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Ad\anced coeposite matenrials are very attractive to the designer of 
t~ieh pcrfotaance structureo because they offer exceptionally high strength- 
to-ueight and stiffcese-to-weight ratioa. Yet may questions concerning 
their perfonwncc rcsvia to be anewered. One of the most important ie the 
question of the long-term durability under conditions of fatigue loading. 
The fatigue behavior of composite materials is complicated not ottly by the 
large number of variables involved in the fatigue process itself but a180 
by the many variables involved in the construction and fabrication of these 
dterials. 

Host of today's design procedures are based upon static etrength cri- 
teria with little consideration given to the irrfluences of dynamic or fatigue 
loading. After a composite structure is designed, that is the number and . 
orientation of the plies have been established, the composite is tested to 
determine the structure's response to dynamic loading. This procedure is 
wry expensive and time consuming. Thus, a amre rational design methodology 
must be developed which will allow the designer to initially consider the 
long-tern response of a composite structure to dynamic loading. The devel- 
opment of a rcAiaSlc fatigue failure criterion wuld be a significant step 
in that direction. 

The potential extension of a static failure criterion to conditions of 
fatigue loading has been successfully demonstrated (1-3). For the general 
case of a static loading state imposed on a laminate, the stress field in 
each lamina can be calculated using one of a number of lamination theories 
for composites (4). By simple transformation techniques the strcsses in each 
lamina can be expressed in terms of the principal directions of the lamina. 
Once the principal stresses are determined, a static failure criterion is 
used to establish potential laminae failures. Static failure criteria include 
a number of parameters, many of which must be determined experimentally. In 
the case of fatigue loading a similar failure criterion can be used (3). The 
parameters of the criterion, however, must involve not only static parameters 
but also fatigue functions. These fatigue functions normally express degra- 
dation in the strength of a lamina as a function of the number of loading 
cycles under a defined loading pattern. If any one of the fatigue conditions 
is changed, such as temperature, loading pattern, frequency of cycling or 
environment (mistt~re, radiation, chemical, etc.), both the static parameters 
and the fatigue functions may he influenced. The present paper is concerned 
with the initial steps in the application of a failure criterion to the 
fatigue behavior of an advanced composite material. Particular emphasis is 
placed on the influences of temperature on both the static parameters and 
the fatigue functions involved in the criterion and upon how these influences 
m y  be predicted through the development of proper shifting factors. 

Background - 
In n composite material consisting of both fibers an.! mcltrlx, failure 

of R lamina under tension-tension fatigue loading can he expressed ( 3 )  in 
terms of e i t h e r  . f i h e r  - - failure: 

or in t c b r m s  r>f matrix failure: .--- - 



where s u b s c r i p t  A i n d i c a t e s  f i b e r  d i r e c t  Ion; s u b s c r i p t  p i n d i c a t e s  lamina; 
s u p e r s c r i p t  c ind!cates c y c l i c  loading: s u p e r s c r i p t  u  i n d i c a t e s  c r i t i c a l ;  
s u p e r s c r i p t  s i n d i c a t e s  s t a t i c ;  a  is s t r e s s ; ' T  is temperature;  R is t h e  r a t i o  
of f a t i g u e  minimum load t o  mximum load; N is t h e  number of app l ied  cyc les ;  
n  is t h e  speed o r  frequency o f  cycl ing;  f Is a  f a t i g u e  f e t l u r e  funct ion;  
s u b s c r i p t  m i n d i c a t e s  matrix;  E is e l r b t i c  modulus; and t is shear  s t r e s s .  

From eqn. (1) f i b e r  f a i l u r e  i n  a lamina w i l l  occur  when U A ~ ,  t h e  app l ied  
c y c l i c  stress i n  t h e  f i b e r  d i r e c t i o n  equa l s  o r  exceeds oAU, t R e c r i t i c a l  
f a t i g u e  s t r e n g t h  of t h e  f i b e r .  The c r i t i c a l  f i b e r  f a t i g u e  s t r e n g t h  w i l l  be 
a 'Cunction of both oAs, a s ta t ic  s t r e n g t h  parameter which may be a func t ion  
of temperature, and fA, a f a t i g u e  func t ion  which may be  a func t ion  of t h e  load 
r a t i o  R, t h e  number of appl ied cyc les  N, t h e  frequency o f  cyc l ing  n. and tem- 
p e r a t u r e  T. 

For mat r ix  f a i l u r e ,  t h e  sum of t h e  squares  of t h e  t h r e e  terms of eqn. (2) 
mst be  equal t o  o r  g r e a t e r  than one. The f i r s t  term of t h i s  equat ion repre- 
s e n t s  t h e  stress i n  t h e  mat r ix  m a t e r i a l  i n  t h e  f i b e r  d i r e c t i o n ,  and is t h e  
r a t i o  of t h e  app l ied  c y c l i c  s t r e s s  i n  t h e  lamina, paAC, t o  t h e  c r i t i c a l  
f a t i g u e  s t r e n g t h  of t h e  matr ix  a ra tc r i s l ,  amU, t i m e s  t h e  r a t i o  of t h e  modulus 
o f  t h e  matr ix ,  E&, t o  t h a t  o f  t h e  f i b e r ,  EA. For ' the advanced composite mate- 
r i a l s  considered here ,  t h e  modulus of t h e  f i b e r  is much g r e a t e r  than t h a t  of 
t h e  matrix.  Therefore,  t h e  r a t i o  of t h e  two moduli becomes very small and 
the  f i r s t  term of eqn. i 2 )  can b e  neglected.  Thus, t h e  f a i l u r e  c r i t e r i o n  of 
t h e  matr ix  becomes: 

where s u b s ~ r i p t  T i n d i c a t e s  t h e  t r a n s v e r s e  d i r e c t i o n  of t h e  lamina. This  
m a n s  t h a t  sum'of t h e  squares  of t h e  r a t i o  of the  t r a n s v e r s e  s t r e s s  i n  
t h e  li~minn pcrpendicular t o  t h e  f i b e r  d i r e c t i o n ,  t o  aTU, t h e  t r ansverse  c r i t -  . 
i c a l  f a t i g u e  s t r e n g t h  o f  t h e  matr ix  and of p ~ C ,  t h e  s h e . ~ r  stress i n  t h e  lamina, 
t o  ru,  t h e  c r i t i c a l  f a t i g u e  s h e a r  s t r e n g t h  of t h e  matr ix ,  must be  g r e a t e r  than 
o r  equal t o  one. A s  i n  eqn. ( l ) ,  t h e  c r i t i c a l  f a t i g u e  s t r e n g t h s  a r e  t h e  
s t a t i c  s t r e n g t h  parameters times t h e  f a t i g u e  funct ions:  

AlthoGgh in te r l aminar  f a i l u r e  w i l l  n o t  be d e a l t  wi th  d i r e c t l y  i n  t h i s  paper, 
fo r  completeness we w i l l  g ive  t h e  f a i l u r e  c r i t e r i o n  f o r  in te r l aminar  f a i l u r e .  
In ter laminar  f a i l u r e ,  which is simply mat r ix  f a i l u r e  between t h e  laminae, can 
be expressed a s  (3): 

where subscr ip t  p' i n d i c a t e s  in te r l aminar ;  s u b s c r i p t  z i n d i c a t e s  t h e  d i r e c t i o n  
perpcndicular t o  t h e  plane of t h e  laminae; and s u b s c r i p t  d  i n d i c a t e s  t h e  d i rec -  
t ion  p . ~ r a l l e l  t o  t h e  plane of t h e  laminae. Here p'ozC is t h e  normal s t r e s s  
perpendicular t o  t h e  plane of t h e  laminae and pcrdc i s  t h e  shear  s t r e s s  i n  
the  in te r l aminar  region.  Again, t h e  terms oZo and tdu a r e  t h e  corresponding 
c r i t i c a l  f a t i g u e  s t r e n g t h s  given by t h e  s t a t i c  s t r e n g t h  parameters times t h e  
f : ~  t i j i r~e  funct ions  : 
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~ - & L I ( H ,  Qailrrre criterla developed i n  eqnr. (1). (3) and (4) r e l a t e  to 
tha  ttrrlus peanible d e a  of f a i l u r e  l n  r Lamlruto--fiber f a i l u r e ,  matrix 
f a t l u r e  a& in t e t l an ina r  f a l l u ro ,  Fa i lure  can of couroc occur i n  each m d e  
r e p r r r t r l y  or i n  81 l t h t m  mod- r i m l t a n ~ l y .  Optlmm d u l g n  uorcld be the  
Irrtterr r i tua t lon .  The condi t ionr  f o r  f a l l w e  of aay lamiaate can be examined 
by roaolvina the  appl ied extarnal lord* on t h e  luinrte  into the  pr inc ipa l  
r t rw; re r  a c t i n 8  on tlre laminae. Thme ~tresrer am then corrp.rd t o  t he  
critical a t r o s r  for r w h  f a i l u r u  abdr t h r a u ~ h  a knovledae of t he  r u p a c t l v a  
8tatlc e t r e w t h  pa rawto r8  and f a t i gue  fuactionr.  A8 m have reon, tha 
fatll(ue functions a r e  dependent upon a numbor of var iables .  Aarurln8 a11 
var lab le r  a r e  kept constant with tho  exception of t h e  number of applied 
cycler ,  N, t h e  f i v e  P a t i w e  function8 ( f i  a t  i - A, t, r ,  s, d)  can he dater-  
m i n d  e x p ~ r l r a t t a l 3 y  fma t h e  S-I (applied cvc l i c  r t rur  versur number of 
c y c l r  to failure) c u w w .  In t h l a  csae  t he  f a t u u o  f u r c t i o l u  can be  writtcrr 
88; 

0." 

If t he  temperature is changed, t he re  w i l l  be 4 r l i 8 h t l y  d i f f e r e n t  set of 
Cntiaue funct tons again determined axparimentnlly f r q r  t he  S-W curves a t  t ha t  
taaperr tu  re. Tho t emperature dependence of t he  f a t  iaua f unr t  ions can t l ~ m  be 
expreared by the r e l a t  loaship 

o ."(T) 

If t he  cbangc in  the  S-# curves with temperature is aorm t o  be continuous, 
' 

t he  f a t i gu r  functions o f  oqn. (6) can be wr i t ten  as o uet of master funct ions 
given by ; 

U , ~ ( T )  

whsro To is the r e f  rrrtnce temperature a11d ai(T) isre the  s h i f t i n g  f ac to r s  with 
temperature for  the  s p e c i f  !c principal  o t r o ~ s a s  considered. This general 
form pf t he  f - i t igce functions reduces the  number of required functions t o  
f i v e  for  the threv modes of f a l l u r c .  Tha exact form of  the s h i f t i n g  functions, 
a i  (TI, mu* t he dctt-mined experimmtally . 

For n c l a s s  of ~ ~ i s c o e l n s t i c  mater ia ls  ca l led  thermurheolo~ical  s ior i~ls  
a a t e r i a l s  ( 5 ) .  :I r e l a ~ i o n * h l p  4 q  bvnt*n to  ey i s t  be twe;~~ tmpera tu rc  and the  
vdlues of the viscoclast  i c  moduli .  This re la t lotrship is ca l led  the k'. L. F. 
Equa t ion  ( 5 )  ,!nd I s  val id  for polvmeric materi.ils w a r  tlrc g l i ~ s s - t r a n s i t i o ~ r  
temp.rr.rture. I t  i s  c\presscd a s  

dl~ert* HT i n  .I ali i  Ct fac tor  which i s  t Ire r:\t i n  t ~ f  the t tme ?O C:\IIS~- :I gi\*t*t~ 
c,ll ,rngt.  In mcvlt~l i a t  some ternperat r r r c  rbvr8r t h e  t imc t ~ 5  C,III \C a s t m t  1 wr chnn!:t- 
a t  a r r? fvr t~~c .e  tcml,crcitrlre, To, ~ * x p r c n a ~ ~ t i  in abst~ltrte scalv ('K). l'cr jrolv- 
mcr ic  ~ . r ,~ t , . r i rr  l s : * tlrc ~ l . i ~ s y  st.qtt. t!) i s  rr.l;rt li511sht p t?ecemea >In Arrli1.11tl i s -  
1 v p t *  f r111 - -  ', I * ,);; 1 it,? ~ \ \ V . V ,  
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whci-3 AH is thr. energy of sc t iv i r t ion  f o r  t h e  procaus (being of t h e  range of 
10 t o  20 Kcal/mlle) and R is t h e  gas constant .  By urre of t h e  a p p l i c a b l e  
ez;uation t h e  tlac dependent v i s c o e l a s t i c  modulus o f  a material can be 
c.xpresscd a t  i1r.y temycrature i n  terms of a e h i f t i n g  f a c t o r  and its behavior 
a t  a re fe rence  temperature. Some i n v e s t i g a t o r s  have found a similar behavior 
f u r  s t a t i c  s t r e n g t h  of polymeric m a t e r i a l s  (6). If t h i s  is t h e  case ,  i n  a 
composite lamixate  having polymeric m a t e r i a l s  as t h e  emtr ix ,  t h e  in f luence  of 
temperature m y  erne about through both  its i n f l u e n c e  on t h e  f a t i g u e  func t ions  
as w e l l  as its in f luence  on t h e  static s t reng ths .  

The p r i n c i p a l  static s t r e n g t h s  i n  a laminate  a t  any temperature,  o i S ( ~ ) ,  
can be r e l a t e d  t o  t h e  s t a t i c  s t r e n g t h s  a t  a re fe rence  temperature,  ojs(To), 
by t h e  r e l a t i o n s h i p ;  

S 
":(TI - (T~) (10) 

where ais a r e  simply s h i f  t i n 8  fac to rs .  S u b s t i t u t i n g  eqn. (10) i n t o  eqn. (7) 
w e  o b t a i n  

which is nothing nwre than a s h i f t i n g  of t h e  S-ti curve; 

rhe  in te rp re ta ; ion  of eqn. (12) i n  terms of a s h i f t i n g  of t h e  S-N curve is 
i l l u s t r a t e d  i n  Fig. 1. A s  can be seen from t h i s  f i g u r e ,  t h e  v e r t i c a l  s h i f t  
due t o  the  change in  t h e  s t a t i c  s t r e n g t h  wi th  temperature is given by ais 
and t h e  r o t a t i o n  of t h e  S-ti curve,  which i s  due t o  t h e  change i n  f a t i g u e  
funct ion with temperature, is given by a i .  For a given set of laminae once 
t h e  funct ions  ais and a i  a r e  determined exper imental ly ,  i t  becomes p o s s i b l e  
t o  cons t ruc t  a fatig~e-failure-surface--a t h r e e  dimensional s u r f  ace  formed 
by s t r e s s  amplitude,  number of cyc les  t o  f a i l u r e ,  and temperature--for any o f  
t h e  f i v e  p r i n c i p a l  s t r e s s e s  i n  t h e  laminae. Addi t ional ly ,  t h e  s h i f t i n g  func- 
t i o n s  can be used t o  p r e d i c t  t h e  long-term f a t i g u e  behavior of a composite a t  
low temperatures from short-term behavior a t  e levated temperature. 

The t o t a l  e x t e r n a l  appl ied c y c l i c  s t r e s s  i n  a laminate,  ac ,  can b e  
resolved i n t o  two s t r e s s  components--a mean s t a t i o n a r y  stress, om, and an  
a l t e r n a t i n g  s t r e s s ,  oa. The p r i n c i p a l  s t r e s s e s  i n  a laminate  can be expressed 
by t h e  r e l a t i o n s h i p  

where [ I denote  an  a r r a y  of t h e  s t r e s s  matrix.  For t h e  c a s e  of a lamina wi th  
t h e  s t r e s s  appl ied i n  t h e  x d i r e c t i o n s ,  eqn. (13) becomes 

In add i t ion  t o  ex te rna l  s t r e s s e s ,  t h e r e  can a l s o  e x i s t  thermal s t r e s s e s  
induced i n  t h e  laminate due t o  d i f  f e r e ~ i c e s  i n  thermal expansion between t h e  
f i b e r s  and the matrix and between the  va r ious  laminae. For t h e  resin-based 
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mntrin material& c ~ ~ s i d e t e d  here, thee. streetsea re lax  with tias., pa r t i cu l a r ly  
a t  t h e  higher tempcrailrrccl. , I n  general theva s t reseen  w i l l  ncrt be conaidered. 

For an ulltstic material the  s t reuses  i n  any lamina of a laminate w i l l  
depend upon the  e l s r t i c  d u l i  of a l l  of the  laminae, t h e i r  o r ien ta t tone ,  
thiche8s;os and 1ot:atIons within t he  loainote.  S p e c i f i c ~ y  . to r  spmetri- 
a l l y  Balanced laminates rubjectd t o  uniaxial loading, t e stress i n  a 
lamina In the  d i rec t ion  of loading, x, w i l l  be eiven by t he  relat ionship;  

where p and J denote lamina and laminate. resptc t f ve ly  , and pQ, and Qxy 
a r e  t h e  s t i f f n e s s e s  and yn i a  the poisson's r a t i o  in the r y  directeon.. 
Resolving t h i s  stress, poxc, t he  pr incipal  s t r e s s e s  i n  a lamina are given by 
the  relations 

where 

- v  - csc 28)tan2 28 pyx). 4; - csc 20 - (IJ - (17a) 
rl + tan2 28 1 PQ&%y cxy vxyt 

sec 28)tan 28 - [(p - c-!fl1~)tnn 28 
p x : ~  rl + tan' 29 I 

r!. .I 4 )  7%- 
p ..x p VY xy XY; 



ui~arc. 8 i s  thr* angle between t h e  load a x i s  and t h e  f i b e r  d i r e c t i o n  I n  the  
lamina. 

For tlre v i scoe la l r t i c  c a r e  c o w  i d e r i n g  t h e  mean app l i ed  stress allti t h e  
a1 t a r n n t  lng appllcul Pcress components of  tlre c y c l i c  stress, eqns. (17) and 
(18) nutst be  re fo rnu la  t d .  For t h e  r e l a t i o n n h t p  express ing mean stress, t h e  
e l a s t i c  moduli must be replaced bv moduli which a r e  time and temperature 
dependent. Equations (15). (17) and (18) are r e w r i t t e n  t o  inc lude  t h e  f o l -  
lowing nubs t i t a t  iotiq; 

ktr t h e  relirt ionsh ip  express ing t h e  a l ~ p l  id a l  t e n r a t i n g  stress, t h e  e l a s t i c  
m d u l i  must be replaced by t h e  complex m d u l i .  Equations (15). (17) and (18) 
qre rewrit ten  to inc lude  t h e  fo l lowing s u b s t  i t u t i o n s ;  

For f i b e r  rcinf<rrced pclynerfc  lnaLrix composites i t  has been shown (7)  t h a t  
the  moduli in t h e  f Lb-.r d i r e c l i o n ,  LA and VA, a r e  not  time o r  temperature 
dependent. Consequently, f o r  symmetrically barlanced 1 aminntes EA, UA, e k ,  
and .vxy w i l l  no t  be time o r  tcmpcrature dependent. A11 o t h c r  m ~ d u l i  a r e  
time and t e a p c r a t u r e  dependent and must be dctcrnintd .  experimental I s .  The 
p r i a c i p a l  s t r e s s e s  t o  be  used i n  t h e  f a i l u r e  ' . r i t e r i a  a r e  established through 
s t r h s t i t u t  ton i n t o  cqn. (16a) giving;  

G = t . ( ~ . T ) ~ * Z  H(t )  . PC! P i i  V = A.T.1 

I!ere, H ( t )  is thc He;lvyside f l lnction aild (pt~xa)mox is t h e  rraximum amplitude 
of the  a 1  tc*rn,cti~ig s t r e s s  from t h e  mean s t r e s s .  

Mate r i a l s  and P r o c e d r ~  - 
The ndvnnced compoqite m a t e r i a l  s e l e c t e d  f o r  t h i s  s tudy was a g r a p h i t e l  

cpoxy sys:cm of Onion Carbide T300 f i b e r s  i n  a Narmco 5208 matrix.  This  mate- 
r i a l  was chosen bcc,iuse of its ex tens ive  use  i n  NASA's A i r c r a f t  Energy E f f i -  
c iency ( N E F !  Program (8 ) .  The m a t e r i a l  was f a b r i c a t e d  from prcpreg t apes  by 
1.nckheed M f s s i l e s  and Space Co., Sunnyvale, c la l i fonr ia .  Unid i rec t iona l  lam- 
i n a e  p. lnels ,  angle-plv lami~in t e  panels  and symmetrfcnlly balanced lamfn* t c  
panels wcrc filbrfc.It(.d from t h e  preprcg tapes .  Each panel  cons i s t ed  of  e i g h t  
l a y e r s  wi th  an ,qvcrage f i b e r  volume f r a c t i o n  c f  65 percent.  A l l  tsst speci -  
mrnns had t h e  dimens ions s h o w  i n  Fig .  2. Spccimcns werc c u t  from t h e  unidi -  
~ . ~ ~ c t i o n a l  p.anels i n  t h c  d i r e c t i o n  ot' t h c  f i h c r s  and a t  ang les  t o  t h e  f i b e r s  
o i  10'. 15' ,  70°, 4 5 "  and 9n0. Thest- specimens served t o  c h a r a c t c r i t e  t h e  
p r o p c r t i c s  of Llle 1:lrnina. From t h c  illlgle-ply p,rnels specilnens were c u t  such 
t h a t  t h e  long a x i s  of the  specimens matie a n y l c s  wi th  t h e  f i b e r s  of  215'. +30°, 
+ 6 5 ' ,  _+6n0 and + 7 q 0 .  These specimens served two purposes: (1) t o  s tudy 
in tcr lamjnnr  f.tilurc.- :In:! ( 2 )  t o  compare t h c  s t r e n g t h  of laminae con ta in ing  n 
nunher i-.f ::n;i I 1  cracks  with t h a t  observed i n  un id i rcc  t i o n a l  of f - a s i s  specimens 
bhich f a l l  rrcbon t h c  i n i t i n t j o n  of t h e  f i rs t  crack.  Specimens were c u t  from 
the  svmmetri~. 11 l v  h.alanccd panels  srrch thilt t h e i r  malor a x i s  l i e  p a r a l l e l  t o  
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." T*.(rlna.+f &he--f i h a - - . M t ~ r c t b n s  &t3e PhacbtW ~ i ~ ~ d f n c z i ~  'rat& r-tr fc + 

nbwt t h l r  d i r ec t  ion. These. rpecimenu were d.tf ined eo [0°, 315.. 0°),, 9 
[OD, *30", 0" 1,. 10'. ?45', 0°],, (0". t60°, Om),, 10'. 275'. O"], a11d [O", i90°, QDIabl. 
These npccimme r e r o  tised as a check on the  predict iana of  t h e  t heo re t i ca l  
mdy8Is tan the  behavior cbn rac t e r io t l c s  obaerved ia &he unidirectional, off- 
u i 8  .pacLuteni and i n  the angle-ply opecimma. Additionally,  t h e  rymwtri- 
tally balanced l l p t b c ~ ~ @  represent  t h e  general type of loadicq behavior of 8 

a 

Ipninste where. tho lard. i n  t h e  f i b o r  direction, perpeadlcular to t h e  f i b e r  
d t ruc t ion  and Cnplms shear  can be calculated.  . 

A J I  specimens ware tes ted  i n  f a t i gue  under tension-tension cycling, a t  
R ( r a t i o  of m i n k  applied load t o  maximum appl ied load) equal t o  0.1, and 
at frequencies between 10 end 30 cycleolsec using aa eleetro-hydraulic,  
s e m - c o n t  r o l l  cd test syrtepa. Tes t s  were conducted under condi t ions of load 
con t ro l  R I I ~  both load and s t r a i n  were monitored during each test. S-N curves 0 

wke developed f o r  each s p e c i t m  set a t  t h r ee  t~mperaturea-25~C (7f°F), 7b°C 
(16S01) end 114'C (23f°F). Load was appl ied t o  t he  specfama t t rough epa- 
c l o l l y  designed gr'ips which f a c i l i t a t e d  specimen a l l ~ t  and load t r ans fe r  
sod supported t he  specimen s i d e s  i n  an e f f o r t  to e l imina te  specimen bending 
d u r i w  deforeret ion. A l l  apeclmepru were soaked at  temperature f o r  one hour 
p r i o r  to tes t ing .  

Results and D L s c u ~ s i . ~ ~  

S t a t i c  Behavior- 

Tbe s t r e s s - s t r a i n  behavior and 8 t a t i c  s t r eng ths  O f  unid i rec t iona l  off-  
axis, angle-ply and symmetrically balanced laminates were measured a t  t h r ee  
d i f f e r e n t  temperatures (2S°C, 74'C and. 1 14OC). Typical curves observed at 
se lec ted  temperatures a r e  shown i n  Figs. 3 through 5. In Fig. 3 the t yp l ca l  
s t r e s s - s t r a in  curves up t o  f r a c t u r e  a r c  shown f o r  un id i rec t iona l  laminates 
(lamina) having d i f f e r e n t  angles  between the  appl ied load and the  f i be r s .  It 
is seen tha t  ne i t he r  t h e  s t r eng th  nor the  modulus of  the  on-axis (0°) speci- . 
men8 were influenced by tcmperature. This is typ i ca l  of fiber-dominated 
composite behavior. A s l i g h t  dev ia t ion  i n  t h e  f i b e r  angle  of 10' is s u f f i -  
c i e n t  t o  observe matrix dominated behavior and as a r e s u l t  both t h e  s t rength  
and modulus a r e  seen t o  be influenced by temperature. This temperature 
dependence is a l s o  seen for  t he  30° lamina; however, a t  90' t h e  s t rength  o f  
the  l a d n a  is so low tha t  the  inf luence of temperature is nearly ind is t in -  
guishable. 

The s t r e s s - s t r a in  curves of angle-ply laminates loaded along the sym- 
metrit a x i s  a r e  shown i n  Fig. 4. Because these laminates behave i n  a matrix 
dominated manner, n l l  specimens showed a temperature inf luence on both 
s t rength  and modulus. The wgni tude  of the  temperature inf luence appears $ 

different f o r  t h e  two propert ies  and thus,  these  proper t ies  appear t o  respond 
separately t o  temperature. The f a i l u r e  s t rength  of angle-ply 1;lminates is of 
course d i f f e r en t  from tha t  observed fo r  unid5rectional off-axis  laminates 
(Fig. 3 ) .  Wlbil e thc l a t t e r  f a i l ed  by the propagation of the  f i r s t  crack 
Phrough t h v  matrix, across  the  spc-r imcn, t h e  former failed af tr*r t h e  accumu- 
l a t i o n  of a g rea t  number of cracks resu l t ing  in a much higher f a i l u r e  s t rength.  
F i n a l l y ,  i t  i s  i n t e r e s t i ng  t o  note t h e  form of the s t r e s s - s t r a in  curves f o r  
the [ f  15'12, Inmina t~ .  This angle-ply laminate has a very low inplane shear 
s t r e s s  and tvnnsvrrse nrtenn anti r h ~ ! s ,  t lle Tclrves a r e  e s s e n t i ~ l  l y  l inear .  
Thc Iaminatc f i n a l l y  f a i l e d  by delamination as the  r e su l t  of interlaminar 
s t r e s s e s  before the nonl inear i ty  of the  inplane shear could be observed. 

S t ress -s t ra in  curves of ttlc symmetrically balanced 1aminnt.c~ loaded i11 

the  d i rec t ion  of the symmetric a x i s  arc shown i n  Fig. 5. As tliesc laminates 
hnvc one h;rlf crf tlitbir f i be r s  i n  tlic direction of l o ~ d l n g .  t h e  i n f l t ~ r n c c  o f  . Ii 



e 
teaperatute on t h e  moduli is reen t o  be nrg l ig ibze .  'Fhe s t r e n g t h s  of t h e s e  
Iumitutas  are, however, inf lpenced s i g n i f i c s u t l y  by temperature. Becaust 
one half o f  tile f ihvrs  are symmetric about  t h e  loading ax io ,  tlrc f i r s t  crock 
doe8 not prupngate t o  f a i l u r e  jut i n s t e a d  a numbet of caracks are i n i t i a t e d  
p r i o r  t o  laminate f a i l u r e r  Addi t ional ly ,  i t  is i n t e r c s t i n ~  to  n o t e ' t h a t  
lamiastes having Ianrhae o r i e n t e d  at h igh  ang les  (60'. 75' and 90') e x h i b i t  

g s r e n t i a l l y  i d e n t i c a l  behavior,  suggee t i n g  that t h e s e  laminae c o n t r i b u t e  
l i t t l e  or nothing t o  t h e  o v e r a l l  s t r e n g t h  of t h e  laminate.  

The static s t r ~ n g t h  parameters,  aTS and ~ s ,  have been c a l c u l a t d  from 
t h e  data obtained on  u n i d i r e c t i o n a l  laathate$ (Fig. 3) end angle-ply laminates  
(Fig. 4) and &re slmwa in  Table  I, For unidirect 'conal  l aa t ina tw these  param- 

ea te r s  were c a l c u l a t e d  wring t h e  s t a t i c  form of eqn. (3) where t h e  f a t i g u e  
funct ions ,  f~ and f,, are equal  t o  one and t h e  app l ied  stress is t h e  p t a t i c  . 
stress r a t h e r  than t h e  c y c l i c  stress. For t h e  angle-ply laminates  eqn. (3)' 
was used i n  a similar manner wi th  t h e  strcslr i n  the laminae resolved using 
t h e  s tat ic  f o r m  o f  eqns. (16) throu8h'(18). Froin t h e  d a t a  o n ' u n i d i r e c t i o n a l  
laminates both the' t r angverse  tension and s h e a r  s t r e n g t h  parameters were 
reduced by appronftestkly 1 9  perccnt wi th  i n c r e a s i n g  temperature from 25'C to . 
114'CI From t h e  d a t a  on angle-ply laminates  the o t t e n g t h  pataraeters are seen 
i n  Table I t o  be  g r e a t e r  than those  o b ~ e r v e d  f o r  t h e  u n l d i r e c t i o n a l  o f f -ax i s  
laminates. AGditionalLy, an 18 percent reduc t ion  i n  t h e  t r a n s v e r s e  s t r c n g t h  
and a 24 perccnt  reduct ion i n  t h e  s h e a r  s t r e n g t h  is seen t o  occur  upon 
inc reas ing  t h e  temperature from 2f0C t o  li4'C. As discussed previously ,  the, 
lower values  o f  t h e  s t r e n g t h  parameters f o r  u n i d i r e c t i o n a l ,  of f-axis laminates  
is t h e  r e s u l t  of t h e  f i r s t  crack i n i t i a t i n g  i n  t h e  weakest por t ion  o f  t h e  lam- 
i n a t  e and propagating to f a i l u r e .  Obviously, t h e  parameters determined us ing 
u n i d i r e c t i o n a l  d a t a  a r e  conservat ive .  

Table 'I. S t a t i c  S t reng th  Parameters 

S t a t i c  Strength,  as [MPn) 
T(OC) 25 74 114 

O A  1510 1510 1510 

Fatigue Behavior 
b 

The tension- t ens ion  (R-0.1) f a t i g u e  behavior o f  u n i d i r e c t  jonal , angle- 
ply and symmetrically balanced laminates were s tud ied  i n  an  e f f o r t  to  estab- 
l i s h  t h e  in f luences  of temperature and t o  v e r i f y  t h e  a p p l i c a t i o n  of t h e  
re levant  f a i l u r e  c r i t e r i o n .  The observed f a t i g u e  behavior of u n i d i r e c t i o n a l  
laminates  is shorn i n  Figs.  6 and 7. As with  s t a t i c  s t r e n g t h  behavior,  uni- 
d i r e c t i o n a l  laminae loaded i n  t h e  f i b e r  d i r e c t i o n  e x h i b i t  e high f a t i g u e  
s t reng th  whict~ 1s r e l a t i v e l y  indcpendcnr of t h e  number of app l ied  cycles 
(Fig. 6) .  The in f luence  of temperature on t h e  f a t i g u e  p r o p e r t i e s  o f  t h i s  
lamina was not inves t iga ted  because i t  has been shown (Fig. 3) t h a t  i t s  
n~echanical  p r o p e r t i e s  a r e  e s s e n t i a l l y  independent of temperature. The typi-  
c a l  f a t i g u e  behavior of u n i d i r e c t i o n a l ,  of f-axis specimens t e s t e d  a t  25OC and 
114'C is shown i n  Pig.  7. As can b e  seen,  t h e  d a t a  f o r  these  laminae e x h i b i t  
s i g n i f i c a n t  s c a t t e r .  This is most probably t h e  r e s u l t  of che f i r s t  crack 
propagating t o  f a i l u r e  as discussed e a r l i e r  for t h e  s t a t i c  f a i l u r e  of these  
laminates. Roth temperature and o f f -ax i s  ang le  a r e  seen i n  Fig.  7 t o  have a 
s i g n i f i c a n t  inf luence on t h e  f a t i g u e  s t r e n g t h  of these laminates--increasing 
both t h e  temperature and of f -ax i s  angle lowers t h e  fa t igue  s t r c n g t h  substnn- 
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both Qfber stnglc m d  temperature have efgnlf $cant iaf luenceo on ihe fatigate 
ctiwee. In ~cnclral the fa t igue  e t iength  decreacor wf th increasing f lbef 
ofigle grid increirrring tearperattare. An anonwily appears to  exist for the f60° 
and f7Sg angle-ply l s r i n a t a s  where there  is l i t t l e  o r  no d i f fe rence  betweeh 
the  da ta  B t  7b°C d 114%. Although there is much l e s s  c c a t t e r  i n  the  tlota 
f o r  angle-ply laminates compared with the  r e s u l t s  obtained on unid i rec t iona l  
laaimten, i t  ir ,  still d i f f i c u l t  t o  determine whether t h i s  apparent anomaly 
jq the  result of da t a  s c a t t e r  o r  i~ i n  f a c t  t he  r a s u l t  of a nonlirreer teah.. 
pereture dependence. 

The three Fatigue functions--fa, fT, ET--calculated from the  elopes of 
the S-# curves (Figs. 6 through 9 )  using eqn. (5) are l i s t e d  i n  Table 11. I t  
now becams possible t o  Potmulate t o  o f i r s t  cippmxisaation s h i f t i n g  f ac to r s  
usfng the  parametera. tabulated i n  Terbles'l  and 11. From the  s t a t i c  s t rength  
da ta  the  s t a t i c  nrrengttt s h i f t i n g  parameter, ais, can be approximated by the. 
simple r a t f o  of temperatures, TOIT. Thus, t o  a f i r e t  approximation we m y  
wri te;  

where r g  and qO a r e  t he  s t a t i c  s t rength  parameters a t  eoma reference tearper- 
a ture ,  To. The f a t i m e  Luactiona can a l s o  be s h i f t e d  through the  uaa of 
q. (7) to y ie ld  . 

where the  subscript  "0" represents values a t  sow reference temperature. . 
Combinimg eqns. (22) and (23), we obtain the ove ra l l  f a t i gue  s h i f t i n g  rala- 
t ionships; 

gr 

These equations Ilavc the general form of eqn, (12) where t o  a f i r s t  approxi- 
matiop the s h i f t i n g  f ac to r  as is given by the r a t i o  of temperatures, TOIT.  
Using tne experimentally determined parameters of Tables I and 11 and 
eqns. (24) and taking 2 j ° C  (298OK) as  the relerence temperature, t he  temper- 
atlrre dependence of tl~e s h i f t i n g  factors, aT and a ~ ,  a r e  shown in  Fig. 10. 
Although the  data is sparce, the temperature dependence of aT appears t o  be 
e s sen t i a l l y  l i nea r  and al appears t o  be hyperbolic with the shear s t rength 
far  more strongly influenced by temperature than the  transverse tension 
s t rength.  

Table 11. - Fnt  lgue F u n c t i o e  

"A 1-0.033 log N 1-0.033 lop, N 1-0.034 1,)s N 

T 1.1-0.081 log M 1.15-0.086 log N 1.3-0.092 log N 

l.ll-0.08')7 log N 1.13-00901 1 N 1.14-0.0906 108 h' 



0 AXZhoah ifnter1am:nar f a i l u r e  has not been dealt v i t h  extensively i n  
the above ana lys i s .  the  915" ilnyle-ply laminate was observed t o  exhib i t  
i n t e r  l imtnar f n i  lure .  ~ c c a u s c  such f a i l u r e s  have receCved cons ldcroble 

0 attentoion i n  recent years, i t  is believed worthwhile t o  consider b r i e f l y  
' t h i s  f o m  of f a i l u r e .  From the  stress- train curve (Fig. 4 )  f o r  the 
as0 a n g l p p l y  Iamdnate, t he  applied s t a t i c  s t rength  is seen t o  be: 

Assuming th r a t i o s  between t h e  applied ex te rna l  stress and the  inter laminar  
stresses, rds and ozs, a r e  constant;  

0 a 
the  f a t i gue  f w c t i o n  f o r  t h i s  laminate can be formulated and given by: 

Some Fa i lure  Prediotions 
* 

The f a i l u r e  c r i t e r i a ,  ana lys i s  and experimentally determined s t a t i c  and 
f a c i k e  parameters,determined above can be used t o  pred ic t  t he  f a i l u r e  of 
the  mhre complex and more usefu l  symmetrically balanced laminates. Examples 
considered here  w i l l  b~ the  [0°, 215O, 0' IS ,  [0°, f 30'. O0 Is and the  [0°, f90°, O"] 
laminates. M r s t  we w i l l  consider the s t a t i c  stlengihhs. For the  (00, ~15 ' , 0 '~ ,  
laminate t he  s t a t i c  strertgth (Fig. 5 )  is much grea te r  than t h a t  observed f ~ r  
the  angle-ply laminate (Fig. 4) where f a i u l r e  occurred by delamination. The 
stress f i e l d  in  t h i s  Symmetrically balanced laminate is much d i f f e r e n t  than 
tha t  'in the angle-ply laminate and f a i l u r e  is i n  f a c t  predicted by the  0" . laminae alone .(Fig. 3). For ghe [O", +_30°, O 0 I s  laminate, f a i l u r e  is predicted 
t o  occur f i r s t  in  the 530" laminae a t  713 MPa a s  a r e s u l t  of inplane shear.  

0 
This is the approximate s t r e s s  where t h e i r s t  crack was observed (Fig. 5). 
With fLi lure  of these laminae t he  cons t ra in t  of t he  0' l a d n a e  no longer 
appl ies ,  the  shear s t r e s s  f i e l d  is changed and t o t a l e f a i l u r e  w i l l  occur by 
inplane shear a t  319 MPa--in f a i r  agreement with what vs observed (Fig. 5 ) .  
For the [0°, t9n0, !I0], laminate, t he  +90° laminae do not cont r ibu te  t o  the 
s t rength  a f  t he  laminate (Fig. 5) and f a i l u r e  is predicted by the  O G  laminae 

. alone (Fig. 3). o 

. The prkdictlons of t h e  f a t i gue  behavior of the  symmetrically bafanced 
lamin,ates together with the  expetirnentally ohserved behavior a r e  summarized 
i n  Fig. 11. A s  can be seen, f a i l u r e  of the  (0°, +15°,00]s laminate is pre- 

.' dicted with qu i t e  good agreement t o  occur by delamtnation and is based upon 
t'he parameters observed fo r  t he  delamination o. t he  f l b O  angle-ply laminate. 
Fatigue Fa i lure  of the  [0°, t3O0,O0Is laminate is seen t o  be reasonably pre- 
dicted t o  occur by inplane ?hear. And f a i l u r e  of the [0°, f90°, O 0 I s  larainate 
is predicted t o  occur by f a t i gue  faMurc  of the  f i b e r s  i n  the  0' laminae. 

0 
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The f a t i gue  behyvior of a graphitelepoxy composite mater ia l  was analyzed 
theore t ica l ly  and experimentally, with the  -temperature a s  a parameter. A 
r a t i ona l e  was introduced which included the  inf luence of the  temperature on 
atbe a t a t i c  s t rength  and the  f a t i gue  functions.  The f a t i gue  functions descr ibe 
tRe degradation of the  pr inc ipa l  s t rengths  with cyclee. Introducing tempera- 
t u r e  dependent s h i f t i n g  fac tor8  enables one t o  charac te r ize  t he  f a t i gue  
behavior with a s i n g l e  curve o r  tormula. f t was found t h a t  f o r  many lami- e 
nate  configuraeions, use of the  lar'nated p l a t e  theory together  yieh t h e e  



fat* bdmvior tReory istmdued WQ, $.n satlsf-rrctory results .  ?or 
s a q e - w t c a ,  where the IeplrPe sbtM i. very blgb, eoallnent eelattoms 
rat be wed. It u u  also farrad tbat the ir;glrroe sbamr b .oet foflomced 
by the teapcauture; the trusmmeme ul.slaa is 1-8 iatluemeed aml t e n a h  ia 
the f ibe r  direetlaa is wt fDLlueee4 at  all. both iqortant fipdling is 
t l u z  ever tho* aaz amgle-ply 1e.rkPates faf1.d by i l d a d ~ t l a e ,  vhea they 
were tebforcd with ~aiexial l a m r e ,  -delsaioatigo did oot occur even ukm 
t k  s t r a h  warr higher than the critlcai ralrre. 
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i'i8. 1 - Shifting of  an S-N curve to a refereace tapcraturc T*; 
aiS - s t a t i c  strength shift and a1 - fa t l tue  functf~n s h i f t .  

Fig. 2 - Test specimen wi t11  end tab. 

FIR.  3 - St  r rsa -s~r ; i ln  curves of unidlrect tmsl graphlte/elwxy (T100i5208) 
lamina at various of f -ax is  angles and temperatures. 



Ciu. 4 - Stress-strain curvets of warioub angle-ply graphttelepoxy 
(TUW)/S208) laminates at different tenperatures. 
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Fig. 5 - Stress-strain curves of various syannetrically bal;wcec! graphite/ 
epoxy ('r'30(3/5208) l ; ~ n ~ i n a  tes a t  d l  f ferent temperatures. 
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Ffq. 6 - S-N curve of unidircctional lamina loaded in the fiSer direction. 

Fi;;. 7 - S-ti durves of various of f-axis unidirectional laminae a t  
different temperatures. 
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Fig. 8 - S - l  curves of tame angle-ply laminatee a t  different temperatures. 



Fig. 9 - S-N curves of some -1-ply l.Wates a t  differeat temperatures. 

Fig. 10 - S t l i f t i n g  f a c t o r s  for inplane  shear ,  a,, and t ransverse  t e n s i o n ,  e ~ .  
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Fig. 11 - S-N curves of some multidirectional symoretrically balanced 
laminates. 


