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INTRODUCT IOlX 

This  serni-annual repor t  reviews the resu l t s  obtained s ince 

1 July 1966 under the r e s e a r c h  grant K s G - 1 7 2 - 6 0 ,  GALCIT  1-20. 

under  this  grant  has been concerned with severa l  p roblems relating to 

f r a c t u r e  in viscoelastic ma te r i a l s  mrhich a r e  l is ted in  the o r d e r  i n  which 

they will b e  discussed below. 

vVork 

I 

I 1  

Alate r ia l  Characterization 

a) l i nea r  viscoelastic rr(ateria1s 

b ) 

c )  

non - li nea r vi s c o el a s t i  c r e s pons e 

non-linear response in the swollen s ta te  

S t r e s s  Analysis of Crack Geometr ies  Under La rge  Deforrrations 

a )  experimental  evaluation 

b) 

c )  

incrementa l  solution for a l inear ly  e last ic  n7aterial 

incremental  computer solution for  a non-l inear ly  

e las t ic  mater ia l  

fII Comparison of Theory and Experiment  fo r  F a i l u r e  Under 

Uniaxial Cyclic Strain 

IV Crack  Propagation in a S t r ip  

a) theoret ical  work 

b) experirri ental de t  e r n ~  imti on 

Iteiris I and I 1  a r e  necessary  prereqa is i tes  to  a refined fa i lure  analysis  such 

a s  embodied in i tenis  I11 and IV. The l a t t e r  two a r e a s  of investigation 

develop methods to be t t e r  understand the fa i lure  process  under  varying 

s t r e s s  o r  s t r a in  h is tor ies  in viscoelastic watcri: t ls .  
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The l inea r  behavior of viscoelastic l r a t e r i a l s  i s  \I ell  understood 

on a phenomenological basis.  

f o r  calculations in  s t r e s s  analysis  it i s  often necessa ry  t o  know, in t e r -  

changeably, the  relaxation modulus, the c r e e p  compliance and the complex 

modulus and compliance. 

dealing with cyclic load h is tor ies  s u c h  a s  irr the fa i lure  growth  clnder 

cycl ic  s t ra in .  

In using the viscoelast ic  n a te r i a l  functions 

The la t te r  two f0rn.s a r e  necessa ry  when 

a)  Linear  Viscoelastic ;, 'aterials. Although fa i lure  i s  usually 

assoc ia ted  with l a rge  deformations,  i t  has been found repeatedly that 

(rrodified) l inear  viscoelast ic  analysis  has  provided quantitative anscsers 

t o  f r a c t u r e  problems.  

work in  determining the  var ious mater ia l  p roper t ies ,  i t  i s  des i r ab le  to  

in te rconver t  one rraterial functior. into the other .  

t o  do this  have been available f o r  s o m e  t ime.  

In o r d e r  t o  min imize  the  amount of experimental  

Approximate n7ethods 

One par t icular ly  a t t ract ive way is ttie use  of prony s e r i e s  

representat ion.  However, s in-ple  collocation techniques are not 

sa t i s fac tory  fo r  many applications and a m o r e  accu ra t e  method fo r  

determining the  prony coefficients i s  needed. 

the  relaxation spec t rum is !mown. 

of view charac te r iza t ion  of a n-aterial  by the  relaxation spectrurr  is rruch 

m o r e  informative than say  the relaxation modulus,  an investigation was 

t h e r e f o r e  s ta r ted  s o m e  t i m e  ago to calculate  numerical ly  the relaxation 

spec t rum and to compile a set of cox puter p rograms  which Lvould 

automatically calculate  the relevant mnter ia l  function froni or,e function 

( s a y  relaxation o r  dynanilc irodulus) by way of the relaxation spec t rum.  

This  investigation is now in the final stage. 

numer ica l  solution of the inteqral  equation 

T h i s  can  be  achievcd i f  

S ince l ror r  the polymer science point 

The key iindings a r e  that the 

a3 -t/T dT S ( r )  e - E re1 ( t )  -ER - J  
T 

0 
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f o r  i I ( r )  i s  not a st rai2htforward rr,atter \vhich c a n  be achieved economically 

with g r e a t  accuracy. 

a special  iunctioil I I (T)  -Vi'as chose:: 2 s  the rr.odified power  law 

In o r d e r  to deteriri i ie the accuracy  of the procedure,  

f roin which the relaxation modulus is detern- ined a s  

T T - : - -  " GL"Ej  +L;- "LA..- n--voCC;nn -II---_ for F: 

now calculate  f rom ( I f  X(T) and co:i;pare i t  with ( 2 ) .  

soir  e s tandard approximate methods \\.ith the n u x e r i c a l  scke i r  e ,  two 

approximations of the  vVidder-Sost type a r e  shown in f igure 1 through 3 .  

Each f igure shows the l inii tst ion of the  sepa ra t e  v e t h o d s  frorr  a different 

viewpoint. The numerical  method gives  resu l t s  which osci l la te  about the 

exact  one while the approxirrate  methods deviate consistently froin the 

exac t  Solution, though less than the i ~ ~ x i ~ m w r n  var ia t ions of the  digital 

c9mputer  calculations. It is important to note,  however, that  on the 

b a s i s  of f igure 3 the average  e r r o r  of the numerical  scheme is appraxi-  

mately zero whereas  the Widder-Post r e su l t s  lead to  a net non-zero e r r o r .  

as input to the nurr,erical prograrr  one can  

In  o r d e r  t o  cor rpare  
r e i  

In applying the san,e technique to tile determination of the 

retardat ion spec t rum L( t )  cer ta in  difficulties a rose .  The c r e e p  covp l i ance  

is given by 

= D  0) c r e e p  c r e e p  D 

= D  ( 0 )  c r e e p  

= D  (a) c r e e p  
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T h e  f o r m  

i s  of the  t-ype of equation ( 1 ) .  

progi-alxr - K ~ S  ~pp!ied to  this  er!iintion. 

inexplicably unreasonable in the sense  that I ( T )  was not a rr,onotonic 

function a s  it should be. 

f o r  eqilation ( 1)  the unreasonable behavior of the retardat ion spectruir-'s 

i s  likely to  be the resul t  of the pecularit ies of t!ie integr;il equation (about 

the num-erica1 solution of which little is icnoLvn) and the sensitivity of the 

solution to the type of function to  be d e i t ! ~ ~ ~  i i i d  

evident fron- f igures  1 through 3 tliat the approxi:rate rr-ethods of tnc 

-2k'idder-Post type give r c su ' t s  which ..re generally a s  good a s  o r  be t te r  

than the numerical  calculations. It should b e  borne  in  mind, h o w e i t r ,  that  

t h i s  is a t  l ea s t  in  p a r t  due t o  the fact that the  relaxation modulus is  known 

as a n  analytic function. In a pract ical  c a s e  that functioil would be Anocvn 

only as  numerical  data and the determination or' the  relaxation spec t rum 

would involve determining f i r s t  and second der ivat ives  graphically which 
i s  not a n  accu ra t e  process .  It appears ,  c I I b z  A,, nrD thzt  t he  numerical  

method would, i n  general ,  yield quite acceptable resu l t s  which can be  

used  t o  convert  relaxation data into c r e e p  arid dynamic viscoelast ic  

p r op e rt i e s . 

There fo re ,  tne sar.ie numerical  corriputer 

'The resu l t s  f o r  L(T) w e r e  

Because the con-pa ter  p rogram wor!ced well 

t [ II(T) G T  L ( T )  ' . It  is 

b) Non-linear viscoelastic response .  Cvcr  the past  y e a r  s o m e  

effort  iias been d i rec ted  to exan-inin? tkr viscoelastic behavior  

Solithane 113 under l a rge  s t r a ins .  

existing theories  have not been successful t o  dzte .  

i s  that  t h e  data does not seen- to ~ o l l o w  ;i sin-ple pa t te rn .  

i l lus t ra tes  t!iis deficiency most  c lear ly;  i t  gives the resu l t s  ol relaxation 

Attempts  to  fit exporirrei1tal data into 

One prii-rary r e a s o n  

"igure -1 

! 

The  essent ia l  d i f fe rence  betiJeeii ~I (T)  and L(T) is that  Y(T) r i s e s  fast u'ith 
T and d e c r e a s e s  slowly xvvith T af ter  the n asin-urn is reached. while L-(T) 
rises slowly with T and drops  to  zero fas t  a f t e r  the r r a x i I y u r .  

-4- 



tests in which the s t ra in  w.?s increased i n  s teps  a t  the qivei) t e r p e r a t u r e  

and then held cmstant .  Althoug!i a ne\.’ rinq spcci:-er! n 2 - s  Jsed  at each 

ten lpera ture ,  the behavior a t  60 per cent s t r a in  soon deviates iror? that  

at other  s t r a ins  a s  the te i rpera ture  i s  lowered and a s  the te:nperature 

approaches  the g l a s s  tranFition t e T p e r a t u r e  Liis anorr alous behavior 

shif ts  to higher s t r a ins  (-17. 5OC) and vanishes again a s  the  g l a s s  

t rans i t ion  is passed. 

c) Non-linear Response in t he  Swollen State. ‘The swelling of 

rubberl ike ma te r i a l s  has been used i n  o r d e r  t o  quickly obtain an 

equilibrium position in  the c a s e  of s t r e s s - s t r a i n  n’easurerr-ents. ?a r t  

of the  internal  viscosity of the .nater ia l  is tanen out by s\\ellin;! i t  in  a 

suitable agevt. Swelling a l s o  affects the constant C In the s tandard  

M Q n n m r - R i v l i n  s t r e q q - s t r a i n  l a w ;  i t  Y P ~ I I C C - ‘ $  C -  a p d  tpllilc: tn w l h p  t h e  

n~ a t  e r ia l  m o re  N eo - Hook ean. 

2 

L 

In o r d e r  to  reduce the complexity of a study of the f r ac tu re  p rocess  

in  Solithane by decreas ing  the  internal viscosity,  the nTaterinl c i iaracter iza  - 
tion in the swollendate w a s  undertnl,.en a s  ;i f i r s t  s tep  in this direction. 

bonded solvent was experirrentally de t e rn  ined to b e  k =  7 .  6 P. al /crr  

This  resu l t  led to the select ion of Tolaenc ( E  = $. 0 )  as a swelling agent. 

Toluene swelling inc reases  t h e  volume of Solithane by 145‘, i .  e. 

l i n e a r  i n c r e a s e  is 3 5 c .  

showed it to b e  less than 1 weight p e r  cent. 

The  solubility p a r a r r e t e r  F of Solttiiaiie 30, ’50  in a poor1 il rdrogen 

the 

Rough checks af the sol-fract ion i r  Solithsne 59/50 

S t r e s s  - s t r a in  t e s t s  w e r e  n o w  perfor t r  ecl a t  different s t r a in  r a t e s  

and t e r rpe ra tu re s  with the tensi le  specl i r  en con-pletely submerged i n  roluene 

during the full length of the test .  A tank-type appara tus ,  which can be 

in se r t ed  into the Instron testing machine,  X.Jas especially designed f o r  

that  purpose.  The specirrens had a dogbone shape. 

The t e s t s  were  run a t  s t r a in - r a t e s  ranging fron- 0 .  0 0 7 2 5  in,hn min. 

and tempera tures  ranging f row j °C  to 40°C. to, 7. 2 5  ir1./4n.p in. 

agreerr  eiit 0; the s t r e s s - s t r a i n  data with the behavior predicted by the 

c l a s s i ca l  theory of rubber  elasticity was iound at  dil r a t e s  and t empera tu res .  

I h e  experin-ental e r r o r  w a s  in the o r d e r  of - 3 @ .  

show the data in forn? of h”ooney-Rivlin plots l o r  s eve ra l  s t r a in  r a t e s  and 

Very good 

r l -  Figures  5, 6 ,  and 7 - 



temlperaturcs.  

predicted b y  c lass ica l  rUbber e l a z t i c i f y  theory,  i. e . ,  the s t ress  i s  p r o p o r -  

t ional to r .  These resu l t s  yield the  constailt 5-  

- -2 0 
Q =  2 2  ‘r [ r - c 1 to be z, = 0. 5 2 5  p s i ,  i., ~.vtlerc s t r e s s  and  e:;tensioii 

r a t io s  a r e  based on the dimensions of the svv.ollen  i in stretched sni-rple. 

Us ing  this constant,  which cor responds  to a Youngs i lodulus  oi E = -165 psi  

f o r  smal l  extension rat ios  at room tempera ture ,  the  effective nuinher 

of chains  w a s  calculated to  be  5. 89x10 

a sol-fract ion of 0. 6 weight yjer cent and a tensile :? odutus of - 509 psi  

according to  the measurer ;  ents  of L. Smith and A .  >>:. i’ragnusson. 

Note that the s t r e s s  char?:?e~ .u,it!i te:-- .seraturc 1 2  t h e  T.-zin;ier 

- 
= tz1/y i n  the elquation “1 

1 

-4 n:oles/rrl. This cor responds  t o  

I 

AssuTming the sol-fraction t o  be z e r o ,  thc  poly1;:cr solvent 

interact ion pa rame te r  p .,vvas calculated frorr t!ie equation giveh b y  Bueche 

and Dudek”: i t  t i lrned. n i L t  tcz! h c  ;i P Q v  

In conclusion it can  be said that the Solithane SU,/50-volui~:e 

composition swollen in  ‘Toluene yields a ;I a te r i a l  behavior which coliforms 

v e r y  well with the resu l t s  given by the c lass ica l  theory of rlubber elasticity 

and has  largely reduced internzil viscosity as  fa r  a s  the s t ress -s t r ; in  

behavior  i s  concerned. 

the  f r s c t u r e  p r o c e s s  Lvhich i s  expccted to contribute to t h e  fur ther  under- 

standing of this difficult problern. 

I h i s  r-laterial behavior should fzcil i tate ;i study of 

r. i. Sn,ith and A.  i\,:. h:agnusson; lournal of Tolymer  S c i c c e ,  42 ,  391, 
+ 
( 1960). 

I. .T. Dudek., and F. Bueche; Rubber Cherr.istry and Technology, 3 7 ,  b94, ++ I 

( 1364). 
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IT. STRESS A N A L Y S I S  OF CRACK GEOI\.IE'I'RIES U N D E R  1,ARGE 
D E F O  !UYATICNS 

A s  mentioned under the previous section, fa i lure  in polymeric 

lnz t e r i a l s  i s  usually associated with l a r g e  defor i i~at ions.  

one wishes to study fa i lure  as  a process  of c r ack  propagation, one must  

know the deformations and s t r e s s e s  a t  the t ip of the crack.  

of th i s  !:nowledge hac been divided into t!iree par t s  vihich a re tiiscrissed 

subsequently. 

In t!ie event that 

The developirient 

a) Experi i r  ental Evaluations. E a r l i e r  experirrental  r e su l t s  had 

indicated that l inear  e las t ic  theory could be used with some  rrodification 

t u  ;ppros i~nate ly  predict  s t r e s s e s  and deforiiiations under surpr is ingly 

ln rqe  deforwations.  'There r e n  ained the question, however, whether these 

n easa remen t s  inciuded tear ing at the c rack  tip o r  not. 

shee t s  of natural  rubber  have now been conducted to show, that tearing does 

not x c u r  until r a the r  l a rge  s t ra ins  a r e  applied ( for  definition of t e rn - s  for  

the t e s t s  s e e  f igure S ) .  

approxin-ately 40 p e r  cent. 

w h y  the  wa te r i a l  should withstand such high s t r a ins  before  rupturing. 

One obvious ansLLer is  that natural  rubber  c rys t a l i ze s  under  s t r a in  and can  

thus withstand l a r g e r  s t r a ins  than other  ioater ia ls .  

explanation, which heretofore  has been recognized ; is  a possibility but 

which ha5 eluded quantativc evaluation: the s t r a in  alleviating effect of 

l a r g e  deformations.  

Experirr euis L v i i l i  

T h e  first tear ing was observed at  a g r o s s  s t r a in  of 

The question that a r i s e s  now i s ,  of cour se ,  

I h e r e  is one other  

I h i s  i s  discussed in the next par t .  

b) Incren-ental  solution for a l inear ly  e last ic  mater ia l .  Solutions 

of problems in c lass ida l  elasticity a r e  esscntially valid if the s t r a ins  a r e  

infinitesii: a1 everywhere in the s t r e s sed  body. 

stress r, depends on the  applied load 1' in a l inear  fashion 

'The solution, say the 

If t h e r e  a r e  s t r e s s  r i s e r s  in  the  body, then l inear  solutions a r e  valid as 

long as  the niater ia l  behaves in  a l inear  fashion and the boundaries do not 

move significantly so as  to allow satisfaction of the boundary conditions in  a 

s imple  form.  

valid 

At any r a t e  w e  can wr i te  a differential  solution which i s  always 

- 7 -  



d o =  K ( P )  d P  

where  K is a function of the  load F through the deformed s ta te  of the body. 

If th i s  equation is integrated,  one obtains a solution which allows f o r  l a r g e  

deformat ions  provided the rr-aterial behaves always l inear ly  elastically.  

The l a t t e r  condition is well approxin ated by rubbe r s  under modera te  s t r a i n s .  

In th i s  manner  the problem of a n  infinite sheet containing an ell iptic 

per lora t ion  W ~ S  solveJ.  

root of the  el l ipse a r e  shown in  figures 9 and 10, respect ively,  as a function 

of the  applied g r o s s  s t ra in .  IVhereas c lass ica l ,  l i nea r  elasticity pred ic t s  

constant s t r a in  concentration lac tors  (corresponding to those a t  z e r o  

s t r a i n )  the present  t rea twent  leads to  marked  reduction with g r o s s  s t r a in  

and thus to markedly lower s t ra in  values a t  the el l ipse root than l inear  

theory  would predict .  Because t!ie n?aterial  is assumed to be hookean, the  

reduction in s t r a in  is due entirely t o  kinematic effects under l a rge  

deformations.  

concentration factor.  

Tile strait i  and sti*aili saiiceiltration f x t o r  a t  the 

The stress concentration factor  is equal to the s t r a i n  

c) 
rr a te r i a l .  

in to  the  ana lys i s  it was necessary  to  wr i te  a corrputer  program.  

essent ia l ly  the incrementa l  procedure in the previous discussion the  load 

is applied in  sma l l  but f inite increinents.  

f igure  11. A s  for  t he  incremental  l inear  ana lys i s ,  the  s t r e s s  and s t r a i n  

concentration fac tors  d e c r e a s e  i n  the  s a m e  cha rac t e r i s t i c  fashion with the 

applied s t ra in .  

ma te r i a l )  the concentration factors  d e c r e a s e  fas t  with applied s t r a in  and 

they a r e  no longer  equal. 

Incremental  computer  solution for  a non-linearly e las t ic  

In orde r  to incorporate  the non-linear = . a t e r i a l  p roper t ies  

Following 

F re l i r r ina ry  r e su l t s  a r e  shown i n  

But due to the non-linear ma te r i a l  p roper t ies  (neo-hookean 

Work  along these  l ines  i s  continuing. 

-8 - 



111 COfi,CFARISCN OF THEORY A K D  EXPERISLIENT F O R  F A I L U R E  U K D E R  
UNIAXLAL CYCLIC S T R A I N  --- 

-t In the l a s t  semi-annual report  calculations were  presented  which 

indicated the effect of maxiinurn s t ra in  and frequency in a cyclic uniaxial 

s t r a i n  experixrent on the fa i lure  tirr e. 

experimental  work is underway to examine this validity. 

Using these calculations as a guide, 

T NO points have become c l ea r  f rorr  the experin]  ental work. 'The 

quali tative behavior is a s  predicted by the calculations,  but rescllts a r e  

too s p a r s e  to der ive  m o r e  definite conclusions a t  th i s  t ime. The 

l iwitat ion h a s  been in  the equipii-ent which allowed u s e  of only a single 

frequency and s t r a in  amplitude. 
depending  on  t h e  f r e q i i r n c y  and:/nr tc.mperr!ti ire the r i n g  s p e c i v e n s  follow 

a physically reasonable  but seldoinly considered o r  reported loading cycle.  

Upon unloading, the viscoelast ic  ring cannot contract  a s  fast a s  the s t r a in -  

producing r a m ,  thus leaving the rr)aterial  f r e e  t o  cont rac t  under z e r o  load 

f o r  pa r t  of the cycle.  

given s t r a in  his tory during p a r t  of the cycle ,  the remainder  of the cycle  

having z e r o  s t r e s s  specified; the history can b e  writ ten as 

T h e  second point of i n t e re s t  is ,  that  

The deformation his tory is thus p re sc r ibed  by a 

s ( t )  = s in  w t  

r ( t )  0 

t 

Technology, Pasadena,  California, GALCIT S M  66-10, <lune 1966. 
Fa i lu re  Cr i te r ia  f o r  Viscoelastic Mater ia l s ,  California Insti tute of 

- 9 -  



which is  given graphically in figure 1 2  below. 

F i g u r e  12. 

L 

-t 

t -=o 

Load History On Ring Si>ccixren Under Cyclic Extension 
At Relatively High Frequencies  

The  deformation and s t r e s s  during each cycle  are dependent on these  

sp l i t  conditions. The determination of the s t r e s s  and s t r a i n  his tory 

r equ i r e s  the solution of a Fredholm integral  equation of the f i r s t  kind 

-10- 



where  t* is also a function of t h e  frequency. 

has  not heen considered heretofore. 

load h is tor ies  in which the s t r a in  is always known (and the  s t re s s  therefore 

also; t* = 
( t e m p e r a t u r e  reduced) frequencies. 

This type of loading his tory 

At present  w e  r e s t r i c t  ourse lves  to 

277 -) which r e s t r i c t s  expeririicntal work to  relatively low 

F igure  I3 shows the typical plot of the fa i lure  t ime in  a cyclic s t r a in  

experiment  a s  a function of temperature .  At the t e s t  frequency (1 .2  sec/cycle)  

the  s t r a i n  his tory was sinusoidal above 12 C and of the discontinuous type 

( i l lus t ra ted  in  f igure 12) below that teniperature .  

different ia te  between the t ime  t o  fa i lure  fro:' the beginning of the test 

( accu red  fa i lure  t ime)  and the total tin-,e t!ie specimen was under stress. 

F i g u r e  14 shows the fa i lure  t i r r e  iis a iiiriction of tile maximum observed 

s t r e s s ,  It is c l e a r  f rom both f i g u r e s  13 and 14that the  t in le  to  fa i lure  

p a s s e s  through a minimum as a function of applied load, t empera tu re  o r  

frequency. 

0 

Accordingly one should 
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iV CRACK PROFAGATION IK A STRIP 

In o r d e r  to be t t e r  understand the basic  p rocesses  involved in  

f r a c t u r e ,  the growth of a c r a c k  in a s t r i p  has been studied under  

var ious  load his tor ies .  The work  n-,ay be divided into two a r e a s ,  one 

being theoret ical ,  the  other  esperimental .  

a) Theoretical  \Vork,. For a c r a c k  propagating in  a viscoelast ic  

medium, the s t r a in  energy released by the system is t ransfor  Iled not 

only to surface f r e e  energy, but 3150 into dissipation and kinetic energy. 

Thus,  the Griffith energy equation f o r  the  growth of a c r a c k  in  a n  e las t ic  

ma te r i a l  is 

where  W is the total  i nput  work, F i s  the Helmholtz free energy of 

the system. D 

kinetic energy. 

is the total dissipation due to hcat  l o s s  and K ,  the 

If we consider  a c rack  propagating with a constant velocity, the 

r a t e  of change of kinetic energy is zero.  

the  evaluation of W and F is the s a m e  a s  for the  clast ic  rcater ia l .  T o  

ca lcu la te  t he  rate of change of dissipation w e  a s s u m e  that  the stress field 

f o r  a slowly moving c rack  is  the s a m e  as  that of a s ta t ionary  c rack ,  

fu r the rmore ,  assunie  that the dissipation i s  only effected by the s t r e s s  

concentration field. Accordingly, t he  expression of the r a t e  of dissipation 

fo r  a viscoelast ic  p a t e r i a l  can  be der ived irom the  fundamental definition. 

The  analytical  expression of the rate  of dissipation s e e m s  very  difficult to  

obtain due t o  the complexity of the integration p r o c e s s  involved. 

it can  be  found numerical ly  for  d i scre te  points in the  domain of in te res t .  

The rate-of-dissipation density at thc c r a c k  t ip  w a s  found unbounded while 

the  total  r a t e  of dissipation for  a finite domain around the c r a c k  t ip has  

been shown to  b e  bounded. 

type energy balance to the  growth of cr&s in viscoelast ic  mater ia l s .  

computer  program is under  way to accomplish the numerical  integration. 

In the  energy balance cquation 

however ,  

This  fact will enable u s  to extend the  Griffith 

A 
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In the calculation p rocess  special  c a r e  n :us t  be taken due t o  the p re sence  

of i rnproper  in tegra ls  which need to  be evaluated analytically before  

n u x  e r ica i  int eg r a t  i on can b e a c c  o w  pli shed. 

b) Experin-!ental ',:Jerk. Crack propagation in monotonic s t r a in  

h i s to r i e s  has  been studied previously; to round out the experimental  

evaluation, t e s t s  a r e  in  p rogres s  for cyclic s t ra ins .  

The  major  difficulty has been the recording of t he  c r a c k  

advancmnent which must  be accorrgplished \vith kinerratographic means.  

In o r d e r  to  cover  a sufficient range of c r a c k  velocit ies,  i t  was necessa ry  

to  develop lighting and filrr! developing techniques f o r  the par t icu lar  

experin!ental  set up available i n  o u r  l abora tor ies .  

give now sat isfactory resu l t s .  

posit ion a s  a function of t ix:e.  t!ie velocity m u s t  b e  obtained by nnrncric; l l  

differentiation. 

s t r a i n  i s  given in  i igure  15. 

t he  velocity-time t r a c e  i s  different f rom the shape of the  applied s t r a in - t ime  

trace. 

applied sti-ain aiid t'rie c rack  TJelocity. 

grounds,  this  f ac t  has  not a l w a y s  been appreciated in  proposed fa i lure  

calculations.  

behind the s t r a in  cycle. 

response .  It i s  interest ing to  note, however,  that  the  l a g  appea r s  l a r a e r  than 

one would expect on the b a s i s  of s imple viscoelast ic  behavior at these 

t empera tu res  (2OoC) and cycle  ra tes  (6 cycles  p e r  second).  In o r d e r  to  

quantitatively evaluate this behavior f o r  a !nore definite physical i n t e r  - 
pretat ion,  i t  i s  necessa ry  to  obtain m o r e  t e s t  data than have been obtained 

to  date. 

inaccurate .  i herefore ,  existing e q u i p r e n t  is cu r ren t ly  being modified to  

reduce  the film reco rds  semi-auton-at ical ly  onto IBIZI c a r d s  which can then 

b e  used in  conjunction with a 'ourier analysis  to obtain velocity plots (and 

then phase lag between maximum s t ra in  and maximum velocity) s imply 

and in a s t ra ightforward way. 

a r e  a l ready  available and film reading equipment only needs modification 

t o  allow fo r  siniultaneous reading of the t i m e  sca l e  and t h e  c r a c k  position 

through a switching unit. 

The methods developed 

Since tile f i ln- r e c o r d s  give the c rack  

A typical plot of the c rack  velocity compared to  the applied 

The  shape of The ir:lportant observat ions a r e :  

This  fact i s  sil-T.-lply the  result  of the non-linear relation between the 

Although this  i s  c l e a r  on physical 

A fac t  appreciated e v e n  less i s  that the  velocity cycle  l a g s  

'This i s  c lear ly  the effect  of viscoelast ic  ma te r i a l  

Data reduction by cu r ren t  hand calculation methods is  s low and 
.-. 

Card punch cquipnient and digi t izer  c i r cu i t s  

'The la t te r  i s  under construction. 
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In summary  we can  s t a t e  that apparently insurnTountable problems 

exist only with respec t  to the concrete  behavior of Solithane 1139 under 

l a r g e  strains. 

of t he  r e su l t s  reported h e r e  ra ther  than the opening of new prob le r .  areas. 

Fur the r  work  will eri)phasize consolidation and amplification 

Because  this  ma te r i a l  is being made  controllably in  our  laboratory and 
because  i t  can f r a c t u r e  under small  s t r a ins  where l inear  viscoelast ic  
behavior may suf f ice  f o r  character izat ion,  we plan to continue using this 
rnater ia l  ra ther  than s tar t ing with another  one. 
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