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1. Forword

During the three years of this contract period, significant
research results in hybrid composite materials have been accomp-
lished in the areas of material fabrication, test method develop-
ment, theoretical analyses of the stiffness and strength proper-
ties, as well as modelling the behavior of fabric composites.
Altogether, seventeen technical papers have been published as
a result of the research work. Some fundamental understandings
of the mechanical behavior of hybrid composites have been
achieved.
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xR A. An Outline of the Research Effort

:3 /

“ .‘

::¥ We have made significant progress during the past two and
one-half years in the fundamental understanding of hybrid comp-

S

:;\ osite behavior. Studies have been focused on the three geometric

xﬁ types of hybrids: interlaminated (interply), intermingled (in-

Q‘ .
traply) and interwoven composites (Fig. 1).

208 To facilitate the presentation of our research results, it

AR

-

is useful to recapitulate an idealized stress-strain curve of

interlaminated hybrid composites as shown in Fig. 2. The hybrid

',
-

iiﬁ contains both high elongation (HE) and low elongation (LE) fibers.
;? For composites with good bonding between the component phases,

i the stress-strain curve is given by OABC. The important features
é& of this curve include the elastic behavior indicated by OA, the
fE? first cracking strain €LU associated with point A, the relative-
™ ly flat portion of the curve AB, the successive rise of the curve
E:S at a smaller slope (BC) and the final failure strain of the hy-
:ig orid given by the point D. The subscripts H and L are used to
= denote parameters related to high and low elongation fibers,

I§f respectively. The occurrence of first cracking (point A in Fig.
%; 2) in the low elongation fibers at a strain level higher than that
;; obtained when they are tested outside the composite (point A' in
'}2 Fig. 2 ) is known as one form of the "hybrid effect". The exten-
u;: sion of the curve between A and B at nearly constant stress is
"4
;b attributed to the multiple cracking of the LE fibers. The rise
?é~ of the curve BC in Fig. 2 is attributed to the loading of the
.:::
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;; high elongation fibers. The failure strain of the hybrid comp-
fa osite (D) is lower than that of high elongation fibers (G).
‘3: This is because the multiple fracture of the LE fibers and par-
,;i tial debonding between the HE and LE fiber reinforced laminae.
‘.‘ The precise shape of the stress-strain curve of a hybrid
?E composite depends upon the relative fiber volume fractions of
?é the LE and HE fibers and their distribution in the composite.
f - In the case of intermingled hybrid composites, multiple fractures
g: of the LE fibers can take place over a wide range of ‘he stress-
iES strain curve and at increasing applied load.

| The above brief introduction points out several areas of
ﬁi basic interest in hybrid composite research. They include the
:Sé fabrication of intermingled and interlaminated composites, the
- elastic behavior, hybrid effect, multiple fiber fracture and
ég ductility or final failure strain of the hybrid composite. Re-
ﬁ search results on these items will be discussed in Secs. B-E.
i Interwoven hybrid composites will be discussed in Sec. F and the
QE general continuum mechanics problems of composites are given in
\ Sec. G.
o
Ay B. Hybrid Material Fabrication, Characterization and Test
75& Method Development
ég (1) Hybrid Material Fabrication
:; A major goal of this research program is to assess the ef-
:§ fect of fiber dispersion and mixing on the performance of the
:g hybrid composite. Thus, it is essential to examine the full
;: range of fiber arrangements, from interlaminated and intermingled
§‘ constructions to interwoven laminae. Among these three types,
“a?
::

'}
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the intermingled arrangement is most difficult to make because
the degree of fiber mixing can vary from the mixture of large
diameter tows to the uniform dispersion of individual filaments.
From the viewpoint of basic research, the mixing of filaments
cannot be ignored, and it is one of the key efforts in the ex-
perimental program.

Because of the sizing and coatings on the filaments as well
as the tangling of the filaments in a fiber tow it was extremely
difficult to achieve intimate fiber mixing. Various techniques,
including the use of liquid jet, air jet and other mechanical
means were attempted. Finally, a specially designed filament
winding technique was successfully developed to fabricate inter-
mingled hybrid composites by mixing Kevlar and glass filaments
in a phenolic resin. Excellent dispersion and distribution of
the filaments have been achieved [l]. Test results of these ma-

terials are discussed in Sec. III C.

(2) Test Method Development

During the course of the mechanical property testing effort,
it was felt that the conventional honeycomb sandwich beam compres-
sion testing technique has certain disadvantages, such as its
high cost and the large amount of material used to fabricate the
sandwich faces. Efforts were then devoted to develop the concept
for design and fabrication of a reusable sandwich beam for com-
pression tests. With the co-operation of Professor Overbeeke of
Eindhoven University of Technology a reusable sandwich beam has
been successfully developed and tested. Besides being reusable,

the design also has the following advantages: excellent specimen
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-load alignment, large specimen guage length (2") and high re-
producibility in test results. The beam design is shown in Fig.
3 and details of hybrid composite compression test results are

documented in Ref.([2].
C. Elastic Properties

The study of elastic behavior is basic to the understanding
of the performance of hybrid composites. A major development in
this research is the establishment of analytical technique for
predicting elastic moduli of multiphase short-fiber composites
[3]. Both self-consistent and bound approaches are adopted. 1In
the bound method, closed form solutions have been obtained for
the upper and lower bounds of the effective elastic moduli of
unidirectional short-fiber composites. The short-fibers are
modeled by aligned ellipsoidal inclusions of the same aspect ratio
but not necessarily the same size. We adopt a perturbation ex-
pansion of the composite local strain field by using the Green's
function tensor. Explicit expressions of the effective elastic
moduli are derived up to the third order term by use of the in-
formation on the correlation functions. The variational method
is then employed to optimize the bounds of the effective modulus
in a closed form.

The present approach predicts narrower bounds than those
of Hashin and coworkers for the limiting cases of binary compo-
sites containing spherical particles and continuous fibers since
their bounds correspond to a model that takes the correlation
functions up to the second order into account. Figure 4 shows

such a comparison. Furthermore, the present approach is not

-----
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jij limited by the number of component phases in a composite. Fig-
. ure S5 gives an example of the theoretical prediction of trans-
_Ei verse Young's modulus as a function of relative fiber volume

Eﬁ fraction in a Kevlar/glass/epoxy system. Experimental data

i are obtained from Ref. [1].
Fo
fiﬁ D. Stress Concentrations and Hybrid Effect

In order to better understand the hybrid effect as depicted

:Eﬁ in Fig. 2, we choose to explain this interesting phenomenon from
:Eg the view point of stress redistributions in hybrid composites.
#\Q (1) Stress Concentrations
‘ % Both static and dynamic stress concentration factors have
;Q& been examined and major conclusions are outlined below.

N (a) Static Stress Concentrations [4,5]
E%ﬁ An intermingled hybrid composite sheet containing both high
‘;;é elongation and low elongation fibers arranged in alternating posi-
5;4 tions is shown in Fig. 6a. Stress concentration factors for both
fié types of fibers immediately adjacent to a group of fractured fi-
i;i bers have been evaluated. The method of influence function and
V; Fourier series representation are adopted. Results of stress
.ﬁg concentration factors are presented in terms of the number of
§E: fractured fibers and their geometric arrangements as shown in

£  Fig. 6b. The analysis demonstrates that, as compared to the case
}§§E of pure low elongation fiber composites, there is a reduction of
fﬁ the stress concentration factor of the low elongation fibers when
;fj they are dispersed among the high elongation fibers. The impli-
E: cations of this finding is discussed in Sec. D(3).
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(2) Dynamic Stress Concentrations [6]

A theoretical analysis has been performed to evaluate the
dynamic stress concentration factor in a simple interlaminated
hybrid composite (Fig. 7). The governing equation of the shear-
lag analysis is solved by a combination of Laplace transform, in-
fluence function technique and Fourier series representation.

At the fracture of a low elongation (LE) fiber, the present
model predicts two stress waves propagating along each fiber in
the hybrid. The phase difference of the dynamic responses con-
tributed by these waves at the middle section of a fiber immed-
iately adjacent to a fiber breakage is controlled by the fiber
mass per unit length. The magnitude of dynamic responses are
determined by the fiber extensional stiffness. Figure 8(a) de-
picts the time variation of stress concentration components Kl
and K2 due to the two types of fibers. The resultant of Kl and
Kz is also shown. When the two layers of fibers in Fig. 7 are
identical the hybrid is reduced to an ordinary binary system and
the two stress waves become in-phase as shown in Fig. 8(b). It
can be shown that the parent LE fiber composite always provides

the upper bound for stress concentration of hybrid.

(3) Hybrid Effect [4-6]

The term "hybrid effect" may mean different ohenomena for
different investigators. Here we focus on the effect indicated
by points A and A' on Fig. 2, and the explanation is based upon
the above stress analyses. 1In the dynamic analysis, the fiber

dynamic stress response is consisted of two stress waves always

out-of-phase in a hybrid with fibers of different mass and
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elastic stiffness. This fact suggests that the resultant stress

concentration on the LE fibers of a hybrid composite is always
lower than that in the pure LE fiber composite. A similar con-
clusion was obtained in the static stress concentration analysis.

Thus, it can be expected that the LE fibers in a hybrid can
carry higher load than those in a pure LE fiber composite, and
an increment in failure strain can be expected. Qualitative
comparisons of experimentally measured hybrid effects and theo-
retical predictions are given in Refs. [4-6] and the validity of
the present approach has been clearly demonstrated.

E. Statistical Strength Theory [7-9]

Another form of hybrid effect has been observed regarding
the ultimate failure strain and damage tolerance of composites.
It has been demonstrated both theoretically and experimentally
that the ultimate failure strain of a pure LE fiber composite is
enhanced if some of the LE fibers are replaced by HE fibers. The
dispersion of LE fibers among the HE fibers has the effect of en-
hancing multiple fractures of the LE fibers. Local damage of the
LE fibers at the vproper relative fiber volume fraction can be
constrained by the HE fibers. As a result of this synergistic ef-
fect, fiber damage vropagates in a progressive manner and the
ultimate failure strain of the hybrid is higher than that of the
corresponding LE fiber composite.

A theoretical analysis has been performed to predict the
stress-strain curve of an intermingled hybrid composite taking
into account the statistical strength distribution of the compo-
nent fibers. Figure 9 depicts a simple five-fiber model taken

from a composite infinite in size. The strength of fibers is
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assumed to follow a truncated normal distribution. The ratio of
ultimate failure strains of the HE and LE fibers is 3. A Monte
Carlo simulation is adopted to predict the composite strength.
The composites are treated as bundles of links, as indicated by
the "0" in Fig. 9. Under an applied load , the weakest link
in the composite model fails first, and the resulting stress con-
centration is computed imme ately. This determines the location
of the next link to fail. ‘e failure sequences of fiber links
are given by the Arabic nun . 3 in Fig. 9(a) and (b) for LE comp-
osite and hybrid, respectively. Figure 10 gives the predicted
stress-strain curves of LE, HE and LE/HE hybrid composites where
the LE and HE fibers are assumed to have the same ultimate
strength. Much more extensive predictions of the stress-strain
relation can be readily achieved by using higher number of fibers.
The theoretical curve of the hybrid composite coincide remarkably
well with experimental results at least in a qualitative fashion.
The progressive nature of damage propagation in Figs. 9(b)
and 10 clearly demonstrate the desirable effect of hybridization.
The ductility of LE fiber composites can be enhanced by selec-
tively replacing the brittle fibers with more ductile ones, and
the resulting stress-strain curve resembles that of a ductile

metal.

F. Fabric Composites [10-17]

Woven fabrics are now considered to be a more important re-
inforcing material in the composite technology than a decade ago.

The understanding of the reinforcing mechanics in fabric

........................
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composites, however, has not been fully established yet. Al-
though the structural efficiency of fabric composites is not as
high as that of the unidirectional laminates, their versatile
properties and low fabrication costs have made fabric composites

attractive for structural applications.

(1) Fabric Structures

Most woven fabrics are formed by interlacing two sets of
threads, the warp and the fill as shown in Fig. 1ll. The types
of fabrics can be identified by the repeating patterns. Two
geometrical parameters are defined first for identification;
nfg denotes that a warp thread is interlaced with every nfg-th
£fill thread and nwg denotes that a fill thread is interlaced with
every nwg-th warp thread. Here, we focus our attention on the
case of nwg = nfg = ng . Fabrics with ng > 4 and with isolated
interlaced regions are known as satin weaves, and fabrics with
ng = 2 are known as plain weaves. 'Figure 124 depicts an 8 harness
(ng = 8) hybrid fabric. 1In the case of hybrid fabrics, parameters
which define the material arrangements need to be svecified. For
example, e = 4 and D = 4 indicate, resvectively, the pattern
of arrangement of fiber types in the fill direction repeats for
every four warp threads and the pattern in the warp direction re-
peats for every four £fill threads where subscrint m signifies a

material parameter. Two implicit assumptions are adonted; no

spacing between threads are allowed and hybrid fabrics consist of

only two material types, denoted by a and 2.
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(2) Analytical Models
{ For the purpose of analyzing different types of fabric
composites and several thermomechanical properties, four analy-
{; tical models have been developed. 1In the first model, known as

the mosaic model, a fabric composite is idealized as an assem-

[ 2a

. blage of asymmetrical cross-ply laminates (Fig. l12a ). Based

.'( s,

upon the assumptions of iso-stress and iso-strain, bounds of

oS

elastic moduli are derived and they provide an approximate meth-

A
»

od for predicting the elastic moduli and the results compare

-

fairly well with experimental measurements.

SN NN)

In the second method, the mosaic model is modified to take
;;: into consideration the effect of fiber undulation and continuity
¢
N on composite stiffness (Fig. 12b ). A one-dimensional strip of

the fabric composite forms the basis of the analysis and the

PP AR

classical laminated plate theory is applied to each infinitesimal

o piece of the composite plate. The predictions of this model show
good agreement with two-dimensional finite element results. This

approach, combined with some simple assumptions, has been extended

e
R A
-t

LA

to investigate the bi-linear or "knee" behavior of the stress-
strain relations of plain weave composites. The results compare
favorably with those obtained by other investigations.

> The concept of the third model is developed based on the

findings of load transfer in satin weave composites. The region

with straight threads surrounding an undulated interlaced region

FAINIAIN)

has higher local in-plane stiffness than the latter and acts as

a load-transferring bridge (Fig. l2c ). Numerical results of
elastic moduli of graphite/epoxy exhibit a good agreement with

experiments. This model has also been extended to the analysis
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of the knee behavior in satin weave composites. The predicted
stress-strain curve shows an excellent correlation with the ex-
perimental curve for glass/polyimide 8 harness satin composites.

The fourth model, which is referred to as the "modified
bridging model," is specially developed for treating hybrid wo-
ven composites (Fig. 124 ). The basic idea of the bridging
action of the third model is preserved, although the geometry
of this fourth model is much involved due to the complexity in
the hybrid fabric structure. This model provides a significant
improvement of the predictions of the simple bound results and
gives results very close to the experimental measurements of
stiffness (Fig. 13).

The above models have been applied to predict the in-plane
thermal expansion coefficients of hybrid and non-hybrid fabric
composites. Finally, the non-linear material behavior of fabric

composites also have been examined.
G. Continuum Mechanics of Inhomogeneity Problems [21]

When an elastic inhomogeneity and its surrounding solid are
exposed to different changes in their thermal conditions within
the limits of the linear theory of elasticity, thermal stress
concentrations result around the inhomogeneity. It is shown in
this work that if the thermal stresses just inside an arbitrarily
shaped anisotropic inhomogeneity embedded in a different anisotro-
pic solid are known, the corresvonding thermal stresses just out-
side the inhomogeneity are directly deducible. Likewise, it is
found that the specification of the thermal gradient just inside

such an arbitrary inhomogeneity enables one to deduce the
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corresponding thermal gradient just outside the inhomogeneity.
This result, in turn, enables us to show that the thermal grad-
ient produced within any internal or external thin thermo-insul-
ating coating is the same as the thermal gradient on the other
side of the coating. An exact closed solution is then given for
an isotropic inhomogeneity in the shpae of a general hyperellip-
soid by reformulating the thermoelastic problem in the form of an
equivalent transformation strain problem, and then taking advan-
tage of Eshelby's (1957) elegant equivalent inclusion method. It
is found that an undisturbed temperature field which is a poly-
nomial of degree N in the Cartesian coordinates induces within the
inhomoegenity stresses and strains which are polynomials of
exactly the same degree as the undisturbed temperature field.
Explicit formulae are given for the thermal stress concentrations,
the total elastic energy associated with the inhomogeneity, and
the change in volume of the inhomogeneity. It is found that the
volume change or an arbitrarily shaped inhomogeneity is propor-
tional to the volume integral of the difference of effective elas-
tic strain within the inhomogeneity and the equivalent homogeneous
inclusion. If the inhomogeneity and matrix differ only in their
conductivity and thermal expansion coefficients, then the desired
volume change is proportional simply to the averaged temperature
distribution within the inhomogeneity, with no contribution

from the thermal stresses.

T ™
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H. Summary

During the past three years, the following major accomplish-
ments have been made:
(1) sSignificant research results in hybrids have been obtained
in material fabrication, theoretical analyses of the stiffness
and strength properties, and modelling the behavior of fabric
composites.
(2) Seventeen technical papers have been published as a result

of the research work.

(3) Research results also have been presented at the following
national and international conferences:

a) First Japan-US Conference on Composite Materials, Tokyo,
1981

b) US National Congress of Theoretical and Applied Mechan-
ics, Ithaca, 1982

c) FPourth International Conference of Composite Materials,
Tokyo, 1982 (two papers)

d) Army Workshop on "Advancements in Hybrid Composite
Materials"

e) ASME Winter Annual Meeting, Phoenix, 1982

(4) T. W. Chou served as the Organizer of the Research Workshop
on "Advancements in Hybrid Composite Materials," sponsored by

the Army Research Office and held on 9-10 November 1982 in West

.Palm Beach, Florida.

(5) Research results obtained in 1981-92 were cited by the

Army Research Office as having achieved "distinguished"

accomplishments.
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J. Figure Captions

1. (a) Interlaminated, (b) Intermingled, and (c¢) Interwoven
hybrid composites.

2. A typical stress-strain curve of an interlaminated hybrid
composite.

3. (a) Dimensions of the reusable sandwich beam without
clamps, (b) The reusable sandwich beam.

4. Giz vs. Vf. ——: bound approach, ----: self-consistent
approach, o . . : Hashin and Strikman's
result.

5. Transverse effective Young's modulus E§2 vs. relative
fiber volume fraction of an intermingled Kevlar/glass
hybrid composite. Total fiber volume fraction = 65% and
E, denotes matrix Young's modulus.

6a. Fiber arrangement in an intermingled hybrid composite.
(LM: 1low elastic modulus and high elongation, HM: high
elastic modulus and low elongation).

6b. Fiber stress concentrations as functions of the number of
discontinuous fibers. A, B, C, D, E and F indicate
locations in Fig. 5. E*A*/EA = 1/3.

7. A model of hybrid composite.

8. (a) variation of stress-concentration factor. (m*/m = 6,
E*A*/EA = 1, d2/h2 = 1), (b) Variation of stress concen-
tration factor. (m*/m = 2, E*A*/EA = 1, d2/h¢ = 1).

9. Examples of failure process. (a) Non-hybrid composite,

(b) Hybrid composite.

10. Normalized stress-strain relations of non-hybrid and
hybrid composites.

1l1. Fabric geometries.

12. (a) Mosaic model, (b) Fiber undulation model, (c) Brid-
ging model, (d) Modified bridging model.

13. In-plane stiffness vs. relative fiber volume fraction of
a graphite/Kevlar hybrid fabric comvosite. Total fiber
volume fraction is 60%.
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