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R E W E  DE PHYSIQUE APPLIQUEE 
Colloque C4, Supplement au n04, Tome 24, avril 1989 

FRACTURE TOUGHNESS OF S I L I C A  AEROGELS 

J. PHALIPPOU, T. WOIGNIER and R. ROGIER 

Laboratoire de Science des Materiaux Vitreux, Universite des Sciences 
e t  Techniques du Languedoc, F-34060 Montpellier Cedex 02, France 

Resume - Des aerogels  de s i l i c e  ont e t e  elabores  selon l e s  formes adequates pour 
r e a l i s e r  des mesures de t e n a c i t e  en fonct ion de l a  dens i te .  La t e n a c i t e  des aerogels 
e s t  mesurge par l a  methode SENB en f lexion 3 points .  K I C  va r ie  e n t r e  0 ,8  e t  
4 ,8 KPa m1I2. Pour l e s  aerogels  dont l a  dens i te  e s t  comprise g n t r e  0 , l  e t  0,35,1rana- 
l y s e  des r e s u l t a t s  obtenus suggere que K I C  v a r i e  comme P ' . " ~ . ~ .  Nous presentons l a  
var ia t ion  de l ' energ ie  de f r a c t u r e  e t  de l a  t a i l l e  du defaut  c r i t i q u e  t e l s  qu ' i l s  
sont  ca lcu les  p a r t i r  des valeurs de l a  res i s tance  l a  rupture e t  du module 
dfYoung. 

Abstract - S i l i c a  aerogels  of desired shape have been elaborated t o  perform 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 s  evaluat ions as  a function of t h e  dens i ty .  The f rac ture  
toughness of aerogels  i s  measured usin SENB technique i n  th ree-po in t  bending. K I C  
va r ies  i n  t h e  range 0.8 t o  4.8 KPa.mlq2 . For aerogels  whose bulk densi ty ranges 
between 0.1 and 0.35 g/cm3 the  ana lys i s  of t h e  obtained r e s u l t s  suggests t h a t  K I C  
va r ies  a s  p1.6'0.2. The f r a c t u r e  energy var ia t ion  and the  c r i t i c a l  s i z e  flaw derived 
from toughness, s t rength and Young's modulus a r e  a l s o  presented and discussed.  

1 - INTRODUCTION 

The s tud ies  of mechanical behaviour of g lasses  and ceramics a r e  mainly performed on 
mater ials  c lose  t o  theore t ica l  densi ty.  However o ther  c l a s s e s  of very low dens i ty  mater ials  
a re  of i n t e r e s t .  The l a s t  app l ica t ions  concern mate r ia l s  t h a t  a r e  t o  be used in space. The 
weight of these mate r ia l s  i s  a very important parameter. The best  example of these  mater ials  
i s  probably the  t i l e s  used on the  American space s h u t t l e  /1-2/. 

Up t o  now u l t r a l i g h t  mate r ia l s  were c l a s s i f i e d  i n t o  two fami l ies  : Materials  cons t i -  
tuted by entangled f i b e r s  and c e l l u l a r  mate r ia l s  cons t i tu ted  by open o r  closed c e l l s .  In any 
case and whatever i s  the  required appl icat ion (phonic, thermal insu la t ion)  t h e  mater ials  
must possess mechanical p roper t i es  adapted t o  t h e i r  funct ion.  

Several s tud ies  a re  devoted t o  these kinds of mater ials .  Models have been proposed t o  
take account of t h e i r  mechanical p roper t i es  and then t o  optimize them. 

In t h e  ceramic area,  expanded a1 umina /3/, foam-gl asses  /4-5-6/ and entangled f i b e r s  
mater ials  /1-2/ were up t o  now t h e  only mate r ia l s  used t o  r e a l i z e  low dens i ty  bodies. 

Recently a new c l a s s  of very porous mate r ia l s  has been synthesized. These mater ials  
a re  very i n t e r e s t i n g  because they a re  light-weight and they show good thermal insulat ion 
proper t i es .  Depending on syn thes i s  parameters they may be t ransparent  in  the  frequency range 
corresponding t o  v i s i b l e .  These mate r ia l s  a r e  issued from sol-gel  process and a r e  cal led 
aerogels .  We reported here t h e  f r a c t u r e  toughness of s i l i c a  aerogels .  

2 - EXPERIMENTAL 

The synthesis  of monolithic s i l i c a  aerogels  was reported previously /7/. In the 
present work t h e  g e l s  have been synthesized in to  para l le lep iped ic  shaped "Pyrex" g lass  
containers .  The dimensions of the  samples a r e  20x10~110 mm3. The g e l s  a r e  aged and undergo 
the  syneresis  phenomenon. After  t h a t  treatment g e l s  do not s t i c k  t o  t h e  walls  container .  
Then g e l s  a re  taken t o  undergo the  autoclave treatment. The shrinkage of the  alcogels  i s  low 
and depends on various chemical parameters (content of  tetramethoxysilane, solvent  ...) and 
on t h e  performed treatments (time and temperature of aging, autoclaving process).  
Consequently, aerogels  have s l i g h t l y  d i f f e r e n t  dimensions depending on t h e i r  composition. 

A s e r i e s  of samples with d i f f e r e n t  d e n s i t i e s  was elaborated.  The f i g u r e  1 shows a 
sample having dimension analogous t o  t h a t  of studied aerogels .  However i t  should be noted 
t h a t  f o r  improving t h e  p ic ture  t h i s  aerogel was elaborated under basic  conditions t o  
increase i t s  transparency /8/. 
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Fig.  1 - Transparent s i l i c a  aerogel observed j u s t  before the  SENB t e s t .  

The f r a c t u r e  toughness o f  aerogels was measured us ing the  s i n g l e  edge notched beam 
(SENB) technique i n  3 p o i n t  bending. Other attempts t o  e laborate samples i n  con f igu ra t ion  
a l lowing K constant toughness measurements were unsuccessful because t o  t h e i r  extreme f r a -  
g i l  i t y ;  f o r  porous m a t e r i a l s  these l a s t  geometries should b r i n g  more re1  i a b l e  r e s u l t s  /9/. 

The saw c u t  notch was performed using a diamond-saw o f  50 pm width. The notch depth C 
has a leng th  i n  such a way t h a t  the  r a t i o  C/W (sys temat i ca l l y  o p t i c a l l y  measured) l i e s  
between 0.25 and 0.3 ; W i s  the he igh t  o f  the sample (= 18mm). W/1 i s  chosen very close t o  
1/4 (1 i s  the  span). With t h i s  geometry the  value a f  KIC i s  g iven by t h e  r e l a t i o n  : 

P i s  the load  necessary t o  break the  specimen, d i s  the  w id th  and Y i s  a polynomial 
expression depending on the  W/1 value / l o / .  I n  t h i s  case : 

With t h i s  procedure and p a r t i c u l a r l y  f o r  porous mate r ia l s  the  value o f  KIC depends on 
the loading r a t e .  High speed permi ts  t o  e l im ina te  the  low growth f law process. However these 
e f fec ts  are main ly  due t o  the  s t ress  corros ion o f  t h e  mate r ia l  by t h e  atmospheric water a t  
the  f l aw t i p .  It was demonstrated t h a t  the corros ion i s  r e l a t e d  t o  the  p o l a r  nature o f  the 
r e a c t i n g  molecule but  a lso  t o  the  s i ze  o f  the  molecule /11/. An o ther  explanat ion f o r  the 
slow f r a c t u r e  propagation has been o f f e r e d  : t h e  change o f  the  f r a c t u r e  r a t e  on KI scale may 
be due t o  change i n  sur face energy associated w i t h  adsorbed species onto the  l i p s  o f  the 
f l a w  /12/. I n  our mate r ia l  t h i s  phenomenon can induce g rea t  e f f e c t s  due t o  the la rge  
s p e c i f i c  sur face area o f  aerogels (h igher  than 400 m2/g). However aerogels are hydrophobic 
and may be l e s s  sensib le  t o  the  water corrosion. 

The measurements were performed on a tract ion-compression machine w i t h  a special  
loading c e l l  a l l ow ing  t o  evaluate forces down t o  N. The cross head speed i s  o f  
10 cm/min. A l l  the s t r e s s - s t r a i n  curves remain p e r f e c t l y  l i n e a r  up t o  the  rup tu re  which 
occurs sudden1 y . 

The apparent dens i t y  o f  samples was measured by a simple weight o f  specimens whose 
volume i s  we l l  def ined. 



3 - RESULTS AND DISCUSSION 
The f igure  2 shows t h e  obtained values f o r  various samples. The reported values are  

two orders  of  magnitude l e s s e r  than those measured on dense s i l i c a  g l a s s  /13/. The measure- 
ments ca r r ied  out on samples of ident ical  d e n s i t i e s ,  elaborated under s t r i c t l y  ident ical  
condit ions and t r e a t e d  together  show a good reproduc ib i l i ty .  The discrepancy i s  about 
0.4 ~ ~ a . m ' / ~  i r respec t ive  of t h e  sample densi ty.  I t  must be noted t h a t  t h e  Brown and Srawley 
c r i t e r i o n  /14/ def ining the  condit ions of plane deformation in f r o n t  of  the  crack t i p  i s  
per fec t ly  respected. 

Sy i s  t h e  y i e l d  s t reng th  and i s  commonly assumed t o  be equal t o  the  rupture s t r e s s .  
Moreover a r i g h t  measurement of KIC implies t h a t  t h e  notch roo t  radius (op t ica l ly  

measured) must be lower than a c r i t i c a l  value ac /15/. 

at i s  t h e  s i z e  of t h e  region ahead of t h e  root  of t h e  notch ca l led  t h e  "process zone" in 
which s t r e s s e s  a r e  reduced by microcracking. On an o ther  hand ac must be small compared t o  
other  geometric parameters such as  the  thickness  and length of the  macroscopic notch. S 
value have been previously determined /16-17/. 

Fig. 2 - Evolution of KIC a s  a function of densi ty.  

For a l l  t h e  s tudied aerogels  these c r i t e r i a  a r e  respected and we may consider the KIC 
measurements as val id .  

E l a s t i c i t y  and s trength of highly porous s o l i d s  have been t h e  focus of numerous 
experimental and theore t ica l  s t u d i e s .  T h ~ r e  a r e  very few models t ry ing  t o  describe the 
toughness evolut ion as  a function of densi ty.  

Some attempts have been successful ly applied t o  t i l e s  o r  foam-gl asses .  These models 
take i n t o  account t h e  length of  the  c e l l  and t h e  thickness  of the  beams or  rods cons t i tu t ing  
the  sol i d  par t  of  t h e  mate r ia l .  They assume t h a t  several c e l l s  a r e  t o  be broken t o  c rea te  a 
c r i t i c a l  flaw. 



Maiti e t  a1 . /18/ use a q u i t e  modified procedure t o  evaluate  t h e  KIC value oT porous 
mater ials .  The crack growth es tab l i shes  under d i s c r e t e  fashion,  every s t e p  corresponding t o  
a c e l l  length.  The crack can grow by tension f r a c t u r e  of elements s i t u a t e d  in  f r o n t  of the 
f rac ture .  However bending of c e l l  edges may be the  process which cont ro l s  t h e  f rac ture .  

With these  assumptions Maiti e t  a l .  show t h a t  : 

Ci i s  a constant  whose t h e  value i s  c lose  t o  0.65. Sf i s  t h e  tension s t reng th  of the  matter 
cons t i tu t ing  t h e  c e l l  and ! i s  t h e  mean c e l l  len t h .  The ana lys i s  of our r e s u l t s  on a log- 9 log sca le  (Fig. 3) shows t h a t  KIC var ies  as  p1.6f0. . 

Fig. 3 - Plot  of Krc versus densi ty on a log-log sca le .  

In a f i r s t  approximation and i f  we assume t h a t  t h e  c e l l  length of aerogels  i s  appro- 
ximatively constant Mait i ' s  r e l a t i o n  seems t o  account f o r  the  obtained r e s u l t s .  

We have t o  keep in mind t h a t  t h e  assumption i s  very crude. In f a c t  we a r e  not able t o  
describe t h e  geometrical shape of t h e  pores of aerogels .  Moreover Mait i ' s  model assumes tha t  
E va r ies  a s  This assumption i s  not v e r i f i e d  f o r  our measurements which show t h a t  E 
va r ies  a s  $.'$>. 

The knowledge of E and v allows the  f r a c t u r e  energy t o  be evaluated using the 
re1 at ion : 

where v i s  t h e  Poisson r a t i o .  G ,  t h e  c r i t i c a l  value of t h e  s t r a i n  energy re lease  r a t e ,  i s  
usually r e l a t e d  t o  t h e  i n i t i a t i n g  f r a c t u r e  energy (yi) by : 

The values of t h e  i n i t i a t i n g  f r a c t u r e  energy a re  calculated using v = 0.2 /17/ and 
a re  much lower than t h a t  measured on s i l i c a  g lass .  This r e s u l t  'must be cor re la ted  t o  the  de- 
crease in  the  t o t a l  area of t h e  new surfaces generated by t h e  propagating crack. 

Similar  r e s u l t s  have been observed on various porous ceramic mate r ia l s  /20,21/. The 
slope of t h e  curve y vs dens i ty  on a log-log sca le  i s  c lose  t o  -0.5. This i s  a s t r a i g h t  
forward consequence of t h e  sca l ing  laws observed on E and KIC respect ively.  



T h i s  behaviour i s  unexpected with respect  t o  the  porosi ty  evolut ion.  I t  could be the 
s ignature of t h e  roughness of t h e  sample. I t  has been shown on c r y s t a l s  t h a t  po lycrys ta l l ine  
f r a c t u r e  energies  a r e  t y p i c a l l y  th ree  t o  tenfold times s ing le  c rys ta l  f r a c t u r e  energies 
/22/. This r e s u l t  i s  t o  a c e r t a i n  extent  a t t r i b u t e d  t o  the  roughness of polycrystal l ine 
f r a c t u r e  surface compared t o  t h a t  of s ing le  c r y s t a l .  Very l i g h t  aerogels  ( p  = 0.1) develop a 
real  s p e c i f i c  surface area (well higher than t h a t  measured by B.E.T. technique) much more 
important than t h e  heaviest .  

To account f o r  these  r e s u l t s ,  o ther  hypotheses may be proposed. Due t o  t h e  highly 
r e a c t i v i t y  of aerogels  the  toughness of t h e  g e l s  may be dependent on some p l a s t i c  work a t  
the  crack t i p  o r  due t o  t h e  heat consumed by a chemical react ion.  In t h i s  material both 
surface and in te rna l  s i l a n o l s  a r e  present in  t h e  linked p a r t i c l e s  which c o n s t i t u t e  the  sol id 
par t  of t h e  gel /23/. These s i l ano l  groups under t h e  s t r e s s  can probably r e a c t  with the 
chemical surrounding species  a f fec t ing  the  i n i t i a t i o n  f r a c t u r e  energy. 

This surpr i s ing  behavior of 7 shows c l e a r l y  t h a t  o ther  experiments a r e  necessary t o  
understand t h e  evolution of f r a c t u r e  energy of these highly porous mater ials .  

The s i z e  of  t h e  c r i t i c a l  flaw pc i s  re la ted  t o  t h e  f rac ture  s t reng ths  and the  KIC by 
the  re la t ionsh ip  : 

K I C  
2 

p c = l T  1 - 8 -  

PC i s  t h e  c r i t i c a l  s i z e  o f  the  flaw responsible  f o r  t h e  f a i l u r e , .  Y i s  a geometrical 
parameter depending on the  t e s t  /14/ and Z i s  known as  a flaw shape parameter /20/. 

The main problem concerns the  nature of t h e  c r i t i c a l  flaw. I f  we assume t h a t  the 
flaws a r e  s imi la r  t o  G r i f f i t h  flaws ( l i k e  in  s i l i c a  g l a s s )  Z = 1 and we f ind t h a t  pc varies  
between 10 and 100 pm depending on densi ty.  These values a r e  c lose  t o  t h a t  of the  flaw found 
in s i l i c a  g l a s s  (50pm). However with respect  t o  the  s t r u c t u r e  of t h e  aerogel which i s  b u i l t  
by a f r a c t a l  spacial  arrangement of p a r t i c l e s  of 10 A radius,  we must assume t h a t  these 
flaws a r e  t ravers ing  a l a r g e  number of p a r t i c l e s  and pores. On another hand pores can also 
be considered a s  t h e  c r i t i c a l  flaws o r  a s  s t r e s s  concentrators  /24/. In t h i s  case Z i s  not 
determined f o r  a 3D flaw and i t  i s  no longer possible  t o  est imate t h e  c r i t i c a l  s i z e  of the 
flaw responsible  f o r  t h e  f a i  1 ure of aerogels. 

Fig. 4 - Evolution of f r a c t u r e  surface energy as  a funct ion of densi ty.  



4 - CONCLUSION 

The f r a c t u r e  toughness o f  aerogels va r ies  as a func t ion  o f  t h e i r  dens i t i es  as 
p1.6?o.z . This evo lu t ion  cannot be explained w i t h  p rev ious ly  proposed mathematical model 
because t h e i r  Young's moduli vary as p3.7'0.2. Even i f  t h e  c r i t i c a l  s t ress  i n t e n s i t y  fac to r  
increases w i t h  p, the  evo lu t ion  o f  the  i n i t i a t i n g  f r a c t u r e  surface energy decreases. Thus a 
s t ra ighforward r e l a t i o n  between G and 7i i s  l i k e l y  t o o  crude and an add i t i ona l  term (7')  
must be inc luded on the  r i g h t  member o f  equation 8 which would account f o r  energy release 
coming from some chemical phenomena probably depending on t h e  sample density.The chemical 
react ions are due t o  the  chemical nature o f  the  aerogels. S i lano l  groups, organic groups, 
s i loxane bonds are present i n  t h e  s t r u c t u r e  o f  aerogels. Other experiments are i n  progress 
t o  understand the r o l e  played by each o f  these chemical groups. 
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