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Intrinsic characterization of continuous fibre 
reinforced thermoplastic composites- 1 : 
Toughness characterization of carbon fibre/ 
polyether ether ketone (CFIPEEK) laminates 

ABSTRACT 

After reviewing some of the early studies of toughness measurement of continuous 
carbon fibre reinforced Poly Ether Ether Ketone (PEEK), this work reports on 
some experimental studies of toughness measurements conductedbyeight independent 
laboratories. The measuremnts were of two types; either plate type specimens of 
angle ply specimens studied by instrumented falling weight impact or by the 
adoption of linear elastic fracture mechanics on unidirectional laminates. 
The comparative measurements are supplemented by additional observations that 
enable an objective interpretation to emerge frsm the data from the eight 
laboratories. The fracture mechanics parameters for assessing toughness provides 
a reasonable agreement on the measurement of toughness and indicates that the 
isotropic geometry functions that are necessary in the analysis of the data work 
well for unidirectional laminates. 
The agreement is far from good for the instrumented falling weight impact data 
and some explanation for this is discussed. 
The work was part of an IUPAC Working Party (4.2.1) study. 

1. INTRODUCTION 

IUPAC working party 4 . 2 . 1  (Structure and Froperties of Commercial Plastics) has been 
involved in a series of studies of the mechanical and morphological behaviour of 
continuous fibre reinforced thermoplastic composites. This is the first of a number of 
reports relating to this study. 

This particular report relates to a study of toughness in which eight laboratories have 
participated: - 

LABORATORY 1 - BP Chemicals, UK. 
( J  Cann/A Gray) 

LABORATORY 2 - ICI PLC, Materials Centre, Wilton, UK. 
(D R Moore/R S Prediger) 

LABORATORY 3 - Montefluos SPA, Italy. 
(G AjroldilG Castiglioni) 

LABORATORY 4 - TNO, Holland. 
( D J van Di j k/ A M Ringenaldus/ H Geerars) 

LABORATORY 5 - Cranfield, UK. 
(C B Bucknall/E Taillez) 

LABORATORY 6 - Rheometrics, West Germany. 
(A J Franck) 

LABORATORY 7 - Huls AG, West Germany, 
(H Schviickert) 

LABORATORY 8 - Polymeric Composites Laboratory, University of 
Washington, Seattle, U S k  
( J  C Seferis) 
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The s u b j e c t  of t h e  s tudy  has been a composite based on 61% by volume of carbon f i b r e s  
impregnated wi th  a po ly  ( e t h e r  e t h e r  ketone) matrix.  The aims of t h e  work have been 
s e v e r a l  fo ld .  

( a )  To provide  a background knowledge and rev iew of a new technology based on cont inuous  
f i b r e  r e in fo rced  the rmop las t i c  composites (conducted  by l a b o r a t o r y  5 ) .  

( b )  To i d e n t i f y  some of t h e  e a r l y  documented r e s u l t s  on toughness ( l a b o r a t o r y  5 ) .  

( c )  To s tudy  toughness expe r imen ta l ly  i n  i t s  many man i fe s t a t ions  f o r  CF/PEEK and i n  
p a r t i c u l a r  t o  provide  a n  unders tanding  of how toughness measurements may be 
i n t e r p r e t e d .  

( d )  To examine t h e  l i k e l y  problems t h a t  occur when a s i n g l e  m a t e r i a l  undergoes toughness 
measurements by many l a b o r a t o r i e s ,  who be l i eve  t h a t  t hey  may be measuring s i m i l a r  
p r o p e r t i e s  bu t  p o s s i b l y  a r e  not! 

Sample p r e p a r a t i o n  ( l a b o r a t o r y  8) r e s u l t e d  i n  t h e  product ion  of bo th  u n i d i r e c t i o n a l  
( [  01 2 o  and [ 01 4 0 )  and angle-p ly  lamina tes  ( [  5451 *s).  Pre-pregs of CF/PEEK were 
conso l ida t ed  i n t o  lamina tes  us ing  a n  au toc lave  process.  The pre-pregs  s t a c k s  were 
bagged a t  room tempera ture  i n  o r d e r  t o  c r e a t e  a vacuum. Heating was conducted a t  a 
r a t e  of S°C/min u n t i l  a tempera ture  of about 380-4OO0C was reached. The s t a c k  was he ld  
a t  t h i s  c o n d i t i o n  f o r  a t i m e  c a l c u l a t e d  on t h e  b a s i s  of approximate ly  1 minute per  p l y  
then  cooled t o  room tempera ture  a t  1O0C/min a f t e r  which p res su re  and vacuum were 
r e l eased .  All l amina te s  were u l t r a s o n i c a l l y  C-scanned i n  o rde r  t o  conf i rm t h a t  t h e  
c o n s o l i d a t i o n  process  had been success fu l .  

2. BACKGROUND TECHNOLOGY 

2.1 Thermoplastic versus thermoset matrix material 

A major d r i v i n g  f o r c e  towards i n t e r e s t  i n  long f i b r e  r e in fo rced  composites has been t h e  
demand from t h e  t r a n s p o r t  i ndus t ry ,  p a r t i c u l a r l y  t h e  a i r c r a f t  i ndus t ry ,  f o r  weight 
reduct ion .  Indeed, cont inuous  f i b r e  r e in fo rced  composites possess  good s p e c i f i c  
p r o p e r t i e s ,  i e .  h igh  s t i f f n e s s  and s t r e n g t h  t o  d e n s i t y  r a t i o ,  p rovid ing  t h e  oppor tun i ty  
of weight s av ing  and hence energy saving. 

So f a r ,  thermoset based composites have been used i n  aerospace  a p p l i c a t i o n s  but  t h e i r  
drawbacks i n  terms o f : -  

- Limited s h e l f  l i f e  of prepreg  
- 
- No s c r a p  recovery  
- Poor impact r e s i s t a n c e ,  low toughness 
- Poor performances when hot and wet 
- Limited s o l v e n t  r e s i s t a n c e  

Lengthy and cumbersome cu r ing  cyc le s  

have l e d  t o  a new g e n e r a t i o n  of long  f i b r e  composites based on the rmop las t i c  mat r ices .  
This new c l a s s  of m a t e r i a l  i s  u n l i k e l y  t o  r ep lace  convent iona l  thermoset based 
composites completely,  bu t  w i l l  l e a d  t o  t h e  ex tens ion  of composite p r o p e r t i e s  
e s p e c i a l l y  i n  tougher  a p p l i c a t i o n s  and h o s t i l e  environments. The advantages of 
t he rmop las t i c  based composites a r e  mainly: - 
- Higher mechanical p r o f i l e ,  i e  h igher  d u c t i l i t y  and toughness 

- B e t t e r  ’ environmental’  r e s i s t a n c e  f o r  c e r t a i n  ma t r ix  systems, i e .  
b e t t e r  water and s o l v e n t  r e s i s t a n c e  

- Ease of process ing ,  l ead ing  t o  an  i n c r e a s e  of product ion  r a t e s  

2.2 Composites based on PEEK 

Continuous carbon f i b r e  r e in fo rced  the rmop las t i c  composites have been under development 
and e v a l u a t i o n  s i n c e  1975. J T Hoggatt i n  1975 ( 1 )  i n v e s t i g a t e d  t h e  process ing  
parameters,  t h e  environmental  and mechanical p r o p e r t i e s  of composites based on 
polysul fone  and polye thersu lphone  mat r ices .  The same kind of work was performed i n  
1979 by G E Husman and J T Har tness  ( 2 )  on polyphenylsu l fone  ma t r ix  composites.  One of 
t h e  major drawbacks of amorphous mat r ices  l i k e  polysul fone  and polye ther -  sulphone 
however i s  t h e i r  l a c k  of s o l v e n t  r e s i s t a n c e ,  which w i l l  l i m i t  t h e i r  a p p l i c a t i o n s  i n  
a i r c r a f t  components. 
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The f i r s t  p roduc t ion  methods f o r  t h i s  new c l a s s  of ma te r i a l s ,  which are c u r r e n t l y  being 
used a r e  based on t h r e e  d i s t i n c t  p rocesses : -  

- The f i l m  s t a c k i n g  method which c o n s i s t s  of i n t e r l a y i n g  l a y e r s  of f i b r e s  ( i n  t h e  
form of e i t h e r  u n i d i r e c t i o n a l  l a y e r s  o r  f a b r i c )  w i th  f i lms  of thermoplas t ic ,  and 
compression moulding t o  g ive  a s h e e t  s tock .  
This method was devised  and developed by D J Murphy and L N P h i l l i p s  from 
RAE Farnborough ( 3 ) .  However f o r  good wet t ing  of i n d i v i d u a l  f i b r e s ,  t h i s  ba t ch  
process  r e q u i r e s  a p p l i c a t i o n  of h igh  p res su res  ( f o r  up t o  4 hours ) ,  which makes it 
r e l a t i v e l y  expens i ve. 

- The second process  i s  known a s  s o l v e n t  coa t ing .  The r e s i n  s e l e c t e d  i s  d i s so lved  
i n  so lven t ,  a f t e r  which a s p e c i a l l y  s u r f a c e - t r e a t e d  f i b r e  i s  impregnated wi th  t h e  
s o l u t i o n  by means of a coa t ing  head. The s o l v e n t  i s  subsequent ly  removed from t h e  
f i b r e  by t h e  process  of evapora t ion .  

This process ing  method cannot be employed wi th  PEEK because of i t s  ou t s t and ing  
s o l v e n t  r e s i s t a n c e  a s  i s  poin ted  ou t  by R B Rigby ( 4 ) .  

- As t h e  process  of s o l v e n t  evapora t ion  possesses  some unfavourable  environmental  
connota t ions ,  a t h i r d  process  known a s  hot -mel t -coa t ing  i s  o f t e n  p re fe r r ed .  High 
tempera ture  (370-42OOC) r ep laces  t h e  s o l v e n t  i n  o rde r  t o  reduce t h e  p l a s t i c  m a t e r i a l  
t o  a s u i t a b l e  v i s c o s i t y  f o r  thorough f i b r e  impregnation, which i s  accomplished by 
means of a s p e c i a l l y  adapted head. This process  i s  u s u a l l y  w e d  f o r  matrices 
l i m i t e d  i n  thermal  s t a b i l i t y  l i k e  Nylon and Poly( e thy lene  t e r e p h t h a l a t e )  a s  i s  
mentioned by P E McMahon and M Maximovitch ( 5 ) .  

I n  t h e s e  l a s t  two processes ,  t h e  coa ted  f i b r e s  a r e  then  t aken  up on a hea ted  drum and 
fused  toge the r  i n  p a r a l l e l  t o  make t apes  of var ious  width, o r  used t o  make woven 
f a b r i c s .  The a c t u a l  process ing  technology used t o  produce t h e  a romat ic  polymer 
composite, based on t h e  PEEK matrix, has not  been quoted i n  any papers r e l a t e d  t o  t h e  
p re sen t  top ic .  Never the less ,  I C I  has developed a technique  f o r  con t inuous ly  
impregnating carbon f i b r e s  us ing  bo th  h igh  tempera ture  and pressure .  The product,  
t y p i c a l l y ,  i s  made a s  a u n i a x i a l  t a p e  about 0.1mm t h i ck ,  which can  be processed i n t o  
s h e e t  and moulded items. 

As i s  mentioned by G R Belb in  ( 6 ) ,  t h i s  a romat ic  polymer composite ( AF'C), possesses  a n  
impor tan t  advantage i n  t h a t  i t  can  be processed us ing  adapted techniques  borrowed from 
both  t h e  metal  working i n d u s t r y  and t h e  thermoset composites i ndus t ry .  I Brewster and 
J B Catanach ( 7 )  gave a d e t a i l e d  account of c u r r e n t  knowledge on t h e  process ing  methods 
used t o  produce components ou t  of PEEK based l o n g - f i b r e  composites.  A new technology 
can  be w e d  because compared wi th  thermoset composites,  AF'C m a t e r i a l s  possess  t h e  
inhe ren t  advantages of thermoformabi l i ty  and r e p r o c e s s a b i l i t y .  One can  d i s t i n g u i s h  two 
broad manufacturing methods:- 

- The f i r s t  one i s  based on a p reconso l ida t ed  shee t ,  and t h e  s t e p s  i n  t h e  process  
a r e  as  follows: 

Product ion  of blanks,  i e  l a y i n g  down t h e  d i f f e r e n t  l a y e r s  ( e i t h e r  u n i d i r e c t i o n a l  
prepreg  p l i e s  o r  woven p l i e s ) .  

Conso l ida t ion  of t h e  blanks i n t o  f l a t  s h e e t s  us ing  h igh  tempera tures  ( 36O-40O0C) 
and low pres su re  (12a tm) .  

Heating t h e  blanks p r i o r  t o  thermoforming by means of i n f r a - r e d  sources .  

Forming of t h e  shee t ;  t h i s  l a s t  o p e r a t i o n  uses processes  p r a c t i s e d  f o r  many years  
i n  t h e  metal  f a b r i c a t i o n  i n d u s t r y  such  a s  rubber  forming ( i e .  Hydroforming, Low 
p res su re  diaphragm forming, Rubber p re s s  forming),  o r  Cold r o l l  forming t o  produce 
s t r u c t u r a l  s e c t i o n s .  

- The second process ing  method i s  based on prepregs  a s  t h e  s t a r t i n g  poin t ,  and 
covers  bo th  f i l amen t  winding and t a p e  lay ing .  These two processes  use e x i s t i n g  
equipment wi th  small mod i f i ca t ions  concerning t h e  hea t ing  of t h e  f i l amen t  o r  tape.  

Of course ,  a s  t h e  chemis t ry  has been removed from t h e  product ion  s t age ,  t h e  cyc le s  are 
much s h o r t e r  because t h e  m a t e r i a l  needs on ly  t o  be hea ted  f o r  a s  long  a s  i t  t akes  t o  
form, o r  j o i n  - t y p i c a l l y  a few seconds. 

One parameter,  however, which i s  of cons ide rab le  importance wi th  t h e  AF'C system, i s  t h e  
coo l ing  s t age ,  s i n c e  PEEK i s  a s e m i c r y s t a l l i n e  ma te r i a l .  This means t h a t  t h e  
morphology of t h e  polymer w i l l  be a f f e c t e d  not  on ly  by t h e  coo l ing  r a t e ,  bu t  a l s o  by 
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t h e  p re s su re  and s t r e s s e s  i n  t h e  component t o  be produced. As i s  poin ted  ou t  by A 
Lus t ige r  ( a ) ,  c r y s t a l l i n i t y  which does not occur i n  convent iona l  thermoset based 
composites,  needs t o  be cons idered  i n  d e t a i l  i f  optimum p r o p e r t i e s  of t h e  product a r e  
t o  be achieved. 

It seems t h a t  optimum c r y s t a l l i s a t i o n ,  l ead ing  t o  t h e  ba lance  of mechanical p rope r t i e s ,  
i s  obta ined  when t h e  component i s  cooled from 380-200'C i n  l e s s  t han  5 minutes. R F 
Dickson e t  a l .  ( 9 )  r e p o r t  on t h e  development of a new v e r s i o n  of APC, namely APCP, 
which possesses  a much broader  process ing  window. 

The APC sys tem and o t h e r  t he rmop las t i c  based long  f i b r e  composites p re sen t  o t h e r  
f a b r i c a t i o n  advantages.  Namely they  a r e  much e a s i e r  t o  r e p a i r ,  a s  on ly  l o c a l  hea t ing  
needs t o  be appl ied ,  and t o  bond ( h e a t i n g  and p res su re  r e p l a c e  t h e  use of adhes ives ) .  
F N Cogswell and D C Leach (10 )  mention a r e p a i r  k i t  based around a s o l d e r i n g  i r o n  
Moreover t h e  s c r a p  m a t e r i a l  can  be recovered t o  produce h igh  performance s h o r t  f i b r e  
the rmop las t i c  composites f o r  use  i n  i n j e c t i o n  moulding. 

2.3 The characteristics of the APC system 

As was a l r e a d y  mentioned, t h e  APC sys tem i s  based on t h e  PEEK matrix, i e  p o l y ( e t h e r  
e t h e r  ke tone) .  This polymer i s  s e m i - c r y s t a l l i n e  and i s  t h e n  c h a r a c t e r i s e d  by bo th  a 
g l a s s  t r a n s i t i o n  tempera ture  Tg (=143'C) and a mel t ing  tempera ture  Tm (-340'C). I n  
o t h e r  words, u s e f u l  p r o p e r t i e s  can  be obta ined  above Tg, and R B Rigby ( 4 )  r e p o r t s  
u s e f u l  p r o p e r t i e s  up t o  300°C f o r  a p p l i c a t i o n s  invo lv ing  i n t e r m i t t e n t  hea t ing .  A s t u d y  
of t h e  mic ros t ruc tu re  of t h e  APC sys tem was c a r r i e d  out  by F N Cogswell ( l l ) ,  i n  which 
he showed t h a t  t h e  f i b r e  d i s t r i b u t i o n  was of t h e  uniform random kind so  t h a t  t h e  
th i ckness  of t h e  r e s i n  phase around t h e  f i b r e s  was comparable wi th  t h e  th i ckness  of t h e  
f i b r e .  The dimension of t h e  c r y s t a l l i n e  e n t i t i e s ,  i e  s p h e r u l i t e s ,  was shown t o  be of 
t h e  o rde r  of 3um f o r  a m a t e r i a l  r a p i d l y  cooled from t h e  m e l t  t o  a tempera ture  range of 
20-2oooc. 

This c r y s t a l l i n e  c h a r a c t e r  confe r s  upon PEEK excep t iona l  environmental  r e s i s t a n c e .  F N 
Cogswell and M Hopprich ( 1 2 )  s t u d i e d  t h e  environmental  r e s i s t a n c e  of carbon f i b r e  
r e in fo rced  PEEK. The m a t e r i a l  was found t o  be very r e s i s t a n t  t o  c o m n  s o l v e n t s  
(Acetone, Cyclohexane . . . ) ,  a i r c r a f t  f l u i d s  ( h y d r a u l i c  f l u i d ,  kerosene) and p a i n t  
s t r i p p e r .  The APC sys tem absorbs  l e s s  mois ture  t h a n  a " s t a t e  of t h e  a r t "  epoxy based 
composite, and t h e  ma t r ix  does not  s u f f e r  from p l a s t i c i z a t i o n  by water l e a d i n g  t o  a 
decrease  i n  t h e  g l a s s  t r a n s i t i o n  temperature.  

It can  be shown t h a t  t h e  h igher  t h e  degree  of c r y s t a l l i n i t y ,  t h e  b e t t e r  t h e  s o l v e n t  
r e s i s t a n c e  but t h e  lower t h e  toughness. Therefore  by t a i l o r i n g  t h e  morphological 
va r i ab le s ,  th rough f o r  example coo l ing  and subsequent annea l ing ,  t h i s  m a t e r i a l  can  be 
adapted t o  t h e  unique requi rements  of p a r t i c u l a r  components. The carbon f i b r e s  a c t  a s  
nuc lea t ing  agents ,  and columnar c r y s t a l s  grow pe rpend icu la r  t o  t h e  r e i n f o r c i n g  un i t s .  
This t r a n s c r y s t a l l i n i t y  a f f e c t s  t h e  p r o p e r t i e s  of t h e  composite and a ba lance  has o f t e n  
t o  be found: - 
- A good i n t e r f a c e  between ma t r ix  and f i b r e  produces a h igh  l e v e l  of 

t r a n s c r y s t a l l i n i t y .  F N Cogswell (11) r e p o r t s  t h a t  f r a c t u r e  s u r f a c e s  of t e n s i l e  
specimens do no t  show t h e  c l e a n  f i b r e  s u r f a c e s  r e s u l t i n g  from ex tens ive  debonding 
and t h e  consequent f i b r e  pu l l -ou t  t h a t  a r e  r e spons ib l e  f o r  energy a b s o r p t i o n  du r ing  
f r a c t u r e  i n  commercial thermoset based composites. For broken f i b r e s  i n  APC a r e  
always coa ted  wi th  r e s i n ,  i n d i c a t i n g  t h e  very  good bonding a t  t h e  su r face .  

- Lus t ige r  comments on r e l a t i v e l y  poor long- te rm s t r e n g t h  brought about by a r e a s  of 
weakness c r e a t e d  by s p h e r u l i t i c  boundaries.  A h igh  volume f r a c t i o n  of f i b r e s  may 
l e a d  t o  t o o  h igh  a degree  of t r a n s c r y s t a l l i n i t y  which i n  t u r n  may l e a d  t o  
impingement of t h e  t r a n s c r y s t a l l i n e  reg ions ,  c r e a t i n g  long s p h e r u l i t e  boundaries and 
thus  l i n e s  of weakness. 

2.4 Historic toughness measurements on CFIPEEK composites 

The f i r s t  quoted va lue  of t h e  i n t e r l a m i n a r  f r a c t u r e  toughness GIC f o r  PEEK ma t r ix  
composite seems t o  have been r epor t ed  by J T Hartness i n  1982 ( 1 3 ) .  The au tho r  used 
t h e  double c a n t i l e v e r  beam a l s o  known a s  mode I pee l  t e s t .  A value  of GIC of 1990 J / m Z  
was found f o r  t h e  PEEWgraphite c l o t h  sys tem produced by t h e  f i l m  s t a c k i n g  sequence. 
The equ iva len t  epoxy based composite was much l e s s  tough wi th  a va lue  of GIC of on ly  
235 JI m2. 

The mode I i n t e r l a m i n a r  f r a c t u r e  toughness on a n  e a r l y  development grade  of CF/PEEK 
pre-preg was f i r s t  determined by D R C a r l i l e  and D C Leach i n  1983 ( 1 4 ) .  

P a r a l l e l  s ided  specimens were made ou t  of u n i d i r e c t i o n a l  m a t e r i a l  i n  t h e  form of double 
c a n t i l e v e r  beams. GIC was determined us ing  t h e  a r e a  method devised  by J M Whitney e t  
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a l .  ( 1 5 ) .  Two d i s t i n c t  modes of f a i l u r e  were observed: a c leavage  mode cor responding  t o  
f a s t  c r a c k  propagation, f o r  which GIC was found t o  be 1870 J / m 2 ,  and a d u c t i l e  mode 
cor responding  t o  s low c rack  propagation, w i th  a much h igher  va lue  of GIC, namely 3200 
J/  m2. 

The same t e s t  was performed on a s t a t e  of t h e  a r t  epoxy based composite (AS4 carbon 
f ib re s /Epoxy  3501-6) which was found t o  be nea r ly  10 t imes l e s s  tough, wi th  a GIC of 
210 J/  m2.  

Using t h e  same t e s t  ( D C B  and a r e a  method t o  reduce t h e  d a t a ) ,  J T Hartness (16 )  found a 
GIC value of 1400 J / m 2  f o r  t h e  c leavage  mode and a h igher  value of 1800 J / m 2  f o r  t h e  
d u c t i l e  mode of f a i l u r e ,  when e v a l u a t i n g  t h e  mechanical p r o p e r t i e s  of a s i m i l a r  e a r l y  
development grade of CF/PEEK. These va lues  of GIC a r e  l e s s  t han  those  r epor t ed  by 
C a r l i l e  and Leach. J T Har tness  a l s o  used an  edge de laminat ion  specimen t o  determine 
another  va lue  of t h e  i n t e r l a m i n a r  f r a c t u r e  toughness GIC. Specimens of lay-up  
c o n f i g u r a t i o n  [ +30/ -30z+30/90z]  s, l ead ing  t o  t h e  gene ra t ion  of h igh  i n t e r l a m i n a r  
s t r e s s e s ,  were used f o r  t h e  t e s t .  To ta l  f a i l u r e  of t h e  lamina tes  occurred  before  any 
delamination. 

G F Dickson e t  a 1  ( 9 )  were t h e  f i r s t  ones t o  determine a va lue  of c r i t i c a l  s t r e s s  
i n t e n s i t y  f a c t o r  i n  mode I, KIC, f o r  a l amina te  based on APC mater ia l .  For a lamina te  
of lay-up  c o n f i g u r a t i o n  [ 0,901 3s, us ing  c e n t r e  notched coupons, t hey  found a va lue  of 
KIC of 69 MPadm f o r  t h e  A P C  sys tem and of on ly  50 MPav'm f o r  t h e  same composite i n  terms 
of lay-up  c o n f i g u r a t i o n  but based on a n  epoxy matrix.  

Another va lue  of GIC f o r  a n  e a r l y  development grade  of CF/PEEK was determined by C Y 
Barlow and A H Windle (17 )  us ing  a novel r azo r  b lade  t e s t .  This t e s t  i s  based on t h e  
propagat ion  of a c rack  ahead of a t h i n  wedge. The i n i t i a l  t heo ry  was developed t o  
determine t h e  s p l i t t i n g  energy  of mica, and is  based on s imple  beam t h e o r y  f o r  
i s o t r o p i c  ma te r i a l s ;  i t  does not  t a k e  i n t o  account e l a s t i c  end e f f e c t s ,  m a t e r i a l  
an i so t ropy  o r  t h e  e x i s t e n c e  of a p l a s t i c  zone a t  t h e  c r a c k  t i p .  

However work on a wide range of long  carbon f i b r e  r e in fo rced  composites proves t h e  
b a s i c  theo ry  i s  va l id .  For t h e i r  CFlPEEK composite, t h e  au tho r s  r epor t ed  a va lue  of 
GIC of 2290 5 600 J / m 2 .  

The l a s t  paper r epor t ed  here,  dea l ing  wi th  f r a c t u r e  mechanics parameters of t h e  PEEK 
based composite, was w r i t t e n  by S L Donaldson i n  Apr i l  1985. ( 1 8 ) .  Using t h e  notched 
o f f - a x i s  t e n s i l e  t e s t ,  Donaldson determined t h e  c r i t i c a l  va lues  of GIC and KIC ( f o r  8 = 
9OoC, 8 being t h e  angle  between t h e  t e n s i l e  a x i s  and t h e  f i b r e  a x i s ) ,  and mixed mode 

Therefore  us ing  t h e  s t r a i n  t o  f a i l u r e ,  GIC was found t o  be 1400 J / m 2 .  

parameters KI, GI, KII, GII, f o r  d i f f e r e n t  o r i e n t a t i o n s ,  i e  75", 60", 45", 30°, 15", 
lo", 7 O ,  5 "  and -15". 

The 8 -p ly  u n i d i r e c t i o n a l  composite r e s u l t s  based on an  e a r l y  development grade  of 
CF/ PEEK were compared wi th  those  obta ined  from 8-p ly  u n i d i r e c t i o n a l  composite based on 
an  epoxy matrix. KIC was found t o  be 3.7 MPav'm cor responding  t o  a GIC of 1120 J / m 2  f o r  
t h e  CFlPEEK system. The epoxy based ma te r i a l ,  however, was much l e s s  tough wi th  a KIC 
of 0.96 MPadrn and a cor responding  GIC of on ly  78 J / m Z .  

C r i t i c a l  va lues  of KIIC and GIIC were a l s o  determined us ing  t h e  modified t h r e e  r a i l  
shea r  t e s t .  The same t r end  was observed f o r  t h e  mode 11. KIIC was found t o  be 1 4 . 4  
MPadm wi th  a cor responding  va lue  of GIIC of 4930 J / m 2  f o r  t h e  PEEK ma t r ix  composite, 
whereas va lues  of 4. 8 MPaVm and 506 J / m 2  were determined f o r  KIIC and GIIC r e s p e c t i v e l y  
f o r  t h e  thermoset s y s t e m  

An e v a l u a t i o n  of t h e  an i so t ropy  of f r a c t u r e  toughness has been r epor t ed  by Leach and 
Moore ( 1 9 ) ,  t oge the r  w i th  e v a l u a t i o n  of toughness of CFlPEEK i n  some p r a c t i c a l  
i n d u s t r i a l  t e s t s .  

3. FRACTURE MECHANICS TOUGHNESS 

3.1 Preamble 
Linear  e l a s t i c  f r a c t u r e  mechanics theo ry  ( 20) provides  two impor tan t  c o n t r i b u t i o n s  t o  
t h e  c h a r a c t e r i s a t i o n  of toughness.  F i r s t ,  a c l a im t o  provide  geometry independent 
ma te r i a l  p r o p e r t i e s .  Second, two m a t e r i a l  p r o p e r t i e s  which can  be cons idered  a s  
f r a c t u r e  toughness (GIG) and f r a c t u r e  s t r e n g t h  ( KIC). More formal ly ,  t h e s e  two 
p r o p e r t i e s  can  be def ined  a s : -  

GIC = &J 
AA 

where GIC i s  t h e  c r i t i c a l  va lue  of s t r a i n  energy r e l e a s e  r a t e ,  i n  a c r a c k  opening mode (I) 
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AU i s  t h e  energy r equ i r ed  t o  propagate a c rack  of new a r e a  ak 

KIC = UF Y a% ( 2) 

where KIC i s  t h e  c r i t i c a l  va lue  of s t r e s s  i n t e n s i t y  f a c t o r ,  i n  a c r a c k  
opening mode ( I )  
OF 

Y i s  a geometry f u n c t i o n  which i s  w e l l  def ined  i n  t h e  l i t e r a t u r e  ( 2 1 )  

i s  a f r a c t u r e  s t r e s s  remote from a c rack  of l e n g t h  ’ a ’  

Equations 1 and 2 a r e  gene ra l  t o  a l l  geometries,  but GIC can  only  be u s e f u l  i n  t h i s  
form when c r a c k  growth can  be e a s i l y  monitored. I n  a l l  our f r a c t u r e  mechanics 
experiments,  uns t ab le  f r a c t u r e s  have t o  be accommodated. Therefore ,  i t  i s  u s e f u l  t o  
use an  a l t e r n a t i v e  expres s ion  f o r  GIC, namely:- 

G I C  = L!E 
A 4  

where UF i s  t h e  t o t a l  energy absorbed a t  f r a c t u r e  of a l igament  of a r e a  k 

4 i s  another  geometry te rm t h a t  ensures  t h a t  t h e  energy te rm UF i s  s u i t a b l y  
d iv ided  between e l a s t i c  s t r a i n  energy and energy t o  propagate  a c rack  (20 ,22 ) .  

I t  is  i m p l i c i t  t h a t  t h e  two geometry func t ions  ( Y  and 4) a r e  m a t e r i a l  independent.  
They have been c a l c u l a t e d  f o r  i s o t r o p i c  m a t e r i a l s  only,  t h e r e f o r e  t h e i r  v a l i d i t y  i n  use 
wi th  a n i s o t r o p i c  m a t e r i a l s  ( s u c h  as  u n i d i r e c t i o n a l  continuous f i b r e  composites) must be 
e i t h e r  assumed o r  v e r i f i e d .  The two f r a c t u r e  p r o p e r t i e s  a r e  themselves r e l a t e d .  

K I ~ ’  =E G I ~  ( 4 )  

E i s  a m a t e r i a l  modulus (measured a t  t h e  same s t r a i n  r a t e  a s  t h a t  f o r  t h e  f r a c t u r e  
parameters ) .  

For t h e  case  of a n i s o t r o p i c  m a t e r i a l s  e x h i b i t i n g  f i b r e  symmetry ( s u c h  a s  u n i d i r e c t i o n a l  
continuous carbon f i b r e  composi tes ) ,  a n  o r t h o t r o p i c  modulus E* can  r ep lace  t h e  more 
common i s o t r o p i c  term ( 2 3 ) .  

where a i j  a r e  t h e  L - e l a s t i c  compliances a s s o c i a t e d  wi th  t h e  p r i n c i p a l  m a t e r i a l  
d i r e c t i o n s .  These w i l l  be d i scussed  i n  a second IUPAC paper r e l a t i n g  t o  t h i s  p r o j e c t  
on CF/PEEK but l i t e r a t u r e  va lues  ( 1 0 )  f o r  t hese  terms provide  t h e  fo l lowing  f o r  
u n i d i r e c t i o n a l  laminate:  - 

a i l  = 0.109 GPa-’ 
a 2  = 0.008 GPa-’ 
a l  = 0.0003 GPa-! 
a 6 6  = 0 . 2 4 4  GPa-! 

I n  tu rn ,  t h i s  y i e l d s  a va lue  of E* of 12 .9  GPa. 

3.2 Fracture mechanics geometry functions for anisotropic materials 

Most exper imenta l  measurements of GIC and KIC on CFlPEEK w i l l  r e l a t e  t o  u n i d i r e c t i o n a l  
lamina tes .  These m a t e r i a l s  e x h i b i t  more an i so t ropy  t h a n  any o t h e r  form of lamina te .  
Consequently, it becomes c r u c i a l  t o  e s t a b l i s h  t h a t  t h e  necessary  geometry func t ions  ( Y  
and 4) of equa t ions  2 and 3 r e s p e c t i v e l y  which a r e  known f o r  i s o t r o p i c  ma te r i a l s ,  can  
be adequate ly  app l i ed  t o  a n  a n i s o t r o p i c  case.  

I n  t h e  case  of t h r e e  po in t  f l e x u r e  of a notched beam ( s e e  f i g u r e  1) 
known t o  be a f u n c t i o n  of no tch  dep th  ( a )  and specimen dep th  (W): - ( 2 2 )  

t h e  compliance i s  

S - i s  t h e  specimen span  

B and W - a r e  th i ckness  and dep th  ( s e e  f i g u r e  1 )  

E - i s  a n  a p p r o p r i a t e  modulus of t h e  beam specimen i n  t h i s  conf igu ra t ion .  

CO - i s  t h e  t h e o r e t i c a l  compliance a s  desc r ibed  above where t h e  two geometry 
func t ions  4 ( a / W )  and Y ( a/W) a r e  t h e  i s o t r o p i c  va lues  
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The compliance of each  specimen can  a l s o  be determined by experiment ( C e ) .  A 
comparison of compliance by experiment and c a l c u l a t i o n  then  r evea l s  t h e  s u i t a b i l i t y  of 
4 and Y t o  a n  a n i s o t r o p i c  case.  

This procedure was adopted f o r  a range of beam specimens machined from a [ O ]  ,,,, 
laminate.  With r e f e r e n c e  t o  f i g u r e  2, specimens wi th  c r a c k  d i r e c t i o n s  1 and 2 were 
used, a l though  t h i s  w i l l  be d i scussed  more f u l l y  i n  t h e  next  s ec t ion .  

A rebound technique  ( 2 4 )  was used t o  determine an  a p p r o p r i a t e  modulus (E) f o r  bo th  
types  of specimen, unnotched. Af te r  i n t roduc ing  a s h a r p  machined notch, t h i s  rebound 
technique  was a l s o  used t o  measure Ce. 

I L-87.5mm W.35.0mm 
F/2 W, = 12.0 mm 

B=2.67mm [Average] 

DOUBLE TORSION SPECIMEN 

W = 54mm 
0 =5.3mm 
COMPACT TENSION SPECIMEN 

I F  
SINGLE EDGE NOTCH FLEXURE SPECIMEN 

Fig. 1. Fracture mechanics specimens 

/ 
Fibre brea6nna crbck h 

d Crack tip radius (10-301 prn 

Ply thickness .* . . . I.8~ merween m r e  cram 

* :ken fibre crack Inter-laminar cracks &t 7 P m  
Fibre diameter 

- 
Fig. 2. Crack propagation in a unidirectional composite 
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I2 t 

Fig. 3. Comparison between measured and 
calculated compliance for three point bend 
specimens with notch [Oh CF/PEEK 

1 I I I I I 
0 0.2 0.4 0.6 0.8 1.0 

A comparison of c a l c u l a t e d  and measured compliance a s  a f u n c t i o n  of ( a /w)  i s  shown i n  
f i g u r e  3. The good agreement between c a l c u l a t i o n  and experiment imp l i e s  t h a t  t h e  
i s o t r o p i c  geometry func t ions  employed i n  t h e  c a l c u l a t i o n s  must be s u i t a b l e  f o r  t h e  
an i so t ropy  e x h i b i t e d  by t h e s e  lamina tes .  

3.3 Presentation and discussion of the fracture mechanics results for Klc and Glc 
The ma jo r i ty  of f r a c t u r e  mechanics experiments f o r  t h e  de t e rmina t ion  of GIC and KIC 
were conducted on specimens machined from u n i d i r e c t i o n a l  lamina tes ,  [ O] where n = 20 
and 40. Three d i f f e r e n t  l oad ing  geometr ies  were employed, namely, t h r e e  po in t  f l e x u r e ,  
double t o r s i o n  and compact tens ion .  ( f i g u r e  1) All experiments were conducted wi th  a 
view t o  i n v e s t i g a t i n g  t h e  in f luence  of e i t h e r  t e s t  t empera ture  o r  t e s t  speed on 
f r a c t u r e  s t r e n g t h  and f r a c t u r e  toughness. Consequently, r e s u l t s  can  be presented  f o r  
tempera tures  i n  t h e  range -6O'C t o  +23'C and f o r  t e s t  speeds i n  t h e  range 8 x 10-3mTJs 
t o  2.5 x 103mTJs (more than  f i v e  decades of t e s t  speed) .  It  was a l s o  planned t o  
exp lo re  d i f f e r e n t  c r a c k  d i r e c t i o n s  r e l a t i v e  t o  f i b r e  d i r e c t i o n  and p l y  o r i e n t a t i o n .  
This i s  more f u l l y  i l l u s t r a t e d  i n  f i g u r e  2 where s i x  d i r e c t i o n s  of c r a c k  propagat ion  
can  be s e e n  f o r  u n i d i r e c t i o n a l  lamina te ,  u being t h e  d i r e c t i o n  of app l i ed  s t r e s s .  I n  
f i g u r e  2 t h e  var ious  c r a c k  d i r e c t i o n s  a r e  l a b e l l e d .  Our r e s u l t s  w i l l  r e l a t e  t o  t h r e e  
of t hese  d i r e c t i o n s ,  namely d i r e c t i o n s  1 and 2 ( b o t h  i n t r a - l a m i n a r  f r a c t u r e )  and 
d i r e c t i o n  5 ( t r a n s - l a m i n a r  f r a c t u r e ) .  I t  was f e l t  t h a t  t h e  l a r g e  l i t e r a t u r e  on 
i n t e r - l a m i n a r  f r a c t u r e  ( d i r e c t i o n s  3 and 4 )  could not be u s e f u l l y  added t o  by t h i s  
work, and t h a t  i t  was b e t t e r  t o  concen t r a t e  on toughness c h a r a c t e r i s a t i o n  where less 
in fo rma t ion  i s  documented. 

A summary of t h e  KIC and GIC r e s u l t s  a t  23'C i s  g iven  i n  t a b l e  1. Inc luded  wi th  t h e  
averaged va lues  of KIC and GIC i s  a comment on t h e  method used i n  t h e  d a t a  ana lys i s .  
It can  be s e e n  t h a t  s e v e r a l  d i f f e r e n t  approaches have been used. The va lues  of KIC and 
GIC a r e  averaged from a few t o  sometimes a dozen specimens. The s c a t t e r  a s s o c i a t e d  
wi th  each  va lue  i s  v a r i a b l e  i n  a range of 5% t o  20% f o r  t h e  c o e f f i c i e n t s  of v a r i a t i o n .  

Three t e s t  geometr ies  were employed f o r  t e s t  d i r e c t i o n  1 a t  a t e s t  speed of ( 8  x 
10-3)mmJs. 

Direc t ion  of c r a c k  i n  t h e  u n i d i r e c t i o n a l  lamina tes  has a profound in f luence  on 
toughness. There a r e  s u b t l e  d i f f e r e n c e s  between t h e  two i n t r a - l a m i n a r  f r a c t u r e s  ( t e s t  
d i r e c t i o n s  1 and 2 ) .  These might be more than  exper imenta l  s c a t t e r  s i n c e  t h e  f i b r e  
alignment i n  t e s t  d i r e c t i o n  1 could w e l l  be more t h a n  t h a t  f o r  t e s t  d i r e c t i o n  2. Hence 
h igher  toughness i s  a s s o c i a t e d  wi th  t e s t  d i r e c t i o n  2. These obse rva t ions  have a l s o  
been r epor t ed  elsewhere ( 1 9 ) .  The d i f f e r e n c e  between in t r a - l amina r  f r a c t u r e  toughness 
and t r ans - l amina r  f r a c t u r e  toughness i s  huge. For example, a t y p i c a l  KIC f o r  c r a c k  
d i r e c t i o n  1 ( i n t r a - l a m i n a r )  i s  ( 3 - 4 )  MPaVm, w h i l s t  a va lue  f o r  c r a c k  d i r e c t i o n  5 
( t r a n s - l a m i n a r )  i s  an  o rde r  of magnitude l a r g e r  a t  37 MPav'm. 

Five l a b o r a t o r i e s  were involved  wi th  t h e  de t e rmina t ion  of t h e s e  f r a c t u r e  toughness 
da ta .  A l a b o r a t o r y  number i s  inc luded  wi th  t h e  summarised d a t a  i n  Table 1. When t h e  
d a t a  r e l a t i n g  t o  t h e  tes t  cond i t ions  t h r e e  po in t  geometry ( A )  and c rack  d i r e c t i o n  1 a r e  
examined, t hen  va lues  f o r  K I ~  l i e  i n  t h e  range 2.0 MPaVm t o  5.7 MPaVm All values  i n  
t h i s  range s a t i s f y  t h e  geometry c r i t e r i a  f o r  ob ta in ing  v a l i d  f r a c t u r e  mechanics d a t a  

Values f o r  KIC a r e  i n  t h e  range 3.8 t o  6.5 MPaVm 

( 25) * 
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These d a t a  were determined a t  a range of t e s t  speeds,  from 2.5 x l o 3  4 s  t o  8 x 
10-3mm/s. I n  add i t ion ,  two methods of d a t a  a n a l y s i s  were used i n  de r iv ing  K I ~ .  The 
spread  i n  K I ~  f o r  t h i s  d a t a  group a s  2.0 MPa\/m t o  5.7 MPav'm There i s  a sugges t ion  of 
a t r end  wi th  t e s t  speed, where t h e  lower va lues  r e l a t e  t o  h igher  t e s t  speeds.  
Curiously,  t h e  range of va lues  f o r  G I ~  does not r e f l e c t  t h i s  s c a t t e r ,  s i n c e  t h e  range 
f o r  t e s t  geometry A a t  t e s t  d i r e c t i o n  1 i s  1 .0  W/m2 t o  1 . 9  kJ/mZ. Fur the r  
unders tanding  of such  s c a t t e r  i s  l imi t ed .  One l a b o r a t o r y  (number 3 )  r epor t ed  t h a t  K I ~  
depends on notch  dep th  but i t  remains d i f f i c u l t  t o  f u l l y  e x p l a i n  t h e  range of toughness 
values.  On t h e  o t h e r  hand, i t  i s  apparent  t h a t  a s tudy  invo lv ing  common t e s t  
cond i t ions  i n  an  i n t e r -  l a b o r a t o r y  i n v e s t i g a t i o n  might shed more l i g h t  on t h e  problem. 

A poss ib l e  cause  of s c a t t e r  i n  t h e s e  f r a c t u r e  mechanics parameters might l i e  i n  t h e  
q u a l i t y  and c h a r a c t e r i s t i c s  of t h e  notch  i n  t h e  t e s t  specimens. One of t h e  
l a b o r a t o r i e s  (Labora to ry  5) i n v e s t i g a t e d  t h i s  p o s s i b i l i t y .  Using a t h r e e  po in t  bend 
specimen machined from [ 01 4 o  l amina tes ,  a c r a c k  was i n i t i a t e d  i n  d i r e c t i o n  2 where 
t h r e e  d i f f e r e n t  methods were used f o r  i n t roduc ing  t h e  c racks ,  namely:- 

( a )  Unsharpened notches machined a t  23'C 
( b) Sharpened notches ( sharpened a t  23 "C) 
( c )  Sharpened notches ( sharpened  a t  l i q u i d  n i t r o g e n  tempera tures ,  - 196'C) 

Values of K I ~  were obta ined  from t e s t i n g  n ine  specimens a t  each  notch  condi t ion .  K I ~  
va lues  of 4.3, 4 . 2  and 3 .9  MPa\/m were obta ined ,  r e spec t ive ly .  The no tch  sharpness  is 
not  i n f l u e n t i a l  i n  t h e  magnitude of measured toughness and i s  t h e r e f o r e  u n l i k e l y  t o  be 
a source  of i n t e r - l a b o r a t o r y  d a t a  s c a t t e r ,  a t  l e a s t  f o r  t h e s e  continuous f i b r e  
composites. 

One of t h e  l a b o r a t o r i e s  (No 1 )  examined t h e  in f luence  of tempera ture  on t h e  f r a c t u r e  
toughness of t h r e e  po in t  bend specimens t e s t e d  a t  2 .5  x 10 '  d s e c  on a pendulum impact 
machine. F igure  4 p l o t s  GIC versus  tempera ture  where t h e  s c a t t e r  bands r e l a t e  t o  t h e  
95% conf idence  l i m i t s  determined i n  f i t t i n g  bes t  l i n e s  t o  t h e  exper imenta l  da ta .  
Despi te  t h e  s c a t t e r ,  i t  can  be concluded t h a t  i n t r a - l a m i n a r  f r a c t u r e  toughness i s  
tempera ture  independent i n  t h e  tempera ture  range -6O'C t o  23OC. 

TABLE 1 Summary of KIC and CIC Results on Unidirectional Laminates at 2 3 O C  

Test 
Speed 

(mmls) 

4.3 

2.0 

3.5 

3.7 

4.9 

5.7 

6.5 

3.8 

4.5 

37 

Calculated 
r i a  E* 

Brown C Seawley (21 )  

IPWI 

Brown C Srawley (21) 

Brown C Srawley (21) 

Brown C Srawley ( 2 1 )  

Brown C Srawlay (21 )  

Brown L Srawley (21) 

Calculated ria E* 

Brown L Srawley (21) 

Calculated ria E* 

t 
I 1.45 
I 

I 

I 1.0 

1.1 

1.9 

-- 

1.35 

-- 
1.12 

1.9 

26 

Plati L Williams (22) 
Perdulum Teat 

Plati C Williams (22) 

Plati C Williams (22) 

Plati C Williams ( 2 2 )  

Experiment 

Compliance by 
Experiment 

Crack Growth Analysis 

Plati C Williams (22) 

Compliance by 

A - Threa-point bend geommtry, B - Compact tension geometry, C - Doubla-torsion geometry, 
Tmst direction 1, 2 L 5 are clarified in figure 2 
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Fig. 4. Fracture toughness from three point 
flexure on [0laO laminates of CFlPEEK versus 
temperature. Test direction l(8x1 Vmmlsec) 

4. IMPACT TOUGHNESS 

4.1 Preamble 
Toughness can  be measured i n  o t h e r  ways compared wi th  f r a c t u r e  mechanics parameters.  A 
popular a l t e r n a t i v e  i s  t o  measure t h e  energy absorbed by a specimen dur ing  impact. Such 
a measure r e l a t e s  toughness t o  t h i s  absorbed energy, but s i n c e  i t  may apply  t o  many 
d i f f e r e n t  geometric arrangements f o r  specimen, suppor t  and impactor,  i t  i s  i n e v i t a b l e  
t h a t  t h i s  toughness i s  a combination of ma te r i a l  p rope r ty  and geometry. This does not  
of n e c e s s i t y  mat te r  because i t  a l lows  impact t r ends  t o  be followed; but i t  does p l ace  
g r e a t  s t o r e  on adequate  i n t e r p r e t a t i o n .  

Many r ecen t  approaches t o  t h i s  measurement of impact toughness involve  ins t rumented  
f a l l i n g  weight techniques  (IFWL). The force- t ime s i g n a l  i s  c o l l e c t e d  du r ing  t h e  course  
of impact, s t o r e d  on a micro-processor,  ana lysed  and manipulated wi th  some a p p r o p r i a t e  
sof tware  and d a t a  a r e  presented  i n  a number of ways. Seve ra l  of t h e s e  methods a r e  w e l l  
r epo r t ed  i n  t h e  l i t e r a t u r e  (26 ,  27, 28) .  A key f e a t u r e  of t h e  d a t a  c o l l e c t i o n  and 
a n a l y s i s  i s  t h e  degree  of e l e c t r o n i c  f i l t e r i n g  of t h e  s i g n a l .  Typica l  resonance 
f r equenc ie s  f o r  t h e  appara tus  a r e  of t h e  o rde r  of 9kHz. Some analogue low pass f i l t e r s  
ope ra t e  down t o  2kH2, w h i l s t  many approaches involve  e f f e c t i v e l y  no f i l t e r .  The d e t a i l  
on t h e  force- t ime impact p l o t  i s  d r a s t i c a l l y  in f luenced  by t h e  degree  of f i l t e r i n g  ( 2 8 ) .  

The impact toughness of CFlPEEK has been obta ined  on angle-p ly  lamina tes  [ +45] 2s i e .  8 
p ly  mater ia l .  I n  t h e  two s e c t i o n s  t h a t  follow, i t  will be p o s s i b l e  t o  p re sen t  a range 
of d a t a  from a number of d i f f e r e n t  exper imenta l  techniques.  It w i l l  be shown, however, 
t h a t  meaningful d a t a  emerge on ly  when a f u l l  unders tanding  of t h e  force- t ime s i g n a l  i s  
poss ib le .  

4.2 Impact toughness of [+45I2S laminates 
Three l a b o r a t o r i e s  conducted a range of impact experiments on [+45] 2s l amina tes  wi th  t h e  
fo l lowing  themes: - 

( a )  Impact of p l a t e  specimens a t  23'C f o r  va r ious  combinations of c i r c u l a r  suppor t  
d iameter  and d iameter  f o r  hemispher ica l  nose impactor.  (Labora to ry  3) 

( b )  Impact of p l a t e  specimens a t  a f i x e d  geometric arrangement a t  var ious  
tempera tures  (-40°C t o  + 2 O O 0 C )  and var ious  t e s t  speeds ( p e n e t r a t i o n  speeds 8mm/s 
t o  8,0OOmm/ s) . ( Laboratory 6) 

( c )  Tens i l e  impact t e s t s  a t  23'C a t  5,OOOnuds. (Labora to ry  7 )  

Before contempla t ing  exper imenta l  r e s u l t s  and a n a l y s i s ,  it i s  u s e f u l  t o  compare 
q u a l i t a t i v e l y  t h e  fo rce - t ime  t r a c e s  obta ined  on t y p i c a l  specimens a t  approximate ly  
common t e s t  speed ( i n  t h e  range 5,000 t o  8,000 4 s ) .  This i s  achieved i n  f i g u r e  5. It 
must be emphasised t h a t  t h e s e  p l o t s  a r e  not  t o  any c o n s i s t e n t  s c a l e ,  f o r  e i t h e r  f o r c e  o r  
t i m e .  The p l a t e  specimens f o r  l a b o r a t o r y  3 and l a b o r a t o r y  6 show g e n e r a l l y  s i m i l a r  
f ea tu re s ,  except  t h a t  no f i l t e r  of t h e  e l e c t r i c a l  s i g n a l  has been used by l a b o r a t o r y  3. 
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The force- t ime s i g n a l  from l a b o r a t o r y  7 i s  f i l t e r e d  but w i l l  be d i f f e r e n t  anyway because 
i t  was obta ined  by a t e n s i l e  t e s t .  The degree  of f i l t e r i n g  a s s o c i a t e d  wi th  each  of 
t h e s e  force- t ime s i g n a l s  appears  t o  be d i f f e r e n t .  The degree  of d e t a i l  on t h e  curves  i s  
in f luenced  by o f t e n  undefined s p e c i f i c a t i o n  of t h e  equipment. As a consequence, i f  a n  
a n a l y s i s  were t o  be based on t h e  energy absorbed by a specimen a t  t h e  f i r s t  peak of 
t h e s e  s i g n a l s ,  t h e r e  could be no guarantee  t h a t  a s i m i l a r  f a i l u r e  process  i n  impact was 
being a r t i c u l a t e d .  It would be p r e f e r a b l e  t o  o b t a i n  IFWI s i g n a l s  wi thout  f i l t e r i n g  i n  
o rde r  t o  maximise t h e  oppor tun i ty  of c o n s i s t e n t  comparisons of toughness.  

The r e s u l t s  from themes ( a )  and ( b )  above r e v e a l  a p i c t u r e  i n  t h e i r  own r i g h t .  For 
example, geometry e f f e c t s  can  be examined from t h e  work of l a b o r a t o r y  3, where Table 2 
summarises geometry conf igu ra t ions  and r e s u l t s .  Laboratory 3 provides  ev idence  t h a t  
f i r s t  damage of t h e  specimen occurs  a t  peak A ( s e e  f i g u r e  5 )  and a l s o  i n d i c a t e s  t h a t  
peak B i s  r e l e v a n t  t o  t h e  f a i l u r e  processes.  ( i e  t h e  maximum f o r c e  peak).  
Consequently, ene rg ie s  absorbed by t h e  specimens cor responding  wi th  t h e s e  peaks are 
inc luded  i n  Table 2.  Evidence a s  t o  why peak A i s  f i r s t  damage i s  d i scussed  i n  due 
course.  

The r e s u l t s  i n  Table 2 i n d i c a t e  a s t r o n g  geometry dependence i n  impact toughness and 
suppor t  t h e  c l a i m  d i scussed  i n  t h e  preamble. Such r e s u l t s  pose more ques t ions  about 
i n t e r p r e t a t i o n ,  t han  answers t o  e v a l u a t i o n  of toughness. For example, how much is 
geometry c o n t r i b u t i n g  t o  t h e  measurements? Also, i f  peak A i s  f i r s t  damage, t h e n  
what i n t e r p r e t a t i o n  can  be a s s o c i a t e d  wi th  t o t a l  energy absorbed by t h e  specimen? 
How much of t h i s  energy i s  due t o  i n i t i a t i o n  and propagat ion  of c racks  and how much 
i s  con t r ibu ted  by 'geometr ic '  f a c t o r s ?  

Theme ( c )  explored  by l a b o r a t o r y  6 r e v e a l s  a tempera ture  dependence of impact 
toughness. F igure  6 i l l u s t r a t e s  energy up t o  t h e  maximum f o r c e  ( shaded  a r e a  of 
f i g u r e  5) versus  temperature.  Although some expected t r ends  a r e  revea led  i n  f i g u r e  
6, namely, a r e d u c t i o n  of impact toughness wi th  dec reas ing  temperature,  i t  remains 
d i f f i c u l t  t o  apply  an  i n t e r p r e t a t i o n  t o  t h e  r e s u l t s .  This i s  t h e  case  because i t  i s  
not  known what t h e  energy t o  maximum f o r c e  means i n  t e r m  of f a i l u r e  mechanisms and 
geometric con t r ibu t ion .  

4.3 Experiments to interpret the force-time signals 

4.3.1 Introduction 

Two s e t s  of experiments have been used i n  o rde r  t o  understand t h e  fo rce - t ime  impact 
s i g n a l s  from p l a t e  f l e x u r e  impact experiments.  F i r s t ,  photography of t h e  t e n s i o n  
s u r f a c e  dur ing  impact i n  o rde r  t o  r e l a t e  f a i l u r e  events  w i th  absorbed energy. This 
has been conducted by l a b o r a t o r y  2 a t  t h r e e  d i f f e r e n t  t e s t  tempera tures .  Second, low 
energy ins t rumented  f a l l i n g  weight impact by l a b o r a t o r i e s  2 and 3, i n  o rde r  t o  he lp  
r e so lve  where f i r s t  damage t o  a specimen occurs.  

4.3.2 Photographed impact 

Instrumented f a l l i n g  weight impact t e s t s  were conducted on specimens ( 6 0  x 60) mm c u t  
from 15451 zs l amina tes .  A suppor t  d iameter  of 50mm and impact d iameter  of 12.5mm was 
used a t  a n  impact speed of 5mJs ( impac to r  mass 8.2kg, drop  he igh t  1.3m). Tes t s  were 
conducted a t  t e s t  t empera ture  of - 2 O o C ,  +23'C and +60°C. 

During t h e  impact t e s t s  photographs were t aken  of t h e  t e n s i o n  s u r f a c e  ( f u l l  d e t a i l s  
a r e  i n  r e fe rence  2 9 ) .  The b l ack  specimens would have made r e s o l u t i o n  of t h e  s u r f a c e  
damage d i f f i c u l t  and t h e r e f o r e  t h e  t e n s i o n  s u r f a c e  was sprayed wi th  a white primer. 

Photographs could be obta ined  a t  any t i m e  du r ing  t h e  measurement of t h e  impact event.  
P r e c i s e  t iming  was a fundamental  requirement and t h i s  was achieved by us ing  a twin  
channel t r a n s i e n t  r eco rde r  which s t o r e d  t h e  force- t ime s i g n a l  on t h e  f i r s t  channel  
wh i l s t  s imul taneous ly  s t o r i n g  t h e  t i m e  when t h e  photograph was t aken  by means of a 
l i g h t  i n t e n s i t y  versus  t i m e  s i g n a l  i n  t h e  second channel.  The source  of t h e  l i g h t  
was a photographic f l a s h  u n i t  whose emiss ion  of l i g h t  was de t ec t ed  by a photodiode 
connected t o  t h e  t r a n s i e n t  recorder .  During t h e  f l a s h  a photograph of t h e  t e n s i o n  
s u r f a c e  was recorded. An e l e c t r o n i c  t iming  device  was used t o  de l ay  t h e  f l a s h  by a 
p r e - s e t  i n t e r v a l .  

With t h i s  arrangement t h e  t i m e  when t h e  f l a s h  reached i t s  maximum i n t e n s i t y  could be 
determined wi th  a n  accuracy  comparable viith t h e  d u r a t i o n  of t h e  f l a s h  ( 5 0  /is). By 
p rogres s ive ly  i n c r e a s i n g  t h e  p re - se t  t i m e  de l ay  f o r  success ive  impact t e s t s  a s e r i e s  
of photographs was obta ined  cover ing  each  s t a g e  of t h e  f r a c t u r e  process.  
Consequently, a comprehensive i n t e r p r e t a t i o n  of t h e  impact force- t ime s i g n a l  was 
poss ib le .  
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TABLE 2 Impact Toughness f o r  D i f f e r e n t  Support  and Impactor Geometries (23'C) 

: Test  : Geometry : Energy (Mean) : Energy (Mean) 
: A t  Peak A : A t  Peak B 

: Support  : Impactor : ( F i r s t  Damage) : (Maximum Force) 
: Diameter : Diameter : ( J o u l e s )  : ( J o u l e s )  
: ( m m )  : ( m m )  : 

: 40 : 10  : 0. 99 (0 .  13 )  : 2. 05 ( 0 .  4 )  

: 50 : 12 .5  : 1. 60 ( 0 . 2 )  : 3 .15  ( 0 . 5 2 )  

: 40 : 20 : 1.7  (0 .6 )  : 3.63 ( 0 . 7 )  

- Impact speed 5m/s,  mass of impactor 8kg, Inpu t  energy = 1005. 
- Specimens a r e  f r e e l y  suppor ted  on a r ing .  
- ( s t a n d a r d  d e v i a t i o n s  a r e  quoted i n  b racke t s )  

Laboratory 3 
plate flexure 

f 

Time 

t 
Laboralory 6 
plale flexure l - i r ! ? L  Time 

NOT 
TO 
SCALE 

-40  0 40 80 I20 IM) 2 0 0  

Temperature ("C) 

Fig. 6. Absorbed energy (shaded area of Fig. 5)  
versus temperature for plate flexure of [+45hs 
specimens of CF/PEEK 

Time 

Fig. 5. Force-time signals from instrumented 
impact tests on specimens from [*45ks 
laminates of CF/PEEK at 23OC 
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The photographs of t h e  damaged t e n s i o n  s u r f a c e s  enabled a q u a n t i t a t i v e  a n a l y s i s  of 
t h e  c r a c k  f o r  va r ious  absorbed impact ene rg ie s .  To ta l  c r ack  l eng ths  w e r e  measured 
using a H e w l e t t  Packard 9 8 7 4 8  d i g i t i s e r  connected t o  a H e w l e t t  Packard 9 8 4 5  computer, 
a f t e r  t a k i n g  account of t h e  magn i f i ca t ion  f a c t o r  of t h e  photograph. I f  i t  i s  assumed 
t h a t  t h e  c r a c k  p e n e t r a t e s  t h e  f u l l  t h i ckness  of t h e  specimen, t hen  c r a c k  area can be 
determined by mul t ip ly ing  t h e  t o t a l  c r a c k  l e n g t h  by specimen thickness .  

Figure 7 i l l u s t r a t e s  a sequence of photographs f o r  var ious s t a g e s  of impact a t  23T. 
It must be emphasised t h a t  each photograph r e l a t e s  t o  a s p e c i f i c  specimen wi th  a 
s p e c i f i c  force- t ime curve. Consequently, t h e  fo rce - t ime  curve included i n  f i g u r e  7 
i s  t y p i c a l  and included f o r  purposes of i l l u s t r a t i o n .  The ene rg ie s  absorbed by each 
specimen which a r e  quoted wi th  t h e  photographs were measured from t h e  a p p r o p r i a t e  
force- t ime curves.  

It i s  c l e a r  from f i g u r e  7 t h a t  f i r s t  damage on t h e  t e n s i o n  s u r f a c e  occurs  before  t h e  
maximum f o r c e  i n  t h e  force- t ime s i g n a l .  This i s  a l s o  t h e  case  a t  - 2 O O C  and +6OoC. 
The force- t ime s i g n a l  i n  f i g u r e  7 r e l a t e s  t o  a f i l t e r e d  s i g n a l ,  and i t  is  known t h a t  
t h e  po in t  of f i r s t  damage f o r  a n  u n f i l t e r e d  s i g n a l  co inc ides  with a peak ( s e e  f i g u r e  
5 f o r  l a b o r a t o r y  3 ) .  

It i s  a l s o  p o s s i b l e  t o  provide an  i n t e r p r e t a t i o n  of t h e  energy t o  t h e  maximum f o r c e  
peak by using t h i s  photographic study. The c r a c k  has propagated t o  t h e  suppor t s  by 
t h e  t i m e  t h e  maximum f o r c e  peak has been reached. Therefore  t h e  a s s o c i a t e d  energy is  
approximately t h e  sum of energy t o  i n i t i a t e  a c r a c k  and propagate  i t  t o  t h e  supports .  
It i s  not c e r t a i n  t h a t  t h e  c r a c k  has pene t r a t ed  t h e  f u l l  t h i ckness  of t h e  specimen 
a l though  t h e  photograph a t  4 Joules  h i n t s  a t  t h i s  being so. I f  t h i s  i s  c o r r e c t  t h e n  
by impl i ca t ion ,  t h e  remainder of t h e  energy absorbed by t h e  specimen i s  f r i c t i o n a l  
and geometr ic  i n  nature .  Consequently, t h i s  r e s i d u a l  energy i s  un re l a t ed  t o  t h e  
m a t e r i a l  toughness.  

2.15 

0.885 

Fig. 7. Photographed impact at 23OC - CFlPEEK [*445Ls laminates (typical force-time plot 
at 23OC shown - filtered 2.2kHz) 
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TABLE 3 Low Energy Impact Resu l t s  f o r  CF/PEEK [ 5451 2s  Laminates a t  
23"C, Tes t  Speed Range ( 1 - 2 ) d s  

: Test  Support  : Impactor : Mean Energy t o  I n i t i a l  : 
: Diameter : Diameter : Damage 

: ( m m )  : (m) : ( J o u l e s )  

: 4 0  : 20 : 1. 38 ( 0 .  4 )  : LABORATORY 3 

: 5 0  : 1 2 . 5  : 0.87 ( 0 .  2 )  : LABORATORY 2 

An overview of t h e  tempera ture  dependence of toughness emerges from t h e  r e s u l t s  
presented  i n  f i g u r e  8. Energy absorbed by t h e  specimen i s  p l o t t e d  a g a i n s t  
no t iona l  c r a c k  a r e a  ( t o t a l  c r ack  l e n g t h  x specimen t h i c k n e s s ) ,  S u r p r i s i n g l y  t h e s e  
d a t a  appear t o  be s t r a i g h t  l i n e  p l o t s  f o r  which energy per u n i t  a r e a  can  be 
a s s o c i a t e d  wi th  a n o t i o n a l  f r a c t u r e  toughness. 

4.3.3 Low energy instrumented falling weight impact 

Two l a b o r a t o r i e s  have conducted some low energy  impact tests (30 ,  31) i n  order t o  
f u r t h e r  r e s o l v e  and conf i rm t h e  onse t  of i n i t i a l  damage i n  t e r m  of i n t e r p r e t a t i o n  of 
t h e  force- t ime s i g n a l .  

Seve ra l  f a i l u r e  mechanism a r e  known t o  be p o s s i b l e  f o r  impact of [ +45] 2s l amina te s  
of CF/ PEEK. These inc lude  i n t r a - l a m i n a r  f r a c t u r e ,  de lamina t ion  f r a c t u r e  
( i n t e r - l a m i n a r  f r a c t u r e )  o r  f i b r e  c rack ing  ( t r a n s - l a m i n a r  f r a c t u r e ) .  I t  i s  probable  
t h a t  s e v e r a l  of t h e s e  mechanisms can  be a c t i v e  a t  t h e  same time. One p a r t i c u l a r  
i s s u e  t h a t  can  be addressed from low energy IFWI i s  whether t h e  energy t o  c r e a t e  
s u r f a c e  s p l i t s  ( i n t r a l a m i n a r  f r a c t u r e )  can  occur more r e a d i l y  than  de laminat ion  
f r a c t u r e .  Consequently, impacted specimens t h a t  rece ived  only  small amounts of 
impact energy were u l t r a s o n i c a l l y  C-scanned subsequent t o  impact t e s t i n g ,  i n  o r d e r  t o  
o b t a i n  a measure of de lamina t ion  damage. 

1623 
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Fig. 9. Force-time curves from low energy IFWl at  23OC on CF/PEEK 

Typica l  force- t ime curves  from t h e  two l a b o r a t o r i e s  f o r  low energy impact t es t s  a r e  
shown i n  f i g u r e  9. Damage i n i t i a t i o n  i s  a s s o c i a t e d  wi th  l a r g e r  f o r c e  o s c i l l a t i o n s  i n  
t h e  force- t ime s igna l .  ( I n  both  l a b o r a t o r i e s ,  no f i l t e r i n g  of t h e s e  s i g n a l s  
occur red ) .  Consequently, t h i s  f e a t u r e  enabled t h e  energy t o  i n i t i a t e  damage t o  be 
determined. The geometr ies  used i n  t h e  two l a b o r a t o r i e s  were made d e l i b e r a t e l y  
d i f f e r e n t  and r e s u l t s  a r e  summarised i n  Table 3. 

The mean energy t o  i n i t i a t e  damage i n  impact from t h e  r e s u l t s  f o r  l a b o r a t o r y  2 and 
Table 3 i s  s i m i l a r  t o  t h e  energy absorbed by a specimen i n  c r e a t i n g  a t e n s i o n  s u r f a c e  
c r a c k  i n  t h e  photographed impact study. Also, t h e  r e s u l t s  from l a b o r a t o r y  3 agree  
g e n e r a l l y  wel l  w i th  prev ious  d a t a  f o r  energy  t o  c r e a t e  f i r s t  damage ( s e e  Table 2 ) .  
Photographs of t h e i r  low energy impact specimens i n d i c a t e  t h e  presence  of s u r f a c e  
c racks  when t h e  i n p u t  energy exceeded 1 . 4  Joules .  It i s  t h e r e f o r e  l i k e l y  t h a t  t h e  
f i r s t  damage i s  t e n s i o n  s u r f a c e  s p l i t t i n g  and t h i s  can  be de t ec t ed  on t h e  fo rce - t ime  
p lo t .  

U l t r a son ic  C-scans of t h e  low energy impact specimens revea led  de laminat ion  damage. 
An approximate a n a l y s i s  of i n p u t  energy  versus  measured a r e a  of C-scan damage enabled 
t h e  th re sho ld  energy f o r  de lamina t ion  t o  be approximate ly  determined ( 3 0 ) .  A 
t h re sho ld  energy  of about 1 . 3  Jou le s  f o r  t h e  geometry employed f o r  l a b o r a t o r y  2 was 
obta ined .  Although t h i s  va lue  of de lamina t ion  energy i s  t e n t a t i v e ,  i t  i s  l a r g e r  t han  
t h a t  energy  a s s o c i a t e d  wi th  t e n s i o n  s u r f a c e  s p l i t t i n g  ( 0 . 8 7  Jou le s )  implying t h a t  t h e  
f i r s t  f a i l u r e  mechanism must be t e n s i o n  s u r f a c e  s p l i t t i n g .  

Overa l l ,  t h e s e  obse rva t ions  c l a r i f y  t h e  va r ious  f e a t u r e s  t h a t  occur on t h e  fo rce - t ime  
s i g n a l s  c o l l e c t e d  i n  t h e  impact s t u d i e s .  

5. CONCLUDING COMMENTS 
This s t u d y  of toughness of CF/PEEK composites has provided a n  e a r l y  h i s t o r y  of 
developments of t he rmop las t i c  based composites,  t oge the r  w i th  a n  i d e n t i f i c a t i o n  of some 
of t h e  e a r l y  toughness s t u d i e s .  These were mainly based on de laminat ion  toughness 
( i n t e r - l a m i n a r  f r a c t u r e ) .  The r e s u l t s  r epor t ed  he re  expand on t h e  e a r l y  approaches. 
I n  p a r t i c u l a r ,  a t t e n t i o n  i s  g iven  t o  i n t r a - l a m i n a r  f r a c t u r e  toughness. 

The dilemma of t h e  in f luence  of an i so t ropy  i n  t h e  d e r i v a t i o n  of t h e  compliance 
func t ions ,  and i n  p a r t i c u l a r  some of t h e  geometry terms, has been reso lved .  To a good 
approximation, i t  would appear  t h a t  t h e  i s o t r o p i c  geometric func t ions  can  be used f o r  
u n i d i r e c t i o n a l  composites. 

Impact toughness obta ined  from ins t rumented  impact machines p re sen t s  problems i n  t h e  
i n t e r p r e t a t i o n  of t h e  force- t ime s i g n a l s .  The c h a r a c t e r i s t i c s  of t h e s e  s i g n a l s  are 
s t r o n g l y  in f luenced  by t h e  degree  of e l e c t r i c a l  f i l t e r i n g  i n  t h e  monitoring c i r c u i t r y .  
Re l i ab le  d a t a  can  be obta ined  from ins t rumented  t e s t s  on ly  i f  a n  u n f i l t e r e d  s i g n a l  i s  
analysed. Photographed impact and low energy impact he lp  r e s o l v e  some of t h e s e  i s s u e s  
and a c l e a r  unders tanding  of t h e  f a i l u r e  events  fo l lows .  
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