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ABSTRACT OF THE DISCLOSURE

A composite having fibers of relatively high
elastic modulus embedded in a matrix of relatively low
elastic modulus 1is provided with an interphase of
elastic modulus 1less than the matrix modulus and
cohesive energy higher than the matrix cohesive energy.
The resulting composite has enhanced strength and

toughness.
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FIELD OF THE INVENTION

The present invention relates to the field of
composite materials, and more particularly relates to

composites incorporating fibers in a matrix and an
interphase surrounding the fibers.

BACKGROUND OF THE INVENTION

By definition, composite materials include two
or more phases having different physical
characteristics. = Many composites incorporate fibers,
typically of a relatively rigid material, in a matrix of
another material which ordinarily 1is 1less rigid. For
example, polymers are often reinforced with fibers of

glass, ceramic or carbon, whereas metals may be
reinforced with ceramic fibers.

Composites present unigue problems not
encountered with uniform, single phase materials.

Practical processes for producing composite materials
and forming them into the desired shapes impose limits
and tradeoffs. It is often less expensive to make a
fiber reinforced composite using relatively short fibers
and with a relatively low ratio of fiber volume ¢to
matrix volumne. Conversely, the physical properties of
the composite such as tensile strength and tensile
modulus often improve with increasing fiber volume and
particularly with increasing fiber length. Design of a

composite often involves balancing these competing
considerations.

It has long been recognized that the length of
the fiber influences the degree to which loads such as

tensile loads are borne by the fiber as opposed to the
surrounding matrix. This may be 1illustrated by
considering the <case of a fiber embedded 1n a
surrounding matrix, the fiber having substantially
higher modulus of elongation than the surrounding matrix
material, and the entire assembly being subjected to a
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tensile load in the airection of the fiber. As loads
can be transferred to the fiber only through the
immediately adjacent matrix material, the total tensile
force applied to the fiber is directly related to the
ioad borne by the region of matrix material immediately
surrounding the fiber,. with a very short fiber, the
region of matrix material which immediately surrounds
the fiber is relatively small and hence the load
transferred to the fiber for a given deformation of the

matrix material is also relatively small. Thus, even
where the matrix material has deformed to its breaking
point, the amount of load transferred to the fiber may
be very small. Conversely, for a very long fiber there
is substantial region of matrix material surrounding the
fiber, and the amount of locad transferred toO the fiber
per unit deformation of the matrix material 1is
correspondingly large. Therefore, substantial loads
will be applied to the fiber even at relatively small
deformations of the matrix material.

With very short fibers the fibers will remalin
unbroken when the composite is broken, whereas for very
long fibers the fibers will be broken before the
composite breaks. The term "critical 1length" 1s
ordinarily used to refer to the fiber length forming the
poundary between these two types of fracture behavior.
For fiber 1lengths less than the critical length the
matrix material will break leaving the fibers intact
when the composite is stressed to failure, whereas for
fiber lengths above the critical length the fibers will
break before the matrix material breaks. The length of
2 fiber is often expressed in terms of its aspect ratio,
i.e., the ratio between the length of the fiber in its
direction of elongation and the diameter Or largest
dimension of the fiber in a direction perpendicular to

its direction of elongation. The critical length can be

stated as a critical aspect ratio.



Despite developments in the art,
there have been significant needs for still further
improvements. Thus, neither of <the aforementioned
approaches to predicting critical 1length has been
successfully applied to prediction in systems which

include an interphase. Indeed, the work emplovying
interphases has generally disregarded the concept of
critical length. This work has been concerned either

with continuous fiber composites having fiber lengths
which vastly exceed the c¢ritical 1length or with
discontinuous fiber composites having fiber lengths
selected without reagard for the concept of critical
length. The resulting composites accordingly have not
provided an optimum balance between processing and other
considerations favouring short fiber lengths and
advantages in physical properties attributable with long
fiber lengths. For these and other reasons, there have
been substantial needs for further improvements 1n
composites and in methods of making composites.
SUMMARY OF THE INVENTION

The present invention addresses these needs.

One aspect of the present invention provides a
method of making a composite incorporating fibers, a
matrix, and an interphase surrounding the fiber and
hence interposed between the fibers and the matrix. A
method according to this aspect of the 1invention
preferably includes the step of operating a nodal model
of the composite. This model includes a plurality of
notional spaced apart nodes representing points within
at least one fiber of finite aspect ratio extending 1n
an elongation direction, within an interphase
surrounding the fiber and within a matrix surrounding
the interphase. The term "notional” is used in relation
to the nodes of the model to denote that the model 1is
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not an actual composite but in fact 1is a representation

of a composite such as a computer-based mathematical

representation.

The model further includes functions
representing the mechanical properties of the fiber, the
matrix and the 1interphase as interrelations between
displacement of each such notional node relative to each
adjacent node and the forces or, preferably, the strain
energy stored in deformation between these adjacent
nodes. That is, the functions relate the relative
displacement of each pair of adjacent nodes with forces
exerted between these nodes or, preferably, with strain
enerqgy. Typically, terms in each such function are
hased at least in part upon the mechanical propertles of
the materials notionally present between such nodes.
The functions are selected so that the forces between
nodes or strain energies predicted by the functions
include components representative of shearing stresses
in the materials. In a particularly preferred
arrangement, the nodes may be arranged in a triangular

or pyramidal lattice, and the model may include notional
bonds interconnecting nearest-neighbor points in this

lattice with one another. The functions may 1include
equations defining the relationship between force or
strain energy along each such bond and the length of the
bond. Most preferably, the functions also include terms
representative of changes in angles between bonds.
Preferred methods in accordance with one
aspect of this invention include the step of operating
t+he model by applying at least one deformation 1n the
nodel so that the model indicates that the composite
would fracture under this notional load or deformation.
Most preferably, fracture of individual bonds 1s
determined from straln enerqgy considerations. The
method desirably includes the step of determining
whether fracture of the composite involves fracture of
the fiber or fracture of the matrix, and may also

include repeated operation with the model representing



fipers of different lengths until the model shows matrix
fracture for fibers of at jeast a first aspect ratio and
fipber fracture for fipbers of at least a second aspect

ratio. In this fashion, the model predicts a critical

of selecting a real fiber, real interphase, and real
matrix based at least 1n part upon the results achieved
in operation of the model. The fiber, matrix and
interphase desirably are selected so that the real fiber
and real matrix have physical properties substantially
corresponding to the physical properties represented Dby
+he functions of the model. Preferably the real fibers
nave an aspect ratio above the critical aspect ratio
predicted by the model. The method also includes the
step of incorporating the real fibers, interphase and
matrix in a real composite.

Methods according o this aspect of the
present invention may further include the step of
repeating the operation of +he model while varying at
least one parameter in the model functions defining a
physical property in the model on successive operatlions,
so that the model predicts the critical aspect ratio for
a plurality of fipber, interphase and matrix combinations
having different values of at least one parameter varied
in said successive operation. The step of providing the
real fibers, real interphase real matrix desirably
includes the step of providing the real fiber, real
interphase and real matrix so that their real mechanlcal
properties approximate at 1east one of the sets of
mechanical properties used in the repeated operations of
rhe model, and the fibers have an aspect ratlio at least
equal to the critical aspect ratio predicted DY the
model for that set of mechanical properties. A method
according to this aspect of the present invention mnmay
include the step of selecting from among the plural sets

of mechanical properties utilized in the various
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operations of the model an optimized set of mechanical
oroperties. For example, the optimized set may be the
set for which the critical aspect ratio 1s a minimun.
That 1is, the apparent fiber, 1interphase and matrix
mechanical properties utilized 1n the real composite
represent those mechanical properties' for which the
model predicts that the critical aspect ratio is at or
close to minimum with respect to at least one of the
parameters used in model. Alternatively, the optimized
set may be selected to provide maximum toughness or
enerqgy to fracture.

A further aspect of the 1invention provides
composites hawving enhanced performance. Composites
according to this aspect of the invention 1incorporate
fibers formed from a fiber material and a matrix formed
from a matrix material, together with an interphase form

from an interphase material surrounding the fibers and
hence interposed between the fibers and the surrounding

matrix. Each of these materials has apparent elastic
modulus and apparent cohesive energy. The term
"apparent" as used with reference ¢to a physical

property in this disclosure refers to the properties of
the material which would be observed upon testing. That
is, the apparent cohesive energy is the average cohesive
energy which would be exhibited by samples of the
material, whereas the apparent elastic modulus 1s the
average elastic modulus which would bhe exhibited by
samples of the material. Most preferably, the apparent
elastic modulus of the interphase is lower than the
épparent elastic modulus of the matrix, typically about
0.2 - 0.8 times the elastic modulus of the matrix. The
apparent cohesive energy of the interphase 1s greater
than the apparent cohesive energy of the matrix. Stated
another way, the interphase material 1is softer but
tougher than the matrix. Most preferably, the thlckness
of the interphase is between about 0.1 and about 10
times the diameter of the fiber, and interphase
thicknesses between 0.2 and about 2.0 times the fiber
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diameter are particularly preferred. Most preferably,
the fibers are discontinuous but of supercraitical
length. That 1is, the fiber 1length 1s such that upon
fracture of the composite under tensile load 1in the
fiber direction, the fibers will break. The apparent
properties of the fiber matrix and interphase, together
with the diameter of the fibers and the thickness of the
interphase define a model critical aspect ratio. The
model critical aspect ratio is the critical aspect ratio
which would be predicted by the aforementioned nodal
model for a composite having properties matching the
apparent properties of the materials, and also having
the fiber diameter and thickness of the real C6mposite.
Thus, there is a model critical aspect ratlio for every
real composite, and that value is a function solely of
the properties, fiber diameter and interphase thickness.
Preferably, the actual aspect ratio of the fibers is
greater than the model critical aspect ratio, 1i.e., the
fibers are longer than the critical length which would
be predicted by the nodal model discussed above for the
systemn.

This aspect of the present invention
incorporates the discovery that the particular

combination of an interphase having elastic modulus
lower than the elastic modulus of the matrix but also
having cohesive energy greater than the cohesive energy
of the matrix greatly enhances load-sharing between the
fibers and the matrix, particularly where  the
fiber/matrix elastic modulus ratio is relatively high,
i.e., where the composite incorporates a relatively
stiff fiber in a relatively soft matrix. Systems of
this nature typically have fibers/matrix elastic modulus
ratios of about 10:1 and more typically above about
20:1. such systems include numerous commerclally
important fiber and matrix combinations, particularly
those where the matrix includes an organilc polymer.
Preferred composites according to this aspect
of the invention include those having matrix materials
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selected from the group consisting of thermoplastic and
thermosetting polymeric materilials. Preferred
thermoplastics include polymethylmethacrylate,
polycarbonate, polystyrene and, particularly,

polyolefins such as polypropylene and polyethylene.
Preferred thermosets include polyesters, phenolics,
vinylesters, Dbismaleimides, polyimides and epoxies.
Preferred fiber materials include polyethers, aramids,
metallic materials and non-metallic 1norganic materials

such as carbon and glass, the group consisting of carbon
and glass being particularly preferred. This aspect of
the invention incorporates the discovery that, 1in
composites incorporating relatively st1ff fibers
embedded in organic polymers, the performance of the
composite can be materially enhanced by tailoring the
interphase so that the interphase modulus 1s less than a
modulus of the matrix but the interphase is tougher than
the matrix.

The enhanced load-sharing afforded by this
aspect of the invention can be reflected 1in different

ways. Thus, the critical length for a given fiber and

matrix, with the interphase as discussed above, 1s
substantially less than the critical length for the sanme
fiber and matrix but with an interphase having different
properties or with no interphase, 1i.e., with the
interphase replaced by matrix material or with the
properties of the interphase assumed equal to those of
the matrix. Accordingly, composites according to this
aspect of the invention can have actual fiber lengths
less than those usable with other interphases or with no
interphase, while still having a fiber length greater
than the critical length. Another manifestation of the
enhanced load-sharing achieved with composites according
to this aspect of the 1invention 1is increased toughness
of the composite as a whole. Composites with the
interphase as discussed above tend to have dJreater

toughness than other composites incorporating identical
fibers and matrix.
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various modalities can be employed to provide
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the desired relationship between interphase properties
and the properties of the fiber and matrix as discussed
above. In the most straight-forward approach, the fiber
material, matrix material and interphase material are
each homogeneous materials having different chemical

composition. Alternatively, one or more of these
materials may incorporate physical means for altering
its apparent properties. For example, the apparent
properties of a homogeneous matrix polymer may be

altered by blending the polymer with microscopic
particles of a filler to form a matrix material which

itself is a composite and which has apparent or
properties different from the intrinsic properties of
the original polymer. Alternatively, the
interphase material may be chemically identical to the
fiber material, or, preferably, chemically identical to
the matrix material, but the two identical materials may
be in different physical states. In one arrangement,
the matrix material includes a crystalline or partially
crystalline polymer such as polypropylene, and the
interphase includes polypropylene having
transcrystallinity, i.e., having crystals extending
generally transverse to the axis of the fiber. such
preferential crystallization can be 1nduced, for

example, by applying nucleating agents to the surfaces
of the fibers and embedding the fibers 1n the molten

polymer and cooling the mixture so that the polymer
solidifies in presence of the fibers and the nucleating
agents. Thus, the interphase, although chemically
identical with the surrounding matrix polymer, forms a
distinct physical phase with different  physical
properties than the surrounding matrix. In thils regard,
it should be understood that the enhanced properties
discussed above are not limited to, and will not
necessarily arise with, any particular crystalline
orientation or crystal growth method unless that crystal
growth method is controlled so as to vield the desirable
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relationships between the properties of the 1nterphase
and the matrix and fiber properties.

These and other objects, features and
advantages of the present invention will be more readily
apparent from the detailed description of the 1nvention
set Dboth below taking in conjunction with the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a fragmentary diagrammatic view of a
composite in accordance with one embodiment of the

invention.
Fig. 2 1is a diagram depicting a model in
accordance with one embodiment of the invention.

Fig. 3 is an operational flow chart showing
portions of the operation of the model of Fig. 2.

Figs. 4 and 5 are graphs illustrating certaln
properties of composites. '
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DETATILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

A fiber-reinforced composite includes fibers
10 dispersed in a matrix 12, each 1ndividual fibers
being surrounded by an interphase 11 so that the
interphase is interposed between each fiber and the
matrix. The fibers are elongated bodies having length L
and diameter de. Ordinarily, all of the fibers 1in a
composite at least theoretically have the same length L.
However, in real composites there are variations 1in
fiber lengths. Accordingly, when the 1length of the
fiber in a real multi-fiber composite is referred to 1n
this disclosure, such reference should be taken as
referring to the most probable length of the fibers of
the composite, which is ordinarily the median fiber
length. Also, the term "diameter" as used with
reference to an individual fiber in a composite should
be understood as referring to the mean of the external
dimensions of the fiber in directions perpendicular to
the direction of elongation of the fiber. Most often,
fibpers used in composites are substantially in the form
of circular cylinders and in this case, the diameter as
defined herein is simply the diameter as ordinarily
understood with reference to a circular cylinder. As 1n
the case of length, references to the diameter of fibers
in a real, multifiber composite should be understood as
referring to the most probable fiber diameter of the
various fibers in the composite. The fibers 10 of the
composite in Fig. 1 have an actual aspect ratlo Szct:
As used in this disclosure with reference to the fibers

in a real composite, the aspect ratio Szct of the fibers

is the ratio of length to diameter, 1i.e., Szct edquals
L/df.

The interphase has thickness t. As used 1n
this disclosure, the term "thickness" used with

reference to an interphase means the most probable
thickness between the circumferential surface of the
fiber and the matrix. In a real composite where the

thickness of the interphase varies from point to point
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along each fiber and among the fibers, the most probable
thickness normally is the median thickness. Also, 1in
determining the thickness, that portion of interphase at
the ends of the fiber, 1l.e., between the end surfaces of
the fiber and the adjacent mnatrix surfaces, normally
should be disregarded. Indeed, although the fibers are
illustrated in Fig. 1 as being surrounded by the matrix
at the ends as well as at the circumferential surfaces,
it is not essential to provide the 1interphase between
the end surfaces of the individual fibers and the
adjacent matrix. Thus, in some cases the interphase nmay
surround only the circumferential surfaces of the
fibers, and the end surfaces may be 1n direct contact
with the matrix.

The composite illustrated in Fig. 1 1is a
"unidirectional" composite, 1.e., the fibers extend
generally parallel to one another. The composite of
Fig. 1 1s also a "discontinuous" fiber composite. That
is, the fibers have finite lengths and hence finite

aspect ratios. Typically, the lengths of the individual
fibers in a discontinuous composite are appreciably less
than the external dimensions of the entire composite 1n
the direction of elongation of the fibers.

The degree to which structural loads applied
to the composite are taken by the fibers 10 as opposed
to the interphase 11 or the matrix 12 varles with the
physical properties of the matrix and the fibers, and
with the 1length of the fibers. For any particular
combination of matrix, interphase and fiberxr, there 1s a
critical length L, such that when a tensile load 1s
applied to the composite in the direction of the fibers,
both the fiber and the matrix fracture simultaneously.
For fiber lengths below the critical length, the matrix
breaks first, whereas for fiber lengths above L, the
fiber breaks first.

The same phenomenon can be stated 1n terms of
a critical aspect ratio Sg. That 1s, the critical

aspect ratio 1is the ratio of 1length to diameter
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corresponding to th2 criticzl length, and hence denotes
the aspect ratio or ratio length to diameter at which
the fiber and the matrix fracture simultaneously.

The critical aspect ratio for a composite can
be determined by a nodal model. A nodal model as
referred to herein is a representation which may be
either a physical, structural model or, more preferably,
a mathematical model implemented 1in an analog or,
preferably, a digital computer. The assumed geometry of
one model in accordance with this aspect of the
invention is schematically illustrated in Fig. 2. The
model includes a plurality of nodes 30 interconnected by
a plurality of bonds 32. Nodes 30 and bonds 32 are
notional, i.e., features of the model which need not
exist in physical form but need only exist 1in the form
of representation used in the model. Nodes 30a (denoted
by solid dots) represent points in a matrix whereas

nodes 30b (denoted by a dot in a square boxX) represent
points in a fiber and nodes 30c (denoted by dots 1in
circles) represent points in the interphase.

Bonds 32 represent interconnections between
nodes 30 as the relationships Dbetween relatilve
displacement of the points represented by the nodes and
forces acting along the length of lines between these

points. The bonds between each node and its nearest
neighbor thus represent the mechanical properties of the
fiber, the interphase and the matrix as

interrelationships between displacement of each node
relative to each adjacent node and forces between these

nodes. In the particular scheme shown in Fig. 2, the
fiber is modeled as a body of unit diameter, 1.e., there
is only one row of nodes 30b representing the fiber,
whereas the remaining nodes represent the matrix. The
interphase is modeled as a 1layer of unit thickness
incorporating one layer of nodes surrounding the fiber,

i.e., only one layer of nodes disposed on either side of

the row of nodes representing the unit-thickness fiber

The assumption represented in the particular model
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illustrated that the interphase 1is a layer of unit
thickness implies a ratio of interphase diameter to
fiber diameter, i.e., a ratio between the outside
diameter of the region occupied by the interphase (dj,
Fig. 1) and the diameter df of the fibers. For
materials with reasonable Poisson’s ratios, this
implicit diameter ratio dg/dj 1s about 1 to about 20,
and hence the model predicts the behavior of systems
where dj/df is within or close to this range.  This
range can be restated 1n terms of the interphase
thickness %, 1i.e., t/d¢ 1is about 1 to about 10.
Thicker interphases can be modeled using greater numbers
of rows of interphase nodes. For example, with two rows
of interphase nodes 30c on eilther side of the row of
fiber nodes 30b, the model represents a composite for
which t/d¢ is about 2 to about 20. Also, the particular
model illustrated in Fig. 2 is a two dimensional model.
Thus, although the real physical fiber 1s a three
dimensional body, it is represented in two dimensions in
the mathematical model by only a single layer of nodes.
Stated another way, the mathematical model does not
include any nodes disposed below or above the plane of
the drawing in Fig. 2.

Bonds 32 are treated in the model as tension
springs having spring constants proportional to the
tensile modulus of the particular material present along
the long axis of the bond. Thus, each matrix bond 32a
connecting nodes 30a within the matrix or connecting a
node 30a of the matrix with a node 30c of the interphase
is treated as a spring having spring constant
proportional to the elastic modulus E,, of the matrix,
whereas fiber bonds 32b extending from one fiber node
30b to another fiber node 30b are treated as having a
spring constant proportional to the elastic modulus Ef
of the fiber. Each 1nterphase bond 32c¢ interconnecting
a node 30c of the matrix and a node 30b of the fiber, or

interconnecting two nodes 30c o©of the interphase 1s

treated as having a spring constant proportional to the
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elastic modulus Ej; of the interphase. Stated another
way, the force directed along each bond between 32a 1s
taken as equal to En(r-r,) where r represents the length
of such a bond under the conditions 1n question and rg
represents the length of the bond under the starting or
zero strain condition. Likewise, for any bond 32b the
force along the bond is taken as equal to Ef(r-rg), and
for any bond 32c the force along the bond is taken as
equal to Ej(r-rg).

To additionally represent the shear resistance
of the materials, the model includes torsional or “three
body" components. These torsional components can be
envisioned as representing torsion springs connected
between each pair of intersecting bonds 32. The
deformation of each such torsion spring 1s taken as
proportional to the change in the angle § between each
pair of intersecting bonds. For angles between two
matrix bonds 32a or angles between one matrix bond 32a
and one interphase bond 32c¢, torsional spring constant
Cm is assumed to be one-seventh of the elastic modulus
E, of the matrix material. This incorporates the
assumption that the matrix material has a Poisson ratio

of 0.1. Likewise, for each angle between two interphase

bonds 32c¢ or between one interphase bond and one fiber
bond, the torsional spring constant cj 1s assumed to be
E;/7, which carries a similar implicit assumption that
the Poisson ratio of the interphase is 0.1. Because the
fiber is represented by a single row of nodes which
remains straight during operation of the model, the
torsional spring constant of the fiber ("c¢") has no
meaning. .

In this regard, polymer matrices generally
have Poisson ratio or vy about 0.3, whereas the Polsson
ratio or v¢ of real glass fibers typically is about 0.2.
However, because the model uses only a single row of
nodes to represent the fiber, it implicitly assumes that
v¢ 1s O, 1.e., that the single-row fiber has no poisson
ratio. Accordingly, ¢the assumption that vp 1s 0.1
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preserves the realistic relationship vp-vf = 0.1. Thus,
the torsion is given by c(4-9o) £for each pair of
intersecting bonds wherein ¢ represents the angle

between the intersecting bonds, 6p represents the angle
between the same bonds at the 0 strain condition and c
18 Ccp Or Cj depending on the types of bond constituting
the angle.

As will be appreciated, each bond 32 forms
part of several such intersections and hence forms part
of several such notional torsional springs. Thus bond
32ay forms part of four angles 6p, 6, 0 cand § p. Each
such notional angle 6 is a "three body" term in that 1t
is a function of the positions of three nodes. For
example, 6 in Fig. 2 is a function of the positions of
nodes 30ajy, 30bj and 30Dbj;.

The total strain energy in the system 1is given

1 2 |1 2
1

ik

by:

in which

i, j designates all of the various bonds;

i, j, k designates all of the angles;

ri4 represents the bond length or distance r
between any pair of adjacent nodes i1 and J);

Ej is Ep (for i, j designating a matrix bond
32a) or Ef (for i, ] designating a fiber bond 32b) or Ej

(for i, j denoting an interphase bond) ;

ro represent the starting lengths of the
various bonds, all of which are assumed equal;

01k represents any one of the aforementioned
angles, 6p represents the starting value of that angle,
which is assumed to be 60 degrees; and

Cijk = Ci if bonds 1ij and Jk are both
interphase bonds or one fiber and one interphase bond,
and cjjx = Cm 1f bonds ij and jk are both matrix bonds
or one matrix and one interphase bond respectively. In

rhe situation where ij and jk are both fiber bonds, the
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that the fiber does not bend.
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In the model, energy associated with any
individual bond is taken as:

in which hjj 1s the energy of the particular bond in
question.

The expression "ijk = neighbors" indicates
that the summation is taken over those angles ¢ which
are neighbors to the bond in guestion, i.e., those

angles between the bond 1n question and another bond.
For example, with respect with bond 32al in Fig. 2, the
sum would include terms for 6, 6g, 6§ cand § p. Only
one-half of the energy associated with each such
neighboring angle is attributed to the bond in guestion
in the foregoing formula. Thus, the energy hj4j of a
particular bond is taken as including the entire energy
associated with elongation of that bond and one-half of
the energy associated with deformation of each
neighboring angle.

The model is operated according to the general
<cheme shown in Fig. 3. The fiber length evaluated in
any particular run of the model 1s implicit in the
characterization of particular nodes as part of the
fiber or part of the matrix. For example, the model
could be made to simulate a shorter fiber length by
assuming that node 30bsy 1is contained 1in the matrix
rather than in the fiber, and by adjusting the
characteristics of the associated bonds accordingly.
The properties of the matrix, interpvhase and fiber
material are reflected in the assumed values for the
elastic modulus Ep, Ej, and Eg, and 1in values of
cohesive energies of the fiber, ilnterphase and matrix
Ug, Uj and Uy, which are also assumed. Given those
assumptions, the model is cycled through the illustrated
operations. At the start of the operation, it 1is
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assumed that the model structure 1i1s deformed to some
arbitrarily selected amount. Using the visualization of
Fig. 2, this would amount to an assumption that nodes on
the left-hand end of the drawing remain in place whereas
the nodes on the right-hand end of the drawing are
displaced to the right, along the x or fiber axis
direction, by the amount <corresponding *to  the
arbitrarily selected deformation.

In the next step of the operation, the
positions of all of the other nodes are selected to
vield the lowest overall strain energy H, according to
the above-mentioned formula for H. That 1i1s, from a
universe consisting of all of the possible sets of node
positions r in the x and y directions indicated by the
labelled x and y axes in Fig. 2 (the fiber direction and
cross-fiber direction) which are consistent with the
assumed deformation and hence consistent with the
assumed position of the end nodes, the particular set of
node positions for which H is at a minimum is found.

As will be appreciated, the value of r and ¢
for each bond and angle in the model 1is uniquely
determined for each set of node positions, and hence the
value of H for each possible set of node positions 1in

the x and y directions 1is calculable according to the
formula stated above. Stated another way, H 1s a

dependent variable which is a function of all of the
position-specifying independent variables, 1i.e., the X
and y position value for all of the nodes. Thus, the
problem of selecting the x and y values which give the
lowest H value is simply the problem of finding the
values for multiple independent variables associlated
with a minimum value for a function of those independent
varlables. Mathematical techniques for finding the
minimum of a function of multiple independent variables,
and finding the values of the independent variables
associated with the minimum are well known. These are
also referred to as "minimization" technigques. Any such

known technigues can be used. Generally, these
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techniques 1involve iteration or trial and error, i.e.,

trying various sets of the independent variable until

the particular set which vyields the minimum is found.
The sets to be tried may be selected according to any
one of numerous, Known mathematical algorithms.
Suitable minimum finding algorithms are disclosed in the
text Numerical Recipes, The Art of Scientific Computing,
by Press et al., Cambridge University Press, 1986, and

particularly 1n chapter 10 of that text concerning

minimization or maximization of functions.

Minimization methods operate in the multi-
dimensional space defined by the plufél {Endependent
varlables and proceed by conducting a series of "line
minlimizations", 1l.e., by selecting a particular line in
that multi dimensional space and moving along that line
untilil at least a 1local minimum is found. So-called
gradient methods use the gradient of the function, i.e.,

the vector composed of the first partial derivatives of

the function 1n multi dimensional space, as a guide for
selecting the directions of the various lines used for
these 1line minimizations. The so-called '"steepest
descent"” method conducts a 1line minimization 1in an
arbitrary direction and then conducts a further 1line
minimization along a 1line 1in the direction of the
gradient at that local minimum so as to find yet another
local minimum, and repeats the process again and again.
Although such an algorithm will eventually converge at
the true or global minimum, 1t 1s generally less
preferred because 1t 1s relatively slow. A better, more
preferred minimization technique 1s referred to as the
conjugate gradient method. In the conjugate gradient
method, successive 1llne minimizations are conducted
along a series of directions which are selected such
that the succeeding directions are conjugate to one
another. That 1s, the product of a vector 1n one such

direction and a particular matrix referred to as the

L o NN T T I R alal LA TRt il st e e wt Lt wdie b acalm can®fal snded b ol alldansa® A an ol 9 o o o a2 o __aa a



. ]
\'H*'

2089600

"Hessian" matrix yields a vector which, when multiplied

- 20 -

with the next succeeding vector 1s zero, and each such
directional vector passes through the local minimum
along the 1line 1in the immediately preceding vector
direction. Specific algorithms for performing conjugate
gradient minimization are well known and are set forth

in the aforementioned Press et al. text, particularly at
pages 305-306 thereof.

After selecting the particular node positions
which vield the minimum strain energy H for a model as a
whole, the next step is to compute the strain energy i
associated with each bond according to the formula
above. These computed individual bond energies hj4 are
then individually tested against the appropriate
cohesive energy for the particular bond. That 1is, the
bond energy for each matrix bond 32a is compared against
the cohesive energy Uy, for the matrix, whereas the
strain energy for the fiber bond 32b is compared against
the cohesive energy Ug of the fiber and the strain

energy for each interphase bond 32c is compared with the

cohesive energy U; of the interphase. If the strain
energy associated with any particular bond exceeds the
cohesive enerqgy associated with that  bond, the

particular bond 1s deemed to have broken.

This step of the procedure 1is directly related
to a significant feature of the model. Because the
formulas for total strain energy and, particularly, the
formula for strain energy associated with a particular
bond incorporate terms representing both tensile and
shear stresses, the model reflects bond Dbreakage
occurring as a result of combined tensile and shear
effects. If a bond is found to be broken in this stage
of the model operation, the equations defining the model
are adjusted to take account of the broken bond. That
is, in subsequent calculations it is assumed that the
broken bond has 0 tensile modulus and 0 shear modulus soO
that in subsequent calculations it is assumed that for

ponds which are broken, and for angles neighboring



L, 2089600

broken bonds, Ej4 and cjjk, respectively, are 0. Stated
another way, the structure of the model is readjusted to
take account of the broken bonds. After such

readjustment, the model returns to the step of
calculating the particular positions of the nodes which
would yield the minimum total strain energy H. As will
be appreciated, these new positions would normally
differ from the positions providing the minimum total
strain energy with all unbroken bonds.

After recalculation of +the minimum, the
individual bond energies are calculated once again for
the new node positions and once again tested against the
appropriate values of U to check for further broken
bonds. If further broken bonds are found, the process
is repeated again until the calculation of the node
displacement as described above yields no further broken
bonds. Once this condition is reached (either on the
first calculation of the minimum strain energy oOr on a
subsequent calculation after readjustment of the model
equations) the result is checked to determine whether or

not a catastrophic failure has occurred, i.e., whether a
row of broken bonds extend entirely across the matrix.
If not, the originally assumed deformation is increased
and the aforementioned steps are repeated again.

This cycle of operations is repeated untll the
model does indicate that a catastrophic <failure has
occurred. At this point, the model determines from the
identities of the broken bonds the mode of fallure,
i.e., whether failure has occurred in the matrix only or
in the fiber as well as in the matrix. The model also
provides data such as elongation to fracture, toughness,
elastic modulus and breaking strength for the particular
composite modelled. Elongation to  fracture is
proportional to the deformation applied 1n the mnodel
when fracture occurs. The tensile load 1s simply the
vector sum of bond force components parallel to the
fiber. Toughness is obtainable by summing the product

of tensile load and elongation from start to fracture.
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After simulating a first catastrophic failure, the model
then increases or decrease the fiber length by a
preselected increment, which may be a fixed amount or a
fixed percentage of the fiber length. If the
catastrophic failure observed with the last fiber length
used was a matrix-only failure, the model increases the
fiber length, whereas if a fiber failure was observed,
the model decreases the fiber length. After increasing
or decreasing the fiber length, the model repeats the
operations discussed above to simulate  another
catastrophic failure with the new fiber length. This
cycle continues until at least one fiber failure and at
least one matrix-only failure have been simulated. The
critical length or boundary between matrix-only and
fiper failures is taken as midway between the highest
fiber length giving a matrix-only failure and the lowest
fiber 1length giving a fiber failure. The model

critical-aspect ratio is equal to this critical length
divided by the assumed diameter of the fiber. As the

particular model at Fig. 4, assumes a unity-diameter
fiber, +the critical aspect ratio 1is equal to the
critical length. Thus, for any given values of Eg, Ej,
En, Ug Uj and Up, the model will determine the critical
aspect ratio.

The term "model <critical aspect ratio"

(symbolized Sg pm) as used in this disclosure, means the
critical aspect ratio determined in this manner using

the model described above. The model critical aspect
ratio Sg pm 1is a function of the elastic moduli and
cohesive energies of the fiber, matrix and interphase,
together with the interphase thickness assumed in the

model. Thus, these interphase define the model critical
aspect ratio.

Physical properties used in the model can be
taken from standard property values reported 1in known
compendia of materials property data. Cohesive enerqgy
values should be taken from data derived from physical

tests or microscale samples, such as from tests ot
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diameter fibers of about the diameter normally used 1in
composites. This data 1s commonly availlable. Where
cohesive energy data is derived from tests of microscale
samples such as fibers, the data ordinarily is not
substantially influenced by extraneous factors such as
defects in the samples, as typical fibers have a very
low concentration of such defects. In particular, glass
fibers ordinarily have a relatively low concentration of
defects. Cohesive energy data for glass fibers derived
from well-conducted breaking tests of the (fibers
normally reflect the true cohesive energy of the fibers.
However, large-volume samples of materials, 1n the sizes
commonly used for engineering physical data property
tests on such nmaterials, usually 1ncorporate a
substantial number of defects. Cohesive energy values
derived from tests of such samples typically reflect

cohesive energy far lower than that would be achieved by
testing a substantially defect-free sample.

Operation of the model with different wvalues
for the matrix, fiber and interphase moduli and cohesive
energies vyields certain striking results which are
depicted schematically in Figs. 4 and 5. Fig. 4 1s a
plot of critical aspect ratio against interphase modulus
(expressed as a ratio E;j/En and also expressed as the
corresponding ratio Eg/Ej;) for composites 1n which Eji/Ey
is 31.1. Different sets of data were accumulated using
the model with different values for Uj. The various
lines do not represent a least squares or other curve
fit but instead are added simply to connect points taken
with the same value of Uj. As 1llustrated, Uj has a
profound effect on the critical aspect ratio 1in those
cases where E;j 1s less than about 1.0. 1In these cases,
increasing the value of U; dramatically reduces the
critical aspect ratio. For example, with Ej; of about
0.8 E, (Ef/E; equal about 45), the critical aspect ratio
with Uj=1.5Uy, (or with Uj=1.2Up) 1s about 30 whereas
with U;=0.8Up, the critical aspect ratio 1s more than
twice as high. Similar results seen at Ej/En edqual
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about 0.4, and the trend of the data 1is unambiguous.

.-24...

Stated another way, within the region where Ej 1is less
than Ep, increased interphase cohesilive energy provide
substantially reduced critical aspect ratio and hence
reduced critical length. In this regime, an increase in
the interphase toughness permits use of shorter fibers

while still providing full load sharing Dbetween the
matrix and the fibers.

Figure 5 depicts the tenslile strain to
fracture of composites, all having fiber elastic modulus
E¢=31.1Ep. All of the composites depicted have fibers
with an actual aspect ratio Szet equal to the model
critical aspect ratio. In each case, the interphase
thickness is modeled as about 1 to about 10 times the
fiber diameter d¢. As shown in the Fig. 5, 1in the case
of composites having E; less than Eyn (Ej/Eyp less than
1.0) increasing Uj; (higher Uj/Up) leads to dramatic
improvements in tensile strain to fracture and hence
dramatic improvement in toughness of the composites. 1In
particular, composite with relatively low Ej (Eji/Ep
lower than 1.0 and particularly below about 0.8) and
also having relatively high values of Ui (Uj/Up above
1.0 preferably above 1.2 and most preferably above 1.5
or above) yield the highest tensile strain to fracture.
similar enhancements are attained generally for other
composites having relatively stiff fibers, 1l.e., Ef/Ep
above about 10, preferably above about 20 and most
preferably between about 20 and above 100.

Accordingly, a further aspect of the invention
defines composites which exploit these  enhanced
properties. Composites according to this aspect of the
invention most preferably have E; less than Ej/Ey and
desirably about 0.2 to about 0.8Ey, most preferably
about 0.4 to about 0.8Ep, and have Uj greater than Uy,
desirably about 1.2U, or more and most preferably about
1.5Uy, or more. These composites desirably have Egf equal
to about 10.E, or more, more preferably about 20Ep or

more and most preferably between about 20E, and about
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100Ep. Preferably, the interphase thickness t 1s
hetween about 0.1 and about 10 times the fiber dilameter
d¢ most preferably about 0.2 to about 2 times de. The
composites according to this aspect of the invention
most preferably are "supercritical" discontinuous fiber
composites. That is, the fibers are relatively short but
nonetheless have 1lengths greater than the critical
length. Stated another way, the actual aspect ratio of
the fibers Sasct desirably is greater than the model
critical aspect ratio Sg pm Which would be predicted by
the model for the composite in question. Desirably,
Sact 1s less than about 75 times Sg pm and most
preferably less than about 25 times Sc nm- As noted
above, the model critical aspect ratio is a function of
the other properties in the composite and hence any
composite has a model critical aspect ratio regardless
of whether one actually operates the model to determine
+the model critical aspect ratio for the composite in
question. Another way to determine whether or not a
composite 1s suﬁercritical is to test the composite and
determine whether or not the fibers fracture on a
tensile load is applied to the composite in the
direction of the fibers. If substantially all of the
fibers fracture, then the composite 1n question 1is
supercritical. Stated another way, in a composite where
the fibers fracture under such a test, the actual aspect
ratio of the fibers S,ot necessarily 1s greater than the
real critical aspect ratio Sg rea)l marking the boundary
between fiber fracture and matrix only fracture in
actual testing.

Composites according to this aspect of the
invention most preferably ilncorporate an organic polymer
matrix. The organic polymer matrix may be selected from
the group consisting of thermoset and thermoplastic
polymers. Among the thermosetting polymers, polymers
selected from the group consisting of polyester, epoxXy,
vinlyester, bismaleimide, phenolic and polyimides are

preferred. Among the thermoplastics, polymers selected
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from the group consisting of pblystyrene, polycarbonate,
polymethylmethacrylate and polyolefins are preferred,
polypropylene being particularly preferred. The fiber
material desirably is selected from the group consisting
of polyethers, aramids, metallic materials and non-
metallic inorganic materials, and most preferably
selected from the group consisting of carbon and glass.
The interphase material may be a material chemically
different from the fiber material and different from the
matrix. Among .the preferred interphase materials are
thermoset and thermoplastic polymers selected to have
the appropriate modulus and toughness' relative to the
matrix polymer. These interphase materials preferably
are applied to the fibers prior to incorporation of the
fibers into the composite, as by conventlonal processes
of coextrusion, dip coating or the like. Typically, the
fibers are in continuous form during such processes are
cut to the lengths required in the final composite after
application of the interphase material.

Alternatively, the interphase material may be
of the same composition as fiber or matrix material, but
in a different physical state. with crystalline or
partially crystalline matrix polymers, the interphase
may be formed from material chemically identical to the
natrix material but differing from the matrix material
in degree of crystallinity, crystalline morphology oOr
both. One way such differing crystalline morphologies
can be produced 1is by combining the fibers with the
molten polymer and allowing the polymer to crystallize
in presence of the fibers under conditions such that the
fipers affect the crystallizatlion process in the
vicinity of the fibers. Thus, the fibers may promote
nucleation of crystals in the vicinity of the fibers,
thereby forming an 1interphase which 1is crystallized
differently than the bulk polymer constituting the
matrix. The fiber material itself may serve to promote
nucleation. Also, the fibers may carry a nucleatling

agent on thelr surfaces. In one such differentlal
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crystallization arrangement, fibers bearing a nucleating
agent such as the sodium salt of methylene bis (2,4-di~
t-butylphenol) acid phosphate commonly sold under the
designation MI.NA1l may be employed with 1isotactic
polypropylene. Other suitable nucleating agents include
bis (methylbenzylidene sorbitol), quinacridone  based
pigments, sodium benzcate and di-para-tert.-phenyl-
phosphate. Fibers are coated by passing fibers through
a solution of the nucleating agent in any ligquid which
can dissolve the agents, at a concentration of 0.05 - 10
percent, with 0.5 - 3.0 percent being preferred. The
polymer is then processed with the coated fibers 1in the
normal way using any conventional composite processing
procedure.

Nucleation tends to cause growth of
polypropylene crystals in lamellar, columnar arrangement
extending generally radially with respect to the f iber.
Such a lamellar arrangement, if crystallized under
appropriate conditions to provide the regquisite physical
properties discussed above, can provide a sultable
interphase. For polypropylene transcrystallinity may be
obtained either with the a«-phase or the @-phase of

polymerization, with the g-phase preferred. The

preferred nucleating agents ordinarily vield the -
phase.

The composite may incorporate physical means
for modifying the properties of one or more of the
interphase or the fiber, the interphase or the matrix,
or both so that the fiber, interphase or matrix exhibit
apparent properties different from the intrinsic
properties of the pure, solid fiber material, interphase
material or matrix material. Stated another way, the
physical means incorporated in the fiber, interphase ox
matrix change the way in which these materials act, so

that they act as if they had physical properties
different from those of the pure, solid materlals.

For example, the fiber may be hollow toO provide a lower

spring constant than a solid fiber of the same naterial.
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Thus, the fiber acts in the same way as a solid fiber
formed from a material having a lower value of Ef. This
lower value of Eg--the value for Ef required to provide
a solid cylindrical fiber having the same outside
diameter d¢ and tensile spring constant as the hollow
fiber is referred to herein as the apparent elastic
modulus Ef app ©f the fiber. Stated another way, the

material of apparent modulus Ef app- Alternatively,
the fiber may include a core of different modulus
material which effectively changes the apparent elastic

modulus of the material constituting fiber 44. Other

fiber configurations may be used to alter the apparent
elastic modulus of the fiber material. For example, the
fiber may be formed with voids or the like.

The matrix and/or interphase may also be
modified to exhibit properties different from the
intrinsic elastic modulus of the matrix material itself.
For example, small particles of a high filler such as
microscale particles having diameters appreciably less
than the interphase thickness may be incorporated in the
matrix. For the interphase, molecular additilives, such
as Cgp and related fullerenes, may be used to lower the
modulus and increase the toughness of 1interphase,
relative to the matrix polymer. The resulting set of
apparent filber, matrix and interphase ©properties
desirably may cooperatively define a model critical

aspect ratio Sg pp lower than the intrinsic model

critical aspect ratio which would be defined Dby the

Unless otherwise specified, references in this
disclosure to physical properties of a material are to
the apparent physical properties of the material in the
form in which it appears in the composite, rather than
to the intrinsic physical properties.

Composites with desirable physical property
combinations discussed above can be provided without the

calculations. Calculations and models as discussed above
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can be used to determine whether or not a particular
modification would be successful or desirable.

However, the model discussed above can be
exploited directly in manufacture of composites. This
process of composite manufacturing includes operating
the nodal model and selecting real fiber, interphase and
matrix materials and real fiber length and real
interphase thickness, based at least 1n part upon the
results observed 1in operation of the model. The
physical properties of the composite may be selected
to conform to properties employed 1in the model.
Preferably, the model is operated to predict critical
length for at least one set of parameters, and real
fiber length greater than the predicted critical fiber
length 1is selected. The selected fibers, matrix and
interphase are then incorporated in a real composite by
conventional composite-fabrication technigques such as
molding or lay-up processes. In a particularly

preferred arrangement, the model is operated to predict

behavior for different combinations of parameters
representing different notional composites. An optimumn
notional composite is selected from among these based
upon predicted physical properties. The real materials
and dimensions incorporated in the composite are
selected to match the optimum notional composite, giving
the best behavior of all of those sets modelled, as, for
example, the maximum elongation to break or the lowest

critical length.

The nodal model discussed above can be
modified to dispense with certain of <the assumptions

used in the preferred nodal model 1illustrated. For
example, the nodal model can be modified to more closely
simulate a multiple fiber, concentrated composite, as oy
incorporating more nodes representing more filbers.
This, however, results in a considerable increase 1n the
computer time required to implement the model. Also, the
particular geometric configuration of nodes illustrated

in Fig. 2 is preferred but not essential. Thus, other
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mathematically equivalent configurations can be
employed. Also, although the preferred models are
implemented in a digital computer, other modeling

techniques can be employed.

As these and other objects, features and
advantages of the present invention can be used without
departing from the invention as defined 1n the claims,
the foregoing description of the preferred embodiment
should be taken by way of illustration rather than by
way of limitation of the invention as claimed.
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THE EMBODIMENTS OF THE INVENTION IN WHICH AN EXCLUSIVE
PROPERTY OR PRIVILEGE IS CLAIMED ARE DEFINED A5 FOLLOWS:

1. A discontinuous-fiber composite compris-
ing fibers having diameter and being formed from a
fiber material having apparent elastic modulus Ef app
and apparent cohesive energy Uf, app, embedded in a
matrix material having apparent elastic modulus Ep,app
and apparent cohesive energy Up, app: there being an
interphase having a thickness and being formed from an
interphase material having apparent elastic modulus

Ej  app and apparent cohesive energy Uj, app; wherein:

Ei,app < Em,app; and
Ui,app > Um,app-

2. A composite as claimed in claim 1 wherein
the actual aspect ratio Szect of said fibers is dgreater
than the real critical aspect ratio for the composite
Sc,real, S© that upon fracture of the composite under

tensile load in the direction of said fibers, at least
some of said fibers will break.

3. A composite as claimed in claim 1 whereiln
said diameter of said fibers, said thickness of said
interphase and said elastic modull and cohesive
energies of said materials define a model critical
aspect ratio S¢, nm, said fibers having an actual aspect
ratio Sact, greater than S¢ nm-

4, A composite as claimed in claim 1 wherein
the thickness of said interphase 1s between about 0.1

and about 10 times the diameter of said fibers.
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5. A composite as claimed in claim 4 whereiln
said interphase thickness 1s between about 0.2 and
about 2 times the diameter of said fibers,

6. A composite as claimed in claim 4 whereiln

Eji, app/Em,app 1s about 0.2 to about 0.8.

7. A composite as claimed in claim 4 whereiln

said matrix material includes an organic polymer.

8., A composite as claimed in claim 7 wherein
said interphase material includes said polymer, said
polymer in said interphase being in a different state
than said polymer in said matrix. o

9. A composite as claimed in claim 8 wherein
said polymer in said interphase has a substantially
transcrystalline morphology.

10. A composite as claimed in claim 9
wherein said polymer in said matrix has an at least
partially crystalline, spherulitic morphology.

11. A composite as claimed in claim 9
further comprising a nucleating agent on said fibers.

12. A composite as claimed in claim 8
wherein said polymer is selected from the group con-

sisting of polyolefins.

13. ' A composite as claimed 1in claim 8
wherein said polymer consists essentially of poly-
propylene.
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14. A composite as claimed 1in claim 8

whereiln said polymer in said interphase consists
essentially of pg-polypropylene.

15. A composite as claimed 1in claim 7
wherein said fiber material is selected from the group

consisting of polyethers, aramids, metallic materials

and nonmetallic incrganic materials.

16. A composite as claimed in claim 3
wherein Sazct is less than about 75 times Sc¢, nm-

17. A composite as claimed 1in claim 16

wherein Szct 1s less than about 25 times Sc,nm-

18. A composlte as claimed 1in claim 1
whereln said fibers extend substantially unidirec-

tionally.

129. A method of making a composite 1incor-

porating a fiber, a matrix and an interphase comprising
the steps of:

(a) operating a nodal model of a composite,
sald model incorporating a plurality of notional
spaced-apart nodes representing points within a
notional fiber of finite aspect ratio surrounded by a
notional interphase extending in a notional matrix and
functions representing physical properties of said
notional fiber, matrix and interphase as interrelations
between displacement of each said node relative to each
adjacent node and strain enerqgy, said functions defin-
1ng said 1interrelations so that said strain energy
includes components representative of shearing stress

of said matrix material and said interphase, sald step
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of operating said model including the steps of applying
at least one notional deformation such that said func-
tions indicate that said notional composite would
fracture under said notional deformation, and determin-
ing at least one property of said composite for said
functions;

(b) selecting at least one real fiber, real
matrix and real interphase based at least in part upon

the results of said model-operating step; and

(c) forming at least one real composite from
the selected real fiber, real matrix and real inter-
phase.

20. A method as claimed in claim 19 wherein
said model includes notional bonds interconnecting said
notional nodes, each such bond representing particular
portions of said notional matrix, fiber and interphase,
and functions including relationships between strain
energy and length of said bonds.

21. A method as claimed in claim 20 wherein
said nodal model includes notional angles between said
bonds, said functions including relationships between
strain energy and said angles.

22. A method as claimed in claim 21 wherein
said step of operating said model includes the steps of
determining the strain energy absorbed by each said
bond and determining whether such bond has fractured by

comparing such strain energy with the cohesive energy
of the fiber or matrix.
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23. A method as claimed in claim 22 whereiln
sald step of determining the strain energy absorbed by
each sald bond includes the step of allocating to each
sald bond a portion of the strain energy assoclated

with each said angle between the bond and another bond.

24. A method as claimed in claim 19 further
comprising the steps of repeating said step of operat-
ing said model and varying one or more parameters
defining mechanical properties of at least one of said
fiber, said matrix, and said interphase on successive
repetitions so that said model predicts said at least
one property for a plurality of notional composites
having different values of said parameters and select-
ing as an optimum composite one of said plural notional
composites for which said model predicts the best
properties, said step of selecting said real fiber,
real matrix and real interphase being performed so that
their properties correspond to parameters of said
optimum composite.

25. A method as claimed in claim 24 wherein
sald step of operating said model includes the step of
determining from said functions whether such fracture
of said composite would 1involve fracture of the fiber
or fracture of only the matrix and repeating said steps
with the model representing fibers of different lengths
until the model shows matrix only fracture for <fibers
of a first aspect ratio and fiber fracture for fibers
of a second aspect ratio and thereby predicts a
critical aspect ratio between said first and second

aspect ratios.
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