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Mesoscopic aspects of polymer composites:
Processing, structure and properties

K. FRIEDRICH
Institut für Verbundwerkstoffe (IVW), University of Kaiserslautern, 67663 Kaiserslautern,
Germany

There can be little doubt that the morphology of the polymer matrix, the geometrical
arrangement of the reinforcing elements and the existance of flaws, all on a mesoscopic
scale between a few micrometers to several millimeters, have a strong influence on the
performance of composite materials. Mesomechanics describes the properties of these
mesostructures. Most of the latter are a result of the particular processing conditions used
for the various types of composites. This is demonstrated (in form of examples of the
author’s own experience) for an unfilled semicrystalline polypropylene, a blend of epoxy
resin with an elastomeric toughener, an injection moldable short fiber reinforced
polyethyleneterephthalate, a discontinuous aligned fiber/polyethersulfone composite, and
a high performance continuous fiber reinforced polymer composite system respectively.
Mesostructural design is discussed with regard to some possibilities of how to optimize the
various mesostructures of these materials, in order to achieve a particular property profile.
C© 1998 Kluwer Academic Publishers

1. Introduction and definitions
The science and technology of fiber composites are es-
tablished upon a design concept that is markedly differ-
ent from that of conventional structural materials [1].
Due to the fibrous nature of the reinforcing phase, com-
posite materials offer the opportunity to tailor mate-
rial characteristics so as to match performance require-
ments. In addition to the selection of reinforcing fibers
and matrix material, tailoring in continuous fiber sys-
tems is accomplished through the control of reinforcing
geometry during the manufacturing process. The final
structure may be deliberately constructed by lamina-
tions of collimated fibers or the selection of various
woven or braided architectures [2].

In case of discontinuous (“short”) fiber reinforced
composites the resulting structure of the material is
even more dependent upon processing conditions and
processing history. Variations in fiber orientation and
fiber lengths induced during the fabrication of injec-
tion molded parts can cause significant variations in the
overall mechanical behavior. The richness of possible
reinforcing geometries through these various arrange-
ments can give rise to a wide range of properties for
composite materials of equivalent composition [2]. For
a given macrostructure with properties planned in the
original design, there will be a range of actual (lower
or better) properties achieved [3]. The reasons for these
differences can be found in geometrical and structural
imperfections of the material at different levels of mag-
nification. This “structural hierarchy”, as defined by
Eduljee and McCullough [2], can vary in composite
materials from (a) the atomic or molecular structure
of the composite components via (b) their microstruc-

tures to (c) the arrangement of these components on
a macro-composite level. The step from (b) to (c) is,
however, quite wide because within this intermediate
range there are many structural details which are highly
affected by the processing conditions. Therefore, it is
wise to extend the “hierarchical model” by an extra
term called “mesostructure” (“meso” comes from the
Greek “mesos” for middle and has been widely used,
e.g. meson, mesozoic, mesomorph, etc.). If one de-
fines the mesostructure as structures on a scale between
about 1–30µm and 1–30 mm, packing irregularities
and misalignments due to waviness or other causes can
be included. The lower part of the range, i.e. about
1–300µm, is appropriate for effects of matrix mor-
phology and out-of-plane fiber arrangements. The up-
per range, 300µm to 30 mm, is more relevant for in-
plane variations. Note that these structures, so far at
least, are unintentional [3].

At the low levels of magnification associated with
lamination theory, a macroscopic body is subdivided
into apparent layers with each layer treated as a homo-
geneous (but anisotropic) material. The internal struc-
ture of the individual layers is ignored; the averaged
properties of an individual layer (or lamina) are fre-
quently taken from data of the manufacturer [2]. How-
ever, from a mesoscopic point of view, variations in ply
thickness, non-symmetry effects and differences in the
actual ply orientation (relative to the desired one) can
cause deviations from the design properties.

At a higher level of magnification, the heterogeneous
nature of the individual layer is revealed. The reinforc-
ing fibers are usually provided in the form of tows (or
bundles) or individual filaments; the remnants of this
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original structure are frequently manifested as fluctua-
tions in the packing geometry, local fiber orientation,
and packing density of the filaments. In addition, local
flaws or voids due to poor impregnation during pro-
cessing can occur. Layered structures are also encoun-
tered in injection molded short-fiber/thermoplastic ma-
trix composites. In this case the non-uniform flow fields
within the mold cavity establish varying fiber orienta-
tions that give rise to “skin-core” layers [2]. All of these
are typical mesostructural features, which were system-
atically classified by Piggott [3] into four categories:

(a) Orientation disorder (incl. fiber waviness);
(b) Packing disorder (voids, matrix and fiber rich re-

gions);
(c) Orientation order (layer structure in injection

molded short fiber composites);
(d) Packing order (fiber bundling, end synchroniza-

tion).

While (a) and (b) primarily refer to continuous fiber
reinforced systems, subjects (c) and (d) describe the
situations in discontinuous fiber reinforced materials.
Details are schematically illustrated in Figs 1 and 2.

Figure 1 Mesostructural features typical for continuous fiber reinforced composites.

Figure 2 Mesostructural features typical for discontinuous fiber reinforced composites.

At yet a higher level of magnification, the hetero-
geneous nature of individual fibers and matrix be-
comes important (microstructure). For example, car-
bon fibers are heterogeneous materials comprised of
rigid crystalline graphitic inclusions embedded in an
amorphous carbon matrix; organic aramid fibers are
similary comprised of rigid crystalline and compli-
ant amorphous components. Semi-crystalline thermo-
plastic polymer matrices are comprised of various
“spherulitic”, “lamellar”, and “fibrillar” crystalline
morphologies embedded in an amorphous compo-
nent [2]. A focus on this reduced scale takes also into
account inhomogeneities in the internal structure of the
reinforcing agents and matrix (e.g. voids), the possi-
bility of perturbed interphase regions near the surface
of the reinforcing agents, and the different morpholo-
gies that can occur when two polymers are blended
(Fig. 3). Attempting to establish a demarcation between
mesostructure and microstructure is bound to be unsat-
isfying. Nonetheless, there can be little doubt that the
morphology of the reinforcement, the matrix, and the
existence of flaws play major roles in composite ma-
terial properties, albeit roles that are not completely
understood [4].
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Figure 3 Various morphologies in polymeric materials: Variation in spherulite size across the thickness of injection molded parts (left); possible blend
structures as a function of composition between phase A and B.

Figure 4 Levels of failure in a short fiber reinforced thermoplastic matrix system.

The next lower level of organization is envisioned
as a network system. The nodal points of the network
are associated with chemical crosslinks, physical en-
tanglements, and/or regions of localized order stabi-
lized by intermolecular interactions. The links between
nodal points are associated with the flexible character of
weakly interacting disordered structures. Further mag-
nification on this molecular level reveals the unit cell
structure of the crystalline morphologies and the molec-
ular structure of the amorphous components. It is well
accepted that the physical properties of polymeric ma-
terials have their own origin in the interactions within
and between molecules. Continuum properties such as
stiffness, strength, damping, etc. are gross descriptions
of response characteristics which are the consequence
of the reaction of molecules to external actions such as
an external force, a change in temperature, etc. [2].

It is obvious that within the intermediate magnifica-
tion range the mesostructural details control the prop-
erties of the composites. In this respect, the term “me-
somechanics” can be used to describe the mechanics of

mesostructures. It considers the occurence of discrete
features of the structure and their effects on mesostruc-
tural failure events (Fig. 4). To improve the properties
needs a strong control of processing so as to produce
the most beneficial mesostructures. “Mesoscopic ma-
terials” can therefore be defined as materials in which
a high functional quality was achieved through a sys-
tematic control of their structure on a mesoscopic scale
[5]. “Mesostructural design” is finally based on a better
knowledge of the relationships mentioned above. In this
respect, further advances in man-made materials can
also be achieved through guidance from nature, i.e. the
discipline of biomimetics [6, 7]. A typical example is
shown in Fig. 5, illustrating the longitudinally and radi-
ally arranged, interwoven cellular composite structure
of wood. The long vertically oriented cells help to bring
water up the tree and also serve a mechanical role. In ad-
dition, a radial structure across the wood surface serves
to link the load bearing cells in the vertical direction.

The purpose of the present contribution is to give a set
of examples how the processing conditions of various
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Figure 5 Schematic illustration of wood structure and its scanning electron microscopic evidence (H. Giertzsch, IVW, 1997).

polymer matrix systems affect their mesostructures and
the related mechanical properties. Examples include
various morphologies in an unfilled semicrystalline
polypropylene (PP), a blend of epoxy resin (EP) with
an elastomeric toughener, an injection moldable short
fiber reinforced polyethyleneterephthalate (PET), a dis-
continuous aligned fiber, polyethersulfone (PES) com-
posite, and a continuous fiber/high performance com-
posites on the basis of glass fiber (GF)/polypropylene.
Many examples of other systems, as they can be found
in the scientific literature, would lead to the same con-
clusions, but as it is not possible to get hold and refer to
all of them, the author decided to use only cases of the
author’s and his group’s long years experience in this
field.

2. Mesostructural effects on fracture of
polypropylene

Deformation and fracture processes influenced by the
morphology of thermoplastic polymers are of consider-
able importance from both a basic and a practical point
of view. Spherulite size, size distribution, and micro-
scopic morphological changes within the spherulites
can be varied by thermal history or nucleating agents.
Under special conditions, for example during the com-
pression moulding of thick-walled parts, different local
cooling conditions can lead to differences in the mor-
phology across the whole thickness. In the regions of
slowest undercooling (i.e. often the thickest portion of
the parts), the morphology is coarsely spherulitic and
contains individual voids and even holes. In the case
of rapidly cooled and therefore mainly spherulite-free

materials the flow-disturbance of the melt can lead to
the occurence of the well-known flow lines. They are
additional sites for crack nucleation aided by internal
stresses as produced by contraction of the cooling poly-
mer (Fig. 6).

To study the effects of various morphological fea-
tures on the fracture behaviour of semicrystalline ther-
moplastics in more detail, a relatively low molecular
weight, isotactic polypropylene (Novolen PP 1120 LX,
BASF, Germany), containing 5% of randomly arranged
blocks of atactic polypropylene, was used as the main
testing material. With two other types of PP it was ex-
plored which changes in fracture behaviour can occur
if (1) the molecular weight of the polymer is raised
(PP 1120 HX) or (2) a material with a higher atactic
content is used (PP 1320 L) [8].

Bulk sheets of these three types of polypropylene
were subjected to different thermal treatments, which
are more fully described elsewhere [9]. Briefly, quench-
ing of the materials resulted in a fine-spherulitic struc-
ture, whereas isothermal crystallization at elevated tem-
perature led to the formation of coarse spherulites.
In most of the morphologies no differences between
the individual types of polypropylene could be ob-
served by optical microscopy. Only in the case of the
coarse spherulitic structures the polymers with low at-
actic content (PP 1120 LX and PP 1120 HX) exhib-
ited local voids at some triple points of the spherulites,
which in some extreme cases had grown to become
large holes in the morphology. On the other hand the
boundaries in the analogous morphology of PP 1320 L
with the higher atactic content were free of any visible
defects.
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Figure 6 Faults in thermoplastic structural elements: (a) void in the
coarse spherulitic interior of a T-joint (left) and (b) cracks along flow
lines in the wall of a pipe (right).

TABLE I Mechanical properties of fine and course spherulitic
polypropylene

Fine Coarse
spherulitic spherulitic Literature

Properties (100µm) (420µm) reference

Strength (MPa) 34 15 30–33
Elongation at break (%) 150 7 100–200
Fracture toughness (MPa m1/2) 4.6 3.5 3–4.5

PP 1120 LX (BASF).

As an example, Table I illustrates for the standard
material 1120 LX the effect of spherulitic morphology
on various mechanical properties. Drastic reductions
in strength, elongation to break and fracture tough-
ness are observed when the mesostructure contains
coarse spherulites, interspersed with voids, with weak
bonds across the spherulite boundaries. In addition,
these reductions are associated with changes in the frac-
ture mechanisms. In the fine spherulitic polypropylene
crack propagation is chiefly controlled by the forma-
tion of crazes in front of the crack tip, while in the
coarse spherulitic morphology cracks begin to propa-
gate along spherulite boundaries before unstable, brit-
tle fracture occurs (Fig. 7) [10]. These various mech-
anisms provide different morphologies of the fracture
surfaces. They can exactly be attributed to the observed
individual crack paths in the different microstructures.
At the onset, the fracture surface of fine spherulitic PP

Figure 7 Polarized light micrographs of slow craze- and crack-initiation
in PP 1120 LX with fine (a) and coarse spherulitic morphology (b).

1120 LX has a smooth fibrillar structure which had
formed during plastic deformation and final rupture in
one of the sharp crazes. On the contrary, a polyhedron-
shaped fracture surface was formed by the completely
interspherulitic crack propagation in the slowly crystal-
lized PP 1120 LX consisting of coarse spherulites with
greater stiffness.

A final comparison of the individual types of PP
with their different mesostructures (due to molecu-
lar, microstructural, and morphological parameters) can
clearly be accomplished on a definition of “strength”
as the product of yield or fracture stress and fracture
toughness [11, 12]. If this product is compared with
the yield stress usually used for the dimensioning of
thermoplastic elements, the results lead to the optimum
material property with respect to the resistance against
plastic deformation and fracture (Fig. 8) [13, 14]. For
the present case such an analysis would provide the
following information:

1. In all the three types of polypropylene a good
“strength” at a relatively high yield stress is achieved
when a fine spherulitic morphology predominates. This
condition guarantees a high security against fracture,
even at lower temperatures.

2. The best values of “strength” are found in the ma-
terial with higher molecular weight.

3. Both “strength” and yield stress decrease severely
with increasing coarseness of the morphology.

4. The degradation of these properties is reduced if
a polymer with higher atactic content is used.
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Figure 8 Comparison of fracture toughness and yield/ultimate stress of some amorphous (a) and partially crystalline polymers (b) [12–14].

5. At the same time this molecular parameter pro-
vides a minor lowering of “strength” and yield stress of
the fine spherulitic morphology.

In summary, it can be stated that in semi-crystalline iso-
tactic polypropylene the sensitivity to crack propaga-
tion can be lowered by the right choice of the molecular
composition (atactic content, molecular weight) and by
a controlled production of a certain morphology.

3. Fatigue crack propagation in
CTBN/EP-blends

A significant improvement in toughness of neat epoxy
resins (EP) can be achieved by modifying them
with reactive group-terminated acrylonitrile-butadiene
copolymers (liquid nitrile rubber (NBR)), especially by
their epoxy- or amine-prereacted carboxyl-terminated
(CTBN) derivatives [15]. The rubbery domains formed
by phase separation of the liquid NBR in the EP-matrix
increase the toughness, but sacrifice its stiffness and
decrease its glass transition temperature (Tg). The ab-
solute changes in these properties, especially in fracture
toughness, depend, however, on the mean size and size
distribution of the dispersed phase inclusions [16]. On
the other hand, to set the desired particle size by the
phase segregation process (as being induced by curing
in liquid NBR modified expoxies) requires not only a
proper selection of the components, but also a funda-
mental know-how reflected by mesostructures.

Investigations of the effects of morphology of such
blends on their toughness performance were mostly car-
ried out under static loading conditons. Much less at-
tention was paid to the fatigue crack propagation (FCP)
behavior of toughened EP resins, although the effects of
modification should be clearer and more informative in
this case. Therefore, the following results give an idea
about how various phase geometries affect the FCP-
behavior and related failure phenomena in an EP resin
modified by liquid carboxyl-terminated NBR (CTBN)
of different amounts [17].

TABLE I I Composition and properties of various CTBN/EP blends

Modifier
Composition content (phr)b Tg (◦C) E (GPa)

Epoxy Resin EP 0 145 2.95
(Epon 828)a

EP+ Carboxyl- 5 135 2.84
terminated 10 128 2.38
nitrile rubber 15 120 1.95
(Hycar CTBN) 20 117 1.85

aAnhydride-cured EP-resin at a curing proportion EP: curing agent of
1 : 0.9.
bphr= parts per hundred resin.

Table II lists the various compositions tested, along
with their glass transition temperatures and their elastic
moduli. Up to a modifier content of 15 phr the CTBN-
phase had a spherical particle shape (Fig. 9a). However,
the morphology of the EP with 20 phr CTBN was no
longer a dispersion type one. Instead, the rubbery phase
tended to build up a coarse interpenetrating network
structure (Fig. 9b).

In Fig. 10 it is clearly visible how the modification
of the EP-matrix with CTBN improves its resistance to
fatigue crack growth. The range of the data points plot-
ted can be described adequately by the Paris-Erdogan
power law:

da

dN
= A · (1K )m (1)

where A andm are constants describing the position
and slope of a linear fit to these data in a log(da/dN)
vs. log(1K ) diagram. The arrow at the upper end of
each curve indicates the transition from fatigue crack
growth to crack instability (1Kmax). Modifying the EP
with CTBN shifts the FCP curves toward higher1K
values and considerably lowers at the same time the
exponential term “m”. Increasing the amount of CTBN
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(a)

(b)

Figure 9 (a) Cavitated CTBN-particles on the fatigue fracture surface of CTBN-modified EP. Designations: arrow indicates crack direction, “T” tail
formation and “R” microridges (due to crack propagation in slightly different planes), respectively. (b) SEM picture suggesting the existence of an
interpenetrating network structure, taken on the fatigue fracture surface of the EP containing 20 phr CTBN (B).

improves the resistance to FCP in agreement with other
results achieved on amine-cured EP resins [18].

The fatigue fracture surface of the 5 to 15 phr CTBN-
modified EP showed stress-whitened regions composed
of fracture steps and holes (or cavities) caused by the
presence of the spherical modifier (Fig. 9a). In addition,
it was perceptible that the cavities were filled by rem-
nants of the rubbery modifier. Their topography shows
that the improvement in FCP due to the presence of
CTBN-particles was based on two effects:

(a) a process of pinning of the fatigue crack growth
front when meeting locally the CTBN-obstacles, and

(b) an internal cavitation of the dispersed phase before
being torn apart [17].

The build up of a network structure in the 20 phr CTBN/
EP-system decelerated the fatigue crack growth even
more efficiently than the particles did (even when the
5 phr higher amount of CTBN is not considered). Its
high resistance to FCP can be attributed partly to a
real crack-tip blunting process, in which rubber tearing
and stretching of CTBN-network phase belong to the
main energy dissipation processes. This is, however, not
believed to be important in the case of rubber-modified
EPs with fine particle dispersions, but seems to work in
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Figure 10 FCP curves of the neat and with CTBN-modified EP. Note: arrows indicate for1Kmax, i.e. onset of crack instability.

dispersed systems with coarse rubber particles having
diameters larger than 6µm [19]. The interpenetrating
network (IPN) structure may therefore be treated as an
analogy to a dispersed one with coarse particles which
allow bridging phenomena to occur.

In conclusion it can be stated here, that the observed
phenomena can be considered as having taken place at
the very low part of the mesostructure range (1–30µm).
Mesoscopic tailoring of the material for high fatigue
crack growth resistance would mean to blend the EP
matrix with an amount of CTBN rubber that allows us
to maintain certain values ofTg andE, and at the same
time to chemically modify the system in such a way that
the rubbery phase builts up a coarse interpenetrating
network structure.

4. Orientation order and fracture toughness
of injection molded short glass fiber/PET
matrix composites

Injection moulded short fibre reinforced thermoplas-
tics are amongst the most complex of composite ma-
terials. In their final moulded form, they are typified
by misaligned arrays of various length fibres dispersed
in a viscoelastic matrix. The orientation of the short fi-
bres is determined by the flow characteristics of the
melt, which in turn depend on the mould geome-
try, the wall thickness of the final parts, the char-
acteristics of a moulding operation, and the length
and fraction of fibres in the composite [20]. One of
various promissing developments of fibre reinforced
thermoplastics (FRTP) is a commercial short glass
fibre/thermoplastic polyethylene terephthalate (PET)
system (Ryniter, DuPont, USA). With its composition
including 45 weight per cent (wt %) glass reinforce-
ment it belongs to the group of fibre reinforced thermo-
plastics with highest stiffness, and it can be processed
in standard injection moulding machines without any
problems. These and various other advantages of Rynite

have led to advanced technical applications of this com-
posite in, for example, the automotive industry.

For the design of parts for such applications it is of
high importance to know more about the relationships
between mesostructural details of these materials, their
mechanical properties, and their failure behavior. The
following results elucidate these facts on the example
of a 45 wt % GF/PET system. Changes in the meso-
scopic structure as a function of plaque thickness and
their influence on fracture toughness under static load-
ing conditions are illustrated. Wetherholdet al. [21]
have shown that in this kind of short fibre reinforced
thermoplastic matrix system the fibre orientation does
change, more or less, through the thickness direction
from place to place. However, roughly seen, three main
layers of similar orientation exist. The presence of the
mould surfaces had caused alignment of the fibres in the
mould fill direction (MFD), while the centre section
away from the surfaces contained fibres which were
distributed more transverse to MFD (Fig. 11). An eval-
uation of the approximate dimensions for thicknesses
of the aligned fibre boundary layers and centre layers
indicates that, in general, the boundary layers seem to
reach a fixed thickness for any plaque more than about
0.25 in (≈ 6.35 mm) thick. Above this limit the cen-
tre layer contributes more to the cross-section of the
plaques than the sum of both surface layers. This fact
has an important influence on the mechanical properties
of the material.

The effect of thicknessB on the fracture toughness
Kc is shown in Fig. 12. With increasing value ofB
the observed difference inKc between cracks trans-
verse (T) and longitudinal (L) to MFD, as measured
for 1/16 in. (1.59 mm) thick plaques, decreased contin-
uously until a point is reached where L-cracked spec-
imens have a much higherKc value than those with
cracks in the T-direction. The transition seems to be due
to the observed variation of theC/B ratio with plaque
thickness. Specimens for which the centre layerC,
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Figure 11 SEM micrograph of the layer structure in thex-z plane of a 45 w/o GF-PET composite.

oriented transverse to the surface, becomes larger than
B/2 show exactly the opposite crack characteristic to
that which would be expected from the orientation to
the fibres at the surfaces. The change in crack character-
istic for both crack directions is additionally superim-
posed on the well-known thickness dependence ofKc.
This is due to a change in stress field condition withB
(plane stress changing towards plane strain condition)
accompanied by a tendency from macroscopic shear to
a normal fracture mode [20].

The results of Fig. 12 have shown that the tendency
and degree of the variation in toughness are mainly a
function of the initial fracture toughness of the base
polymer and several microstructural effects related to
the fibers and the fiber/matrix interface. In a very sim-
ple approach, the composite’s fracture toughness can
therefore be described by a relationship of the form

Kcc = M · Kcm (2)

Figure 12 Variation of fracture toughness,Kc, with specimen thickness,B, of GF-PET composites.

whereKcm is the fracture toughness of the matrix (PET
here:Kc= 2.5 MPa m1/2) andM is a “mesostructural
efficiency factor”. The latter depends upon fiber vol-
ume fraction, fiber orientation distribution (∼= orienta-
tion order) over the cross-section fractured. In addition,
M must be affected by the deformational behavior of
the matrix material and the relative effectiveness of all
the energy-absorbing mechanisms during breakdown
of the composite.

In order to discuss these fundamentally different fac-
tors of influence onM , separately, a splitting ofM in
the form

M = a+ n · R (3)

is useful. In this equation, the “reinforcing effectiveness
parameter”R is the term which is directly related to the
volume fraction of short fibers (Vf ) and their geomet-
rical arrangement across the plaque thickness (R≥ 0).
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As this arrangement is different for cracks in theL,
as compared to those in the T-direction,R has to be
calculated in the following ways:

T-cracks:R=
(

C

B
· fp‖eff + 2S

B
· fp⊥eff

)
· Vf (4)

L-cracks:R=
(

C

B
· fp⊥eff + 2S

B
· fp‖eff

)
· Vf (5)

In these correlations, the effective fiber orientation fac-
tors fp‖eff and fp⊥eff (0≤ fpeff≤ 1) express the hin-
drance effect of fibers due to their local orientation in the
different layersC/B and 2S/B with respect to the ac-
tual crack direction. Further details, also about the
“matrix stress condition factor”a (with a≈ 1) and the
“energy absorption ratio”n, can be found in [22].

A plot of the normalized fracture toughness values of
the composites against the reinforcing effectiveness pa-
rameterRalong with additional results from other stud-
ies [22, 23] yields the following informations on how
mesostructural parameters must be changed, in order to
optimize the material’s fracture toughness (Fig. 13):

(a) If the slopen is held constant,R as a function of
fiber orientation and orientation order can be varied by:

i) plaque thickness,
ii) ‘injection molding conditions (temperature,

pressure, etc.),
iii) flow field conditions as a function of gate and

mold geometry,
iv) fiber volume fraction,
v) relative crack and load directions.

(b) At a constantR value, an enhancement ofn is
possible by manipulating one or more of the factors:

Figure 13 Relative changes in fracture toughness (1K ∗cc) of various thermoplastic matrix composites with increasing “reinforcing effectiveness
factor” R.

i) fiber aspect ratio,
ii) stress-strain behavior of the matrix without

changingKcm,
iii) interfacial bond strength,
iv) fiber strength and stiffness.

In some way, of course, the individual factors are inter-
related so that changes in one direction may also give
changes in the other direction. Thus, a permanent con-
trol of the resulting changes in fracture toughness of
the composite is always necessary for the final material
development and the optimization of their properties
through mesostructural design.

5. Packing effects on fatigue behavior of
discontinuous aligned fiber composites

Polymers reinforced with aligned discontinuous car-
bon fibres are not only of interest from the viewpoint
of recycling of scrap resulting from manufacturing of
continuous fiber reinforced prepregs, but also because
they can be considered as potential materials for struc-
tural components; they can be manufactured into com-
plicated shapes with simultaneous satisfactory mechan-
ical properties. A high alignment of the fibres yields an
improvement in strength and stiffness of the composites
in the fibre direction, so that the anisotropy of the prop-
erties of these materials is enhanced. This means that
at the same time a reduction in the mechanical prop-
erties perpendicular to the fibre direction takes place.
However, using the laminate technique which has been
applied successfully in the design of materials with con-
tinuous fibres, prepregs of aligned discontinuous fibres
can also be layered at different angles and be com-
bined with each other in an autoclave or compression
molding process. In this way material design can be

5544



P1: DPI 3127-98 December 15, 1998 11:47

Figure 14 Polished cross-section of a PES [0]8 laminate parallel to the fibre direction, showing resin-enriched regions (A), fibres of high degree of
orientation aligned within separated fibre bundles (B), and individual misoriented fibres (C).

performed under the consideration of the loading con-
ditions expected. Due to the nature of fiber discontinu-
ity, however, the probability of variations in mesostruc-
ture is much higher than expected for continuous fiber
composites. To study the effects of these mesostruc-
tural variations on the mechanical behavior in more de-
tail, a discontinuous aligned carbon fiber/PES-system
was subjected to tensile fatigue loading conditions [24].
Alignment of fibers, having a length of about 3 mm,
was performed by the use of the vacuum drum filter
technique developed in the central laboratory of former
MBB (now Daimler Benz), Ottobrunn, Germany [25].
The degrees of alignment and orientation of the dis-
continuous carbon fibres are illustrated by the polished
cross-section taken parallel to the fibre direction of a
PES [0]8 laminate in Fig. 14. Although fibre alignment
has occured in the form of separated fibre bundles, it
can be observed that locally individual fibres exhibit
a high deviation from the main fibre direction. There
also exist resin-rich regions at the ends of fibre bundles
(with some evidence of end synchronization) as well as
in the vicinity of misoriented individual fibres. During
the preparation procedure of the laminates, void for-
mation as a result of insufficient impregnation of the
prepregs with matrix resin could not be avoided com-
pletely; in particular, the PES laminates possessed a
relatively high void density.

Table III lists the measured tensile properties of uni-
directional CF/PES-samples in comparison to theoret-
ically calculated values using typical rule of mixtures
approaches [26, 27]. Both the measured elastic modulus
and the tensile strength are lower than the theoretical
values, when loading occured in the fiber direction. The
reductions are expected and due to the mesostructural
details of the material. Regarding the modulus of the
[90]8-samples, on the other hand, a positive effect of the
mesostructure is observed. Misorientation of the bun-
dles and of individual fibers are mainly responsible for

TABLE I I I Comparison between experimental and theoretical mod-
ulus and strength data of discontinuous aligned CF/PES composites

Properties

E-modulus (GPa) Strength (MPa)

Material Measured Calculated Measured Calculated

PES-matrix 3 — 68 —
CFa/PES [0]8 90 110 1000 1363
CF/PES [90]8 7.2 5.9 46 62b

aCourtaulds XAS:E= 242 GPa;σB= 2.75 GPa; fiber length 3 mm,
volume fraction 50%.
bAssumption of good F/M bonding and 4% voids.

this difference relative to the theoretically calculated
value. This is, however, not the case for the strength in
the transverse direction; here, one difficulty is to exactly
calculate the strength value from theoretical considera-
tions, the other is that in spite of misoriented fibers the
high void content in the composite and stress concentra-
tion sites at end-syncronized and non-end syncronized
fiber bundles give rise to catastrophic failure at stresses
lower than the strength of the neat matrix.

Fig. 15 summarizes the results of fatigue tests with
the PES-laminates [24]. The highest stress level to
achieve failure after, for example, 106 load cycles is
necessary for the [0]8 laminate (a factor of about two
higher than the failure stresses for the [0,±45, 0]s and
[0, 90, 0, 90]s laminates, and more than 20-fold higher
than the values of the neat resin and the [90]8 laminate).
The slope of the ultimate failure curves for the different
composites differs in the following way:

(a) For the [0]8 laminate, the upper stress level nec-
essary for failure in the range between 103 to 106 load
cycles decreases linearly and only slightly, i.e. in a very
narrow range between 720 and 650 MPa.
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Figure 15 Variation of upper stress level for failure with number of cycles to failure, for various PES laminates and for the neat resin material.

(b) A continuous and steeper reduction of the upper
stress level is observed for the [0,±45, 0]s laminate
down to a value of 350 MPa if an endurance limit of
5× 105 load cycles is considered.

(c) At a slight lower load level as compared to the
[0,±45, 0]s laminates, the [0, 90, 0, 90]s laminates show
a clear reduction of the upper stress limit in the range of
low cycle fatigue (up to 104 cycles). In the region above
N= 104 cycles, however, these curves tend to decrease
only very slightly, as for the [0]8 laminates.
(d) The neat PES resin as well as the [90]8 laminate

show a permanent reduction of the upper failure limit
at the same, very low stress level.

A measure of the damage development in a laminate
during fatigue loading is the change in stiffness dur-

Figure 16 Schematic representation of damage development and simultaneous reduction in secant modulus of and [0, 90, 0, 90]s laminates during
fatigue.

ing the load history. The variation in stiffness is deter-
mined by measurements of the secant elastic modulus.
Schematically, the damage development in a [0, 90, 0,
90]s-specimen and the simultaneous reduction in the
secant modulus is illustrated in Fig. 16. Failure behav-
ior of this kind of composite laminates starts at rela-
tively low loads by the formation of individual trans-
verse cracks (region 1). The number of cracks increases
with increasing load until an equilibrium, characteristic
damage state (CDS) is reached (region 2).

In region 3 a failure mechanism becomes effective
which is typical for the existing mesostructure in dis-
continuous aligned fibre reinforced laminates. Start-
ing from the specimen edges, longitudinal cracks are
formed which propagate at an angle of about 2◦ to the
load direction in the 0◦ layers until the specimen ends
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are reached. It is obvious that one reason for this angle
is based on the alignment of the short fibres in bundles
of about 75µm in diameter and a length similar to the
fibre length of 3 mm. It can be assumed that the cracks
must usually follow these bundles (which in turn are
not perfectly oriented) until they reach the bundle ends
(end synchronization). Here, they can take the more
favourable direction perpendicular to the applied load,
i.e. through the resin-enriched regions. But this pro-
cess is stopped soon by the interface of the next bundle,
along which the crack is now forced to propagate. In
fact, such a propagation mode results in an angle of
crack direction which is very close to 2◦.

At the edges of these longitudinal cracks further
cracks are initiated at a later stage. The wedgelike frac-
ture tips which are generated by this kind of longitu-
dinal zig-zag crack progress finally delaminate the 90◦
layers adhering next to them, so that they are no longer
capable of bearing any loads. Especially for this case
a reduction of the load-carrying cross-sections of the
external 0◦ layer by 10% results in an increase of load
by about 2.6% in the residual 0◦ layers. This finally
leads in a relatively short time to a complete failure of
the specimen investigated. The initiation of these lon-
gitudinal cracks at the specimen edges and the crack
edges, respectively, is especially favoured by (a) resin
enriched regions; (b) poorly aligned fibres; (c) voids;
and (d) ends of fibre bundles (Fig. 17). Therefore, to
improve the fatigue performance of these systems a bet-
ter control of the prepreg production process (including
quality of impregnation and fiber alignment) is required
in order to reach a more beneficial mesostructure.

6. Mesostructure and properties of pultruded
continuous glass fiber/polypropylene
composites

Commingled yarns are one of the possible preforms
used for continuous fiber reinforced thermoplastic com-
posites in order to solve the problem of high melt vis-
cosity during impregnation and consolidation as the
required steps for manufacturing of technical com-
ponents. The preforms can be considered as “dry”
prepregs, in which the solid thermoplastic polymer
in form of fibers is physically divided and more or
less evenly distributed among the reinforcement fibers
(Fig. 18) [28].

The development of this kind of pre-impregnation
technology for thermoplastic matrices has also gener-
ated considerable interest in the possibility of thermo-
plastic pultrusion [29–31]. Successful trials have how-
ever only been performed for simple cross-sections,
and at pultrusion speeds not dramatically exceeding
those known for commercial thermoset pultrusion (0.6–
1.2 m/min). Major reasons for these deficits are the
inherent difficulties associated with the thermoplastic
matrices, such as high processing temperatures and
high melt viscosities. An additional obstacle may be
a lack of both fundamental understanding of the gov-
erning process mechanisms and adequate mathemati-
cal models for predicting the relationships between the
various processing variables and the resulting struc-

(a)

(b)

Figure 17 Scanning electron micrograph characterizing a typical site of
longitudinal crack initiation in the 0◦ layers of PES fatigue specimens:
(a) pores (arrow) due to poor impregnation at the end of a fiber bundle,
building up a wedge-like fractured piece formed by the initiation of a
new longitudinal crack on the edge of another one, which before ran in
the opposite direction and (b) resin rich region.

tural/mechanical properties of the thermoplastic pul-
truded products [32].

The following studies were performed to eluci-
date the relationships between pultrusion parameters
and the quality of parts made of commingled glass
fiber/polypropylene fiber preforms [33]. A schematic of
a typical pultrusion line is shown in Fig. 19 [34]. Fiber
bundles are preheated in a hot air preheating zone and
enter directly into the heated die. The cavity of the latter
is tapered, and its angle can be varied without changing
the final thickness of the beam. A water cooled die just
behind the heated die is installed for further compaction
and improvement of the pultrudate’s surface quality.

Due to a variation of processing conditions (preheat-
ing temperatureTph, heated die temperatureThd and
pulling speedvp) the void content and the resulting
mechanical properties of the pultruded beams reflected
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Figure 18 Schematic illustration of different hybrid yarn structures.

Figure 19 Schematic of the pultrusion line, used for the production of profiles.

significant changes. Fig. 20 shows qualitatively the in-
fluence of processing speed and processing time (i.e.
time in the heated die) on the shear strength and the
void content.

The latter, mesostructural feature was determined
by the use of polished cross sections of the pultruded
beams, that were evaluated by the use of an image anal-
yser system. Fig. 21 illustrates the original micrograph
of the GF/PP-cross section (a) and the void structure ab-
stracted to a set of black spots by binarization of the grey
values (b). It is now much easier to extract mesostruc-
tural information. Another mesostructural feature that
results from the original mingling quality of the yarn
material is the agglomeration of the reinforcing fibers
between the matrix (Fig. 22). A finer dispersion of the
reinforcing fibers not only leads to faster processing
conditions, necessary for performing the impregnation
and consolidation steps, but also to better properties

of the final pultrudates. This mesostructual detail must
also be considered when modelling the process with re-
gard to predictions under which conditions of pressure,
temperature, and time certain limits in void contents
can be achieved [33–35].

7. Orientation disorder during stamp forming
of curved components from continuous
fiber/thermoplastic matrix composites

The existence of a melting/softening point in case of
thermoplastic composites opens the possibility of pro-
ducing intermediate forms, such as preconsolidated flat
laminate panels, that can be processed or post-formed
at a later data. One of the most attractive processing
techniques in this respect is stamp forming [36]. The
technique is rather similar to the sheet metal stamp-
ing process bearing the same name. In this process a
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Figure 20 Shear strength at different processing times,Tph= 143◦C, Thd= 203◦C. Further improvements are possible (i.e. higher strength, lower
void content) when increasing (up to a certain degree) the pressure, the preheating temperature and/or the temperature in the heated die.

Figure 21 Scanning electron micrograph of voids between individual fibers of a poorly pultruded beam (left) and the digitized figure for image
analysis (right).

semi-finished thermoplastic composite product, such
as a preconsolidated flat laminate panel (which can be
produced in a large series production procedure such as
a double-belt press process [37]), is heated externally
above the melting/softening temperature of the ther-
moplastic matrix; then the hot semi-finished product is
quickly transferred into a cold mold where it is stamped
to conform to the mold geometry.

The problem in all of these thermoplastic forming
operations is that one has to stay within an optimum
processing window (in terms of pressure, temperature,
forming speed, and clamping conditions) in order to
avoid defects in the material on a mesoscopic level.
The defects, in turn, can result in deviations from the
design criteria of the parts to be produced, including
stiffness, strength, and geometrical constraints.

Based on previous works [38, 39], the following
examples show how a continuous glass fiber rein-
forced polypropylene (GF/PP) system reacts when be-
ing stamp formed into two dimensional half tubes under
various processing conditions.

Fig. 23 displays the geometry of the two dimensional
mold. The male part (a) has a form of a “half” cylinder,
while the female part (b) has a full half cylinder cavity.
To prevent significant transverse flow of the compos-
ite material during forming into a half-tube shape, two
sealings of silicon rubber were attached to both sides of
the male part, thus forming a “closed” cavity with the
female part. Both sides of the mold were additionally
closed with flat metal plates (c). At a certain position be-
tween male and female part, there exists a uniform gap
of 3.0 mm, which is equivalent to the thickness of the
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Figure 22 Fiber agglomerations of locally higher volume fraction than
the one of the global pultruded specimen. The left SEM-photo shows an
unconsolidated glass fiber/polypropylene fiber bundle (glass fibers have
smaller diameter); the right SEM-photo shows a half consolidated glass
fiber/polypropylene fiber bundle, having a finer mingling quality then in
the left case.

originally flat, pre-consolidated GF/PP laminate pan-
els. However, no stops were used to prevent the mold
from closing beyond this point.

The typical forming procedure involves (a) heating
the pre-consolidated laminate panel between two hot

Figure 23 Mould geometry for 2D, half-tube samples.

plates of an external hot press, to a temperature above
the melting temperature of the PP matrix, without any
external pressure; (b) quickly transferring the hot lam-
inate panel into the forming system, which is kept at
room temperature (transfer times are of the order of a
few seconds to prevent significant cooling); (c) forming
of the hot laminate panel into the final part, by utilizing
the various speeds related to the closing and compres-
sion modes of the hydraulic press.

The composite forming cycle lasts for about 20 s;
during this period the as formed part is cooled down by
the cold mold under pressure. In the following removal
from the forming system, the part has a temperature
of about 30–40◦C. During the whole procedure the
laminate panel remains embedded between two high
temperature resistant, super-plastic films for better han-
dling and forming conditions [40].

The stamping temperature as a function of clos-
ing speed and pre-heating temperature is plotted in
Fig. 24. When the closing speed was higher than
70 mm/s, the achievable stamping temperature could be
approximately maintained in one of the three ranges:
I (180–185◦C), II (170–175◦C) and III (160–165◦C),
depending on the pre-heating temperature of 190, 180
and 170◦C, respectively. Within each range, the value
of stamping temperature was slightly higher the faster
the closing velocity was. The corresponding fiber ar-
rangements within the 2D samples formed in these three
ranges are illustrated in Fig. 25a–c. Depending on the
preheating temperature, out of plane fiber wrinkling and
complete buckling of plies (a), inplane fiber waviness
(or fiber “ripple” or “wash”) (b), or favourable fiber
alignment (c) were observed as typical mesostructural
features of [0]6 GF/PP samples formed within the tem-
perature ranges of I, II or III respectively.

It is known from previous investigations that defects
of type (a) and (b) also reduced the bending stiffness
and strength of thermoformed v-shaped samples.
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Figure 24 Stamping temperature as a function of closing speed and preheating temperature.

Other observations in this context refer to structural
mesoscopic aspects, such as

(a) ply thinning in the bent region as a result of too
high stamping pressures (especially if 90◦-plies are ex-
isting in the laminate) [39],
(b) resin migration and resulting non-symmetric lam-

inate structure (contributing to spring forward effects)
[38],

(c) changes in fiber orientation of the individual plies
(relative to the ones in the non-thermoformed plates)
due to interply rotation effects during the stamp form-
ing of crossply laminates into 3D-dome structures [38,
40, 41].

8. Concluding remarks on mesostructural
design concepts and special
mesostructures

It was shown by the previous 6 examples that matrix
and fiber related details in the structure of discontinu-
ous and continuous fiber reinforced polymer compos-
ites can highly affect their mechanical performance.
As these structural details are found in a dimensional
range between microstructure (on the lower micrometer
scale) and macrostructure (characterized by the several
millimeters to meter scale) they are called mesostruc-
tures. Most of the latter (about 90%) actually resulted
from the conditions under which these materials were
processed in order to build up a bulk component with a
desired function and certain performance requirements.
Therefore, to improve the properties, a strong control
of the processing steps and conditions is needed so as
to produce the most beneficial mesostructures. If, for
example, toughness (besides a required stiffness) is the
controlling property that has to be optimized for an in-
jection moldable short fiber reinforced thermoplastic
component with a given geometry and loading condi-

tions, mesostructural design can be performed on vari-
ous routes (Fig. 26) [42]. One is to modify the injection
molding conditions in terms of gate position and geom-
etry, mold temperature, back pressure, etc. The other is
to modify the material by changing the fiber content,
fiber length, toughness of the matrix, to mention only a
few possibilities. Using, in addition, a software package
for predicting the flow behavior of the melt and result-
ing orientation order of the fibers allows us to calculate
via the mesostructural efficiency concept local fracture
toughness at the most critical positions of the structural
part. A comparison with the required toughness yields
then information about if and how the mesostructure
should be changed through the routes mentioned be-
fore. A similiar scheme can also be followed for the
manufacturing of continuous fiber reinforced polymer
composite components (Fig. 27), including decisions
about the choice of the right manufacturing process,
the type of pregregs or intermediate material forms, as
well as temperature, time, and pressure conditions [43].

In addition, it should be mentioned here that some
special mesostructures exist which are absolutely nec-
essary in order to achieve for a material or component
certain properties that are not possible without these
mesostructures. These special mesostructures, in turn,
can only be established if very specific processing tech-
niques are applied. Four examples should be mentioned
in this respect:

(a) Functionally gradient, particulate or short fiber
filled composites, prepared either under centrifugal
load [44, 45] or even under conventional shear load-
ing conditions during injection molding (Fig. 28) [46].
(b) Polymer-polymer microlayer composites with

high barrier properties, produced during blow mold-
ing of polyamide/high density polyethylene blends
[47, 48].
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(a)

(b)

Figure 25 Microstructures of 2D samples, produced under various conditions: (a) Condition I, resulting in out of plane fibre buckling and in-plane
fibre wrinkling. (b) Condition II, showing in-plane fibre wrinkling or fibre “ripple”. (c) Condition III, leading to favourable alignment of fibres and
desired interply slip phenomena. (Continued).

(c) “Living” or plastic hinges, as produced during in-
jection molding of bulk polypropylene parts that are in-
terconnected through a very thin channel (cross-section
of the hinge). The two highly oriented layers with an al-
most isotropic layer in between (as a result of high melt

velocity in this cross-section) are very fatigue resistant
due to their quasi-hard elastic morphology [49].
(d) The manufacturing of microfibrillar composites

(MFC) from blends of polycondensates’ by extrusion,
drawing, and isotropization [50].
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(c)

Figure 25 (Continued).

Figure 26 Scheme for prediction and optimization of local fracture resistance.
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Figure 27 Methodology for fundamental studies on processing related properties of continuous fiber/thermoplastic matrix composite.

(a)

(b)

Figure 28 Production of gradient structures in particulate filled polymer systems: (a) schematic production processes; (b) gradient structure of an
electrically conductive PANI-complex filled PP and (c) gradient in electrical conductivity over the cross section [44]. (Continued).
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(c)

Figure 28 (Continued).
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