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FRACTURE MECHANICS OF INELASTIC POLYMERS

E.H. Andrews

Department of Materials , Queen Mary College, London El 4NS, UK.

Abstract - The author ’s Generalized Theory of Fracture Mechanics
has been applied to several quite different polymeric materials
which have in common a non-linear ai~d inelastic deformation
behaviour . Thus the normal Linear Elastic Fracture Mechanics
cannot be applied . When applied to experimental data the
theory provides a unique characterisation of fracture resistance
and also sheds light on the molecular or microscopic fracture
niechanisnE of the material concerned .

INTRODUcTION

Fracture mechanics (FM) is concerned with the propagation of existing cracks
and sets out to define the conditions for such propagation . The first FM
theory was that of Griffth { 1] who proposed a criterion for crack growth
( and thus, by implication , fracture of the body) based upon energy
conservation . He said that a pre—existing crack of length C in a stressed
body would propagate if

(1)

Here the LHS is the ‘energy release rate ’, being the decrease j r the
elastic stored energy (

~
) of the system , with unit area of growth in the

crack surface area (A) , and y i3 the surface free energy of the solid.
Using linear c.~asticity theory to was able to evalulate the eneroy release
rate -~r a plate containing a short crack under a uniform tensile stress

Thus , for piar•r stress ,
• 0 2• IT O c
• = (~~)

dA 2E

whe re E is the Youn g ’s modulus . Equ~ t inq the  RRS of equation ~h )  to y ,
he oatii~ ned tr~e critical , or fracturc ,stress C

~ 
as ,

= 
J~~c

Following Griffith , other workers r eco ;nised th~it materials wer~ not
generally el i -t i c  in the high stress reg ime around the crack ti ; , and
suggested t:.it y be re larec; by y , a term including energy losses
dissipated by ine las t ic  d~~fo ru~ ihrs in the bulk of t ht ’~~~ ; t c  1;;;i b u t .
ri t ionall y •t r o i ~~ned t ut it  area ~ f cra ck s u r f a c e .  This same a j~~ roach a l so
ij t dracter ises  the work of R iv l i i  and Thomas [ 2 ]  who used T the ‘ E a r i r ~
energy ’ instead of ~~~~

An a l t e r ra t i v e  f r r i c t  Icier i n i c ’ c i  w i . - ;evo1~~ oh by I rwi n  [ 3] wh
characterised the i n t e n s iTy  of the s~~rcsr field around a crack by a
stress-intensity factor K such t h i t  ‘he stress C . • at any point P(r ,e)
is given by 1J
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C . . (P) .-
~ -— f. . (0) (4 )

iJ

where f . • are known functions.
iJ

Irwin ’s approach is based on linear elasticity and is commonly referred to
as “linear elastic fracture mechanics ” (LEFM) . We shall use the initials
LEFM to embrace any FM theory, including Griffith ’s, which relies on
linear elastic behaviour in the solid.

In LEFM, a small degree of inelastic behaviour can be accommodated by
e.g. treating a small plastic zone as an extension of the crack . Large

• inelastic deformations cannot be treated by LEFM, however.

Since most structural materials are selected for their toughness , they
are often neither linear nor elastic. Furthermore they violate the
linear elasticity requirement that strains be infinitesimal. For
rubberlike solids, Rivlin and Thomas [2] derived equations for the energy
release rate or tearing energy T for a variety of specimen geometries
without appeal to linear elasticity. Their ’s is essentially a non-linear
elastic analysis. Finally Rice [ 4 1  discovered a path-independent contour
integral , denoted J, which can be used to characterise the energy release
rate in non-linear elastic systems.

Each of these theories is characterized by a fr acture parameter which
achieves a critical value co—incident with the onset of crack propagation .
In Grif f ith’s theory for example this parameter is the energy release
rate and its critical value is the solid surface energy y. Thus, to
summarize , we have:—

Theory Varying parameter Critical Depends on
value

1. Griffith -d~/dA 
temp . only

energy release
rate

2. Irwin stress intensity K temp., rate ,
factor K state of strain

3. Orowar. -a~ /dA or temp., rate ,
state of strain

4 . iüvl in & -ae/dA ~ T t emp . ,  ra te
Thomas

5. Rice contour  i n t i ;r l ~ 3 t emp.,  r t e ,
3 equti :; —ci~ /dA state ot s t r a in

[N . B .  The factor ‘ ~~~ o i l : ;  hec tj s e  A i i :  def ined as t he -  area
of crack s u r f i r e  wh~ n is twice t h a t  of crack p . ne )

‘heori~ l— ~1 are based on linear  ci ;t i c i t y  t l;c~~r , wbci~~rT 4—5 re
n— ~. t m r r  e l as t i c  t heo ri e s .  h se the theor ies  cons ;  i~ r i n i -  St;

• Si  ore none consider wh,i ? b l H ens n .;~~~ r i - ~~~~; ;  the st r as f i e l d
in the crack propa j i  r i ; ;  . They r t l eT r fore a 1 c~ ore  rr ;eu w i t :
in itia tion v en t s  r i  can ~rJy • -  h t o  i n u r ;  i i  r rp ;~~ b r ;  as  10nr as
the m a t i n a l  is r t ; ; u * ;I i s  i - i  t 1 .  l i r a l l y ,  only in (r i f i t ;  ;~ theory
is the - n t  ~ i i  va i l, ~~1 r c e t i r  i X j  1 0 1  ~y i~~1ated t( th~ hy s i c  i i
properties of the solid.

A
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Turning this around we could say that existing theories suffer from the
following deficiencies .
i) Many assume linear elastic behaviour not found in tough solids, or ,

usually, in polymeric materials .
ii) All assume elastic behaviour (i.e. no energy losses).
iii ) Consequently none address themselves to crack propagation which

involves unloading of some regions of the stress field and inelastic
losses .

iv) In all theories except Griffith ’s, the critical parameter which
characterises fracture resistance , is purely empirical and not
related in any explicit way to the physical or continuum properties
of the solid.

The author’s “generalized theory of fracture mechanics” was introduced to
overcome these various problems. In particular it:—
1) Copes with non-linear and inelastic materials .
ii) Concentrates upon the problems of crack propagation , which

necessar ily involve unloading and mechanical loss.
iii) Relates the critical fracture parameter explicitly to the continuum

properties of the solid .
iv) Because of its realism in these matters , provides equations which are

of predictive value. For example , they predict the critical energy
release rate in terms of continuum and physical properties and also
predict such phenomena as fatigue and brittle—ductile transitions .

THE GENERALIZED THEORY

The theory has been published elsewhere [5-6], so that we shall simp ly
summarize its results here. These results reside basically in two
equations .

Andrews’ first equation
The first equation actually represents a family of equations gi\’ing the
apparent energy release rate in terms of the applied constraints and
iimensions of the specimen. These equations take the general form

- d~~fdA = k1
(c , { b/ 9 ] )  ~ w (5)

sire the LHS is the apparent energy release rate, i.e. the energy release
rate t h t  would apply if the material were perfectly elastic . It is thus 6-
identifiable with 

~ ~ 
for linear solids or ½3 for non—linear elastic

rciter~~ is. On the ~~~~ 2. is a linear dimension and C , W are
— 0 0

respectively the strain tensor and the input energy density in some
identifiable region of the specimen . Usually this region is chosen a~
one where C , W are uniform e . g .  reg ions remote from the crack in sLmp ly
stressed sp~ cimens . The func t ion  k1 

depends on c but also upon all
n o n — i n f i n i t e  dimensions b of the specimen other ~han ~., normal ised  by the
linear dimension 2 .

Typical~~y ,  ~ is the crack length if this is short compared with the ma jor
dimensions of the specimen . For an edge crack of length c, for example ,
arid b ‘>c

- u e /d A= k  ( c )  c w  (6)
1 0  0

However , for  specimens with crack lengths  c >> where b , is one of the
major dimensions of the specimen , 2 would normalty be ch~ t;en as b1.
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Andrews’ second equation
The second equation of the generalized theory is an equation for the
critical apparent energy release rate,

~
(d
~
/dA)c 

E 
~~ 

= .7 ~~~ T , c )  (7)

Here the actual value of -d~/dA at any phase of crack propagation is
denoted by the symbol 5, and is equated to the ‘surface energy ’ 1

~multiplied by a ‘loss function ’ ~~~.

The ‘surface energy’ f~ 
is more strictly def ined as the minimum energy

required to break unit area of interatomic bonds across the f rac ture
plane . Its precise physical significance is investigated further in
what follows .

The loss function ~ is dependent on the overall state of strain of the
body (characterized by C )  and also upon any variable of the system which
affects the mechanical losses of the material. The most obvious of
these variables are the temperature and strain—rate . The latter being
controlled largely by the crack velocity a.
The explicit form of ~ is

k
1
(C~ )/ ~k1

(C) — ,~~
‘ 
~g óv} (8)

where

~~~~ ~~~~~~~

p is a fraction dependent on the curvature of the stress-strain
curve of the material . For linear solids p = 0.5.

g is a distribution function of the energy density W throughout
the .ipecimen .

iSv is the element of reduceci volume, namely the real vc- i ume
element divided by ~~

~ is the hysteresis ratio (i.e . the f r a c t i o n a l  energy loss in a
stress cycle at j oint, in the stress field) . Fo r elas t i c
solids ~~‘O and for T e rr e ct ~~y plastic solids t 1 .

p denotes summation over the entire stress field .

PU denotes summation ‘-sl y over points which unload as the crack
propagates i.e. where dW/dc is negative .

The purpose of this report Is ta detail the progress that has been made
in our understanding of the fracture of polymeric solids by application
of the generolized theory . In irth -sl -ir we wish to emphasize its value
in char icterising highly non-linear m d  inelastic materials arid , secondly,
in relating their fracture properties to their molecular constitution .

CHARACTERISATION OF NoN-i IM ;AR AND INELASTIC POLYMERS

Ihe value of LEFM tor brittle is lid s li~~s almost  exclusively in ~ts
tii~~ity to specify a single—valued ‘fracture toughness ’ thr a r Iter ial
independent of geometry and lot ;ii n q conditions . For inelastic solids ,
characterisation has been attempted in terms of .3 and ~ , but with only
partial success. The problem lies i i ;  the fact th~ t neither .3 ncr iS

_ _ _ _ _ _  

_ _ 1 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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have explicit physical significance . When, therefore, variations are
observed in these quantities it is impossible to say if this is due to a
failure of the criterion or to some genuine change in the mechanism
of crack growth.

Generalized FM corrects this situation by defining a ‘fracture energy ’ or
critical apparent energy release rate, analogous to the c0 of LEFM. To
determine this quantity, 5 , requires the measurement of a critical
loading condition , W ri , a dimension (usually the crack length) and
the determination of tfle ~unctiori k (c ) . The latter function is
conveniently obtained by methods pr~vi~ usly described [6] involving
load-deflection measurements on specimens containing edge cracks of
di ffer ing length, c. Referring to Fig. l~ —1~~~is g iven by OAB , OBC etc.
and the corresponding M values by C

1
, c

2
—c

1, 
etc. times the sheet

thickness. Then, from,

-cQ ’dA k (c ) c W (6)
1 0  0

a plot of - !(ti~ / C.A) against W iS a uni que function having the slope
k (C ) or k

1
?W ) (it is mo re convenient to use W as the variab.e since

are in ~ny case ‘ur iquely reL’tci ) . The value of W is ~;ven by
a~ ea ~~ specimen volume.

Data for some highly non—linear rnat nia~~s is shown in Figs . 2 and 3. In
Fig. 2 arc the load—deflection - ur v~’s for a blown branched polyethylene
film (Id Ltd . XHF film) , and in Fig.3 he k. (W) function far this film ,

• for a second PE film (Id Ltd . XDG film) arh ~ for a polyethylene
terephthalate film. The shape of the k ~ ) is characteristic for
yielding sol ids , having been observed aiso

0
for highly ductile r o i -t a l s  [ 6~~,

— se peak in 
~~~

. occurring at the  ~~icime: . yield ~o~ nt .

When 
~ 

is orbir. a with ; r.e OLnrr ’v~ ci c r i ti  cii values for W ,  nod the
r nr re s j ond ing  crack le ngth s , ; lo t  of k W - agains t  red : o ci l

- - l Lrit . -crack .t;rmgt :. o -~~~; give a St is :1’ .; h O e  ti rougn the or igin  having a
c r s r ~$ .L i~~rpe ~ . SucL ~1ots ~u e shown in Fig.4 for the PE XhY inc
the ‘ET film ;: . Ii: ti;~~s diagram t.ht ,- ..;-r: i~~ crack l eng t h axis has

- Co:rect,ed by a i t it  ~ ~i ; i  :. i s , i urnely t t e  r e c i j  roc a l oi the
- g e c 1~c; .  wi . J., 

—
~ . ‘rhe ~ val— .~ - f t  ‘iin~- i arc ,

Ph ~~~~~~ ~~~~ kJ/m~
1- IT 5.5 kJ/n’

‘ I

We tiar r for~ con cl; ih - n i t  Gero- - r - i.ir , i d It ’ is r : - ii :he- i : au~~; : - j  a
‘r’ om etr /— inc:cpende: t fracture - it t;. - t or foi Li ; h hy  1 . 0 : — h  :,e

1 i .e last I c  r . i t er ia l s  wnj c h  is comp l~ - i i y i i i  • u i( ;iS to ~T t e  of  LEFM .

iki L)ICTI(Th OF FRAcTURE. i- Ni ,i<qI L[

It i i :  in - 0 ; ;  ~ :- gi l l  t t M  ~ i -  i t i t o  i’eh;ct critic al frac ’ irc
: , t ars , t -

~~ r, such a ; I ron . i  k ; W h f ’ : g e  ( f :o cortirusm inc  mc • cular

J ; g et ’ t ies of (i  i i :  . It I S  e~ u i l 4 y  i n j - - r r  tnt t~
- u t , r r t i: ct ts physical

igni t i - i : - - o f  the ;i har irret i ’ - i i  t e rn ; ;  ( t i  such ‘ I ’ ’ t i i i  ~ - r :  sties .
S i t  otje -r i ves h e;’ t een i t ,  ~y ht  very cu c cer  l;y the nec : - i

~u i t  i - i  t ,e r er l t t -d
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Fig.l. Load deflection curves for
single edge notch specimens
containing cracks of different
length (schematic)

2

jrf

I

1 2

extension/cm

Fig.2. As Fig.l but showing actual
data for polyethy lene f i l m .

Crosses indicate onset of
crack propagation
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Referring back to equation 8, we have

k (C
1 0  }

° k
1
(C) - ~g iSv

4 PU

Clearly , if 5 and can be evaluated , we have a prediction of the
value of ~~~~~~. A°cornplete theoretical solution is still beyond our reach ,
unfortunately . This is because the energy density distribution function
g is not generally known for non-linear deformations . However , g can be
determined experimentally from the strain field around a crack , and ~~~, the
hysteresis ratio is also experimentally accessible for the general inelastic
case. For the special case of an elastic—plastic solid it is sufficient
to set ~ 1 in the plastic zone and ~ = 0 in the unyielding regions of
the specimen .

The calculation of ~
‘ depends upon the system under study . For

elastomerjc materjals~ with a molecular network structure , ~~~~~~
, can be

calculated by the theory of Lake anJ Thomas ~see below) . For plastically
deforming solids 7 is expected to be the energy to form and fracture
unit ar ea of craze , since any normal evaluation of from a
macroscopic strain f ield would not contain the microscopical craze zone .
Below we give exan’s cu of both elastorneric solids, including soft polymers
like low density PE and plasticized PVC, and of a polymeric glass ,
polycarbonate .

Elastorners, pol-’ethyicr.e 1nd plasticized PVC
Materials used were SBR and EPDM elastomers , low-density polyethylene and
plasticized PVC . Details of these materials are given elsewhere [ 7] .

We have , from equation 8, with suitable abbreviation ,

- E)

= 1. —

1 - (  
~~~~~/~~~~~~)

<< ~ normally ,  so that approximately

lnY = lnk
1 

— ( 
~~~~~~~~~~~~~

This apprDximation will  be very accurate unt i l  ~~~~~~~~~~~ increases to about
0.3.

Equation 9 now allows us to check the predictions against exper imenta l
values of ~~as will be seen below , given a knowled qe of ~~~, k1 

tini 
~~~~~~

.

The parameter ~ was evaluated by the method of Lake and Thomas [8~ using
the parameters g?ven in Table 1. Those authors give

(2/31r) ½ y ~ U Nrm~
’2 ( 10)
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TABLF .  I 
_______________

Parameter s SBR EPDM 
-- 

Pt- PVC

I x  10’°(m) 5.15 3. 32 2.50 2 .50
tn x 10~ (N) 12.6 679  4.57 10.2

1.54 1.83 1.83 2 7 1
U x 10’°(J) 12.8 878 6.60 6.60
0 (K) 296 296 296 296
‘1 1.15 1.15 — —

p x 10~ iN in
t j 0.901 0.87 1 0922 0.987

M x 1023 (N) 32.7 16.3 - - 7.35
is x 10 ’s tm -3 ) 1.93 193 - - -

C , x 10 (tIN n~O3) 2.0 20 1.5 ±05 5.5 ± 3.5

TAELL i i

Theoret ical  and Measured ~~t lues of the Parameter~~~~ (dm
2)

Material Theoretica1~~ Expt (this work) Exp~~~Lake&Lindley~~

NR 28 — 40

65 ÷ 5 60~~~~~~~~~~~

EPDM 36 
- 

C-S + ~ 
—

p-PVC 29 ÷ 10 100 ± 50 -

LPE 
~~EE~~ 1__

N ote s :— (a)  Ex~ erirr.ent .) va l ues alway s 5O’~ to 100% hiqiu r

than t h i c : ret . i c smi  , bc-tb for our own and
independent dat ; .

(h )  Lurgc’ error l a S  : ‘ ‘COOS for  non— cro ssl inked
materials PE irIs) PVC hut even these data ar e
consisten t w i th  ~ oje (a).

- -   

L 

1~~~~~~~ -
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where y is a f lexibi l i ty  parameter , R. the length of a monomer unit, U
the bond ru:- t,ure energy for a monomer un it , N the number of network chains
in unit volume and n the number of monomer units between cross--links . Also

N = 2v = 2C
1
/kO (11)

where k is Boltzmann ’s constant, C1 the first 14ooney-Rivlin constant and 0

the absolute temperature . The cross—link density v is the sum of chemical
links (v*) and physical entanglements (v’) and its effective value takes
account of chain ends thus

v = (v* + v ’) (1 - ~p/~~ *) (12)

where r~ is a constant, p the density and M the average molecular mass of
the molecules . In the case of PE and PVC , v’

~
’ = 0 and all the effective

“cross—links ’ are physical in origin .

The results for 
~f 

are shown in Table II together with data of Lake and
Lindley f 9]. Thes~ authors found that their theoretical values were
consistently a factor of about two smaller than experimental values
obtained from atigue experiments and ascribed the difference to
deficiencies in the theory .

The evaluation of ~ w~s carried out as follows . For the case of an edge
crack in a semi-infinite sheet, this term takes the form

~~~~~~ + y ~~-~- } 6 x i S y

woec e ~ (x ,y)  Li toe hysteresis ratio (equal to the fractional energy loss
in a sui eas—strair5 cycle) , x and y arc- the reduced variables X,’c and V/c
respectively and

f = W ( x ,y ) / W  ( 14 )

The suraooioo is tsJ’o~n cr.ry over puiI;ts P which are unloading (PU)
a .nt ~~ o: cu the energy c.er.sity W decreases rt’ the crack propo ost i cu .

~n cru’-, to e’:, ud;,c we must dleari l; k :c~; ~ and ~ as functions of x ,y .
-~~ r ,c0 also ~

- :o. - ~~~~~~ crao.~ So , SC- : ;-~
- s a G ’namic situation , and E , ~:

re de1-en’~c,:t u o n  sr; ~rr~ r ues or; w5 ii as strain levels , we no : i to know
adra ir5 C and strain rate ~ as furictlci;s cf x,y.

To obtain these dat~ is i .~.arious , hut rot intrinsically difficult. The
exporiris’sts carrie-i out to isir; end arc summarized here.
a) An X ,Y grid wan arinted on tha sheet containing the edge crack with a
mesh size 0.2 rr,in (P l i t e  1)
b) The crack was caused to pr c raqat e  by d e f r r m in q  I . e sheet in an In i—tron
testing mach in e , the i-at e of crack ; r o w t ) ;  b e ing  cs :nt r c .i led  by the
overall ntm - 5in applied to t,h~ specirn ’; .
c) The strain field surrounding ; he rep~qat log crack was recorded by
photographing the grid .
d) The crack velocity was s i : : : ; r e i opt  icull y .
c) Hy steresi:; r a t i o  ~ was obtatnpd for the t at  eri ti as a l unch s of str ;’O
level and St:rirr. rate ;-y I r ; ( s : - ) i ’ n C t & ’ I L t  simp le-extension strain—cycling
tests on the Instron .

-- .-‘ ~~~~ - ----- -“-- .-- ~~~~~~~~~~ . .  ~~~.
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Typical hysteresis loops are shown in Figure 5. Ideally ,  of course ,
hysteresis data is needed in bi-axial strain states, but this could not be
done simply. It is an assumption that at a given temperature and strain
rate t~, the value of ~ is uniquely related to the input energy density W
regardless of the bi—axiality of strain.
f) The appropriate strain rates at a point P are calculated from the crack

4 velocity and the major principal strain ct P from the approximate
formula

dc1 d~1 dY dt
= i— = —i- ~ (15)

where the y axis is the crack axis and ~ the crack velocity .

At this stage we have all the data necessary for the calculation of E.
The actual evaluation is carried out by the double integration of the
argument, thus

~ J~ ~~~~~~~~ 

~ 
(C , 

~~
) x dfdY + -

~~~

- 

j

9

~j
1

~ 
(C , 

~~
) YdfdX

w c
2 

R
X
dY + 

J

(
R~ dX } (16)

where (
R - h X d W
x 

} (17)

R E a Y d W
PU

To eva lua t e  i , p i ct s  sscc:  :s i;io of energy density W as a function of the
; C’OOU SX rc~ various vuiuu-: ; of Y. 1’; is derived f rom the principal

- trains C1 , , 
:oir, ~ nsa :L i’ect is fr an ;  toe distorted grid takino into

• account  th it 1~h~ qr~~d lines are not themselves the rrincip le axes of
5tr - ,~l r~) , ny io- -

~’- of tho ~4c sn : y — s C i v l i r ;  oj u s t i on .

all cases x, y are referred to She undeforned state.

H is then obtainer ;  by gr aph ica l ly  i n t egra t i ng  l-X with respect to W up to
t~e peak in the W vs X ohoracteristic , since only th is  region w i l l  unload
if the crack prop i g ;t e s . P is s i m i l a r l y  evaluated fo r  various values of
and ) c-bta Inca  by -Jrap; 1c~i iriueqr .;t ion  of the R vs V and R vs X

curves (see 1-’iqures 6 nd 7 which represent summat~on over hal~ the
strain fiel t only)

It was found that ,

JR  d x >> Jk ;) ( 18)

t o e  :;ec -I5CI  term be-ins I s O 3 t t I V s  - a c t  of l b s  ; rot : :  of 5’~- o f the f : r . .t .  This
::i I;.j)Lif ; ( ‘ C )  sub scqu’. n t  work w h i ch  r e q  - t n the second t ei’m and thus halves
t he  e f f o r t  involves in e va lu at i t ’j  ~~~.
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Using , from equation 8,

= k — ____

-. 1

we predict a linear re la t ionship between ‘i and E with a negative
slope of (-k

1 ~J )  and an intercept k at 1 - 0. Figure 9 shows
excellent agreement with this predic~ ion .

Significance of ‘
~~~~ for polycarbonate

The value of ‘iS derived from Fig.9 is large , namely ,3 .3 kiT/rn2 . Thi s
compares wi th  0 .2  kiT/rn 2 for  p o l y e t h y l e n e and even less for  e las tomeric
roateriPs . It is obviously impossible t - interpret 

~~ 
for po)ycarbonate

in terms of the network theory used earlier to justify hiqh values in
elastomeric .in i sm iler materials . Even if the entanqiernar;t network in
polycirbun ;te is considered hi :- rep- l~~ce the vulcanized network in
elastomers , it is difficult to :;,‘e how such a high figure could be expected .

Hcw eve- s , wn er~ the ‘J value found :;~-re  is comparer:  to the ~ - va lue
extrapoLtt~ ;i by ~~i r : a n - i co-workers [ 10] fo r  p lane s t r a i n  ( to~ u l 1 y
b r i t t le) Lin ~~ai  -ctu re  ui sirsi l ar materials , a very close  agreement
is nhserved . Uflder  these cer ;)it; rls , no p lastic flow occurs b u r  only
a micrcsc p1c.t~. craos- wi.~ ch precedes t b 5  crack . Since in calcu .  it it s
no acc 5r,t waS rake:, of the very high energy aensity gradients .-r cuuntered
in tr ; i microscopical craze zone, i t  ful lows f a ~ the energy t form
toe ora;;:- :so.;t be inc l uded in the valis’ of f - We conclude thc r e f c re
i t .  it  th e value 3.i kJ/rn z cbta~~ntxi  for is ~r.e craze formatior. energy .

I;~~~MAPY

- t o  rr sctur~- -inc Ic-~~rir;g of r i ; : .~~’.- r :n—1~~r,ear :1: 0 in e l a s t i c  soli . is ,
5 15 (10: iron. c’~~ .:,ta rser ;; , th r ou qr .  visco—elastic film e ri a l s  tc
t i :  t : c — p l 5 a s t t C  ;cc000- r’ ]iasses , is  w c - l l - d s ccr ibed  by the new ly

uen e r i i t~:ed T b - -cy - - t  Id -lure Mt-ci ’ ir:; c:. . N- t only uses the
t r ;ec-ry ) - r u v ; : ; ’  t h t -  :,hi lity t-~- ci : - ~ t - r i ’ ;  t r ~ict ure  r t ’s : s t . t n c c -  i n

‘ 1 . — u :  I: , i. , .-i.i : - .I1C m .iter~~t .c , but i t i ss - . : f a i ’ ,et f -  p r ov i de  .i new
l .;ran ’ r ;r , ~~~~~~ , wn~ P .  can he rs’l,,:e,i t . .  t b 5  rns -ch.ti ’:sm c f  fr ic: or -

i~~~ a :. i~~ a rw. t ’ (  ul ir  or m i c r l s :c  i~; ,cal 1ev; 1. The rntcr~ I i  Sa t ion
s n  r . ;  - a con:; S t  - the  ny :  ft- n : under r n vt  ot  i q at  - n . For the

Lii 10:5: of a Van -b-s Wia ls b- -~~. :, - i i n t e r  - i c t -  [ 11] , ~ is simp ly
it .e tat s;, isn.;njc work of the .- t o n .  For coherivc- fracr ;r~ ‘f n etwor k

: u .  n e z c , :s i,S - - - n ;-r ’Jy r I - -i -cr t i r t  are.t of nor fa t - , h- or ea k
m g _ i - n et -. - :  - . cba,r’o- . For isI y~~ai cr- ~~~~‘ , is t t - .€’ energy t -  form the

micrc sc-o1~~ - o : r050 . In i ll cases th~ theory allows us ti relate the
cr c-n c -pu - fract are mso h,;nrcs t :ht- m i cr a s c c~~ica1 physical  [r ccesses

-f energy loss (via F )  and f a i . o r -  (v ia  ,~f ) respect iv;’i y.
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