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INTRODUCTION

The through-the-thickness effective poisson's ratio of a composite
laminate can be an important property in the application and tasting of
composite materials. Tﬁickness changes can inflvence the gripping force
on test specimens and the measurement of transverse displacements. They
have the potential to have a critical effect on sfructures requiring. a
high degree of dimensional stability such as optical benches, space
telescopes and anténnas, and joints. Further,. thickness changes can be
very important to the performance of bonded and bolted joints. However,
little if any attention has been given to this laminate property. In
fact, no references to the subject were found in the literature during
the preparption of this manusqript.

- Negative in-plane poisson's ratios vy have been reported previ-

Y
ously [1] and negative—average through-the-thickness poisson's ratios on
the free edge of laminates have been measured {2]. These negative
values of the ffee edge were shown to correlate well with fini;g element
results. However, no attempt was made to study the general laminate
behavior away from edges. As will be shown, there is a significant
difference between the behavior in interior regions and that at the free
edge., Negative poisson's ratios have also been reported for a small
number of other materia157[33.

It should be emphasized that the effective poisson's ratio is a

laminate (or structural) property and not a material property. As will

be demonstrated, it is a function of the internal stress state in the



laminate; Henceforth in this paper, the term poisson's ratio will be
used>to imply the effective laminate property.
PROBLEM FORMULATION

The magnitudé of the through-the-thickness poisson's ratio V., Can

be predicted quite easily through a combination of lamination theory and

the appropriate three-dimensiona] constitutive equation. Consider a

symmetric composite laminate under axial load Nx’(Fig. 1).  Lamination

theory gives the3ﬂidplane strains
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where Aij =) ﬁ}g tk, nﬁk are coefficients of the reduced stiffness
. k=1 :
matrix, tk are the individual layer thicknesses and N is the number of

plys. The through-the;thickness poisson's ratio is defined
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where the strain €, equals the total transverse displacement W divided

by the laminate thickness 2H. The total W displacement can be written

N
W= [ edz= ] et (3)



where ezk is the constant strain in the kth layer. The strain ezk in

any layer can be determined using the three-dimensional constitutive
equatidn for a monoclinic (off-axis) layer
k k k
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where - the §;j argrthe coefficients of the transformed 3-D compliance
matrix.

Away from free edges, the laminate is in a state of plane stress

and hence azk is zero. “hus, ezk in each layer is
k _ k k k k k. k \
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The stresses in each layer can be determined from two-dimensional con-

" stitutive equations and the inverse of Aij as
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Substituting (6) into (5) gives ¢ k

2 in gach layer in terms of material

and laminate properties and the applied load
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Combining (3) and (7) gives the total W displacement
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And dividing by the applied axial strain e, (Eqn. 1) and the thickness

2H provides the expression for the through-the-thickness poisson's ratio
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we can write
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A similar development for axial loading Ny gives the through-the-

thickness poisson's ratio v
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Equations (11 and (12) can be-writtén in condensed notation
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where surmation of the repeated subscript i is implied.

RESULTS
Typical results for T300/5208 graphite-epoxy are shown in Fig. 2.
The figure shows a plot of the variation in Vyz for unidirectional off-
axis laminae and angle-ply laminates ([ta]s) with fiber orientations

ranging from 0 to 90 degrees. It can be seen that Vy varies radically

2z
with fiber orientation in angle-ply laminates, attaining a minimum

negative value of -0.21 for a [#25] laminate-compared to a maximum



positive value of 0,49 for a [90] laminate. fhe negative poisson's
ratios fortaﬁg1e—p1y laminates with fiber orientations between 15° and
40° is due to the high degree of normal-shear coupling (non-zero ﬁiek)
and the constraining influence of adjacent layers. The coupling results
in high inplane shear stresses and a lateral poisson's ratio Vyy greater
than },9 [1]. A lateral poisson's ratio greater thai one and a negative
through-~the-thickness poisson's ratio are physically consistent.

The through-the-thicknes§ poisson's ratio for angle-ply léminatés
differs drastically from that for off-axis lamina (Fig. 2) much like the
inplane poisson's ratio of the laminate differs from that of the lamina
[1]. Both results show clearly that a laminated composite is a struc-
ture whose elastic constants cannot be determined by a simple rule of
mixtures. In fact Vg is an even function of 6 for unidirgctiona] of f-
axis laminae and thus is positive for both plus and minus fiber orienta-
tions. And>yet the combination of plus and minus theta layers has a
negative poisson's ratio. This result is a clear indication that all
interactions between constraining layers must be properly accounted
for.

Results for v . of angle-ply laminates are shown in Fig. 3. They

y

correspond to a reflection of the v results about the 45° orien-

Xz
tation.

The underlying physics of the negative poisson's ratio phenomenon
may be better underst9od through consideration of the plane stress
expression for the through-th- thickness strain in material principal

coordinates
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From Eq.f(lé) it is evident that €, can be negative if either,o1 or o,
is compressive and of sufficient magnitude. For angle-ply laminates,

¢y is a constant tensile value and g, is a constant compressive value
for all layers (Fig. 4). In thé fiber orientation range 15°-40°, the
magnitude of oy is sufficiently large to render €, positive for all
layers of the laminate. -

7 Figure 5 shows through-the-thickness poisson's ratios for

7[0/t9]S and [Ozlte]s laminates compared to the results for the:laminae
and angle-ply laminates of Fig. 2. Clearly, negative through-the-thick-
ness poisson's ratios are not limited to [te]S angle-ply laminates.
There is a wide variety of [0,/t6]  and [0/*_-6]S laminates which have

. These curves show the influence of fiber

negative poisson's ratios Vs

orientation as well as the influence of the percent 0° layers. They
also show that there is a wide variety of laminates which can be tail-
ored to have a zero through-the-thickness poisson's ratio. —

The [02/t90]S laminate is equivalent to the cross-ply laminate
[02/902]5. Its Vs is 0,413, Also shown for comparison is the through-
the-thickness poisson's ratio for a quasi-isotropic [0/1—45/90]S Tami-
nates (v, = 0.301). It is interesting that the [0/445/90]; quasi-
isotropic lamirate has the same through-the-thickness poisson's ratio as
the [0/:60]; quasi-isotropic laminate. It should be noted that all
laminate results are independent of stacking sequence for symmetric

laminates.



As mentioned previously, the analysis presented is valid only away
from free edges. The influence of edge effects is demonstrated in Fig.
6. Figure 6a shows the in-plane {v,w) displacements (not to scale) in a
quarter section of a [305/-30,]¢ laminate uncar tensile axial load N, as
obtained using finite elements [4]. (A1l finite element plots have been
normalized for a uniform maximum deformation). Both undeformed and
~ deformed shapes are indicated in the figure. It is evident that the
laminate is thicker under load in interior regions away from the edge
corresponding to a negative possion's ratio as predicted by the simpli-
fied analysis of Egns. 1-13. It i: also intéresting to note that the
opposite is true in the boundary layer 2long the free edge where the
complex triaxial stress state results in a variable poisson's ratio
which attains a maximum positive value at the free edge. It is impor-
tant to note that the simplified analysis of Eqns. 1-13 and the elastic-
ity solution of theifiéité element analysis give the same result in
interior regions.

Unlike ir =arior regions,. the thickness changes in the boundary
layer region are a function of the laminate stacking sequence. This is
demonstrated more dramatically in Figs. 6b and 6¢c where the deformed
shapes of two quasi-isotropic laminites of differeat stacking sequence
are shown. Both laminates have identical thickness changes in interior
regions, but entirely different deformed shapes in the boundary iayer
region. The [0/-45/70/45]; laminate has a positive vy, at the free
edge, but the [+45/0/90]S laminate has a small nenative v, at the free

Xz
edge. Obviously, the stacking sequence plays a dominant role in the
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boundary layer region. These results are consistent with those presen-
ted in reference [2].

Another interesting feature of the results presented here is the
influence of the fiber orientation in angle-ply laminates on the dilata-
tion e =¢, + €y te,. The laminate dilatation can be positive or
negative depending on fiber orientation. For éxample, a [1-10]S laminate
has a positive dilatation e = 0.32ex‘whereés a [130] laminate has a
‘negative dilatation e = -0.32¢,. Thus ié is possible to tailor the
diiatétion_of a composite laminate over a range of values including

zero. This comparas to the positive dilatation of a typical metal

(v =0.3) of e = 0.4ex.

LONCLUDING REMARKS

It has been shown that the through-the-thickness poisson's ratios-
of graphite-epoxy angle-ply and related laminates exhibit a wide range
of values including relatively large negative values for laminates
having layers with high normal-shear coupling. Poisson's ratios which
are negative in one plane, but grealer than 1.0 in an orthogonal plane
are unique to anisotropic, layered materials. It may be surprising to
engineers and scientists unfamiliar with these materials that such
properties are possible. Lateral poisson's ratios greater than one have
been measured in the laboratory. To this authors knowledge, no attempt
has been made to measure the through-the-thickness poisson's ratio away

from edges.
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Since the laminates studied here are symmetric and subjected to
4 inplane loading, the results are independent of laminate stacking
sequence (away from edges). Similarly unusual results are td be expec-
ted for other properties such as_the through-the-thickness coefficients
of thermal and hygroscnpic expansion,

Finai]y, the ability to tailor materials to have negative or zero
poisson's'ratios and negative or zero di]atafion presents some exciting

possibilities for innovative uses of these materials.
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