing temperature of∼2,000∘C.However, it has been shown
that the sol-gel process is an appropriate low temperature
process to obtain glasses at around 1,000∘C, not by melting
but by sintering of a nanoporous amorphous silica gel [13–
20]. In this paper, we compare different nanoporous silica
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networks as possible host matrices for actinides and assess
the feasibility of fixing actinides in silica glass. We charac-
terize different families of porous glasses and examine the
advantages and drawbacks of the different porous matrices.
We focus on the mechanical properties and the permeability
of the porous materials. These features depend on the pore
volume, which can be adjusted using different parameters
and processes including silica content, sintering, drying, and
composite approach.

2. State of the Art

2.1. Porous Glasses by Foaming or Leaching of Glasses. The
classical procedure for making glass includes a high temper-
ature step that ensures that the raw materials are dissolved
and have reacted. At that point, the amorphous structure
of the liquid is preserved by quenching the melt. Standard
glass is generally the result of a multistep process including
melting the different oxides at a high temperature followed by
refining and finally quenching. One possible way to prepare
porous glass is to nucleate the bubbles inside the melt and
then to quench it. The resulting glass is generally called
“foamed glass” [21, 22].The bubbles are obtained through the
decomposition of carbonates duringmelting, but this process
is not suitable for the preparation of high durability glass for
the fixation of nuclear wastes. Another example of porous
glass obtained in the standard way is microphase separated
and leached “Vycor” glass [14, 23–25]. In this process, sodium
borosilicate glass is heat-treated to induce phase separation.
An acidic corrosion treatment will dissolve the “weak” borate
phase and create continuous porosity in the silicate phase.The
nanoporous glass can then be further sintered into vitreous
silica glass at a temperature close to 1,200∘C, instead of
the 2,000∘C required by the standard procedure [25]. The
authors of this precursor method were the first to suggest
confining nuclear wastes in the porosity [14]. The nuclear
waste was fixed in the porous structure, after which the pores
are collapsed. However this kind of glass is not pure silica but
contains 3–5 percent of boron [14]. As boron is much more
soluble in water than silica, its presence reduces the chemical
durability of the glass.

2.2. Standard Sol-Gel-Glass Route. Thehigh temperature step
in the melting process for glass is avoided when the sol-gel
route is used. The first step is the formation of a gel which
generally involves the hydrolysis reaction of an organometal-
lic compound (Si(OR)

4
), dissolved in alcohol in the presence

of water. By condensation reactions, two silanol groups give
rise to siloxane bonds (SiOSi) [13]. These two reactions lead
to noncrystalline materials.

Different types of silica gels for the synthesis of glass are
described in the literature [13, 15, 19, 20, 26, 27]. However, for
impregnation experiments, the porous network has to be able
to resist capillary stresses during the soaking steps. In porous
materials, the mechanical properties depend on the load
bearing fraction of the solid and decrease with an increase in
pore volume [28]. On the other hand, pore volume increases
permeability and improves waste loading [16]. A compro-
mise is thus needed between the mechanical properties and

Figure 1: Scanning electron microscopy of xerogels.

permeability by controlling pore volume. The mechanical
properties of the materials can be increased in different ways:
(1) by collapsing the pore volume by drying, (2) by sintering,
and (3) by using the composite approach.

2.3. Collapsing the Pore Volume. The result of gelation is a
two-phase medium containing the solid network and the
liquid (alcohol andwater). Drying can be carried out at ambi-
ent temperature, but during the drying stage considerable
shrinkage occurs which transforms the wet gel into a hard,
dry, but nanoporous solid (pore range is close to 10 nm) called
“xerogel.”

The drying procedure is crucial and must be extremely
slow because otherwise it can lead to capillary phenomena
that can destroy the gel network and break up the solid net-
work. Alternative dryingmethods represent a favorable com-
promise between the capillary forces and the mechanical
resistance of the gel network (strengthening the gel by rein-
forcement, reducing the surface tension, enlarging the pores,
etc.) [13, 17]. To summarize, xerogels samples can be synthe-
sized by careful control of the drying parameters. Xerogels
(Figure 1) are porous glasses whose pore volume ranges from
30 to 70% and which mainly comprise micropores due to the
collapse of the larger pores.

2.4. Aerogels and Sintered Aerogels. The goal of supercritical
drying is to eliminate these capillary forces. The magnitude
of the stresses depends on the interfacial energy of the liquid,
and it is possible to eliminate capillary stresses if the pressure
and the temperature go beyond the critical point of the
liquid [29, 30]. The supercritical solvent is then isothermally
evacuated by condensation outside the autoclave.After super-
critical drying, the “aerogel” (Figure 2) is a solid material,
amorphous but extremely porous (80–99% porosity) and
very brittle [29].

One (among others) possible application of these very
porous materials is as a glass precursor. The silica aerogels
can be easily transformed into silicate glasses by a sequence
of sintering treatments [15, 26, 31]. Sintering enhances the
mechanical properties of aerogels. Depending on the dura-
tion of the heat treatment, microporosity is progressively
eliminated [25, 32].
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Figure 2: Scanning electron microscopy of aerogels.

2.5. The Composite Approach. Another important parameter
is permeability. High permeability is usually an advantage
because it means that the fluid and hence the chemical
species of interest can easily migrate in the porous network
and homogeneous distribution of the chemical species can
be expected as a result. In ceramic science, it is generally
accepted that the inclusion of particles or fibers improves the
mechanical properties of composite ceramics and also modi-
fies the porous structure (Figure 3). It is possible to adjust the
density, the mechanical properties, the pore size distribution,
and the permeability of the composite aerogels by adding
silica powder (silica soot like aerosil OX50) to the monomer
solution just before gelation [15, 31, 33].

To summarize, mechanical properties, capillary forces,
and permeability are the most important parameters for fill-
ing the nanoporous glass network. These different kinds of
porousmaterials can all be considered nanoporous glass even
though the “glassy” state is achieved in very different ways.
They will be tested as host matrix for nuclear waste contain-
ment.The actinides are simulated by lanthanides nitrates (Nd
and Ce) in water, which diffuses by capillarity in the porous
network. Guest molecules were deposited on the surface
of the skeleton when the liquid was further evaporated.
The mean pore size and the pore size distribution need to
be tailored to facilitate homogeneous dispersion of doping
molecules within the texture.

3. Experimental

3.1. Nanoporous Glass Synthesis. The silica porous glasses
were synthesized from previously reported sol-gel techniques
[13, 29, 33]. The silica gels were made from tetraethoxysilane
(TEOS) hydrolyzed with distilled water and with ethanol as
solvent. The mixture was stirred and aged one week at room
temperature. After gelation the alcogels were transformed
into xerogels or sintered aerogels.

For the xerogel samples, porosity is partially eliminated by
controlled and slow drying [13]. These xerogels samples cov-
ered density between 0.5 and 1.6 g⋅cm−3.

Some gels are transformed into aerogels by supercritical
drying performed at 305∘C and 13MPa [29]. The sintering
of silica aerogels at high temperature (>1000∘C) has been
described previously [15, 26]. Depending on the duration of
the heat treatment, the pores collapse and the bulk density

Figure 3: Scanning electron microscopy of typical composite aero-
gel.

increases. These sintered aerogels porosity ranged from 95%
to 0% (density between 0.1 and 2.2 g⋅cm−3).

Composite aerogels were synthesized using the same
protocol as for previously published ones [16, 33]. TEOS was
hydrolyzed with 15 mole of water (HCl 10−2M) per mole of
TEOS for 1 h under stirring. Pyrogenic silica (aerosil OX 50)
was added under stirring. The pH was adjusted to 4.5, which
led to gelation in a fewminutes.Theproportion of aerosil with
respect to the total silica weight ranged from 5% to 70%. The
composite wet gels were transformed into composite aerogels
by supercritical drying with ethanol. The density range is
0.25–0.5 g⋅cm−3.

3.2. Experimental Techniques. Bulk density (𝜌) was deter-
mined from direct measurements of weight and from the
geometric dimensions of samples. Porosity (𝜙) was calculated
from bulk density and skeletal density (𝜌

𝑠
). The skeletal den-

sity, measured by helium pycnometry, was 𝜌
𝑠
= 2 g/cm3 [23].

Elastic modulus (𝐸) and rupture modulus (𝜎) were mea-
sured by the three-point bending technique using an Instron
1196 mechanical testing machine (24N load cell) [15, 28].

Toughness (𝐾IC) was measured by the Single Edge
Notched Beam technique [34] and 𝑎

𝑐
the critical flaw size was

calculated from

𝑎
𝑐
=

(𝐾IC/𝜎)
2

1.21𝜋

.
(1)

Permeability (𝐷) was measured using a method of impreg-
nation based on Archimedes’ principle [8]. The samples are
dipped in water and, during impregnation, the thickness of
the penetrating water, ℎ(𝑡), increases with time. We previ-
ously showed [8] that

𝐷 =

𝜂𝜙ℎ

2

(𝑡)

2Δ𝑃 ⋅ 𝑡

,
(2)

where Δ𝑃 is capillary pressure and 𝜂 is water viscosity. We
calculated 𝐷 from the slope of the straight line ℎ2(𝑡) = 𝑓(𝑡).
𝐷 has the dimension of a surface and was expressed in nm2.
The details of the technique are given in [16].

Microstructure was analysed by scanning electron
microscopy (JEOL 1200EX 100 kV). A Jeol (JSM-66300F)
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Figure 4: Toughness versus density for xerogels (circles), sintered
aerogels (triangles), and composites aerogels (diamonds).

microscope was used to get the back-scattered electron
micrographs.

The sintering was characterized by dilatometer (Adamel
Lhomargy DI10.2) experiments in the temperature range 25–
1300∘C.

The crystalline phases were characterized by X-rays dif-
fraction (CuK𝛼) with a Phillips PW 1830.

The chemical durability of the glass ceramics was mea-
sured with a conventional Soxhlet device [15]. The test was
conducted at 100∘C, after 28 days of leaching. The normal-
ized mass loss (g⋅m−2) was calculated from analysis of the
leachates.

4. Physical Properties of Nanoporous Glasses

4.1. Mechanical Properties. Figure 4 shows that sintered aero-
gels, composites aerogels, and xerogels have quite similar
toughness. However, sintered aerogels and composite aero-
gels are capable of resisting filling with an aqueous solution,
whereas xerogels are generally not [16]. There are two expla-
nations for these different behaviors: the xerogels network
is locally damaged by the stresses that occur during drying.
The assumption of damage to the structure is deduced from
the reduced stiffness of xerogels compared to composite and
sintered aerogels previously measured [35].

The xerogels flaw sizes are almost one order of magnitude
higher than the composite and sintered aerogels flaws size
(Figure 5). These flaws are created during drying, because of
the large shrinkage. Flaws inside the structure act as stress
concentrators and capillary stresses are locally amplified by
this effect. The second explanation is linked to the smaller
mean pore size of the xerogels structure (10 nm) compared
to that of aerogels (10–100 nm) and composites aerogels (50–
200 nm). During drying, xerogel is subjected to a compres-
sion force that tends to eliminate the larger pores [13]; drying
shifts the pore size distribution toward the smaller pores and
the capillary forces increase in smaller pores. Larger capillary
forces and larger critical flaw sizes explain why the xerogels
break during filling with aqueous solution.
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Figure 5: Critical flaw size versus density for xerogels (circles), sin-
tered aerogels (triangles), and composites aerogels (diamonds).
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Figure 6: Permeability of the sintered aerogels versus the density.

The toughness of the set of sintered aerogels increased by
2 orders ofmagnitude (Figure 4), over thewhole range of den-
sity. During the sintering process, densification is induced by
viscous flow, which tends to reduce the volume of the whole
sample, eliminating the smallest pores [36, 37]. Because of the
mechanical improvement and the elimination of the microp-
ores, the sintered aerogels are able to resist impregnation by a
liquid [26].

In the composite approach, it is possible to adjust the
pore volume by adding silica powder (such as aerosil) just
before gelation [16, 33]. The addition of aerosil increases
bulk density and hence the mechanical properties (Figure 4).
Aerosil addition also affects the aggregation process, the pore
structure [38], and pore size distribution [33]. It homogenizes
the pore structure and increases the mean pore diameter
to the mesoporosity range (50–200 nm) leading to lower
capillary forces than in the xerogels.

In conclusion, drying, sintering, and the composite
approach will improve the mechanical properties. However,
xerogels samples usually cracked during filling with liquids
certainly because of the presence of flaws, which weaken the
gel network, and the small pores, which enhance capillary
forces during filling. We can thus conclude that this set of
samples is not an appropriate host for nuclear wastes.
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4.2. Permeability. Thesecond important porous feature of the
host matrix is permeability. Permeability (𝐷) was measured
by a method based on Archimedes’ principle [16]. Previous
study has shown that 𝐷 decreases with sintering [15] and
these new results confirm the previous data (Figure 6). The
results are in agreement with the empirical Carman-Kozeny
relation: 𝐷 ∝ (1 − 𝜌𝑟)𝑟

ℎ

2 [13, 15], where 𝑟
ℎ
is the mean pore

size (hydraulic radius).
According to this relation, because of the decrease in

the mean pore size and the increase in relative density, 𝐷
decreases. So a compromise in density needs to be found for
the use of sintered aerogels as host matrices. Bulk density
has to be high enough to obtain a matrix with acceptable
mechanical properties but not too high, to have significant
permeability. The permeability of the composite aerogels set
was measured using the same method (Figure 7) but, in
contrast to the sintered aerogels, permeability of composites
aerogel increased with an increase in density.

This counterintuitive result (with respect to the Carman-
Kozeny relation) is due to the fact that while the addition of
aerosil particles increases density it also increases mean pore
size [33]. The net result is an increase in𝐷.

The composite aerogels set combines improvement of the
mechanical properties and an increase in permeability. This
method is easy to use and produces host matrices with a
large porous volume that is accessible and can be rapidly
impregnated by water. Next, we tested the different porous
networks as host matrices for long lived nuclides.

5. Loading of Gel Derived Porous Glass by
Simulating Oxides

Although there are a number of fission product radionuclides
with high activity (137Cs and 90Sr) and a long half-life (99Tc,
200,000 years; 129I, 1.6 107 years) in nuclear wastes, actinides
account for most of the radiotoxicity because, after several
hundred years, the radiotoxicity is dominated by 239Pu (half-
life = 24,100 years) and 237Np (half-life = 2,000,000 years).
Thus, most of the long-term risk is directly related to the fate
of these two actinides in the environment. Generally nuclear
wastes are provided in salt form in aqueous solutions and,
in the trapping approach [14–17, 31], the nanopore structure
is used to allow migration of the liquid species (salt in
solution) throughout the whole porous volume. Because of
the fine pore structure, we would expect ourselves to be able
to prepare a nanocomposite using a very simple process.
Soaking of the porous network by surrogate solutions then
needed to be tested. We chose Nd and Ce because of their
different affinity with silica which produces different kinds
of glass ceramics, simulating the possible behavior of the
actinides in the presence of silica.

In a previouswork [15], we showed that partial sintering is
required to resist capillary forces, and heat treatment has two
effects: it increases the mechanical strength of the aerogels
and removes the smallest pores to reduce the effects of
capillary phenomena. As explained above, the final density
must avoid the formation of cracks but retain a sufficiently
large porosity to allow the migration of the liquid through
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the whole volume of the sintered aerogels. The compromise
was a bulk density close to 1 g⋅cm−3 (almost 50% of the pore
volume). Cerium and neodymium nitrates were dissolved in
water. After soaking in an oven the sintered aerogels were
dried and calcined at 600∘C for two hours to decompose the
neodymium nitrate. Further heating at 1,100∘C fully sintered
the gel structure [15, 26, 39].

The dense solid consisted of a silica matrix in which the
surrogate oxide was trapped. The difference in weight before
soaking and after sintering enables measurement of the
“waste loading” in weight percent. Figure 8 shows that waste
loading increased with the concentration of the simulate
solution. Waste loading close to 10 weight percent can be
achieved with this process [15] but the loading was twice
lower than expected (calculated from the pore volume and
the concentration of the solution).We concluded that, during
the preliminary sintering step to achieve density close to
1 g⋅cm−3, part of the porosity closed and the soaking solution
was unable to invade the whole porosity. Another approach
proposed by Aravind et al. [17] is to incorporate surrogate
(Nd
2
O
3
) in the alcogel just before drying. The results of this

study showed that high waste loading was obtained (30%).
Another way to improve the loading rate is to use a

highly permeable porous structure that is more accessible
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to the soaking solutions. This goal was achieved using the
composite aerogel set. After soaking, drying, and calcination,
the composite aerogels samples were fully sintered in the
temperature range 1,100–1,250∘C. Because composite aerogel
has a higher pore volume than sintered aerogels, higher waste
loading (35%) can be achieved with this process (Figure 8).
However, high surrogate loading should cause thermome-
chanical stress. We discuss this problem in Section 7 of the
paper.

6. Sintering Behavior

Dilatometer data (Figure 9) show that the sintering increases
rapidly around 1000–1200∘C, in the vicinity of the silica
glass transition. Above 1000∘C the sintering mechanism is a
viscous flow process characteristic of amorphous materials
[26, 39]. The sintering process is affected by the loading rate
and Figure 9 shows the shrinkage curves of samples loaded
with various CeO

2
and Nd

2
O
3
concentrations.

The curves (Δ𝑙/𝑙
0
) show that a high loading increases

the temperature range in which shrinkage is large. This
temperature is close to 1,050∘C for the composite aerogel
samplewithout loading, 1150∘C for the sample containing 10%
of Nd

2
O
3
, and 1,250∘C for the composite aerogel loaded with

13% of Nd
2
O
3
.

Loading by surrogate solution prevents sintering, because
the crystalline phases (CeO

2
and Nd

2
O
3
) are not involved

in the viscous flow mechanism responsible for sintering of
amorphousmaterials.The effect on the sintering temperature
is more pronounced for Nd than for Ce because the samples
loaded with Nd present three different crystalline phases:
neodymiummono-silicate (Nd

2
SiO
5
), di-silicate (Nd

2
Si
2
O
7
),

and neodymium sesquioxide (Nd
2
O
3
). Consequently the

sintering step has to be adjusted to the composition of the
loaded porous glass and can vary by 200∘C.

7. Characterization of
the Waste Glass Ceramics

We have shown that these porous matrices can be filled with
the surrogate solution and fully sintered, demonstrating that

Figure 10: Aerogels sample (left), sintered aerogel (middle), and Nd
loaded material (right).
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rapid containment of actinides in silica is possible. After
sintering, the nanocomposite solids consist of a silica matrix
in which the actinide surrogate is trapped.Thewaste loadings
we studied are in the range of 5–35% but loading higher than
50% can be achieved with these processes [17, 31].

7.1. Structure. Figure 10 shows an aerogel on the left. After
complete sintering the aerogel is transformed in silica glass
(middle) or in glass ceramic (right).

The final structure of the nanocomposite materials is that
of glass ceramics. The X-ray spectra show that the sintered
material loaded with Ce is a biphasic compound (SiO

2
-

CeO
2
) [40].The sample loaded with Nd presents three differ-

ent crystalline phases, neodymium mono-silicate (Nd
2
SiO
5
)

and di-silicate (Nd
2
Si
2
O
7
) but also neodymium sesquioxide

(Nd
2
O
3
) (Figures 11 and 12).

High Nd content favors the presence of neodymium
mono-silicate (Nd

2
SiO
5
). These structural differences are the

result of the affinity of Ce and Nd for Si. In the case of
Ce, the formation of a binary glass in a melting process is
difficult; Ce generally forms CeO

2
crystallites [41]. Moreover

the crystalline phases of cerium silicates like Ce
2
Si
2
O
7
are not

stable at temperatures below 1,400∘C [42, 43].
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Figure 13: Back-scattered electron microscopy of the glass ceramic
loaded with of Nd

2
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3

.

In the case of Nd, glasses with a weight percent between
2 and 5 have been obtained [44, 45]. The phase diagram also
shows that the different Nd silicates (Nd

2
SiO
5
andNd

2
Si
2
O
7
)

are stable at room temperature (Nd
2
O
3
) [46, 47].

7.2. ElectronMicroscopy. Back-scattered electronmicroscopy
(Figures 13 and 14) showed that the surrogate oxides were
homogeneously distributed in the silica matrix.

The size of the surrogate domain ranged from 20 to
200 nm and the nanocomposites consisted of a silica matrix
in which lanthanides oxides are trapped.

7.3. Thermomechanical Properties. The mechanical proper-
ties of the different glass ceramics are important in validating
the process. The mechanical behavior of matrices containing
nuclear wastes should be as high as possible because fractur-
ing of thematrix will increase the corrosion rate (i.e., increase
the contact surface between the solid and water).The rupture
strength decreases progressively with the Nd loading and the
weakening is important when Ce loading is higher than 10–
15% [48]. Figure 15 compares the experimental data of the
elasticmoduluswith calculated data given by theReussmodel
[49].

Figure 14: Back-scattered electron microscopy of the glass ceramic
loaded with of CeO

2

.
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Figure 15: Evolution of the elastic modulus versus the loading rate
for Nd

2

O
3

(square), CeO
2

, (circle) and Reuss models or Nd
2

O
3

(dotted line) and CeO
2

(full line).

The model predicts the evolution of Young’s modulus of
composite materials as a function of the volume fraction and
elastic properties of the different phases. The model assumes
the stresses are transferred from a phase to another which
requires both a close contact between matrix and particles
and nomicrocracking.Themodel straight line was calculated
with the elastic moduli of the silica glass (73GPa [50]), CeO

2

(184GPa [51]), and Nd
2
O
3
(418GPa [52]). Figure 15 shows

that for loading higher than 15% the experimental data are
clearly lower than the model prediction which confirms a
weakening of the composite structure. This weakening of the
material is the result of the large differences between the ther-
mal expansion coefficients of the compounds present in the
glass ceramics; the thermal expansion coefficient of vitreous
silica (0.5 10−6/∘C) is lower than that of CeO

2
(11.5 10−6/∘C)

and Nd
2
O
3
(12 10−6/∘C) crystallites [47]. After sintering and

cooling, local stresses can occur at the boundary of the
CeO
2
and Nd

2
O
3
crystallites because of major differences in

thermomechanical properties.The net result is the formation
of microcracks that weaken the glass ceramics. Some authors
tried to improve waste loading between 20 and 50% [17,
31]. However this approach could lead to microcracks in
glass ceramics and the microflaws would encourage aqueous



8 Journal of Nanomaterials

Table 1: Normalized Ce, Nd, and Si mass loss (g⋅m−2) versus corrosion time.

Days
SiO
2

SiO
2

-CeO
2

SiO
2

-CeO
2

SiO
2

-Nd
2

O
3

SiO
2

-Nd
2

O
3

Si mass loss
(g⋅m−2)

Si mass loss
(g⋅m−2)

Ce mass loss
(g⋅m−2)

Si mass loss
(g⋅m−2)

Nd mass loss
(g⋅m−2)

7 0.124 0.250 n.m. 1.17 0.01
14 0.252 0.436 n.m. 2.89 0.025
21 0.34 0.656 0.108 5.91 0.15
28 0.442 1.012 0.162 9.33 0.31

corrosion and hence lead to the diffusion of actinides in the
environment.Once again a compromise needs to be found for
“efficient”waste loading in the range 10–15%.This loading rate
is acceptable and corresponds to the nuclear waste content in
existing borosilicate nuclear waste glass [10, 52].

7.4. Chemical Durability. Chemical durability ensures resis-
tance to aqueous corrosion. In general, glass corrosion in
aqueous solutions is governed by diffusion-controlled ion
exchange and dissolution of the glass network itself [52–55].
Corrosion could be favored by the presence of thermome-
chanical stresses [55] and by the solubility of the silica in
regions with different curvature [56]. Moreover saturation of
the solution can affect the processes.We have seen that theNd
glass ceramic have amore complicated structure thanCe glass
ceramic. As a result, different chemical durability behaviors
are to be expected.

As explained in the introduction, vitreous silica has high
chemical durability. This is thus necessary to compare the
mechanisms of alteration of the Nd and Ce glass ceramics
with those of silica and the usual borosilicate glass. The
chemical durability of the glass ceramics was measured with
a conventional Soxhlet device [15], and we measured the Ce,
Nd, and Si mass losses [40] (Table 1).

The normalized silica loss characterizes the destruction
of the glass network by the glass former dissolution. The
dynamic corrosion rate (𝑉

0
) of pure silica is equal to

0.015 g⋅m−2 per day, 100 times lower than the corrosion rate of
the usual nuclear waste glass for which 𝑉

0
is equal to 2 g⋅m−2

per day [53, 54]. 𝑉
0
for the glass ceramics loaded with the

Ce was 0.035 g⋅m−2 per day and 0.25 g⋅m−2 per day with Nd:
evidence of the better chemical durability of glass ceramics
compared to that of nuclear waste glass.The corrosion rate of
the Nd glass ceramic is 8 times higher than SiO

2
. It has been

shown that the sol-gel-glass process allows the synthesis of
binary neodymium silica glasses with neodymium content as
high as 5% [44, 45], less durable than SiO

2
.

Long-term aqueous corrosion results [48] also suggest
that in these new matrices a limit of solubility is attained that
prevents alteration of the material, which is not the case of
standard nuclearwaste glass inwhich the process of corrosion
is never stopped in water [8, 57, 58]. In the literature, the
corrosion of the Nd glass ceramics has also been studied
through soxhlet experiments [9, 23].These authors also found
a poor corrosion effect but unfortunately the data are not
comparable because of the lower temperature they used for
the process (60–70∘C) and a shorter experiment (only lasting

two days) which does not allow the chemical durability to be
characterized in saturation conditions.

8. Conclusion

Borosilicate glass is a solid in which a wide range of
nuclear waste can be dissolved and successful industrial-scale
technologies have been developed. However research is now
investigating new containment matrices with high chemical
durability, because it is important to limit the possible
release of radionuclides if the matrix is destroyed by aqueous
erosion.This paper describes different matrices aimed at ren-
dering hazardous materials less dangerous including fixing
the hazardous material in the nanopores of porous glasses
and vitrifying the nanoporous material containing the less
hazardous material.

The composite silica approach is likely the best compro-
mise to confine actinides. A high pore volume is available
for impregnation and network permeability is increased and
rapid containment of surrogate actinide oxides in silica has
been demonstrated. Surrogate elements are embedded in the
silica matrix. The main advantages of the process are the
high chemical durability of the silica matrix and the good
mechanical resistance.

In addition to the problem of the synthesis of new porous
matrices, the influence of the reactivity of the surface and of
the pore structure on the physical and chemical properties
of the invading species is the subject of much ongoing
research. We have presented two examples in which the
reactivity of the chemical species in the matrix is extremely
important for the physical properties of the final two-phase
materials. It should also be underlined that this process
enables the synthesis of nanocomposite materials, which
cannot be achieved by melting. Sintering preserves the initial
heterogeneous structure.
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