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REVUE DE PHYSIQUE APPLIQUBE 
Colloque C4, Suppl6ment au n04, Tome 24, avril 1989 

SCALING LAW VARIATION OF THE MECHANICAL PROPERTIES OF SILICA AEROGELS 

T. WOIGNIER and J. PHALIPPOU 

Laboratoire de Science des Materiaux vitreux, Universite des Sciences 
et Techniques du Lanquedoc, F-34060 Montpellier Cedex 2, France 

Resume - Le comportement mecanique des aerogels de s i l i c e  e s t  e tud ie  par  l a  methode 
de f l e x i o n  3  po in ts .  Le module dlYoung ( E ) ,  l a  res is tance a l a  rup tu re  (S) e t  l a  
tenac i te  (KIc) sont e tudies en fonc t ion  des parametres de preparat ion.  I 1  es t  demontrk 
que l ' e v o l u t i o n  des carac te r i s t iques  mecaniques s u i t  une l o i  d 'eche l le  en fonc t ion  de 
l a  densi te .  Les r e s u l t a t s  experimentaux sont examines sur l a  base de l a  t h e o r i e  de l a  
percolat ion.  

Abst ract  - The mechanical behaviour o f  s i l i c a  aerogels i s  s tud ied by the  three points  
f l e x u r a l  technique. The Young's modulus (E)  , the  f r a c t u r e  s t rength (s)  and the 
toughness KIC are inves t iga ted  as a  func t ion  o f  the  d i f f e r e n t  preparat ion parameters. 
It i s  demonstrated t h a t  the  evo lu t ion  o f  mechanical c h a r a c t e r i s t i c s  as a  func t ion  o f  
the apparent dens i t y  fo l l ows  sca l ing  laws. The evaluated exponents are 3.7, 2.6 and 
1.6 f o r  E, S  and KIC respect ive ly .  The experimental data are discussed i n  terms o f  
the perco la t ion  theory. 

1 - INTRODUCTION 

The u t i l i z a t i o n  o f  glasses and ceramics i n  s t r u c t u r a l  app l i ca t ions  i s  o f t e n  hampered 
by the  inherent  b r i t t l e  nature o f  these mate r ia l s  which r e s u l t s  i n  a  substant ia l  v a r i a b i l i t y  
i n  the  mechanical p roper t ies .  That i s  p a r t i c u l a r l y  th rue  f o r  aerogels, which are porous 
ceramics where the  s o l i d  p a r t  represents between 1  t o  30% o f  the whole volume. 

Due t o  t h e i r  uncommon physical p roper t ies  (very 1  ow thermal conduc t i v i t y ,  high 
s p e c i f i c  surface area, low r e f r a c t i v e  index) s i l i c a  aerogels have a  l a r g e  p o t e n t i a l  as 
t ransparent  thermal i n s u l a t o r ,  Cerenkow r a d i a t o r  and ca ta lyz ing  support. Recently, s i l i c a  
aerogels have been used as precursors f o r  the  synthesis o f  pure s i l i c a  g lass /I/. However, 
l i t t l e  i s  known regard ing the mechanical p roper t ies  o f  such mate r ia l s .  

Moreover a  new i n t e r e s t  i s  a c t u a l l y  devoted t o  aerogels because o f  t h e i r  f r a c t a l  
nature. They o f f e r  thus, the  p o s s i b i l i t y  t o  exper imenta l ly  study the  mechanical proper t ies 
o f  r e a l  f r a c t a l  ob jects .  

Pre l iminary s tud ies on aerogels repor ted the measurements o f  the  e l a s t i c  constants by 
B r i l l o u i n  s c a t t e r i n g  / 2 /  and u l t r a s o n i c  measurements /3,4/. I n  t h i s  work we present a  more 
d e t a i l e d  study o f  t h e  mechanical p roper t ies  measured by the  th ree-po in ts  f l e x u r a l  tech- 
nique. This technique g ives in format ions on the  e l a s t i c  behaviour (Young's modulus) but  also 
on the  f r a c t u r e  features such as s t rength and toughness. 

This  s t a t i c  manner t o  determine the  Young's modulus gives complementary in format ion 
t o  the h igh frequency measurements. The experiments have been performed on d i f f e r e n t  sets o f  
samples i n  order t o  i n v e s t i g a t e  the  in f luence  o f  the  preparat ion cond i t i ons  (pH, d i l u t i o n )  
on the  mechanical proper t ies.  

Recently, i t  has been suggested t h a t  the re  i s  an analogy between ge la t ion  and 
perco la t ion  which i s  a  c r i t i c a l  process f o r  connec t i v i t y .  This analogy was supported by 
experimental s tud ies g i v i n g  r e s u l t s  i n  agreement w i t h  model p red ic t ions .  I n  t h i s  work we 
w i l l  discuss our experimental r e s u l t s  i n  terms o f  t h i s  analogy. 

2 - EXPERIMENTAL 

The g e l s  are e laborated by hydro lys is  and polycondensation reac t ions  o f  
tetramethoxysi lane (T.M.0.S). The T.M.O.S. was d issolved i n  vari,ous amounts o f  methanol 
thereby ad jus t ing  the  f i n a l  bu lk  densi ty .  The so lu t ions  are hydrolyzed under neu t ra l ,  basic 
(5.10-2 N  NHaOH) o r  a c i d i c  (10-4 N  HN03) condi t ions.  The number o f  water molecules i s  fou r  
times t h a t  o f  TMOS. The ge ls  are allowed t o  cure a t  55°C f o r  two weeks. The alcogels are 
transformed i n t o  aerogels by h y p e r c r i t i c a l  evacuation o f  the  methansl. 

The apparent dens i t y  i s  determined by simply weighing the  samples o f  we l l  def ined 
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dimensions. The pore volume i s  calculated from apparent and ske le ta l  d e n s i t i e s ,  the  l a t t e r  
being c lose  t o  1.85 f o r  neutral o r  ac id ic  aerogels ,  2 f o r  basic  aerogels  /5/. 

The Young's modulus E and mechanical strengh S were measured by a standard three 
points  f l exura l  method. The bar-shaped were supported on edges and t h e  load was applied in 
t h e  center .  E and S a r e  then given by : 

d3 F 
E = - 1 - 

4e3 1.w 

F i s  t h e  applied load,  e and 1 a r e  t h e  thickness  and t h e  width of t h e  sample, d i s  i t s  
length and w is  the  deformation produced by F. The given experimental values represent the 
average of  a t  l e a s t  t h r e e  measurements. 

The c r i t i c a l  s t r e s s  i n t e n s i t y  f a c t o r  o r  f r a c t u r e  toughness (KIc) was measured using 
the  s ing le  edge notched beam technique (S.E.N.B) i n  th ree  points  bending. 

where c i s  t h e  notch depth cu t  with a diamond saw, Y i s  a polynomial expression which 
depends on t h e  geometry of t h e  t e s t .  (For d e t a i l s  see reference 6) .  

The presented r e s u l t s  were obtained on aerogels  prepared with a t  l e a s t  10% of 
tetramethoxysi 1 ane. Aerogels having TMOS vol umic concentrations lower than 10% can be 
prepared. As an example we have synthesized alcogels  with 1% of TMOS. They give r i s e  t o  
aerogels containing 99% of porosi ty .  However, attemps t o  measure t h e  mechanical propert ies  
of such "mater ials"  have f a i l e d .  

3 - RESULTS AND DISCUSSIONS 
For a l l  the  s tudied aerogels  t h e  mechanical behaviour i s  c h a r a c t e r i s t i c  of a b r i t t l e  

per fec t ly  e l a s t i c  materiaq. The surface aspect of the  f r a c t u r e  i s  iden t ica l  t o  t h a t  0.f a 
g lass .  

Figure 1 shows t h e  evolut ion of t h e  Young's modulus E and t h e  mechanical s t rength S 
of s i l i c a  aerogels  a s  a funct ion of t h e  i n i t i a l  TMOS concentration under ac id ic  (A), neutral 
(N) and basic  ( B )  hydrolysis  condit ions.  E and S cover a broad range of values (4 and 3 
orders of magnitude) and thus t h e  experimental da ta  a r e  p lo t ted  on a semi-log scale .  The 
observed dispersion i n  t h e  s t rength values of aerogels  i s  due t o  the  s c a t t e r  in  the  s i z e  and 
shape of t h e  flaws. 

E and S decrease with increasing d i l u t i o n  and r i s i n g  pH of t h e  c a t a l y s i s .  This 
behaviour is  d i r e c t l y  r e l a t e d  t o  t h e  decrease of t h e  bulk densi ty.  A high d i l u t i o n  leads t o  
a more porous mater ial .  A t  a given d i l u t i o n ,  the  denser s t r u c t u r e  of t h e  s e r i e  A and N i s  
due t o  a s t rong shrinkage occuring during the  aging and the  autoclave treatment ( f igure  2 ) .  
To comDare t h e  d i f f e r e n t  s e r i e s  of s a m ~ l e s .  the  r e s u l t s  has been  lotted versus the  bulk . , 

d e n s i t i  ( f i g u r e  3) .  
The p l o t  on a log-log sca le  demonstrates the  power law dependence of E and S .  

Regarding t h e  e l a s t i c  behavior of t h i s  material d i f f e r e n t s  comments can be given. 
The same sca l ing  exponent has been found f o r  the high frequency determination of the 

e l a s t i c  constant  in t h e  Mhz and Ghz range, demonstrating t h a t  t h e  samples exh ib i t  a l a rge  
s c a l e  homogeneity. C 1 1  e t  C44 e l a s t i c  constants  /2/ have a l s o  shown t o  obey t h e  same power 
dependence which leads t o  t h e  conclusion t h a t  t h e  r a t i o  of t h e  compressibi l i ty  K t o  the 
shear modulus G and t h e  poisson's r a t i o  f i  remain about constant  i n  t h e  studied density 
range. The ca lcu la ted  values K/G - 1.4 and f i  = 0.2 a r e  very c lose  t o  t h a t  of dense vi t reous 
s i l i c a .  

The t h r e e  s e r i e s  of samples exh ib i t  t h e  same scal ing law dependence. However f o r  a 
given bulk dens i ty  base catalyzed s e r i e s  shows E values s l i g h t l y  lower. This r e s u l t  has been 
explained by a smaller connect ivi ty  of the  B network compared t o  t h a t  of the  A and N 
mater ials  /7/. Strength does not show t h e  same behaviour with respect  t o  da ta  sca t te r ing  and 
the f a c t  t h a t  S i s  governed by connect ivi ty  but i s  a l s o  r e l a t e d  t o  t h e  exis tence of flaws in 



Fig .  1 - Evolut ion  of mechanical F ig .  2 - Linear  sh r inkage  induced by 
p r o p e r t i e s  of a e r o g e l s  made under t h e  gel -aerogel  convers ion a s  a  
va r ious  c o n d i t i o n s  as  a  func t ion  func t ion  of TMOS c o n c e n t r a t i o n .  
of TMOS c o n c e n t r a t i o n .  

the materi  a1 . 
The s c a l i n g  law behaviour observed f o r  t h e  Young modulus can be d i scussed  in terms of 

pe rco la t ion  theo ry .  This  t heo ry  t r e a t s  t h e  occupat ion  o f  random s i t e s  by e n t i t i e s  on a  f ixed 
l a t t i c e  l ead ing  t o  t h e  appearance of a  coherent  network a t  t h e  p e r c o l a t i o n  t h r e s h o l d  /8/. In 
t h i s  t heo ry ,  t h e  e l a s t i c  c o n s t a n t s  a r e  expected t o  s c a l e  a s  : 

where p  i s  t h e  p r o b a b i l i t y  f o r  s i t e s  t o  be occupied ,  pc t h e  p e r c o l a t i o n  t h r e s h o l d  i s  def ined 
as t h e  value  of p  above which an i n f i n i t e  c l u s t e r  e x i s t s .  

I t  has been proposed /3/ t h a t  f o r  s i l i c a  ae roge l s  a  good approximation i s  t o  i d e n t i f y  
p  with p and t o  l e t  pc = 0. With such an assumption we f i n d  t h a t  T = 3 .7  + 0.2 which i s  in 
an e x c e l l e n t  agreement with t h e  t h e o r e t i c a l  p e r c o l a t i o n  p r e d i c t i o n s  [ 9 , 10 ] .  Moreover t h e  
f a c t  t h a t  t h e  s c a l i n g  r e l a t i o n  equa l ly  a p p l i e s  t o  t h e  c o m p r e s s i b i l i t y ,  s h e a r  and Young 
moduli i s  a l s o  i n  agreement wi th  t h e  p e r c o l a t i o n  p r e d i c t i o n s .  

Let us s ee  what t h e  p e r c o l a t i o n  model proposes f o r  t h e  mechanical s t r e n g t h .  While t h e  
behavior  of t h e  e l a s t i c  moduli of p e r c o l a t i n g  o b j e c t  has been t h e  focus  o f  a  number of 
t h e o r e t i c a l  i n v e s t i g a t i o n s ,  on t h e  o t h e r  hand very l i t t l e  a t t e n t i o n  has been paid  t o  t h e  
f r a c t u r e  p r o p e r t i e s  o f  tenuous s o l i d s .  F i r s t  i n v e s t i g a t i o n s  have been performed on a  two 
dimensional model / 11 ,12 / .Thus  a l s o  a  power law dependence of t h e  s t r e n g t h  i s  p r e d i c t e d .  

However t h e  va lue  of t h e  s c a l i n g  exponent and t h e  i n t e r p r e t a t i o n  o f  t h e  r e s u l t s  
d i f f e r  /11,12,13,14/. . . 

~ e c e n t l ~  kay and Chakrabar t i  have proposed a  lower bound f o r  t h e  s c a l i n g  exponent t 
/ IS / .  

where T i s  t h e  e l a s t i c i t y  exponent ,  D t h e  d imens iona l i t y ,  DB t h e  f r a c t a l  dimension of t h e  
p e r c o l a t i v e  blackbone ( t h e  s e t  of s i t e s  which c a r r y  t h e  s t r e s s )  and u t h e  c o r r e l a t i o n  length  
exponent.  The d e r i v a t i o n  i s  made under t h e  e x p l i c i t  assumption t h a t  t h e  system i s  microsco- 
p i c a l l y  b r i t t l e .  That i s  v e r i f i e d  i n  our c a s e .  I n s e r t i n g  t h e  value  T = 3 .7  /9,10/, D = 3, 
Da = 2 /16/ and u = 0 .8  /8/ we f i n d  t h a t  t 22.25. Proceeding with t h e  same approximation 
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than above /3/, our expecimental r e s u l t s  t = 2.6  would be in  a good agreement with the 
theore t ica l  lower bound. 

All these  r e s u l t s  and comments would suggest t h a t  the  aerogel i s  a percolat ive 
medium. This conclusion i s  not so  c l e a r  a f t e r  a second ana lys i s .  

F i r s t  of a l l ,  t h e  c r i t i c a l  behaviour in  t h e  percolat ion theory i s  defined "near" the 
percolat ion threshold.  The l i g t h e s t  aerogel which has been obtained has a volume f rac t ion  of 
so l id  around 1% which would correspond t o  t h e  percolat ion threshold.  Then t h e  s tudied aero- 
g e l s  having a f r a c t i o n  of  s o l i d  between 5 t o  30% cannot be regarded as  mater ials  c lose t o  
the  threshold point .  

The comparison between t h e  experimental determinations and t h e  percolat ion predic- 
t i o n s  of t h e  exponent values a r e  based on t h e  assumption t h a t  t h e  unknown mathematical 
var iab le  p-pc can be replaced d i r e c t l y  by p. The hypothesis assumes i m p l i c i t l y  t h a t  a l l  the 
occupied s i t e s  (monomers having reacted)  belong t o  the  i n f i n i t e  c l u s t e r  (gel network). In 
f a c t ,  in  t h e  gel ation-percol a t ion  analogy /8/, t h e  bulk densi ty (o r  gel f rac t ion)  i s  
cor re la ted  t o  the  percolat ion probabi l i ty  (which i s  defined a s  t h e  p robabi l i ty  f o r  a s i t e  t o  
belong t o  t h e  i n f i n i t e  c l u s t e r )  and sca les  with t h e  B exponent. 

The r e l a t i o n  takes in to  account the  f a c t  t h a t  a par t  of the  occupied s i t e s  do not 
p a r t i c i p a t e  t o  the  i n f i n i t e  c l u s t e r .  With the  r e l a t i o n s  6 ,  7 and 9, t h e  following scaling 
re1 a t ions  can be derived. 

E a p7/B - 10 - 

s a p t /B  - 11 - 

Fig. 3 - Evolution of mechanical pro- Fig. 4 - Fracture toughness vs 
p e r t i e s  of aerogels  as  a function of densi ty.  
t h e i r  dens i ty .  

and t h e  experimentally determined values a r e  not d i r e c t l y  7 o r  t but 7/j3 o r  t /B.  Some 
authors havb used f o r  polyurethane g e l s  /17/ and f o r  s i l i c a  g e l s  /18/ a B value c lose  t o  
0 . 4 .  This value corresponds t o  the  theore t ica l  predict ion in  a 3 dimensional s t a t i c  l a t t i c e  
/a/. 

We can conclude t h a t  7 = 1.5 and t = 1.1 which a r e  f a r  from t h e  percolation expo- 
nents. However in  t h e  case of t h e  formation of s i l i c a  alcogel and during the  autoclave 
treatment aging and syneresis  phenomena allow microclusters  t o  s t i c k  t o  t h e  i n f i n i t e  
c l u s t e r .  In t h i s  way t h e  growth of t h e  gel can be regarded a s  a 3D + 1 dimension problem, 3  
space and one time dimensions. The addi t ion of t h e  microclusters  induce an increase of the 



gel densi ty and one expects a l a r g e r  value of 8. Recent work /19/ proposes a 8 value equal 
t o  0.83 in 3D + 1 dimensions, which would lead t o  7 = 3.1 and t = 2.2. 

The comments we have developed above show t h a t  d i f f e r e n t  i n t e r p r e t a t i o n s  issued from 
the  1 i t e r a t u r e  lead t o  contradictary conclusions. For s i l i c a  aerogels  t h e  exis tence of 
scal ing laws and t h e  experimental determination of exponents a r e  not thought t o  be 
s u f f i c i e n t  c r i t e r i a  t o  check i f  these mate r ia l s  can be compared t o  perco la t ive  network. 

The ana lys i s  i n  terms of percolat ion theory can be a l so  discussed considering the 
s t r u c t u r e  of the  aerogel and the  comparison between t h e  f r a c t a l  dimensions D f .  Thus, the 
f r a c t a l  dimension of t h e  percolat ion i n f i n i t e  c l u s t e r  i s  2.5 a1 though t h e  f r a c t a l  dimension 
of the  aerogels  i s  around 1.8 in  basic c a t a l y s i s  and 2.4 f o r  t h e  A and N s e t s  /20/. Such 
values of Df would suggest t h a t  t h e  growth process in  basic  c a t a l y s i s  corresponds t o  a 
c l u s t e r - c l u s t e r  aggregation l imi ted  by d i f fus ion  (D = 1.8 /21/). For t h e  A and N s e r i e s ,  a 
c l u s t e r - c l u s t e r  aggregation l imited by react ion (D = 2.1 /21/) followed by rearrange-ment of 
the  c l u s t e r s  during t h e  syneresis  phenomenon (which leads  t o  a denser s t ruc ture )  can explain 
the value D = 2.4. 

The f a c t  t h a t  t h e  ge la t ion  under basic  conditions i s  very f a s t  ( l i k e  D.L.C.A.) and 
slower under neutral  and ac id ic  c a t a l y s i s  ( l i k e  R.L.C.A.) i s  supporting these ideas. 

I t  i s  noteworthy t h a t  basic ,  neu t ra l ,  ac id ic  s e t s  of aerogels  exh ib i t  the  same 
scal ing exponents. These exponents seem t o  be independent on t h e  aggregation process and 
thus t h e  aerogel s t r u c t u r e .  Thus, an i d e n t i f i c a t i o n  of t h e  aerogel s t r u c t u r e  with the 
i n f i n i t e  c l u s t e r  of percolat ion can only be an approximation. 

Preliminary experiments have been performed t o  obtain the  toughness of these b r i t t l e  
mater ials .  The measurements have been done on the  N s e t .  The experimental r e s u l t s  a re  
discussed i n  more d e t a i l s  i n  a companion paper /6/. K I C  exh ib i t s  a l s o  a power law dependence 
with p ( f i g .  4 ) .  

The toughness charac te r izes  the  property of mater ials  t o  r e s i s t  t h e  crack propagation. 
Strength of ceramics S i s  r e l a t e d  t o  KIC and t o  the  s i z e  of the  f r a c t u r e  i n i t i a t i n g  flaw. 

f i s  the  c r i t i c a l  s i z e  of t h e  flaw responsible  f o r  t h e  f a i l u r e ,  Y i s  a geometrical parameter 
c lose t o  2 /23/ and Z i s  known as  a flaw shape parameter /24/ ( f o r  an ideal G r i f f i t h  flaw 
Z = 1 and r e l a t i o n  14 i s  equivalent t o  t h e  r e l a t i o n  3 of t h e  SENB t e s t ) .  

I f  we assume t h a t  Z = 1 e would vary between 10 and 100 fim which is  c lose  t o  the  
G r i f f i t h  flaw found in dense s i l i c a  g lass .  However t h e  nature of t h e  flaws i s  not well 
iden t i f i ed ,  flaws may be microcracks passing through several p a r t i c l e s  and micropores. 
Another p o s s i b i l i t y  i s  t o  consider t h a t  pores a r e  responsible  f o r  t h e  f a i l u r e  e i t h e r ,  
because they concentrate  s t r e s s  on flaws away from t h e  pore, e i t h e r  because they are  
themselves considered as  a 3 dimensional not sharp flaws. In t h i s  approach f r a c t u r e  i s  
regarded a s  o r ig ina t ing  from t h e  biggest pores /25/. 

4 - CONCLUSION 

A very l a r g e  var ia t ion  of t h e  mechanical p roper t i es  of s i l i c a  aerogels  i s  observed 
over the  dens i ty  range 0.05-0.4 g/cm3. E l a s t i c  moduli, mechanical s t reng th  and toughness 
sca le  with exponents equals t o  3.7, 2.6 and 1.6 respect ively.  

I t  has been proposed t h a t  t h e  ge la t ion  can be described by a percolat ion process in 
which the  exponents a r e  re la ted  t o  d i f f e r e n t  c lasses  of un iversa l i ty .  However i n  the  case of 
s i l i c a  aerogel ,  t h e  i n t e r p r e t a t i o n  i n  terms of percolat ive network seems questionable. F i r s t  
of a l l  t h e  choice of t h e  physical p a r a m e w s  which a r e  used t o  account f o r  t h e  unknown 
mathematical var iab le  p - pc i s  not obvious. On a s t r u c t u r a l  point of  view, t h e  f rac ta l  
s t r u c t u r e  of  the  aerogels  i s  d i f f e r e n t  of t h e  i n f i n i t e  c l u s t e r  of t h e  percolat ion theory and 
depends on the  c a t a l y s i s  condit ions.  Final ly,  the  aerogel network i s  the  r e s u l t  of a 
sequence of  d i f f e r e n t  processes such a s  gel a t ion ,  aging and syneresi s shrinkage. In te r -  
pretat ion of the  whole phenomenon by a unique model would be daring.  
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