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INTROOUCTION 

The through-the-thickness e f f e c t i v e  poisson's r a t i o  of  a- composite 

laminate can be an important property i n  t h e  app l ica t ion  and t e s t i n y  o f  

composite materials, Thickness changes can in f luence the gr ipp ing f o r c e  

on t e s t  specimens and- the measurement o f  transverse displacements, They 

Rave the potef l t ia l  t o  have a c r i t i c a l  e f f e c t  on st ructures requ i r ing .a  

h igh degree o f  .dimensional s t a b i l i t y  such as opt ict i1 benches, space - 

telescopes and antennas, and jo in ts .  Further,. thickness changes can be 

very important t o  the  performance o f  bonded and bo l ted  j o i n t s ,  However, 

l i t t l e  if any a t ten t ion  has been given t o  t h i s  laminate property, In 

fact, no references t o  the subject were found i n  t h e  l i t e r a t u r e  dur ing 

the preparation o f  t h i s  manuscript. 

- Negative in-plane poisson's r a t i o s  v have been reported prev i -  - 
XY 

ously [l] and negative average through-the-thickness poisson's r a t i o s  on 

the f ree edge o f  laminates have been measured [ Z ] .  These negative 

values o f  the f ree edge were shown t o  cor re la te  we l l  w i t h  f i n i t e  element 

resul ts.  However, no attempt was made t o  study the general laminate 

behavior away from edges. As w i l l  be shown, there i s  a s i g n i f i c a n t  

d i f ference between the behavior i n  i n t e r i o r  regions and t h a t  a t  the  f ree  

edge. Negative poisson's r a t i o s  have also been reported f o r  a small 

number o f  other mater ia ls [3]. 

I t  should be emphasized t h a t  the e f f e c t i v e  poisson's r a t i o  i s  a 

laminate (o r  s t r u c t u r a l )  property and not a m a t e r i a l  property. As w i l l  

be demonstrated, i t  i s  a funct ion o f  the in te rna l  stress s t a t e  i n  the 
- 
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laminate. Henceforth i n  t h i s  paper, t h e  term poisson's r a t i o  w i l l  be 

used t o  imply the  e f f e c t i v e  laminate property. 

PROBLEfl FORPIULATIOIS 

The magnitude o f  the through-the-thickness poisson's r a t i o  vxz can 

be predicted q u i t e  eas i l y  through a combination of lamination theory and 

the  appropriate three-dimensional c o n s t i t u t i v e  equation. Consider a 

symmetric composite laminate under a x i a l  load N, (Fig. 1). Lamination 

theory gives the  -3idplane strains 

A12 A16 E 

A16 A26 A66 

N 
where Aij = 1 vi: tk, vi; are coe f f i c i en ts  of the reduced s t i f f n e s s  

- .  k = l  
matrix: tk a r e  the  ind iv idua l  layer  thicknesses and N i s  the  number of 

plys. The through-the-thickness poisson's r a t i o  i s  defined 

-E " =z 
xz E 

X 

where the s t r a i n  E~ equals the t o t a l  transverse displacement W div ided 

by the laminate thickness 2H. The t o t a l  W displacement can be w r i t t e n  

H N 

-H k= 1 
tl = 1 cZdz = 1 E tk i 3)  
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where E: i s  the  constant s t r a i n  i n  the  kth layer.  i n  

any laye r  can be determined us ing the  three-dimensional c o n s t i t u t i v e  

The s t r a i n  

equation for a monocl inic (o f f -ax is )  layer  
-. 

where the  sij are t h e  c o e f f i c i e n t s  o f  the  transformed 3-0 compliance 

matrix. 

Away from free edges, the  laminate is i n  a s ta te  o f  plane s t ress 

and hence a: i s  zero. “hus, i n  each laye r  i s  

The stresses i n  each layer  can be determined from two-dimensional con- 

s t i t u t i v e  equations and the  inverse o f  Aij as 

Subst i tu t ing  (6 )  i n t o  ( 5 )  gives cZk i n  each l a y e r  i n  terms o f  mater ia l  

and laminate proper t ies and the  appl ied load 
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Corabining (3)  and (7)  gives the total W displacement 

kg k}tk 
N 
1 ('3?'12k i- '&Z,k + '36 22 k = l  

-1 
+ A12 

And d i v i d i n g  by the applied a x i a l  st rain c X  (Eqn. 1) and the thickness 

2H provides t h e  expression for the through-the-thickness poisson's r a t i o  

N 

k = l  
-1 1 ('3lkv,,k i- + '36 ku 26 k ) t k  

+ A12 (9 )  
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we can w r i t e  

A s i m i l a r  development f o r  ax ia l  loading Ny gives the  through-the- 

_. 
Y Z  

th ickness poi  sson ' s ra t - i  o v 

. - 

Equations (11 and (12) can be w r i t t e n  i n  condensed no ta t ion  

( i  = 1,2,6) 

where summation o f  the repeated subscr ipt  i is implied. 

RESULTS 

Typical  r e s u l t s  f o r  T300/5208 graphite-epoxy are shown i n  Fig. 2. 

The f igure  shows a p l o t  o f  the va r ia t i on  i n  vxz  f o r  un id i rec t iona l  o f f -  

ax is  laminae and angle-ply laminates ([+e],) wi th  f iber  o r ien ta t ions  

ranging from 0 t o  90 degrees. It can be seen t h a t  vxz  var ies r a d i c a l l y  

w i t h  f i b e r  o r i en ta t i on  i n  angle-ply laminates, a t t a i n i n g  a minimum 

negative value o f  -0.21 for a [tZS], laminate compared t o  a maximum 
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pos i t i ve  value o f  0.49 f o r  a [go] laminate. The negative Poisson's 

r a t i o s  for. angle-ply laminates w i t h  f i be r  o r ien ta t ions  between 1 5 O  and 

40° i s  due t o  the h igh  degree of  normal-shear coupl ing (non-zero q l t )  
and the  const ra in ing in f luence o f  adjacent layers. The coupling r e s u l t s  

i n  h igh inplane shear stresses and a l a t e r a l  poisson's r a t i o  v greater 

than 1.0 -. [l]. A l a t e r a l  Poisson's r a t i o  greater thait one and a negative 
XY 

€hrough-the-thickness poisson's r a t i o  are phys ica l l y  consistent. 

The through-the-thickness poi  sson's r a t i o  f o r  angle-ply laminates 

d i f f e r s  d r a s t i c a l l y  from t h a t  f o r  o f f -ax i s  lamina (Fig. 2)  much l i k e  the  

inplane poisson's r a t i o  o f  the  laminate d i f f e r s  from t h a t  o f  t h e  lamina 

E l ] .  Both resu l t s  show c l e a r l y  that  a laminated composite i s  a s t ruc-  

t u re  whose e l a s t i c  constants cannot be determined by a simple r u l e  o f  

mixtures. In f ac t  uxz i s  an even funct ion of  0 for  un id i rec t iona l  o f f -  

ax is  laminae and thus i s  p o s i t i v e  f o r  both p lus and minus f i b e r  or ienta-  

t ions.  And yet the combination o f  p lus  and minus theta layers has a 

negative Poisson's ra t i o .  This resu l t  i s  a c lear  i nd i ca t i on  t h a t  a l l  

in te rac t ions  between const r a i  n i  ng 1 ayers must be proper ly accounted 

for. 

Results f o r  v o f  angle-ply laminates are shown i n  Fig. 3.  They 

resu l t s  about the  4 5 O  or ien- 
YZ 

correspond t o  a r e f l e c t i o n  o f  the v x z  

t a t  i on . 
The under ly ing physics of  the negative Poisson's r a t i o  phenomenon 

may be be t te r  understq2od through consideration o f  the plane stress 

expression f o r  the throuqh-th. thickness s t r a i n  i n  mater ia l  p r i nc ipa l  

coordinates 



" 1 ~ 1  '23'2 

From Eq. (14) it i s  evident t h a t  c z  can be negative i f  e i t h e r  u1 o r  u2 

i s  compressive and o f  s u f f i c i e n t  magnitude. For angle-ply laminates, 

o1  i s  a constant t e n s i l e  value and gz i s  a constant compressive value 

f o r  a l l  layers (Fig. 4). I n  the  f i be r  orientat ion'range 15"-40°, t he  

magnitude q f  o2 i s  s u f f i c i e n t l y  la rge  t o  render ~3~ p o s i t i v e  f o r  a l l  

layers of the  laminate. 

F igure 5 shows through-the-thickness ?oisson's r a t i o s  for  

[O/iels and cO2/tOIs laminates compared t o  the  r e s u l t s  f o r  t he  laminae 

and angle-ply laminates o f  Fig. 2. Clearly, negative through-the-thick- 

ness Poisson's rat ic js are not l i m i t e d  t o  [.le], angle-ply laminates. 

There i s  a wide var ie ty  o f  [O,/+,e], and [ O / t 6 l S  laminates which have 

negative poisson's r a t i o s  vXZ. These curves show the  in f luence of f iber  

o r i en ta t i on  as we l l  as the in f luence of the percent 0' layers. They 

a lso  show t h a t  there  i s  a wide var ie ty  o f  laminates which can be t a i l -  

ored t o  have a zero through-the-thickness i)oisson's r a t i o .  - 

The [O2/+90Is laminate i s  equivalent t o  the cross-ply laminate 

[02/902]s. I t s  vxz i s  0.413. Also shown for comparison i s  the  through- 

the-thickness poisson's r a t i o  f o r  a quasi- i  sot rop ic  [O/f4S/90Is l a m i -  

nates (uxz = 0.301). It i s  i n te res t i ng  tha t  the [O/i45/90]s quasi- 

i s o t r o p i c  lamipate has the same through-the-thickness poisson's r a t i o  as 

the  CO/t6OIs quasi- isotropic laminate. I t  should be noted tha t  a l l  

laminate resu l t s  a r e  independent of  stacking sequence f o r  symmetric 

1 aminates. 
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As mentioned previously, the  analys is  presented i s  v a l i d  on ly  away 

from f ree  edges. The in f luence o f  edge e f f e c t s  i s  demonstrated i n  Fig. 

6. Figure 6a shows the  in-plane fv,w) displacements (not t o  scale) i n  a 

quarter section o f  a [302/-302Js laminate u n A r  t e n s i l e  a x i a l  load N, as 

obtained using f i n i t e  elements [4]. (All  f i n i t e  element p l o t s  have been 

normalized f o r  a uni form maximum deformation). Both undeformed and 

deformed shapes are ind icated i n  the f igure.  It i s  evident t h a t  t h e  

laminate i s  th icker  under load i n  i n t e r i o r  regions away from the edge 

corresporrding t o  a negative possion's r a t i o  as predicted by the  s impl i -  

f i e d  analysis o f  Eqns. 1-13. I t i: a l s o  i n t c r e s t i n g  t o  note t h a t  t h e  

opposite i s  t r u e  i n  the  boundary layer  ?long t h e  free edge where the 

complex t r i a x i a l  stress s ta te  r e s u l t s  i n  a var iab le Poisson's r a t i o  

which a t t a i n s  a maximum p o s i t i v e  value a t  the  free edge. It i s  impor- 

t a n t  t o  note t h a t  the s imp l i f ied  analysis of  Eqns. 1-13 and the e l a s t i c -  

i t y  so lu t ion  o f  the - f i n i t e  element analysis give the same r e s u l t  i n  

i n t e r i o r  regions. 

Unl ike i r .  v i o r  regions, the thickness changes i n  the boundary 

layer  region are a funct ion o f  the lamin& stacking sequence. This i s  

demonstrated more dramat ical ly i n  Figs. 6b and 6c where the  deformed 

shapes o f  two quasi- isotropic lamini tes o f  d i  f feret i t  stacking sequence 

are shown. Both laminates have i d e n t i c a l  thickness changes i n  i n t e r i o r  

regions, but e n t i r e l y  d i f fe ren t  deformed shapes i n  the boundary iayer  

region. The [O/-45/qO/45]s laminate has a p o s i t i v e  u x z  a t  the f ree  

edge, but the [+45/O/90]s laminate has a small neclatire uxz  a t  the  f ree 

edge. Obviously, the stacking sequence plays a dominant r o l e  i n  the 
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boundary layer  region. These resu l t s  are consistent w i t h  those presen- 

ted  i n  reference [Z]. 

Another i n te res t i ng  feature o f  the  r e s u l t s  presented here i s  the  

in f luence o f  the  f i b e r  o r i en ta t i on  i n  angle-ply laminates on the d i l a t a -  

t i o n  e = c x  + + E ~ .  The laminate d i l a t a t i o n  can be p o s i t i v e  o r  

negative depending on f i b e r  or ientat ion.  For example, a [flo], laminate 

has a p o s i t i v e  d i l a t a t i o n  e = 0 . 3 2 ~ ~  &ereas a [f30Is jaminate has a 

negative d i l a t a t i o n  e = -0.32~~. Thus i t  i s  possible t o  t a i l o r  t h e  

d i l a t a t i o n  o f  a composite laminate over a range o f  values inc lud ing  

zero. This comparss t o  the p o s i t i v e  d i l a t a t i o n  of  a t y p i c a l  metal 

(u = 0.3) o f  e = 0 . 4 ~ ~ .  

Y 

CONCLUDING REMARKS 

It has been shown t h a t  the through-the-thickness Poisson 's r a t i o s  

o f  graphite-epoxy angle-ply and re la ted  laminates e x h i b i t  a wide range 

o f  values inc lud ing r e l a t i v e l y  la rge  negative values fo r  laminates 

having layers w i th  h igh normal-shear coupling. Poisson's r a t i o s  which 

are negative i n  one plane, but grea'-er than 1.0 i n  an orthogonal plane 

are unique t o  anisotropic,  layered materials. It may be surpr is ing  t o  

engineers and sc ien t i s t s  un fami l ia r  w i th  these mater ia ls  tha t  such 

propert ies a re  possible. Lateral  poissoil's r a t i o s  greater than one have 

been measured i n  the laboratdry. To t h i s  authors knovrledge, no attempt 

has been made t o  measure the through-the-thickness poi sson's r a t i o  away 

from edges, 



11 

Since t h e  laminates studied here are symmetric and subjected t o  

inplane loading, the  r e s u l t s  are independent of laminate stacking 

sequence (away from edges), S i m i l a r l y  unusual r e s u l t s  are t 3  be expec- 

ted  f o r  other propert ies such as the  through-the-thickness c o e f f i c i e n t s  

o f  thermal and hygroscopic expansion . 
Fina l l y ,  t h e  a b i l i t y  t o  t a i l o r  mater ia ls  to have negative o r  zero 

poisson's r a t i o s  and negative o r  zero d i l a t a t i o n  presents some e x c i t i n g  

p o s s i b i l i t i e s  f o r  innovat ive uses o f  these materials. 
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