
American Mineralogist, Volume 93, pages 1732–1748, 2008

0003-004X/08/1112–1732$05.00/DOI: 10.2138/am.2008.2903     1732 

Amorphous mAteriAls: properties, structure, And durAbility†

Constrained interactions, rigidity, adaptative networks, and their role  
for the description of silicates

mAtthieu micoulAut*

Laboratoire de Physique Théorique de la Matière Condensée, Boite 121, Université Pierre et Marie Curie, 4, place Jussieu, 75252 Paris Cedex 
05, France

AbstrAct

Silicate glasses can be seen as connectivity networks where specific tools are used for the un-
derstanding of the behavior with composition of their chemical and physical properties. These tools 
make use of the effective interatomic interactions and mechanical constraints such as those used for 
analyzing the stability of macroscopic trusses. We first describe how complex interactions and coordi-
nation numbers can be efficiently handled within a general framework. The ingredients of the general 
framework, also known as mean-field bond constraint theory, are then presented. The theory predicts 
flexible to stressed-rigid elastic phase transitions at threshold compositions (or mean-coordination 
numbers). Applications to alkali- and alkaline-earth-silicates are considered and experimental signatures 
of the phase transition identified. Finally, we focus on the latest development in the field, namely the 
appearance of a new self-organized intermediate phase between flexible and stressed-rigid phases. 
Experimental signatures of these phases are reviewed, and the tools of adaptative silicate networks 
used to understand their features.
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introduction

Silicate glasses not only have a huge technological and com-
mercial importance due to their applications in semiconductor 
devices, and window and optical glasses, but also represent the 
dominant part of the Earth’s crust made of a mixture of different 
alkali and alkaline-earth-rich alumino-silicate systems. In con-
trast with alkaline-earth silicates, there is a wide glass-forming 
range in the binary alkali-silicate systems. Modifying ions (from 
Li to Cs, or from Mg to Ba) usually enter the glass network as 
singly or doubly charged cations and occupy interstitial sites 
(Richet and Mysen 2005; Henderson 2005). Charge compensa-
tion is achieved through the creation of so-called “non-bridging” 
O atoms (NBO) that lead to an increased disruption (depo-
lymerization) of the base silica network made of an alternation 
of Si and bridging O atoms (BO) (Greaves and Sen 2007). The 
creation of NBOs therefore reduces the connectivity of the glass 
network and has some obvious implications for its physical and 
chemical properties. In fact, the thermal expansion coefficient, 
fluidity (inverse of viscosity), diffusion, and ionic conduction 
all increase with an increase of modifier content. The change 
in network structure with the type and concentration of modi-

fier ions has proven to be helpful in understanding the physical 
properties of glasses and melts. 

At a basic level, the molecular structure of a silicate glass 
can be visualized as a generic bars-and-nodes truss network 
where nodes represent atoms and bars the covalent bonds. The 
mechanical stability of such networks can then be analyzed at 
different levels, either from a global approach that relies only 
on the chemical composition, or on a more detailed level using 
statistical mechanics techniques.

Early attempts at microscopic modeling of network trusses 
have emphasized the central role played by the connectivity of the 
network (Phillips 1979, 1981), with a certain number of physical 
and chemical properties of a large family of glasses depending 
simply on the network mean coordination number r (Asokan et 
al. 1989; Feltz et al. 1983; Kamitakahara et al. 1991; Boehmer 
and Angell 1992; Senapati and Varshneya 1995). Furthermore, 
it has been shown that a system made up of weakly cross-linked 
chains will become rigid when r reaches a threshold value 
(Thorpe 1983; He and Thorpe 1985; Schwartz et al. 1985; Cai 
and Thorpe 1989). At low connectivity, networks have a flexible 
structure that is weakly constrained by interatomic interactions, 
whereas high cross-linked networks (i.e., with large connectivity) 
are found to be stressed rigid, i.e., one finds more constraints 
due to covalent interactions than degrees of freedom per atom 
on average. In mechanical engineering, these two extremely 
different networks (low and large connectivity), having either 
an under- or overconstrained nature, are respectively termed 
hypo- and hyperstatic. The threshold composition, i.e., the point 
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