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Mesoscopic aspects of polymer composites:
Processing, structure and properties

K. FRIEDRICH
Institut fur 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.
© 1998 Kluwer Academic Publishers

1. Introduction and definitions tures to (c) the arrangement of these components on
The science and technology of fiber composites are ess macro-composite level. The step from (b) to (c) is,
tablished upon a design concept that is markedly differhowever, quite wide because within this intermediate
ent from that of conventional structural materials [1]. range there are many structural details which are highly
Due to the fibrous nature of the reinforcing phase, comaffected by the processing conditions. Therefore, it is
posite materials offer the opportunity to tailor mate-wise to extend the “hierarchical model” by an extra
rial characteristics so as to match performance requireterm called “mesostructure” (“meso” comes from the
ments. In addition to the selection of reinforcing fibersGreek “mesos” for middle and has been widely used,
and matrix material, tailoring in continuous fiber sys-e.g. meson, mesozoic, mesomorph, etc.). If one de-
tems is accomplished through the control of reinforcingfines the mesostructure as structures on a scale between
geometry during the manufacturing process. The finahbout 1-30um and 1-30 mm, packing irregularities
structure may be deliberately constructed by laminaand misalignments due to waviness or other causes can
tions of collimated fibers or the selection of variousbe included. The lower part of the range, i.e. about
woven or braided architectures [2]. 1-300um, is appropriate for effects of matrix mor-

In case of discontinuous (“short”) fiber reinforced phology and out-of-plane fiber arrangements. The up-
composites the resulting structure of the material igper range, 30@em to 30 mm, is more relevant for in-
even more dependent upon processing conditions amglane variations. Note that these structures, so far at
processing history. Variations in fiber orientation andleast, are unintentional [3].
fiber lengths induced during the fabrication of injec- At the low levels of magnification associated with
tion molded parts can cause significant variations in théamination theory, a macroscopic body is subdivided
overall mechanical behavior. The richness of possiblénto apparent layers with each layer treated as a homo-
reinforcing geometries through these various arrangegeneous (but anisotropic) material. The internal struc-
ments can give rise to a wide range of properties fotture of the individual layers is ignored; the averaged
composite materials of equivalent composition [2]. Forproperties of an individual layer (or lamina) are fre-
a given macrostructure with properties planned in thequently taken from data of the manufacturer [2]. How-
original design, there will be a range of actual (lowerever, from a mesoscopic point of view, variations in ply
or better) properties achieved [3]. The reasons for thesthickness, non-symmetry effects and differences in the
differences can be found in geometrical and structuraictual ply orientation (relative to the desired one) can
imperfections of the material at different levels of mag-cause deviations from the design properties.
nification. This “structural hierarchy”, as defined by Ata higherlevel of magnification, the heterogeneous
Eduljee and McCullough [2], can vary in composite nature of the individual layer is revealed. The reinforc-
materials from (a) the atomic or molecular structureing fibers are usually provided in the form of tows (or
of the composite components via (b) their microstruc-bundles) or individual filaments; the remnants of this
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original structure are frequently manifested as fluctua- At yet a higher level of magnification, the hetero-
tions in the packing geometry, local fiber orientation,geneous nature of individual fibers and matrix be-
and packing density of the filaments. In addition, localcomes important (microstructure). For example, car-
flaws or voids due to poor impregnation during pro-bon fibers are heterogeneous materials comprised of
cessing can occur. Layered structures are also encourigid crystalline graphitic inclusions embedded in an
tered in injection molded short-fiber/thermoplastic ma-amorphous carbon matrix; organic aramid fibers are
trix composites. In this case the non-uniform flow fieldssimilary comprised of rigid crystalline and compli-
within the mold cavity establish varying fiber orienta- ant amorphous components. Semi-crystalline thermo-
tions that give rise to “skin-core” layers [2]. All of these plastic polymer matrices are comprised of various
are typical mesostructural features, which were systemspherulitic”, “lamellar”, and “fibrillar” crystalline
atically classified by Piggott [3] into four categories: morphologies embedded in an amorphous compo-
nent [2]. A focus on this reduced scale takes also into

(a) Orientation disorder (incl. fiber waviness); accountinhomogeneities in the internal structure of the
(b) Packing disorder (voids, matrix and fiber rich re- reinforcing agents and matrix (e.g. voids), the possi-
gions); bility of perturbed interphase regions near the surface
(c) Orientation order (layer structure in injection of the reinforcing agents, and the different morpholo-
molded short fiber composites); gies that can occur when two polymers are blended
(d) Packing order (fiber bundling, end synchroniza-(Fig. 3). Attempting to establish a demarcation between
tion). mesostructure and microstructure is bound to be unsat-

isfying. Nonetheless, there can be little doubt that the
While (a) and (b) primarily refer to continuous fiber morphology of the reinforcement, the matrix, and the
reinforced systems, subjects (c) and (d) describe thexistence of flaws play major roles in composite ma-
situations in discontinuous fiber reinforced materialsterial properties, albeit roles that are not completely
Details are schematically illustrated in Figs 1 and 2. understood [4].
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Figure 1 Mesostructural features typical for continuous fiber reinforced composites.
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Figure 2 Mesostructural features typical for discontinuous fiber reinforced composites.
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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
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Figure 4 Levels of failure in a short fiber reinforced thermoplastic matrix system.

The next lower level of organization is envisioned mesostructures. It considers the occurence of discrete
as a network system. The nodal points of the networKeatures of the structure and their effects on mesostruc-
are associated with chemical crosslinks, physical entural failure events (Fig. 4). To improve the properties
tanglements, and/or regions of localized order stabineeds a strong control of processing so as to produce
lized by intermolecular interactions. The links betweenthe most beneficial mesostructures. “Mesoscopic ma-
nodal points are associated with the flexible character oferials” can therefore be defined as materials in which
weakly interacting disordered structures. Further maga high functional quality was achieved through a sys-
nification on this molecular level reveals the unit cell tematic control of their structure on a mesoscopic scale
structure of the crystalline morphologies and the molec{5]. “Mesostructural design” is finally based on a better
ular structure of the amorphous components. It is welknowledge of the relationships mentioned above. In this
accepted that the physical properties of polymeric marespect, further advances in man-made materials can
terials have their own origin in the interactions within also be achieved through guidance from nature, i.e. the
and between molecules. Continuum properties such adiscipline of biomimetics [6, 7]. A typical example is
stiffness, strength, damping, etc. are gross descriptiorshown in Fig. 5, illustrating the longitudinally and radi-
of response characteristics which are the consequenedly arranged, interwoven cellular composite structure
of the reaction of molecules to external actions such asfwood. The long vertically oriented cells help to bring
an external force, a change in temperature, etc. [2]. water up the tree and also serve amechanicalrole. In ad-

It is obvious that within the intermediate magnifica- dition, a radial structure across the wood surface serves
tion range the mesostructural details control the propto link the load bearing cells in the vertical direction.
erties of the composites. In this respect, the term “me- The purpose of the present contributionisto give a set
somechanics” can be used to describe the mechanics 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 andhaterials the flow-disturbance of the melt can lead to
the related mechanical properties. Examples includéhe occurence of the well-known flow lines. They are
various morphologies in an unfilled semicrystalline additional sites for crack nucleation aided by internal
polypropylene (PP), a blend of epoxy resin (EP) withstresses as produced by contraction of the cooling poly-
an elastomeric toughener, an injection moldable shonner (Fig. 6).
fiber reinforced polyethyleneterephthalate (PET), adis- To study the effects of various morphological fea-
continuous aligned fiber, polyethersulfone (PES) com+tures on the fracture behaviour of semicrystalline ther-
posite, and a continuous fiber/high performance commoplastics in more detail, a relatively low molecular
posites on the basis of glass fiber (GF)/polypropyleneweight, isotactic polypropylene (Novolen PP 1120 LX,
Many examples of other systems, as they can be founBASF, Germany), containing 5% of randomly arranged
in the scientific literature, would lead to the same con-blocks of atactic polypropylene, was used as the main
clusions, but as it is not possible to get hold and refer tdesting material. With two other types of PP it was ex-
all of them, the author decided to use only cases of th@lored which changes in fracture behaviour can occur
author’s and his group’s long years experience in thisf (1) the molecular weight of the polymer is raised
field. (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

2. Mesostructural effects on fracture of were subjected to different thermal treatments, which

polypropylene are more fully described elsewhere [9]. Briefly, quench-
Deformation and fracture processes influenced by théng of the materials resulted in a fine-spherulitic struc-
morphology of thermoplastic polymers are of consider-ture, whereas isothermal crystallization at elevated tem-
able importance from both a basic and a practical poinperature led to the formation of coarse spherulites.
of view. Spherulite size, size distribution, and micro- In most of the morphologies no differences between
scopic morphological changes within the spheruliteghe individual types of polypropylene could be ob-
can be varied by thermal history or nucleating agentsserved by optical microscopy. Only in the case of the
Under special conditions, for example during the com-coarse spherulitic structures the polymers with low at-
pression moulding of thick-walled parts, different local actic content (PP 1120 LX and PP 1120 HX) exhib-
cooling conditions can lead to differences in the mor-ited local voids at some triple points of the spherulites,
phology across the whole thickness. In the regions ofvhich in some extreme cases had grown to become
slowest undercooling (i.e. often the thickest portion oflarge holes in the morphology. On the other hand the
the parts), the morphology is coarsely spherulitic andboundaries in the analogous morphology of PP 1320 L
contains individual voids and even holes. In the casavith the higher atactic content were free of any visible
of rapidly cooled and therefore mainly spherulite-freedefects.
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Figure 7 Polarized light micrographs of slow craze- and crack-initiation

Figure 6 Faults in thermoplastic structural elements: (a) void in the T -
in PP 1120 LX with fine (a) and coarse spherulitic morphology (b).

coarse spherulitic interior of a T-joint (left) and (b) cracks along flow
lines in the wall of a pipe (right).

1120 LX has a smooth fibrillar structure which had

TABLE | Mechanical properties of fine and course spherulitic formed during pIastic deformation and final rupture in

Polypropylene one of the sharp crazes. On the contrary, a polyhedron-
Fine Coarse shaped fracture surface was formed by the completely
spherulitic ~ spherulitic  Literature  jnterspherulitic crack propagation in the slowly crystal-

Properties (10Qum) ~ (420um)  reference  izaq PP 1120 LX consisting of coarse spherulites with

Strength (MPa) 34 15 3033 greater stiffness.

Elongation at break (%) 150 7 100-200 A final comparison of the individual types of PP

Fracture toughness (MPa'f) 4.6 35 3-45  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
As an example, Table | illustrates for the standardthe yield stress usually used for the dimensioning of
material 1120 LX the effect of spherulitic morphology thermoplastic elements, the results lead to the optimum
on various mechanical properties. Drastic reductiongnaterial property with respect to the resistance against
in strength, elongation to break and fracture tough-lastic deformation and fracture (Fig. 8) [13, 14]. For
ness are observed when the mesostructure contaiiige present case such an analysis would provide the
coarse spherulites, interspersed with voids, with wealkollowing information:
bonds across the spherulite boundaries. In addition,
these reductions are associated with changesinthe frac-1. In all the three types of polypropylene a good
ture mechanisms. In the fine spherulitic polypropylené'strength” at a relatively high yield stress is achieved
crack propagation is chiefly controlled by the forma-when a fine spherulitic morphology predominates. This
tion of crazes in front of the crack tip, while in the condition guarantees a high security against fracture,
coarse spherulitic morphology cracks begin to propaeven at lower temperatures.
gate along spherulite boundaries before unstable, brit- 2. The best values of “strength” are found in the ma-
tle fracture occurs (Fig. 7) [10]. These various mech-terial with higher molecular weight.
anisms provide different morphologies of the fracture 3. Both “strength” and yield stress decrease severely
surfaces. They can exactly be attributed to the observedith increasing coarseness of the morphology.
individual crack paths in the different microstructures. 4. The degradation of these properties is reduced if
At the onset, the fracture surface of fine spherulitic PPa polymer with higher atactic content is used.

PP 1120 LX (BASF).
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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-TABLE Il Composition and properties of various CTBN/EP blends
vides a minor lowering of “strength” and yield stress of

Modifier

the fine spherulitic morphology. Composition content (pHt) T,(°C) E (GPa)
In summary, it can be stated that in semi-crystalline isoEpPoxy Resin EP 0 145 2.95
tactic polypropylene the sensitivity to crack propaga-_ (FPon 828}
i be lowered by the right choice of the molecular . Carboxyl- ° 135 284
tion can be 1oy g _ terminated 10 128 2.38
composition (atactic content, molecular weight) and by nitrile rubber 15 120 1.95
a controlled production of a certain morphology. (Hycar CTBN) 20 117 1.85
aAnhydride-cured EP-resin at a curing proportion EP: curing agent of

3. Fatigue crack propagation in 1:009.

CTBN/EP-blends bphr = parts per hundred resin.

A significant improvement in toughness of neat epoxy
resins (EP) can be achieved by modifying them

with reactive group-terminated acrylonitrile-butadiene  Taple |1 lists the various compositions tested, along
copolymers (liquid nitrile rubber (NBR)), especially by with their glass transition temperatures and their elastic
their epoxy- or amine-prereacted carboxyl-terminatednoduli. Up to a modifier content of 15 phr the CTBN-
(CTBN) derivatives [15]. The rubbery domains formed phase had a spherical particle shape (Fig. 9a). However,
by phase separation of the liquid NBR in the EP-matrixihe morphology of the EP with 20 phr CTBN was no
increase the toughness, but sacrifice its stiffness angnger a dispersion type one. Instead, the rubbery phase

decrease its glass transition temperatdig.(The ab-  tended to build up a coarse interpenetrating network
solute changes inthese properties, especially in fracturgyrycture (Fig. 9b).

toughness, depend, however, on the mean size and sizejy Fig. 10 it is clearly visible how the modification

distribution of the dispersed phase inclusions [16]. Orpf the EP-matrix with CTBN improves its resistance to
the other hand, to set the desired particle size by theatigue crack growth. The range of the data points plot-

phase segregation process (as being induced by curingd can be described adequately by the Paris-Erdogan
in liquid NBR modified expoxies) requires not only a power law:

proper selection of the components, but also a funda-
mental know-how reflected by mesostructures.

Investigations of the effects of morphology of such d_a =A-(AK)™ (1)
blends ontheirtoughness performance were mostly car- dN
ried out under static loading conditons. Much less at-
tention was paid to the fatigue crack propagation (FCPyvhere A andm are constants describing the position
behavior of toughened EP resins, although the effects adind slope of a linear fit to these data in a lay(dN)
modification should be clearer and more informative invs. log(AK) diagram. The arrow at the upper end of
this case. Therefore, the following results give an ideaeach curve indicates the transition from fatigue crack
about how various phase geometries affect the FCRgrowth to crack instability £ Kiax). Modifying the EP
behavior and related failure phenomena in an EP resiwith CTBN shifts the FCP curves toward highakK
modified by liquid carboxyl-terminated NBR (CTBN) values and considerably lowers at the same time the
of different amounts [17]. exponential termrh”. Increasing the amount of CTBN
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(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(b) aninternal cavitation of the dispersed phase before
results achieved on amine-cured EP resins [18]. being torn apart [17].
The fatigue fracture surface of the 5to 15 phr CTBN-
modified EP showed stress-whitened regions composethe build up of a network structure in the 20 phr CTBN/
of fracture steps and holes (or cavities) caused by thEP-system decelerated the fatigue crack growth even
presence of the spherical modifier (Fig. 9a). In additionmore efficiently than the particles did (even when the
it was perceptible that the cavities were filled by rem-5 phr higher amount of CTBN is not considered). Its
nants of the rubbery modifier. Their topography showshigh resistance to FCP can be attributed partly to a
that the improvement in FCP due to the presence ofeal crack-tip blunting process, in which rubber tearing
CTBN-particles was based on two effects: and stretching of CTBN-network phase belong to the
main energy dissipation processes. Thisis, however, not
(a) a process of pinning of the fatigue crack growthbelieved to be important in the case of rubber-modified
front when meeting locally the CTBN-obstacles, and 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 indicat& Kqxax, i.€. onset of crack instability.

dispersed systems with coarse rubber particles havingave led to advanced technical applications of this com-
diameters larger than @m [19]. The interpenetrating posite in, for example, the automotive industry.
network (IPN) structure may therefore be treated as an For the design of parts for such applications it is of
analogy to a dispersed one with coarse patrticles whichigh importance to know more about the relationships
allow bridging phenomena to occur. between mesostructural details of these materials, their
In conclusion it can be stated here, that the observethechanical properties, and their failure behavior. The
phenomena can be considered as having taken placefatlowing results elucidate these facts on the example
the very low part of the mesostructure range (1#89).  of a 45 wt % GF/PET system. Changes in the meso-
Mesoscopic tailoring of the material for high fatigue scopic structure as a function of plaque thickness and
crack growth resistance would mean to blend the ERheir influence on fracture toughness under static load-
matrix with an amount of CTBN rubber that allows us ing conditions are illustrated. Wetherhodd al. [21]
to maintain certain values @ andE, and at the same have shown that in this kind of short fibre reinforced
time to chemically modify the system in such a way thatthermoplastic matrix system the fibre orientation does
the rubbery phase builts up a coarse interpenetratinghange, more or less, through the thickness direction
network structure. 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

4. Orientation order and fracture toughness mould fill direction (MFD), while the centre section
of injection molded short glass fiber/PET away from the surfaces contained fibres which were
matrix composites distributed more transverse to MFD (Fig. 11). An eval-

Injection moulded short fibre reinforced thermoplas-uation of the approximate dimensions for thicknesses
tics are amongst the most complex of composite maef the aligned fibre boundary layers and centre layers
terials. In their final moulded form, they are typified indicates that, in general, the boundary layers seem to
by misaligned arrays of various length fibres dispersedeach a fixed thickness for any plaque more than about
in a viscoelastic matrix. The orientation of the short fi- 0.25 in & 6.35 mm) thick. Above this limit the cen-
bres is determined by the flow characteristics of there layer contributes more to the cross-section of the
melt, which in turn depend on the mould geome-plaques than the sum of both surface layers. This fact
try, the wall thickness of the final parts, the char-hasanimportantinfluence onthe mechanical properties
acteristics of a moulding operation, and the lengthof the material.

and fraction of fibres in the composite [20]. One of The effect of thicknes8 on the fracture toughness
various promissing developments of fibre reinforcedK. is shown in Fig. 12. With increasing value &
thermoplastics (FRTP) is a commercial short glasshe observed difference iK. between cracks trans-
fibre/thermoplastic polyethylene terephthalate (PET)erse (T) and longitudinal (L) to MFD, as measured
system (Rynit&, DuPont, USA). With its composition for 1/16 in. (1.59 mm) thick plaques, decreased contin-
including 45 weight per cent (wt %) glass reinforce- uously until a point is reached where L-cracked spec-
ment it belongs to the group of fibre reinforced thermo-imens have a much highé¢; value than those with
plastics with highest stiffness, and it can be processedracks in the T-direction. The transition seems to be due
in standard injection moulding machines without anyto the observed variation of tt@/B ratio with plaque
problems. These and various other advantages of Rynithickness. Specimens for which the centre la@er
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Figure 11 SEM micrograph of the layer structure in tkez plane of a 45 w/o GF-PET composite.

oriented transverse to the surface, becomes larger thavhereK ., is the fracture toughness of the matrix (PET

B/2 show exactly the opposite crack characteristic tchere:K. = 2.5 MPa ni/?) andM is a “mesostructural

that which would be expected from the orientation toefficiency factor”. The latter depends upon fiber vol-

the fibres at the surfaces. The change in crack charactemme fraction, fiber orientation distributiog=(orienta-

istic for both crack directions is additionally superim- tion order) over the cross-section fractured. In addition,

posed on the well-known thickness dependendéof M must be affected by the deformational behavior of

This is due to a change in stress field condition viith  the matrix material and the relative effectiveness of all

(plane stress changing towards plane strain conditionthe energy-absorbing mechanisms during breakdown

accompanied by a tendency from macroscopic shear tof the composite.

a normal fracture mode [20]. In order to discuss these fundamentally different fac-
The results of Fig. 12 have shown that the tendencyors of influence orM, separately, a splitting df1 in

and degree of the variation in toughness are mainly @he form

function of the initial fracture toughness of the base

polymer and several microstructural effects related to M=a+n-R 3

the fibers and the fiber/matrix interface. In a very sim-

ple approach, the composite’s fracture toughness cais useful. In this equation, the “reinforcing effectiveness

therefore be described by a relationship of the form parameterRis the term which is directly related to the

volume fraction of short fibersw) and their geomet-

Kee =M - Kem (2)  rical arrangement across the plaque thickn&ss Q).
12
ir T-direction
1

S S (-

Stress Intensity Factor K_ [MPa -m“z]

of |
8 fommmmmm oo b
2 § 45 wt.% GF-PET (l)
1L ; v = 0.2 mm/min
0 1 ! 1 E ! 1 !
0 116 1/8 1/4 3/8 1/2 5/8 [in]

(1.59) (3.18) (6.35) (12.70) [mm]

——— Thickness B

Figure 12 Variation of fracture toughnesk, with specimen thicknes8, of GF-PET composites.
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As this arrangement is different for cracks in the
as compared to those in the T-directidR,has to be
calculated in the following ways:

i) fiber aspect ratio,
i) stress-strain behavior of the matrix without
changingK¢m,

iii) interfacial bond strength,

C 2S iv) fiber strength and stiffness.
T-cracksR = (E - Tojeft + B pr.eff) Vi (4) ) J
In some way, of course, the individual factors are inter-
related so that changes in one direction may also give
C 25 changes in the other direction. Thus, a permanent con-
L-cracks:R = (E Tprei + 5 fpleff) Vi (5)  trol of the resulting changes in fracture toughness of

the composite is always necessary for the final material

In these correlations, the effective fiber orientation fac-d€velopment and the optimization of their properties

tors foerr and fpierr (0< fperr < 1) express the hin- through mesostructural design.

drance effect of fibers due to their local orientationin the

different layersC/B and 25/B with respect to the ac-

tual crack direction. Further details, also about thes. Packing effects on fatigue behavior of

“matrix stress condition factord (with a~ 1) and the discontinuous aligned fiber composites

“energy absorption ratioii, can be found in [22]. Polymers reinforced with aligned discontinuous car-
A plot of the normalized fracture toughness values ofbon fibres are not only of interest from the viewpoint

the composites against the reinforcing effectiveness pasf recycling of scrap resulting from manufacturing of

rametelR along with additional results from other stud- continuous fiber reinforced prepregs, but also because

ies [22, 23] yields the following informations on how they can be considered as potential materials for struc-

mesostructural parameters must be changed, in order taral components; they can be manufactured into com-

optimize the material’s fracture toughness (Fig. 13):

(a) If the slopen is held constantR as a function of

plicated shapes with simultaneous satisfactory mechan-
ical properties. A high alignment of the fibres yields an
improvementin strength and stiffness of the composites

fiber orientation and orientation order can be varied byin the fibre direction, so that the anisotropy of the prop-

i) plague thickness,

i) ‘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 aofis
possible by manipulating one or more of the factors:

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

4 ; i
. GF-PET ()
; (-60°C ;
3 : Embrittied '
. i Matrix) GF-PET *

§ 2 b A L / .............
O - E { -
s[4 |
! 1
: ; GF-PET
[ O e e boemeees / S (Poor ]
! ' Fiber/Matrix
i GF-PET ! .
{  (Toughened ! Bonding)
1= Matrix) '
ol oy
0 0.1 0.2 0.3

——»R

* Symbols Refer Only to 45 wt% GF/PET Samples of Different Thickness With Cracks in L - and T - Direction

Figure 13 Relative changes in fracture toughnegsK(;) of various thermoplastic matrix composites with increasing “reinforcing effectiveness

factor” R.
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Figure 14 Polished cross-section of a PESd@minate 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 conTABLE Il Comparison between experimental and theoretical mod-
ditions expected. Due to the nature of fiber discontinu—“'“s and strength data of discontinuous aligned CF/PES composites
ity, however, the probability of variations in mesostruc-

ture is much higher than expected for continuous fiber Properties

composites. To study the effects of these mesostruc- E-modulus (GPa) Strength (MPa)
tural variations on the mechanical behavior in more dewaterial Measured Calculated Measured Calculated
tail, a discontinuous aligned carbon fiber/PES-system

was subjected to tensile fatigue loading conditions [24] PES-matrix 3 — 68 —
Alignment of fibers, having a length of about 3 mm, ESEEES?[[;(% 92.2 1139 ‘11200 éges

was performed by the use of the vacuum drum filter.

technique developed in the central laboratory of formefCourtaulds XAS:E = 242 GPajog = 2.75 GPa; fiber length 3 mm,

MBB (now Daimler Benz), Ottobrunn, Germany [25]. XOlume fraction 50%. _ _

The degrees of alignment and orientation of the dis-/Ssumption of good F/M bonding and 4% voids.

continuous carbon fibres are illustrated by the polished

cross-section taken parallel to the fibre direction of a

PES [0} laminate in Fig. 14. Although fibre alignment this difference relative to the theoretically calculated

has occured in the form of separated fibre bundles, ivalue. This is, however, not the case for the strength in

can be observed that locally individual fibres exhibitthe transverse direction; here, one difficulty is to exactly

a high deviation from the main fibre direction. There calculate the strength value from theoretical considera-

also exist resin-rich regions at the ends of fibre bundlesions, the other is that in spite of misoriented fibers the

(with some evidence of end synchronization) as well adigh void contentin the composite and stress concentra-

in the vicinity of misoriented individual fibres. During tion sites at end-syncronized and non-end syncronized

the preparation procedure of the laminates, void for{fiber bundles give rise to catastrophic failure at stresses

mation as a result of insufficient impregnation of thelower than the strength of the neat matrix.

prepregs with matrix resin could not be avoided com- Fig. 15 summarizes the results of fatigue tests with

pletely; in particular, the PES laminates possessed the PES-laminates [24]. The highest stress level to

relatively high void density. achieve failure after, for example, @0ad cycles is
Table Ill lists the measured tensile properties of uni-necessary for the [@]laminate (a factor of about two

directional CF/PES-samples in comparison to theorethigher than the failure stresses for the4815, 0} and

ically calculated values using typical rule of mixtures [0, 90, 0, 90} laminates, and more than 20-fold higher

approaches[26, 27]. Both the measured elastic modulutan the values of the neat resin and the §3@inate).

and the tensile strength are lower than the theoretical he slope of the ultimate failure curves for the different

values, when loading occured in the fiber direction. Thecomposites differs in the following way:

reductions are expected and due to the mesostructural

details of the material. Regarding the modulus of the (a) For the [0} laminate, the upper stress level nec-

[90]s-samples, on the other hand, a positive effect of theessary for failure in the range betweer? 10 1 load

mesostructure is observed. Misorientation of the buneycles decreases linearly and only slightly, i.e. in a very

dles and of individual fibers are mainly responsible fornarrow 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 uppeing the load history. The variation in stiffness is deter-
stress level is observed for the [@45, Ok laminate  mined by measurements of the secant elastic modulus.
down to a value of 350 MPa if an endurance limit of Schematically, the damage developmentin a [0, 90, O,
5 x 10° load cycles is considered. 90]s-specimen and the simultaneous reduction in the

(c) At a slight lower load level as compared to the secant modulus is illustrated in Fig. 16. Failure behav-
[0, 445, Ok laminates, the [0, 90, 0, 9dhminates show ior of this kind of composite laminates starts at rela-
a clear reduction of the upper stress limit in the range ofively low loads by the formation of individual trans-
low cycle fatigue (up to 19cycles). In the region above verse cracks (region 1). The number of cracks increases
N = 10* cycles, however, these curves tend to decreaswith increasing load until an equilibrium, characteristic

only very slightly, as for the [@]laminates. damage state (CDS) is reached (region 2).

(d) The neat PES resin as well as the PRminate In region 3 a &ilure mechanism becomes effective
show a permanent reduction of the upper failure limitwhich is typical for the existing mesostructure in dis-
at the same, very low stress level. continuous aligned fibre reinforced laminates. Start-

ing from the specimen edges, longitudinal cracks are
A measure of the damage development in a laminatéormed which propagate at an angle of about®the
during fatigue loading is the change in stiffness dur-load direction in the Dlayers until the specimen ends

gl

Normalized Secant
Modulus of Elasticity

50 100
Fatigue Life [ % ]

Figure 16 Schematic representation of damage development and simultaneous reduction in secant modulus of and [0s #inihe®6$ during
fatigue.
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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 75um 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 t6 .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 O layer by 10% results in an increase of load
by about 2.6% in the residuaf Gayers. 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 ofimpregnation and fiber alignment) is required
in order to reach a more beneficial mesostructure.

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

Commingled yarns are one of the possible preforms

used for continuous fiber reinforced thermoplastic com-igure 17 Scanning electron micrograph characterizing a typical site of

posites in order to solve the problem of high melt vis- longitudinal crack initiation in _thec()layer_s of PES fatigue sp_ecimens:

. . . . . . (a) pores (arrow) due to poor impregnation at the end of a fiber bundle,
COSIt,y during impregnation anc_l consolldatlpn as theouilding up a wedge-like fractured piece formed by the initiation of a
required steps for manufacturing of technical com-new longitudinal crack on the edge of another one, which before ran in
ponents. The preforms can be considered as “drythe opposite direction and (b) resin rich region.
prepregs, in which the solid thermoplastic polymer
in form of fibers is physically divided and more or
less evenly distributed among the reinforcement fibersural/mechanical properties of the thermoplastic pul-
(Fig. 18) [28]. truded products [32].

The development of this kind of pre-impregnation The following studies were performed to eluci-
technology for thermoplastic matrices has also generdate the relationships between pultrusion parameters
ated considerable interest in the possibility of thermo-and the quality of parts made of commingled glass
plastic pultrusion [29-31]. Successful trials have how-fiber/polypropylene fiber preforms [33]. A schematic of
ever only been performed for simple cross-sectionsa typical pultrusion line is shown in Fig. 19 [34]. Fiber
and at pultrusion speeds not dramatically exceedindpundles are preheated in a hot air preheating zone and
those known for commercial thermoset pultrusion (0.6-enter directly into the heated die. The cavity of the latter
1.2 m/min). Major reasons for these deficits are thes tapered, and its angle can be varied without changing
inherent difficulties associated with the thermoplasticthe final thickness of the beam. A water cooled die just
matrices, such as high processing temperatures arzkhind the heated die is installed for further compaction
high melt viscosities. An additional obstacle may beand improvement of the pultrudate’s surface quality.

a lack of both fundamental understanding of the gov- Due to a variation of processing conditions (preheat-

erning process mechanisms and adequate mathemaittg temperaturel,,, heated die temperatui®g and

cal models for predicting the relationships between thepulling speedv) the void content and the resulting

various processing variables and the resulting strucmechanical properties of the pultruded beams reflected
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Figure 18 Schematic illustration of different hybrid yarn structures.
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Figure 19 Schematic of the pultrusion line, used for the production of profiles.

significant changes. Fig. 20 shows qualitatively the in-of the final pultrudates. This mesostructual detail must

fluence of processing speed and processing time (i.&lso be considered when modelling the process with re-

time in the heated die) on the shear strength and thgard to predictions under which conditions of pressure,

void content. temperature, and time certain limits in void contents
The latter, mesostructural feature was determinedan be achieved [33-35].

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 micrograph7. Orientation disorder during stamp forming

of the GF/PP-cross section (a) and the void structure ab- of curved components from continuous

stractedto a set of black spots by binarization ofthe grey fiber/thermoplastic matrix composites

values (b). It is now much easier to extract mesostrucThe existence of a melting/softening point in case of

tural information. Another mesostructural feature thatthermoplastic composites opens the possibility of pro-

results from the original mingling quality of the yarn ducing intermediate forms, such as preconsolidated flat

material is the agglomeration of the reinforcing fiberslaminate panels, that can be processed or post-formed

between the matrix (Fig. 22). A finer dispersion of theat a later data. One of the most attractive processing

reinforcing fibers not only leads to faster processingtechniques in this respect is stamp forming [36]. The

conditions, necessary for performing the impregnatiortechnique is rather similar to the sheet metal stamp-

and consolidation steps, but also to better propertiesg process bearing the same name. In this process a
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Figure 20 Shear strength at different processing timgsp,= 143°C, Thg =203°C. Further improvements are possible (i.e. higher strength, lower
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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 Based on previous works [38, 39], the following
as a preconsolidated flat laminate panel (which can bexamples show how a continuous glass fiber rein-
produced in a large series production procedure such dsrced polypropylene (GF/PP) system reacts when be-
a double-belt press process [37]), is heated externalling stamp formed into two dimensional half tubes under
above the melting/softening temperature of the thervarious processing conditions.
moplastic matrix; then the hot semi-finished productis Fig. 23 displays the geometry of the two dimensional
quickly transferred into a cold mold where itis stampedmold. The male part (a) has a form of a “half” cylinder,
to conform to the mold geometry. while the female part (b) has a full half cylinder cavity.
The problem in all of these thermoplastic forming To prevent significant transverse flow of the compos-
operations is that one has to stay within an optimumte material during forming into a half-tube shape, two
processing window (in terms of pressure, temperaturesealings of silicon rubber were attached to both sides of
forming speed, and clamping conditions) in order tothe male part, thus forming a “closed” cavity with the
avoid defects in the material on a mesoscopic levelfemale part. Both sides of the mold were additionally
The defects, in turn, can result in deviations from theclosed with flat metal plates (c). At a certain position be-
design criteria of the parts to be produced, includingtween male and female part, there exists a uniform gap
stiffness, strength, and geometrical constraints. of 3.0 mm, which is equivalent to the thickness of the
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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:
[ (180-185°C), Il (170-175°C) and Il (160-165C),

. depending on the pre-heating temperature of 190, 180
1SkU X150 100kn 531116 and 170°C, respectively. Within each range, the value

Figure 22 Fiber agglomerations of locally higher volume fraction than of stamping temperature was S“ghtly hlgher the faster

the one of the global pultruded specimen. The left SEM-photo shows aﬁhe closmg Ve.|09'ty was. The CorrESpond_mg fiber ar-
unconsolidated glass fiber/polypropylene fiber bundle (glass fibers havéangements within the 2D samples formed in these three

smaller diameter); the right SEM-photo shows a half consolidated glassanges are illustrated in Fig. 25a—c. Depending on the
fiber/polypropylene fiber bundle, having a finer mingling quality then in preheating temperature, out of p|ane fiberwrinkling and
the left case. : : : : :
complete buckling of plies (a), inplane fiber waviness
(or fiber “ripple” or “wash”) (b), or favourable fiber
alignment (c) were observed as typical mesostructural
originally flat, pre-consolidated GF/PP laminate pan-features of [0 GF/PP samples formed within the tem-
els. However, no stops were used to prevent the molg@erature ranges of I, 1l or 11l respectively.
from closing beyond this point. Itis known from previous investigations that defects
The typical forming procedure involves (a) heating of type (a) and (b) also reduced the bending stiffness
the pre-consolidated laminate panel between two haénd strength of thermoformed v-shaped samples.

Male Part (a)

Silicon
Rubber
Sealing

(b)

Female Part (b)

Figure 23 Mould geometry for 2D, half-tube 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 structuraltions, mesostructural design can be performed on vari-
mesoscopic aspects, such as ous routes (Fig. 26) [42]. One is to modify the injection
molding conditions in terms of gate position and geom-
(a) ply thinning in the bent region as a result of too etry, mold temperature, back pressure, etc. The other is
high stamping pressures (especially ifgflies are ex- to modify the material by changing the fiber content,
isting in the laminate) [39], fiber length, toughness of the matrix, to mention only a
(b) resin migration and resulting non-symmetric lam-few possibilities. Using, in addition, a software package
inate structure (contributing to spring forward effects)for predicting the flow behavior of the melt and result-
[38], ing orientation order of the fibers allows us to calculate
(c) changes in fiber orientation of the individual plies via the mesostructural efficiency concept local fracture
(relative to the ones in the non-thermoformed plates}oughness at the most critical positions of the structural
due to interply rotation effects during the stamp form-part. A comparison with the required toughness yields
ing of crossply laminates into 3D-dome structures [38,then information about if and how the mesostructure
40, 41]. 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
design concepts and special about the choice of the right manufacturing process,

mesostructures the type of pregregs or intermediate material forms, as

It was shown by the preyious 6 examples that ma}trime” as temperature, time, and pressure conditions [43].
and fiber related details in the structure of discontinu- In addition. it should be mentioned here that some

ous and continuous fiber reinforced polymer Compos75,pecial mesostructures exist which are absolutely nec-

gesﬂ::an hl?hh{[ affleglt :h_?w me;:han(;c_al pear_formance. ssary in order to achieve for a material or component
S el:?etvsv ructura etalst are OL:E Im a '”?e”S'OQ ertain properties that are not possible without these
range between microstructure (onthe lower micrometef, o s ,strictures. These special mesostructures, in turn,

scale) and macrostructure (characterized by the sever n only be established if very specific processing tech-

millimeters to meter scale) they are called mesostruchiques are applied. Four examples should be mentioned

tures. Most of_t_he latter (aboqt 90%) actually_resultedin this respect:
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.(a) Functionally gradient, particulate or short fiber
Therefore, to improve the properties, a strong controfilled composites, prepared either under centrifugal
of the processing steps and conditions is needed so &sad [44, 45] or even under conventional shear load-
to produce the most beneficial mesostructures. If, foing conditions during injection molding (Fig. 28) [46].
example, toughness (besides a required stiffness) is thg€b) Polymer-polymer microlayer composites with
controlling property that has to be optimized for an in- high barrier properties, produced during blow mold-
jection moldable short fiber reinforced thermoplasticing of polyamide/high density polyethylene blends
component with a given geometry and loading condi-{47, 48].

8. Concluding remarks on mesostructural
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Figure 25 Microstructures of 2D samples, produced under various conditions: (a) Condition |, resulting in out of plane fibre buckling and in-plane
fibre wrinkling. (b) Condition Il, showing in-plane fibre wrinkling or fibre “ripple”. (c) Condition 1ll, leading to favourable alignment of fibres and
desired interply slip phenomen&gntinued.

(c) “Living” or plastic hinges, as produced during in- velocity in this cross-section) are very fatigue resistant
jection molding of bulk polypropylene parts that are in- due to their quasi-hard elastic morphology [49].
terconnected through a very thin channel (cross-section(d) The manufacturing of microfibrillar composites
of the hinge). The two highly oriented layers with an al- (MFC) from blends of polycondensates’ by extrusion,
most isotropic layer in between (as a result of high meltdrawing, and isotropization [50].
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Figure 27 Methodology for fundamental studies on processing related properties of continuous fiber/thermoplastic matrix composite.
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5554



10

10°¢

108

kA

>

=

2

el

o

S

. .

SE 10 N‘\

oL \

=L 10

§ Nl

— A PANI-Complex

] 10-14 25 wt%

Q

Q 16

w 1070 05 1.0 15 20 25 30 35 4.0

Surface Core Surface
()
Figure 28 (Continued.
Acknowledgements 16. A. J. KINLOCH, in “Rubber Toughened Plastics,” Adv. Chem.

The author is grateful to the Fonds der Chemischen

Industrie, Frankfurt, for support of his personal re-
search activities in 1998. Further thanks are due to thée

Deutsche Forschungsgemeinschaft (DFG FR 675/7-2g
11-2 and 20-1). The critical pre-review of this article by
Professor Robert C. Wetherhold, University of Buffalo,

McCullough, CCM, Delaware, USA, are also greatly 21

esteemed. Part of the work was presented at a one day
conference on “Mesoscopic Materials”
sity of Kyoto, Japan, in November 1997.

References
1.

11.
12.

13.

14.

15.

ALV,

.M. NOGUCHI andK. TAKAHASHI, Status and Prospects for

24.

T. W. CHOU (ed.), “Structure and Properties of Composites,” Vol.
13, edited by R. W. Cahn, P. Haasen, E. J. KraMeterials Science
and TechnologyVVCH Publishers, Weinheim, Germany, 1993).

.R. F. EDULJEEandR. L. MCCULLOUGH, “Elastic Proper-

ties of Composites,bid. p. 381. 27

.M. R. PIGGOTT, Comp. Sci. Technoh3(2) (1995) 121.

.S. W. YURGARTIS, ibid. 145.

.M. HOJO,S. MATSUDA andS. OCHIAI, in Proc. ECCM-7,
Seventh European Conf. on Composite Materials, London, May29.

14-16, 1996 (Woodhead Publishing, 1996) p. 81.
SRINIVASAN, G. K. HARITOS and F. L.
HEDBERG, Appl. Mech. Rev44(11) (1991) 463.

Metal Matrix Composites in Japan, CMMC ‘96, Key Engineering
Materials Vols. 127-131 (1997) p. 153.

. K. FRIEDRICH, Progr. Colloid Polym. Sci66 (1979) 299.
. K. FRIEDRICH, ibid. 64 (1978) 103.
. K. FRIEDRICH, in “Crazing in Polymers, Advances in Poly-

mer Science” edited by H. H. Kausch, Vol. 52/53 (Springer-Verlag,
Berlin, 1983) p. 225.

E. HORNBOGEN, Zeitschrift ir Metallkunde68 (1977) 455.

K. FRIEDRICH, Kunststoffe-German Plastid®9 (1979) 796—
801.

J. KARGER-KOCSIS, in “Application of Fracture Mechanics to
Composite Materials,” Composite Materials Series, Vol. 6, series

edited byr. B. PIPES(Elsevier, Amsterdam, 1989) Chap. 6, pp. 36.
37.M. OSTGATHE, U.

189-247.

W. HELLERICH,G. HARSCHandS. HAENLE, Werkstoff-
Flhrer Kunststoffe, Carl Hanser Verlag, udichen, Germany,
1989.

A. F. YEEandrR. A. PEARSON in“Fractography and Failure
Mechanisms of Polymers and Composites” edited by A. C. Roulin-
Moloney (Elsevier Appl. Sci., London, 1989) p. 291.

at the Univer-22.
23.D. E. SPAHR,K. FRIEDRICH,R. S. BAILEY andJ. M.

25.

26.
28.

30.
31.

32.
33.
34.

35.

38.

Ser. 222 edited by C. K. Riew (Am. Chem. Soc., Washington, 1989)
p. 67.

17.J. KARGER-KOCSIS andK. FRIEDRICH, Colloid Polym.

Sci.270(1992) 549.

.J. F. HWANG,J. A. MANSON,R. W. HERTZBERG,G.

A. MILLER andL. H. SPERLING, Polym. Eng. ScR9(1989)
1477.

USA, and the courtesy of some text passages on hiera; 9.R. A. PEARSONandA. F. YEE,J. Mater. Sci26(1991) 3828.

. . . 0. K. FRIEDRICH, Plastics and Rubbers Processing and Applica-
chical composite structures by R. F. Eduljee and R. L. 9 PP

tions3 (1983) 255.

.R. C. WETHERHOLD,W. A. DICK andr. B. PIPES SAE

Technical Paper, No. 800812, 1980.
K. FRIEDRICH, Comp. Sci. Techno22 (1985) 43.

SCHULTZ, J. Mater. Sci25(1990) 4427.

K. FRIEDRICH, K. SCHULTE, G. HORSTENKAMP and

T. W. CHOU, ibid. 20 (1985) 3353.

H. RICHTER, Processing and Application of Carbon Fiber Rein-
forced Polymers (in German), VDI-Gesellschaft Kunststofftechnik,
Diisseldorf, Germany, 1981, 243.

D. HULL, “Introduction to Composite Materials,” (Cambridge
University Press, Cambridge, U.K., 1981).

.J. SCHUSTERandK. FRIEDRICH, Comp. Sci. Technob7

(1997) 405.

K. FRIEDRICH, in Polypropylene: An A-Z Reference, edited by
J. Karger-Kocsis (Chapman and Hall, London, 1998) in press.

W. J. TOMLINSON andJ. R. HOLLAND, J. Mater. Sci. Lett.
13(1994) 675.

B. J. DEVLIN,M. D. WILLIAMS ,J. A. QUINN andA. G.
G1BSON, Composites Manufacturing(3/4) (1991) 203.

J. BLAUROCK andw. MICHAELI, Engineering Plastic®
(1996) 282.

B. T. ASTROM andR. B. PIPES in Proc. 46th Annual Confer-
ence (Composites Institute, The Society of Plastics Industry, Febru-
ary 18-21, 1991) Session 4-A, pp. 1-9.

K. FRIEDRICHandG. BECHTOLD,inPolypropylene: AnA-Z
Reference, edited by J. Karger-Kocsis (Chapman and Hall, London,
1998) in press.

V. KERBIRIOU, Impregnation and Pultrusion of Thermoplas-
tic Composite Profiles (in German), Fortschrittberichte VDI, VDI
Verlag, Disseldorf, Germany, Reihe 5, Nr. 496, 1997.

V. KLINKMULLER, M. K. UM, M. STEFFENS K.
FRIEDRICHandB.-S. KIM, Appl. Comp. Matl (1995) 351.

R. C. HARPER, SAMPE JournaRg(3) (1992) 9.

BREUER, C. MAYER and M.
NEITZEL, in Proc. ECCM-7, Seventh European Conference on
Composite Materials, Vol. 1 (Woodhead Publishing Ltd., Cam-
bridge, U.K., 1996) p. 195.

K. FRIEDRICH,M. HOU andJ. KREBS, in “Composite Sheet
Forming,” Vol. 11, Composite Materials Series, edited by R. B. Pipes
(Elsevier Science, Amsterdam, 1997) Chap. 4, p. 91.

5555



39. K. FRIEDRICH andM. HOU, On stamp forming of curved 45. M. FUNABASHI, in Proc. 5th Japan International SAMPE
and flexible geometry components from continuous glass fiber/  Symposium, October 28-31 (1997) pp. 187-192.

polypropylene Composite§omposites Part A1997), to be pub-
lished.

40.J. KREBS, K. FRIEDRICH, R. CHRISTIE and D.
BHATTACHARYYA, in Proc. 4th Int. Conf. on Flow Processes
in Composite Materials (FPCM ‘96 Aberystwyth, U.K., September
9-11, 1996) Session 10.

41.J. KREBS, D. BHATTACHARYYA andK. FRIEDRICH,
Composites Part 28 (1997) 481.

42. T. HARMIA andK. FRIEDRICH, J. Theoretical and Applied
Fracture Mechanic®6 (1997) 47-52.

43. K. FRIEDRICH, in Proc. 5th Japan International SAMPE Sym-
posium and Exhibition, (JISSE-5, Tokyo, Japan, October 28-31,
1997).

44.N. J. LEE,J. JANG,M. PARK andC. R. CHOE, J. Mater.
Sci.32(1997) 2013.

5556

46. R. TAIPALUS,T. HARMIA andK. FRIEDRICH, Applied
Comp. Mat(1999) accepted.

47. Q. YUAN,K. FRIEDRICHandJ. KARGER-KOCSIS, Plas-
tics, Rubber and Composites-Processing and Applic&t1994)
29.

48. J. KARGER-KOCSIS, E. MOOS andD. E. MOUZAKIS,
ibid. 26(4) (1997) 178-183.

49. 1. NAUNDORF andP. EYERER, in “Polypropylene: An A-Z
Reference,” edited by J. Karger-Kocsis (Chapman and Hall, London,
1998) in press.

50. M. EVSTATIEV,S. FAKIROV andK. FRIEDRICH, Applied
Comp. Mat2 (1995) 93.

Received 18 February
and accepted 14 September 1998



