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ABSTRACT

This th e s is  con ta in s a study which has been conducted using  f ra c tu re  

mechanics param eters to  describe  crack  and craze growth behaviour in  

PMNA under th e  in flu en ce  o f  l iq u id  environment.

The te x t  o f  th i s  work i s  d iv ided  in to  two main p a r ts :

P a rt I has two conponent ch ap ters  ; Chapter 1 co n ta in s  a general 

in tro d u c tio n  to  environm ental f ra c tu re  in  polym ers. Chapter 2 

o u tlin e s  th e  b a s is  o f  f ra c tu re  mechanics concepts used in  the 

an a ly s is  o f  r e s u l t s ,  and con ta ins a l i t e r a tu r e  review  on the f a i lu re  

behaviour o f  PMMA. in  dry and wet environm ent. The survey includes 

r e s u l ts  from dead load  te s t s  and m onotonically  in c rea s in g  displacem ent 

co n d itio n s .

P a rt I I  co n ta in s  th e  work which has been undertaken to  in v e s tig a te  

the environm ental f ra c tu re  o f  PIMA. This p a r t  i s  subdiv ided  in to  

four phases.

Phase I d esc rib es  an e f fe c t iv e  method which i s  s u c c e ss fu lly  used to  

m onitor c raze  growth in  PMMA. under th e  in flu en ce  o f  dead load and 

methanol environm ent. In the  same ch ap te r (3) the  r e s u l t s  to g e th er 

w ith the  d iscu ss io n  a re  given.

Phase I I  g ives r e s u l t s  ob tained  from crack  p ropagation  t e s t s  in  PMMA 

in  a i r  and l iq u id  environm ents. These t e s t s  are  perform ed under 

m onotonically in c reas in g  lo ad -p o in t displacem ent co n d itio n s  using



the double to rs io n  techn ique which is  d escrib ed  in  Chapter 4.

Chapter 5 co n ta in s  th e  experim ental r e s u l t s  and shows th a t  in  dry 

t e s t s ,  crack p ro p ag a tio n  i s  s ta b le  w ith  c h a r a c te r is t ic  and crack 

speed v a lu es. To th e  c o n tra ry , t e s t s  perform ed in  methanol have 

developed u n s tab le  crack ing  which i s  id e n t i f ie d  w ith a sequence o f 

rap id  jumps.

Phase I I I  fo llow s h e re  where th e  mechanism vhich  c o n s ti tu te s  th ese  

jumps is  determ ined. This i s  done w ith  th e  a id  o f the  K/v r e l a t io n ­

sh ip  ob ta ined  during  a crack  junp. The l in e a r  conpliance a n a ly s is  

fo r  the t e s t  p iece  geometry in  Chapter 6 , to g e th e r  w ith  an e x p e r i­

mental technique developed to  measure ra p id  load  drops, g iven in  

Chapter 7, p rov ide  th e  b a s is  fo r  the  measurement o f th e  K/v v a lu es .

In Phase IV a m athem atical model i s  proposed in  Chapter 8, which 

su ccess fu lly  id e n t i f i e s  the  various s tag e s  which occur during  the  

f ra c tu re  o f  PMMA. bo th  dry and in  m ethanol. A thorough fra c to g ra p h ic  

study is  c a r r ie d  o u t in  Chapter 9 in  support and co n p le tio n  o f  the  

model, w ith  f u r th e r  evidence given from a c o u s tic  em ission r e s u l t s ,  

shown in  C hapter 10. As an a l te rn a t iv e  environm ental c o n d itio n , 

f ra c tu re  t e s t s  a re  perform ed in  d i s t i l l e d  w ater and crack  propa­

gation  r e s u l t s  a re  g iven  in  Chapter 11. These have shown s im ila r  

crack junping  mechanism to  th a t  in  m ethanol.



NOTATION

E la s t ic  s t r a in  energy.

Ug Free su rface  energy.

Ag Crack su rface  a rea .

F rac tu re  s t r e s s .

S p ec ific  su rface  energy o f  the  crack su rface .

Crack leng th .

Young’s modulus.

7p P la s t ic  energy.

Energy re le a se  r a t e .

C r i t ic a l  energy re le a se  r a te  ( f ra c tu re  toughness)

Specimen com pliance.

C h arac te ris in g  fo rc e .

A pplied load .

Displacement o f  th e  loading p o in ts ,



K S tre s s  in te n s i ty  f a c to r .

r 1
P o la r  co -o rd in a te s  w ith  th e  o r ig in  a t  th e  crack  t ip ,

A pplied  s t r e s s .

2
Y F in i te  p la t e  c o rre c tio n  fa c to r .

Poisson*s r a t io .

S tre s s  in te n s i ty  a t  crack i n i t i a t i o n .

S tre s s  in te n s i ty  fo r  s ta b le  propagation .

S tre s s  in te n s i ty  a t  crack  a r re s t ,

I n i t i a l  s t r e s s  in te n s i ty  f a c to r .

Crack speed.

Crack f ro n t  v e lo c ity .

Y ie ld  s t r e s s .

w Thickness o f  SEN specimen,

Width o f  specimen.



2L Length o f  span.

A jo ta i T o ta l d e f le c tio n  in  specimen.

Ano c rack  D eflec tio n  in  specimen w ith  no crack.

A crack  D eflec tio n  due to  th e  crack in  specimen.

Reduced modulus.

V j  / ^ \  Geometry fa c to r . 
\w  /

Time.

t^  I n i t i a l  tim e .

t£  F a ilu re  tim e.

Craze len g th .

Steady s ta t e  craze growth v e lo c ity .

b Crack w idth ,c

Thickness o f  double to rs io n  t e s t  p iece ,

D istance between load ing  p o in ts .



Machine c ro ss -head speed.

Crack v e lo c ity  c o rre c tio n  fa c to r .

Instan taneous load .

P^ Load i n i t i a t i o n .

P^ Load a r r e s t .

Angle o f tw is t.

M Tw isting  moment.

A and B C onstan ts.
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CHAPTER 1 INTRODUCTION

1.1 O u tlin e  o f  th e  p r o je c t

The main o b je c t o f  t h i s  p ro je c t  was to  examine th e  p o te n t ia l  o f  

f ra c tu r e  mechanics param eters and t e s t  methods in  d escrib in g  the  

f r a c tu r e  behaviour o f  a b r i t t l e  polymer (PMMA) in  a h o s t i le  l iq u id  

environm ent (M ethanol).

The g en e ra l in te n t io n  was to  apply t e s t  method and procedures where 

crack  p ropagation  in  a polymer can be m onitored under dead-load and 

m onotonically  in c re a s in g  displacem ent c o n d itio n s .

In th e  ev en t, u n s tab le  " s l i p  s t ic k "  behaviour was observed in  PMMA 

specimens immersed in  m ethanol, a phenomenon unexpected a t  th e  tim e. 

Since co n sid e rab le  i n t e r e s t  has been re p o rte d  in  th e  l i t e r a tu r e  in  

the  phenomena o f  c rack  i n i t i a t i o n  and a r r e s t  under cond itions where 

crack ing  proceeds by th e  " s t ic k  s l ip "  mode, a t te n t io n  was focussed 

towards th e  a n a ly s is  o f  what c o n s ti tu te s  t h i s  j  unping behaviour. In 

the  p rocess  a technique was developed fo r  measurements o f  ra p id  o r 

c a ta s tro p h ic  crack  p ro p ag a tio n .

The p ro je c t  was l a t e r  extended to  cover th e  e f f e c t  o f  d i s t i l l e d  w ater 

on PMMA cracking  behaviour.
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1.2 Environm ental f ra c tu re  in  polymers

1 .2 .1  G eneral c h a r a c te r is t ic s  o f environm ental f ra c tu re

In en g in eerin g  i t  i s  now recognised  th a t  f ra c tu re  s tre n g th s  in  

m a te ria ls  a re  co n sid e rab ly  lower than p re d ic te d  th e o r e t ic a l ly ,  due 

to  flaws o r  m icrocracks a c tin g  as s t r e s s  r a i s e r s  in  a loaded specimen. 

These s t r e s s - c r a c k s ,  w hether in te rn a l  o r  e x te rn a l ,  a re  u su a lly  caused 

by te n s i le  s t r e s s  le s s  than the sh o rt- tim e  m echanical s tre n g th  o f the 

m a te ria l (1 ) , and th e i r  i n i t i a t i o n  may be hastened  in  th e  presence o f  

a s u ita b le  environm ent. Such an environm ental a t ta c k  in  polymers can 

be d iv id ed  in to  two main ca teg o rie s

(a) Environm ental s tre s s -c ra c k in g  (E .S .C .): This i s  a p u re ly  ph y sica l

phenomenon where the  environment p lays no chem ical p a r t  and does no t 

p h y s ic a lly  change the polymer m a te r ia l beyond th e  development o f  

m acroscopically  b r i t t le - a p p e a r in g  cracks i n i t i a t e d  on the  polymer 

su rface . When f a i lu r e  occurs in  th e  polymer, the  b r i t t l e  f ra c tu re  

su rface  has d is t in c t iv e  p a t te rn  o f  r ib s  and h ack les (2 ), rem iniscent 

o f f ra c tu re  su rfa ce  in  g la ss  (31.

P r in c ip a l v a r ia b le s  which e f f e c t  E .S.C . behaviour a re  m olecular w eight, 

m olecular w eight d is t r ib u t io n ,  c r y s t a l l i n i t y ,  and th e  chemical n a tu re , 

v is c o s ity , su rfa ce  ten sio n  p ro p e r tie s  o f  th e  environm ental cracking 

agen ts. P ub lished  work on E.S.C. in  p o ly o le fin s  and the  influence o f 

these v a r ia b le s  can be found in  a good review by Howard (4).
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(b) S tre s s  o r  so lv en t c raz in g  phenomena: The a b i l i t y  o f  c e r ta in

liq u id s  to  p e n e tra te  a b r i t t l e  polymer causes sw e llin g  and hence a 

so fte n in g  e f f e c t .  When the  so ften ed  m a te r ia l  is  s tr e s s e d ,  flaws o r 

c razes  a re  formed and consequently  th e  polym eric m a te r ia l  f a i l s  under 

a s t r e s s  le v e l  lower than  i t s  noimal s tre n g th . This i s  known as 

so lv en t c raz in g  and u su a lly  occurs in  amorphous th e rm o p las tic s  such 

as PMMA and po lycarbonate .

I t s  m ajor in flu en c in g  v a r ia b le s  appear to  be much th e  same as fo r  

environm ental s tr e s s  crack ing  except fo r  a d i f f e r e n t  r e la t iv e  o rder 

o f  im portance. Here the  s t r e s s  le v e l and so lv e n t power assume a 

g re a te r  s ig n if ic a n c e  than  the in flu en ce  o f  m olecu lar w eigh t, m olecular 

w eight d is t r ib u t io n  and c r y s t a l l i n i t y .

1 .2 .2  Previous work on environm ental f ra c tu re  in  b r i t t l e  polymers

Environm ental a t ta c k  in  g la ssy  polymers such as IWA causes rap id  

i n i t i a t i o n  o f  m icrocracks o r  c ra z e s , vh ich  promotes f a i lu r e  o f the 

m a te r ia l .

E arly  in v e s tig a tio n s  in to  the  n a tu re  o f  th ese  c razes  were c a r r ie d  out 

in  dry cond itions using f le x u ra l  t e s t s  and th e  mechanism o f  s tr e s s  

craz ing  was considered  s im ila r  to  so lv en t s t r e s s  c ra z in g  (5 ). Crazes 

which appeared in  the absence o f  th e  environment were shown to  be 

formed under t e n s i le  r a th e r  than com pressive s t r e s s e s  (6 ). I t  was 

a lso  noted  th a t  in  a d d itio n  to  ap p lied  s t r e s s e s ,  r e s id u a l s tre s s e s  

o r s t r a in s ,  l e f t  during r e s in  and specimen p re p a ra tio n , can cause
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c raz in g  (7 ) ,  and in c re a se  th e  s e v e r ity  when e x te rn a l loads are  

ap p lied . Beside needing s tr e s s e s  fo r  t h e i r  i n i t i a t i o n ,  crazes 

were shown to  re q u ire  s i t e s  from which to  i n i t i a t e .  Probable 

fa c to rs  to  i n i t i a t e  s i t e s  have been re p o rte d  by Maxwell and Rahm (8) 

and by N ie lsen  (9 ) . Inhom ogeneities and flaw s o r  s t r e s s  c o n cen tra tio n  

such as v o id s , s c ra tc h e s ,  in p u r i t ie s  o r  o th e r  e x te rn a l d efec ts  a re  

o f te n  observed to  determ ine c raze  s i t e s .

Regarding c razes  in  g la ssy  polymers due to  the  p resence o f bo th  

s tr e s s  and so lv e n t, th e  e a r ly  s tu d ie s  by B ern ie r and Kambour (10) 

were co n cen tra ted  on chem ical f a c to rs  such as " s o lu b i l i ty  param eter" 

which cause the  environm ent to  promote c rack ing  o r  c raz in g .

However, about the  same tim e Andrews and Bevan (11) in troduced  

the f ra c tu re  mechanics approach to  th e  s u b je c t and devised an 

energy c r i t e r io n  fo r  c raze  i n i t i a t i o n .  They used notched specimens 

immersed in  h o s t i le  environm ents such as methanol and e th an o l.

Under th e se  co n d itio n s  when a  s t r e s s  was a p p lie d  crazes were 

observed to  grow c o n s is te n t ly  from th e  t i p  o f  th e  notch  in to  th e  

bulk  o f th e  m a te r ia l .

Recently a thorough stu d y  o f  c raze  growth in  b r i t t l e  polymers was 

c a r r ie d  o u t using  th e  concepts o f  f ra c tu re  mechanics (48). A f u l l  

d iscu ss io n  i s  p re sen te d  in  s e c tio n  2 .3 .
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CHAPTER 2 PREVIOUS WORK ON CRACK PROPAGATION

2.1 F rac tu re  mechanics concepts

2 .1 .1  The G r i f f i th  approach

The f ra c tu re  s tre n g th s  o f  b r i t t l e  m a te r ia ls  are  found to  be w ell 

below t h e i r  th e o r e t ic a l  values which a re  b e liev ed  to  be in  the 

o rder o f one te n th  o f  th e  Young's modulus (12). T his f a l l  in  

s tre n g th  was recogn ised  as e a r ly  as 1920 by A. A. G r i f f i th  (13). 

G r i f f i th  (1921) working on glass as a model fo r  a b r i t t l e  m a te r ia l, 

found an ap p rec iab le  d iffe re n c e  between th e  th e o r e t ic a l  te n s i le  

s tre n g th  and th e  experim ental va lu e . His conclusion  was th a t  g lass  

i s  n o t a p e r fe c t ly  homogeneous m a te r ia l bu t co n ta in s flaw s which 

a c t as lo c a l is e d  s t r e s s  r a is e r s  and cause successive  bond breakage. 

This lead  him to  propose a theo ry  to  p re d ic t  the  t e n s i l e  s tren g th  

o f th ese  flaw ed b o d ies. His b a s ic  prem ise was th a t  u n s tab le  fra c tu re  

would occur i f  an increm ent o f  crack  growth r e s u l te d  in  more s to red  

energy being  re le a se d  than  i s  absorbed by th e  c re a tio n  o f new surface.

i . e .  c o n d itio n  fo r  f ra c tu re  i s  given by

^  ^  (2. 1)
9A 9Ag

where U  ̂ i s  th e  e l a s t i c  s t r a in  energy

Ug is  th e  f re e  su rfa ce  energy 

Ag is  the  crack su rface  area
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This lead  him to  a c r i t i c a l  s tr e s s  value fo r  a specimen of u n it  

w idth co n ta in in g  an e l l i p t i c a l  cen tre  crack o f  leng th  2a su b jec ted  

to  p lane s t r e s s  load ing  f ig u re  2.1 given by an equation  of the  form

1 na
(2 . 2)

where E = Young’s modulus o f  the  m a te ria l 

7 i s  th e  s p e c if ic  su rface  energy o f the  crack  su rface

<T

Figure 2-1 Infinite plate with elliptical
centre crack
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This energy approach has been ap p lied  to  many b r i t t l e  m a te ria ls  

such as some m etals and ceram ics. In th e  e a rly  1960's Berry 

app lied  i t  to  th e  f ra c tu re  o f  amorphous g lassy  polym ers, such as 

PMMA. (14) and po ly sty ren e  (15). The value o f 7 was worked out 

fo r  th ese  m a te r ia ls  from f i t t i n g  equation  (2.2) to  a p lo t  o f 

ag a in s t a o r d i r e c t ly  from the  s lope  o f  the  p lo t  o f a g a in s t a ^ ,

E is  determ ined from a se p a ra te  experim ent.

2 .1 .2  A p p lica tio n  to  m a te r ia ls  which show p la s t i c  deform ation

The energy approach as devised  by G r i f f i th  considers 7 to  be a 

surface energy. However 7 values measured from f ra c tu re  experim ents 

fo r  many m a te r ia ls  have in d ic a te d  th a t  o th e r energy-absorbing p rocesses 

are  invo lved , s in ce  th ese  values a re  much g re a te r  than 7 values 

obtained  by su rface  energy measurement. Orowan (16) no ted  th a t  

p la s t ic  deform ation a t  the  crack  t i p  i s  the  main c o n tr ib u tin g  source 

and is  approxim ately th re e  o rd ers  o f  magnitude g re a te r  than  the 

surface  energy. This lead  Irw in (17) and Orowan (18) to  modify the  

o r ig in a l G r i f f i th  formulae so th a t  p l a s t i c  deform ation p r io r  to  

f a i lu re  could  be accounted fo r  by th e  theory . The m odified v e rsio n  

o f  equation  (2 .2 ) i s

f na

where 7^ i s  the energy absorbed by p la s t i c  deform ation in  the  

c re a tio n  o f u n i t  a re a  o f  f ra c tu re  su rfac e .
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2 .1 .3  S tra in  energy re le a se  r a te  as a f ra c tu re  c r i te r io n

Irw in (19) extended the  G r i f f i th  approach by proposing th a t  the 

s t r a in  energy r e le a s e  r a te  could  be regarded  as a fo rce  fo r  crack 

ex tension . This fo rc e , he denoted by G ( a f te r  G r if f i th )  would have 

a c r i t i c a l  value G  ̂ when a crack s t a r t s  to  propagate

9U
- ^  [ fo r  u n i t  w idth o f  crack  fro n t)  = G

and the  f ra c tu re  c r i te r io n

G -  Gq

where G  ̂ i s  known as the f ra c tu re  toughness

During f ra c tu re  two su rfaces  are  formed, hence the  re la t io n s h ip  

between Ĝ  and th e  su rface  work can be expressed as

as such Irwin (19) considered  th e  new m odified G r i f f i th  c r i te r io n  

equation (2.3) as a means to  ev a lu a te  the  s t r a in  energy re le a se  ra te  

a t  the p o in t o f  f r a c tu r e ,  i . e .  G^, using  the expression

O r  = ^ 1  ^^c (2.4)
f  na
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E valuation  o f  th e  energy re le a se  r a te  by a d if f e re n t  means fo r  

d if f e re n t  load ing  co n d itio n s  and geom etries was l a t t e r  proposed 

by Irwin and Kies (20). They (21) were the  f i r s t  to  no te  th a t  

the s t r a in  energy in  an e l a s t i c  body could  be p re se n te d  in  th e  

form

Ug = ^  (2 .5 )

where Q = c h a ra c te r is in g  fo rce

C = specimen compliance

The coirpliance C i s  g iven by C = ^
P

P i s  the lo ad  and y th e  r e la t iv e  displacem ent o f th e  load ing  p o in ts .

From the above s t r a i n  energy ex p ress io n , i t  immediately fo llow s th a t  

the s t r a in  energy r e le a s e  r a te  w ith  re sp e c t to  crack ex ten s io n  i s  

given by

dd.

1 ( f  / d C\

2 \ 3 a /

Irwin and Kies (20) suggested  th a t  measuring the  compliance o f  the

specimen w ith  v a rio u s  crack  le n g th s , would lead  to  the  corresponding  
9Cvalue o f —  . A f ra c tu r e  t e s t  cou ld  then  be in te rp re te d  by

evaluating  9U  ̂ a t  f ra c tu r e  using  th e  f ra c tu re  load and th e  va lue  o f 
da
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9C fo r  th e  a p p ro p ria te  crack  len g th . On th e  b a s is  o f  th is  r e s u l t  
9a
a co n sid e rab le  amount o f work was c a r r ie d  ou t to  determ ine the  

conpliance o f  v arious specimen shapes. See fo r  example Day (22) 

and Srawley e t  a l  (23).

2 .1 .4  S tre s s  in te n s i ty  f a c to r  as a f ra c tu re  c r i te r io n

Irwin (19) (1957) produced an a l te r n a t iv e  in te rp r e ta t io n  o f f ra c tu re  

phenomena by the  in tro d u c tio n  o f  th e  K concept, known as the s t r e s s  

in te n s i ty  f a c to r .  Using th e  s o lu tio n  fo r  an e l a s t i c  sh ee t w ith  

c e n tra l through th ick n ess  crack  ob ta ined  by W estergaard (24) in  1939, 

he derived  an ex p ression  fo r  th e  s tr e s s e s  in  the v ic in i ty  o f  the  

crack t ip  o f  a c e n t r a l ly  notched p la te  o f i n f i n i t e  w idth shown in  

f ig u re  2 .2 . This i s  given as

o . j  = K (2nr) 2 f ( e ) (2 .7)

where r  and e a re  p o la r  c o -o rd in a te s  w ith  an o r ig in  a t  the  crack  t i p ,  

i  and j are  orthogonal co -o rd in a te s  o f  s t r e s s  d ire c t io n s ,  f(0 ) i s  

dependent upon th e  p a r t ic u la r  s t r e s s  component bu t n o t on geometiy 

o r app lied  load .

xy
XX

Figure 2 2  Inf in i te  plate 

w ith  el l iptical  c e n t r e  
c r a c k  ( s t r e s s  intensity 
criter ion)
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Modes o f f a i lu r e :

When crack p ropagation  occurs, th re e  modes o f  f a i lu r e  can be 

envisaged and th ese  a re  shown in  f ig u re  2 .3

III

I

Figure 2 3  Three m odes of fracture

Mode I (opening mode) corresponds to  the  f ra c tu re  su rfaces  sep ara tin g  

normal to  each o th e r .

Mode I I  ( s l id in g  mode) corresponds to  m utual shearing  o f  the  crack 

w alls  in  a d ire c t io n  normal to  th e  crack  f ro n t .

Mode I I I  ( te a r in g  mode) corresponds to  mutual shearing  p a r a l le l  to  

the  crack f ro n t .

With the  knowledge o f  th i s  Irw in p re sen ted  h is  r e s u l ts  as fo llow s:



Mode 1

25

Mode II

XX
K.

(2nr)

COS £  
2

1 - s in  £  s in  30 
2 2 ]

yy
(2nr)

COS £  
2

1 + s inin ^  s in  3e
2 2 J

xy
(2nr)

s in  0 cos 0 cos 30 
2 2 2

_ -  Ktt s in
XX

__ I I
(2nr)

“ f  [
2 + cos ^  cos 30 

2
30 1
2 J

K
yy

 n
C2nr)-

s in  £  cos ^  cos 30 
2 2 2
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2
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The co n stan ts  K a re  s t r e s s  in te n s i ty  f a c to r s ,  defined  by th e  c o n d itio n

th a t  the ap p ro p ria te  s t r e s s  (a fo r  mode I ,  a fo r  mode I I ,  a fo ryy xy  ̂ zy
mode I I I )  ahead o f  th e  crack ( i . e .  6= 0) i s  K (2nr) ^ .

Hence the  s o lu tio n  i s

Oyy = K C2nr) (2 . 8)

From the  s t r e s s  d i s t r ib u t io n  a n a ly s is  ahead o f the  crack  t i p  (25), 

f ig u re  2 .4 , th e  t e n s i l e  s t r e s s  i s  given as

yy (2.9)

where app
2a

a p p lied  s t r e s s  

crack  leng th

d is tan ce  from th e  o r ig in ,  a t  the  m idpoint o f  th e  
crack .

crack tip
I
L

app

Figure 2 A S c h e m a tic  diagram  of t e n s i le  s t r e s s  
distribution  a h e a d  of a sharp, through  
th ic k n e s s  crack of length 2 a  in an 
infinite body.
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To express in  terms o f  r ,  fo r  comparison w ith  I rw in 's  equation  (2.8) 

w rite  X = r  + a .

Therefore equ a tio n  (2 .9 ) can be expressed  as

o._. = *̂app = ^app % *̂ app (2.10)
yy

j~(r+a)^-a^ 1  ̂ j~(2a+r)r  ̂ f— 1 ^
L (r+a)2 J [  (a+r)^ J [ a  J

In se rtin g  th e  value o f  from eq u a tio n  (2 .8) in  equation  (2.10)

gives

K (2nr)  ̂ = ^app (2.11)

(?)

K = ^app (2nr) 

)

Wiere a i s  th e  ap p lie d  s t r e s s  and 2a i s  th e  crack  len g th .

When specimens o f  f i n i t e  w idth a re  used , c o rre c tio n  fa c to rs  are  

in troduced to  allow  fo r  e i th e r  bending e f f e c ts  o r the presence o f 

the fre e  edges. The so lu tio n  f o r  K i s  then  given by

= a V a  (2.13)

2
where Y i s  th e  f i n i t e  p la te  c o r re c tio n  f a c to r .
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2
S olu tions fo r  Y fo r  v a rio u s  specimen shapes and load ing  cond itions 

can be found in  P a ris  and Sih (26) (1965) and Brown and Srawley (27) 

(1966).

2 .1 .5  R e la tio n  between K and G

Irwin (19) no ted  th e re  was a simple re la t io n s h ip  between th is  f a c to r  

and h is  p rev ious concept G, provided th a t  th e  l a t t e r  i s  regarded  as 

e l a s t i c  energy re le a se d  p e r  u n it  ex tension  o f  th e  crack  th u s :-

equation  (2 .4) g ives a =

2 2and equation  (2.12) g ives K = Ho a

th e re fo re  = EG fo r  p lane s t r e s s  (2.14)

and = EG fo r  p lane s t r a in  (2.15)

2 .1 .6  S ta b i l i ty  o f crack  propagation

The G r i f f i th  c r i te r io n  r e fe r s  to  a specimen geometry which f a i l s  

c a ta s tro p h ic a lly  when c rack  spreading  s t a r t s  and f ra c tu re  su rface  

energy i s  in fe r re d  from f a i lu r e  s t r e s s .  In eng ineering  s tru c tu re s  

ap p reciab le  crack  growth may precede c a ta s tro p h ic  f a i lu r e ,  and th is  

growth re fe r re d  to  as " s u b - c r i t i c a l" ,  c o n tra d ic ts  th e  s t r i c t  G r i f f i th  

fa i lu r e  c r i te r io n .  Because o f i t s  in p o rtan ce , many in v e s tig a to rs  

were concerned w ith t e s t s  and techniques where c o n tro lle d  crack
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propagation  in  b r i t t l e  polymers could be achieved. Obreimoff (28)

(1930) was th e  f i r s t  to  study such a behaviour. He wedged open a 

crack in  m ica, and ev a lu a ted  the lo c a l work o f  crack ing  from simple 

bending th e o ry . Benbow and R oesler (29) (1956) extended O breim off s 

method to  d ea l w ith  h igh  polym ers. They spread cracks in  g la ss  by 

inden ting  th e  g la ss  w ith  the  end o f  a s te e l  c y lin d e r  and evalua ted  

the work from th e  load  to  spread the  crack and from e l a s t i c i t y  theo ry .

Nowadays th e  most commonly used t e s t  specimens fo r  promoting c o n tro lle d  

crack p ro p ag atio n  a re  the  double to rs io n  t e s t  p iece  and c e r ta in  

geom etries o f  tap e red  double c a n ti le v e r  beam specimens. From th ese  

techniques " s u b - c r i t i c a l"  cracking  was in v e s tig a te d  thoroughly , and 

a new te m in o lo g y  fo r  the  s t r e s s  in te n s i ty  fa c to r  was in troduced .

is  now accep ted  as th e  s t r e s s  in te n s i ty  to  promote s ta b le  crack 

propagation  a t  a co n s tan t crack v e lo c ity  v . Whereas expresses 

the i n s t a b i l i t y  c r i te r io n  where the  crack t i p  ra p id ly  a c c e le ra te s , 

i . e .  c a ta s tro p h ic  f a i lu r e .  Both and a re  dependent on t e s t  

p iece geometry, environment and co n d itio n  around the  crack  t i p .

The au thor b e lie v e s  th a t  the  above term inology could be m isleading  

s ince the mode o f  f a i lu r e  " I"  i s  the  same in  each case .

From the th re e  modes. Mode I i s  by f a r  the  most p e r t in e n t  to  crack 

propagation in  b r i t t l e  s o l id s ,  i t  g ives the  most co n serv a tiv e  es tim ate  

o f m a te ria l s tr e n g th . Therefore the  mode o f f a i lu r e  i s  understood 

as Mode I and as such
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w ill  re p re se n t the s t r e s s  in te n s i ty  fa c to r  a t  crack  in i t i a t io n  

s t r e s s  in te n s i ty  fo r  s ta b le  crack  propagation  and

s tr e s s  in te n s i ty  a t  crack  a r r e s t .

Broutman and McGarry (30) enploying th e  double c a n ti le v e r  beam t e s t  

geometry found th a t  crack  p ropagation  was u su a lly  s ta b le  in  b r i t t l e  

th e rm o p lastic s . In double to rs io n  t e s t s  th i s  is  shown by a co n s tan t 

speed and load over a len g th  o f  crack  growth (c f f ig u re  5 .2 (a) page 79 

from the p re se n t w ork). However p ropagation  tended to  be u n stab le  

in  therm osets and crack  jumping was observed. (Figure 5 .6 (a) page 87 

shows a re p re se n ta tiv e  load  d e f le c tio n  cu rve .)

The in s t a b i l i t y  o f  th erm o se ttin g  m a te r ia ls  e .g .  epoxies and p o ly e s te rs  

has been in v e s tig a te d  thoroughly  and was considered  to  be in fluenced  

by the fo llow ing v a r ia b le s : -

(a) S tra in  r a te  ( i . e .  c ro ss-h ead  speed o f  the  machine) (31, 32, 33).

(b) The amount and type o f  cu rin g  agent and th e  s ta te  o f  cure (34).

(c) The presence o f l iq u id  environment (31, 32).

(d) Tenperature o f te s t in g  (32, 33, 35).

A good review on the  su b je c t i s  g iven by R. J .  Young (36).

As regards therm o p lastic  m a te r ia l e .g .  PMMA, c o n tro lle d  crack 

propagation te s t s  on dry have dem onstrated th a t  th e  m a te r ia l
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e x h ib its  s ta b le  cracking  behaviour a t  c ro ss-h ead  displacem ent ra te s  

which g ive crack  v e lo c i t ie s  le s s  than 100 mm sec Above th is  

v e lo c ity  i n s t a b i l i t y  s e ts  in  (37, 38, 39). On the  o th e r  hand the  

in tro d u c tio n  o f  l iq u id  environment to  the  crack  t i p  leads to  u n stab le  

c rack -p ro p ag a tio n  a t  c ross-head  displacem ent r a te s  Wiich would otherw ise 

r e s u l t  in  s ta b le  behaviour (29, 39, 40).

Mai and A tkins (41, 42) p o in ted  out th a t  th e  c r i te r io n  o f s ta b i l i t y

depends on two fa c to rs :  One v a r ie s  w ith  th e  type o f  te s t -p ie c e  and

is  c a l le d  th e  geom etric s t a b i l i t y  fa c to r  and th e  o th e r , which depends

upon the m a te r ia l  i s  dG which i s  the  r a te  o f  change o f the f ra c tu re
3a

toughness w ith  crack  v e lo c ity . They showed th a t  continuous propagation

w il l  take  p la ce  when ^  i s  p o s it iv e .  When i t  i s  n eg a tiv e  p ropagation
dâ

w il l  become u n s tab le  even in  specimens which should promote s ta b le

crack growth. G le d h ill e t  a l (35) however argues th a t  the decrease

o f the s p e c i f ic  work o f f ra c tu re  w ith  crack  speed i . e .  dG , i s  no t
da

the cause b u t r a th e r  th e  consequence o f  " s t i c k - s l ip "  o r unstab le  

c rack in g .

2.2 Previous work on crack  p ropagation  in  dry PMMA

Since the  in tro d u c tio n  o f  the G r i f f i th  -  Irw in c r i te r io n ,  many a t te n p ts  

have been made to  apply i t  to  g la ssy  polymers in  o rd er to  c o r re la te  

and ex p la in  t h e i r  f ra c tu re  behaviour. Many such a t te n p ts  were 

performed on th e  tra n sp a re n t b r i t t l e  polymer (PMMA) - using  the 

G r if f i th  approach to  ev alu a te  th e  " su rfac e  work" 7p by d if f e r e n t  

t e s t  methods. A summary o f  the  p u b lish ed  r e s u l t s  i s  given in  ta b le  2.5
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Table 2.5. Fracture toughness values for PMMA in air (Quoted in 

reference (43))

Author(s) Test
method

à
(mm/sec) & 0 »  ,

(Joules/m )

K(i)c(calc)
(MN/m3/2)

Benbow and Roesler (1957) (29) PC(c) ~io"^ 4.9 (1.69}t
Benbow (1961) (105) CNC(c) icT^ 4.2 {1.56}
Berry (1961) (14) SEN Instability 3.0 {1.12}
Berry (1963)(94) PC 10-3 1.4 (0.76)t
van den Boogaart (1966) (95) PC ~10"3 1.65 (0.83)
Broutman and McGarry (1965) (30) PC 1.25 1.25 (0.99)
Broutman and Kobayashi (96) TC 1.25 2.0 (1.26)
Oavidge and Tappin (1968) (97) B Instability (3.65) 1.94
Olear and Erdogan (1968) (98) CN Instability (1.39) 1.19
Key, Katz and Parker (1968) (99) SEN Instability (1.15-2.7) 1.09-1.66
Kies (1953) (100) SEN Instability 6.15 {1.19}
Svennson (1961) (101) CNC(c) ~io"^ 4.5 {1.16}
Vincent and Gotham (1966) (102) SEN 6.8x10-2

PC,I 4.3x10^ 1.5-3.4 {0.93-1.61}
Williams, Radon, and SEN,DEN
Turner (1968) (1) (38) B 2.5x10-3** (2.2-3.5) 1.13-1.43
Williams, Radon, and SEN,DEN,
Turner (1968)(2) (38) B Instability (2.11-3.0) 1.48-1.75
Irwin and Kies (1954) (21) CN Instability 4.4 {1.6 }
Fujishiro (1971) (103) PC ~iO-2 0.923 (0.63)
Higuchi (1965) (104) DEN Instability 3.6 {1.7 }

t( ) = Converted value - using "derived" E (via Williams {1972})
{ } = Converted value - using quoted E
** "Apparent" speed
CNC = centre notch cleavage CN = centre notched
PC = parallel cleavage I = impact
TC = tapered cleavage B = bending
SEN = single edge notch DEN = double edge notch
(c) = with compression

c

Crack sp e e d
Figure 2 6 Schem atic representation of versu s  

crack speed curve -  PMMA in air.
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taken from the work o f  M arshall and W illiams (43). At f i r s t  s ig h t ,  

the r e s u l ts  appear to  be in c o n s is te n t.  However when they were 

c o rre la te d  as a fu n c tio n  o f  crack  speed ( i . e .  K vs v cu rv e ), they 

have been shown to  follow  a c o n s is te n t p a t te rn  (43).

For PMMA fra c tu re d  in  a i r ,  M arshall e t  a l  (37) found th a t  the  

supposed co n s tan t value fo r  i s  in  f a c t  dependent on the  crack 

speed and i t s  value r i s e s  as th e  crack  speed is  in creased . Although 

M arshall’s measurements were i n  the  low speed region v < 50 mm/sec, 

a s im ila r  re la t io n s h ip  between K ^/crack speed fo r  high speed f a i lu r e  

was a lso  found v a l id  by Green (44) and C o tte re l l  (45).

A schem atic diagram fo r  PMMA K/v curve is  shown in  f ig u re  2 .6 .

Such K(v) curves have nowadays been accepted  as a means to  

ch a rac te r iz e  polymer f ra c tu re  p ro p e r t ie s .

2 .3  F rac tu re  mecahnics a p p lie d  to  environm ental f ra c tu re

Crazing in  g lassy  organ ic  polymers i s  now accepted  to  be the 

p recu rso r o f f ra c tu re .  The presence o f  c razes in  th e  m a te ria l 

p resen ts  a p o te n tia l  danger because o f  th e  p o s s ib i l i t i e s  o f  void  

coalescence w ith in  the craze which can ev en tu a lly  r e s u l t  in  crack 

growth.

Glassy polymers e .g .  PMMA, which a re  b r i t t l e  and do crack  re a d ily  

in  a i r ,  grow crazes when su b jec ted  to  environm ental a t ta c k . These 

crazes u su a lly  resemble cracks because o f the  low re f r a c t iv e  index
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o f  th e  s t r u c tu r e ,  and h ig h er m ag n ifica tio n  microscopy i s  o fte n  

n ecessary  to  d i f f e r e n t ia te  the  two. Crack and craze  growth in  

polymers i s  o f  m ajor im portance in  the  e x p lo i ta t io n  o f  polym ers, 

and th e  concepts and param eters o f  f ra c tu re  mechanics which have 

been adopted su c c e ss fu lly  in  the  d e sc r ip tio n  o f  crack  propagation  

in  PMMA in  a i r  were a lso  used to  in v e s t ig a te  c raze  growth behaviour 

in  the  p resence o f  environm ent.

The bulk  o f  th ese  s tu d ie s  co n cen tra ted  on t e s t s  where the  ap p lied  

load  was kept c o n s ta n t, and w i l l  be d e a l t  w ith  f i r s t ,  l a t e r  however 

co n d itio n s o f  m onotonically  in c re a s in g  load  (o r displacem ent) which 

are  a lso  re le v a n t to  th i s  re sea rc h  w i l l  be looked in to .

2 .3 .1  Dead load  te s t s .  R esu lts .

E arly  in v e s tig a to rs  concerned w ith  th e  environm ental mechanism, 

proposed th a t  c raze  i n i t i a t i o n  was based on a c r i t i c a l  s tr e s s  (46) 

and a c r i t c a l  s t r a in  (10) c r i te r io n .  Hence c raze  growth in  polymers 

under the combined in flu en ce  o f  s t r e s s  and so lv en ts  was rep o rted  to  

be s t r e s s  dependent (46). This proved to  be in c o n s is te n t and when 

the f ra c tu re  mechanics concepts were in tro d u ced  in s te a d , to  describe  

craze i n i t i a t io n  phenomena, the  fo llow ing  were rep o rted .

Craze i n i t i a t io n  and growth:

Methanol crazes in it ia t in g  from th e  crack  t i p  in  polymer samples were 

dependent on th e  i n i t i a l  s t r e s s  in te n s i ty  f a c to r  K (48, 49) and have 

two d is t in c t  types o f  growth behaviour, one lead in g  to  craze a r r e s t
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and th e  o th e r  to  f in a l  f ra c tu re  depending on th e  magnitude o f  Kq 

(48, 49, 50). In  th e  former the  craze growth r a te  decreased 

u n t i l  the  c raze  came to  a r r e s t ,  whereas in  th e  l a t t e r  case the  

growth r a te  i n i t i a l l y  decreased b u t then  e v en tu a lly  became co n stan t.

F lu id  flow in to  a c raze :

The flow mechanism o f  th e  environment in to  a c raze  a t  the  crack t ip  

has been p o s tu la te d  to  in flu en ce  craze growth behav iour (49). 

M arshall e t  a l  (48) and Kramer e t  a l  (49) proposed models fo r  f lu id  

flow in  the  c raze  to  p re d ic t  growth k in e t ic s .  These models were 

based upon two types o f  f lu id  flow behaviour, r e s t r i c t e d  (end flow) 

and u n re s t r ic te d  (s id e  flow) and t e s t s  were designed  to  dem onstrate 

them.

In the  u n re s t r ic te d  t e s t s ,  specimens were immersed e n t i r e ly  in  the 

m ethanol, whereas fo r  r e s t r i c t e d  flow ,specimen s id e s  were sealed  

w ith  g rease , and the  craze  fed  w ith  m ethanol, on ly  through the  

crack . W illiam s e t  a l  (51) in  t h e i r  model have shown th a t  i n i t i a l  

growth a t  high s t r e s s  in te n s i ty  values was c o n tro lle d  by hydrodynamic 

tra n sp o r t  o f  l iq u id  through the  porous craze  to  th e  craze t i p ,  while 

a t  low K values growth was c o n tro lle d  by the  re la x a t io n  o f the s tr e s s  

in  the  craze  f i b r i l s .  A s im ila r  model fo r  th e  l a t t e r  case has been 

proposed by Veheulpen e t  a l  (52) fo r  craze growth in  a i r .  I t  was 

a ls o  suggested  by M arshall e t  a l  (48) th a t  th e  d r iv in g  force fo r 

flow in  the craze  i s  atm ospheric p re ssu re . Kambour (53), however, 

argues th a t  both  f i b r i l s  and voids in  the  c raze  have sm all diam eters 

and th e re fo re  one would expect flow to  be d riven  by c a p i l l a r i ty .



36

T his was supported  by Kramer e t  a l  (49) and a new model fo r  

hydrodynamic flow in  the  craze was p re sen te d .

C essa tio n  o f  c raze  growth:

The tendency fo r  c razes  to  cease a t  th e  lower values o f  s tr e s s  

in te n s i ty  fo r  dead load  type experim ents was th e  concern o f  many 

re sea rc h  w orkers and various c r i t e r i a  fo r  th i s  fe a tu re  have been 

proposed. Kambour (53) has suggested  th a t  c raze  growth ceases 

because th e  polymer becomes o r ie n te d  by th e  competing process of 

p l a s t i c  sh ea r flow ahead o f th e  c ra z e . Graham e t  a l  (54) have 

advanced th e  hypo thesis  th a t  th e  craze  s to p s  when i t  reaches a 

c e r ta in  len g th  ”x" p re d ic te d  by th e  Dugdale model (55). The Dugdale 

model env isages a f l a t  e l l i p t i c a l  h o le  in  an i n f in i t e  p la te ,  sub jected  

a t  i n f in i t y  to  a t e n s i le  s t r e s s  normal to  th e  p lane o f the crack. At 

th e  c rack  t ip s  a y ie ld e d  zone o f  th e  le n g th  "x" is  o f  such a length  

th a t  the s t r e s s  a t  the  end o f i t  i s  f i n i t e ,  f ig u re  2 .7 .

Figure 2-7 Dugdale m odel at the crack t ip .
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For a p la te  w ith  a c e n tra l  crack o f  len g th  2a, Dugdale’s model 

gives the zone s iz e  "x" as

Q 1̂ sec (no / 2 0 y) -  1 j  (2.16)X = a

i  cos-1 I  " \  (2.17)
n - -y

Andrews and Bevan (56) have proposed th a t  growth ceases when the  

s t r a in  energy re le a se  r a te  o f th e  craze  f a l l s  below a c r i t i c a l  

va lue , the minimum p la s t i c  work and su rfa c e  energy th a t  must be 

supp lied  to  g en era te  a c raze .

The p roposals  o f  Graham e t  a l  (54) and Andrews e t  a l  (56) were both 

dism issed by Kramer e t  a l  (57) who observed th a t

(1) the s t r a in  energy re le a se  r a te  fo r  a c raze  in creased  w ith  

in creasin g  craze  len g th , an in c rease  which th ey  have a t t r ib u te d  to  

the work done behind the  craze t i p ,  fo r  exanp le , in  the  deform ation 

o f  f i b r i l s  ex tending  across th e  craze  from one su rface  to  th e  o th e r ;

(2) the s tr e s s e s  in  the  craze a re  n o t approaching the  co n sta n t value 

expected from th e  Dugdale model. They l a t e r  proposed in  ano ther 

p u b lic a tio n  (49 ), th a t  the so lv en t c raze  i s  preceded by a sh o rt leng th  

o f  dry c raze , and th e  craze s tops when th e  f i b r i l  volume f r a c t io n  in  

th e  so lven t s e c tio n  becomes so la rg e  th a t  f lu id  tra n sp o r t through 

th is  zone becomes n e g lig ib le .
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2 .3 .2 . M onotonically  in c reas in g  lo ad s . Test R esu lts .

Environm ental f r a c tu re  o f  PM4A. under m onotonically  in c re a s in g  

load  (o r d isp lacem ent) was r a re ly  rep o rted  in  th e  l i t e r a t u r e  

except f o r  th e  p u b lish ed  work by Mai (40), who adopted the  

method in  an a ttem p t to  determ ine K(v) curves in  p resence o f 

l iq u id  environm ents. However, th e  r e s u l ts  showed th a t  the  

presence o f  l iq u id ,  e .g .  c a rb o n -te tra c h lo rid e  a t  the  crack  

t i p  caused immediate crack a r r e s t  and th e  f ra c tu re  lo ad  in c reased  

follow ed by i n s t a b i l i t y .  This made i t  d i f f i c u l t  to  a sse ss  

th e  f ra c tu re  toughness o f th e  m a te r ia l and measure i t s  corresponding 

p ropagation  v e lo c i ty .

Mai, concerned to  achieve continuous crack ing , used specimens and 

techniques which promote s ta b le  c rack ing  in  m onotonically  in c reasin g  

displacem ent experim ents (40 ). From th ese  t e s t s  he re p o rte d  th a t  

the  f ra c tu re  toughness in  an environment conpared to  th a t  in  a i r ,  

i s  a fu n c tio n  o f crack  v e lo c ity  as i l l u s t r a t e d  in  f ig u re  2 .8 . In  

the low v e lo c i ty  range (a < 10 ^m sec  ^) th e  f ra c tu re  toughness in  

a l iq u id  i s  lower than  in  a i r ,  whereas in  the h i ^ i  crack  speed range 

(a > 10 ^m sec ^) the f ra c tu re  toughness is  g re a te r  th an  in  a i r .

The ex p lan a tio n  g iven  was th a t  in  th e  former case , th e  crack  grows 

w ith  the so lv e n t induced craze  s tru c tu re  and thus needs le s s  energy 

fo r  i t s  p ro p ag a tio n , w hile in  the l a t t e r  a d d itio n a l work o th e r than 

th a t  necessary  fo r  c rack ing  u n i t  a re a  o f  m a te r ia l i s  re q u ire d  to  

rup ture  and reg en era te  craze c a v i t ie s  n ea r the a f fe c te d  crack  t i p  

reg ion . This suggests  th a t  th e  environm ental mechanisms in  the  l a s t  

case i s  a s tren g th en in g  r a th e r  than  a weakening e f f e c t .
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2.4 Summary

Environm ental c rack ing  o f  r ig id  polymers such as PMMA., proceeds 

by i n i t i a t i o n  and growth o f  a c ra z e - lik e  zone o f  c a v ita t io n  which 

breaks down to  fo m  a c rack . The f ra c tu re  mechanics su ccessfu lly  

used in  s tudy ing  crack  growth in  dry c o n d itio n s , provided  a u sefu l 

frame work fo r  in te rp r e t in g  and sy stem a tis in g  th e  r e s u l t s  o f 

environm ental c rack  growth s tu d ie s .

In  dry co n d itio n s  fo r  PMMA, f ra c tu re  t e s t s  were perform ed by assuming

th e  ex is ten c e  o f  a c r i t i c a l  s tr e s s  in te n s i ty  f a c to r  ( à ) , or
2

e q u iv a le n tly  a value o f  f ra c tu re  toughness G^(â) = K ^(â) th a t i s  an 

in c re a s in g  fu n c tio n  o f  crack  v e lo c ity  A. ^

Experim ental values o f  were p lo t te d  as a fu n c tio n  o f  log^Q à w ith  

th e  in te n tio n  th a t  a unique curve should be o b ta in ed  reg ard less  of 

specimen geometry o r  th e  i n i t i a l  crack  le n g th  o r load ing . By 

in te g ra tin g  th is  cu rve, t im e - to - fa ilu re  f o r  th e  m a te r ia l could be 

p re d ic te d . The r e s u l t  i s  shown in  f ig u re  2 .6 . The curve is  n ea rly  

h o r iz o n ta l a t  low crack  growth r a te s ,  in d ic a t in g  th a t  fo r  a p ra c t ic a l  

purpose th e re  i s  a th re sh o ld  K below which m easureable slow crack 

growth does no t occur.

With the in tro d u c tio n  o f  l iq u id  environment to  PMMA, the e f fe c t  on 

the  th re sh o ld  K seemed to  vary w ith  th e  type o f  loading  conditions 

(K here i s  the s t r e s s  in te n s i ty  fo r  c raze  g row th ).
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Under dead-load  c o n d itio n s , sanples o f P^#\. in  th e  p resence o f  

l iq u id  environm ent have shown a f a l l  in  s tre n g th  w ith  a lower K 

value than  in  a i r .  This was exp lained  by th e  d if fu s io n  o f l iq u id  

in to  the c ra z e , e f f e c t iv e ly  p la s t ic iz in g  th e  f i b r i l s .  The d ep ression  

o f g la ss  t r a n s i t i o n  tenpera tu re  Tg in  the  f i b r i l s  enhances th e  

drawing o f  c raze  f i b r i l s  from the  craze su rface  as w e ll as producing 

increased  f i b r i l  ru p tu re . As a r e s u l t  rap id  f a i lu r e  o ccu rs.

Contrary to  th e  above, environm ental f ra c tu re  t e s t s  in  PMMA. perform ed 

under m onotonically  in c re a s in g  load  have shown a s tre n g th en in g  e f f e c t .  

Larger K was re q u ire d  to  produce a h igh  à than  i s  re q u ire d  in  a i r  as 

is  shown in  f ig u re  2 .8 . Probably a t  h ig h er values o f  K bundles o f 

crazes a re  formed a t  the  crack t i p  which do n o t form to  th e  same 

ex ten t in  a i r  due to  the  incubation  time fo r  a i r  c raze  n u c lé a tio n .

These crazes cause b lu n tn ess  o f th e  crack  t i p .  Indeed i t  was 

rep o rted  by Mai (40) th a t  the  K value fo r  u n s ta b le  (and very  

rap id) crack  p ro p ag a tio n  i s  reached in  the  presence o f  a b lu n t 

crack and i s  u s u a lly  la rg e r  in  various l iq u id  environm ents th an  in  a i r .

With th ese  two environm ent mechanisms in  mind, the  au th o r s e t  ip  an 

in v e s tig a tio n  to  s tu d y  th ese  crazes  and cracks w ith  p a r t i c u la r  

reference to  f a c to r s  which could in flu en ce  th e i r  growth behav iou r.

This was perform ed as follow s :

In  constan t lo ad  c o n d itio n s , p rev ious r e s u l ts  were to  be co rro b o ra ted  

using an independent technique to  those  rep o rted  in  th e  l i t e r a t u r e  

fo r  m onitoring c raze  growth.
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A thorough exam ination o f  environm ental f r a c tu r e  under monotonically 

in c reasin g  d isp lacem ent was to  be c a r r ie d  o u t w ith  p a r t ic u la r  

a t te n t io n  focussed  on th e  observed i n s t a b i l i t y  behaviour and i t s  

a f t e r  e f f e c ts .

L ater however i t  became apparent th a t  PM4A double to rs io n  t e s t -  

p ieces shaped to  promote s ta b le  crack  p ro p ag a tio n , i f  immersed in  

methanol would g ive c o n s is te n t  jumping behav iou r. The study was 

then extended to  in c lu d e  the  cause and mechanism o f  th ese  ju n p s, 

aided by and â measurements made during  th e  jump. Since f ra c tu re  

su rfaces provide v i t a l  in fo im atio n  about th e  n a tu re  and mechanism 

o f f a i lu r e ,  a thorough study was to  be c a r r ie d  ou t on th e  su rfaces  

produced by th e  two load ing  c o n d itio n s .
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PART I I  

EXPERIMENTAL PROGRAMME

PHASE I 

CHAPTER 3: DEAD LOAD TESTS
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EXPERIMENTAL PROGRAMME

Dead load  t e s t s  were perform ed in  an a t te n p t  to  f in d  a c o r re la t io n  

between f a i lu r e  tim e and a p p lied  s tr e s s  in te n s i ty  fa c to r  derived  

from th e  ap p lied  lo ad  and specimen dim ensions. The r e s u l ts  were 

to  cover dry and immersed san p le s .

S ingle-edge-no tched  specimens (SEN) were p re fe r re d  because th e  

methanol c razes grew c o n s is te n tly  from the  t ip s  o f th e  s t a r t e r  

cracks. Following th e  work o f  M arshall, s u b c r i t ic a l  crack 

propagation  was observed in  methanol t e s t s ,  hence a tte n p ts  were made 

to  f in d  a (K,v) r e la t io n s h ip  f o r  PM4A in  methanol u sing  an 

inproved technique where v i s  determ ined d i r e c t ly  from measurements o f 

lo ad -p o in t d isp lacem ent r a te .

Double to rs io n  t e s t s  were perform ed to  in v e s tig a te  th e  f ra c tu re  

behaviour o f PMMA b o th  dry and immersed, under m onotonically 

in c reasin g  d isp lacem ent r a te  co n d itio n s  (th ese  t e s t s  w i l l  be 

described  by th e  term  ’’In s tro n  ty p e " ) .

Once again  th e  aim was to  o b ta in  (K,v) cu rv es . The double to rs io n  

specimens were used in  p re fe ren ce  to  SEN, as they  a re  g e a n e tr ic a lly  

more s ta b le .
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PHASE I

CHAPTER 5 DEAD LOAD TESTS

3.1 Bend t e s t s .  Three p o in t loading .

5 .1 .1  Apparatus

A diagram of the loading apparatus is  shown in  fig u re  3.1. A 

rec tan g u la r SEN specimen was mounted on two r ig id  round 

supports and loaded using a s in g le  lev e r arm which provided 

a load m u ltip lic a tio n  fa c to r  o f 5. To ensure v e r t ic a l  

loading , a sem iellip se  was m illed  on the lev er arm and re s ted  

on a sharp wedge machined on the top of the loading p in  

which a lso  had a V wedge on i t s  lower end (see s ide  diagram).

s p e c i m e n  
S e c t i o n e d  
v i e w  o f  
t h e  l o a d i n g  

g l o s s  t a n k

s

- d i s p l a c e m e n t  t r a n s d u c e r  

l e v e r  a r mQ

s u p p o r t  f r a m e

o i l  p o t

F i g u r e  3 1  T h r e e  -  p o i n t  l o a d i n g  t e c h n i q u e
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The dead load  was m ain tained  throughout a t e s t ,  and fo r  environm ental 

t e s t s ,  specimens were surrounded by g la ss  tanks co n ta in in g  the  l iq u id  

environm ent. ,

To perform  m u ltip le  t e s t s ,  f iv e  such r ig s  were u sed , and were mounted 

in s id e  an environm ental cab in e t f o r  tenpera tu re  c o n tro l.  The top pan 

(^ sh o w n  in  th e  diagram  held  the ap p lied  load  w hile  th e  bottom one 

shown as d o tte d  l in e s  was immersed in  an o i l  p o t a c tin g  as a dairper 

to  p rev en t d is tu rb an ces  in  the  system when f ra c tu re  occurred  in  one 

sanp le . I n i t i a l l y  d ia l  gauges were used to  measure th e  d e f le c tio n  in  

the  c e n tre  o f  th e  specimens a t  tim e in te rv a ls .  However th is  proved 

in e f fe c t iv e  s in ce  continuous m onitoring o f crack  growth was req u ired . 

Consequently d isp lacem ent tran sd u cers  were used in s te a d . The ou tputs 

from th e  tra n sd u ce rs  were passed  to  a d a ta  lo g g er, vhere a l l  necessary  

in fo rm ation  o f  d e f le c t io n  as a fu n c tio n  o f  tim e was au to m atica lly  

m onitored and c o l le c te d  on a punched ta p e . The p ro cess in g  o f  th is  

in fo rm ation  to  d e riv e  p lo ts  o f  crack len g th  as a fu n c tio n  o f time 

is  d iscu ssed  l a t e r .  A number o f  samples were te s te d  over a range 

o f load va lues which was chosen such th a t  th e  upper l im it  was to  

give immediate f a i lu r e  (see s e c tio n  3 .2 .1 ) .

C a lib ra tio n  o f  th e  ap p lied  load:

This was n ecessa ry  s in ce  the  w eight o f  th e  le v e r  and hanger as w ell 

as f r i c t i o n  between m etal jo in t s  must be co nsidered  in  the determ ina­

tio n  o f  p re c is e  a p p lie d  load.
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A s t r a in  gauge load  c e l l  (Tycho type JP 250) was mounted v e r t ic a l ly  

under the p in  and w eights were added on th e  pan. The fo rce  ex erted  

on the load  c e l l  was measured from the  c e l l  ou tpu t v o lta g e . Using 

a procedure o f  p ro g re ss iv e ly  load ing  and then  unloading , a c a l ib r a ­

t io n  curve o f  a c tu a l  fo rce  a p p lie d  versus th e  weight hung on th e  

le v e r  arm was ob ta in ed  (fig u re  3 .2 ) .

This shows a l in e a r  r e la t io n s h ip  w ith  an in te rc e p t  o f  - 3N on the  

y -a x is ,  which i s  th e  fo rce  ex e rte d  by th e  weight o f  bo th  le v e r  arm 

and hanger.

C a lib ra tio n  o f  th e  displacem ent tra n sd u c e rs :

Sangamo tra n sd u ce rs  o f  type A .G were used. These were in te rn a l ly  

c a lib ra te d  and have a l in e a r  s tro k e  displacem ent o f ± 2.5 mm.

Using a r ig  w ith  a f ix e d  m icrom eter t h e i r  l i n e a r i ty  was re-checked. 

A l in e a r  curve o f  tran sd u cer v o ltag e  ou tpu t versus m icrom eter 

displacem ent was ob ta ined  ( f ig u re  3 .3 ) .

3 .1 .2  Specimen p re p a ra tio n  and dimensions

Specimens o f  th e  dimensions 50mm x 6mm x 6mm, were cu t from c le a r  

a c ry l ic  s h e e t. They were notched and p re -c rack ed  to  produce cracks 

the leng ths o f  which were w ith in  th e  range (0 .45 -0 .55 )W (fig u re  3.4)
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True applied w eight (N)

0 2 4 6 8 10
Weight on lever arm(N)

Figure 3*2 Calibration curve (True force exerted
on a sp ec im en  v s  weight hung on lever arm)

"Voltage reading (volts)

16 2-4 28
Displacem ent (mm)

-28-24

Figure 3 3  Calibration curve (Transducer v o ltag e  output  
v s  m icrom eter  d is p la c e m e n t) .
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b= 6mm

w=6mm
A - Î A

I
50 mm

Figure 3 4 SEN s p e c im e n  g eo m etry

The sharp  cracks were in troduced  in  th e  specimens u s in g  the  technique 

developed by M arshall e t  a l  (37). I n i t i a l l y  a vee no tch  was m illed  

in  th e  specimen to  c o n tro l the  i n i t i a t i o n  o f th e  sharp  crack . Then 

a S tan ley  b lade f i t t e d  to  the V ickers hardness machine v ia  an adaptor 

was p re ssed  in to  the notch ro o t o f  the  sample h e ld  in  a v ice on the 

machine ta b le .  A n a tu ra l  s t a r t e r  crack  was thus formed ahead o f the 

b lad e .

3 .1 .3  Choice o f m a te r ia l and environments

PMMA was chosen as th e  t e s t  m a te r ia l because co n s id e rab le  knowledge 

o f  i t s  behaviour in  various co n d itio n s  had been re p o rte d  p rev iously  

(37, 38, 58). I t  i s  a b r i t t l e  polymer where the  concepts o f  f ra c tu re  

mechanics can be a p p lied  su c c e ss fu lly , a lso  i t  i s  a tra n sp a re n t 

m a te ria l and crack  propagation  can be e a s i ly  m onitored.



50

M ateria l co n d itio n in g :

Sanples were used in  th e  a s -rece iv ed  co n d itio n . P re -co n d itio n in g  

such as annealing  was found no t to  be req u ired  s in ce  th e  p repared  

sanples under p o la r iz e d  l ig h t  showed no ap p rec iab le  in te rn a l  

s tr e s s e s .  Also a c o n tro l t e s t  was perform ed where under th e  same 

co n d itio n s , an annealed specimen showed no d iffe re n c e  in  f ra c tu re  

behaviour w ith  a non-annealed one.

Methanol was chosen i n i t i a l l y  as the most s u ita b le  environment s in ce  

i t  does n o t se v e re ly  c raze  the  PMMA su rface . However, th e  f ra c tu re  

behaviour o f  PNM\ in  d i s t i l l e d  w ater was a lso  in v e s tig a te d .
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3.1 .4  A nalysis fo r  crack p ropagation  measurement

Using an a n a ly s is  developed from th e  r e s u l ts  o f  Tada e t  a l  (59), 

displacem ent measurements made on th e  SEN specimens during dead 

load t e s t s ,  were used to  m onitor crack  p ropagation .

This s e c tio n  d ea ls  w ith  th is  a n a ly s is  and gives th e  general o u tl in e  

to  a computer program designed to  p rocess the d a ta .

A nalysis:

Consider a SEN specimen under 3 -p o in t load ing , th i s  i s  shown in  

fig u re  3 .5 .

Æ 7 '  I /

w
_  ______________________________b r " /

P/2
2 L

P/2

Figure 3 5 SEN s p e c im e n  under  
th r e e -p o in t  lo a d in g .
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Reference (59) d e f in e s  th e  a d d itio n a l load  p o in t displacem ent due 

to  a crack  as fo llo w s:

^T o ta l ^crack ^ ^no crack

where ^T o ta l ~ T o ta l d e f le c tio n  in  specimen

Ano c rack  ” D eflec tio n  w ith  no crack  in  specimen 

Acrack “ D eflec tio n  due to  the  crack  in  specimen

From th e  beam th eo ry

no crack  ------ ^  (3.2)
4Ebw

where P = ap p lied  load

w = specimen th ick n ess  

b = specimen w idth 

E = modulus o f m a te ria l 

2L = span len g th

Hence A^^ crack  t)e determ ined from th e  experim ental cond itions

A fotai measured as  a fu n c tio n  o f  tim e during the  experim ent. 

Therefore eq u a tio n  (3 .1 ) g ives Arrack ^ fu n c tio n  o f  tim e. To 

express c rack  len g th  as a fu n c tio n  o f tim e, we make use o f the 

re la t io n s h ip  g iven  in  re fe re n c e  (59) where
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crack =  p (3.3)

where E = E p lane s t r e s s  
E

(1-v")
^  p lane s t r a in

The s t r e s s  a = — ^ fo r  3 -p o in t loading
2 bw

(3.4)

and ^ 2  [ ,  a geometry f a c to r ,  i s  a polynom ial in  th e  "reduced (0 ■
crack  leng th '

E lim in a tin g  between (3 .1 ) and (3.3)

2 (2L) V2(â)= A ^ ^  (3-5)

re a rran g in g :

V2 I -(^) = a(2L) (^Total '^no crack^ (3*6)

re fe re n c e  (59) g ives the  fo llow ing  em pirica l form ula to  evaluate  

V. («)

(a/w)
2 -

1 - (a/w)
.58-19 .57  + 36.82 34.94

+ 12 (3 .7)
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This formula has b e t t e r  than  1% accuracy fo r  any fo r  ^  = 4 .

Having determ ined V2  by measurement i t  i s  p o ss ib le  in  p r in c ip le

to  solve th e  polynom ial eq u a tio n  (3. 7) fo r  and hence determ ine 

the crack len g th . In  p r a c t ic e  t h i s  was done num erically  by c re a tin g  

a look-up ta b le .

Using equation  (3 .6 ) and (3 .7 ) ,  a program was designed to  ev a lu a te  

the crack  len g th  "a" from th e  specimen d e f le c tio n  a t  any time " t " .

The flow diagram shown in  F igure 3.6 o u tlin e s  th e  main procedure 

o f one t e s t : -

Values o f a t  in te r v a ls  o f  0 .02  s u b s ti tu te d  in  equation  (3.7) 

produced eq u iv a len t v a lu es  o f  V2  . Both and V2  were

s to re d  in  block 2 in  th e  diagram .

In block 1 the  fo llow ing  were s to r e d : -

(a) crack  ev a lu a ted  from equation  (3 .2 ),

(b) ------  using  eq u a tio n  (3 .4 ) fo r  the  a va lu e .
a(2L)

(c) w the specimen th ic k n e s s .

(d) Values o f  tim e read  from the experim ental punched tap e
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START 7
R ead  ta b le  

vM  v s  (̂ ]aVwj
BLOCK 2

Read data BLOCK 1

E v a lu a te

from equat ion  3*6 
from t = Q — ►tf

Extrapolate/Interpolate
through table,find  
correspondi ng / then
a for to— ^tf^ '

Write in tabular form 
a  v s  t

Plot  
a  v s  t

END

Figure 3 6 Flow diagram to evaluate crack length

in SEN specimen from displacement  
m easurem ent  .
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The values o f  A^otal s u b s t i tu te d  in  equation  (3 .6 ) w ith  the
E*

corresponding co n stan ts  c rack  o (2Lj* P^e^^^ed eq u iv a len t

values fo r  Y 2 a t  tim es t ^ — ^ t ^

t^  = s ta r t in g  time

t£  = f a i lu r e  time

These ( — ) values were re fe r re d  to  the look-up ta b le  in  block 2
/ a \and the  n e a re s t  corresponding f — I values were found fo r  t^ — ►t£. 

Using th e  va lue  o f w, th e  corresponding values o f  c rack  len g th  "a" 

vs time " t "  were a lso  o b ta in ed .

F in a lly  a p lo t  ro u tin e  opera ted  and a graph o f c rack  len g th  a g a in s t 

the time was th e  end p roduct. These are  shown in  S ec tio n  3 .3 .

The program i s  capable o f  handling  up to  f iv e  t e s t s  perform ed a t  the  

same tim e.
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5.2 F rac tu re  o f  PNMA -  in  A ir

3 .2 .1  Experim ental

The load re q u ire d  to  g ive  immediate f ra c tu re  fo r  sanples and t e s t  

con d itio n s  enployed was found by perform ing 3 -p o in t bend t e s t s  in  

a u n iv e rsa l te s t in g  machine. This was 7.5 kg f  corresponding to  

= 1.45 MNm , id iich  rep resen ted  the  upper value used fo r  th e  

dead load  t e s t s .  The experim ental procedure c o n s is ted  o f  (1) mounting 

the  sanp les (2) a d ju s tin g  the  tran sd u cer to  zero follow ed by (3) load  

a p p lic a tio n .

3 .2 .2  R esu lts  and D iscussion

SEN specimens te s te d  in  a i r  under the above cond itions f a i le d  to
-3

provide crack  growth r e s u l t s .  At the upper value o f (1.45 MNm T ) ,

sanples in  a i r  showed immediate f a i lu r e ,  whereas a t  lower va lu es  o f
~ 2 l

Kq in  the  o rd e r o f  1 .0  MNm 2 o r  le s s ,  specimens were ab le  to  w ith stan d  

the load  fo r  days w ith o u t crack  growth. Crack propagation  i f  and \dien 

i t  occurred  was u n s tab le  in  th a t  the  crack  a cc e le ra te d  con tinuously  

to  f a i lu r e ,  running  o u t o f  th e  m a te r ia l alm ost in s ta n t ly .  A mechanism 

id e n t ic a l  to  th e  one a t  h igh  K^. Consequently the crack  v e lo c i ty  

was found to  be ex trem ely  d i f f i c u l t  to  m easure. Because o f th i s  

problem th e  SEN geometry was abandoned fo r  th e  dry t e s t s  and th e  

double to r s io n  techn ique  was l a t e r  considered  and ap p lied .

Under th e  combined a c t io n  o f  th e  s t r e s s  and l iq u id  environm ent, 

g lassy  polym ers e .g .  PMMA were known from th e  l i t e r a tu r e  to  i n i t i a t e
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s ilv e ry  l ik e  cracks known as c ra z e s . These crazes in  SEN specimens 

were rep o rted  to  grow inward from th e  su rfaces  of th e  polymer in  a 

s ta b le  manner such th a t  measurement o f the  v a r ia t io n  o f  craze  leng th  

w ith  time was p o s s ib le . T herefo re  i t  was ap p ro p ria te  here  to  adopt 

th e  system o f  d e f le c t io n  measurements in  studying  and id e n tify in g  

the growth behaviour o f  th e se  c ra z e s .
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3.3 F rac tu re  o f  PNW -  in  Methanol

3 .3 .1  Experim ental

SEN specimens immersed in  methanol in  g la ss  tanks were loaded 

under dead lo ad  c o n d itio n s  f ig u re  3 .1 . Crazes i n i t i a t e d  from the 

t i p  o f  th e  induced crack  and th e i r  growth was m onitored by 

fo llow ing  th e  d e f le c t io n  in  the  cen tre  o f  the specimen under a 

s p e c if ie d  lo ad . T e s ts  were perform ed a t  room te n p e ra tu re  - 293K 

on a number o f  san p le s  over a range o f  load values (11 —  52.5)N, 

corresponding  to  v a lu es  o f  i n i t i a l  s t r e s s  in te n s i ty  f a c to r  K in  

the range 0 .22  MNm 2 to  1.11 MNm

i s  c a lc u la te d  by usin g  th e  i n i t i a l  crack len g th  in  con junction  

w ith  th e  s t r e s s  in te n s i ty  expression  derived  by Brown and Srawley (27) 

fo r  SEN specimen, u s in g  boundary c o llo c a tio n  method. The equation 

i s  g iven  as

K = 5P(2L)

(3 .8)

where a = crack  len g th

2L = len g th  o f  span 

P = a p p lie d  load
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5 .5 .2  R esu lts  and D iscussion  

Craze i n i t i a t i o n  and growth:

Under dead load  c o n d itio n s , methanol c razes grown on SEN specimens 

were follow ed through the  specimen d e f le c tio n s . These d e f le c tio n  

measurements were m onitored by a da ta  logger and analysed  w ith  the 

a id  o f a conpu ter program. P lo ts  o f  craze  len g th  v ersu s tim e over 

a range o f  va lues were o b ta in ed . These were s tu d ie d  and the  

growth p a t te r n  observed  showed two d i s t in c t  ty p e s , bo th  fu n c tio n s  

o f  the i n i t i a l  s t r e s s  in te n s i ty  f a c to r .

An ou tpu t example from th e  conputer i l l u s t r a t i n g  th e  type o f  growth 

is  shown in  f ig u re s  3 .7  and 3 .8 .

-4
Figure 3.7 shows growth which occurs a t  values > 0 .46  MNm 

A fte r an i n i t i a l  ra p id  grow th, th e  craze  v e lo c ity  decreases to  a 

constan t ( s te a d y -s ta te )  growth v e lo c ity  which i s  m ain tained  u n t i l  

the craze has alm ost reached  th e  o th e r edge o f  the  specimen a t  th i s  

p o in t the  craze  a c c e le ra te s  to  f a i lu r e .  In th e  diagram , th e  growth 

behaviour i s  s im ila r  fo r  th e  same v a lu es . The s l ig h t  d isplacem ent 

in  the curves i s  due to  d if fe re n c e  in  th e  i n i t i a l  crack  le n g th , i f  

th is  i s  accounted  f o r ,  th e  curves would f a l l  in  an alm ost id e n t ic a l  

path .

The o th e r type o f  growth shown in  f ig u re  3.8 occurs a t  low values 
- A

= 0.25 MNm 2 \d iere th e  c raze  p ropagation  seems to  occur in  jumps.
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Figure 3 8 D iscontinuous craze  growth
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In  th e  f ig u re  th e  craze len g th  i s  shown to  remain c o n s ta n t fo r  a 

tim e and then  a  sudden in c rease  in  craze leng th  i s  recorded .

S everal o f  th ese  s tep s  were recorded during  th ese  t e s t s .

M arshall e t  a l  (48) have rep o rted  the  former type o f  growth and

added th a t  b o th  i n i t i a t i o n  and growth a re  dependent on K^. This

i s  in  agreement w ith  the p re se n t work as dem onstrated in  f ig u re  3.9.
-3

The high  va lues (1.03 and 1.06) MNm  ̂ provided ra p id  in i t i a t io n

and growth follow ed by sudden f a i lu r e .  Whereas a t  low K values
-3

(0.46 and 0 .72) MNm craze i n i t i a t i o n  was follow ed by a long period  

o f s teady  s t a t e  growth befo re  the  craze a c c e le ra te d  to  f a i lu r e .

When th e  s tead y  s ta t e  growth v e lo c i t ie s  v^ measured from the  slope 

o f  the  c raze  len g th /tim e  cu rves, a re  p lo t te d  ag a in s t th e  corresponding 

v a lu es , the  c o r re la t io n  between and v^ is  a lso  found s im ila r  

to  M a rsh a ll 's  (84) as shown in  f ig u re  3 .10 . These confirm  th a t  

s a t i s f a c to r y  measurement o f  c raze  len g th  from the  d e f le c tio n  in  SEN 

bend specimens can be achieved.

-3
Regarding craze  growth ra te s  a t  lower values o f  (- 0.25 MNm ^) 

they  were re p o rte d  (48, 49, 50) to  decrease u n t i l  growth ceased 

a l to g e th e r .  In th i s  work th i s  was found n o t to  be th e  case i f  

enough tim e was allow ed, as c le a r ly  dem onstrated in  f ig u re  3 .8 . 

H e rea fte r  a p e rio d  o f  = 1 hour w ith  no movements, f u r th e r  craze 

growth in  th e  form o f t in y  jumps were observed. The exp lanation  

could l i e  in  th e  m o b ility  o f the f lu id .  Craze growth in  liq u id  

environments re q u ire s  the a b i l i t y  o f th e  f lu id  to  d if fu s e  in to  the
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craze  s tr u c tu r e .  The d if fu s io n  r a te s  o f  l iq u id s  in  polymers are  

u su a lly  enhanced by the lo c a l h y d ro s ta t ic  ten s io n  s t r e s s  f ie ld  

near th e  c raze  su rfa c e . T h erefo re , whereas a decrease in  high 

Kq va lues show a red u c tio n  o f  growth r a t e s ,  lower should n o t 

n e c e s s a r i ly  lead  to  zero growth. In t h i s  c o n d itio n , th e  growth o f 

the a lre a d y  i n i t i a t e d  crazes w i l l  depend m ainly on th e  r a te  o f 

d if fu s io n  o f  th e  so lv en t and longer tim e is  u su a lly  req u ired  fo r  

growth to  occur.

In specimens where growth lead  to  f in a l  f a i lu r e ,  f a i lu r e  time is  

shown as a fu n c tio n  o f  in  f ig u re  3 .11 . The p a t te rn  seems id e n tic a l  

to  th e  w e ll known s t a t i c  fa t ig u e  behaviour o f  g la ss  in  l iq u id s  (60).

I t  i s  a lso  in s tru c t iv e  to  compare K ^/tj r e s u l t s  fo r  th e  a l l  dry PMMA. 

sanp les rep o rted  by Beaumont e t  a l  (39), w ith  those ob ta ined  by the 

au tho r in  th e  presence o f m ethanol. This g ives a b e t t e r  idea o f th e  

e f f e c t  o f  methanol on the o v e ra l l  s tre n g th  performance of FNMA.

Figure 3.11 co n ta in s both s e ts  o f  r e s u l t s ,  and the  most s tr ik in g  

fe a tu re  was th a t  although f a i lu r e  i s  hastened  by th e  presence o f 

methanol a t  low s t r e s s  in te n s i ty  f a c to r ,  th e re  was a tendency towards 

an in c re a se  in  the  l i f e  expectancy o f  th e  polymer in  methanol a t  

h ig h er s t r e s s e s .  A p o ss ib le  e x p lan a tio n  is  t h a t ,  h ig h e r s tre s se s  

ra p id ly  i n i t i a t e  sharp cracks which in  a i r  lead  to  speedy f a i lu r e ,  

i . e .  G r i f f i th  type f a i lu r e .  However, w ith  th e  p resence o f methanol, 

crazes which appear a t  the  crack  t i p  share  p a r t  o f  th e  s to red  e l a s t i c  

energy and f a i lu r e  i s  delayed.
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■ Initial s t r e s s  Intensity factor  KplMNm"^^^)

0 8

0 * 6

•  Beaumont & Young (39) 

o The present work

0-2

540 1 2 3

Time to fa i lu re  ( s e c o n d s )

Figure 311 Tlme-to-failure data as  a function of
initial stress intensity factor. ( •  in air, o In methanol).
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5 .5 .5  F rac tu re  su rface  appearance

Samples o f  s tr e s s e d  PMMA. immersed in  methanol have shoMi crazes 

which i n i t i a t e  a t  the  t i p  o f  th e  induced notch and grow perpend icu lar 

to  th e  maximum te n s i le  s t r e s s .  The type o f growth observed showed 

v a r ia t io n s  in  behaviour from ra p id  f a i lu r e  to  apparen t a r r e s t  

depending on th e  i n i t i a l  s t r e s s  in te n s i ty  fa c to r  K^. A frac to g rap h ic  

study i s  adopted here to  id e n t i fy  th ese  craze growth w ith  the f ra c tu re  

su rfa c e . The method employed fo r  f ra c tu re  su rface  exam ination was 

to  c o a t th e  su rface  w ith go ld ; th i s  gave b e t te r  c o n tra s t  when the 

su rfaces  were examined under th e  V ickers p ro je c tio n  m icroscope.

I t  would appear from the f ra c tu re  su rfaces  shown in  f ig u re s  5 .12,

5.15 and 5 .1 4 , th a t  crack growth in  these  samples i s  in  two d is t in c t  

reg io n s . A rough su rface  c lo se  to  the notch t i p  i s  follow ed by a 

smooth su rfa c e . In terms o f  growth behaviour, m u ltip lan e  crazes 

grown in  notched PMMA specimens were considered  by A tkins [61) to  

produce rough su rfaces  and in tro d u ce  a measure o f  c rack  s t a b i l i t y  

during p ro p ag a tio n , whereas smooth su rface  re p re sen ts  th e  t r a n s i t io n  

to  u n s ta b le  crack ing  w ith th e  re le a se  o f  a la rg e  amount o f s t r a in  

energy.

The d if fe re n c e  in  shape and s iz e  o f  these  reg ions was id e n t i f ie d  w ith  

the s t r e s s  in te n s i ty  value K^.

At high  growth ra te s  ob tained  a t  o f the o rder 1.11 MN m the 

f ra c tu re  su rface  in  f ig u re  5.12 has shown crazes which in i t i a t e d  a t



67

*- '.t/ » . *
rf - j'--.' .'"'

.. .  -,

Figure 3.12 Fracture surface X22. 
Specimen immersed in  methanol under

Figure 3.13 Fracture surface X22. 
Specimen immersed in methanol under

dead load equivalent to K̂ = 1.11 MNm̂ /2 dead load equivalent to K̂ = 0.22 MNm̂ 2̂

14 (b)

Figure 3.14 Fracture surface X12. Specimen immersed 
in methanol under dead load equivalent to
(a) = 0 .46  MNm'^/z (b) = 0.34 MNm'Vz
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the  crack t i p  and propagated  s ta b ly  in to  th e  specimen to  the  same 

len g th  as given by th e  c raze  growth curve . E ven tua lly  th e  crack 

ran  ou t o f  m a te r ia l and ra p id  f a i lu r e  follow ed as shorn  by the  

smooth s u rfa c e .

At th e  low values o f the o rd e r o f  0.25 MN m s im ila r  methanol 

crazes were i n i t i a t e d  from th e  same s i t e  as shown in  f ig u re  3.13. 

Concerning the craze  jumping behaviour recorded on th e  (a vs t )  

cu rves, see f ig u re  3 .8 , no evidence cou ld  be observed on the  f ra c tu re  

su rface  to  id e n t i fy  th ese  ju n p s . However, th e  t o t a l  c raze  leng th  

ob ta ined  from th e se  curves was o f  the  same magnitude as those 

measured on the s u rfa c e . In  f ig u re  3.13 th e  smooth su rface  follow ing 

the  crazed  reg io n , which i s  a s so c ia te d  w ith  ra p id  f r a c tu r e ,  i s  as a 

r e s u l t  o f  the  specimen being  broken fo r  su rface  exam ination. I t  i s  

in s tru c t iv e  here  to  compare th e  s im i la r i ty  between th is  zone and 

th a t  which is  o b ta in ed  during, ra p id  f a i lu r e  a t  h igh  growth r a te s ,  

f ig u re  3.12.

At in te rm ed ia te  value (0.46 MN m a m irro r su rface  sep ara tin g

the  crazed  zone was observed on th e  f r a c tu re  su rfa c e , see fig u re  3 .14(a) 

I n i t i a l l y  th is  reg io n  could  id e n tify  a ra p id  t r a n s i t io n  to  u n stab le  

p ropagation . S everal specimens te s te d  under id e n t ic a l  cond itions 

have produced th e  same e f f e c t ,  f ig u re s  3.14 ( a ,b ) , and an exam ination 

o f craze  len g th /tim e  curves showed no d is c o n t in u i t ie s ,  thus in d ic a tin g  

s ta b le  growth in  th a t  reg io n . The m irro r su rfa c e  could  rep resen t a 

p o r tio n  o f  the craze  which g rad u a lly  grew from the  g ra iny  su rface  

and propagated s ta b ly  in  dry c o n d itio n s . F u rth e r c raz in g  was the
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r e s u l t  o f  methanol p e n e tra tio n  through th is  craze to  th e  t i p  where 

fu r th e r  roughening occurred . T his mechanism could presumably be 

r e s t r i c t e d  to  the in te n n e d ia te  values s in ce  i n i t i a t i o n  o f a

craze in  th i s  fash ion  a t  h ig h e r  would have lead  to  immediate

f a i lu r e .
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3.4 Conclusion

The a n a ly s is  using  displacem ent measurements to  study c rack /c raze  

growth behaviour, provided  a  b a s is  fo r  a more convenient and 

e f f i c i e n t  technique in  examining th e  environm ental e f f e c t  on the 

polymer "PkMA" under dead load  c o n d itio n s . The r e s u l ts  derived from 

the experim ents, i . e .  c raze  len g th  vs tim e cu rv es, were s im ila r  to  

those ob ta ined  by the  d i r e c t  and lab o rio u s  method where craze len g th  

measurements were made w ith  th e  a id  o f  a ca th e to m ete r. This confirm ed 

the  a p p lic a tio n  o f  th e  system  adopted.

The r e s u l ts  o f  craze  growth were analysed  using  the i n i t i a l  s tr e s s  

in te n s i ty  fa c to r  as a c o n tro ll in g  param eter. In th is  way two 

d i s t in c t  growth p a tte rn s  have been observed, bo th  functions of K .̂

At h ig h er values o f K^, c raze  i n i t i a t i o n  a t  th e  notch  t i p  proceeded 

by steady  s ta te  growth where the c raze  speed had a tendency to  in c rea se  

w ith  th e  in c rease  in  K^. With lower v a lu e s , the  craze  growth r a te  

decreased to  apparent a r r e s t ,  however, subsequent sm all jumps were 

recorded u n t i l  the  te rm in a tio n  o f  th e  t e s t .

A frac to g rap h ic  study was used in  an a t te n p t  to  id e n tify  these growth 

behaviour w ith  th e  f ra c tu re  su rfa ce  m arkings.

In view o f the  f a c t  th a t  no K/v d a ta  could  be ob ta ined  iu  dry co n d itio n s  

and s ince  very l i t t l e  had been rep o rted  on th e  environm ental f ra c tu re  

o f  PMMA under in c reas in g  lo a d -p o in t d isp lacem en ts , the double to rs io n  

technique was considered  and in troduced  to  the  programme.
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PHASE I I  

DOUBLE-TORSION TESTS. INSTRON TYPE.

CHAPTER 4: DOUBLE TORSION TEST

CHAPTER 5: TESTS AT CONSTANT CROSS-HEAD SPEED
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PHASE I I  DOUBLE-TORSION TESTS. INSTRON TYPE.

CHAPTER 4 DOUBLE TORSION TEST

4.1 Apparatus and t e s t  technique

A diagram o f  the  apparatus i s  shown in  f ig u re  4 .1 . The t e s t  i s  based 

on a technique suggested  by Outwater (62) and developed by Kies and 

C lark  (63). The specimen i s  a re c tan g u la r  p la te  r e s t in g  on two p a ra l­

l e l  s ta in le s s  s te e l  r o l l e r s ,  mounted on th e  In s tro n  base to  provide a 

r ig id  p la tfo rm . The load  i s  ap p lied  v e r t i c a l ly  a t  the  notched end by 

two l i t t l e  r o l l e r s  a ttach ed  v ia  an adap tor to  th e  In s tro n  load c e l l ,  

mounted on the  moving crosshead . As the  lo a d -p o in t moves downwards, 

the  two h a lv es o f  the  specimens are  su b jec te d  to  equal to rque , fo rc ing  

the  s t a r t e r  crack to  i n i t i a t e  and then propagate  along the  leng th  o f 

the  specimen, d ire c te d  by machined s id e  grooves on bo th  faces . Crack 

p ropagation  under th ese  cond itions has been shown by Evans (64) to  

be mode I .

For environm ental t e s t s ,  specimens are  mounted in  a s ta in le s s  s te e l  

tank f i l l e d  w ith  th e  ap p ro p ria te  l iq u id .

4.2 Specimen dimensions and p re p a ra tio n

Double to rs io n  t e s t  p ieces  were cu t from 6mm th ic k  ICI "Perspex" 

a c ry l ic  sh e e t to  th e  same dimensions as those  used by G. P. M arshall
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s ta in le s s  s t e e l  
ta n k

sp ec im en

rigid b a s e
25mml

Figure 41 Double torsion technique.

Side grooves

Crack profi le

Figure 4 2  Specim en  dim ensions
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e t  a l  (65) i . e .  80mm w ide, w ith  c e n tra l  grooves on both s id es  o f 

the  sanple (1mm deep x 0.1mm wide) to  c o n tro l the  crack . Figure 4 .2 .

From th e  double to rs io n  t e s t  p iece  a n a ly s is  p resen ted  in  the  nex t 

s e c tio n , i t  has been shown th a t  th e  crack  d riv in g  force is  indepen­

dent o f  crack len g th . However, th e re  i s  a d ep artu re  from th is  id e a l 

s i tu a t io n ,  an "end e f fe c t"  in  the  reg ion  - 1 p la te  w idth from each 

end (66). To allow  fo r  t h i s ,  th e  specimens were chosen o f len g th  

300mm allow ing - 150mm o f  crack  path  where the  double to rs io n  a n a ly s is  

ho lds.

The w idth o f the groove was a lso  found to  be c r i t i c a l  i f  crack 

wandering was to  be p rev en ted . The f in a l  chosen value o f about

0.1mm was found to  g ive s a t is f a c to ry  r e s u l t s .  S ta r te r  cracks in  

the specimens were again  i n i t i a t e d  using  the  V ickers hardness 

machine technique (37). F in a lly  the moment arm employed to  bend 

the sanple was 25mm. See f ig u re  4 .1 .

4.3 Double to rs io n  t e s t  p iece  an a ly s is

The t e s t  p iece  a n a ly s is  i s  g iven in  appendix 1, and shows the 

follow ing r e s u l t s :

By the genera l compliance method (21), the  fo llow ing expression  fo r  

the s tr e s s  in te n s i ty  fa c to r  was ob tained

= I —  1 I p —  I (4*1)(OH)
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where K =

\  = 
P =

E =

C =

s t r e s s  in te n s i ty  fa c to r  

crack  w idth 

ap p lied  load 

modulus o f  th e  m a te ria l 

specimen con^liance

An approximate a n a ly s is  fo r  the  specimen compliance (67) gave the 

follow ing

_  r  6 ( l + v ) p ^ a

L Ebh' ] (4.2)

where Co =

P =

b = 

h =

V =

specimen compliance fo r  a = 0 

d is tan ce  between loading  p o in ts  

w idth o f  the  p la te  

th ick n ess  o f  the p la te  

p o isso n ’s r a t io

æ

d a

6 ( l + v ) p '

Ebh^
= B (4.3)

and EdC 
da

6 ( l + v ) p ‘

bh3
(4.4)

Hence the s t r e s s  in te n s i ty  f a c to r  in  equation  (4.1) was expressed as

J.2 ^ 6(l+v)pZ
2h^ bh^

(4.5)
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K = p 1114^  = AP (4 .6)
b bh^

C

where A i s  a co n stan t.

From th e  above p o in ts  the  double to rs io n  t e s t  p ie ce  shows the 

fo llo w in g  p ro p e r tie s :

(a) The conpliance C i s  l in e a r ly  r e la te d  to  th e  crack  leng th  "a"

i . e .  ^  i s  co n stan t equation  (4 .3 ). 
da

(b) S tre s s  in te n s i ty  K i s  independent o f  c rack  len g th  and p ro p o rtio n a l 

to  th e  a p p lie d  load , equation  (4 .6 ) . The p ro p o r t io n a li ty  constan t

"A" depends upon specimen dimensions on ly .

Ĉ.3.(c) Crack speed ^  i s  d i r e c t ly  p ro p o rtio n a l to  th e  time ra te  o f

change o f  compliance ^  . T herefore d i f f e r e n t ia t in g  equation  (4.2)
d t

æ

d t
6 ( l + v ) p ^

Ebh^
—  = B —  (4.7)
d t d t

where th e  co n sta n t B depends upon specimen dim ensions and modulus.
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CHAPTER 5 TESTS AT CONSTANT CROSS-HEAD SPEED

5.1 T ests  in  a i r

5 .1 .1  In tro d u c tio n

The determ ination  o f  K/v d a ta  u s in g  SEN specimens was d i f f i c u l t  

because th e  value o f  K v a ried  r a p id ly  w ith  crack  len g th  and th e re fo re  

the  crack  v e lo c ity  v changed ra p id ly .  In the  p a s t  to  overcome th is  

problem o th e r  techniques such as th e  p a r a l l e l  and tap e red  cleavage 

t e s t s  were o fte n  employed. These methods although  used su c ce ss fu lly  

on polymers (37) o fte n  req u ire d  g re a t  p r a c t ic a l  a t te n t io n  and super­

v is io n  and were found to  be tim e consuming. A more convenient 

c o n fig u ra tio n  was found, th a t  o f  th e  double to rs io n  shown in  the  

previous s e c tio n , w ith  a c o n s tan t conpliance c h a r a c te r is t i c .  The 

technique was enployed in  th is  work fo r  determ ining the  crack speed 

da ta  and studying  the  crack p ro pagation  behaviour in  dry co n d itio n s .

The r e s u l ts  achieved were used as a c o n tro l fo r  environm ental f ra c tu re  

r e s u l t s .

5 .1 .2  Experim ental procedure

The apparatus used was a double to r s io n  r ig  designed to  be f i t t e d  on 

an In stro n  u n iv e rsa l te s t in g  machine model 1122. (See photograph 5 .1 .)

The cross-head  on the  In stro n  was moved downward fo rc in g  the crack 

to  propagate along the leng th  o f  th e  specimen s ta r t in g  a t  the  end
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where the load is  ap p lied . Tests were c a r r ie d  out on PMMA samples 

prepared represen ting  3 o r ie n ta tio n s  w ith resp ec t to  the long 

d irec tio n  o f a s in g le  c a s t sh ee t. Some te s t s  were performed on 

samples coated w ith v ase lin e  to  study the e f f e c t  o f the j e l l y  on 

the fra c tu re  behaviour, s ince vaseline coating  was applied  during 

environmental te s t s  to  preven t surface crazing .

Tests were c a rrie d  out a t  room tem perature - 293 K and a t various 

cross-head speeds, in  o rder to  determine the  re la tio n sh ip  between 

K and v.

a

Figure 5.1 Double to rs io n  r ig .
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5 .1 .5  R esu lts  and d iscu ssio n

Under c o n s ta n t displacem ent r a t e ,  the  load d isplacem ent curve 

(see f ig u re  5 .2 (a ) )  showed th a t  a f t e r  an i n i t i a l  t r a n s ie n t  which 

is  dependent on the n a tu re  o f th e  p r e - s ta r te r  c rack , s ta b le  crack 

p ropagation  o ccu rred  a t  co n stan t load  corresponding to  the s tr e s s  

in te n s i ty  v a lu e  K^.

Time ( s e c o n d s )

5 200

Time (seconds  I

1 2  3 4 5
Displacement (mm)

(a) C ross -head  speed Imm/min.

50 0

z  300

2 200

100

0 1 2 3 4 5
Displacement (mm) 

(b) Continuous line cross-head  
s p e e d  20  mm/min dotted 
line c r o s s - h e a d  speed 1 mm/min.

Figure 5 2 Load-time (or load-displacement) 
curves for double torsion test ,  
PMMA in air.

Stable p ro p ag a tio n  a t  co n stan t load  in  a double to r s io n  t e s t  i s  known 

to  comprise p ro pagation  a t  co n s tan t crack  speed. E quation  (4.7) shows
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da _ 1 dC
d t  B d t

where B =
Ebh^

s in ce  C = ^  then fo r  c o n s ta n t load
P

(!)
(!)

= i  ^
P d t

const

Z (4.8)
P

where Z is  the  machine cross-head  speed

/. da _ Z _ co n stan t (4.9)
d t  BP

The in flu en ce  o f  c ro ss-h ead  speed on s ta b le  crack  propagation  is  

shown in  f ig u re  5 .2 (b ) . The co n stan t va lue  a t  which load s e t t l e s  

during  crack  p ropagation  in c reases  as c ro ss-h ead  r a te  in c re a se s , 

and s in ce  is  d i r e c t ly  p ro p o rtio n a l to  P^ equation  (4.6) then 

a lso  in creased .

Values o f  ^  have been determ ined independently  from equation (4.9) 

and by d i r e c t  tim ing o f the  crack  f ro n t p a s t  marks sc rib ed  on the 

specimen su rface .
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A s t a t i s t i c a l  a n a ly s is  perform ed on v e lo c ity  r e s u l ts  showed no 

s ig n if ic a n t  d if fe re n c e  between measured and c a lc u la te d  v a lu es . 

The mean va lu e  fo r  both methods w ith  th e  corresponding are

shown fo r  two c ro ss-h ead  speeds in  ta b le  5 .3 .

Number
o f

Samples

C ross-head 
Speed 
mm/min

Kc
MN m /Z

V(measured) 
m/sec

V (calcu la ted ) 
m/sec

7 1 1.06±0.02 (1.75±0.06) xlO"4 [1.79+0.06) xlO"4

7 20 1.15±0.02 (3.87±0.17) xlO"^ C4.05±0.22) xlO"3

Table 5 .3  R e su lts  o f  and crack  v e lo c i ty  (v) from dry t e s t s .

From th e  ta b u la te d  r e s u l t s ,  i t  appears th a t ,  as has p rev io u s ly  been 

rep o rted  (3 7 ), showed only a s l i g h t  in c rease  w ith  in c re a se  in  

cross-head  speed , whereas th e  v e lo c i ty  v markedly in c re a sed . The 

values were a ls o  in  good agreement w ith  pub lished  o b ta in ed  using  

o th e r techn iques (37). This confirm s th e  theory  o f A. G. Evans th a t  

in  a double to r s io n  fo r  b r i t t l e  m a te r ia l ,  cracking occurs by mode I 

opening (64).

In e s ta b lis h in g  th e  tech n iq u e , v a r ia b le s  such as o r ie n ta t io n ,  and 

the  p resence o f  absence o f  a co a tin g  o f  petroleum  j e l l y  on th e  specimen 

showed no s ig n if ic a n c e  in  r e la t io n  to  K^/v value as shown from the  

r e s u l ts  in  ta b le  5 .4 . A lso th e  behaviour o f crack  p ropagation
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remained th e  same ( i . e .  s ta b le )  when th ese  cond itions were considered.

When equ a tio n  (4 .9 ) i s  used to  ev a lu a te  ^  , the  value o f B must be 

determ ined. This i s  given by th e  slope o f the  conpliance crack  

leng th  curve ( r e f e r  to  equation  4 .3 ) .

The conpliance /  crack leng th  curves shown in  f ig u re  5.5 fo r  two 

cross-head  speeds (Imm/min. and 20mm/min.) c le a r ly  in d ic a te s  th a t  

the r a te  o f  change in  compliance w ith  crack leng th  ^  i . e .  B, remains 

co n stan t f o r  a l l  sairples o f  th e  same dimensions a t  th e  same machine 

speed, b u t changes w ith  the change in  cross-head  speed. I t  i s  

th e re fo re  n ecessa ry  to  use a value o f  ”B" ap p ro p ria te  to  th e  c ro ss ­

head speed enployed.

daThe crack f ro n t  v e lo c ity  v i s  r e la te d  to  by a f a c to r  <j) known as 

the crack v e lo c i ty  c o rre c tio n  fa c to r  (see appendix 2 ).

3-Or Compliance  mhT X10'

20

0  4 0

Figure 5 5

8 0  1 2 0  1 6 0  2 0 0  2 4 0
Crock length (mm) 

Compliance  a s  a function of crack  length  

(dry t e s t s )  at c r o s s - h e a d  s p e e d s  of 

□■1 mm/min and o e  20 mm/min .

280
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5.2 T ests in  Methanol

5 .2 .1  In tro d u c tio n

Previous work on environm ental f ra c tu re  o f polymers was mainly 

concerned w ith  th e  i n i t i a t i o n  and p ropagation  o f c razes under 

e s s e n t ia l ly  c o n s ta n t load  co n d itio n s  (11, 48-50), w hile r e la t iv e ly  

l i t t l e  i s  known about th e  environm ental f ra c tu re  behaviour of 

polymers su b jec ted  to  m onotonically  in c reasin g  loads (or displacem ents).

Under dead load  co n d itio n s  most o rgan ic  so lv en ts  were found to  

i n i t i a t e  c razes in  th e  s tr e s s e d  polymer which could lead  to  delayed 

f a i lu r e  a t  s tr e s s e s  w ell below th e i r  f ra c tu re  s t r e s s  in  a i r  (48). 

Recently however Mai (40) perform ed te s t s  under in c reasin g  d isp la c e ­

ment cond itions and showed th a t  s ta b le  crack p ropagation  on dry PMMA. 

samples was h indered  as soon as c a rb o n te tra ch lo rid e  was in troduced  

a t  th e  crack t i p .  The p ropagating  crack  was found to  a r r e s t  and th e  

new f ra c tu re  load  co n s id e rab ly  in c reased  follow ed by u n stab le  c rack ing . 

His find ing  was in  good agreement w ith  e a r l i e r  observations made by 

Benbow e t  a l  (29), who were in v e s t ig a t in g  the  e f f e c t  o f  w ater 

abso rp tion  on th e  s p e c i f ic  energy fo r  crack ing  PMMA under in c reasin g  

d isplacem ent, and r e c e n tly  by Beaumont and Young (39) on th e  e f f e c t  

o f  w ater on PMfvIA. T h e ir ex p lan a tio n  was th a t  w ater p la s t ic iz e s  th e  

crack t i p  e f f e c t iv e ly  b lu n tin g  ou t th e  propagating  crack  by absorbing 

the  s to re d  e l a s t i c  s t r a in  energy in  the  specimen th a t  would otherw ise 

have d is s ip a te d  as f r a c tu re  su rfac e  energy. Hence th e  in c rease  in  

toughness.
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Mai (40) in  h is  work was more concerned w ith  ach iev ing  s ta b le  

p ro p ag a tio n  in  l iq u id  environm ents, to  ev alu a te  th e  f ra c tu re  

toughness as a fu n c tio n  o f c rack  v e lo c ity , r a th e r  than  th is  

tra n sfo rm a tio n  from the s ta b le  to  u nstab le  crack behaviour.

The p re se n t work on th e  f ra c tu re  o f  PM̂IA. in  methanol lead  the 

au th o r to  propose th a t  a p o ly m er/liq u id  system may be used as a 

model fo r  study ing  th e  r e la t io n s h ip  between s ta b le  and u n stab le  

c rack  p ro p ag a tio n , w ith  th e  advantage th a t  e i th e r  type o f  behaviour 

may be produced a t  w i l l .

This s e c tio n  d ea ls  w ith  the  experim ental procedure adopted and the 

r e s u l t s  o b ta in ed , w hile  a proposed model fo r  a p o ly m er/liq u id  

system  i s  p re sen ted  in  C hapter 8. T ests  which were perform ed on 

dry PM4A were used as a c o n tro l.

5 .2 .2  Experim ental

T ests  were perform ed on double to rs io n  specimens, immersed in  a bath  

o f  m ethanol, b o lte d  to  th e  In s tro n  base (see photograph 5 .1 ) . P r io r  

to  immersion in  m ethanol, th e  sanples were coated  w ith  a la y e r  o f 

g rease  to  p reven t any su rface  c raz in g .

The in flu en c e  o f  c ro ss-h ead  speed on the  f ra c tu re  behaviour of PMMA. 

in  methanol was in v e s tig a te d  by perform ing t e s t s  over a range o f  

c ro ss-h ead  speeds, from 0.05  to  50 mm/min..
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5 .2 .3  R esu lts  and d iscu ss io n

A v a se lin e  coated  specimen immersed in  methanol su b jec ted  to  a 

co n s tan t s t r a in  r a te ,  showed very c o n s is te n t crack-jum ping 

behaviour. A re p re se n ta tiv e  lo a d -d e fle c tio n  curve i s  shown in  

f ig u re  5 .6 (a ) .  The diagram shows th a t  th e  load  in c reases  to  a 

c r i t i c a l  value P^, then  a sudden b u rs t i s  observed where the 

crack has jumped forw ard, and th e  load has dropped to  a lower 

value P^. The load  a t  th i s  p o in t remains m omentarily constan t 

befo re  i t  s t a r t s  to  climb up aga in . The i n i t i a l  peak i s  found to  

vary markedly in  h e ig h t from saiTÇ)le to  sanp le  and ev id en tly  r e f le c ts  

again  th e  q u a li ty  o f  th e  pre-form ed crack . T h e rea fte r  the second 

and subsequent peaks show only s l ig h t  v a r ia t io n .

S tre ss  in te n s i ty  values and are  ev a lu a ted  from P̂  ̂ and P^

re sp e c tiv e ly  using  equation  (4.6) derived  from th e  double to rs io n  

t e s t  p iece  a n a ly s is .  For 50 peaks observed over 16 sanples 

rep re sen tin g  th re e  o r ie n ta tio n s  te s te d  a t  a co n s tan t cross-head  

speed (1 .0  mm/min.) variance an a ly s is  showed th e  absence o f any 

tre n d  in  w ith  sample o r ie n ta tio n  o r  w ith  su ccessiv e  peaks in  the

same t e s t .  With re sp ec t to  K^, th ere  was no s ig n if ic a n t  e f f e c t  of 

o r ie n ta tio n  bu t a tendency was observed fo r  th e  h ig h er values to  be

recorded a f t e r  second o r th i r d  peaks in  th e  same t e s t .

The mean values fo r  and a re  given in  ta b le  5 .7 .



87

Time ( se co n d s )
700

100 200 300
6 00

500

■g 300

200

100

0 1 2 3 4 5 6
D isp la ce m en t  (mm) 

( g )

Time ( seco n d s )
700

600

500

200

100

0 1 2 3 4 5 6
Displacement (mm) 

( b )

T im e ( s e c o n d s )
700

600

500

^ 4 0 0
z

■g300

200

100

0 1 2 3 4 5 6 7

(c)

Displacement (mm)

Figure 5-6 Load-time (or load-d isp lacem en t  ) c u r v e s  for 
g r e a se  coated  PMMA sp ec im en s  in methanol.
(a) C ro ss -h e a d  sp e e d  1 mm/min .
(b) C r o ss -h e a d  speed  2 0 m m /m in .
(c) C r o ss -h ead  sp e e d  5 0 m m /m in .
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*Specimen O rie n ta tio n ^ i
MNm"^2

^a 
MNm" /̂ 2

0° 1.85 ± 0.11 1.21 ± 0.05

45° 1.87 ± 0.09 1.23 ± 0 .03

90° 1.81 ± 0.09 1.21 ± 0.05

Table 5 .7  T ests  in  m ethanol, specimens coated  w ith  v a se lin e , 
c ro ss-h ead  speed 1 mm/min.

* O rien ta tio n  w ith  re sp e c t to  th e  long ax is  o f  the 
o r ig in a l  c a s t  sh e e t.

I t  should be no ted  here  th a t  f o r  s ta b le  crack  propagation  in  a i r

is  comparable w ith  the  apparen t a r r e s t  value fo r  unstab le  crack 

p ropagation  w hile i s  ap p rec iab ly  h ig h er. Compare f ig u re s  5 .2 (a) 

and 5 .6 ( a ) .

In v e s tig a tio n  in to  the  e f f e c t  o f  cross-head  speeds has shown th a t  

w ith  the  in c rease  in  c ro ss-h ead  speed, the crack  jumps a re  i n i t i a t e d  

a t  lower v a lu e s , and follow ed by a s l ig h t ly  h ig h er load a r r e s t  

values f ig u re  5.6 (b ) . and values c a lc u la te d  over a range o f 

c ro ss-h ead  speeds a re  shown in  ta b le  5.8 and p lo t te d  in  f ig u re  5 .9 .

The r e s u l t s  show a s ig n i f ic a n t  red u c tio n  in  th e  value o f  as the 

c ro ss-h ead  speed i s  in c re a sed , w hile values o f  a re  not d is t in g u i­

shable from fig u re s  a t  lower speeds.

From the  K vs c ro ss-h ead  speed fig u re  5 .9 , i f  th e  s t r a ig h t  l in e  fo r  

is  ex tra p o la te d  to  i t s  in te r s e c t io n  w ith  the  l in e ,  crack  propagation
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Number o f  
Sairples

Cross-head
Speed
mm/min

^ i

MNm" /̂2 MNm"V2

8 0.5 1.80 ± 0.11 1.17 ± 0 .03

17 1.0 1.84 ± 0.10 1.21 ± 0.05

6 2.0 1.77 ± 0.09 1.20 ± 0.06

5 5.0 1.79 ± 0.08 1.17 ± 0.03

4 20.0 1.59 ± 0.13 1.23 ± 0.04

Table 5 .8  R esu lts  from te s t s  on v ase lin e  coated  specimens in  
methanol.

0 5

0 10 20 30
Z mm/min

Figure 5 9  S tr e s s  intensity  vs  c r o s s - h e a d  sp e e d .

  Test in m eth a no l .  
 Test in air .
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w ill ev en tu a lly  be s ta b le .  A s im ila r  converging shape was dem onstrated

by Yamini and Young(32) in  the f ra c tu re  study o f epoxy r e s in .  In

the  PMMA/methanol system , f ig u re  5.9 p re d ic ts  a cross-head  speed

value o f - 45 mm/min. fo r  s ta b le  crack ing . On th e  1122 In s tro n

machine the  n e a re s t  a v a ila b le  cross-head  speeds are  20 and 50 mm/min.

Double to rs io n  t e s t s  perform ed on the  v a se lin e  coated  specimen a t  th e

50 mm/min. c ro ss-h ead  speed have indeed shown as p re d ic te d , s ta b le

crack p ro p ag a tio n  behaviour under a co n stan t load P = 22.2 Kg f
_3

equ ivalen t to  the  s t r e s s  in te n s i ty  value = 1.32 MNm % fo r  a crack  

v e lo c ity  v = 8 .7  x 10 ^ m /sec. The load  tim e curve is  shown in  

f ig u re  5 .6 ( c ) .

For the  rem aining t e s t  p ieces  the d iffe ren ce  between and 

c h a ra c te r iz e d  th e  amount o f  j unping. With la rg e  d iffe re n c e  a t  low 

cross-head  speeds th e  crack  propagated by means o f la rg e  junps.

The leng th  o f  th ese  junps becomes sm alle r as the  displacem ent r a te  

in c reases  u n t i l  th e  c ro ss-h ead  displacem ent r a te  o f ~ 50 mm/min. 

is  reached when th e  p ro p ag atio n  became q u a s i- s ta t ic  and i s  eq u i­

v a len t to  in  a i r .

S im ilar behaviour has been rep o rted  in  epoxy re s in s  under dry 

cond itions (32 ), b u t i t  seems to  be co n tra ry  to  the environm ental 

behaviour o f  PMMA re p o rte d  by Mai (40), where an in c rease  in  c ro s s ­

head speed caused an in c rease  in  K̂  f ig u re  2 .8 . In a p u b lic a tio n  

in  the jo u rn a l o f  M a te ria ls  Science (68), Mai exp lained  th a t  th e  

d iscrepancy was caused by th e  d iffe re n c e  in  d e f in it io n  o f K^.
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In re fe ren ce  (40) rep re sen ts  va lues o f craze i n i t i a t i o n  a t  the  

p o in t o f  c o n ta c t between environment and crack t ip  i . e .  during 

p la s t i c i z a t io n ,  whereas in  th e  p re se n t work rep re sen ts  values 

a t  crack i n i t i a t i o n  w ith  the crack  breaking  out o f  the  p la s t ic iz e d  

reg ion .

The b a s ic  requirem ent fo r  u n s tab le  crack  propagation  has been s ta te d  

(41) to  be th a t  the  s p e c if ic  work o f f ra c tu re  R decreases w ith  

in c reas in g  crack  speed à i . e .  ^  < 0 .  In  eq u iv a len t terms must 

be n e g a tiv e . PMMA. is  known from th e  p re sen t work and elsew here (37)
- I

to  show an in c re a se  o f  w ith  crack  speed, a t  le a s t  up to  0 .1  msec

so th a t  must be in h e re n tly  p o s i t iv e .  I t  would seem then  th a tdKc
dâ

the o b se rv a tio n  o f  crack j unping behaviour o f  PMMA in  methanol must 

be a t t r ib u te d  ex c lu s iv e ly  to  th e  e f f e c t  o f the environm ent, probably  

through some such mechanism as has been proposed by Gumey and Hunt (69) 

whereby th e  crack  i s  a r re s te d  by b lu n tin g  o f  the t i p  in  m a te r ia l 

p la s t ic iz e d  by th e  environment. Crack j unping involves th e  b reaking  

out o f th e  c rack  in to  th e  v irg in  m a te r ia l under co n d itio n s  where 

K > s in c e  a d d itio n a l work o th e r  than  th a t  o f  c re a tin g  new 

su rfaces  o f  m a te r ia l i s  re q u ire d  to  overcome the  p la s t ic iz e d  reg ion  

a t  the  c rack  t i p .

The above ex p lan a tio n  seems f e a s ib le ,  however noth ing  was rep o rted  

in  the  l i t e r a t u r e  p r io r  to  t h i s  in v e s tig a tio n  (70) on what follow s 

the crack  ju n p . I t  appears from th e  r e s u l ts  rep o rted  in  th i s  s e c tio n  

th a t  t o t a l  f a i lu r e  i s  n o t imminent, b u t the  methanol flows towards 

the f a s t  running  crack  t i p  aw aitin g  cond itions where once more the
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crack can be a r re s te d .  As a r e s u l t  s t i c k - s l ip  behaviour p r e v a i ls ,  

u n t i l  the crack  runs o u t o f  m a te r ia l.

To ob ta in  a b e t t e r  understand ing  o f the  i n i t i a t i o n  and a r r e s t  

mechanism under th e  above c o n d itio n , the  next s tag e  in  th e  p ro je c t  

i s  s e t  to  perform  an a n a ly s is  on the  sequence o f events c o n s ti tu t in g  

these junps. This was achieved  from the (K,a) re la t io n s h ip  ob ta ined  

during the  jump to g e th e r  w ith  a c lo se  study o f the  d i f f e r e n t  zones 

leading to  a r r e s t .
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CHAPTER 6: STUDY OF LOAD DROP IN DOUBLE TORSION TESTS

CHAPTER 7: CAPTURE OF LOAD TRANSIENTS
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PHASE I I I  UNSTABLE CRACK PROPAGATION

CHAPTER 6 STUDY OF LOAD DROP IN DOUBLE TORSION TESTS

6.1 In tro d u c tio n

In the p rev ious se c tio n  having e s ta b lish e d  th a t  th e  t r a n s i t io n  from 

s ta b le  to  u n s tab le  c rack  propagation  in  PMMA specimens i s  due to  

the presence o f  m ethanol, the q u estion  a r is e s  o f  th e  mechanism 

which c o n s ti tu te s  th is  behaviour. The r e la t io n s h ip  between K and 

the crack  v e lo c ity  during s t i c k - s l ip  p ropagation  may g ive some help  

in  th is  d ire c t io n .

In d o u b le -to rs io n  t e s t s ,  c h a ra c te r is t ic  load-d isp lacem ent curves 

were ob ta ined  in  the  study o f crack  s t a b i l i t y .  When propagation  i s  

continuous, th e  crack grows a t  a co n stan t load  P^ as shown in  f ig u re  

5 .2 . However, i f  the  crack  propagates by a s t i c k - s l i p  mode the load- 

displacem ent curves take  on a saw -tooth appearance as in  f ig u re  5 .6 (a ) 

P^ i s  th e  load  a t  i n i t i a t i o n  and P^ th e  load  a t  a r r e s t .  L inear- 

conpliance an a ly s is  o f  the  load  behaviour has p rov ided  the  background 

fo r  the  de term ina tion  o f  K^(v) curves in  th e  p a s t .  In  th e  p re sen t 

work th is  technique has been extended both  exp erim en ta lly  and 

a n a ly t ic a l ly  to  deal w ith  the  problem o f  u n s tab le  f a s t  f ra c tu re .
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6.2 A nalysis  o f  u n s tab le  crack  propagation  in  d o u b le -to rs  ion t e s t s

The d o u b le -to rs io n  t e s t  p iece  a n a ly s is  p resen ted  in  Chapter 4 showed 

th re e  main p ro p e r t ie s

(1) Conpliance C i s  l in e a r ly  r e la te d  to  crack leng th  ”a"

C = Ba + Co (6 .1)

where B and Cq a re  c o n s ta n ts .

(2) S tre s s  in te n s i ty  K i s  independent o f  crack len g th  and p ro p o rtio n a l 

to  the  a p p lie d  load  P

K = AP (6 .2)

where A i s  a  co n s ta n t depending on the  t e s t  p iece  dimensions 

equation  (4 .6 ) .

(3) Crack speed i s  sim ply r e la te d  to  the  tim e ra te  o f change o f  

conpliance

(;) ( ! )
/ I  \  /  dC \  (6 .3)

d t

In tu rn  the  q u a n ti ty  ^  can be re a d ily  measured in  t e s t s  perform ed 

on a s t i f f  t e n s i l e  te s t in g  machine such as an In s tro n , where bo th  

the  load P and th e  load  p o in t displacem ent y can be recorded .
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By d e f in i t io n  C = ^  (6.4)
P

dy . dP
æ  ^  %  ~ (6.5)
d t p2

Hence equation  (6.3) may be w r i t te n  as

\B P ^ / V d t d t /

^   ̂ /  1 \  /  ndy _ „dP \  (6.6)
d t

daThe crack f ro n t  v e lo c ity  i s  p ro p o rtio n a l to  , the  co n stan t of 

p ro p o r tio n a li ty  depending upon th e  shape o f th e  crack  f ro n t 

(appendix 2).

Crack p ro p ag atio n  in  double to rs io n  t e s t  p ieces  under d if f e r e n t  load  

cond itions was examined by d i f f e r e n t  au thors using  d i f f e r e n t  forms 

o f equation  (6 .6 ) .

McKinney and Smith studying  c rack  propagation  in  g la ss  (66) performed
dPdead-load t e s t s  i . e .  ^  = 0 in  equation  (6 .6 ) . The crack  speed i s  

th e re fo re  expressed  as

d t  \B pZ / d t \B P / d t
(6.7)

Evans working w ith  s in te re d  alum ina (64) used a load  re la x a tio n  

method, Wiere lo ad  Pĵ  and d isplacem ent y^ were achieved and then 

the  machine c ro ss-h ead  was a r r e s te d  i . e .  = 0 .
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For the c o n d it io n  ^  = 0 equation (6 .6 ) becomes

-  = (6 .8) 
d t  \BP /  d t

But y = CP = C^P^

Hence —  = -  ^  = -  p. (^^l A  P o l ^  (6 .9)
d t BP  ̂ d t  ̂ BP  ̂ d t

The crack  v e lo c i ty  was thus ob ta ined  d ir e c t ly  from the  r a te  o f  load 

re la x a tio n  fo llow ed  on the  reco rd e r a t  constan t d isplacem ent and

the i n i t i a l  c rack  len g th  a^. The maximum crack  v e lo c ity  ob ta in ed
-2  -1  was 2 X 10 msec

D. C. P h i l l ip s  and J .  M. S co tt (71) used equation  (6 .6) to  analyse 

crack p ro p ag a tio n  behaviour which occurs in  epoxies. They perform ed 

t e s t s  under c o n s ta n t displacem ent r a te  co nd itions i . e .  ^  = co n s tan t.

Under th e se  co n d itio n s  i t  i s  necessary  to  ev a lu a te  y ,  th e  in stan taneous 

value o f  lo a d -p o in t displacem ent corresponding to  a g iven  crack  len g th . 

P h i l l ip s  and S c o tt  es tim ated  values o f  "a" from the  c lo s e ly  spaced 

a r r e s t  m arkings on the  f ra c tu re  su rfaces  o f  th e i r  specim ens. Using 

the  correspond ing  value o f  P they  wrote

y = P(Ba + C) (6.10)
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^  r  ^  ^  [Ba .  c l l
d t  BP L d t d t  L J J

dPThe q u a n tity  ^  in  equation  (6.11) was ob ta ined  from th e  slope o f 

the load tim e curve shown in  f ig u re  6 .1 , and achieved by in c reas in g  

the c h a r t speed  o f  th e  te s t in g  machine.

Load

Typical

Time

Figure 61 S c h e m a t ic  l ea d - t im e  curve  during stick-sl ip  
propagation.The curve is obtained by running
the recording chart at high r a te  and expand ing  
th e  load s c a le  (after  Phillips & Scott (71) ).

This method i s  q u es tio n ab le  s in ce  the  response tim e in  conventional 

ch a rt re co rd e rs  i s  a t  l e a s t  o f  th e  o rder o f 0 .1  seconds, and i t  i s  

doubtfu l w hether ra p id  junps could  be follow ed a c c u ra te ly . This was 

proved to  be th e  case in  th is  work, and another techn ique has to  be 

adopted to  overcome th i s  problem, see se c tio n  7 .2 . The maximum

apparent c rack  v e lo c i ty  achieved by P h i l l ip s  and S c o tt was 5 x 10 
”1m sec .

-3
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The s o lu tio n  adopted in  the  c u rre n t programme was to  e lim in a te  the  

v a r ia b le  y from equation  ( 6 . 6 ) making the  s u b s t i tu t io n

y = Zt (6.12)

and - ^  = Z (6.13)
d t

where Z i s  the  co n sta n t c ro ss-h ead  speed o f the te s t in g  machine and 

t  i s  the  tim e measured from th e  commencement o f the t e s t .

This g ives

da
d t

= -  T -  -  - ,  —  1 (6.14)
B L P P^ d t  J

This equ a tio n  re p re se n ts  th e  re la t io n s h ip  between lo ad , crack  len g th  

and time fo r  a m a te r ia l under th e  s p e c if ie d  cond itions whether crack  

p ropagation  be s ta b le  o r  u n s ta b le  as w i l l  be shown in  Chapter 8 .
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6.3  K(â) determ in a tio n  during a crack  jump

To determ ine K and â values during  the  u n s tab le  crack junp re p re ­

sen ted  by th e  sudden load  drop shown in  f ig u re  5 .5 (a ) ,  th e  co n stan ts  

A and B in  equations (6 .2) and (6.14) re sp e c tiv e ly  must be ev a lu a ted , 

to g e th e r  w ith  th e  shape o f  load /tim e curve during a t r a n s ie n t .  The 

l a t t e r  i s  th e  su b je c t o f  the nex t ch ap te r.

The e v a lu a tio n  o f  A and B:

The co n stan t A can be ob ta ined  from th e  specimen dimensions as shown 

by equation  (4 .6 ) .  The value o f B however i s  dependent on both 

dimensions and m a te r ia l modulus equation  (4 .7 ) . Polymer modulus i s  

known to  be s t r a i n  r a te  dependent (72, 73), th e re fo re  the  value o f B 

i s  no t c o n s ta n t over a l l  c ro ss-h ead  speeds and i t s  value must be 

ev alu a ted  fo r  a given s t r a in  r a te .

For dry specimens th is  was achieved from th e  compliance a n a ly s is

c a l ib r a t io n  curve where th e  compliance C i s  a fu n c tio n  o f  crack  leng th
dC 
da
jp

'a" equation  (6 .1 ) and th e  value o f  B i s  g iven by th e  slope 3 — (see

se c tio n  5 .1 .3 ) .

In  environm ental t e s t s  w ith  s l i p - s t i c k  behaviour, s im ila r  com pliance/ 

crack  len g th  curves a re  ob ta ined  w ith  th e  compliance measured from 

th e  d e f le c tio n  and load a t  i n i t i a t i o n  and the  corresponding crack  

leng th  measured on the f ra c tu re  su rfa c e . The compliance equation  

was arranged such th a t  th e  change in  specimen dimensions were allow ed 

fo r .
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Hence equation  (4.2)  becomes

C^bh' + Cobh'

where compliance a t  i n i t i a t i o n  

crack  len g th  a t  i n i t i a t i o n

P lo ts  o f  C^bh vs a^ are  shown in  f ig u re  6 .2  over a range o f c ro ss ­

head speeds.

4 0 r  C; bh3 mN-"" XIO"^^ 20 mm/min.

30

20

10

0
0 40 80 120 160 200 240 260

Crack length (mm)

Figure 6 2  Cj bh^ a s  a function of crack  length  

(m e t h a n o l  tes ts )  at c r o s s - h e a d  s p e e d s  
of 1 , 5  and  20 mm/min .
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The number o f  p o in ts  on th e  curve rep re sen t number o f  jumps th a t  

occurred during  the  t e s t .  The slope o f  th ese  s t r a ig h t  l in e s  g ives 

the value o f  ^ and as 6(l+v)p^ i s  a c o n s ta n t, th e se  p lo ts  

c le a r ly  in d ic a te  th a t  w ith  an in crease  in  c ro ss-h ead  speed h ig h er 

moduli a re  o b ta in ed . The corresponding value o f  B fo r  a given 

s t r a in  r a te  cou ld  be determ ined from the  slope o f  th e  l in e  and the  

specimen dimensions s in ce

B = slope X —  
bh^
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CHAPTER 7 CAPTURE OF LOAD TRANSIENTS

7.1 In tro d u c tio n

C atastroph ic  f a i lu r e  in  b r i t t l e  m a te r ia ls  has been th e  concern o f 

many. The f ra c tu re  mechanics i s  used to  recognize the  co n d itio n  

which causes such f a i lu r e  by s tudy ing  how the growth o f  an in h e ren t 

d efec t in  the m a te ria l i s  in flu en ced  by cond itions o f s t r e s s  and 

environment. A p a r t ic u la r ly  u se fu l experim ental method is  to  

measure the  re la t io n s h ip  between crack  propagation  speed (a) and 

s tre s s  in te n s i ty  fa c to r  (K) u s in g  p re-crack ed  t e s t  p ieces  o f sim ple 

geometry. P rev iously  th ese  measurements c a lle d  fo r  methods such as 

high speed cinematography Wiich a re  lab o rio u s and expensive. This 

sec tio n  dea ls  w ith  a technique developed by the au th o r fo r  rap id  

crack propagation  measurements where no apprec iab le  running co s ts  

are  encountered and the  system does n o t in te r f e r e  w ith  co n d itio n s 

in  the crack t i p  reg io n , so i t  i s  e s p e c ia lly  s u ita b le  fo r  work in  

c o n tro lle d  environm ents. Using th e  a n a ly s is  adopted fo r  th is  

technique, a m athem atical model f o r  crack  i n i t i a t i o n  and a r r e s t  

in  a Polymer/environment system  has been proposed.
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7.2 Technique developed fo r re tr ie v in g  t ra n s ie n ts

This s e c tio n  d escrib es the  technique adopted, using  equation  (6.14) 

to  determ ine crack  speed and hence (K/a) in form ation  during  the  

crack ju n p s , by record ing  the load tra n s ie n ts  ob ta in ed  from u n stab le  

behaviour. The r a te  o f  such load  drops is  much too ra p id  to  be 

determ ined from the  In s tro n  c h a r t reco rd er (fig u re  5 .6 ( a ) ) ,  thus 

o th e r  p o s s i b i l i t i e s  a re  in v e s tig a te d  to  r e t r ie v e  th ese  f a s t  dropping 

load s ig n a ls  w ith  the a id  o f  a t r a n s ie n t  reco rd e r.

7 .2 .1  A pparatus

The DL 90S t r a n s ie n t  reco rd e r (Data L abora to ries  Lim ited) i s  a 

d ig i t a l  in strum en t designed to  cap tu re  s in g le  sho t o r  low r e p e t i t io n  

events and p re se n t them fo r  continuous d isp lay  on a CRO. Readout 

to  a YT p l o t t e r  i s  a lso  a v a ila b le . I t  was ap p lied  in  t h i s  work to  

record  unique s ig n a ls .

The in p u t waveform i s  d ig es ted  to  a re so lu tio n  o f  8 b i t s  and s to re d  

in  a Ik  word memory which i s  con tinuously  updated a t  a chosen sweep 

frequency u n t i l  a t r ig g e r  s ig n a l i s  rece iv ed . Updating then  s to p s , 

and the  sample remains in  s to re  u n t i l  the  u n i t  i s  re-aim ed, i . e .  

in s tru c te d  to  take a f re sh  reco rd . The p re - t r ig g e r  record ing  mode 

on th is  in strum en t makes i t  p o ss ib le  to  see the  waveform both befo re  

and a f t e r  th e  t r ig g e r ,  w ith  p re c ise  co n tro l over th e  amount o f  p re  

and p o s t t r ig g e r  in form ation  recorded .
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T rig g erin g  arrangem ents:

The DL 905 t r a n s ie n t  reco rd er can be tr ig g e re d  e i th e r  in te rn a lly  

or e x te rn a l ly .

In te rn a l ly  th e  sweep t r ig g e r  i s  derived  from th e  s ig n a l inpu t v ia  

th e  in p u t a m p lif ie r ,  and re q u ire s  the value and d ire c t io n  of the  

s ig n a l a t  which tr ig g e r in g  w i l l  occur to  be predeterm ined. This 

procedure was found to  be u n re lia b le  s in ce  th e  t r ig g e r  le v e l 

could no t be acc u ra te ly  determ ined, and in  many cases th e  abso lu te  

value o f  th e  in p u t s ig n a l was too sm all. Hence th e  e x te rn a l mode 

was used in s te a d . This c a l le d  fo r  a p u lse  o f h e ig h t 0 to  +5v, o f 

100 ns minimum w id th , w ith  r i s e / f a l l  tim es le s s  than  100 ns.

In th e  p re se n t programme, the p u lse  was su p p lied  by a c ry s ta l  

microphone connected v ia  a decoupling c a p a c ito r  a t  the  e x te rn a l 

t r ig g e r  in p u t o f  the  t r a n s ie n t  reco rd e r. The tr ig g e r in g  le v e l o f  

the t r a n s ie n t  reco rd e r was p re s e t  to  g ive optimum r e s u l t s .

7 .2 .2  Experim ental arrangem ent

Figure 7.1 i s  a b lock diagram o f the equipment. The en c irc le d  

numbers in d ic a te  th e  d i f f e r e n t  p o s itio n s  which were su ccessiv e ly  

used in  th e  attem pt to  o b ta in  a s a t i s f a c to ry  load  s ig n a l ou tpu t.
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Figure 71 Equipment block diagram.
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In the  diagram , th e  In s tro n  load c e l l  c o n s is ts  o f s t r a i n  gauges 

which are  a rran g ed  in  a b ridge c i r c u i t  and ex c ited  by a s ta b i l i s e d  

o s c i l l a to r .  The r e s u l ta n t  ou tpu t load  s ig n a l from th e  c e l l  i s  o f 

low magnitude and i s  am p lified  in  th e  load  a n p l i f ie r .  I n i t i a l l y  

load s ig n a ls  were taken  from the  ou tpu t o f  th i s  a m p lif ie r  p o s it io n  1 

However, in v e s t ig a t io n  showed th a t  th ese  s ig n a ls  a re  h e a v ily  damped 

fo r  c o n tro ll in g  th e  pen servo system o f th e  re c o rd e r, so th a t  the  

response tim e was o f  the o rd er 0 .1  seconds, see S ection  7 .3 .

In order to  ach ieve f a s t e r  response tim es, a ttem pts were n ex t made 

to  e x tra c t  s ig n a ls  from befo re  th e  demodulator s tag e  p o s i t io n  2.

Here the  e n e rg is in g  frequency o f 375 Hz gave a waveform s ig n a l 

w ith four re le v a n t  in fo rm ation  p o in ts ,  see f ig u re  7 .4 , which were 

no t s u f f ic ie n t  in  ana ly sin g  th e  load /tim e t r a n s ie n t .

F in a lly  th e  s ig n a l  was ob ta ined  from the  ou tpu t o f a s p e c ia l ly  

in s ta l le d  lo ad  c e l l  mounted in  tandem w ith  the  In s tro n  c e l l  a t  

p o s itio n  3, see  a lso  th e  photograph, f ig u re  7 .2 . The c e l l  i s  o f  

the type J .P .  500 (su p p lied  by Data Instrum ent In c .) .  I t  i s  a 

transducer which uses the  p iz e o re s is t iv e  c h a r a c te r is t ic s  o f  

sem iconductors to  perform  p h y s ica l measurements. In  a d d itio n  to  

i t s  high response  r a te  which makes i t  capable o f fo llow ing  f a s t  

ra te s  o f  lo ad  drop during ra p id  f r a c tu re ,  i t  a lso  o f fe r s  a unique 

combination o f  h igh  s ig n a l le v e l  and low impedence which enables 

i t  to  d riv e  in d ic a t in g  and c o n tro l m eters w ithou t th e  need fo r  

a m p lif ic a tio n . The e n e rg is in g  v o ltag e  o f the  c e l l  i s  6 v o lts  

ac o r dc. With th i s  arrangem ent i t  was p o ss ib le  to  employ a



109

sweep time o f 20 m illiseco n d s  on the t r a n s ie n t  reco rd e r.

When a crack jump occurs th e  microphone which i s  a ttach ed  to  the  

tank sends a t r ig g e r  s ig n a l which causes th e  inpu t s ig n a l to  be 

re ta in e d . I t  can then  be ou tpu t to  a c h a r t reco rd e r during a p e rio d  

o f 20 seconds. At moderate cross-head  speeds th is  can be completed 

before the n ex t t r a n s ie n t  comes along.
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7.3 R etrieved  S ignals

The ou tpu t o f  th e  In s tro n  load a m p lif ie r  was connected to  the  

t r a n s ie n t  re c o rd e r  in p u t and w ith  a sweeptime s e t t in g  o f  2 seconds, 

the  load /tim e c h a r a c te r is t ic  ob ta ined  during  a crack  jump event 

was o f the  form shown in  f ig u re  7 .3 . However, load s ig n a ls  

re tr ie v e d  in  th e  same manner fo r  a number o f  junps produced id e n tic a l  

cu rves, re g a rd le s s  o f h e ig h t, o f load  peak o r  leng th  o f  junps. When 

t e s t s  were made on e n t i r e ly  d i f f e r e n t  m a te r ia l ,  i . e .  g la ss  microscope 

s l id e s ,  and id e n t ic a l  curves were o b ta in ed , i t  became apparent th a t  

the  above s ig n a l was f a ls e  and was danped in  o rder to  allow  fo r  the 

slow response o f  th e  In stro n  pen re c o rd e r .

To by pass th e  f i l t e r  o f  the In s tro n  re c o rd e r  fo r  ach iev ing  f a s te r  

response tim es, attem pts were made to  e x tr a c t  s ig n a ls  from before 

the  demodulator s ta g e . The s ig n a l r e t r ie v e d  here was o f  an ac form 

shown in  f ig u re  7 .4 . In  the diagram i t  i s  ev id en t th a t  th e  en e rg is in g  

frequency o f  the  load c e l l  375 Hz, gave on ly  10 x 10 x 375 S ^

4 cycles during  th e  d es ired  sweep tim e o f  the  t r a n s ie n t  re c o rd e r , 

p rov id ing  in s u f f ic ie n t  re le v a n t in fo rm ation  p o in ts . So th a t  accu ra te  

load behaviour could n o t be recorded .

The f in a l  so lu tio n  adopted was to  r e t r ie v e  s ig n a ls  w ith  th e  a id  o f  a 

sep ara te  load  c e l l .  When a mains powered dc supply was used to  

en erg ise  th e  c e l l ,  the  e x tra c te d  s ig n a l was ra th e r  no isy  as shown 

in  f ig u re  7 .5 . This problem was overcome when dry c e l l  b a t te r ie s  

6 v o lts  t o t a l  e x c i ta t io n  vo ltage  were enployed as th e  en erg is in g  

source, see f ig u re  7 .6 (a ) .
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112

800

700

600

500

300

200

100

4 5 60 1 2 3

time (m se c )

F igure  7-5 Load signal retrieved from JP load cel  
with main a s  energising s o u r c e .

load

1ms

time

load

1m s

time
(a) Initial jump lb) S u b s e q u e n t  jump

F ig u re  7 6  Load s i g n a l s  for c ra ck  jumps.
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The o th e r  d is t in c t iv e  fe a tu re  in  f ig u re  7 .5  was the p resence o f 

s in e  waves. These were a t t r ib u te d  to  v ib ra tio n s  in  th e  specimen 

arms, induced by the  crack  jump. Over a number o f te s te d  samples, 

the  q u a li ty  o f the  s ig n a l was b e s t  fo r  th e  i n i t i a l  t r a n s ie n t  and 

became poorer fo r  subsequent jumps as th e  f ra c tu re d  arms got longer 

and v ib ra tio n  e f fe c ts  were more se v e re , as dem onstrated in  f ig u re  

7.6(b).

As in d ica te d  in  se c tio n  5 .2 .3 , th e  i n i t i a l  t r a n s ie n t  v a r ie d  markedly 

from sanple to  sample in flu en ced  by the  q u a l i ty  o f  the s t a r t e r  c rack , 

th e re fo re  i t s  behaviour could n o t be taken  to  rep resen t a ty p ic a l  

junç) in  the  s t i c k - s l i p  p ropagation . To achieve the same q u a li ty  o f 

load s ig n a l as the  i n i t i a l  t r a n s ie n t ,  bu t w ith  crack t i p  co n d itio n  

id e n tic a l  to  those in  th e  subsequent jumps, th i s  procedure was adopted:

Using the  double to rs io n  t e s t  a c rack  was i n i t i a t e d  in  a dry sample and 

propagated to  a leng th  o f  about 5 cm. The sample top was then  sawed 

o f f  allow ing fo r  a crack  t i p  5 mm long which had a geom etrica l 

co n d itio n  id e n t ic a l  to  those b efo re  th e  p o in t o f  a r r e s t  in  the  

presence of m ethanol. Coated w ith  v a se lin e  and inmersed in  m ethanol, 

the  above sample was m onotonically  loaded and th e  load t r a n s ie n t  fo r  

the  crack jump was reco rded , see f ig u re  7 .7 . A p o in t o f in te r e s t  

to  be no ted  here  was th a t  the  sweep tim e was o f  magnitude 5 m i l l i ­

seconds . I f  th i s  curve in  tu rn  i s  taken  as th e  low est e s tim a te  of 

crack speed during a jump, the speed i s  now e s ta b lish e d  as being th e  

f a s te s t  ob ta ined  from th ese  s ig n a ls  i . e .  in  excess o f 20 msec
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Figure 77 Load signal for a crack jump 
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The corresponding values o f  and in  f ig u re  7.7 were evalua ted  

from the  v o ltag e  s e t t in g  on th e  t r a n s ie n t  reco rd e r, and were found 

id e n tic a l  to  those  measured by th e  In s tro n  ch a rt re c o rd e r .

In the a n a ly s is  o f  K/v d e te rm in a tio n , th e  i n i t i a l  p a r t  o f  th e  curve 

was taken as th e  load  behaviour in  a junp even t, om itting  the  

v ib ra tio n  s ig n a l which was assumed to  occur a f t e r  th e  jump has taken 

p lace . F igure 7.8 in  the  nex t s e c tio n  shows th e  ap p ro p ria te  diagram 

o f a load tim e curve during a jun^  achieved a t  a c ro ss-h ead  speed o f  

1 mm/min.
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7.4 D eterm ination of (K,v) Curve During a Crack Jump

The f a s t e s t  load  t r a n s ie n t  ob ta ined  which is  shown in  f ig u re  7 .8 , 

g ives the  change o f  load  during a crack  jump. To p rocess th ese  

r e s u l ts  th e  values o f  P and t  were m anually in te rp o la te d  a t  th e  

cosine p o in ts  and fed to  a curve f i t t i n g  programme (see appendix 3).

A polynom ial o f  P as a fu n c tio n  o f  t ,  i . e .  f ( t )  and i t s  d i f f e r e n t i a l  

f ’ ( t)  were o b ta in ed . The programme i s  then  designed to  use th ese  

functions f ( t )  and f ’ ( t)  to g e th e r  w ith  th e  co n stan ts  A, B and 4  in  

determ ining th e  values o f  K and v a t  any tim e t  during th e  crack jump.

Figure 7.9 shows the  curve o f s t r e s s  in te n s i ty  vs crack  f ro n t v e lo c ity  

derived  from f ig u re  7.8 v ia  equations (6.2) and (6 .1 4 ). P o in ts  o f  

in te r e s t  which should be considered  here  a re :

( i)  The curve shows two values o f K fo r  a  given value o f  v. A 

s im ila r  e f f e c t  has re c e n tly  been re p o rte d  by Kobayashi (74) who 

d is tin g u ish ed  between a  d riv en  crack  (high K) and a  d e c e le ra tin g  

crack (low K). In  the  p re se n t ca se , the  two K values presumably 

apply to  d i f f e r e n t  s ta t e s  o f  th e  m a te r ia l,  d u c t i le  and b r i t t l e .

For i n i t i a t i o n  o f th e  crack  t i p  through a h ea v ily  crazed  reg io n , a 

high s t r e s s  in te n s i ty  value i s  req u ired . Once i n i t i a t i o n  occurs th e  

s to red  e l a s t i c  energy i s  re le a se d  d riv in g  th e  crack through th e  

v irg in  m a te r ia l.  As a r e s u l t  th e  crack  a c c e le ra te s  \d iile  th e  s t r e s s  

in te n s i ty  v a lu e  d ec reases. U ltim a te ly  th is  s to re d  energy i s  

exhausted and th e  crack  slows to  a co n stan t v e lo c ity  d riven  only 

by the energy su p p lied  from th e  moving c ro ss-h ead .
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( i i )  The a b so lu te  value  o f crack speed observed a re  in  th e  range 

o f 1 to  24 msec on th e  same o rder o f  magnitude as th e  speed in  

impact t e s t s  on dry  PM4A. (38).

In determ ining t h e i r  p o s it io n , they  were in te rp o la te d  on th e  K(v) 

curve derived  from a i r  r e s u l t s ,  as shown in  f ig u re  7 .10. From the  

diagram i t  i s  c le a r ly  ev id en t th a t  in  the  methanol c a se , h ig h er 

crack i n i t i a t i o n  s t r e s s  in te n s i ty  value is  req u ired . With th e  

crack running o u t o f  th e  methanol crazed  zone, i n s t a b i l i t y  tak es  

p lace  and as a r e s u l t  th e  in c rease  in  v w ith  a decrease in  K, 

a behaviour id e n t ic a l  to  the a i r  case although th e re  i s  a s h i f t  

towards h ig h er v a lu es  caused by th e  s to re d  s t r a in  energy in  th e  

p la s t ic iz e d  zone. However, w ith  the s t r a in  energy exhausted , the  

d e ce le ra tin g  crack  speed w ith corresponding s t r e s s  in te n s i ty  va lues 

f i t t e d  in  w ith  th e  r e s t  o f  the  a i r  r e s u l t s .

3 0

K. (PMMA in methanol)
2 5

(PMMA in air)1C 120

1-0

0 5

2 ,310® 10

Figure 710

Crack speed  (m /sec)

Stress intensity vs crack speed-PM M A .
  otter Marshall (92).

 present work.
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PHASE IV AN ANALYSIS OF CRACK PROPAGATION

CHAPTER 8 PROPOSED MDDEL OF INITIATION AND ARREST EVENTS

The model proposes an id e n t i f ic a t io n  o f th e  d i f f e r e n t  events which 

occur during the f ra c tu re  o f  PNMA both dry and in  a l iq u id  environment, 

This i s  achieved w ith  re fe ren ce  to

( i)  The load-tim e re la t io n s h ip s  re t r ie v e d  e i th e r  from the  In s tro n  

c h a rt reco rd er o r in  th e  case o f load  t r a n s ie n t s ,  u sing  a t r a n s ie n t  

reco rd er.

( i i )  A frac to g rap h ic  s tudy  o f  th e  f ra c tu re d  sam ples, rep o rted  in  

Chapter 9, where the  c h a r a c te r is t ic  markings acconpanying crack 

p ropagation  are  in v e s tig a te d .

I t  was s ta te d  e a r l i e r  in  s e c tio n  6 .2  th a t  th e  r e la t io n s h ip  between 

load , crack  leng th  and tim e fo r  a m a te r ia l under the t e s t  co n d itio n s  

employed can be expressed  by equation  (6.14) where

da
d t

’z
BP_

i . t  H  
P d t j

This w il l  now be i l l u s t r a t e d  w ith  th e  a id  o f  th e  load /tim e curves 

ob ta ined  fo r  the continuous and s l i p - s t i c k  behaviour.

For the i n i t i a l  r is in g  load  curve f ig u re  8 .1  (a , b) w ith  s ta t io n a ry  

crack f ro n t
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(a) U n sta b le ,  s t ick-s l ip  
p r o p a g a t io n .

(b) Stable  , c o n t in u o u s  
propagation.

Figure  81 Schematic  load-t ime c u r v e s  for crack  
propagation .
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Time
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Time

Figure 8 2 ( a )  Transient curve  

( sc h e m a t ic ) .

Figure 8-2(b) Load-time

curve at  initiation for 
s ta b le  propagat ion .
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—  = 0 (8 . 1) 
dt

SO that equation (6.14) gives

—  = -  ( 8 . 2 ) 
dt t

I f  the  i n i t i a l  crack  len g th  i s  a- then the  compliance

Ci = Bai + Co (8 .3 )

bu t c- = ^  = —  (8.4)
P P

P = —  = — ------  (8 .5)
Ci Bai+Co

and —  = — ------- (8 .6)
d t  Ba^+C^

For co n s tan t c ro ss-h ead  speed Z, th e  slope o f  th e  r i s in g  load  curve
dPis  determ ined by th e  in stan tan eo u s crack  len g th . The value  o f 

fo r  a s ta t io n a ry  crack  i s  o f  course th e  h ig h e s t which can be achieved. 

By the  same token , any slope below th is  value must re p re se n t an 

advancing crack  f ro n t i f  v is c o - e la s t ic  e f fe c ts  a re  ignored .

The p o in t a t  which crack  growth commences can be id e n t i f i e d  when the 

re le v a n t p a r t  o f  th e  load  time graph i s  p lo t te d  on an extended
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tim esca le , f ig u re  8.2 (a , b ) . E v iden tly  t h i s  i s  p o in t 1 where the  

curve d e v ia te s  from l in e a r  behaviour. Two cases to  be d is tin g u ish ed :

(a) For s ta b le  p ro p ag a tio n  cond itions and an id e a lly  sharp  s t a r t e r  

crack the  (P ,t )  curve, p lo t te d  on the  extended tim esca le , w il l  be as 

shown in  f ig u re  8.2 (b ) . The reg ion  o f  a c c e le ra tin g  crack growth i s  

seen to  cover th e  range 1 to  2 where

dP> —  >  0 and correspondingly
(Ba^+C^) d t

d t  BPc

dPAt p o in t 2 d e fin ed  by —  = 0 equation  (6.14) g ives
d t

da
d t  BP^

(8.7)

daw hile P rem ain c o n s ta n t, —  i s  c o n s ta n t, as re q u ired .
d t

(b) Next c o n s id e r th a t  th e  crack  t i p  i s  e i th e r  b lu n t o r  surrounded 

by a sm all zone o f  " p la s t ic iz e d "  m a te r ia l o r  both  such th a t  th e  

c r i t i c a l  s t r e s s  in te n s i ty  fa c to r  is  r a is e d  to  a value K^. I n i t i a t i o n  

o f  cracking  occurs as befo re  a t  p o in t 1 ( f ig u re  8.2 (a))

The crack a c c e le ra te s  to  a value

^  (8 . 8) 
d t  BP^
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corresponding to  equation (8 .7)  (p oint 2 fig u re  8 .2  ( a ) ) .

dPBut p o in t 2 i s  merely a tu rn in g  value in  load  a f t e r  which ^  

in creases  in  a negative  sense and th e  crack  a c c e le ra te s  

continuously  to  a maximum v e lo c ity  a t  p o in t 3 which i s  n e a r , bu t 

no t id e n tic a l  to ,  a p o in t o f  in f le c t io n  o f  the  (P ,t)  curve.

dPIn the range 3 to  4 in  f ig u re  8.2 (3̂ ) > becomes le s s  n eg a tiv e

and the  crack  d e c e le ra te s . For th e  t e s t  s i tu a t io n  s p e c if ie d , where

the machine cross-head  i s  moving a t  co n s ta n t speed, th e  co n d itio n  
dP■^ = 0 (reached a t  4 ) ,  does n o t correspond to  crack a r r e s t ,  bu t to  

s ta b le  crack propagation  a t  a speed given by

—  = —  (8.9)
d t BP^

For PMMA/methanol where access o f  th e  l iq u id  i s  r e s t r i c t e d  to  flow 

along the  leng th  o f the  c rack , a m easurable len g th  o f  s ta b le  crack 

growth occurs during th e  tim e taken  by th e  l iq u id  to  "ca tch  up" 

w ith  the  crack  f ro n t (4 to  5 f ig u re  8.2 ( a ) ) .  This can be id e n t i f ie d  

by c h a r a c te r is t ic  markings on th e  f ra c tu re  su rfa c e , as d escrib ed  in  

the nex t chap ter.

Po in t number 5 can be id e n t i f i e d  as the  p o in t a t  which th e  l iq u id  

environment again begins to  in flu en c e  th e  crack  t i p .  I f ,  as norm ally 

assumed, the  e f f e c t  i s  one o f  " p la s t ic iz a t io n "  and crack  b lu n tin g , 

then (or K^) w il l  no lo n g er be adequate to  s u s ta in  crack  growth 

a t  constan t speed. The crack  w i l l  th e re fo re  d e c e le ra te  fu r th e r .
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causing a r i s e  in  lo ad , and i f  crack b lu n tin g  i s  s u f f ic ie n t  the 

crack  w il l  a r r e s t ,  p o in t 6. The co n d itio n s  in  th is  reg ion  are  

expressed by

^ > —  >  0 and correspondingly
BP  ̂ d t a

0 <
d t (Ba^+C^)

where a^ i s  th e  new crack  len g th  on com pletion o f  th e  jump.

The fe a tu re s  o f  th i s  proposed model may be summarised as follow s :

( i)  I t  p re se n ts  the phenomena o f crack  i n i t i a t i o n  and a r r e s t  as a 

f a s t  bu t continuous p ro c e ss , r a th e r  than  as d iscon tinuous p ro cesse s , 

which seems in h e re n tly  reaso n ab le .

( i i )  Crack v e lo c i ty  and th e  corresponding s t r e s s  in te n s i ty  can be 

tra ced  throughout a load  t r a n s ie n t .

( i i i )  C e rta in  asp ec ts  o f  th e  f ra c tu re  appearance o f t e s t  p ieces  can 

be s a t i s f a c to r i l y  ex p la in ed .
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CHAPTER 9 FRACTOGRAPHIC EVIDENCE

9.1 In tro d u c tio n

The process involved  in  th e  f ra c tu re  o f so lid s  a re  r e f le c te d  in  th e  

appearance o f the  f ra c tu re  su rfa c e . The in d iv id u a l even ts involved  

in  f a i lu r e  a re  scu lp tu red  in  th e  f ra c tu re  su rface  and a p ro p er 

in te rp r e ta t io n  of th ese  markings y ie ld s  valuable in fo rm ation  to  

supplement th e o r e t ic a l  s tu d ie s  and provide ad d itio n a l in s ig h t  in to  

the f a i lu r e  mecahnism. The f ra c tu re  su rface  study i s  u s u a lly  

concerned w ith  f ra c tu re  behaviour, i t s  o r ig in , in  which d ire c t io n  

i t  has t r a v e l le d  and what has been i t s  general n a tu re .

This s e c tio n  d iscu sses  the  c h a r a c te r is t ic  markings acconpanying th e  

d if fe re n t  s tag es  o f  f ra c tu re  fo r  both  s ta b le  and u n s tab le  p ro p ag a tio n , 

then id e n t i f ie s  the  d i f f e r e n t  phases o f  s t i c k - s l ip  p ro p ag a tio n  by 

u n itin g  th e  fra c to g ra p h ic  study w ith  th e  m athem atical model o f  the  

process.
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9.2 Id e n tif ic a tio n  o f  the Fracture Markings

The double to rs io n  PMMA specimens frac tu red  in  both dry and 

methanol environments have shown d is t in c t iv e  fra c tu re  markings 

which can be id e n t i f ie d  w ith each condition .

Stable crack propagation in  the dry specimen was accompanied by 

formation o f very c le a r  and c h a ra c te r is t ic  fra c tu re  markings which 

w ill be re fe rre d  to  as " r ib  marks" (fig u re  9 .1 ).

(a)

(b)

Figure 9.1 F rac tu re  surfaces : PNIMA. in  a i r .

Cross-head speeds (a) 1 (b) 20 mm/min.

The r ig h t hand end o f  th i s  photograph a lso  shows the smooth, 

re la t iv e ly  fe a tu re le s s  surface assoc ia ted  w ith f a s t  f ra c tu re  as 

the crack is  running out o f m ateria l a t  the end o f the specimen. 

The curved boundary between ribbed and smooth zones shows the form 

of crack fro n t in v a ria b ly  observed in  double to rs io n  t e s t s .
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The rib  marks observed, shown magnified in figure 9.2, appeared 

to correspond to those reported by several authors, for example 

Atkins, Lee and Cade11 (75).,

Figure 9.2 Rib marks on dry
tested  samples. X13.

Each "rib" is  the locus of a point on the crack fron t. Whereas the 

marks are almost s tra ig h t or s lig h tly  divergent on samples of the 

SEN and DCB type, they here take on a re la tiv e ly  complex curvature 

inposed by the te s t  piece geometry. The observation of rib  markings 

on double-torsion te s t  pieces in PMMA. does not appear to have been 

reported p rio r to th is  investigation (76), but i t  is  in teresting  to 

note the s im ila rity  between figure 9.1 and the i l lu s tra t io n  of a 

stable fractu re  in epoxy resin  by R. J . Young and P. W. Beaumont 

(figure 3b of reference 31).

For those sanples tested  under methanol, but previously coated with 

vaseline, such tha t the liquid  has access to the crack t ip  only by 

flow along the length of the crack, a d ifferen t type of cracking
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behaviour was observed. This has been referred to as unstable or 

"stick -slip "  behaviour and on examining the fracture  surface of 

these specimens, three fracture zones liave been iden tified  

(figure 9.3).

Figure 9.3 Fracture surface of PMMA sample tested  in 
methanol showing fracture zones (X4).

(1) Heavily crazed zone.

(2) Smooth surface zone.

(3) Rib marked zone.

The following sections deal with the above regions, examining th e ir  

physical extent as a function of te s t  conditions, such as change in 

cross-head speeds and the presence or absence of vaseline coating.

9.2.1 Heavily crazed zone

This is id en tified  as the region in which a rre s t of one crack 

propagation stage and in itia tio n  of the next junp occur. Inspection 

at high magnification (figure 9.4) shows i t  to be a region of heavy 

deformation, with much surface roughening, which is  a ttrib u ted  to 

the combined action of local s tress  and methanol a t the crack t ip .
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Evidence for i t s  association with crack a rre s t is  obtained by 

conparing th is  zone with the tra n sitio n  from stable to  unstable 

propagation in a dry sample, figure 9.5, where no a rre s t occurs.

In th is  case, no "crazed zone" is  observed, and, taken together, 

the two types o f fracture marking strongly suggests th a t the formation 

of crazes by the action of the methanol causes the crack to a rre s t.

Figure 9.4 Rib marks with 
crazed zone on immersed (stick- 
slip ) sample. X13.

Figure 9.5 Rib marks on dry 
(a ll-s tab le ) sample. X13.

In itia tio n  of new growth and quasi-stable propagation through the 

crazed m aterial occurs when a c r i t ic a l  s tre ss  in ten sity  value »  K̂ , 

The size of growth in the crazed zone is  la te r  showed to be machine 

speed dependent. At the point of in it ia t io n  further increase in  the 

s tra in  energy drives the crack t ip  away from the p lastic ized  region 

to the v irg in  m aterial in condition where 0. The tra n s itio n  

from stable to  unstable must be defined by a border line which 

represents the point of in s ta b ili ty .
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Using a technique where the fracture surface is  coated with gold 

before micrographie examination, see figure 9.6, the tran sitio n  

from stab le  growth in the crazed zone (mark A) to  unstable fa ilu re  

id en tified  with smooth surface (mark C) was observed to contain 

a narrow region of a shiny nature (mark B). This can represent 

a zone where crack sharpening processes commence, and

Figure 9.6 Iden tification  
of a rre s t and in itia tio n  zone, 
X16.

in s ta b ili ty  should then follow a t the border lin e  marked 1 in 

figure 9.6 , where the sharp crack t ip  is  driven rapidly by the 

released stored energy. From th is  figure i t  also appears that 

the a rre s t line between crack a rre s t and in it ia t io n  in the crazed 

zone (region A) can not be defined.

Investigation in to  the effec t of cross-head speed has shown tha t 

with the decrease in  cross-head speed there was a progressive 

increase in the crazed zone, figure 9.7.
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Figure 9.7 Fracture surfaces : grease coated PMM/V samples in
methanol. Cross-head speeds (a) 0.05 (b) 0.2 (c) 1.0 
(d) 5.0 and (e) 20.0 mm/min.

This can be a ttrib u ted  to the prolonged presence of methanol a t the 

crack tip . I t  was also assumed tha t the arrival of the environment 

a t the crack t ip  changed the character of the material in tha t 

region, i .e .  p lastic ized  i t ,  which causes the crack to decelerate 

and fin a lly  a rre s t. At low cross-head speeds, the time of contact 

between environment and crack tip  is  increased, because the ra te  of 

energy supplied to drive the crack through the p la s tic  region into 

the virgin m aterial is  decreased. There is  therefore opportunity 

for fu rther d iffusion of methanol. Both these features lead to 

further development of crazing a t the crack tip  before a jump is  

in itia ted .

The load-displacement curve obtained a t low cross-head speed 

(e.g. 0.05 mm/min.) provides further evidence (figure 9.8).
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Figure 9 8 Load time (or displacement) curve for
methanol tes t ,  cross -head  speed 0-05mm/min.

This figure c le a rly  ind icates th a t  the conpliance ( i .e .  ^  ) is  not 

constant in  the region 1 — 2, but has considerably increased before 

the load drop. In a double to rs io n  t e s t  p iece the conpliance "C" i s  

p roportional to  "a" therefore  any change in  conçliance means a change 

in  crack length. For the above condition th is  is  a re s u l t  of 

considerable growth in  the crazed zone.

Further to  the e f fe c t o f cross-head speed, i t  was postu lated  above 

th a t a t  lower displacement ra te s :

(a) The methanol d iffuses fu rth e r in to  the crack t ip  and causes 

fu rther p la s t ic iz a tio n .
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(b) The ra te  o f s tr a in  energy supplied to  drive the crack out of 

the p la s tic iz e d  region is  low.

In sinp le  terms th is  means th a t  the ra te  of sw elling increases 

with the decrease in  s tr a in  r a te ,  a c r ite r io n  fo r the apparent 

increase in  as shown in  sec tion  5 .2 .3 . U ltim ately however 

the value of is  found to  lev e l out and remains constant even 

with fu rth e r reduction in  the  cross-head speed (figure 5 .9 ). 

Presumably under th is  condition the crazed zone cannot maintain 

any fu rth e r increase in  the s tr a in  energy supplied by the Instron 

and crack growth commences.



135

9.2.2 Smooth Surface Zone

Fracture surfaces formed during unstable crack jumps were observed 

to have glassy smooth appearance with a sequence of parabolic 

marks identical with the crack p ro file  (refer to figure 9.3).

The shiny surface is  associated with the sudden fa ilu re  as a re su lt 

of rapid crack growth and has been reported before by Williams e t 

al (38) and Atkins e t a l (75). Higher magnification has shown tha t 

the parabolic marks figure 9.9 comprise a densely populated region 

of conical marks iden tica l to those of Atkins (75), reported for 

unstable behaviour.

Figure 9.9 Smooth surface a t 
high magnification. XI30.

The coalescence of the voids in the crazed m aterial a t the crack 

tip  is  the prime factor fo r fracture markings, and the degree of 

coalesce is  a function of the fracture toughness as discussed by 

C otterall (77) and Lednicky and Pelzbauer (78). In the unstable 

region when the crack in itia tio n  toughness is  high, crack speed is  

rapid and therefore lim ited time is  available for the voids to



136

coa lesce . Thus the  t o t a l  number o f  the  e f fe c t iv e  secondary f ra c tu re  

n u c le i in c re a se s  producing a h ig h e r d en s ity  o f con ica l markings on 

the s u rfa c e .

Regarding th e  p a ra b o lic  m arks, th e se  could  be what i s  r e fe r re d  to  in  

the l i t e r a t u r e  as W allner l in e s  (79). They a re  l in e s  caused by 

t r a v e l l in g  s t r e s s  waves \diich a re  genera ted  as th e  f ra c tu re  o r ig in a te s ,  

by the  sudden re le a se  o f  e l a s t i c  energy. The tra v e l l in g  waves magnify 

and d i s to r t  th e  s t r e s s  d is t r ib u t io n  a t  the  crack f ro n t which produces 

the p e r io d ic i ty  in  th e  f ra c tu r e  su rfa ce .

In homogeneous m a te r ia ls ,  fo r  exanple g la s s ,  a technique was developed 

to  produce an evenly  r ip p le d  su rfa ce  by i r r a d ia t in g  th e  specimen by 

u ltra s o n ic  waves gen era ted  e x te rn a l ly  throughout the  d u ra tio n  o f  

f ra c tu re  (80, 81). The p e r io d ic i ty  and o r ie n ta tio n  o f  the  r ip p le s  

provided a measure o f  th e  f ra c tu re  v e lo c ity  in  terms o f  the  known 

frequency o f  i r r a d ia t io n .  T herefore the p a ra b o lic  marks shown in  

f ig u re  9 .3 , Wiich in  th i s  case a re  due to  se lf -g e n e ra te d  s t r e s s  waves, 

could r e f l e c t  on th e  crack  speed in  th a t  reg io n ; bu t s in ce  th e  

frequency o f  th e  s t r e s s  waves i s  unknown, th e re  i s  no p o s s ib i l i ty  

o f using  t h i s  a s  a m easuring techn ique.

The p a t te rn  o f  smooth su rface  zones on a t e s t  p iece  could be 

r e la te d  to  th e  load  vs tim e behaviour. Where and are  

co n stan t w ith in  a s in g le  t e s t  as norm ally observed (fig u re  5.6 ( a ) ) ,  

these  su ccess iv e  c rack  jumps a re  no ted  to  in c rease  in  len g th  in  a 

manner p re d ic ta b le  from th e  t e s t  p iece  geometry, as i l l u s t r a t e d  in  

the  fo llow ing a n a ly s is ; -
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By d e f in i t io n  th e  conpliance C = ^  . 

T herefore on th e  load-tim e curve shown 

in  the a d ja c e n t diagram

y y
C. = — i . e .  Ba-| + C = — (9.1)

P. ^ ° P.
1 1

y . y
— — i . e .  Ba^ + C — — (9.2)

p   ̂ °  p
a a

a

y

Equation (9 .1 ) from (9 .2) g ives

1
B(a? - a . )  = y

A a
y
B

P i

p.1
(9.3)

Where Aa = crack  junp .

Therefore fo r  t e s t s  where and P^ remain c o n s ta n t, Aa i s  

p ro p o rtio n a l to  th e  d e f le c tio n  y . W ithin a t e s t  s in c e  y in c reases  

w ith  tim e, th e  successiv e  crack  jumps w i l l  th e re fo re  in c re a se .

The experim ental r e s u l t s  fo r  th e  crack  jumps a re  g iven  in  ta b le  9.10 

fo r  th re e  c ro ss-h ead  speed co n d itio n s . The i n i t i a l  junç) ( tr a n s ie n t  0) 

was om itted  s in c e  i t  u su a lly  has a h igh  value r e f le c t in g  the  b lun tness  

o f the  p recracked  t i p  and the consequent b u ild  up o f  e l a s t i c  energy. 

With the su ccess iv e  t r a n s ie n ts ,  th e  g eneral tre n d s  as expected shows 

an in c rease  in  th e  len g th  o f th e  junp w ith in  th e  same t e s t .
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I t  a lso  appears from ta b le  9.10 th a t  the  s iz e  o f the  jump fo r  

corresponding t r a n s ie n t  number had lower values a t  h ig h er 

cross-head  speeds. There was consequently  an in crease  in  th e  

number o f  t r a n s ie n ts  a t  th e  h ig h er speeds. This e f f e c t  i s  th e  

r e s u l t  o f  the  re d u c tio n  in  (see s e c tio n  5 .2 .3 ) ,  which reduces 

the s to re d  s t r a i n  energy a v a ila b le  to  d riv e  the  crack  forw ard.

T ransien t C ross-head speed Cross-head speed Cross-head speed
No. 0 .5  mm/min 5 mm/min 20 mm/min

Length o f  jumps (mm) Length o f  jumps (mm) Length o f  j  uirps (mm)

1 45 42 12
2 68 66 42
3 - - 60
4 -

1 37 37 28
2 85 42 24
3 - - 51
4 -

1 38 34 9
2 63 66 4
3 - - 16
4 34
5 -

1 55 46 28
2 76 73 13
3 - - 83
4 —

Table 9.10 Length o f  crack  junps fo r  g rease  coated  specimens
immersed in  methanol over a range o f  c ro ss-h ead  speeds.
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9.2.3 Rib Marked Zone

Rib markings are  seen to  l i e  between the smooth f a s t  f ra c tu re  zone 

and the heav ily  crazed region (see fig u re  9 .3 ).

O ptical macrophotography a t  m agnifications of up to  16X (figu res 9.4 

and 9.5) reveals no d ifference  in  d e ta i l  between these r ib  marks 

formed on immersed (s t ic k -s l ip )  sanples and those formed on dry 

(a l l- s ta b le )  samples. They may th e re fo re  be taken as an in d ica tio n  

of s ta b le  growth following the crack jump. Much of the evidence for 

the proposed model of crack propagation comes from observations on 

the ex ten t of s ta b le  " a f te r  growth".

Figure 9.11 shows influence of te s t in g  machine cross-head speed upon 

the frac tu re  appearance of grease coated samples immersed in  methanol,

Figure 9.11 Fracture surfaces : grease coated PMMA. samples in
methanol. Cross-head speeds (a) 1 (b) 5 (c) 20 and 
(d) 50 mm/min.
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1-or c ro ss-head  speeds 1, 5 and 20 mm/min. ( f ig u re s  9 .1 1 (a ) , (b) 

and (c) r e s p e c t iv e ly ) , a p ro g ress iv e  in c rease  in  the leng th  o f the 

r ib  mark reg ions fo llow ing  a given crack  jump is  observed.

Following the  above o b se rv a tio n , a th eo ry  was p o s tu la te d  to  t r y  

to  p re d ic t  the  e x te n t o f  s ta b le  growth id e n t i f ie d  by th e  len g th  

o f the r ib  marks. As p re v io u s ly  s ta te d  in  se c tio n  5 .2 .3 , th e re  

occurs over th is  range o f c ro ss-head  speeds a n e g lig ib le  v a r ia t io n  

in  and sm all, b u t c o n s is te n t  decrease in  w ith in c re a s in g  

te s t in g  r a t e .  The broad  p a t te rn  i s  th e re fo re  the  same throughout 

w ith about fou r crack  jumps p r io r  to  f in a l  f a i lu r e .  During a 

crack junp the " t o t a l  growth" S is  measured from A to  C as shown 

in  the  diagram below:

c r a c k  p r o p a g a t i o n

S c h e m a t i c  d i a g r a m  o f  a  c r a c k  j u m p
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Assuming th a t  the  r a te  o f  flow o f liq u id  methanol (v^) along newly 

opened crack o f s im ila r  p r o f i l e  i s  roughly co n stan t then the  time 

a v a ila b le  fo r  s ta b le  " a f t e r  growth" id e n t i f ie d  w ith  r ib  marks

I . e .  b-

in s tan tan eo u s .

C i s  g iven by — s in ce  the  f a s t  f r a c tu re  i s  alm ost

The v e lo c i ty  o f  s ta b le  crack  growth is  given by

V  = (j) ^  ( re fe r  to  s e c tio n  5 .1 .3 )

Where Z i s  th e  machine c ro ss-h ead  speed and B is  the  co n stan t ra te  

o f  change o f  compliance w ith  crack  len g th . Therefore the  leng th  o f 

s ta b le  growth i s  given as

(|)Z

BP
(9.4)

From the  p rev ious diagram S = Lj +

where Lj len g th  o f  th e  jump A — ►B

equation  (9 .4 ) can be w r it te n  as

4>Z
(L- + L^) (9 .5)

rea rran g in g  (9 .5 )

(j)Z
-  1 (9 .6)
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The theory  th e re fo re  p re d ic ts  the  fo llow ing:

(a) For crack  jump o f  equal le n g th , should be p ro p o rtio n a l to  

the te s t in g  r a te  Z as dem onstrated in  f ig u re  9 .11 .

(b) W ithin th e  same t e s t ,  the  len g th  o f  r ib  marks (L^) w il l  be 

p ro p o rtio n a l to  len g th  o f the  jump (L j) , assuming is  co n sta n t.

Lj
i . e .  = co n s tan t

Lr

In the  double to rs io n  t e s t  fo llow ing th e  i n i t i a l  jump, successive

junps w ith in  th e  same t e s t  have shown an in c rease  in  len g th  ( ta b le

9.11 in  the  p rev ious s e c tio n ) . T herefore fo r  these same specimens,

measured va lues should fo llow  in  the  same manner. These values

are  rep o rted  in  ta b le  9 .12. At f i r s t  s ig h t the  general tre n d  seems
Lj

to  support th e  th eo ry , however, when was evalua ted  fo r  th ese  

co n d itio n s , th e  r e s u l t  was no t co n sta n t as p re d ic te d  by th e  th eo ry , 

and a la rg e  s c a t te r  was observed. The d iscrepancy  could  be due to  

Vĵ  which fo r  the  sake o f s im p lic ity  was assumed co n s ta n t. Methanol 

flow towards th e  advancing crack f ro n t  could  be o f  a complex n a tu re , 

w ith  c e r ta in  a sp ec ts  such as v ib ra tio n  in  th e  specimen and v a se lin e  

squeezed through th e  crack  su rfa c e , having an in flu en c in g  e f f e c t .

In o rder to  o b ta in  a g en era l id ea  about th e  e f f e c t  o f  machine speed 

on the  ex te n t o f  s ta b le  growth, an average leng th  o f r ib  marks over 

the leng th  o f each sanple  was ev a lu a ted  and i s  given in  ta b le  9 .12 ,
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T ransien t Cross-head speed Cross-head speed Cross-head speed
No. 0 .5  mm/min 5 mm/min 20 mm/min

Length o f r ib  marks 
(mm)

Length o f  r ib  marks 
(mm)

Length o f r ib  marks 
(mm)

1 7.2 3.2 7.2

2 10.0 9.1 8.1

3 - - 22.8

4 -

1 4.4 12.0 9.2

2 8.5 8 .0 13.1

3 - - 16.0

4 -

1 12 7.2 10

2 1 14.5 5

3 - - 20

4 42

5 -

1 4 .0 8 ,0 25.5

2 6.5 14.3 24,9

3 - - *-

Average
No. 18.3 25.8 65.7

Table 9.12 Length o f  r ib  marks fo r  same specimens given in  ta b le  9.10



144

fo r  th re e  c ro ss-h ead  v a lu e s . I t  i s  c le a r ly  ev iden t from the r e s u l t s  

th a t  the  o v e ra ll  s iz e  o f  r ib  marks (or s ta b le  growth) has considerab ly  

in creased  as th e  c ro ss-h ead  speed in creased  to  20 mm/min..

The onset o f  f u l ly  s ta b le  crack growth a t  a c ross-head  speed o f 

50 mm/min. w ith  o therw ise  id e n t ic a l  cond itions (fig u re  9 .11 (d )) 

provides fu r th e r  c o rro b o ra tio n . In th is  case r ib  marks were p re se n t 

over the whole len g th  o f  th e  specimen. I t  can be supposed th a t  the
_3

v e lo c ity  o f s ta b le  p ro p ag a tio n  under th ese  cond itions (v -  8.7 x 10 

msec is  s u f f ic ie n t  fo r  the crack  f ro n t to  remain ahead o f th e  

advancing l iq u id .

In th is  t e s t  r ib  marks a re  a sso c ia te d  w ith  s ta b le  growth and n o t fo r  

example w ith  v ib ra tio n s  o f  th e  crack f ro n t accompanying ra p id  

d ec e le ra tio n . This was proved when t e s t s  were performed under 

id e n tic a l  co n d itio n s  on immersed g rease-coated  sanples and on sanp les 

l e f t  uncoated so th a t  th e  l iq u id  should have immediate access to  th e  

crack t i p .  The t e s t s  were c a r r ie d  a t  two cross-head  speeds:

(a) 20 mm/min ( f ig u re  9 .1 3 ) . Values o f  and and the  d u ra tio n  

of the load t r a n s ie n ts  were such th a t  th e  v e lo c ity /tim e  h is to ry  o f 

the unstab le  p ro p ag a tio n  may be supposed id e n t ic a l .  Rib markings 

however were e n t i r e ly  ab sen t in  the  uncoated sanple (m agnified in  

f ig u re  9 .1 4 ), as would be expected i f  s ta b le  growth were suppressed  

by the environment.
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Figure 9.13 F rac tu re  su rface  o f  immersed san p le s , 
c ro ss-head  speed 20 mm/min.
(a) Sample coated w ith  g rea se .
(b) Sanple free  o f g rea se .

Figure 9.14 As fig u re  9.13 

m ag n ifica tion  16X.
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(b) 50 mm/min. c ro ss-h ead  speed t e s t ,  the fu l ly  s ta b le  crack

p ropagation  id e n t i f ie d  e a r l i e r  w ith  r ib  marks on th e  coated 

specimen f ig u re  9.11 ( d ) , t o t a l l y  changed to  u n s tab le  behaviour 

w ith  th e  absence o f  any r ib  marks on th e  su rface  fo r  the  uncoated 

specimen f ig u re  9 . IS. Where we have in  the  form er case the  crack 

fro n t rem aining ahead o f the  advancing l iq u id ,  in  th e  l a t t e r  the  

l iq u id  has immediate access to  the  crack  t i p  and causes immediate 

b lu n tn e ss .

wriiffirmMT-rmr'iTWWÈrn.

Figure 9.15 F rac tu re  su rfaces  o f  immersed sam ples, cross-head  
speed 50 mm/min.
(a) Sample coated w ith  g re a se .
(b) Sample f re e  o f g rease .

Values o f  and fo r  both coated  and uncoated specimens are  

shown in  ta b le  9 .16. The K values a re  more s c a t te r e d  fo r  the 

uncoated samples s in ce  f lu id  flow is  n o t c o n tro l le d , and values 

are  s t a t i s t i c a l l y  h ig h e r fo r  the  uncoated samples because f lu id  

flow is  from a l l  s id e s . This g ives a f a s t e r  response time in  

b lu n tin g  th e  crack  t i p ,  such th a t  s ta b le  p ro p ag a tio n  w ith  a sharp  

crack  t i p  i s  never encountered .
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Cross-head speed 

mm/min
SajTples fre e  o f v ase lin e Samples coated  w ith  v a se lin e

20

K.1

MNm
Ka

MNm-3/2
%i

MNm"3/2
%a

MNm"V2

1.74  ± 0 .15 1.39 ± 0 .1 7 1.59 ± 0 .12 1 .23  ± 0 .0 4

50 1 .51  ± 0 .06 1.27 ± 0 .0 3 = 1.32 ± 0 .0 1  MNm"3/2

Table 9.16 T ests  in  methanol [free  and coated  specim ens).

F in a lly  f re s h  f ra c tu re  su rfaces  o f sanples were found to  e x h ib it  

b r ig h t c o lo u rs . I n i t i a l l y  th ese  co lours were thought to  be th e  

e f fe c t  o f  l ig h t  on methanol o r v a se lin e  l e f t  on th e  su rfa c e . However, 

dry and v a se lin e  f re e  specimens showed th e  same f ra c tu re  su rface  

co lo u ra tio n . This was a lso  rep o rted  in  papers by Higuchi (82) and 

Wolock (83). Broutman e t  a l  (30) have in d ica ted  th a t  th e  observed 

colours vary  w ith  th e  angle o f  incidence o f  th e  l i g h t ,  and th e re fo re  

an in te r fe re n c e  phenomenon is  assumed resp o n sib le  fo r  th i s  co lou r 

p roduction , which i s  due to  the  d iffe re n c e  in  index o f  r e f r a c t io n  

o f the  o r ie n te d  la y e r  caused by f ra c tu re  and the  bu lk  polymer.
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9.5 C o rre la tio n  between f ra c tu re  markings and the  m athem atical model

A surnmar>' o f the  mechanism o f u n stab le  crack  p ropagation  in  the 

presence o f l iq u id  environm ent is  p re sen ted  in  th i s  s e c tio n  using 

an o v e ra ll  c o r re la t io n  between lead -tim e curve and f ra c tu re  markings.

In se c tio n  8, a s in g le  load  drop corresponding  to  a crack jump was 

p resen ted  on a much extended time s c a le , to g e th e r  w ith  the  fe a tu re  

o f f r a c tu re  th is  i s  shown in  f ig u re  9 .17 .

1 m sLoad

P
I Smooth su rface

r— Rib m ark s  z o n e

Crazed zon e

time

Crack p ropagation

Figure  9-17 Re la t ion  of l oa d  transient  to f e a t u r e s  
of frac tu re .

I t  can be deduced from th i s  f ig u re  th a t  du ring  a crack  junp , the  

f a s t  moving u n s tab le  crack  d e c e le ra te s  p ro g re s s iv e ly  n o t im m ediately 

to  r e s t ,  but to  a co n s ta n t v e lo c ity  v^ corresponding  to  the  value o f 

s t r e s s  in te n s i ty  f a c to r  and the r ib  marks a f t e r  th e  junp re p re se n t 

th is  reg ion .
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The im p lica tio n  is  th a t  the  crack does no t sim ply stop  because o f 

the  exhaustion  o f  e l a s t i c  energy. In th e  type o f  t e s t  d escribed , 

e l a s t i c  energy i s  being  continuously  SLÇ)plied by the te s t in g  machine. 

For the crack  to  a r r e s t  , some new phenomenon must in te rv en e  such th a t  

(= K^) is  no longer adequate to  m ain ta in  th e  v e lo c ity  v^. The 

crack  th e re fo re  d e c e le ra te s  (shown in  f ig u re  9.17 as the  crazed zone), 

and under th ese  t e s t  co nd itions an in e v ita b le  consequence i s  th a t  the 

load  r i s e s .  The p o in t o f  tru e  crack a r r e s t  th e re fo re  l i e s  s l ig h t ly  

above th e  minimum p o in t o f  the load  tim e curve o f f ig u re  9.17, being 

defined  by the  co n d itio n

dP ^ P 

d t  t
(equation  (8 .2 ))

w ith  fu r th e r  supply o f  s t r a in  energy by th e  machine, fu r th e r  growth 

in  the crazed  zone commences a t  h ig h er s t r e s s  in te n s i ty  value as 

shown in  the f ig u re .

For PMMA in  an ag g ress iv e  l iq u id  environm ent, i t  was deduced th a t  the  

a r r iv a l  a t  the  crack  t i p  o f  l iq u id  l e f t  behind  during  th e  f a s t  

p ropagation  phase , causes the crack  to  a r r e s t .
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CHAPTER 10 ACOUSTIC EMISSION MEASUREMENTS

In m a te ria ls  i r r e v e r s ib le  phenomena such as p la s t i c  deform ation 

and the i n i t i a t i o n  and growth o f  cracks re le a se  minute q u a n ti t ie s  

o f s t r a in  energy, p a r t  o f  which i s  em itted  as an e l a s t i c  wave 

sometimes c a l le d  a s t r e s s  wave. A coustic em ission i s  th e  term  

used to  d esc rib e  th ese  s t r e s s  waves produced as a r e s u l t  o f  th e  

a p p lic a tio n  o f  s t r e s s  to  the  m a te r ia l.  In th is  p ro je c t  th e  technique 

is  used to  c o r re la te  aco u s tic  em ission w ith  the  type o f observed 

crack p ropagation .

10.1 In tro d u c tio n

A coustic em ission te s t in g  i s  now w ell e s ta b lish e d  as a technique 

fo r  the  p re d ic t io n  o f f a i lu r e  in  m a te r ia ls . The p r in c ip a l  concept 

i s  th a t  opening flaw s and moving cracks in  the bulk o r  on th e  su rface  

of defoiming m a te r ia ls  generate  e l a s t i c  s tr e s s  waves which can be 

d e tec ted  by a probe (or tran sd u cer) a ttach ed  to  the sample su rfa c e . 

The tran sd u ce r which i s  m echanically  d riven  by th ese  s t r e s s  waves 

sends out e l e c t r i c a l  s ig n a ls  which a re  m agnified and can be processed  

w ith  re sp e c t to  t h e i r  a n p litu d e  and r a te  o f g en era tio n . The 

inform ation  o b ta in ed  i s  used in  connection w ith  f ra c tu re  p rocesses 

and f a i lu r e  p re d ic tio n .

The p r in c ip le  and a p p lic a tio n  o f  a co u s tic  d e tec tio n  in  a  v a r ie ty  o f 

m a te ria ls  a re  w ell described  in  the  l i t e r a tu r e  by two ASTM (84, 85) 

p u b lic a tio n s . I t  was adopted by Evans e t  a l  (86, 87) fo r  th e  

an a ly s is  o f  crack  p ropagation  in  p o ly c ry s ta ll in e  alum ina, and by
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Fuwa e t  a l  (88, 89), Becht e t  a l  (90) and Sims e t  a l  (91) in  the  

f i e ld  o f f ib re - re in fo rc e d  composite m a te r ia ls .

In th is  work a c o u s tic  em ission technique was a p p lie d  to  the  

id e n t i f ic a t io n  o f crack  p ropagation  behaviour in  a s so c ia tio n  

w ith  load  displacem ent curves and f ra c tu re  su rfa ce  m arkings.
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10.2 A coustic Emission D etection  System

A coustic  em ission measurements were made during  f ra c tu re  mechanics 

te s t in g  using  double to rs io n  t e s t  specimen in  dry and immersed 

co n d itio n s .

The apparatus lay  ou t fo r  d e te c tio n  o f  th e  a c o u s tic  s ig n a ls  i s  

shown in  f ig u re  10 .1 . The s ig n a l i s  d e te c te d  by a P .Z .t-5  (lead  

Z irconate  t i ta n a te )  p iezo  e l e c t r i c  tra n sd u c e r  coupled firm ly  to  

the specimen su rface  w ith  a la y e r  o f  s i l ic o n e  g rease . This 

p reven ted  lo ss  o f a c o u s tic  s ig n a l a t  th e  tra n sd u ce r sanple i n t e r ­

face . In environm ental t e s t s  th e  tra n sd u c e r  was sea led  in  a f in e

rubber sheath  befo re  being  a ttach ed  to  th e  san p le . The d e tec ted  

s ig n a l i s  passed  through a Dunegan 3000 s e r ie s  equipment fo r  

a m p lif ic a tio n  and p ro cessin g . In th e  Dunegan an S/D - 60P p re ­

a m p lif ie r  boosted  th e  s ig n a l from the  tra n sd u c e r  by 1000 X (60 dB),

and contained  a band pass f i l t e r  where low frequency e le c t r i c a l  

no ise  in  the  lab o ra to ry  o f  magnitude < 100 KHz was e lim in a ted .

The main a m p lif ie r  was s e t  fo r  a f u r th e r  g a in  o f  10 X (20 dB) 

g iv ing  an o v e ra ll  ga in  o f  10000 X (80 dB). The am p lified  s ig n a l 

was then passed  to  a d isc r im in a to r  w ith  a d ju s ta b le  tr ig g e r in g  le v e l ,  

where a procedure known as r in g  down counting  takes p lac e . R ising  

e le c t r i c a l  p u lses  which exceed a given th re sh o ld  vo ltage  a re  counted 

as in d iv id u a l even ts ( re fe r  to  f ig u re  1 0 .2 ). These p u lses  o r events 

were d isp layed  cum ulatively  on a d ig i t a l  co u n te r and p lo t te d  as a 

fu n c tio n  o f  tim e on a c h a r t reco rd e r.
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10.5 R esu lts  and D iscussion

A coustic  em ission measurements during  crack  growth:

S tab le  crack  p ropagation  id e n t i f ie d  e a r l i e r  w ith  s t r e s s  in te n s i ty  

f a c to r  and the  crack  v e lo c ity  v provided an aco u s tic  em ission 

curve shown in  f ig u re  10.3 w ith  th e  corresponding load /tim e curve.

From the  f ig u re  the  i n i t i a t i o n  o f  th e  b lu n t p r e - s t a r t e r  crack  a t  

a load  gave a b u rs t  o f  a c o u s tic  em ission. As th e  t e s t  proceeded, 

s ta b le  crack  p ropagation  occurred  m ain ta in ing  the load  co n s tan t a t 

P^, w hile the  t o t a l  a c o u s tic  counts p ro g re ss iv e ly  in c reased . At 

f a i lu r e  the  crack  a c c e le ra te d  r a p id ly  em ittin g  a b u rs t  o f  coun ts.

The u n s tab le  crack  propagation  o b ta in ed  in  methanol t e s t s  showed 

b u rs ts  o f  a c o u s tic  energy during  crack  jumping only - on the  load­

time curve P^ f a l l s  to  P^, see f ig u re  10.4. However, a few aco u stic  

counts were sometimes recorded a t  i n i t i a t i o n  and im m ediately follow ing 

a crack junp . The l a t t e r  may be tak en  to  re p re sen t the f in a l  movements 

befo re  a r r e s t .

D iscussion:

In the  p ro cess  o f  s ta b le  crack p ro p ag a tio n , slow growth o f  r e la t iv e ly  

sm all f r a c tu re  -  i n i t i a t i n g  flaw s shown in  th e  f ra c tu re  su rface  

w ith in  r ib - l i k e  marks (fig u re  9 .1 , page 127) generate  b u rs ts  o f  

em ission o f  r e la t iv e ly  low am plitude (as may be deduced from the  

sm all number o f  counts generated  ( f ig u re  1 0 .3 ). In crack  junping
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behaviour, however, ra p id  crack  growth occurs and s u b s ta n tia l  

em ission is  ob ta in ed  fo llow ing  th e  junp , f ig u re  10.4.

The few counts observed a t  i n i t i a t i o n  and p re  a r r e s t  in  th e  l a t t e r  

case are as a r e s u l t  o f  slow growth a t  i n i t i a t io n  and s ta b le  growth 

a f te r  the jump. These a re  id e n t i f ie d  e a r l i e r  on the f ra c tu re  

su rface  w ith  crazed  zone and r ib  marks zone re sp e c tiv e ly .
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CHATTER 11 TESTS PERFORMED IN DISTILLED WATER

These t e s t s  a re  c a r r ie d  ou t to  e s ta b l is h  w hether s t i c k - s l i p  propa­

g a tio n  observed in  PMNIA samples is  unique to  th e  p resence o f 

methanol. Water i s  chosen as the  c o n tro l environment s in ce  i t  i s  

chem ically  le s s  ag g ressiv e  than  m ethanol, and th e re fo re  can be 

regarded  as one which probably  w il l  have a le s s  e f f e c t  in  a l te r in g  

th e  polymer behaviour. Id e n tic a l  te s t in g  techniques and procedures 

a re  adopted in  o rd e r to  ca rry  ou t a comparison o f r e s u l t s  ob tained  

in  th e  two environm ents. This can provide fu r th e r  understanding  in  

the  mechanism o f  environm ental f ra c tu re .

11.1 Experim ental r e s u l ts

(a) P re lim in ary  t e s t s .

Double to rs io n  t e s t s  were perform ed on sh a rp ly  notched specimens 

immersed in  d i s t i l l e d  w ater. Since w ater does no t cause su rface  

craz ing  in  PMMA, no grease  co atin g  was req u ired .

The crack jumping behaviour rep o rte d  fo r  methanol was again  the 

d is t in c t iv e  f e a tu re ,  w ith  a s im ila r  mechanism o f  environm ental 

a tta c k  i . e .  p l a s t i c i z a t io n  o f  th e  m a te r ia l a t  th e  crack  t i p  and 

e f fe c t iv e ly  more energy req u ire d  fo r  crack  i n i t i a t i o n .  However, 

the  behaviour o f  th e se  junps in  th e  w ater environment seemed to  be 

in flu en ced  by th e  co n d itio n  o f  th e  p re  s t a r t e r  c rack s , judged from 

the  i n i t i a t i o n  lo ad .
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Where th e  s t a r t e r  crack was "sharp" enough to  give i n i t i a t io n  load 

< 50 kgf, th e  load  drop was much le s s  sudden, and q u a s i-s ta b le  

p ropagation  was observed. On th e  load /tim e curve f ig u re  11 .1(a) 

i r r e g u la r  saw to o th  behaviour was observed. By c o n tra s t  rap id  

junps follow ed by sudden a r r e s t  follow ed in  specimens w ith  induced 

cracks fo r  which > 50 kgf. The c h a r a c te r is t ic  load /tim e curve 

can be seen in  f ig u re  1 1 .1 (b ), and i t  dem onstrates re g u la r  junping .

Time (seconds500

200

100

0 1 2 3 4 5 6

Time (seconds)
- i -----------------------1--------------500

400

“D

200

100

0 1 2 3 4 5 6
Displacement (mm) 

(a )

Disp lacem ent  (mm) 

(b)

Figure 11*1 Load-time (or L o a d -d i s p la c e m e n t  ) c u r v e s  for 

PMMA sp e c im e n s  in distilled w ater .  
C r o s s - h e a d  sp e e d  20  mm/min.  

(a) Starter  crack  with P < 50  Kgf.

(b) Starter crack with P > 50  Kgf .
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The value o f r e f l e c t s  the  co n d itio n  o f the crack t i p  w ith  h ig h er 

values fo r  the more b lu n t ones. Consequently b lun t s t a r t e r  cracks 

which term w ill  r e f e r  to  those  w ith  P^ > 50 k g f, provide re g u la r  

junping behaviour. In  e s ta b lis h in g  th is  phenomena, specimens 

w ithout sharp cracks were used in  w ater t e s t s .  The r e s u l t s  showed 

consistency  in  the  r e g u la r i ty  o f jumping w ith in  a t e s t  and over a 

range o f cross-head  speeds. The exp lanation  could l i e  in  the  m o b ility  

o f the f lu id .  I t  was apparen t th a t  w ater flow towards a moving crack 

was too slow to  cause an immediate and e f fe c tiv e  w ettin g  a t  the  crack 

t i p .  However, using  specimens w ith  b lu n t s t a r t e r  cracks provided  

i n i t i a l  jumps w ith  h igh  energy re le a se  r a te ,  and as ra p id  f ra c tu re  

occurred , a sudden vacuum was c re a te d  which aided  th e  tra n s p o r t  o f the 

w ater environment. For a re g u la r  sequence o f these  type o f junps to  

occur w i l l  u ltim a te ly  r e ly  on th e  i n i t i a l  event.

Specimens w ith  re g u la r  ju n p s , th e  s tr e s s  in te n s i ty  values a t  i n i t i a t i o n  

a r r e s t  were evalua ted  and shown in  ta b le  11 .2 , w ith  th e  corresponding 

cross-head  speeds. The s c a t te r  in  these  values must be a t t r ib u te d  

to  the  te s t in g  co n d itio n s  s in ce  f lu id  flow was no t c o n tro lle d .

Number o f 
Samples

C ross-head 
Speed 
mm/min

h

lINm ^2

%a

5 0 .5 1.67 ± 0.06 1.23 ± 0 .03

3 2 .0 1.57 ± 0.08 1.25 ± 0.02

4 5 .0 1.61 ± 0.09 1.23 ± 0 .03

3 20.0 1.66 ± 0.10 1.25 ± 0 .06

Table 11.2 T ests  in  d i s t i l l e d  w ater, specimens f re e  o f  v a se lin e  
and w ith  a b lu n t s t a r t e r  crack .
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In id e n tic a l  c o n d itio n s , i . e .  f re e  o f  v a se lin e  sanples and a 

cross-head  speed o f 20 mm/min, methanol r e s u l t s  have shown h igher 

and v a lu e s , (see ta b le  9.16 page 147). and rep re sen t 

s t r e s s  in te n s i ty  va lues a t  crack  i n i t i a t i o n  and a r r e s t  re sp e c tiv e ly . 

With the absence o f v a se lin e , the l iq u id  has immediate access to  the 

crack  t i p ,  th e re fo re  h igher ob ta in ed  in  methanol environment 

r e f le c t s  on th e  rap id  speed o f methanol in  comparison w ith  w ater 

to  suppress a crack  junp and causes a r r e s t .

With re sp ec t to  K^, fo r  the same c o n ta c t tim e between crack t ip  

and environm ent, methanol compared to  w a te r d if fu s e s  fu r th e r  in to  

th e  m a te ria l a t  the  t i p .  The r e s u l t  i s  a la rg e r  crazed zone in  the 

case o f methanol lead in g  to  h ig h er v a lu e s .
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(b) In v e s tig a tio n  o f  end flow e f fe c t .

F rac tu re  o f  PMM\ in  methanol and w ater provided a crack  a r r e s t  

mechanism, where the  l iq u id  i s  capable o f ca tch ing  up a running 

crack f ro n t  and a l te r in g  i t s  t i p  co n d itio n . The degree o f  

m o b ility  and e f fe c tiv e n e s s  o f  th ese  liq u id s  fo r  immediate a r r e s t  

a c tio n  i s  a sse ssed  and conpared by c o n tro llin g  th e  flow  mechanism 

o f  environment during f ra c tu re .

V aseline coated  specimens (uncracked), provided th is  co n d itio n  where 

l iq u id  flow was r e s t r i c t e d  through th e  crack  end.

The r e s u l t s  w ith  the  w ater as l iq u id  environment given in  ta b le  11.3 

have shown (a) s t i c k - s l i p  p ropagation  over c ro ss-h ead  speeds o f 0 .2  

and 0 .5  mm/min. and (b) s ta b le  growth w ith  a co n stan t and crack 

speed a t  c ro ss-h ead  speed o f  1 .0  mm/min.. Under th e  same cond ition  

methanol t e s t s  showed continuous cracking  a t  a h igh speed o f 50 mm/min.

C ross-head Speed 

mm/min
%i

MNfrn̂ /̂2
Ka

MNm

0 .2 1.31 ± 0.08 1.14 ± 0.05

0 .5 1.40 ± 0 .08 1.20 ± 0.05

1 .0 K = 1.13 MNm“^/2c

Table 11 .3  T ests in  d i s t i l l e d  w a te r, specimens co a ted  w ith  
v a se lin e  and w ith  a b lu n t s t a r t e r  c rack .
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The jumping behaviour in  w ater environment was s im ila r  to  th a t  

observed in  methanol where the  junp was follow ed by a p erio d  o f 

s ta b le  growth befo re  a r r e s t .  The d u ra tio n  o f steady growth 

in creased  w ith  th e  in c re a se  in  cross-head  speed u n t i l  f ra c tu re  in  

the specimen was e n t i r e ly  continuous. This was more ev iden t from 

the  f ra c tu re  su rface  o f  th ese  specimens (see s e c tio n  11 .2 ).

Continuous crack ing  achieved in  the p resence o f  methanol o r w ater 

is  a r e s u l t  o f  the  l iq u id  being e n t i r e ly  l e f t  behind by the  steady  

speed running crack . An e f f e c t  \diich can be a t t r ib u te d  to  th e  

chemical n a tu re  o f th e  l iq u id  such as v is c o s i ty .  Methanol w ith  

the  lower v is c o s i ty  i s  more mobile and th e re fo re  high  crack 

v e lo c ity  i s  necessary  to  p reven t t ip  p la s t ic iz a t io n .  This i s  

confirmed when crack  speeds are  ob ta ined  using  cross-head  speed 

va lu es , equation  (4 .9 ) ,  and c o r re la te d  w ith  th e  corresponding 

v is c o s ity  o f th e  l iq u id s ,  ta b le  11.4 . These r e s u l ts  suggest th a t  

a small change in  v is c o s i ty  leads to  a la rg e r  d iffe ren ce  in  crack  

speed to  m ain tain  continuous cracking .

Environment V isco sity Crack speed
NsmT^ -1msec

Methanol 0.594 87 X 10"''

Water 1.00 1.8 X 10 '^

Table 11.4 V isc o s ity  o f  Environment w ith  crack  speed va lue .
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S tic k - s l ip  p ropagation  under the  c o n tro lle d  flow con d itio n s  has 

shown h ig h er in  methanol than in  w a te r, whereas in  both w ater 

and methanol a re  o f th e  same m agnitude. (Conpare r e s u l ts  in  ta b le  

11.4 and 5 .8 .)  The h ig h er values again  r e f l e c t  on the s iz e  of 

the  crazed  zone due to  methanol as d iscu ssed  in  the previous sec tio n .

The s im i la r i ty  in  i s  due to  the  t e s t  co n d itio n s . Since in  a 

v ase lin e  coated  specimen l iq u id  flow occurs m ainly during the 

steady s ta te  reg io n , th e re fo re  a change o f environment i s  l ik e ly  

to  a l t e r  th e  d u ra tio n  o f s ta b le  growth as shown b e fo re , r a th e r  than  

change the  a r r e s t  in te n s i ty  value which follow s th e  s teady  s t a t e .
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11.2 Fracture appearance

Following the fractographic work on the PMM/V/methanol system, a 

sim ilar study was conducted on specimens fractured in water. 

Examination of the fractured surfaces obtained in the two conditions 

( i.e . methanol and water) have shown identical marks, therefore in 

conjunction with the previous iden tifica tion  of fracture marks (see 

section 9 .2), the type of crack growth in water te s ts  was demonstrated.

The condition of the p re -s ta rte r  crack was reported in the previous 

section to influence growth behaviour, th is  was c learly  shown on 

the surface, figure 11.5.

Figure 11.5 Fracture surface of PI#\. sanples tested  in 
d is t i l le d  water.
[a) I n it ia l  transien t P  ̂ < 50 kgf.

(b) I n it ia l  transien t P  ̂ > 50 kgf.

Although the two specimens in the above figure were tested  under the 

same conditions except for the induced crack, the surface marks 

clearly  i l lu s t r a te  a difference in crack propagation behaviour.
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In th e  former f ig u re  1 1 .5 (a ) , the  sample w ith a non-blunt i n i t i a l  

crack had smooth su rfa ce s  ( c h a ra c te r is t ic  o f  rap id  f a i lu re )  in  

sm all a reas w ith in  la rg e  regions o f  r ib  marks (rem in iscen t of 

continuous c ra c k in g ) . Whereas the  specimen w ith  a b lu n t s t a r t e r  

crack , f ig u re  1 1 .5 (b ) , the  smooth su rface  was o f  a longer len g th  

w ith  the absence o f  r ib  marks. This c le a r ly  in d ic a te s  th a t :

During crack p ro p ag a tio n  in  specimen (a) the l iq u id  environment was 

l e f t  behind during  most tim es o f  the t e s t ,  w hile in  (b) in s ta n t  

w etting  o f the  crack  t i p  by th e  environment lead  to  immediate a r r e s t  

(on the load /tim e curve f ig u re  1 1 .1 (b ), a sharp r i s e  in  the  cu rv e).

The l a t t e r  case was a lso  th e  genera l tre n d  in  t e s t s  perform ed on 

specimens w ithou t i n i t i a l  c rack s, over a range o f  machine speeds 

as dem onstrated in  f ig u re  11.6. Under th ese  cond itions th e  follow ing 

observations were made : -

(1) The len g th  o f  th e  jumps w ith in  each sample p ro g re ss iv e ly  in c reased  

as shown from th e  r e s u l t s  in  ta b le  11 .7 . This i s  p re d ic te d  from th e  

t e s t  p iece  geometry as d iscussed  in  s e c tio n  9 .2 .2 .

(2) The absence o f  r ib  marks a t  a l l  ranges o f  machine speeds, see 

f ig u re  11 .6 , a phenomena by now accepted  as in s ta n t  w ettin g  o f  crack  

t ip .

(3) The p la s t ic iz e d  zone showed a tendency to  decrease in  len g th  

w ith  the  in c rea se  in  c ro ss-h ead  speed, r e s u l t s  rep o rted  in  ta b le  11.7 . 

This behaviour i s  in  agreement w ith  the  methanol type t e s t s  (see 

s e c tio n  9 .2 .1 ) .
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Figure 11.6 F racture su rfaces. Free of grease PMMA specimens 
with a b lu n t s ta r t e r  crack , immersed in  d i s t i l l e d  water. 
Cross-head speeds (a) 0 .2  (b) 0 .5  (c) 5.0 and (d) 20 mm/min.

Transient No. Cross-head speed 
0. 5 mm/min.

Cross-head speed 
5.0 mm/min.

Length of 
jumps 
(mm)

Lengtli o f 
crazed zone 

(mm)

Length of 
junps 
(mm)

Length of 
crazed zone 

(mm)

1 24.5 2.5 17 0.5
2 38.5 4.0 26.5 0.5
3 75.0 1.5 46.0 0.7
4 - - - -

1 33 2.5 46.5 0 .3
2 58.1 2.1 67.0 0.5
3 - - - -

1 18 2.0 84 0.8
2 28 2.0 61 0.5
3
4
5

36.5
76.5

2.5
2.5

Table 11.7 Length of crack junps fo r PMMA specimens 
immersed in  d i s t i l l e d  water.
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Fractographic evidence of end flow e ffec t:

Fracture surfaces fo r specimens with controlled  flow mechanism ( i.e  

with vaseline coating) are shown in figure 11.8(a), (b) and (c).

The presence of r ib  marks clearly  indicates s tab le  growth in 

conditions where the water flowing between the created surface is  

le f t  behind. With the a rriv a l of water a t the crack fron t, propa­

gation ceases and a jump iden tified  with smooth surface follows.

Figure 11.8 Fracture surfaces : grease coated PMMA samples
with a blunt s ta r te r  crack, immersed in  d is t i l le d  
water. Cross-head speeds (a) 0.2 (b) 0.5 (c) 1.0 mm/min.

The e ffec t of increasing the cross-head speed is  an increase of 

continuous growth, as a re su lt more rib  marks are observed on the 

surface (compare figure 11.8(a) and (b)). Consequently fu ll  s tab le 

growth can be obtained a t a speed where the ra te  of s tra in  energy 

supplied is  enough to keep the crack running ahead of the flu id .

In water te s ts ,  th is  is  achieved a t a cross-head speed of 1 mm/min.,
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and the specimen su rfa ce  showed a continuous l in e  o f  r ib  marks 

(sec f ig u re  1 1 .8 (c ) ) .  hhereas in  methanol environm ent, due to  

the h ig h er m o b ility  o f m ethanol, a cross-head  speed o f  50 mm/min. 

i s  req u ired  to  g ive th e  same e f f e c t .  (Compare f ig u re s  11 .8 (c) 

and 9 .1 1 (d ) .)

I t  is  a lso  worth comparing here the  crazed  zone which was caused 

by the p resence o f each environment a t  the  crack f r o n t ,  f ig u re  

11.9. For th e  same te s t in g  co n d itio n s  th e  crazed zone due to  

methanol shows a rougher su rface  than th a t  due to  d i s t i l l e d  w ater.

(a) (b)

F igure  11.9 Crack a r r e s t  zone.

(a) As in  w ater t e s t .
(b) As in  methanol t e s t
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CONCLUSION

In v e s tig a tio n  in to  the environm ental f ra c tu re  o f PMMA under the 

in flu en ce  o f co n s tan t c ro ss-h ead  speed cond itions was p rim a rily  

perform ed in  th e  presence o f m ethanol.

The experim ental r e s u l ts  have shown th a t  Outwater PMMA specimens 

which e x h ib it  s ta b le  crack p ropagation  in  dry co n d itio n s  have 

developed unstab le  crack  behaviour when they a re  coated  w ith  grease 

and immersed in  th e  m ethanol. Grease coating  a p p lie d  to  prevent 

su rface  crazing  provided co n tro l flow cond itions fo r  th ese  experim ents 

wfiere th e  l iq u id  has access only  through the  f ra c tu re  su rface .

The observed u n stab le  f a i lu r e  comprised o f a sequence o f  crack junps, 

each w ith  i n i t i a t i o n  and a r r e s t  even t. For th ese  junps i t  i s  found 

th a t :

(a) The s t r e s s  in te n s i ty  value req u ired  to  i n i t i a t e  th e  crack i s  

g re a te r  than  ( s t r e s s  in te n s i ty  fo r  s ta b le  crack  p ro p ag a tio n ).

(b) The ra p id ly  moving crack  d e c e le ra te s  to  a s tead y  s ta t e  co n d itio n  

and a r r e s t  a t  a s t r e s s  in te n s i ty  value conparable w ith  K^.

The d e te m ln a tio n  o f  K/v r e la t io n s h ip  in  an event o f  a junp to g e th e r 

w ith  a f ra c to g rap h ic  s tudy  prov ided  an exp lan atio n  to  th e  various 

s tag es  o f  s t i c k - s l i p  p ro p ag a tio n . The r e s u l ts  have shown th a t  crack 

in i t i a t i o n  a t  h igh  K in  methanol i s  due to  a crazed  zone in  the
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v ic in i ty  o f th e  crack  t i p .  Crack junking involves b reak ing  out 

o f th is  b lu n ted  reg io n  in to  the dry m a te ria l d riven  ra p id ly  by 

the re le a se d  s to re d  e l a s t i c  energy and reaches a maximum speed o f 

about 24 m /sec. With th e  exhaustion  o f s t r a in  energy th e  crack 

d ec e le ra te s  n o t to  r e s t ,  bu t to  cond itions o f steady  grow th, w ith  

the energy b e ing  prov ided  fo r  by th e  machine c ro ss-h ead . The 

d u ra tion  o f  s tea d y  growth, id e n t i f ie d  w ith  c h a r a c te r is t ic  r ib  marks 

on the  f ra c tu r e  su rfa c e , in d ic a te s  the  delayed a r r iv a l  o f  the  

environment which i s  l e f t  behind during the jump. In an event o f  

the environment ca tch in g  up w ith  th e  advancing crack , growth 

ceases and a d d it io n a l s t r a in  energy i s  supp lied  to  cause f u r th e r  

cracking.

In e s ta b lis h in g  w hether th is  s t i c k - s l i p  mechanism a p p lie s  to  the  

presence o f o th e r  l iq u id s ,  t e s t s  a re  performed in  d i s t i l l e d  w ater. 

The t e s t s  r e s u l t s  have shown s im ila r i ty  in  the f ra c tu re  behaviour 

to  th a t  o f  m ethanol, however v a r ia b le ,  such as the  c o n d itio n  o f  the  

s t a r t e r  crack  seems to  in flu en ce  th e  w ater r e s u l t s .  A lso under 

id e n tic a l  c o n d itio n s , crack  a r r e s t  i s  rap id  fo r  th e  le s s  v iscous 

and more m obile l iq u id ,  i . e .  m ethanol. values a re  a lso  h ig h e r 

fo r  methanol t e s t s  r e f le c t in g  on the  s iz e  o f  th e  crazed  zone.

In summing up, th e  au th o r b e liev es  th a t  in  ad d itio n  to  th e  s tudy  o f 

environm ental f ra c tu r e  o f PMMA, th i s  in v e s tig a tio n  has p rov ided  the  

o u tlin e s  and procedures to  be taken  in  fu tu re  work fo r  s im ila r  

systems. These systems may include o th e r  polymers in  o th e r  

environm ents, o r  even cases where th e  unstab le  behaviour i s  common
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in  m a te r ia ls  in  dry co n d itio n s , such as epoxies and p o ly e s te rs .  

The purpose o f the ex e rc ise  as shown in  PM4/ ,̂ i s  to  o b ta in  a 

f u r th e r  understand ing  in to  the  f ra c tu re  behaviour o f th e se  

m a te r ia ls  and th e  environm ental e f fe c ts  when they a re  ap p lied .
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APPENDIX 1

Outwater t e s t  p iece  a n a ly s is  :

The O utw ater-Jerry  double to r s io n  f ra c tu re  specimen is  i l l u s t r a t e d  

in  f ig u re  A-1.

P/2 m

Figure A-1 Outwater double torsion specimen

where a =

P = 

b = 

h =

y =

P =

angle o f tw is t  

moment arm 

w idth o f  specimen 

th ick n ess  o f  specimen 

load  p o in t d e f le c t io n  

ap p lied  load
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From b as ic  an a ly s is  o f a bar o f n o n -c irc u la r  uniform  se c tio n  under 

pure to rs io n , the  follow ing r e la t io n s  are  o b ta ined  (67).

a
Ma

K'G
(A-1)

Pp
M = (A-2)

and K’ =

where

Ml
32 (?) -

(A-3)

M = the  tw is tin g  moment r e s u l t in g  from load

a c tin g  on h a l f  th e  specimen a t  a len g th  p.

K’ = a f a c to r  dependent on th e  form and dimensions 

o f  the  c ro s s -s e c tio n .

a = crack  len g th .

G* = sh ear modulus.

Since fo r  th e  u sual specimen dimensions th e  second term  in  th e  

p aren th eses o f  equation  (A-3) i s  r e la t iv e ly  in s ig n i f ic a n t ,  i t  w i l l  

be dropped g iv ing

K' = bh‘ (A-4)



175

Using the sm all-ang le  r e la t io n

a = s in  a = tan  a (A-S)

and s u b s t i tu t in g  the  value o f M and K’ from equations (A-2) and 

(A-4) in  equation  (A -1), the value o f  a can be given as

y 3Ppa
a = — = — ^

p b h ^ G

(A-6)
★

which in  tu rn  y ie ld s

3Pp^a
y = - 3 —  CA-7)

*bh^G

y
By d e f in i t io n  th e  compliance C = — (A-8 )

P

3Pp^a 1 3p^a
Then C = — =—  x — (A-9)

bh^G* P bh^G* 

dC 3p^
and —  = —^  (A-10)

da bh-^G*

Using the f ra c tu re  toughness r e la t io n  o f  Irw in , Kies and Smith (93) 

P^ dC
G = ----- —  (A-11)

2bc  da

(L) ( ' s '
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where = crack  w idth i . e .  specimen th ick n ess minus notch

depth i f  grooving i s  provided fo r  the  crack to  follow ,

G = The e n e rg y /u n it f ra c tu re  a rea  req u ired  fo r  crack

growth.

E = Young’s modulus o f  m a te r ia l.

= S tre s s  in te n s i ty  fa c to r  fo r  s ta b le  growth. 

dC
By s u b s t i tu t in g  th e  value o f  —  from equation  (A-10) in  equation

da
(A-11) the  fo llow ing r e la t io n  i s  ob ta ined

3p^ 3 p2p2
G = — - —^  ^  (A-13)

2b bh G* 2 b bh-̂ G*

In tu rn  the value  o f  G from eq u a tio n  (A-13) i s  s u b s t i tu te d  in  

equation  (A-12) y ie ld s

K = p  . ,  3  ( A - 1 4 )
2 bh^G*

E
but the shear modulus G* = ---------- (A-15)

2 (l+v)

where v = P o isso n ’s r a t io

Hence s u b s t i tu t in g  th e  value o f  G* in  equation  (A-14) g ives
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3 E 2 ( l + v )

^ ^  2 b h ^

3  ( 1 + v )  p^

.  p V -  ^  (*-«)
C
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M̂ PENDIX 2

Crack fro n t p r o f i le  and crack v e lo c ity  co rrec tion  fa c to r  :

During crack propagation in  the double to rs io n  te s t  p iece , the 

crack fro n t p r o f i le  is  o f a parabo lic  shape as shown in  figu re  A-2.

At various stages during propagation the crack extends fu rth e r  along 

the lower face than the upper face , as a r e s u lt  the crack fro n t 

v e lo c ity  taken a t  midway is  u sually  sm aller than the measured 

crack t ip  speed.

U n c r a c k e d  m a t e r i a lL i n e  o f  l o a d  a p p l i c a t i o n
Aa

V - n o t c h

c r a c k  p r o f i l e s i d e  g r o o v i n g

F i g u r e  A - 2  T h e  c r a c k  f r o n t  in  a  d o u b l e  t o r s i o n  

t e s t  s p e c i m e n .

A. G. Evans [64) has shown th a t a co rrec tio n  fa c to r  can be determined 

from Aa and b^ ( re fe r  to  figu re  A -2), where Aa i s  the d ifference  

between the crack leng th  measured along the top and bottom faces o f 

the double to rs io n  specimen and b^ is  the width of the crack.
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T]ie fa c to r  which is  u su a lly  given the symbol (j) is  known as the 

crack v e lo c ity  c o rre c tio n  fa c to r  and i t s  value is  equal to  s in  3 . 

3  i s  the  angle between the specimen leng th  and the tangen t a t  the 

m idpoint o f  the  crack  f ro n t.

be
Therefore cp = s in  3  = -----;;------ 5 — 1 (A-17)

(Aa^ + b^

da
Hence th e  v e lo c ity  o f  the  crack f ro n t i s  no t given d i r e c t ly  by —

d t
as assumed in  th e  an a ly s is  o f  se c tio n  4 .3 , bu t i t  i s  sm aller by an 

amount determ ined by <(). Therefore the tru e  crack v e lo c ity  can be 

expressed as

da
V = <j) —  (A-18)

d t

da
—  = crack  t i p  speed 
d t

be
(f) = c o rre c tio n  fa c to r  =

(Aa^ + b^

i . e .  O bservations o f  the  crack  p r o f i le  i s  req u ired  to  o b ta in  

accu ra te  v e lo c ity  d a ta .

In the  p re se n t work fo r  PM4A specimens

Aa = 20 mm

b^ = 4 mm

(j) % 0 .2
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APPENDIX 5

The load time behaviour during a crack  jump was expressed as a 

polynom ial which in te rp o la te s  p o in ts  on the  P vs t  curve.

The procedure i s  based on the  Chebyshev s e r ie s  (47) where the  

g en era l form i s  given as

1 A (l) To(X) + A(2) T.(X) + A(3) T.(X) +  A(n+1) Tn(X) (A-19)
2

A (l) ,  A ( 2 ) , ---------A(n+1) are  c o e f f ic ie n ts  and To(X), T^^(X), --

Tj^(X) denotes the  Chebyshev polynom ials defined  by th e  r e la t io n

Tn(X) = cos (n a rc  cos X) (A-20)

and the  common form i s  given as

V i ( X )  = 2X TjjCX) - T^_^CX) CA-21)

Since To(X) = 1

and T^(X) = X from equation  (A-20)

Then a l l  T^(X) can be computed from equation  (A-21), and th e  f i r s t  

polynom ials are  :
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To(X) = 1

T, (X) = X

T ,(X ) = 2X^-1

TjCX) = 4X^-3X

T^CX) = S X ^ -SX ^+ l

Tr(X ) = 16X^-20X^+5X

The c o e f f ic ie n t  terms in  the Chebyshev s e r ie s  were evaluated  using  a 

NAC (num erical a lg o rith em ic  group) l ib r a r y  ro u tin e  program.

The ro u tin e  requirem ents are  X and Y values a t  th e  cosine p o in ts .

The X values are  determ ined by the  exp ression :

X(R) = I  [ W  M ]  + 1 C IW - Xmin)

(R = 1, 2, 3 , ------, n + 1)

where X^^^ and X ^ ^  a re  re sp e c tiv e ly  th e  upper and lower ends o f

the  range o f X to  be in te rp o la te d  and n  i s  an a rb i ta ry  number.

The req u ired  Y p o in ts  a re  ob ta ined  from th e  curve (see f ig u re  A -3).
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rY(l)

X(3)X(5) X(4)

Figure A-3 Determination of y values at the x  cos in e  
points for n=6 .

On the e v a lu a tio n  o f  the  c o e f f ic ie n ts ,  the  program i s  then  designed 

to  ev a lu a te  th e  p roduct o f  the c o e f f ic ie n ts  w ith  t h e i r  corresponding 

polynom ials equ a tio n  (A-19), and to  add a l l  the  term s to  produce a 

continuous polynom ial o f  the  form:

Bq + Bĵ X + B^X + — n

where B2 , B a re  constan ts  ' n
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