
- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA73 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
NASA Technical Memorandum 85834 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
COMPRESSION FAILURE MECHANISMS I N  ~ ~ I D I R E C T I O N A L  
COMPOSITES 

H. THOMAS HAHN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
AND 

JERRY G, W I L L I A M S  

AUGUST 1984 

National Aeronautics and 
Space Administration 

Langley Research Center 
t iampton, Virginia 23665 



COMPRESSION FAILURE MECHANISMS IN UNIDIRECTIOINAL COMPOSITES 

H. Thomas Hahn 
Department of Mechanical Engineering 
and Materials Research Laboratory 

Washington University 
St. Louis, MO 63130 

Jerry zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG. Williams 
National Aeronautics And Space Administration 

Langley Research Center 
Hampton, VA 23665 

SUMMARY 

The present paper examines compression failure mechanisms in 
unidirectional composites. Possible failure modes of constituent 
materials are summarized and analytical models for fiber 
microbuckling are reviewed from a unified viewpoint. Due to 
deficiencies in available models, a failure model based on 
nonlinear material properties and initial fiber curvature is 
proposed. 

The effect of constituent properties on composite 
compression behavior was experimentally investigated using two 
different graphite fibers and four different epoxy resins. The 
predominant macroscopic-scale failure mode was found to be shear 
crippling. In a soft resin, shear crippling was in the form of 
buckling of fibers on a microscopic scale. However, for stiff 
resins failure was characterized by the formation of a kink band. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
For unidirectional laminates, compressive strength, and 
compressive modulus to a lesser extent, were found to irlcrease 
with increasing magnitude of resin modulus. The change in 
compressive strength with resin modulus was predicted using the 
proposed nonlinear model. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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INTRODUCTION 

The inherent weakness of current graphite-epoxy composites 
to impact and delamination has prompted the development of 
improved material systems through the use of tougher resins and 
higher strain fibers zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC1,2]. Present technology, however, is 
limited in that improved toughness has in general been 
accompanied by a sacrifice in other properties such as strength 
and stiffness at elevated-temperature. The longitudinal 
compressive strength of unidirectional composites depends on many 
factors including the stiffness and strength of the matrix and 
fiber. Better understanding of compressive failure mechanisms is 
needed to more accurately predict strength changes resulting from 
the use of different resins and fibers. 

Over the past two decades, much effort has been concentrated 
on understanding the failure mechanisms and predicting the 
strength of compression loaded laminates. Since fracture of 
composites is usually instantaneous and catastrophic, 
identification of critical failure modes is not easily 
accomplished. 
material properties or the presence of defects can lead to 
completely different failure modes. Thus, an analytical model 
accurate for one material system may not predict failure for 
another material system. Development of a unified model which 
can be applied to various material systems and failure modes is 
not within grasp at present. The current approach is to 
identify critical failure modes for each material system and 
to develop a unique model for each failure mode. 

The problem is complicated because changes; in 

The present paper reviews failure modes in and analytical 
models for unidirectional composites subjected to longitudinal 
compression loading. The results of an experimental 
investigation on the effect of constituent material properties on 
compression behavior are discussed and compared with other 
available data. A possible sequence of failure initiation and 
propagation is proposed based on observations made during testing 
and from the examination of failed specimens. 

BACKGROUND ON FAILURE MODES 

Failure Modes of Fibers 

The compressive failure characteristics of a fiber can be 
studied by embedding it in a resin casting zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC31. The transparency 
available in an epoxy resin and the high axial stiffness of a 
large cross-section of resin relative to the fiber makes it 
possible to monitor the controlled failure of the fiber during 
loading. Compression failure modes characteristic of a fiber 
bundle have also been successfully observed using transparent 
resins to encapsulate the fibers C41. 
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F ibe rs  f a i l  d i f f e r e n t l y  depending on t h e i r  i n t e r n a l  
s t r u c t u r e ,  Fig. 1 .  High-modulus g raph i te  f ibers  f r a c t u r e  i n  
shear along a maximum shear plane C31. The i n i t i a t i o n  of  
f r a c t u r e  is usua l l y  i n  the form of  a h a i r l i n e  crack around the  
f i be r  circumference. The crack grows inward from the su r face  
l a y e r  f a i r l y  normal t o  the f i b e r  a x i s .  However, f i n a l  f a i l u r e  is 
along a maximum shear plane. Higher modulus is the r e s u l t  of 
better alignment zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof i n t e r n a l  s t r u c t u r e ,  and is associated w i t h  
lower compressive f a i l u r e  s t r a i n .  However, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPAN Type I1 and Type 
A graph i te  f ibers  have been observed no t  t o  f r a c t u r e  due t o  
compression loading at  s t r a i n s  up t o  3 percent C31. Kevlar 
f ibers ,  on the  o the r  hand, f a i l  i n  a kink mode because of  
Kevlar 's  characterist ic weak bond i n  the radial d i r e c t i o n  which 
permits ind iv idua l  f ibers  t o  s p l i t  i n t o  f i b r i l s  [SI. 

Both shear f a i l u r e  and f iber  kinking are characterist ic 
f a i l u r e  modes for f ibers  with wel l -a l igned f ibr i l la r  s t r u c t u r e .  
The bas ic  mechanisms f o r  the two f a i l u r e  modes seem zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt o  be the 
same; i .e . ,  t hey  are both the r e s u l t  of  a l igned f i b r i l l a r  
s t r u c t u r e ' a n d  a weak radial bond. However, the low d u c t i l i t y  f o r  
g raph i te  f ibers  leads t o  f r a c t u r e  while the development o f ,  
f i b r i l s  f o r  Kevlar f ibers  r e s u l t s  i n  kinking. 

Br i t t le  f ibers wi th  amorphous s t r u c t u r e  such as g l a s s  do not  
usua l l y  f a i l  i n  the aforementioned f a i l u r e  modes. These f ibers 
can f a i l  i n  bending, s t a r t i n g  from the tens ion  side. Medium t o  
h igh-st rength f ibers  may a l s o  f a i l  i n  bending. 

The f a i l u r e  modes s t rong ly  depend upon t he  l a te ra l  suppor t  
provided the f i be r  during loading. I n  the absence of a s t rong 
l a te ra l  suppor t ,  a l l  f ibers  would f a i l  by buckl ing.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs t he  
suppor t  s t i f f n e s s  inc reases ,  buckl ing is suppressed and the f iber  
begins t o  f a i l  i n  shear. However, no shear f a i l u r e  has y e t  been 
observed f o r  g l a s s  f ibers  or f o r  h igh-st rength g raph i te  f ibers  
such as T300 and T700. 

F a i l u r e  Modes of Resins 

Compression tests on bulk r e s i n s  revea l  two types  o f  
f a i l u r e .  For d u c t i l e  r e s i n s  p l a s t i c  f low is f r equen t l y  observed 
i n  a broad band o r ien ted  -45 degrees t o  the l oad ing  a x i s .  
b r i t t l e  r e s i n s ,  however, shear banding, i .e.,  narrow zones of 
shear y ie ld ing ,  can precede u l t ima te  fa i lure.  

For 

F a i l u r e  Modes of  Composites 

Because of the weakness of  the matr ix  and the f i b e r h a t r i x  
i n t e r f a c e  compared with the s t r e n g t h  of  the  f ibers ,  
un id i rec t i ona l  composites can f r a c t u r e  a long the f ibers  even when 
loaded by compression, Fig.  1 .  Transverse t e n s i l e  stresses 
develop i n  the  matr ix  due t o  Poisson's r a t i o  d i f f e rences  between 
the matr ix  and f i b e r ,  and stress concent ra t ions  caused by voids 
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can i n i t i a t e  f r a c t u r e  i n  the  f i be r /ma t r i x  i n t e r f a c e  [6]. 

I f  a f i b e r  buckles,  the matr ix / f iber  i n t e r f a c e  may f r a c t u r e  
i n  shear and lead t o  u l t ima te  f a i l u r e .  However, i f  the matr ix  is 
d u c t i l e  and the  i n t e r f a c e  is s t rong ,  the f iber  can bend without 
matr ix  f a i l u r e  and eventua l l y  f r a c t u r e  i n  bending. The 
e c c e n t r i c i t y  introduced by such f iber f r a c t u r e  may lead t o  
l ong i tud ina l  s p l i t t i n g  wi th  cont inued compression loading.  

A more l i k e l y  f a i l u r e  mode of composites assoc ia ted  with 
f iber buckl ing and kinking is shear c r ipp l i ng .  Macroscopical ly, 
shear c r i p p l i n g  looks l i k e  a shear f a i l u r e  on a plane a t  an angle 
t o  the d i r e c t i o n  of loading. Microscopic inspec t ion ,  however, 
i n d i c a t e s  shear c r i p p l i n g  is f requent ly  the r e s u l t  of  kink band 
format ion,  Fig .  2. 

Some of the repor ted  va lues f o r  the  kink band boundary angle 
and the segment length  are l i s t e d  i n  Table 1 [7-91. The kink 
o r i e n t a t i o n  ang le  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa is not  w e l l  def ined because i t  w i l l  depend on 
the l oad  h i s t o r y .  The a n g l e a  can be shown t o  be twice the 
angle zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 i f  no volume change is assumed w i th in  the kink band [SI.  

I n  g raph i te  f iber  composites, f i b e r  breaks are usua l l y  
observed at  the kink band boundaries C8,lOl whi le f iber  kinking 
and extreme f iber  bending without f r a c t u r e  are t y p i c a l  f o r  Kevlar 
and glass composites, respec t i ve l y  C7,91. 

The kink bands are most clear ly observed when f a i l u r e  is 
gradual  and a l s o  when long i tud ina l  s p l i t t i n g  is prevented by 
app l i ca t i on  of hyd ros ta t i c  p ressure  [8]. Gradual f a i l u r e  is a l s o  
observed when there is a grad ien t  i n  the stress f i e l d ,  e.g., near 
a ho le  [ l ]  or  i n  bending, and when f iber  tows are surrounded by 
matr ix  as i n  carbon/carbon composites. 

The t h i r d  f a i l u r e  mode of composites is assoc ia ted  with pure 
compression f a i l u r e  of f ibers.  I n  t h i s  case, the f r a c t u r e  
su r face  is l i k e l y  t o  be a t  an ang le ,  about 45 degrees,  t o  the 
loading. Pos t - fa i lu re  examinations of f r a c t u r e  su r faces  of 
graphi te/epoxy composites a lone is usua l l y  inadequate t o  
d i s t i n g u i s h  between f iber  kinking and f i b e r  compression f a i l u r e  
because the broken f iber segments r e s u l t i n g  from kinking f a i l u r e  
are randomly d isp laced dur ing the c a t a s t r o p i c  f a i l u r e  event El l ] .  

The a v a i l a b l e  data i n  the l i t e r a t u r e  s t rong ly  suggest that  
t he  most l i k e l y  f a i l u r e  mode i n  graphi te/epoxy composites f o r  
s t r e n g t h - c r i t i c a l  app l i ca t i ons  is shear c r i p p l i n g  invo lv ing f i be r  
kinking. Compression f a i l u r e  of a composite starts with kinking 
of  a few f ibers .  The kinked f ibers d i s r u p t  the s t a b i l i t y  of the 
neighbor ing f ibers so t ha t  the neighbor ing f ibers a l s o  f a i l  i n  
the kinking mode. Th is  damage propagat ion process cont inues 
u n t i l  the composite completely fa i ls .  I n  some cases, f iber  
kinking may be i n i t i a t e d  at severa l  d i f f e r e n t  l o c a t i o n s  and 
proceed t o  converge. The t r ansve rse  t e n s i l e  stress i n  the reg ion 
where the two advancing kink bands meet may be s u f f i c i e n t l y  h igh zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4 



to cause longitudinal splitting. 

The failure modes discussed thus far depend on various 
material properties and geometrical parameters. Some properties 
and parameter values may promote one failure mode while other 
values may favor another. The effect of material properties and 
geometrical parameters is qualitatively discussed in the 
following section. 

BACKGROUND ON ANALYTICAL MODELS 

General Formulation 

Consider a fiber embedded in a continuum. A free-body 
diagram for an infinitesimal segment of the fiber is shown in 
Fig. 3. The parameters in the figure are defined as follows: 

P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= axial compressive force 

Q = transverse shear 

M = bending moment 

p = applied distributed axial force 

q = applied distributed transverse force 

m = applied distributed bending moment 

Assuming small deflection and the initial fiber axis to be along 
the x axis, we can write the equilibrium equations as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE121 

dQ dw q + - & +  P - =  0 
dx zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

p zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- & + Q - = O  dP dw 
dx zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Q + m = O  dM 
dx 
- -  (3) 

where w is the slope of the deflected fiber axis. 

The exact determination of the forces and moments p, q, m, 
and M is not possible without the knowledge of the displacement 
fields in the fiber and the surrounding continuum. That is, one 
must solve the foregoing equations in conjunction with the 
equilibrium equations for the continuum using the appropriate 
constitutive relations. Thus, the final solution for the failure 
load will depend on properties of the constituent materials. 
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The problem can be s imp l i f i ed  i f  c e r t a i n  assumptions are 
made f o r  the f o r c e s  and moments p,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq ,  m and M .  Various 
s imp l i f y ing  assumptions proposed i n  the l i t e r a t u r e  are reviewed 
i n  the fo l lowing sec t i on .  

S ing le  F iber  Embedded i n  I n f i n i t e  Matr ix 

The model of  a f iber  surrounded by i n f i n i t e  matr ix  has been 
so lved wi th in  the framework of e l a s t i c i t y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC12-141. This model 
approximates the behavior of  a composite wi th  a low f iber  volume 
conten t .  The s a l i e n t  f e a t u r e s  of t h i s  model can be s tud ied  by 
way of  the fo l lowing s imp l i f i ed  ana lys i s .  

The combination of E q s .  (1 )  and (2 )  with m = 0 and 
P = cons tan t  leads t o  

d2M d v  2 
- + q + P - = o  
dx 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdx 

2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(4) 

dv where v is the t r ansve rse  d e f l e c t i o n  of the f i be r  and w = - 
dx' Noting tha t  

2 
d v  M = E I -  

f fdx2 

and assuming that  

K v = f cos - - x  R 

q = +Kv , K = constant 

g ives  the buckl ing load as E121 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 7 )  

Here E and I are the f iber  modulus and moment of i n e r t i a ,  

respec t i ve l y .  

The corresponding buckle hal f  wavelength i s  

f f 

R =  Eflf % 
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According to the more rigorous solutions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC12,141, K is not a 
constant but depends on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR as well as on material properties. 
However, K is approximately proportional to the matrix modulus E 
C151. Thus, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm 

If the interaction between fibers can be neglected, e.g., in 
composites with low fiber volume content, the resulting buckling 
strain zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs t  of composite is given by 

C 

E 

& = -  pfc a ($4 
EfAf 

(12)  

where A is the cross-sectional area of the fiber. 
f 

Fiber Buckling in Composites 

Since it is difficult to include the exact interaction 
effect between fibers, a variety of approximations have been 
attempted for the forces and moments p, q, m, and M based on 
simplified displacement fields. Furthermore, fibers have 
frequently been idealized as plates so that a two-dimensional 
analysis could be applied. 

If two neighboring fibers are assumed to buckle out of phase 
with each other, the foundation constant K may befassumed to be 

C16,171 

m 

m 

E 

h zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAK = 4 -  (13)  

where h is the thickness of the matrix layer. The corresponding 

buckling load in the fiber is obtained by substituting Eq. (13) 
into Eq. (8) .  The composite failure stress then follows from the 
rule of mixtures, i.e., 

m 

(Tc=vCJ  = v  pfc 
f f c  f A f  

where v is the fiber volume content. 
f 

Another simple displacement field is associated with fibers zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7 



buckl ing i n  phase. S ince a l l  f ibers  deform the same way, one can 
assume [16,17] (cf .  Appendix f o r  m )  

p = q = o  (15) 

hf Gm dv m = - - -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 
vf l -v f  dx (16) 

where h is the th ickness  of the f iber l aye r .  The r e s u l t i n g  

equat ion of equ i l ib r ium is then 
f 

2 

dx zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- + - + p p  d2M dm d v  = o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
dx 2 2 dx (17) 

S u b s t i t u t i o n  of  Eqs. (51, (61, and (16) i n t o  Eq. (17)  y i e l d s  

The corresponding composite buckl ing stress is t hus  (cf .  Eq. ( 1 4 ) )  

m Eflf zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIT 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG 
(51 - 

+ 'f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhf OC l - v f  
- -  

If h < < 1 ,  Eq. (19)  reduces t o  
" f 

(19) 

Equation (19)  is genera l l y  known t o  y i e l d  a much higher 
s t r e n g t h  than is r e a l i z e d  exper imental ly.  Many improvements and 
modi f icat ions have been suggested over the years  C7,18-231. Most 
improvements t r y  t o  incorpora te  i n i t i a l  curva ture  of f ibers and 
material non l i nea r i t y .  These improvements w i l l  be discussed i n  
the fo l lowing development of a nonl inear  model. 

Nonlinear Model 

A non l inear  model inc lud ing i n i t i a l  f iber  curva ture  and 
matr ix  material n o n l i n e a r i t y  is developed us ing  the d i s t r i b u t e d  
moment m ca lcu la ted  from the average shear stress f i e ld .  
Assuming an i n i t i a l  d e f l e c t i o n  of  the form 

v = f c o s - x  IT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 0 R 

8 



one can c a l c u l a t e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPI, m and q as ( c f .  Appendix) 

M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= EfIf zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 d2 (V - v0) 

dx 
(22)  

vO) 
9 = +K(v - (24 )  

Here, G is the composite shear modulus, and T and y are 

the average shear stress and s t r a i n ,  respec t i ve l y .  The f i b e r  
diameter is denoted by d . I n  the case of non l inear  stress- 

s t r a i n  r e l a t i o n s ,  

LT LT LT 

f 
is taken as the secant  modulus a t  a given 

G~~ 
YLT' 

The der i va t i on  starts with the fo l lowing equat ion of 
equi 1 i br  ium , 

2 

dx 

- + - +  d2M dm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq + P - -  d v - 0  
2 2 dx 

dx 
(25)  

Subs t i t u t i on  of Eqs. (22) - (24 )  toge ther  with Eqs. (6 )  and (21)  
i n t o  (25) y i e l d s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 
f 

Eflf IT 2 K R 2 
(5 = v l G  + -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(3) + - (71 1 (1 - -$ (26)  
c f LT Af Af 

Using the cond i t ion  t h a t  CT be a minimum a t  f i x e d  f / f  and 

express ing f i n  terms of G , one ob ta ins  
C 0 

LT 

If K , i s  neglected,  as is f r equen t l y  done, is given by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C 

a c = v G  f LT yLT + nfo/R (28) 

Furthermore, i f  no i n i t i a l  defect is assumed, i .e.,  f o / R =  0,  one 
has 
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CT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= v G  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C f LT 

Even when G is approximated by 

d i f f e r e n t  from Eq. (20)  by the f a c t o r  
LT 

from the s e l e c t i o n  of the free body. 

G / ( l - v  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1, Eq. (29) is 

v . The d i f f e rence  de r i ves  

If the  free body inc ludes 

m f 

f 

both a f iber  and mat r ix ,  Eq. (29)  wi thout the f iber  volume 
conten t  v r e s u l t s  [18]. If only  a f iber  is taken as the 

free body, Eq. (29) fo l lows. S ince Eq. (20) is known t o  
overpred ic t  the s t r e n g t h  and because apply ing the equ i l ib r ium 
fo rces  and moments t o  the  f iber is a reasonable model, Eq. (29) 
is preferred t o  Eq. (20).  

f 

The importance of i n i t i a l  f iber  curva ture  has been pointed 
ou t  and incorporated i n  the model by many i n v e s t i g a t o r s  [19-231: 
The r e s u l t s  are a l l  similar t o  Eq. (28) without the f a c t o r  v . 

f 
Since G is i n  genera l  a func t ion  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAY E q .  (29)  should 

be solved f o r  a maximum value o f 0  over t he  al lowable range of 

For example, i f  the shear s t r e s s - s t r a i n  r e l a t i o n  can be 

LT' 
LT 

C 

'LT . 
approximated as t h a t  of an elast ic-perfect ly p l a s t i c  material 

w i t h  y i e l d  stress T , Eq. (28)  reduces t o  
Y 

I- 

% = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVf ?* (30) 

If f ibers  are weak, then f ibers  may f a i l  before the  matr ix  
and i n t e r f a c e s  f a i l  i n  shear. The f a c t o r  fo  i n  Eq. (26) can 

be related t o  the f l e x u r a l  s t r e n g t h  a of the f i b e r s .  The r e s u l t  
is then  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(1 - 7) 

f 

(31 1 
- G~~ 

OC - Vf 
1 + - - -  

Equation (31) is l i k e l y  t o  be app l i cab le  t o  Kevlar/epoxy 
composites because the f l e x u r a l  s t r e n g t h  of  Kevlar f ibers  is very 
low. 

The effect  of a par t ia l  bond can be included by in t roducing a 
bond e f f i c i e n c y  f a c t o r  f o r  m i n  Eq. (16)  C71. The i n t e r f a c i a l  
s t r e n g t h  and vo ids reduce the composite shear s t r e n g t h ,  i .e.,  the 
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maximum value of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAYLT in Eq. (28). Thus, Eqs. (28) and (31 

incorporate most of the important parameters. 

The models discussed so far are essentially one-dimensional. 
A two-dimensional analysis is required to predict the kink band 
geometry C211. The analytical results of [21] indicate that the 
kink band boundary angle becomes zero as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(T approaches zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

C LT 

EXPERIMENTAL PROCEDURE 

Two different fibers were combined with four different 
resins to make seven unidirectional [ O ]  graphite/epoxy 

composites. Specific constituent materials as well as respective 
fiber weight contents and nominal thicknesses of cured panels are 
listed in Table 2. Nominal properties of the constituent 
materials available in the literature are listed in Table 3. The 
panels were fabricated at the NASA Langley Research Center 
according to manufacturers' suggested cure cycles. 

24 

Compression testing was done on an Instron machine at a 
crosshead speed of 1 mm/min. Specimens were prepared for testing 
in an IITRI (Illinois Institute of Technology Research 
Institute) compression fixture according to procedures described 
in ASTM test standard D-3410-82. 

Specimens were monitored during test for indications of 
failure through a stereo optical microscope at magnifications up 
to 1OOX. Some specimens had one edge polished to monitor failure 
initiation. 

Two specimens from each material system were tested with a 
strain gage mounted on one surface. When an anomaly was detected 
in the stress-strain curve, the specimen was unloaded and 
examined for damage. Failed specimens were examined on optical 
microscopes at magnifications up to 3OOX. 

RESULTS AND DISCUSSION 

Compressive Properties 

Strength data for the graphite/epoxy composites are shown in 
Figs. 4 and 5, where N is the total number of specimens and i is 
the ordinal number of strength. Of all the composites, scatter 
is highest for the T300/5208 material, however, this variation is 
consistent with that reported for this material in Ref. [241. 
The strength of the other composite materials show much less 
variation. 

The graphite/epoxy composites are compared with one another 

1 1  



i n  Fig.  6 f o r  average s t r e n g t h ,  f a i l u r e  s t r a i n ,  and modulus. I n  
the f i g u r e ,  E is the i n i t i a l  tangent  modulus and E is the 

tangent  modulus at  fa i lure.  For the proper t i es  o the r  than 
average s t r e n g t h  each po in t  rep resen ts  one specimen s i n c e  only 
two specimens were st ra in-gaged f o r  each composite material 
system. 
with those repor ted  i n  [24,25]. The highest s t r e n g t h s  on i n i t i a l  
moduli are recorded f o r  the T300/4901/MDA and T300/4901/mPDA 
specimens. The tangent  modulus at f a i l u r e  v a r i e s  much less from 
mate r ia l  t o  material than does the i n i t i a l  tangent  modulus. 

t 

The proper t i es  measured f o r  T300/5208 are comparable 

The effect of r e s i n  tens ion  modulus on the composite 
s t r e n g t h  and a x i a l  modulus is shown i n  Fig.  7. According t o  the 
r u l e  of mix tures the composite modulus E is given by 

C 

E = v E  + v E  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c f f  m m  (32) 

The rule-of-mixtures p red ic t i on  based on the maximum v a r i a t i o n  of 
cons t i t uen t  p roper t i es  from Table 1 is shown i n  Fig.  7. For a 
laminate with a 60 percent  f i b e r  volume f r a c t i o n ,  a change of  
r e s i n  modulus from 3 t o  5.5 GPa w i l l  r e s u l t  i n  an inc rease i n  
composite modulus of  1 GPa. This  i nc rease is i n s i g n i f i c a n t  i n  
comparison t o  the o r i g i n a l  composite modulus magnitude which is 
on the order  of 100 GPa. Thus, the observed modulus inc rease i n  
F ig .  7 is much higher than pred ic ted  by Eq.  (32).  

To a s c e r t a i n  the dependence of compressive modulus of a 
composite on the r e s i n  t e n s i l e  modulus, the exper imental  r e s u l t s  
o f  Ref. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE261 f o r  t e n s i l e  and compressive moduli f o r  a large 
number of material systems are p l o t t e d  i n  Fig.  8. Linear 
reg ress ion  ana lyses  were performed on the data and the r e s u l t s  
are a l s o  shown i n  the  f i g u r e  while the appropr ia te  parameters are 
l i s ted  i n  Table 4. 

One of the two f e a t u r e s  t h a t  s tand ou t  i n  Fig.  8 is that  the 
compressive modulus of  a composite is more dependent on the r e s i n  
modulus than is the t e n s i l e  modulus. The other  f e a t u r e  is t h a t  
the composite t e n s i l e  modulus is g r e a t e r  than the composite 
compressive modulus f o r  r e s i n  modulus va lues  less than 
approximately 5 GPa. 

Precise t h e o r i e s  which exp la in  the lower composite modulus 
i n  compression than i n  tens ion  are not  a v a i l a b l e .  One poss ib le  
explanat ion is that  the  f ibers  themselves are less sti f f  i n  
compression than i n  tens ion .  The s t r a i n  hardening observed f o r  
graphi te/epoxy composites under tens ion  is a t t r i b u t e d  t o  improved 
al ignment o f  i n t e r n a l  s t r u c t u r e  of the graph i te  f ibers  dur ing 
loading. Conversely, i n i t i a l l y  imperfect  al ignment of  the f iber  
s t r u c t u r e  may grow i n  ampl i tude dur ing compression loading.  
However, t he  change of f iber  s t i f f n e s s  a lone does not  exp la in  the 
dependence of  the composite compressive modulus on the r e s i n  modulus. 
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Another reason may be that  the f ibers  themselves are not  
p e r f e c t l y  a l igned w i th in  the lamina. Under compression, the 
i n i t i a l  misalignment and i n i t i a l  curva ture  of the f ibers  may 
impose d i sp ropor t i ona te l y  high stress on the matr ix ,  l o c a l l y  
pushing the matr ix  i n t o  the nonl inear  range a t  an early s t a g e  o f  
loading.  This same argument can a l s o  be used t o  exp la in  s t r a i n  
hardening i n  tens ion .  A f iber  bundle embedded i n  r e s i n  is l i k e  a 
beam-column supported on an e las t i c  foundat ion which can buckle 
i n  uniform wavelength when the r e s i n  is s o f t  C41. 

S t r e s s - s t r a i n  curves f o r  the seven materials s tud ied  i n  t h i s  
i nves t i ga t i on  are shown i n  Fig .  9. A l l  of the materials e x h i b i t  
s t r a i n  so f ten ing  with T700/BP907 showing the most non l i nea r i t y .  
The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT300/BP907 specimen t h a t  shows an a b r u p t  drop i n  strain while 
under constant stress was unloaded before final failure and was 
examined t o  revea l  a shear c r ipp l i ng  f a i l u r e  on one of the edges. 
The shear c r i p p l i n g  occurred ou ts ide  the reg ion  where the s t r a i n  
gage was at tached.  The sudden decrease i n  the  measured s t r a i n  is 
bel ieved t o  be the r e s u l t  of l o c a l  microbuckl ing t r i g g e r i n g , t h e  
i n i t i a t i o n  of shear c r ipp l i ng .  

S t r e s s - s t r a i n  curves of a l l  the other  materials are smooth 
and provide no i nd i ca t i on  of s u b c r i t i c a l  l o c a l  fa i lure.  It seems 
tha t  the shear c r i p p l i n g  i n  T300/BP907 was s u b c r i t i c a l  because it 
occurred at  a low stress l e v e l .  I n  the other  composites, l o c a l  
shear c r i p p l i n g  d id  not occur u n t i l  the laminate was highly  
stressed and l ed  t o  the immediate ca tas t roph ic  fa i lure of the 
specimen . 

The average compressive s t r e n g t h s  f o r  the materials tested 
from F ig .  6 are r e p l o t t e d  i n  Fig .  7 as a func t i on  of the r e s i n  
t e n s i l e  modulus. The genera l  t rend is t h a t  compressive 
s t r e n g t h  inc reases  with i nc reas ing  r e s i n  modulus f o r  the range of 
va lues  s tud ied .  The i nc rease i n  compressive s t r e n g t h  with r e s i n  
t e n s i l e  modulus is a l s o  characterist ic of the data taken from 
Ref. C261, Fig.  10. A s  expected, t e n s i l e  s t r e n g t h  is not  
apprec iab ly  affected by the r e s i n  modulus. A l i n e a r  
reg ress ion  a n a l y s i s  conducted on the data from Ref. E261 is 
presented i n  Table 4.  The reg ress ion  parameters confirm a s t r o n g  
c o r r e l a t i o n  between compressive s t r e n g t h  and r e s i n  modulus but a 
weak c o r r e l a t i o n  between t e n s i l e  s t r e n g t h  and r e s i n  modulus. 

The cu r ren t  theory represented  by Eq. (28) was used t o  
p red ic t  compressive s t r e n g t h  as a func t ion  of  the r e s i n  modulus. 
To use Eq. (28)  t o  p r e d i c t  compressive s t r e n g t h  requ i res  the  
parameter zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf /R t o  be known. 

r e l a t i o n s  are not  known f o r  most of the materials i n  Fig. 10,  G 
LT 

is taken t o  be the  i n i t i a l  modulus f o r  the composite and f /E is 

ca lcu la ted  us ing rep resen ta t i ve  p roper t i es  i n  Eq. (28) .  The 

Since the f u l l  s t r e s s - s t r a i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 

13 



i n i t i a l  shear modulus G is 
LT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Vf zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATI( 1- vfl - - -  1 -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
G~~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG f  Gm 

+ 

where G is the l ong i tud ina l  
f 

ca lcu la ted  by f271 

(33 1 

(34) 

shear modulus of  the f i b e r .  For 

T300/5208 the necessary shear moduli are 

G = 12.4 GPa, G = 1.48 GPa 
f m 

fo/ R 

f YLT 
Using 0 = 1.56 GPa f o r  v = 0.6, one c a l c u l a t e s  - = 0.295 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

C 

Thus, i f  YLT = 1 percent ,  f o /R  

is very d i f f i c u l t  t o  measure. 

is only  0.295 percent  which 

For the other  res ins , ( f  /R)/y was a l s o  assumed t o  be C.295 
0 LT 

and G was ca lcu la ted  from E under the assumption of  an 

i s o t r o p i c  material w i t h  a Poisson 's  r a t i o  of  0.35. The r e s u l t i n g  
compression s t r e n g t h s  pred ic ted  by Eq. (28) are presented i n  
F ig .  10. Under these assumptions, Eq. (28) is seen t o  
overest imate the composite compressive s t r e n g t h  when the  matr ix  
r e s i n  t e n s i l e  modulus is less than 3 GPa,  but  i n  genera l  is 
i n  reasonable agreement with observed exper imental  data. 

m m 

Lower compressive s t r e n g t h  r e s u l t i n g  from l'ower r e s i n  
modulus a l s o  leads t o  lower f l e x u a l  s t r e n g t h ,  as shown i n  Fig.  11 
by the data taken from Ref. C261. The reason is that ,  when a 
composite is weaker i n  compression, f a i l u r e  w i l l  be i n i t i a t e d  on 
the compression side i n  a f l exu re  test and hence the f l e x u r a l  
s t r e n g t h  re f lects  the compressive s t r e n g t h .  F lexura l  s t r e n g t h  
does not  show as good a c o r r e l a t i o n  w i t h  r e s i n  modulus as does 
compressive s t r e n g t h .  However, the s lope of  the l i n e a r  
reg ress ion  l i n e  f o r  f l e x u r a l  s t r e n g t h  (Fig.  1 1 )  is almost the 
same as f o r  compressive s t r e n g t h ,  Table 4. 

Compressive f a i l u r e  s t r a i n s  obta ined by d iv id ing  the f a i l u r e  
stresses by the corresponding moduli are presented i n  Fig.  12. 
The curve i n  t he  f i g u r e  presents  a pred ic t ion  f o r  buckl ing S t r a i n  
by the Euler equat ion f o r  a column with clamped ends, i .e. ,  C281 

= -  7T 2 1  
€C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 (L/h)z 

1 4  

(35) 



where L and h are the l eng th  and th ickness ,  respec t i ve l y ,  of the 
column. The T300/BP907 and T700/BP907 specimens had tapered 
tabs,  and hence the e n t i r e  range of  poss ib le  gage length  is 
shown. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAll the exper imental  compressive fa i lure s t r a i n s  are far 
below the pred ic ted  Euler buckl ing s t r a i n .  

Fa i l u re  Modes 

With the except ion of one T300/5208 specimen and two 
T300/BP907 specimens, a l l  compression specimens fa i led suddenly 
wi thout warning. Monitoring of  the pol ished edge dur ing the t es t  
a t  magni f icat ions up t o  50X d i d  not  revea l  any s i g n  of  damage 
before u l t imate  f a i l u r e .  Severa l  specimens were loaded i n  a 
stepwise manner and examined under a cons tan t  load a t  each s t e p .  
Other specimens were loaded and then unloaded f o r  examination. 
No damage was detected fo l lowing any of these procedures. 

The T300/5208 specimen f o r  which f a i l u r e  was arrested 'is 
shown i n  F ig .  13. The shear c r i p p l i n g  d i d  not  occur ac ross  the 
e n t i r e  wid th  s ince  t he  oppos i te  edge remained i n t a c t .  Details of 
the r i g h t  end of  the upper f a i l u r e  are shown i n  Fig.  l 3 ( b ) .  Most 
of the broken f iber segments i n  the  kink band are gone, but the 
few remaining ones are seen t o  be of s h o r t  l eng th  and t i l t e d .  
The curvature i n  the f ibers below the secondary k i n k  band is 
requ i red  f o r  k inemat ic compat ib i l i t y .  

The f a i l u r e  mode observed f o r  a T300/BP907 specimen is shown 
i n  Fig. 1 4 .  The buckle mode shape is w e l l  def ined and mul t ip le  
f r a c t u r e s  of the f iber  are observed w i th in  the buckle reg ion.  
This is i n  con t ras t  t o  the kink band fa i lure mode i n  which two 
f r a c t u r e s  occur per f i b e r  and the s h o r t  broken f i b e r s  a l i g n  i n  a 
regu la r  p a r a l l e l  p a t t e r n  r o t a t e d  r e l a t i v e  t o  the d i r e c t i o n  of  the  
a p p l i e d  compression load,  Fig.  13. I n  Fig.  1 4 ,  the  band of  
microbuckl ing appears t o  have started a t  t h e ' l e f t  edge and grown 
i n t o  the i n t e r i o r  of the specimen. The p a t t e r n  o f  f a i l u r e  i n  
F i g ,  14(c) suggests  t ha t  the microbuckl ing of  f ibers  may start 
w i t H  the  buckl ing of  a s i n g l e  f iber  and progress ive ly  involve 
a d d i t i o n a l  f ibers  as the damage propagates.  Microbuckling causes 
a t e n s i l e  stress t o  develop i n  the matrix between the buckled and 
the ad jacent  s t r a i g h t  f iber  which reduces the app l ied  load a t  
which the ad jacent  straight f iber  buckles. Microbuckl ing is more 
l i k e l y  t o  i n i t i a t e  at a free edge than i n  the i n t e r i o r  because 
t h e  lateral suppor t  t o  the f iber  is lower i n  t h i s  region. 
Microbuckl ing, however, can a l s o  develop i n  the  i n t e r i o r  o f  a 
laminate i n  reg ions  of  vo ids or where the f iber- to-matr ix  bond is 
de fec t i ve .  

F rac tu re  su r faces  o f  fa i led specimens d id  not  show much 
v a r i a t i o n  f o r  the material sys tems s tud ied .  Shear c r ipp l i ng  was 
observed both through the width,  Fig. 15(a) and through the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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thickness, Fig. 15(b). Partial shear crippling sometimes caused 
longitudinal splitting, Fig. 13. Shear crippling could occur on 
several planes just like slip lines in elasto-plastic materials, 
Fig. 15(a). 

The failure sequence for unidirectional composites is 
proposed as follows. As the compression load is increased, the 
weakest fibers or tlle fibers that have the least lateral support 
because of a free boundary, poor fiber to matrix bond, or voids 
fail first. The failure initiation may also be due to the stress 
concentrations introduced by test hardware. For the 
graphite/epoxy composites studied, the failure takes the form of 
kinking if the matrix is stiff, or of microbuckling if the matrix 
is soft. Fiber kinking is distinguished from fiber microbuckling 
in that the former involves the formation of a regular kink band 
pattern oriented at less than 90 degrees to the direction of the 
applied load while microbuckling failure involves large post 
buckling deformations of the fiber in which multiple fractures 
may occur due to the high bending strains. In both cases, 
however, failure observed on the macroscopic scale for 
unidirectional composites, i.e., looking at a free edge, normally 
is characterized by shear crippling involving narrow faiiure 
zones oriented at less than 90 degrees relative to the applied 
load. Multiple shear crippling zones may develop in a specimen 
and the transverse tensile stress which develops in the matrix, 
particularly as failed fibers become wedged between fibers, may 
cause matrix fractures to propagate parallel to the fibers. 

CONCLUSIONS 

The compression behavior of unidirectional graphite/epoxy 
composites was studied using two different fibers and four 
different resin systems. The fibers were T3OO and T7OO whereas 
the resins were 5208, BP907, 4901/MDA, and 4091/mPDA. 

The predominant macroscopic failure mode has been identified 
as shear crippling. When the matrix resin is stiff, shear 
crippling is the result of fiber kinking on a microscopic scale. 
Microbuckling can replace kinking if the resin is soft, e.g., in 
T300/BP907. Microbuckling failure is a result of high bending 
strains in the fiber in the post-buckled state. A partial shear 
crippling may lead to longitudinal splitting between fibers at 
the tip of the shear crippling zone because of the required 
kinematic compatibility. Shear crippling in composites resembles 
slip lines in metals. 

For the materials, loading rates, and test configurations 
studied, failure was almost always catastropic, and detecting 
partial failure was successful-in only a very few tests. Little 
variation in failure mode could be seen from material to 
material. 
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The higher t e n s i l e  s t r a i n  proper ty  of  the T7OO f iber 
compared t o  the T3OO f iber  d i d  not  t r a n s l a t e  i n t o  improved 
un id i rec t i ona l  laminate s t reng th .  The T7OO f i b e r  has a 
smaller diameter which may be a f a c t o r .  While the r e s i n  
modulus has a small ef fect  on the composite modulus, it has a 
s t rong  effect  on the composite compressive s t reng th .  Tens i le  
p r o p e r t i e s  of the composite are not  affected s i g n i f i c a n t l y  by the 
r e s i n  modulus. The compressive s t r e n g t h  can a t  least 
q u a l i t a t i v e l y  be pred ic ted  by a nonl inear  model incorpora t ing  
i n i t i a l  f iber  curva ture .  

A s  discussed i n  the Appendix, the  f a c t o r  v i n  Eq. (28) 
f 

is the r e s u l t  of  cons ider ing the equi l ibr ium of the f o rces  and 
moments a c t i n g  on the f iber  i tself  rather than on the 
rep resen ta t i ve  volume element cons is t i ng  of  the f iber  and the 
matr ix .  The r e s u l t i n g  equat ion y i e l d s  a better estimate even 
when nonl inear  material p roper t i es  and i n i t i a l  curva ture  o f  
f ibers  are not  included. 
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APPENDIX 

Calculation of Distributed Moment m Applied 

Consider the cross section of a circular 
shear stress field zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT as shown in Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA16(a 

force df on an infinitesimal area r de on the 
given by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAYX’ 

f 

sin 8 de 
df = Tyxrf 

to a Buckled Fiber 

fiber in a uniform 
. The resultant 
fiber surface is 

(A-1 

The resulting moment dm about the z axis is given by 

dm = -r s i n  8 df = -T r sin28dB 
f YX f 

Thus the total moment m per unit length of the fiber becomes 
I 

(A-2) 
2 m = -IT r sin Ode = -r T I 27rsin2edB = -mf T 

27r 2 2 

f YX 0 YX O Y X  f 

In unidirectional composites T is replaced by TLT, hnd 
YX 

hence 

(A-3) 

where df is the fiber diameter, i.e., d 
is the same as Eq. (23). 

= 2r Equation (A-3) 
f f.1 

If the representative area is taken to be a rectangle as 
shown in Fig. 16(b), and if the shearing stress T is applied on 

Y X  

the top and bottom surfaces, the moment m is simply 

In terms of the fiber volume fraction v , where 
f 

(A- 4 

- hf - 
Vf hf  + hm 
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and the composite shearing stress zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT Eq. ( A - 4 )  can be written 
LT' 

as 

LT m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= -- hf T 

Vf 
(A-6)  

Equation (A-6)  is the same as Eq. (16) when T is approximated 
by LT 

Gm dv 
'LT 1 - v dx 

f 
- - - 

(A-7) 

Since Eqs. ( 1 )  to (3) are to be solved for the buckling of a 
fiber, Eq. (A-3)  is preferred to Eq. ( A - 6 ) .  
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Table 1. Geometric Parameters f o r  Kink Band 

Material zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB 6/df Reference 

G r /  EP 22 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 26" -3 171 

Carbon/Carbon 24 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA28' -7 19 1 

45 " 1101 

G1/Ep 20 - 30" 181 

Kv 49/Ep 55 - 60' 161 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a = 2B 181 
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Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2. Constituent Materials 

Fiber Matrix 

Laminat e 
Fiber Weight Nominal 
Content, % Thickness, mm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

T300 Narmco 5208 59 3.6 

American Cyanamid 60 
BP 907 

Union Carbide 
490 1/MDA 

Union Carbide 
49 0 1 /mPDA 

3.9 

68 3.0 

71 3.0 

T700 BP 907 60 3.6 

4901/MDA 66 3.6 

4901/mPDA 65 3.6 

Identification of commercial products and companies in the report is used 
to describe adequately the test materials. 
commercial products does not constitute endorsement, expressed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo r  implied, 
of such products by the National Aeronautics and Space Administration. 

The identification of these 
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Table 3. Nominal Properties of 

Constituent Materials 

1 Failure 
1 

Failure 1 Materia 1 Di ame t er zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, Modulus , 
Ftm GPa zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAStress, MPa Strain, % 

T300 7.0 2 30 3310 1.4 

T700 5.1 2 38 4550 1.9 

5208 - 4.00 57.2 1.8 

BP907 - 3.10 89.5 4.8 

4901/MDA - 4.62 103.4 4.0 

- 490 l/mPDA 5.46 115.1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 2.4 

'In tension 
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a Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4. Linear Regression Analysis f o r  t he  

Data of Reference [25] 

Y a b Correlat ion 
Coef f ic ient  

Compressive 7.091 101 .o 
modulus 

0.4674 

Tens i 1 e 
modulus 

4.392 123.4 0.2898 

Compressive 0.433 -0.1685 0.9021 
s t rength  

Tensi le 0.068 1.586 0.2592 
s t rength  

F 1 e mral 
s t rength  

0.423 0.600 0.7764 

a y = a x + b ;  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx = r e s i n  t e n s i l e  modulus 
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2. Kink band geometry. 
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(a>  A circular f iber .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Z zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(b)  A rectangular f iber .  

Figure 16. Representative cross-sectional area- 



NASA Langley Research Center 

Hampton, VA 23665 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 
, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

12 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS~rrrucicig Ayency Name aod Address 

National Aeronautics and Space Administration 
Washington, DC 20546 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt 

11. Contract or Gran; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANo. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
v 

13. TyW of Repon and Period Coverad 

Technical Memorandum 

14. Sponsoring Agency coda 

Unclassified - Unlimited 
Composite Materials 
Composite Structures 
Composite Failure 
Graphite-Epoxy Subject Category 24 

For sdle by the National Technical Information Service Springfield. Virgrwa 22161 NASA-Langley, 1984 


