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A model for the liquid-glass transition, based on a percolation blocking of local chemical order, 
is proposed. The case of metallic liquids and glasses, whose structure is dominated by first neighbour 
chemical arrangement, is first treated. The chemical ordering " reac t ion" of the liquid phase is 
studied at thermodynamical equilibrium and the increase of the chemical order parameter with 
decreasing temperature is calculated. Within a given composition interval, however, a geometrical 
percolation process is shown to block this reaction below a "percolation temperature" (correspond-
ing to null cooling rate) where the liquid is irreversibly frozen into a glass. The liquid-glass "phase 
d iagram" is established and kinetic arguments, involving " f rus t ra ted" finite clusters which are 
formed close to the percolation threshold, provide an evaluation of the experimentally measured 
"glass transition temperature" as a function of cooling rate. The validity of this one order parameter 
model is then discussed with the help of the irreversible thermodynamics theory of Prigogine. 

The formation of tetracoordinated glasses is explained by the formation of tetrahedral bonds, 
when the liquid temperature decreases, and represented by a "hole ordering" reaction. A general 
description of the structure of tetracoordinated glasses is thus achieved, which applies to amorphous 
silicon and germanium, 111 - V compounds , silica, amorphous water etc. Furthermore, an estimation 
of the temperature interval for the glass t ransformat ion of silica is obtained, which agrees well with 
experiment. 

The existence of frustrated clusters gives to glasses a composite structure in the "medium distance 
order", which could explain the "f racta l na ture" of glass fracture surfaces down to the nanometer 
scale. 

Key words: Glass transition. Percolation, Short range chemical order, Metallic glasses, Tetracoordi-
nated glasses, Fractography. 

1. Introduction 

Most transit ions between bulk phases are domi-
nated by f i rst neighbour interactions ( Turnbul l [1]). 
More specifically, the so called glass transit ion be-
tween l iquid and glass phases seems to be tightly re-
lated with short range chemical order phenomena, 
which are expressed by the formation of prepeaks in 
the diffraction patterns (Cahn [2], Bormann and 
Zöl tzer [3], Steeb and Hezel [4], B letry [5], Lamparter, 
Sperl, Steeb, and Bletry [6]). On the other hand, amor-
phization of metallic elements seems to be very diffi-
cult, i f not impossible (Jäckle [7]), while tetravalent 
elements, which do exhibit a prepeak in their diffrac-
tion patterns (Bletry [8]), can become amorphous. 

I n order to interpret these facts, we propose a model 
of the glass transit ion which is based on a percolation 
blocking of local chemical order (Bletry [9]). The 
case of close packed metallic glasses i s analyzed from 
topological, thermodynamical and kinetic points of 
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view. T h i s model i s then extended to loosely packed 
tetracoordinated systems, proposing a hole ordering 
representation of their structural evolution. F inal ly , 
model involvements in glass fractography are sur-
veyed (Mandelbrot, Passoja, and Paullay [10], 
Mecholsky [11]). 

2. Glass Transition in Binary Alloys 

2.1 Topology 

2 . 1 . 1 . S t i c k y H a r d S p h e r e M o d e l 

The structure of binary l iquid or glassy alloys can 
be represented with good accuracy by close packed 
random networks of spheres, taking into account 
atomic size and chemical order effects [5, 8]. 

I n order to represent safely l iquid and glassy struc-
tures, sphere diameters dx and d2 have to be identified 
with the first neighbour distances dlt and d22 (which 
are experimentally determined as the positions of the 
first maximum in the partial pair distr ibution func-
tions) and the relation d12 = + d22) has to be 
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fulfilled [8]. T h i s definition is not completely tr iv ial 
since these sphere diameters depend on temperature T 

and pressure P (through the dilatation a = — and 
V i öF \ VdT 

compressibility y = — — — coefficients I and account 

for anharmonic "sol id l ike" effects (Mott and Jones 
[12]). 

The packing fraction y i s then defined as the ratio of 
the volume of N spheres to the external volume V: 

t: N1d\ + N2dl n 
V = Töfci d\ + c2d\) 

o 

where N( and ct = NJN are, respectively, the number 
and the concentration of spheres belonging to chemi-
cal species i (y is experimentally derived from measure-
ments of the number density g = N/V). According to 
measurements on ball bearing packings (Scott [13], 
Lemaignan [14]) and to computer calculations [8], y i s 
practically independent of the sphere diameter ratio 

d2 

d~i 
= 1 + e 

(if e is small, i.e. | e | < 0.5), the atomic concentrations 
c,- and the chemical order parameter to be defined 
later. 

I n close packed random networks of spheres y is 
equal to [13, 14] 

/ c p = 0.637. 

However, this value depends sl ightly on "sphere shak-
ing" 1 and is st i l l lacking any mathematical founda-
tion. 

On the other hand, and according to the previous 
definitions, the packing fraction of a glass depends 
only on its structure and does vary neither with tem-
perature nor with pressure! I n practice, the packing 
fraction of metallic glasses usually lies around 0.70, 
mainly because the softness of the interatomic pair 
potentials spreads the first neighbour D I R A C peaks 
0{r — d{) over a finite interval and allows diameter 
"fluctuations" or sphere "overlapping". 

bour chemical order parameter2: 

— i < c = HiiSLüh < i 
iU 

where r/^ is the average number of; spheres contacting 
an / sphere, and r]fj i s the same "partial coordination 
number" in a chemically disordered mixture (with 
equal packing fraction and composition). 

Conversely, partial coordination numbers can be 
derived from c(, e, and by the relations [8]: 

f l u = > ? M 1 - 2 ß c 2 ) - c 2 ( l + 2ec1)£|, 

ri12 = rjc2[l + e ( c 1 - c 2 ) ] ( l + c ) , 

>/i = I n + h i = - fic20 + £)]> 

1 = c l r i 1 + c 2 / / 2 « 12.6y, (1) 

where rj is the overall average coordination number 
associated with the packing fraction y, and e is small 
with respect to 1. 

Let us f i rst deal with chemical ordering (£ > 0) in 
equal size (e = 0) sphere mixtures. Spheres 1 ("white") 
are then preferentially surrounded by spheres 2 
("black"). The average neighbourhood of a 1 sphere 
can be represented by unique "grey" partners whose 
chemical nature or "grey level" 

112 

n i 
= c2( i + a (2) 

l ies in the interval 1 > Ä2 > 0 (Figure 1). 
The chemically ordered "black and white" l iquid is 

then equivalent to a " total ly " ordered fictitious mix-
ture where white spheres are exclusively surrounded 
by grey spheres3 with fictitious concentrations 

/-> - c-
c , = 

£ 
1 

1 - c'2, 

t i i = 0 . 
(3) 

I f chemical order develops, i.e. i f £ increases, the 
concentration c\ of fictitious white spheres increases 
and they get closer and closer, while their grey partners 
become darker and darker. However, this ordering 
process only works t i l l one reaches the site percolation 

2 . 1 . 2 . P e r c o l a t i o n B l o c k i n g 
o f C h e m i c a l O r d e r 

The effect of local chemical order on binary sphere 
mixtures is mainly characterized by the f i rst neigh-

1 Luke Gospel, VI. 38 (between 40 and 90 AC). 

2 In the case of heteroatomic attraction, where c, is positive, 
it is not necessary to introduce next neighbour chemical 
order parameters since their intervals of variation are 
strongly restricted if c is known (because 2nd . . . nth neigh-
bours may be considered as 1st neighbours of the 
1s t . . . (n — l)th neighbours). 

3 In this approximation the fluctuations of the neighbour-
hood or each chemical component are neglected. 
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Fig. 1. Conversion of a fluctuating neighbourhood made of 
black and white spheres into an equivalent average neigh-
bourhood of grey spheres in "total" chemical order. 

threshold where an infinite cluster of contacting white 
spheres is formed. The fictit ious packing fraction y\ of 
white spheres is then equal to the (structurally invar i-
ant) packing fraction of the site percolation threshold 
in three dimensions p (Zal len [15]), i.e. 

7 i = c\y = p = 0.15S , (4) 

and the order parameter £ reaches i ts maximum value 
[8]4 

P 
C D = 

y-p 
(5) 

According to our model this percolation blocking 
of local chemical order is responsible for the glass 
transition. 

2 . 1 . 3 . G l a s s F o r m i n g P h a s e D i a g r a m 

The percolation blocking process only works in the 
interval where white spheres meet " s t r ict ly grey" part-
ners (while they would l ike to meet black partners), i.e. 
when 

1 > Äp2 or cx > 

Inverting the roles of 1 and 2 spheres, one s imi lar ly 
obtains 

c7 > 

The glass forming composition range therefore ex-
tends over the interval 

0 < = , / g < c 1 < c„2 = „ 1 „ < 1 • (6) 
1 + 5, 1 + 

Equations (4) and (5) can also be demonstrated by consid-
ering the average partners of black atoms. For example, if 
white a toms are ordered with black partners, black a toms 
are ordered with grey partners made from p/(y — p) white 
spheres and (y — 2 p)/(y — p) black spheres. 

Between 0 and cgl the sphere mixture may reach the 
desired maximum order situation where white spheres 
are only surrounded by black spheres, i.e. = 0 and 

Qm = — - , and there is no glass transition. Obviously 
C2 

metallic elements, which cannot undergo such a chem-
ical ordering process, are excluded from the glassy 
composition interval5 . The present model could 
therefore explain why they are so difficult, i f not im-
possible [7], to amorphize. 

These results are summarized in Fig. 2, which dis-
plays the "l iquid-glass transit ion" surface as a function 
of y, cl, and Q. 

Equation (6) can be extended (with care) to sphere 
mixtures with size effect [8]. One then obtains the 
generalized expression of the unsymmetrical composi-
tion interval for glass formation: 

1 + C, 
1 + 

2e 

i + e . 

i 
< c , < 

1 + f . 
1 + 2 s (7) 

Relation (7) could account for the few glass forming 
phase diagrams measured on metallic glasses [3]. 

2.2 Thermodynamics 

2 . 2 . 1 . S h o r t R a n g e C h e m i c a l O r d e r i n g 
i n ( M e t a s t a b l e ) U n d e r c o o l e d L i q u i d s 

Let us now calculate the variations of the first 
neighbour chemical order parameter with tempera-
ture in an (undercooled) l iquid in (metastable) thermo-
dynamical equil ibrium. 

I f the alloy is represented by a close packed sphere 
mixture, the total number of pairs per unit volume J f 
(at constant pressure) is given by 

_ Ntl +N22 + Nl2 

V V 

N(clnii + c2ri22 + 2clri12) 
2 V 

3 rjy 
— j ( l - 3 ec2), 
nd^ 

where N u i s the number of atomic pairs i ? , and does 
not depend on Therefore the chemical ordering pro-
cess can be described by the equil ibr ium reaction be-
tween atomic pairs 

U\+s)P11+Hl-e)P22oPi: (8) 

Since a percolation blocking of the ordering of subatomic 
size holes, which subsist in a close packed arrangement, is 
very unlikely, in contrast with the case of atomic size holes 
which exist in tetracoordinated glasses. 
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Fig. 2. Geometrical "phase diagram" of the liquid glass tran-
sition for e = 0. ( { c y) ((a)c=P/y 

Projections < (c, c); Curves < (£>) c = c/( 1 — c); 
U&y) {(c)Z=p/(y-p) 

Line: (d) c = 0.5, y = 2 p. 

where the sterical factors 1 + e and 1 — e account for 
the atomic size difference. T h i s f i rst order "gas approx-
imation" neglects the interactions between f i rst neigh-
bours of a given atom but is quite sufficient for our 
purpose (Bethe [16]). 

I f Vtj represents the potential interaction energy of 
i — j pairs and all other energy contributions (like vi-
bration energies which do not vary significantly upon 
ordering) are neglected, application of the law of mass 
action to reaction (8) gives 

Ni: (9) 

where the size difference has been neglected (e = 0) 
and the entropy factor 2 takes into account the respec-
tive symmetries of 11, 22 and 12 pairs (Rocard [17]), 

x = exp 
V 

knT 

and 

v = Hv11 + v22)-vl2 

i s the driving energy difference for chemical ordering. 
A straightforward calculation then leads to the rela-

tion 

C (T) = 
1 - 2 c 1 c 2 ( l - x 2 ) - J \ - A C X C 2 ( \ ,(10) 

2 c i c 2 ( l - x 2 ) 

which becomes identical with Bethe's [16] classical 
1 - x 

relation Q = for = c2 = 0.5. 
1 -I- x 

F igure 3 displays the "bell shape" of this equilib-
r ium t versus T curve. When the l iquid cools down, 

c i 
I increases from 0 up to = — , being the maxi-

C2 
mum value which would be reached at 7 = 0 i f there 
were no geometrical hindrance. 

2 . 2 . 2 . P e r c o l a t i o n T e m p e r a t u r e 

I f the composition lies in the glass forming compo-
sit ion interval (7), the chemical order parameter of the 
(metastable) equi l ibr ium l iquid should follow (10) 
upon cooling, down to the percolation temperature Tp 

defined by [(5) and F igure 3] 

ViW-p' 
(11) 

where an infinite cluster of contacting white spheres is 
formed. Below Tp, £ should then remain locked at t p 

in an out of equi l ibr ium glassy state. 
I n contrast with the free volume percolation theory 

(Cohen and Grest [18]), this process work s even in the 
case where the l iquid expands upon glass formation 
(silica: Douglas and Isard [19], water: Davies and 
Jones [20]) because it only relies on the intersection of p 
the curves £ ( T ) and . 

y(T)-p 
However, this sharp transit ion at Tp cannot be ob-

served because it requires an infinitely slow cooling 
rate. 

. - • • « - P 

\ 

TTr ZZTlllZZZZ Z^ir 

b 

i — 

T 'g T h 
Tg 

Fig. 3. Determination of the "glass transition temperature": 
a) c (T) curve of an equilibrium liquid (for c — 0.5); 
b) c ( T ) curves of a glass forming system at different cool-
ing "rates ( • ) R = 0, (O) R low, (O) R high; c) p/[y(T) - p] 
curves of a glass forming system at different cooling rates 
( • ) R = 0, ( • ) R low, ( • ) R high. 
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2.3 Kinetics 

2 . 3 . 1 . G l a s s T r a n s i t i o n T e m p e r a t u r e 

In practice a l iquid glass transformation interval 
d T 

depending on the cooling rate R = i s observed 
d t 

around a so called glass transit ion temperature 
T >T . g p 

I n order to describe this process qualitatively, it is 
convenient to use the equivalent fictitious mixture of 
white and grey spheres in total chemical order intro-
duced in Section 2-1-2 (since thermodynamical order-
ing effects are simply taken into account through the 
grey level parameter). 

At high temperature in the equil ibr ium liquid, the 
order parameter £ and the fictitious white sphere con-
centration are small ((10) and (3)). The l iquid is then 
represented by a diluted solution of "surrounded 
atoms" (made of a central white sphere or "s inglet" 
exclusively surrounded by grey spheres (Mathieu, 
Durand, Bonnier [21])) in a sea of grey spheres. 

As the l iquid cools down, i ts order parameter in-
creases together with the concentration of surrounded 
atoms (3). Therefore the time to reach thermodynam-
ical equil ibrium is longer because it requires a 
"search" for the few configurations avoiding contact 
between white spheres, in order to preserve the total 
chemical order between white and grey spheres. 

F inal ly, when approaching the percolation temper-
ature, white spheres become "overcrowded". Dur ing 
the search for thermodynamical equi l ibr ium (and l ike 
in all percolation processes) finite clusters of contact-
ing white spheres are formed for entropical (or geo-
metrical) reasons. These clusters are chemically frus-
trated, and their formation strongly reduces the 
atomic diffusion coefficients (because atoms prefer to 
move between energetically favoured singlet sites). 
The system then leaves thermodynamical equil ibrium, 

d£ 
and its chemical ordering rate —- rapidly decreases 

d t 
unti l it is frozen at a "glass transit ion temperature" Tg 

into an out of equi l ibr ium state with an order param-
eter value £g lower than and an average frustrated 
cluster size la(Tg) (Figure 3). T h i s model-glass there-
fore looks l ike a "nanometric composite" of " f rus -
trated clusters" dispersed into a homogeneous matrix 
of surrounded atoms. 

The corresponding glass transit ion temperature is 
defined as the temperature of the (fictitious) l iquid in 

equi l ibr ium at Tg > Tp with an order parameter 
C(Tg) = cg (Figure 3). 

2 . 3 . 2 . C o o l i n g R a t e D e p e n d e n c e 
o f t h e G l a s s T r a n s i t i o n T e m p e r a t u r e 

When the cooling rate increases, the undercooled 
l iquid deviates from equil ibrium at higher tempera-
tures and the glass transit ion temperature is higher. 
The final cluster size of the glass is then smaller (be-
cause these clusters are formed at temperatures farther 
from Tp), and the chemical diffusion coefficient of the 
glass at low temperature (i.e. for T < Tg) i s therefore 
larger. 

An order of magnitude estimate of the variations of 
Tg with the cooling rate R can be obtained i f one 
remembers that the chemical ordering reaction (8) re-
quires a permutation of 1 and 2 atoms over a first 
neighbour distance d l 2 . Therefore, the system should 
freeze at a temperature: Tg fulf i l l ing relation 

where D, is the interdiffusion coefficient of (both) l iq-
AT{ 

uid components, T = is the time interval available 

for an atomic permutation and A Tt i s the glass "t rans-
formation temperature interval" where clusters are 
evolving. Assuming that D, follows an Arrhenius law 

V\ D = D l oexp -

one finally obtains 

ka T 

D,(T g )A7; / Vt 
R = £ = R 0 e x p -

with 

R = 

d\2 

d\2 

k * T g 

(12) 

F o r moderate cooling rates, AT t does not vary too 
much and (12) agrees with empirical relations which 

1 
give a log R dependence for — ([7], Zarzyck i [22], 
Owen [23]). 

Ta 

2 . 3 . 3 . T r a n s f o r m a t i o n I n t e r v a l 
o f M e t a l l i c G l a s s e s 

The glass transformation interval can only be calcu-
lated from (12) in the very few cases where £>i(Tg), d l 2 , 
and R are known. 



92 J. Bletry • Glass Transition Model 92 

However, the case of N i - B metallic glasses, whose 
chemical ordering has been proved by neutron diffrac-
tion experiments [6], allows (12) to be checked. Us ing 
the diffusion coefficient of boron: D B ( T g ) % 1 0 ~ 1 2 

cm2 s ~ \ which has been measured in the analogous 
metal-metalloid glasses Fe -N i -B (Cahn, Evetts, Pat-
terson, Somekh, and Kenway-Jackson [24]), a nickel-
boron distance of dNi _ B = 2.1 1 0 " 8 cm and a typical 
cooling rate of R % 105 one finds a glass trans-
formation interval A ~ a few 10 K , which agrees sat-
isfactorily with experimental observations on metallic 
glasses (Chen [25]). 

2 . 3 . 4 . D i s c u s s i o n B a s e d on I r r e v e r s i b l e 
P r o c e s s e s T h e r m o d y n a m i c s 

The present model gives a simple physical meaning 
to the extensive order parameter E introduced by P r i -
gogine and Defay [26] in their description of the irre-
versible glass transition. Rewriting reaction (8) as 

d N , , d N-
— 2 -—— = - 2 = diV12 = dE , 

(13) 

1 + e 1 - e 

E may be identified by 

where 

N?2 = Nr1clc2[ 1 +£(cj -c2)] 

i s the number of 1 - 2 pairs in a chemically disordered 
mixture. 

According to Prigogine and Defay [26], our one 
order parameter theory provides a good description of 
the glass transition i f the condition 

AyACp = VT Ay.1 (14) 

is fulfilled, where Ay, A C p , and Aa are respectively the 
differences between the liquid and the glass compress-
ibilities, specific heats and dilatation coefficients 
around Tg . 

Since condition (14) is seldom fulfilled, many au-
thors have introduced a spectrum of order parameters 
([20, 25], Gardon and Narayanaswamy [27]) to inter-
pret the experimental results more accurately. The 
present model could also be improved either by taking 
into account the cluster size distribution or by intro-
ducing next neighbour order parameters. 

3. Glass Transition in Tetravalent Compounds 

3.1 Hole Ordering 

At first sight it would seem that the glass transition 
in loosely packed tetracoordinated glasses [amor-
phous elements (silicon, germanium), silicate, fluoride 
and phosphate glasses, amorphous ice, etc.] cannot be 
interpreted within the preceeding framework. 

However, it was shown in [8] that the formation and 
"rigidification'" of tetrahedral bond angles (when the 
temperature of the corresponding liquids decreases6) 
can be represented, to a good approximation, by a 
chemical ordering process between atoms and spheri-
cal holes in close packed arrangement. The regular 
intercalation of holes between atoms then leads to the 
formation of tetrahedral bond angles (Figure 4). 

In tetracoordinated systems, the glass transition 
can therefore be interpreted as a percolation blocking 
of the ordering reaction between atoms and holes. 

I f the packing fraction of this hole-atom glass is 

yg, * y c p = 0.637 * 4 p , 

its average coordination number, (1) and hole-atom 
order parameter, (5), are respectively given by 

and 
tfh = 8.0 

a = 0.32. 

3.2 Structure of Amorphous Tetravalent Elements 

3 . 2 . 1 . M o d e l o f T e t r a c o o r d i n a t e d G l a s s e s 

In the most simple case of tetravalent elements, and 
by analogy with their cubic diamond cristalline struc-
ture, one may assume that atoms and holes have iden-
tical diameters and concentrations. The atomic pack-
ing fraction of these glasses is then given by 

yf = 0.5y?h = 0.32 * 2 p , 

i.e. very close to the cubic diamond value 

, - ^ # - 0 3 4 . 

The flexibility of the bond angle in tetracoordinated liq-
uids explains why they are denser than the corresponding 
crystalline phases whose bond angle is rigidly locked at 
109c47 (Si, Ge. III — V compounds, etc.). Conversely, the 
"rigidification" of bond angles, (or the ordering of atomic 
holes), which is responsible for the prepeak increase in the 
diffraction patterns, explain why the liquid water density 
decreases with decreasing temperature below 4CC. 
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bond ang*e 

Fig. 4. Preservation of bond angles by ordered holes in te-
travalent glasses. 

and their atomic coordination number i s close to 

V? = 4 .0 , 

as it should be for tetravalent elements. 
T h i s tetracoordinated glassy network i s probably 

very close to the Zachariesen [28] and P o l k [29] poly-
tetrahedral network. However, the explicit introduc-
t ion of holes allows the glass t rans i t ion to be related 
to the structural evolution. 

3 . 2 . 2 . A m o r p h o u s S i l i c o n 
a n d G e r m a n i u m 

Model and experimental densities, coordination 
numbers and structure factors of amorphous s i l icon 
(Moss and Graczyk [30]) and germanium (Ether ing-
ton, Wr ight , Wenzel, Dore, Clarke, and S inclai r [31]) 
do not differ by more than 1 0 % [8]. T h e rust ic hole-
atom model therefore provides a first approximation 
for the structural description of tetracoordinated sys-
tems. 

3.3 Structure of Amorphous III-IV Compounds 

I n analogy with their zinc blende crystal structure, 
where first neighbour pairs are exclusively I I I —V het-
eroatomic pairs, the glassy structure of I I I —V com-
pounds may be described by a chemically ordered 
arrangement of I I I and V atoms on to the tetracoordi-
nated amorphous network. Beside the order parame-
ter cfh (which describes the hole-atom arrangement, 
responsible for the tetravalent bond formation), a sec-
ond order parameter _ v has therefore to be int ro-
duced for the description of the I I I and V atoms ar-
rangement on the tetracoordinated network w i th 
packing fraction yf = 2p. Relation (5) then shows that 

this order parameter i s close to 

pg i sm - v ~ 1 • 

T h e glass forming composit ion interval i s thus re-
duced to exact stoechiometry (cf. (6)): 

cfn * 4 * 0 .5 , 

since only two partial networks with packing fraction 
p can percolate s imultaneously. T h i s severe require-
ment could account for the problems encountered in 
the elaboration of homogeneous I I I - V glasses far 
f rom stoechiometry (D ixmier , Gheorghiu, Theye [32]). 

On the other hand, the prepeak which i s associated 
wi th the chemical ordering of I I I and V atoms should 
be superposed with the hole-atom ordering prepeak, 
since the atom I l l - a t o m V and hole-atom first neigh-
bour distances are equal. 

3.4 Transformation Interval of Silica 

I n the high temperature crystall ine phases of si l ica 
(cristobalite and tr idymite), s i l icon atom tetrahedra 
are formed which delimit atomic size "cages" (Soules 
[33]). I n glassy si l ica one therefore expects that s i l icon 
atoms w i l l form the tetracoordinated amorphous net-
work described in section 2-2-1 (one does not consider 
here the tradit ional S i 0 4 tetrahedra!). 

X - r a y diffraction measurements performed by 
Leadbetter and Wr ight [34] on the chemically ho-
mologous system G e 0 2 confirm th is model. I n that 
case, he diffracted intensity i s dominated by the contr i -
but ion of germanium atoms and practically identical 
(with in a s im i la r i ty transformation) wi th the structure 
factor of the tetracoordinated amorphous network. 

A numerical estimation of the temperature interval 
for the glassy t ransformation of pure si l ica may there-
fore be derived f rom (12). U s i n g the Brebec, Seguin, 
Sella, Bevenot, and M a r t i n measurements [35] of the 
s i l icon dif fus ion coefficient D S i ( T g ) % 1 0 ~ 1 8 cm2 s " 1 

at Tg Ä 1 2 0 0 ; C and the si l icon-hole (or s i l icon-s i l icon) 
distance dSi.Hole = 3.2 x 10~ 8 cm, one obtains, for a 
typical cooling rate o f0 .1 K s " ' , a transformation in-
terval width A T , % 100 K , which i s in rather good 
agreement wi th indust r ia l practice. 

4. Fractography 

T h e "fractal nature" [11] of glass fracture surfaces 
down to the nanometer scale can be directly infered 
f rom the percolation process underlying the glass 
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transition. More precisely, it may be assumed that the 
glass composite structure described in Section 2-3-1 
w i l l be revealed by fracture surfaces, since "chemically 
frustrated clusters" should have a lower mechanical 
strength than the matrix made of "chemically satisfied 
surrounded atoms". The size of nanometric " i s lands" 
observed by atomic force microscopy on the mi r ro r 
zone of fracture surfaces (Creuzet and Guilloteau [36]), 
or by high resolution electron microscopy on silica 
fiber tips (Ajayan and Sumio I i j ima [37]), could thus be 
identified with the average size of frustrated clusters 

w 
The cluster size can also be connected to the "char-

acteristic length" or "fractal generator a 0 " which re-
lates the mechanical properties (elastic modulus, frac-
ture energy) with the roughness or the "fractal 
dimension d * " of glass fracture surfaces [11], I n partic-
ular, it should be interesting to study the variations of 
a0 and d* with the cooling rate R which determines 
the glass transit ion temperature and the average clus-
ter size. According to the present model a0 and d* 
should increase with decreasing cooling rate. The frac-
tal law followed by glass fracture surfaces could then 
be justif ied from the nanometer to the macroscopic 
scale, since it i s well known that tempered glass breaks 

into smaller pieces than annealed glass, because of the 
differences in stress distr ibution, but also because of 
"st ructural inhomogeneities" (Acloque [38], Gardon 
[39]). 

5. Conclusion 

I t has been shown here that the glass transition in 
metallic and tetracoordinated glasses can be explained 
by a percolation blocking of local chemical order 
upon cooling. T h i s percolation model can also explain 
the fractal shape of the glass fracture surfaces down to 
nanometric distances. 

On the other hand, this description could l ikely be 
extended to all glassy systems where a short range 
chemical order condition has to be respected. F o r 
example, ionic bonding glasses should also be studied 
in that way, using a non additive distance model for 
their structural representation [8], 
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