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Abstract  
This chapter describes the different steps of the transformations of a gel into an aerogel 
and into glass and the physical properties of the different materials derived from sintered 
silica aerogels. Silica glasses can be synthesized  by sintering silica aerogels at 
temperatures ranging from 900 to 1,200 °C close to half the temperatures used for the 
glass melting process. The heat treatment can be taillored to obtain fully densified or 
porous glasses. Supercritical drying also enables the  synthesis of aerogels from a wide 
range of binary compositions giving rise to binary or ternary silicate glasses after 
sintering. Another interesting application of aerogels is as a host matrix for the synthesis 
of multi-phase materials, doped material glasses, or composites. Their large pore volume 
is used as a sponge to incorporate chemical species in such a way as to form a two-phase 
material. The chemical species are first processed in liquid form and can be dried after 
the pores are filled. The result is a nanocomposite material composed of salt oxide 
embedded in the silica matrix.  
 
 Keywords:  Aerogels, sintering , porous glasses, composites glasses, nuclear wastes.  

1. Introduction 

The physical and chemical properties of conventional glasses have been studied for 
many years and their applications are well known. Glasses are traditionally used in 
optical materials and containers and also as fibers for mechanical reinforcement as well 
as “exotic” applications such as the storage of nuclear waste [1–3]. 

In recent decades, a new kind of glass synthesis has been extensively described in the 
literature. These glasses are no longer prepared using standard melting and refining 
processes but by a sol-gel method [4]. The structure of these materials results from the 
aggregation of colloidal oxide building blocks such as SiO2, Al2O3, ZrO2, B2O3, TiO2. 
The structure formation mechanism does not allow the entire space to be filled, resulting 



in a porous amorphous material. These gels are transformed into aerogels by supercritical 
drying, and a further sintering step collapses the porosity to a controllable degree [5, 6]. 

 
This chapter deals with glasses, porous glasses and composite glasses derived from 

sintered silica aerogels.  
In part 2, we explain the avantages of this new method of synthetizing glasses and 

introduce the main steps of the sol-gel-glass process. 
In part 3, we describe how sintering the viscous flow transforms the aerogel into glass.  

We present the sintering model proposed by Scherer and characterize the structural 
transformations using scattering techniques.  

In part 4, we give examples of porous glasses, multicomponenst glasses and 
nanocomposites glasses obtained from aerogels and the different ways to synthesize these 
materials. We discuss the advantages of using composite aerogel as precursors (host 
matrix), focusing on a specific application: containment of radioactives wastes. 

2. Glasses obtained using the sol-gel process 

Thirty years ago “sol-gel processes” were shown to be a new way to synthesize 
materials as different as ceramics, glasses, or composites. Brinker and Scherer [4] 
demonstrated the potential of this technique for the synthesis of materials in the form of 
films, fibers, or bulk products. 

The standard procedure for making glasses includes a high temperature step that 
ensures the raw materials have fused at the molecular level; the liquid amorphous  
structure is preserved by rapid cooling of the melt. In a sol-gel process, this high 
temperature step is omitted. Homogenization is achieved in solution at room temperature 
and particle cross-linking and preservation of the amorphous structure are accomplished 
by the gelation step. Further heat treatments only serve to remove organic species and 
hydroxyls, and to eliminate porosity and to induce crystallization, if required [4,6]. The 
sol-gel process has several unique flexible features that are of great importance in 
preparing pure homogeneous glasses: (1) the high purity of the starting compounds that 
can be preserved during the process; (2) for multicomponent systems, rapid 
homogenization of the different chemical species can be achieved at the molecular level 
in the solution using chemical reactions; (3) in the case of compositions leading to a 
glass, the gel is amorphous and can be transformed into glass without melting or refining. 
The sintering treatment is carried out at temperatures (in °C) one-third to one-half lower 
than those required to melt the glass forming components; (4) the morphology of the 
product, film, fiber, and bulk materials can be controlled by adjusting viscosity at room 
temperature; (5) the large pore volume of the gel can be used as a host matrix for other 
chemical species by means of impregnation. 

The challenge is obtaining a solid, dense, mineral, amorphous material from a liquid 
solution, which is generally organic. Several transformations of the gelling solution are 
necessary [4,6]. The first step is forming a gel from the solution. There are two standard 
ways to obtain silica-based gels [7]: destabilization of silica sols or hydrolysis and 
polycondensation reactions of an organometallic compound of silicon [7]. Both methods 
result in noncrystalline materials containing substantial amounts of water and organic 
liquids, but both can be eliminated through suitable drying treatments. The drying process 
can be carried out at ambient temperature but considerable shrinkage occurs, which turns 



the soft wet gel into several pieces of solid material, with no control possible over the 
size, morphology, or porous properties of the dried samples. Supercritical drying is one 
way to avoid these problems. After this process, the aerogel is a solid, amorphous but 
extremely porous material (75–99% porosity). The last step of the transformation is a 
densification treatment to convert the aerogels into solid glasses devoid of porosity by 
sintering.  

Small-angle scattering techniques (X-ray or neutron scattering) provide information on 
the structure and compactness of the clusters that form the gel network. The aerogel 
network is often described as an assembly of clusters (~50 nm). The clusters can be 
fractal (Df ~ 2), i.e. built by aggregation of small particles (~1–2 nm) [7–10]. This 3D 
network is completely open and the pore sizes range from micro to macroporosity. 
Although the aerogel networks are rather different from the structure of silica glasses, 
Raman, infrared, and NMR spectroscopy used to characterize the molecular structure 
revealed identical signatures to those observed in vitreous silica [11].  

These kinds of porous materials can be considered as porous glasses even though they 
differ in the way they reach the “glassy” state 

 
 

 3 Sintering of aerogels.  
Thermal treatments enable the conversion of the aerogel into porous glass and /or fully 
densified silica glass. The final density of the sintered aerogels will depend on the 
thermal treatment applied. Sintering is a process by which the surface area of a material is 
decreased by mass transport. For amorphous materials, viscous flow is important because 
it is much faster than any competing densification process resulting from diffusion. The 
rate of viscous sintering is calculated using the energy balance concept proposed by 
Frenkel [12]: the energy dissipated in a viscous flow is equal to the energy liberated by 
the reduction in surface area; therefore, at a given density, a body with smaller pores 
densifies more rapidly.  
Aerogels provide a stringent test of sintering theories [13-15], because they can be 
prepared at low densities, so changes in density, pore size, and surface area can be 
monitored over a wide range (16].  
 
 3.1. Sintering by viscous flow: the cylinder model  
The isothermal densification kinetics of aerogels have been found to fit the Scherer’ 
model  (cylinder model) [6,17,18], with viscosity as the only fitting parameter. This 
model describes viscous flow sintering of amorphous material over a wide range of 
porosity (0–95%). The porous material under analysis is considered as a cubic array of 
cylinders. The length of the cylinders is ℓ and the radius r. Sintering by viscous flow 
leads to shrinkage in length while the radius increases. The relative density ρr =  ρ/ρs 
where ρ is the bulk density and ρ s the skeletal density is plotted as a function of a 
reduced time: 
      K (t- t0 )      (1) 
where t is the sintering time, t 0 is a fictitious time, and K is a constant at a given 
temperature:  
 



  K = γ / η ℓ i  (ρs/ρi) 1/3           (2) 
 

where γ is the surface energy and η the viscosity. ℓi and ρi refer to the length of the cell 
and to the initial bulk density of the aerogel, respectively. 
 
 Onorato studied the sintering kinetics of silica aerogels [18] isothermally and at a 
constant heating rate, and found good agreement with the cylinder model in both cases. In 
the same study it was shown that the atmosphere has a marked effect on the densification 
rate, which is faster in air than in oxygen, whereas in chlorine, the rate was slower 
because of the removal of OH.  
 

In the study reported in this chapter, dilatometric measurements performed at 
several temperatures ranging from 1,005 °C to 1,250 °C as a function of time, provided 
evidence that sintering occurs through viscous flow. 
 

 
 
 
 
 
 
Fig.  1 Plot of relative density ρa/ρs versus reduced time for a base-catalyzed silica 
aerogel treated at different temperatures: ▲1,000 °C, ▬ 1,050 °C, ♦ 1,100 °C, ■ 1,200 
°C, ⅹ 1,250 °C. The line corresponds to Scherer’s theoretical model.  
 

Figure 1 shows that Scherer’s model fits data on aerogels obtained in five 
isothermal sintering treatments. The activation energy associated with viscosity and 
estimated from sintering measurements was close to 370 kJ/mole. This is lower than for a 



silica glass with a hydroxyl content of 1,300 ppm, which is about 500 kJ/mole. The value 
of the activation energy depends on the atmosphere but also on hydroxyl content. In the 
present study, the hydroxyl content of the silica glass obtained from sintered aerogel 
ranged from 3,000 to 5,000 ppm. 
Water content plays an important role in sintering kinetics. Reducing the water content 
increases the sintering temperature range. When the samples have a high water content, 
foaming phenomenon occurs during sintering (figure 2). Bubbles are due to water 
molecules that first appear in the core of the sample. During sintering, the first open pores 
to close are those located at the surface. More water molecules and air are trapped in the 
solid core network, which is not totally densified. The bubbles grow and tend to expand 
with an increase in temperature.   
 

 
 
 

Figure 2.  Aerogels after sintering and foaming effect 

 
 
To reduce the water content, a dehydration treatment is performed during sintering using 
gases such as CCl4, Cl2, or F2 [6] .  
 
 
3.2  Changes in texture  
 
Silica aerogels are generally fractal objects [8–10]. Changes in the texture of aerogels 
with sintering is usually described using specific surface area, porous features (porosity, 
mean pore size distribution), or solid-phase microstructure (fractal dimension, cluster, 
and primary particle sizes). Aerogels are composed of primary particles 1-2 nm in size. 
These particles aggregate to form clusters that stick together and create a homogeneous 
particle network. The cluster exhibits a fractal geometry as evidenced by small-angle X-
ray scattering [10,19]. The fractal domain stretches between the correlation length ξ and 
the particle size a. The correlation length corresponds to the size of the fractal cluster. 
The fractal dimension is directly measured by the slope of the curve log I( q) versus log 
q. To monitor changes in the texture of the aerogel during sintering, the transformation of 
the fractal clusters can be characterized.  Small angle scattering of X-rays (SAXS) and 



neutrons (SANS) has been used to monitor structural changes in aerogels during 
sintering.  The data showed an increase in the primary particle size and a decrease in the 
correlation length, while the fractal dimension remained unchanged [6,19]. Schaefer et al. 
[20] used neutron spin echo (NSE) spectroscopy and demonstrated an increase in short-
range connectivity (i.e., at a length scale ≤ 100 nm) in the network upon heating.  
  
 

 
 
 

 
Fig. 3. SAXS measurements obtained for a series of fractal partially densified aerogels. 
0.16 gcm-3(▬), 0.29 gcm-3(●), 0.33 gcm-3(ⅹ), 0.47 gcm-3(+), 0.72 gcm-3(▲).  
The sintering treatment was performed at 1,000 °C as a function of time. ξ decreased (see 
arrows in the top panel), the slope (fractal dimension) is shown to guide the eye. Adapted 
from [13] 
 
 

In the study described in this chapter, the sintering of fractal aerogels was 
analyzed as a function of density for an isothermal treatment performed at 1,000 °C in 
air. The fractal dimension Df  did not change significantly during the first stages of 
sintering about 2.2–2.3. However, as shown in Fig. 3, there was a decrease in the 
correlation length with an increase in the particle size. Changes in ξ and a with sintering  
showed that at the beginning of sintering the size of the clusters and of the particles  
changed in opposite ways: ξ decreased and a increased. In the last step, the fractal 
dimension increased as sintering proceeded. All these results are consistent with 



expectations, since  densification occurs initially at the smallest length scale; ξ decreases 
as a consequence of densification of the local structure, which causes a uniform 
contraction. This behavior was also estimated theoretically from a scaling model 
describing fractal geometry [21]   
 

 
  4  Glasses derived from aerogels  
 
 4.1 Porous glasses   
 

  Thanks to the viscosity resulting from sintering it is possible to progressively 
collapse the porosity of the aerogel and to control the amplitude of the collapse by 
modifying the duration of the heat treatment at 1,000°C (Figure 4). 

These curves are obviously strongly dependent on the temperature of the heat 
treatment but also on the hydroxyl content of the aerogel, which affects the viscosity of 
the aerogel [6]. 

 

 

Figure 4. Changes in aerogel relative density ρr (black squares) and specific surface area S (black 
triangles) versus sintering time at 1,000 °C. 

Gels that are originally noncrystalline may crystallize during a subsequent heat 
treatment. The successful formation of a glass is the result of competition between the 
phenomena that lead to densification and those that cause crystallization [22]. Figure 5 
shows the different steps of sintering between the aerogel sample on the left and the 
sample on the right, which is an aerogel densified glass obtained by sintering (the aerogel 
densified glass has been polished ) 



 

Figure 5. Set of partially sintered aerogels: from an aerogel (ρ is 0.3 g.cm-3, sample on the left) 
to a fully sintered aerogel (transparent silica glass on the right, ρ  is 2.2 g.cm-3).   

Figure 4 shows that it is possible to control both the pore volume and the relative density 
of the partially sintered aerogels  between 0.3 g.cm-3and 2.2 g.cm-3. Controlling the 
density of these porous glasses  also enables control of the physical properties that 
depend directly on density and pore size, including the elastic modulus, mechanical 
resistance, optical features (transparency, refractive index),  and permeability.   

Table 1  lists some of the physical properties of standard aerogel (ρa = 0.3 g.cm-3) and the 
fully sintered aerogels (ρa = 2.2 g.cm-3).  The table shows the remarkable changes in the 
physical properties of the partially sintered aerogels that can be obtained by controlled 
sintering. 

Table 1.  Bulk  density (ρa ),  pore volume ( P), specific surface area (S), refractive index  
( nd), Young's modulus ( E) , flexural strength  (σ) and Vickers hardness (Hv).   

 ρ  

(g.cm-3) 

P 

(%) 

S 

(m2g-l) 

nd E 

(Pa) 

σ 

(Pa) 

Hv 

(kg.mm-2) 

Aerogel 0.3 85 410 1.02 1 108 5 105 1 

Sintered  
aerogel 

2.2 0 ≈ 0 1.458 7.3 1010 95 106 750 

 

 



 Since a number of physical properties including the refractive index, dielectric constant,  
thermal conductivity, and accoustic impedance are correlated with porosity, a material 
that continuously changes its density will also undergo a corresponding change in these 
properties. The manufacture of gradient porous glasses is thus a promising  area of 
research. For example, it was shown that an aerogel placed in a furnace with a 
temperature gradient ranging from 900 to 1,150 °C  gives rise to a graded porous material 
in which the top of the sample is fully dense  while the bottom maintains 95% open 
porosity [23].  

The fact that silica aerogels can be manufactured in large formats (i.e. monolithic panes) 
while remaining transparent makes silica aerogels an attractive glazing material for 
superinsulating  windows [24]. However, monolithic aerogel panes are very brittle, their 
typical flexural strength varies between 1 kPa and 1 MPa, [6], making their application as 
window glazing materials questionable. A report in the literature [25]  describes an 
approach to synthesize glass windows via  densification of silica aerogels. Although the 
loss of porosity and the resulting increase in thermal conductivity are drawbacks linked to 
the densification process, a combination of enhanced mechanical performance and optical 
transparency suggests that partially sintered silica aerogels could be used as new material 
for window glazing. Preliminary experimental results indicated lighter weight (density 
1.8 g/cm3, compared to 2.5 g/cm3 for float glass) and improved thermal insulation 
(thermal conductivity k ≈ 0.18 W/(mK), compared to 0.92 W/(mK) for float glass. 
Aerogel glass materials with high visible transparency (Tvis ≈ 95.4% at 500 nm compared 
to 92.0% for float glass) can be achieved by annealing an acid-catalyzed silica aerogel 
precursor at 700 °C [ 25].  

   Ultrasonic waves have special effects on chemical reactions, and are an alternative way 
to synthesize gels without using solvents [26]. These aeogels are called  sono aerogels.  
Despite major structural differences (no fractal structure, higher bulk density, higher 
specific surface area, etc.) silica sono aerogels  can be converted into dense silica glass 
using a very similar process to the one described for standard aerogels. Sono aerogels 
were sintered in a tube furnace in an atmosphere that changed from N2 through 02 to He. 
The sudden change in volume began at 1,050 °C and sintering was complete at 1,100 °C, 
as expected [ 27].  

 
4.2 Multicomponent glasses 
 

Supercritical drying has also been used to synthesize aerogels of binary and  ternary 
composition and led to the production of borosilicate glasses, phosphosilicate glasses, 
Neodymium silica glasses and complex glass ceramics containing BPO4 or cordierite and 
mullite compositions [ 28-31].    



Aerogels in the binary and ternary systems  SiO2-B2O3, SiO2-P2O5 and SiO2-B2O3-P2O5 
were prepared and converted into glasses by sintering heat treatment [28,29]. The results 
showed that  the range of sintering temperatures decreases with an increase in B2O3 
content. The transformation of aerogels into glasses was achieved in the tempretaure 
range 800 °C-950 °C. This temperature range corresponds to viscosities of between  1011 

and 109.5 P. In the Si02-P2O5 system, the sintering temperature is also affected and the 
pore collapse is important for temperatures in the range 1,000-1,080 °C corresponding to 
viscosities of around 1011 P. These glasses have similar properties (density, refractive 
index) to those obtained by melting techniques [29].  

In the ternary SiO2-B2O3-P2O5 system, X-ray diffraction spectra showed the presence of a 
crystalline phase: borophosphate (BPO4) This phase is isoelectronic to silica and stable in 
glasses that contain both B2O3 and P2O5. 

Binary titania silica glasses were prepared by densification of a titania–silica sono 
aerogel. Results showed that the sintering also occurred via the viscous flow  mechanism 
[32].  

   Silica glasses doped with neodymium have been synthesized from aerogels [33] for 
laser applications.  However, the dispersibility of Nd3+ ions in the laser glasses influences 
their fluorescence lifetime. Unfortunately, Nd3+ ions can only dissolve in the Si02 matrix 
in small quantities and Nd ions crystallize as Nd203. Results showed that the fluorescence 
lifetime of 1% Nd203 -99% SiO2 glass obtained from binary aerogels is short because of 
clustering of Nd3+ and crystallization of Nd2O3 microcrystals. Nd-Al codoped silica 
glasses were prepared by sintering an aerogel with a double metal alkoxide (Al and Nd).   
With the addition of 3% molar Al2O3, Nd3+ ions dispersed and the fluorescent lifetime 
increased significantly. However, it should be noted that with high concentrations of Nd 
and Al,  SiO2 crystobalite and mullite crystallize.   

Lanthanide-doped SiO2–Al2O3 glasses were synthesized [34] from aerogels. Silicon and 
aluminium alkoxide precursors were hydrolyzed separately and then mixed with the 
lanthanide precursors: Pr (NO3), Sm(NO3), EuCl3, at around 1,250 °C, the doped aerogels 
densified. However the authors [34] reported variations in the aluminium and lantahnide 
composition between the surface and the center of the densified materials .  

In the process used to produce composite glasses, advantage is taken of the completely 
open pore structure of the aerogel to allow the migration of the liquid species (salt in 
solution) throughout the entire volume of the aerogel. The liquid phase is then eliminated, 
and the porous composite (aerogel + salt) is fully sintered, resulting in the synthesis of a 
multicomponent material (Figure 29.3). The porous structure of the aerogel is used as a 
volume host.  The open porosity of a glass has already been used to modify the nature of 
material in the production of "Vycor" glass [35]. Xerogels are another matrix that enables 
the production of nanocomposites [36], but in this case, the open porosity is well below 
that possible using aerogels.  

Given the small size of aerogel pores, one would expect to be able to prepare a 
nanocomposite using a very simple process. The size of second phase  domains depends 



on the size of the aerogel pores and on the concentration of salt in the liquid. This process 
has already been used to store nuclear wastes (fig. 6).   

 

Figure 6. Steps of the containment process 

 

4.4 Synthesis of silica aerogel host materials 

In the proposed containment process, the large pore volume is used as a sponge to 
incorporate chemical species with the aim of obtaining a two phase material. However, 
the drawback of this porosity is poor mechanical properties that result in the cracking of 
unmodified aerogels during filling. Another important parameter is permeability. High 
permeability is generally an advantage because it means that the fluid and hence the 
chemical species of interest migrate easily into the porous network and lead to 
homogeneous distribution of the chemical species. However, due to the large 
microporosity, the permeability of standard aerogels is poor, typically a few nm2 [4, 37]. 
Consequently, impregnation can take a long time. The permeability of the aerogel can be 
estimated from the Carman–Kozeny equation applied to a gel [40], an approximation that 
links permeability to pore size and can be written as: 

2
r w w(1 ) / 4D r K   (3) 

where ρr is the relative density, rw is the hydraulic radius (characteristic pore size), and 
Kw is the so-called Kozeny constant. However, in the case of gels, Kw is a function of ρr 
[25]. Over the range of density used in this study, it can be approximated by: 

 

w r r2.03 2.56 , 0.08 0.4.K                  (4) 

 
To sum up, the mechanical properties and permeability are the most important 

parameters for the loading process. 

 

4.4.1. Partially sintered aerogels 

One way to control the mechanical properties is to perform partial sintering. 
Depending on the duration of the heat treatment, microporosity is progressively 



eliminated and partially sintered samples can be obtained with relative densities ranging 
from 0.15 (standard aerogel) and 1 (silica glass). Sintering has several effects: it increases 
connectivity and mechanical strength and collapses the small pores. In this way, sintering 
improves the ability of the porous network to resist the liquid filling step. However, the 
permeability D decreases with sintering [4,37]. A compromise is thus required in relative 
density, which should be high enough to obtain a matrix with acceptable mechanical 
properties but not too high, to still be sufficiently permeable. This compromise 
corresponds to a relative density in the range of 0.4–0.5 [6]. 

Figure 7 shows a lanthanide silica glass  synthesized from a partially sintered aerogel.  

 

 

 

 Figure 7  lanthanide silica glass from a partially sintered aerogel  

 

4.4.2. Nanocomposite aerogels 

It is generally accepted that including particles or fibers in the material improves the 
mechanical properties. It is thus possible to adjust the apparent density, the mechanical 
property, and the permeability by adding silica powder (silica soot, such as aerosil) in the 
monomer solution, just before gelling [38, 39]. The mechanical properties rapidly 
increase with an increase in the percentage of silica powder [38] and a composite aerogel 
with a relative density close to 0.18 is able to resist the capillary stresses caused by the 
filling of the pores by an aqueous solution. Permeability increases with the addition of 
silica powder because the structure of the composite aerogel differs from that of the 
standard aerogel network. In the composite aerogel, gelling results from silica soot 
particles (40 nm diameter) sticking together. The natural spaces between them form 
larger pores and improve permeability. 

The permeability of the composite aerogel is roughly 60 times higher than that of the 
sintered aerogel (Table 2). 

Table 2. Relative density (ρr), mean pore size, and calculated permeability of a partially 
sintered aerogel and a composite aerogel 



 

Kind of aerogel ρr rw (nm) D (nm2) 
Partially sintered aerogel 0.45 ≈10 ≈4.5 

Composite aerogel 0.18 ≈60 ≈290 

 

This new kind of nanocomposite aerogel is more appropriate for use as host matrix 
because of its improved mechanical properties and permeability.  

 

4.5. Synthesis of loaded aerogels  

The impregnation of these peculiar aerogels is used to trap chemical species in a silica 
matrix. After a soaking treatment, the host matrix is dried, then sintered. The resulting 
material is a nanocomposite comprised of oxide crystals embedded in a silica matrix.  

 As an example, cerium and neodymium nitrates are dissolved in water and after 
soaking, the samples are dried and heat treated in such a way to complete the drying and 
to decompose the nitrates. Further heating at ~1,100 °C fully sinters the silica network by 
viscous flow [6, 14]. 

The dense solids consist of a silica matrix in which oxides are trapped. Weight 
differences before soaking and after sintering make it possible to measure the loading in 
percentage weight. Figure 8 clearly shows that neodymium and cerium oxide loading 
increases with the concentration of the nitrate solution, and can reach 20%. 

 

 

Figure 8. Changes in the loading rate versus the concentration of Nd (open circle) and Ce 
(dash) in the soaking solution. 



 

 4.6.  Influence of loading on the sintering procedure  

It should be noted that the final sintering procedure is affected by the loading solution. 
Figure 9 shows the dilatometer curves measured on the samples loaded with 13% of 
Nd2O3 and CeO2. The dilatometer response, which expresses the sintering shrinkage 
(ΔL/L0 %), shows that loading increases the temperature range in which the shrinkage is 
maximized by up to 100 °C. The maximum shrinkage temperature is close to 1,150 °C 
for the native silica aerogel composite and close to 1,200 °C for silica aerogel containing 
Nd2O3. Loading with oxides hinders sintering because, in the case of amorphous 
materials, the crystalline phases (CeO2 and Nd2O3) do not play an active role in the 
viscous flow mechanism responsible for sintering. The effect on the sintering rate is more 
pronounced in the case of Nd because of the more complicated structure of the glass 
ceramic, which contains vitreous silica and Nd2O3, but can also contain neodymium 
silicate and disilicate (see Sect. 5.4.). Consequently, the sintering step has to be adapted 
to the composition of the loaded porous glass and can vary by 50–100 °C. 

 

Figure 9. Shrinkage (ΔL/L0 %) of composite aerogel during sintering. a: SiO2 (without 
loading) b: SiO2+13% CeO2. c: SiO2+13% Nd2O3. 

 5.  Examples of applications  
 
We now describe three different studies that successfully demonstrated the 

concept of aerogel as a host matrix. The first concerns doped glasses exhibiting a Faraday 
effect, the second is related to polymorphism of thermotropic liquid crystals in confined 
media. In the third example, we provide a detailed explanation of the containment of 
nuclear waste in silica glasses derived from aerogels. 
 



5.1. Faraday effect in aerogel-derived doped glasses 
 
The Faraday effect is the phenomenon describing the modification, under a magnetic 
field, of the plane of polarization of light, by transparent substances. The angle of rotation 
θ depends on the nature of the substance and is proportional to the magnetic field (H) and 
to the length (l) of the sample. The Verdet constant (V) that characterizes the Faraday 
effect, can be calculated from the relationship: 
 

V = f/l. H. cos θ     (5) 
 
where L is the length of the sample and θ is the angle between H and the direction of the 
propagation of the light. 
To manufacture devices such as magnetic field probes or rapid optical switches, silica 
glasses containing rare earths are of great interest [41]. The proportion of rare earth 
makes it possible to adjust the Verdet constant. However, these systems have high 
melting temperatures and require treatment temperatures close to 1,800 °C. There are also 
problems of phase separation for certain compositions. All these experimental difficulties 
result in glasses of mediocre optical quality. 
The gel-aerogel-glass process is another approach to synthesizing such binary lenses. To 
this end, alcogels doped with rare earth were synthesized by the use of erbium and 
dysprosium nitrates dissolved in a TEOS solution. However, because of the leaching 
effects during supercritical drying, the final concentrations were significantly lower than 
expected.  
A possible way to avoid these uncontrolled leaching effects would be to use a aerogel 
partially densified as a host matrix. After partial sintering, the aerogel is soaked in a 
solution of rare earth nitrates and the final concentration can be controlled through the 
concentration of the nitrate solution and the pore volume.  
After impregnation, the samples are heat treated at 600 °C to complete the drying and to 
decompose the nitrates. Doped glasses are obtained by an additional heat treatment at 
1,100 °C. This method was successfully used to synthesize silica glasses doped with Er 
III and Mn II with a Verdet constant close to 3.5 [42, 43]. 
 
 
 
5.2. Containment of nuclear wastes in silica glasses 
 

In the literature, the use of different materials has been considered to encapsulate high-
level radioactive wastes [1–3]. These materials include glasses of various compositions, 
ceramics with a wide range of formulations, glass ceramic compounds, cements, and 
particles in metal matrices. Based on their production technology, the two best candidate 
materials are glasses and crystalline ceramics. Glass is a solid in which a wide range of 
waste can be dissolved and a number of countries have developed successful industrial-
scale vitrification technologies to solidify their wastes. Glass can accept a wider range of 
wastes than ceramic and the processing feasibility has tended towards research into the 
development of borosilicate glass materials to immobilize waste solutes [1-3]. In this 
process, the radioactive elements are mixed and melted with a glass fritt (a borosilicate 



glass containing sodium). This borosilicate nuclear glass has become the reference for the 
treatment of nuclear waste. 

One of the main problems linked to the extended use of nuclear power is the fate of 
plutonium and actinides. 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 spent nuclear fuel, actinides account for most of the radiotoxicity of nuclear 
waste 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 linked to the fate of these two actinides in the geosphere. 

There are two basic strategies for the disposal of actinides: transmuting the actinides 
using nuclear reactors or accelerators or trapping them in chemically durable, radiation-
resistant materials that are suitable for geological disposal. Therefore, researchers are 
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. 

In the case of oxide glasses, erosion starts in an initially dense glass with the 
extraction of ions that are highly mobile in the glass and are highly soluble in water, such 
as Na, Ca, or B. The erosion process leaves a skeleton whose chemical composition is 
essentially based on glass formers such as silica and alumina. High chemical durability is 
thus achieved through high silica content and low concentrations of oxide modifiers. 
What is more, silica glass offers good mechanical strength and resistance to thermal 
shock. 

Thus, the use of “pure” silica glass optimizes the properties that characterize a suitable 
glassy matrix for the fixation of actinides, but preparing silica glass requires solving 
problems associated with high melting temperature (~1,800 °C). To ensure safe long-
term storage, long-life nuclear wastes (actinides) must be incorporated in a matrix with 
excellent chemical durability. Among the usual glasses, silica glass, which does not 
contain alkali and boron, is expected to present high durability. Associated with good 
mechanical properties, low thermal expansion, and consequently good resistance to 
thermal shock, silica glass is a promising candidate. However, as mentioned above, 
preparation of the glass requires a high temperature (1,800 °C) melting process. 

  The use of porous silica aerogel as host matrix for the actinides has been proposed. 
For safety reasons the lanthanides, Ce and Nd, are used to simulate the III and IV valent 
actinides [47–48] [for example, Am(III), Cm(III), Np(IV), Pu(IV)]. Nd and Ce as 
actinides surrogates have also been chosen because of their dissimilar affinity for silica. 
Hence, Nd and Ce will lead to different kinds of glass ceramics, simulating the possible 
behaviors of the actinides in the presence of silica as a function of their affinity for silica. 
After drying, decomposition of the nitrates, and sintering, the glass ceramic material is 
obtained as described in paragraphs 4.5 and 4.6. ( Figure 10) 

 
 



 
Figure 10. Glass ceramics loaded with cerium (left) and neodymium (rignt). 

5.4. Characterization of glass ceramics 

The final structure of the fully sintered materials achieved with this process is that of a 
composite material with surrogate loading as high as 20 wt%. The X-ray diffraction 
pattern (not shown) clearly demonstrates that the sintered Ce loaded material is a biphasic 
compound (SiO2–CeO2). On the other hand, the Nd-loaded sample shows three different 
crystalline phases, neodymium oxide (Nd2O3) but also neodymium mono (Nd2SiO5) and 
disilicate (Nd2Si2O7) (Figure 11) 

 

 

Figure 11. XRD of glass ceramics loaded with neodymium (10 and 18 wt%).  



Changes in the X-ray patterns show that the structure of the crystalline phases is 
mainly Nd2O3 with a low loading percentage (2–10%) and tends towards Nd2Si2O7 with 
concentrations higher than 14%. With less than 2% Nd loading, the sintered aerogel is 
amorphous leading to the conclusion that Nd associates with Si to form a neodymium 
silicate glass.  

These structural differences are the result of the affinity of Ce and Nd ions for Si. In 
the case of Ce, the formation of a binary glass in a melting process is difficult, Ce(IV) 
generally forms crystalline CeO2 [49,50]. Moreover, the crystalline phases of cerium 
silicates like Ce2Si2O7 are not stable under 1,400 °C and are transformed into SiO2 and 
CeO2 [51, 52]. In the case of Nd, glasses with weight loading of between 2% and 5% 
have been obtained [53, 54]. The phase diagram also shows that, in addition to the oxide 
(Nd2O3), the different Nd silicates (Nd2SiO5 and Nd2Si2O7) are stable at room 
temperature [55]. The size of the Ce and Nd domains ranges from 20–100 nm and 
increases with an increase in the loading percentage. 

 

5. Aqueous erosion behavior 

In the case of long-lived nuclear wastes, it is important to limit the possible release of 
actinides if the glass structure is destroyed due to alteration [56]. We have seen that the 
structure of Nd glass ceramics is more complicated than that of Ce glass ceramics. 
Because of these different structures, one can expect different resistance to aqueous 
corrosion. The chemical durability of the glass ceramics was measured with a 
conventional Soxhlet device consisting of a boiler containing ultra pure water and a 
condenser system. A sample monolith was placed in a recipient trough into which 
condensed steam was supplied in a continuous flow. The test was conducted at 100 
°C,[57] and the sample analyzed after 28 days of leaching. The kinetics of glass corrosion 
were determined from analysis of the silica mass loss. The normalized silica loss 
NL(SiO2) characterizes destruction of the glass network by previous dissolution of the 
glass. NL(SiO2) (g/m2) was calculated using the following formula: 

 
      2 2NL SiO Si × / %SiO /C fc S V      (6) 

where C(Si) is the concentratoin of Si in solution (g/m3), fc is oxide molar mass (fc = 
2.139 for silica), %SiO2 is the mass fraction of SiO2 in the glass ceramic, and S/V (m−1) is 
the ratio of the glass surface (m2) to the volume of the solution (m3). As explained in the 
introduction, vitreous silica has high chemical durability. The mechanisms of alteration 
of the Nd and Ce loaded glass-ceramics with vitreous silica and standard nuclear 
borosilicate glass are now compared. For this study, we chose two glass ceramics loaded 
with 7 wt% of Nd2O3 and of CeO2. Figure 29.10 shows the normalized loss of SiO2 and 
the loss of surrogates measured on the two kinds of loaded material and on pure SiO2. 

 
 



 

 

Figure 12. Normalized SiO2 loss measured on two kinds of loaded material: Nd 
(squares), Ce (diamonds) and on vitreous SiO2 (triangles) versus time.  

 

From Figure 12, one can calculate the aqueous corrosion rate (V0) for vitreous silica 
glass and for glass ceramics loaded with surrogate oxides. The corrosion rate (V0) of pure 
silica is 0.015 g/m2 per day, 100 times lower than the corrosion rate of the usual nuclear 
waste glasses in which V0 is equal to 2 g/m2 per day [57]. V0 for the glass ceramics loaded 
with the Ce and Nd is, respectively, 0.035 g/m2 per day and to 0.25 g/m2 per day. This 
result is evidence for the improved chemical durability of glass ceramics compared to 
that of the standard glasses used to store nuclear waste. Thanks to its simple structure, the 
corrosion rate of Ce glass ceramics is quite close to that of the pure silica, the slight 
difference can be attributed to higher silica dissolution at the interface with the cerium 
oxide domain, corrosion could be activated by thermomechanical stresses. The corrosion 
rate of the Nd glass ceramic is 8 times higher than that of pure SiO2. This result confirms 
the fact that part of the glass matrix is made of a neodymium silicate glass, which is less 
durable than SiO2. 

Because of their different degrees of affinity for silica, the two surrogates used, Nd 
and Ce, indicate what kind of behavior can be expected when actinides are able to form 
silicate phases or binary glasses or, on the contrary, when no silicate crystalline or glassy 
phases can exist. In the latter case, chemical durability is improved and is close to that of 
vitreous silica. In an open system, flowing groundwater in which solubility limits are not 
reached, the leach rate for silica and loaded glass-ceramics used in this comparison is two 
orders of magnitude lower than the leach rate of borosilicate glasses [58]. 

 



 
 
 

Figure 13.  Different silica glasses and glass ceramics  obtained using the gel-aerogel-glass-
process 

  

Recently, a mixed silica-silver aerogel was shown to be an effective absorber for 
radioactive iodine [59]. Its high adsorption capacity makes silica-silver aerogel (Ag0) an 
attractive choice for the containment of iodine compounds resulting from the 
reprocessing of nuclear fuel. After loading by iodine, the isostatic pressing (1,200 °C-
207MPa) of the silica–silver aerogel allowed complete densification in a glass containing 
between 20 and 39 wt% of iodine encapsulated in a silica matrix. Iodine was retained in 
the form of nano-and micro-particles of AgI uniformly dispersed throughout the silica 
based-matrix 

 

6. Conclusion 
 
Aerogels are generally defined and synthesized as end materials but their use as 
precursors is an attractive alternative that offers new opportunities. A successful example 
is sintering silica aerogels to obtain pure silica glass [60,61. The possibility to use an 
ultraporous volume as a host matrix before sintering extends the  potential applications of 
this method (Figure 13).  
However, the properties that are required for a silica aerogel as a precursor are 
completely differerent from the properties used required of an aerogel. These are large 
pore volume and specific surface area, resulting in poor mechanical properties [62]. 
When an aerogel is used as a host matrix, the main objectives are to obtain high 
mechanical stability and a large mean pore size, both of which are the opposite of large 
pore volume and a high specific surface area. Consequently, aerogel hosts require a 
different synthetic process to achieve these objectives.  In addition to the need for a new 
aerogel synthetic protocol, the influence of surface reactivity and of the pore structure on 
the physical and chemical properties of invading species is a research field that remains 
largely unexplored. 



We have given one example in which the reactivity of the matrix-chemical species (in 
nuclear waste containment) strongly affects the physical properties of the final two phase 
materials. It should also be emphasized that this process enables the synthesis of 
multiphase materials that cannot be achieved using standard methods. For example, 
special glass ceramics could be synthesized in compositions that usually produce  
homogeneous glasses by the melting process. Sintering can preserve the heterogeneous 
structure in the glass matrix, which is not possible when the melting step dissolves and 
homogenizes the different chemical species. Numerous composite materials including 
metal–gel, polymer–gel, gel–gel could also be produced. In this chapter, we focused on a 
silica matrix but other kinds of oxides (alumina, zirconia, etc.) or organic aerogels can 
also be used. The advantage of the silica matrix compared to a ceramic or organic matrix 
is that it can be sintered by viscous flow after soaking, which entraps the doping species. 
Aerogel has specific properties innate to its expression as the lightest solid material ever 
synthesized. The ability to fill and/or sinter  the porous structure is another way to extend 
the applications of aerogels in the future.   
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