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ELASTIC CONSTANTS AND INTERNAL FRICTION OF REINFORCEDCOMPOSITES 
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Fracture and Deformation Division, Center for Materials 
Science , National Bureau of Standards, Boulder, Colorado 
80303. U.S.A. 

Abstract - We describe experimental s tudies  on the anisotropic  e l a s t i c  con- 
s t a n t s  and in te rna l  f r i c t i o n  of reinforced composites. Reinforcement types 
include f i b e r  and fabr ic .  Studied mater ials  include boron-aluminum, glass-  
epoxy, boron-epoxy, graphite-epoxy, and aramid-epoxy. We made most measure- 
ments with a  Marx three-component o s c i l l a t o r  a t  ki lohertz  frequencies. In 
a l l  cases ,  e last ic-constant  d i rec t ion  dependence f i t  r e la t ionsh ips  derived 
for  homogeneous monocrystals. Usually, e l a s t i c  s t i f f n e s s  and i n t e r n a l  f r i c -  
t ion  show an inverse re la t ionsh ip .  In no case did the inclusion-matrix in- 
t e r f a c e  appear t o  contr ibute  s ign i f ican t ly  t o  in te rna l  f r i c t i o n .  

I - INTRODUCTION 

A physical property of a composite mater ial  depends mainly on three ingredients: 
matrix property, inclusion property, and phase geometry. Phase geometry includes 
many variables:  volume f rac t ion ,  inclusion shape, inclusion or ien ta t ion ,  inclusion 
s i z e ,  and inclusion d i s t r ibu t ion .  For some composites, especial ly  a t  higher tempera- 
t u r e s ,  the inclusion-matrix interface a f f e c t s  a  physical property. 

The present study considers two strongly re la ted  physical propert ies:  e l a s t i c  con- 
s t a n t s  and in te rna l  f r i c t i o n .  Especially, we focus on Young modulus, E ,  and inter-  
na l  f r i c t i o n  , Q-' , determined in rod-shaped specimens in  a  Young-modulus 
(extensional-wave) mode. 

E las t ic  constants enter  many aspects of composite-material behavior: s t i f f n e s s -  
weight r a t i o ,  load-deflection, e l a s t i c  i n s t a b i l i t y ,  thermoelastic s t r e s s ,  residual  
s t r e s s ,  sound-wave v e l o c i t i e s ,  mater ial  character izat ion,  relat ionship t o  other  
physical propert ies  ( f o r  example, thermal expansivity and s p e c i f i c  h e a t ) ,  p l a s t i c  
deformation, theore t ica l  s t reng th ,  and nondestructive evaluation. 
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I n t e r n a l  f r i c t i o n  of  composites r e l a t e s  t o  many of  t h e  above phenomena. I n  
a d d i t i o n ,  i t  r e l a t e s  e s p e c i a l l y  t o  s t r u c t u r a l  damping and t o  d e t e c t i o n  o f  premoni- 
t o ry  f a i l u r e  a s  manifes ted  in  c rack ing  and delaminat ion.  

I1 - EXPERIMENT 

We measured Young modulus and Young-modulus-mode i n t e r n a l  f r i c t i o n  us ing  a Marx 
three-component o s c i l l a t o r  i n  t h e  k i loher tz- f requency r eg ion  / I / .  I n  t h i s  method. 
t h e  Young-modulus va lue  a r i s e s  from t h e  specimen resonance frequency and t h e  
i n t e r n a l  f r i c t i o n  from t h e  half-power width of  t h e  resonance peak. Typical  speci -  
mens were c y l i n d r i c a l  r o d s  5 mm i n  d iameter  and 2 t o  10 cm long. 

I11 - RESULTS 

Table 1 g i v e s  ambient-temperature r e s u l t s  f o r  s e v e r a l  f i b e r - r e i n f o r c e d  and c lo th -  
r e i n f o r c e d  composites.  Figure  1 shows a log-log p l o t  o f  most o f  t h e s e  r e s u l t s .  
F igure  2 shows t h e  angu la r  v a r i a t i o n  o f  E and Q-l f o r  a u n i a x i a l  boron-f i be r -  
r e i n f o r c e d  aluminum-matrix composite.  For t h e  warp - f i l l  p l a n e ,  Fig.  3 shows a 
s i m i l a r  diagram f o r  a g l a s s - f ibe r -c lo th - re in fo rced  epoxy-matrix composite.  Figure  4 
shows a s i m i l a r  diagram f o r  t h e  Young modulus o f  a g raph i t e - f ibe r -c lo th - re in fo rced  
epoxy-matrix composite. 

I V  - DISCUSSION 

Figure  1 shows an approximately hype rbo l i c  r e l a t i o n s h i p  between Young modulus and 
i n t e r n a l  f r i c t i o n .  I f  we assume a r e l a t i o n s h i p  

E" Q - ~  = C = cons tan t  ( 1  ) 

then wi th  E i n  u n i t s  o f  1011 ~ / m ~  and Q-l i n  u n i t s  of  lo-', a l ea s t - squa res .  f i t  
g ives  n = 0.80 and C = 14.3. Although t h i s  p re l imina ry  empircal  E-Q-I r e l a t i o n s h i p  
r e q u i r e s  f u r t h e r  s t u d y ,  i t  sugges t s  a u s e f u l  gu ide l ine  f o r  unders tanding and 
op t imiz ing  t h e s e  two phys ica l  p r o p e r t i e s  i n  f  i be r - r e in fo rced  composites.  

For a transverse-isotropic-symmetry m a t e r i a l ,  w i th  t h e  unique a x i s  a long  x3, t h e  
Young modulus is 

where S . .  denote  t h e  Voigt e l a s t i c  compliances,  Y denotes  t h e  ang le  between t h e  
1 J unique a x i s  and t h e  specimen a x i s ,  and t h e  prime denotes  r o t a t i o n  away from t h e  x3 

a x i s .  Composites con ta in ing  p a r a l l e l  f i b e r s  d i s t r i b u t e d  e i t h e r  randomly o r  t r i angu-  
l a r l y  i n  t h e  t r a n s v e r s e  p lane  should e x h i b i t  t r a n s v e r s e - i s o t r o p i c  symmetry. 
F igure  2 shows t h a t  measurements on a boron-aluminum composite f i t  t he  p r e d i c t i o n s  
o f  Eq. ( 2 ) .  Also, Fig 2 shows an i n v e r s e  r e l a t i o n s h i p  between t h e  d i r e c t i o n a l  
v a r i a t i o n s  o f  E and Q-: : t h e  minimum i n  E corresponds  t o  t h e  maximum i n  Q-I , and 
v i c e  ve r sa .  This extends  t h e  gene ra l  r e s u l t  shown i n  F i  1 f o r  p r i n c i p a l  d i r ec -  
t i o n s .  P r e s e n t l y ,  we do n o t  unders tand t h e  i r r e g u l a r  Q-'.(Y) behavior.  We specu- 
l a t e  t h a t  t h i s  may a r i s e  from mode coupl ing r e l a t e d  t o  t h e  composite 's  laminated 
s t r u c t u r e .  

For an  orthotropic-symmetry m a t e r i a l ,  with p r i n c i p a l  axes  a long x l ,  x2 ,  x3, t h e  
Young modulus ( i n  t h e  xl-x2 p lane ,  f o r  example) is 

where t h e  a i  r e p r e s e n t  t h e  d i r e c t i o n  cos ines  between t h e  specimen a x i s  and t h e  
p r i n c i p a l  a x i s .  Laminated c lo th - re in fo rced  composites with 90° ang les  between warp- 
d i r e c t i o n  and f i l l - d i r e c t i o n  f i b e r s  should  e x h i b i t  o r t h o t r o p i c  macroscopic symmetry. 
For glass-epoxy, Fig .  3 confirms t h a t  t h e  measurements f i t  Eq. ( 3 ) .  This  f i g u r e  
a l s o  shows Q-' , which, l i k e  t h e  boron-aluminum c a s e ,  r e l a t e s  inve r se ly  t o  E. 
F igure  1) shows r e s u l t s  f o r  a g raph i t e -c lo th - re in fo rced  epoxy-matrix case .  The Young 



modulus behaves s imi la r ly  t o  the glass-epoxy case shown i n  Fig. 3. Our preliminary 
measurements show t h a t  Q-' f o r  graphite-cloth-epoxy does not vary a s  expected with 
angle. 

V - CONCLUSIONS 

From t h i s  s tudy,  there a r i s e  severa l  conclusions: 

1 .  Composites reinforced with un id i rec t iona l  f i b e r s  exh ib i t  t ransverse- isotropic  
symmetry. Composites reinforced with c lo th  laminae exhib i t  or thotropic  symmetry. 
One can describe both cases  using s tandard re la t ionsh ips  derived f o r  anisotropic  
monocrystals. 

2. Usually, but not always, Q-' decreases when E increases.  This inverse re la t ion-  
ship tends t o  hold f o r  th ree  s i t u a t i o n s :  a s i n g l e  composite where inclusion 
volume f r a c t i o n  changes, among various composites, and within a s ing le  composite 
versus d i rec t ion .  

3. A t  ambient temperatures, in  a l l  composites s tudied t o  date  ( including o thers  not 
reported h e r e ) ,  we found no in te r face  contr ibut ion t o  i n t e r n a l  f r i c t i o n .  
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TABLE 1. Young modulus and i n t e r n a l  f r i c t i o n  of severa l  f ib rous  composites a t  ambient 
temperature. 

Fiber I n t e r n a l  First-harmonic 
o r ien ta t ion ,  Dynamic Young's f r i c t i o  frequency, 

No. Mater ial  degrees modulus, GPa kHz 

1 Boron- 0 
2 aluminum 90 

6 Glass-cloth- 
epoxy 1 woof 

7 Glass-cloth- 
epoxy 2 woof 29.6 t 0.2 64.9 i 7.5 40 

Glass-cloth- 
epoxy 3 woof 

8 Glass-cloth- warp 29.4 i 1.0 68.7 + 6.6 4040 
9 epoxy 4 f i l l  26.3 i 1.0 100.1 i 7.8 45-90 
10 normal 14.0~ 228.6 55 

1 1  Class-cloth- warp 31.4 i 0.4 114.5 + 13.9 40-70 
12 epoxy 5 f i l l  27.7 221.6 i 85.3 40-70 
13 norma 1 15.6 i 0.6 406.5 60 

Graphite- 
epoxy 1 

14 Graphite- 
15 epoxy 2 
16 

20 Graphite- 
epoxy 4 

21 Graphite- 0 130. i 1 --- 60 
epoxy 5 
Graphite-cloth warp 73.7 27 4 50 
epoxy f i l l  64.7 320 50 

normal 13.0 1584 50 

Graphite- 0 
epoxy 1 90 

22 Aramid- 0 
epoxy 

a ~ n c e r t a i n t i e s  do not  occur f o r  some cases because only one specimen was measured. 



Fig.  1 - Young modulus ve r sus  i n t e r n a l  f r i c t i o n  f o r  f i be r - r e in fo rced  composite 
m a t e r i a l s  i n  Table 1 . 
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Fig.  2 - D i r e c t i o n a l  v a r i a t i o n  o f  Young modulus and i n t e r n a l  f r i c t i o n  f o r  a 
uniaxia l -boron-f iber  aluminum-matrix composite.  F ibe r s  l i e  a long  x j  a x i s .  The 
curve  r e p r e s e n t s  Eq .  ( 2 ) .  
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Fig. 3  - Direct ional  var ia t ion  of Young modulus and i n t e r n a l  f r i c t i o n  f o r  a glass-  
f iber -c lo th  epoxy-matrix laminated composite. Fibers  l i e  i n  warp and f i l l  
d i rec t ions .  The curve represen ts  Eq.  (3 ) .  

Fig .  4 - Direct ional  v a r i a t i o n  of Young modulus fo r  a  graphi te-f iber-cloth epoxy- 
matrix laminated composite. Fibers  l i e  i n  warp and f i l l  d i r e c t i o n s .  The curve 
represen ts  Eq. ( 3 ) .  


