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Abstract

Preparation, properties and applications of single-polymer composites (SPCs), representing an
emerging family within the polymeric composite materials, have been surveyed. SPCs were
classified in respect to their composition (one- and two-constituents), and preforms (non-
consolidated and consolidated). SPCs composed of amorphous or semicrystalline matrices
and semicrystalline reinforcements were considered. Methods to widen the temperature
difference between the matrix- and reinforcement-giving materials of the same polymer (one-
congtituent) or same polymer type (two-constituent approach) have been introduced and
discussed. Specia attention was pad to the unsolved questions related to the
interface/interphase in SPCs. It was emphasized that the development of SPCs is fuelled by
the need of engineering parts in different applications which have low density and “ultimate”
recyclability (i.e. reprocessing via remelting). Recent development of SPCs is supported by
novel preform preparation, consolidation and production possibilities.

Key words: A. Polymer-matrix composites (PMCs); A. Recycling; A. Textile composites;
Single polymer composites



1 Introduction, definitions

Nowadays considerable research efforts are undertaken to produce lightweight, easy
reprocessable all-polymeric composites and especially single-polymer composites (SPCs). In
all-polymeric versions the reinforcement and matrix are given by different polymers whereas
in SPCs they are composed of the same polymer or of polymers belonging to the same type.
For the latter sometimes “the same polymer family” is mentioned. SPC is at odds with the
traditional definition of composite materials referring to a combination of chemically different
materials in which one component serves for reinforcing (load bearing component) while the
other for the matrix (for embedding, protection and stress transfer). On the other hand, similar
to traditiona composites, characteristics (stiffness, strength) of the reinforcing component
differ from those of the matrix in SPCs. The former are highly anisotropic (by whatever
method produced), whereas the latter is mostly isotropic or far less anisotropic compared to
the reinforcement. A further similarity is that the reinforcements in SPCs are also fibers, tapes
and related woven or non-woven textile architectures.

SPCs are also referred to self-reinforced, single-phase, homogeneous, mono-material,
homogeneity or homocomposites. Next we prefer the term single-polymer composite (SPC)
and make two subgroups: i) SPCs from the same polymer (one-constituent SPC) and ii) SPCs
from the same polymer type (two-constituent SPC). This straightforward classification will be
followed in this paper. Albeit SPCs and related materials have been already surveyed in
reviews [1-5], recent developments in this field necessitate their up-date, regrouping and
reinterpretation of the results. Our aim was to give a well structured, exhaustive overview on
this field. On the other hand, SPCs composed of amorphous matrix and amorphous
reinforcement, being less relevant than those with semicrystalline reinforcement, are not
included in this review.

The concept of SPC (referred to “one polymer composite”) has been introduced by Capiati
and Porter in 1975 [6]. The working principle of SPC is identical with that of traditional
composites: to transfer the stress from the “weaker” matrix to the “stronger” reinforcement.
The latter may show one-, two- or three-dimensional architecture. Because semicrystalline
polymers outperform amorphous companions with respect to Young’s modulus and strength,
they form amost exclusively the reinforcement. The matrix materials may be either
amorphous or semicrystalline polymers. Similar to traditional composites the stress transfer
occurs via an interface/interphase in SPCs. In traditional composites weak van der Waals
forces act across the interfacial region. This does not yield acceptable bonding and thus the
reinforcement is generally surface treated (sizing, coating...) and/or the matrix is modified
(coupling agent). By contrast, molecular entanglements, favorable amorphous/crystalline
superstructures and even H-bonding may serve for improved adhesion and thus for stress
transfer between the matrix and reinforcement via the interphase of SPCs. This is one of the
great advantages of SPCs over traditiona composites containing glass (GF), carbon (CF),
aramid (AF) or natura fiber (NF) reinforcements. The other beneficial properties are linked
with their low density (the density of many polymers is less than that of the above mentioned
fibers) and preferred recycling through remelting. SPCs may compete with traditional
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composites in various application fields based on their favored recycling and beneficial
performance/cost balance. This is the main reason for the industrial and commercial interests
behind the SPCs’ development.

2 ,,Toolbox” for creating SPCs

It is intuitive that the mgor task when producing SPCs is to widen the temperature range
between the matrix and reinforcement with respect to their softening and melting. This is
imperative to avoid, or to minimize, the temperature-induced deterioration in the mechanical
properties of the reinforcing entities. Loss in stiffness and strength of the reinforcement
happens via thermally induced shrinkage (relaxation), partial melting which are accompanied
with substantial changes in the morphology [7, 8].

On the other hand, the key processing parameters (heating/cooling rates, pressure regime
applied) are al time-dependent. The dwelling, holding time during processing strongly
influence the property deterioration of the reinforcement, and thus also the quality of the
consolidated SPC. Accordingly, the basic task can be specified by emphasizing that the
“processing window” should be widened. Widening of the latter may occur by exploiting
some intrinsic features of the corresponding polymers and by choosing proper processing
methods and conditions. The related aspects will be surveyed next.

2.1 Matrix/reinforcement

2.1.1 Molecular weight (MW)

Unlike amorphous polymers the softening/fusing temperature of which increases with
increasing MW, semicrystalline polymers show a more complex behavior. Decreasing MW is
usually associated with enhanced crystallinity. On the other hand, the melt viscosity may be
dramatically reduced with decreasing MW. Note that the related effect depends also on the
polydispersity of the matrix resin. Low melt viscosity is beneficial for the matrix giving
polymer in two-constituent SPCs. Jordan et al. [9] found that low MW polypropylene (PP)
exudes more material and produces a weaker interface by recrystallization than high MW in
hot compaction (see later). MW may aso affect the properties of the reinforcing fibers as
recently concluded on example of polyvinyl acohol (PVOH) based SPCs[10].

Unfortunately, MW data are seldom reported for SPC congtituents in the literature.
Differences in the MW characteristics are usually exploited in SPCs with amorphous matrix
and amorphous reinforcement [11], which are not covered in this paper.

2.1.2 Nucleation

Severa polymers, especially thermoplastic polyesters, exhibit slow crystallization due to
delayed self-nucleation. Such materials can be even produced in fully amorphous form
through fast cooling operation (quenching from the melt). Above their glass transition (Tg)
and below their melting temperature (Tm) these materials undergo cold crystallization. Their
softening and crystallization are running simultaneously above a given temperature between
Ty and Tm When heating from ambient temperature. The T4-Tm interval can be considered to
select the processing temperature. Two-constituent SPC are produced by “sandwiching”
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crystalline reinforcements (film, fabric) in between amorphous films followed by hot
pressing. This process is usually termed to film stacking. The concept has been proved on
examples of polyethylene terephthalate (PET) [12] and polylactic acid (PLA) [13].

Here we have to mention another method which is based on the same principle but being
more general. Practically all semicrystalline polymers show the undercooling (supercooling)
phenomenon. Undercooling means that the crystallization temperature (T¢) is markedly below
that of Tm due to the fact that the length of the molecular chains is different. Crystallization,
preceded by nucleation, occurs in the temperature range between T, and T4 . Accordingly,
the reinforcement can be introduced into an undercooled melt in a two-step process, as
recently demonstrated on example of polypropylene [14].

In some systems polymerization is associated with crystallization from an undercooled melt.
This is the case in the in situ polymerization of cyclic butylene terephthalate (CBT)
oligomers. Their ring-opening polymerization, associated with crystallization, may be
finished below the melting temperature (Tm~225°C) of the resulting polybutylene
terephthalate (PBT, but for this system the accepted abbreviation is pCBT) [15, 16].
Irrespective of the scientific debate whether polymerization and crystallization occur
simultaneously or consecutively [17], the nucleation is the key issue from the undercooled
pCBT [18]. Accordingly SPCs composed of pCBT (matrix) and PBT (reinforcement) can be

easily produced by liquid composite molding (LCM) techniques - cf. Figure 1.
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Figure 1 Stress-strain behavior of pCBT reinforced with PBT fiber (50 wt%) in unidirectional
(UD) and cross-ply (CP) arrangements. Note: Tensile strength of the matrix is given for
comparison.

2.1.3 Tacticity

Many polymers contain an asymmetric or stereogenic carbon atom in their chains. This means
that a carbon atom is bonded to four different entities. In PP for example the four entities,
attached to the tertiary carbon atom, are: hydrogen, methyl group and two side chains of
different molecular length. PP exists in two steroregular, viz. isotactic (iPP) and syndiotactic
(sPP), and one stereoirregular form. The latter is the atactic PP (aPP) the methyl pendant
groups in which are sterically random oriented. In iPP the methyl groups are al at the same
side, whereas in sPP aternatively at either side of the planar zigzag-form molecular chain.
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aPP is amorphous though its commercial grades often contain some crystalline (mostly iPP)
fractions [19, 20]. iPP and sPP are prone to crystallize owing to their highly regular chain
conformations. The melting temperature of sPP (Tm~135°C) and iPP (Tm~165°C) are
different. This is due to the fact that the overall helica conformations in their elementary
crystalline cells, and thus their related packing, differ from one another, as well. It is a
straightforward approach to use atactic polymer for the matrix and its stereoregular crystalline
versions as reinforcements. Recall that the atactic or amorphous polymer softens/fuse far
below the melting temperature of the crystalline form. Surprisingly, this approach has not
been followed to produce SPCs though severa feasible matrix/reinforcement combinations
exist, such as aPP/iPP, atactic polystyrene (aPS)/sPS, atactic polymethyl methacrylate
(@PMMA)/IPMMA, atactic polyvinyl chloride (aPVC)/iPVC. For iPP-reinforced SPCs
elastomeric PP (stereoblock copolymer composed of aPP and iPP) and sPP may also be used
as matrices. On the other hand, the melt compatibility of the corresponding combinations
should also be considered. Phase separation that occurs for example in sPP/iPP, has a strong
effect on the mechanical performance of the corresponding blends [21, 22]. Nonetheless,
exploitation of tacticity-related phenomena may give a new impetus to the SPCs’ production.

2.1.4 Polymorphism

Polymorphism means that a material may exist in more than one crystalline forms.
Polymers have a strong tendency for polymorphism because their chains can adapt different
molecular conformations including both helica and planar arrangements. iPP for example
exists in four different crystalline modifications (o, B, y, 6) with different crystal unit
(monoclinic, hexagonal, triclinic and trigonal lattices, respectively) cell parameters owing to
various packing of the chains[19, 20, 23]. The usual crystalline modifications of polyamide 6
(PAG6) are a and vy, which frequently coexist in molded parts. Usually not all of the crystalline
forms are stable. Some of them, considered as metastable, undergo a phase transition toward
the more stable version. This transition may be triggered by heat, solvents, mechanical
loading or other means. The most important feature of polymorphism is that these crystalline
modifications possess various Tm data. Their difference may be very useful to expand the
processing window of SPC preparation. The question is whether the ,,metastable” versions,
having lower melting temperatures than the stable ones, can be produced with acceptably high
selectivity. In the latter case, they could fulfill the role of the matrix in SPCs in which the
reinforcement structure is given by the stable polymorph. This concept has been introduced
by Karger-Kocsis who filed a patent on SPC composed of -PP (matrix)/a-PP (reinforcement)
[24] and later has been confirmed [25, 26]. This was facilitated by the fact that highly
selective B-nucleants became available for iPP in the meantime [27]. Other options, like vy-
PAG6 (matrix)/a-PA6 (reinforcement), should be explored. The first attempt in this direction
has been done by Bhattacharyya et al. [28].

215 Méting, crystallization

Crystallinity and crystallization-related features have been widely used to enlarge the
temperature range of SPCs’ processing. In general, all semicrystalline polymers contain
crystallites with different perfections. As a consequence, the crystallites have different
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melting temperatures and the corresponding polymer has a quite broad melting range. Like
crystallization, the melting is also characterized by temperatures linked to the onset,
maximum and final fusion. Temperatures in the vicinity of melting onset are well suited to
produce SPCs. This is the principle of hot compaction during which the surface of the
reinforcing structure is melted and transferred into the matrix [29, 30]. As mentioned earlier,
they are different tools to influence the melting/crystallization phenomena which are not only
polymer related being strongly influenced by processing variables.

2.1.5.1 Chain branching

Regular chain branching can be generated in the polymerization process via various
conditions (catalysts, pressure, addition of comonomer etc.). The extent and density of the
branches have a strong impact on the crystallization, crystallinity and also on the melting of
the related products. Note that the melting range of polyethylenes (PES) is increasing
according to the ranking: low density (LDPE, Tn~110°C) < high density (HDPE; Tm~130°C)
< ultra high molecular weight (UHMWPE; Tm~135°C). LDPE contains long side chains in
high density which are practically absent in UHMWRPE. The temperature difference, that can
be guaranteed based on the above Tm data, is sufficient enough for the production of two-
constituent SPCs, such as LDPE (matrix)/HDPE (reinforcement), HDPE (matrix)/UHMWPE
(reinforcement). Note that in the latter system the MW is aso of importance. Such PE
combinations were explored in the early stage of the history of SPCs [31-34] aslisted later.

2.1.5.2 Copolymers

Through copolymerization the macromolecular chain becomes less regular. As a
consequence, the crystals formed are less perfect and they melt at lower temperature
compared to the corresponding homopolymer. The related temperature difference of min.
15°C for PP-based systems is large enough for SPC preparation. Note that some copolymers,
such as given thermoplastic copolyesters, do not crystallize. This yields an even larger
processing window. The copolymer is always the matrix giving constituent. It can be
incorporated separately (in forms of fibers, films via hot pressing, film stacking) or combined
with the reinforcement through a suitable preform (coextruded tape, core-shell type
bicomponent fiber, cocarding, comingling etc). The techniques based on shell type
bicomponent fiber are especially useful because the reinforcement content of this preform
may be very high, up to ca. 90 wt%. Highly stretched copolymer-coated iPP tapes have been
marketed by Lankhorst Indutech, the Netherlands [35]. Recall that according to our
terminology all copolymer using production methods yield two-constituent SPC versions.

2.1.5.3 Stretching-induced crystallization

Reinforcing components for SPCs are produced by various spinning and stretching processes
from semicrystalline polymers. Though there are basic differences between spinning (from
the melt and drawing in a temperature gradient) and stretching (cold drawing at different
temperatures between Tg and Tm in several steps at increasing temperatures), the common
feature is that the resulting product is highly anisotropic and strongly crystaline. Their
tendency to thermal relaxation is often suppressed by additional heat treatment usually
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performed under load (annealing, heat setting). Spun or stretched semicrystalline polymers
exhibit a higher melting temperature than the same polymer crystalized from (quasi)
quiescent melt [36]. This is due to the morphology involving aligned and perfect crystal
entities. A further benefit of this morphology for SPC application is a pronounced memory
effect. This means that the stretching-induced superstructure is preserved longer when heated
and restores in higher extent when cooled compared to the isotropic counterpart. As a
consequence, one-constituent SPCs can also be produced from preforms, like fiber mats,
which are composed from the same polymer however with different draw ratios. This was
demonstrated by 1zer and Barany [37].

2.1.5.4 External load/pressure— over heating phenomenon

It was early recognized that highly oriented, crystalline polymer fibers, tapes show a higher
melting temperature when heated in constrained (under tension or compression) than
unconstrained form [ 36, 38]. This phenomenon, termed to overheating, impedes the relaxation
of fibers and tapes and yields a Tm increase of around 10°C. So, this method is very useful to
enlarge the processing window from the viewpoint of the reinforcement. This method is
preferentially used for the production of one-constituent SPCs. The broad crystalline melting
range along with this kind of overheating form the base of hot compaction of fibers and tapes
that has been invented by the group of Prof. Ward (GB 2 253 420). As mentioned before,
polymorphic transition may occur upon heating which is influenced also by pressure. The
related phase diagram, i.e. polymorphic phases in function of temperature and pressure, is of
paramount importance for hot compaction. It was reported that during melting of UHMWPE
fiber a metastable hexagonal phase appears in a given temperature and pressure range which
contributes to the compaction owing to the enhanced segmental mobility of the
macromolecular chain [39].

2.1.5.51n situ (co)polymerization

Several cyclic monomers and oligomers, such as cyclic amides (g-caprolactam, lauryl lactam),
cyclic esters (e-caprolactone, CBT) can be polymerized in situ. In situ means that the related
ring opening polymerization is carried out in the mold giving the final shape of the product. In
case of SPCsthe mold contains the reinforcing structure which is wet out by the low viscosity
monomer/oligomer melt. This technique, called liquid composite molding (LCM), shows a
clear analogy to the resin transfer molding, widely used to produce thermoset composites with
suitable resins. In situ polymerization molding features several advantages. The melt viscosity
of the polymerizing system is very low, sometimes orders of magnitude lower than the usually
accepted threshold for LCM operations, given by 1 Pas [16]. Thisis very helpful to achieve a
complete wet-out of the reinforcing structure. A further benefit is that the polymerization may
occur well below the melting temperature of the final polymer. This has been mentioned for
CBT aready, but holds also for other systems, like PA6, polymerized via activated anionic
polymerization of e-caprolactam [40, 41].

Last but not least, other comonomers may be introduced in the polymerizing monomer or
oligomer yielding copolymers [42]. Even polymers may be added which generate copolymers
via various transesterification reaction [43]. The polymerization/crystallization behavior aong

9



with the final thermomechanical properties of the resulting copolymers can be tailored upon
request. This has been shown for example with CBT-containing systems [42-44], and also
well explored with the earlier Nyrim® technology for polyamides. It should be born in mind
that the polymerization below the Tm of the final polymer is accompanied with crystallization.
The latter, being exotherm, is superimposed to polymerization which should be taken into
account [40, 41]. Nowadays there is a vivid interest to produce PA6-based SPCs by this
technique [45, 46], fuelled by the revival of the “old” activated anionic polymerization of -
caprolactam owing to more robust catalyst/activator systems [46, 47].

2.1.5.6 Other methods

Extended polymer chains with strong tendency for oriented crystallization can aso be created
by special solvent-assisted host/guest inclusion complexation. As host compounds
cyclodextrine and urea, whereas as guest macromolecules PA6 and PCL were already used.
The guest macromolecules coalesced and appeared in aligned form after appropriate removal
of the host. They acted subsequently as strong self-nucleants and generated a reinforcing
crystalline superstructure during the bulk melt crystallization of the same polymer [48, 49].
Sintering is another option of SPC production. High-temperature, high-pressure sintering,
showing some similarity to hot compaction, has been adapted for UHMWPE textiles [50].
This technique is, however, inevitable in case of SPCs from polytetrafluoro ethylene (PTFE)
[51, 52]. Note that PTFE cannot be melted because of superimposed thermal degradation.

Magjor influencing factors to shift the melting and crystallization temperatures are summarized
in Figure 2 schematicaly.

[

3 . undercooling (nucleation)

Heat Flux

quenching
copolymerization

constraining
chain branching, (tension, pressure),

copolymerization, drawing, MW,
Endo ‘metastable’ polymorph stereoregularity
l Z :
>
Temperature

Figure 2 Strategies for widening the temperature window of SPCs’ production
2.2 Interface/-phase

Creation of strong, durable interface (when two-dimensional, 2D) or —phase (when three-
dimensional, 3D, owing to a given thickness) between the matrix and reinforcement is a
classical problem of the composites’ science and technology. This is due to the fact that in all
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other composites than SPCs the constituents are chemically different and possess various
surfaces energies. The latter also governs the wetting of the reinforcement by the matrix.
Moreover, direct bonding between the composite’s components can hardly be achieved. Such
problems do not appear in SPCs. This, however, does not mean that the interfacial effects are
negligible. In the pioneering work of Capiati and Porter [6] it has been reported that a
transcrystalline layer (TCL) of gradient structure was formed between the reinforcing fiber
and matrix. TCL appeared as a strong interphase. TCL occurs by heterogeneous nucleation
provided that the nucleating surface possesses active nuclel in high density. In this case the
lateral growth of spherulitesisimpeded and instead their one-directional growth, transverse to
the surface, takes place. Though the controlling factors of TCL and its effects on the
mechanical properties of the related composites are topic of scientific discussions [19, 53-56],
it is usually accepted that TCL is caused by epitaxial overgrowth [55, 57]. This implies that
the nucleating surface is crystaline and its structure is matched with that of the growing
crystals from the melt. This prerequisite is always met in SPCs when the matrix is not
amorphous. The interfacial phenomena in SPCs were scarcely studied in depth. Thisis very
surprising based on the aspects listed below. The presence of TCL was frequently
demonstrated in SPCs and its positive effect on the interfacial bonding also surmised and
emphasized. Note that the appearance of TCL does not necessarily yield improvement in the
interfacial transverse and shear stresses. Very few papers delivered further insight in the TCL
morphology and related effects on the SPCs’ mechanical performance. This is, however, a
crucial issue that deserves further attention in this field. Jordan et al. [9] concluded that the
formation of opposed TCLs in hot compacted SPCs is detrimental. Thisisintuitive, especialy
at transverse loading of the TCL, because the lamellae of the TCs involved do penetrate in
each other. The type (meaning the actual morphology) and the thickness of the TCL strongly
depend on the crystallization conditions [56, 58] and even on the MW difference between the
fiber and crystallizing melt [38, 59]. The mother lamellae, developed first, may lay edge- or
flat-on at the reinforcement surface [60]. Reports appeared usually claim about edge-on
lamellae structuring with c-axis orientation along the fiber length [61]. The subsequent
development of daughter lamellae makes the resulting TCL morphology very complex. Its
load bearing capacity, being anisotropic, is direction dependent [19, 54]. Accordingly,
interfacial shear strength data, usually determined in pull-out test, may differ from the
transverse ones. A further implication arises from the relaxing tape or fiber used as
reinforcements in SPCs. Their relaxation through shrinkage generates a local
shear/elongational flow in the crystallizing melt. This is the cause of a specia type
superstructure (cylindrite) developed via homogenous nucleation [62]. Unfortunately, it is
tough task to differentiate between cylindritic and TCL on optical level when only the final
products are investigated. The difference between transcrystallization and cylindritic
crystallization is highlighted in Figure 3.
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Figure 3 Columnar crystallization caused by heterogeneous (transcrystallization, a) and
homogeneous, row-induced nucleation (cylindrite formation, b), schematically. Note:
structure of the cylindrite may be far more complex when the nuclei generate the spherulitic
growth of different polymorphs [62].

Last but not |east, we have to consider the wetting of the reinforcement by the matrix. Wetting
is facilitated by amorphous polymers in traditional composites as shown on the example of
aPP/GF [63]. The role of the amorphous fraction is supported also by the fact that lower
critical fiber length data were measured for SPCs composed of aPP/iPP than for iPP/iPP [64].
Based on the above aspects Karger-Kocsis [65] recommended a TCL model with lamellar
interlocking and amorphous adherent that should enhance the interfacial bonding irrespective
of the loading direction.

Apart of TCL, researchers considered other possibilities to improve the interfacial strength in
SPCs. Ratner et al. [66, 67] combined the hot compaction of UHMWPE fibers with in situ
crosslinking. The fibers were solution coated by peroxide prior to compaction. This treatment
yielded substantial enhancements in both modulus and strength compared to the uncrosslinked
reference.

Linear polyamides and polyesters are prone to transreactions [68]. First attempt undertaken by
Bhattacharyya et al. [28] showed that triggering transamidation is suitable strategy to improve
the interfacial properties of PA6-based SPCs. The cited author used antimony trioxide for
powder coating of the PA6 yarn before film stacking with quenched PAG6 films. Exploitation
of transesterification and transamidation reactions may be very promising for two-constituent
SPCs.

3 Production, characteristics
3.1 One-constituent SPCs

3.1.1 Reinforcements

Fibers and tapes, also in different assemblies and textile structures, are exclusively used as
reinforcements of SPCs. They have to exhibit high Young’s modulus and strength. These
properties are set by spinning (melt, wet, dry, gd), solid-state drawing (continuous,
discontinuous; one-step, multi-step; zone drawing etc.) or by their combination (e.g. melt
extrusion followed by in line drawing in several steps at different temperatures). The final am
is to get highly oriented fibers and tapes with high degree of crystallinity. Their morphology
is characterized by lamellae, connected with tie molecules, which are embedded in an
amorphous phase. The lamellar structure itself may be different, such as shish-kebab type,

12



extended chain fibrils, oriented folded chain lamellae etc. Needless to say that the desired
structure and properties can be guaranteed by selecting suitable polymers (MW,
polydispersity, melt flow rate etc.) and proper production conditions (e.g. drawing
temperature, rate, ratio etc.). For their SPC applicationsit is straightforward to stabilize them,
I.e. to reduce their temperature-induced shrinkage. This may happen by heat setting,
crosslinking and also by incorporation of nanofillers (silica [69], layered silicate, carbon
nanotubes [70]). Fibers and tapes may be assembled in different forms and ways as shown
later.

Highly oriented nanoscaled fibers, usually in mat form, can be produced by solution or melt
electrospinning. Micro- and nanofibrils can be created also by making use of the
microfibrillar composite concept, credited to Prof. Fakirov [71]. These fibrils derive from the
minor component of properly drawn binary blends after removal of the matrix (major
component) by dissolution (“lost matrix”).

3.1.2 Preforms

The preforms of SPCs can be grouped into non-consolidated and consolidated ones. The latter
Is a matrix impregnated preform (or prefabricate) for final shaping. The non-consolidated
variants are usualy transferred to consolidated preforms, prefabricates through hot
consolidation. Consolidation and shaping may occur simultaneously in one step, as well.

3.1.2.1 Non-consolidated

Matrix- and reinforcement-giving fibers and tapes, in both continuous and discontinuous
forms, can be combined in many ways. Co- or intermingling to produce various rovings and
yarns is well established. Recall that this is necessary if differences in the MW, draw ratio,
melt flow rate etc. are exploited for SPC production using the same polymer. Hot compaction
IS a peculiar technique, in which the matrix is formed after partly and controlled melting of
theinitial fiber the residue of which fulfills the role of the reinforcement.
Rovings and yarns, comingled or not, are often combined in textile structures, such as non-
woven, woven, UD aligned, knitted, and braided fabrics. Mgjority of the hot pressing studies
used UD and non-woven fabrics. Note that hot pressing related to preforms composed of two
constituents but from the same polymer.
For the film-stacking method the films required for sandwiching the reinforcing fabrics are
usually available in quenched, less crystalline state compared to the reinforcement.
Discontinuous fibers are generaly combined in non-wovens though other options are also
possible. Mat is also the usua form of the reinforcements which are produced by
electrospinning and by the “lost matrix” method. SPCs produced of different non-
consolidated preforms of various polymers are listed in Table 1.
Based on Table 1 the following conclusions can be drawn:
- film-stacking remains in focus of R& D works. As matrices fully amorphous or less
crystalline polymer than the reinforcement will be used,

- for compression molding tools with fast heating/cooling options (e.g. Rocktool®) will
be used,
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LCM techniques, and especially those which are based on the fast polymerization of e-CL,
will be preferentially followed.
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Table 1 One-constituent SPCs from non-consolidated preforms

Matrix Reinfor cement type, Production
material and arrangement, Comments Reference
type content M ethod/concept Parameters
UHMWPE UHMWRPE gel-spun fiber, comp. molding T~180°C; Tensile mechanical, creep and [72]
powder unidirectional (UD) and cross- p=7 MPa impact tests performed and found
ply (CP), superior to plain UHMWPE.
up to 10 wt% Theoretical prediction checked.
UHMWPE UHMWPE gel-spun fiber, comp. molding T=152, 162°C y-irradiation of the fabric did not [73]
powder chopped fiber and plain woven yield improvement. The
fabric, temperature window was 10°C.
characteristic determined
PP fiber PP fiber, comp. molding T=160-170°C; Tensile properties enhanced, [37]
in-laid fibersin knitted fabric T reached dwelling for | transverse perforation reduced
(24-38 wt%) and 30 s, followed by p=6 | Withincreasing T. Strong effect of
carded& neddle punched mat of MPafor 90 sand the reinforcing fiber content.
long chopped fibers (30-70 cooling under p=6 MPa
wit%0)
PP sheet PP multifilament, plain woven two-station PP sheets melted at Undercooling concept followed. [14]
fabric, compression T=200°C with p=1 MPa | Tensile strength increased with
50 Wt% molding for 10 min; sheets increasing T and reached 220
quickly transferred in MPa.

the second compression
station, sandwiched
with the fabric and

pressed at T=125-150°C
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and p=9 MPafor 10 min

B-iPP a-i PP tape, tape winding T=160°C for 10 min at DMA and perforation impact [74, 79]
a-iPP UD and CP, with film p=0 MPafollowed by properties determined. -iPP
50 Wt% stacking + p=7 MPafor 5-8 min matrix outperformed the a-iPPin
compression prior to cooling under the corresponding SPCs. a-TCL
molding pressure found.
B-iPP a-iPP, film stacking | T=155-170°C, p=0 MPa Tensile strength, E-modulus, [76]
carded mat of chopped fibers, followed by for 1 min followed by density and pedl strength
50 Wt% compression p=7 MPafor 2-20 min increased with increasing T.
molding before cooling under Perforation energy followed
pressure adverse trend. Energy adsorption
is governed by delamination.
B-iPP a-i1PP split tapes, film stacking | T=136-186°C, p=0 MPa Tensile characteristics went [25, 26]
plain woven fabric, followed by for 30 sfollowed by through a maximum as a function
50 Wt% compression p=7 MPafor 2 min of T. Perforation energy is
molding before cooling under reduced with increasing T.
pressure
PAG film PAG yarn, UD aligned film stacking T=200°C; Excellent mechanical properties [28]
followed by p= 15 MPafor 5min (E-modulus, UTYS) reported.
compression Effect of polymorphism
molding suggested.
e-CL PAG, plain woven fabric, LCM-version, in | T=140-200°C; After Optimum T=160°C found based [45]
65 Wt% situ anionic fabric impregnation by in flexural and tensile results.
polymerization | e-CL molding at p=10 | Final monomer content < 7 wit%,
MPafor 1 h low void content (2.5%).
e-CL PA6 continous monofilament, LCM variant T=160-170°C UTS and elongation increased by [46]

uD,
10-20 wt%

polymerizing melt
injected at T=110°C in

70-80 and 150-190%, respectively
for SPC with 15-20 wt%
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the mold containing the
fibers, reaction time 15

reinforcement. Polymorphism
studied and presence of TCL

S demonstrated. TCL thickness
depended on the fiber surface
treatment.
PLA sheet PLA woven fabric (CP film stacking T=130, 140°C; Crystallization of the matrix [13]
multifilament), 25, 50 wt% followed by holding time (cdwelling): hindered by fast heating. SPCs
compression 20, 50 s; other produced by fast cooling.
molding parameters varied Temperature window ca. 30°C.
PET PET fibers (crystalline) in extrusion Extrusion temperature Improved mechanical properties [77]
(amorphous) granules, plastification 220-260°C; compared neat PET. Mold filling
30 wt% followed by compression molding at of complex shaped parts
compression p=20-50 MPafor 120 s problematic.
flow molding
PET sheets PET (crystalline), plain woven film stacking T=180°C; Optimum interfacial adhesion [12]
(amorphous) fabric followed by holding time: 0-90 s; received with 10 s holding time.
compression p~0.7 MPa Rapid heating to avoid cold
molding crystallization of the matrix was
crucial.
LCPyarn LCPyarn (higher Tm), UD compression T=260-285°C; Tensile properties, Charpy impact | [78, 79]
(lower Tm) 50 vol% molding after p=1.8 MPauntil T and ILSS determined in function
UD winding reached then of T. Withincreasing T tensile
p=4.4...8.8 MPa for 30 strength and IL SS strongly
sfollowed by pressure | improved; Charpy impact was less
reduction to p=1.8 MPa influenced.
and cooling
LCP fiber LCP fiber (higher Tm), UD Winding p=1.8 MPauntil T=260- | Crystal structure and its change [80]
50 vol% followed by 285°C reached; p=4 studied. Transition to nematic
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compression MPa set for few seconds | phase determined. It was delayed
molding prior to cooling at p=1.8 by processing at high p.
MPa; compaction
pressure also varied
(1.8-8.8 MPa) at
T=275°C
LCP fiber L CP fiber chopped (heat Dry mixing of T=295°C; p= 4.4 MPa Tensile modulus markedly [81]
chopped treated) the fibers for 30 s improved by discontinuous fiber
10, 20, 30 wt% followed by reinforcement. Even higher
compression improvement when using plasma
molding treated annealed fibers. UTS and
elongation decreased compared to
those of matrix.
PVOH PV OH chopped fiber compression T=180°C for 5minat | E-modulus, yield stressand Vicat [10]
(plastified) 10-30 wt% molding p= 1 MPa after melt softening temperature strongly
compounding the fiber | increased with the reinforcement.
Ductility reduced.
PTFE powder | PTFE chopped fiber (30, 40 and | cold compaction | T=27°C, p= 15 MPa; | SPC outperformed the plain PTFE [51]
50 um diameter), followed by for cold compaction; based on flexural and tensile
5-20 Wt% sintering sintering at T=380°C | properties. Optimum composition,
for 30-90 min condition determined.
PTFE powder PTFE fiber (chopped), after PTFE sheet | Multistep temperature Tensile strength markedly [52]
(in aqueous plain woven fabric, production, film cycleat p=15 MPa enhanced compared to PTFE at
dispersion) 20-80 Wi% attacking expense of ductility. Friction
(compression coefficient dightly, wear rate
molding) greatly reduced.
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3.1.2.2 Consolidated

Under consolidated preforms those are considered which also contain the future matrix. This
criterion is met “latently” for fibers and tapes when hot compacted. During hot compaction
different assemblies of fibers or tapes are compacted at a temperature within the melting
range, more exactly in the vicinity of the melting onset of the fibers. A certain proportion of
surface of each fiber melts which upon cooling, solidifies and binds the structure together.
The melting temperature of the latter “binder” is below that of reinforcing fiber — see Figure 4
[82]. So, the molten portion of the fiber volume forms the matrix of the composite [29, 30,
82]. To select the suitable temperature for hot compaction it is recommended to consider the
normalized modulus vs. normalized temperature chart, recommended by Ward and Hine — cf.
Figure 5 [82]. It isworth noting that hot compaction may result in final products, aswell [83].

Tcompaction
melting of the
. matrix formed
=
i Tend of melting
<
)
s
=]
'g '
3 ‘\l/\me.ltl'ng of the
original fiber
120 130 140 150

Temperature [°C]

Figure 4 DSC melting traces of a semicrystalline polymer fiber and its hot compacted
version, schematically (based on [82])
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Figure 5 Normalized modulus vs. normalized temperature chart for hot compacted
semicrystalline polymer fibers, schematically. Notes: tensile moduli of the compacted fibers
are normalized as a proportion of the initial fiber moduli and the compaction temperatures as
afraction of the total melting temperature interval of the fibers, i.e. =(T compaction- T onset)/(Tend of

melting- T onset). 1 hese temperatures are indicated in Figure 4 [82]
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Hot compaction has been well explored for many different polymers and corresponding fabric
systems. Moreover, hot compacted prefabricates are produced commercialy (e.g.
Curv®).Works, dealt with hot compaction, are summarized in Table 2.

According to the authors’ opinion only technological developments can be expected in this
field in the near future.
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Table 2 One-constituent SPCs from consolidated preforms

Material Reinfor cement arrangement, Production parameters
o Comments Reference
Preform content (if given)
PE tape UD, woven fabric T=151-154°C; p=2.8 MPa when T | 30% lossin the original structure | [84, 85]
33-91 Wt% reached; dwell time 10 min set associated with best mechanical
before cooling performance. Morphol ogy
devel opment studied.
PE high ubD T=138°C Transverse and longitudinal cross [86]
modul us fiber section analyzed after chemical
etching.
HDPE ub T=134-142°C; p=0.7 MPa Differential melting phenomena [87]
melt spun increased for 21 MPawhen T during hot compacting discussed
fiber reached for 10 s
HDPE fiber plain woven multifilament T=135-140°C; p=0.7 MPa when T | Good mechanical properties along [88]
(melt spun) 15-55 wt% reached; dwell time2 min set and | with interfiber bonding (peel test)
simultaneously p increased for 2.8 observed at ~25 wt% matrix
MPa content. Lamellar build up in the
interphase studied.
HDPE (melt plain woven fabric T=optimized; p=2.8 MPa; dwell Calculated and measured tensile [89]
spun) ~70 vol% time: 10 min moduli agreed. Anisotropy
UHMWPE followed by microhardness
(gel spun) measurements.
UHMWPE plain woven fabric, CP, non- T=144°C; p=1.1 MPa increased Ballistic properties determined [90]
gel spun fiber woven from chopped fiber for 21 MPawhen T reached for 10 | and compared with commercial

s before cooling

prepregs containing 80-92 wt%
fibers. Energy absorption
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mechanism clarified.

UHMWPE wound composite, lay-up:£50° fiber winding on flat mandrel Interface “strengthening” by [66, 91]

fiber (gel followed by hot compaction at peroxide crosslinking. DMA,

spun) T=145°C and p=31.0 MPa for 30 tensile and fatigue properties

min followed by fast cooling determined.

UHMWPE UD by winding holding at p=2.8 MPa until No evidence of surface melting [92]

fiber (gel compaction temperature (T=142- | and recrystallization. Fibers hold

spun) 155°C) reached; dwell time 10 together by localized welding.
min; p increased for 12.1 MPafor Large change in the properties

1 min prior to cooling above 154°C.

PP fiber ubD T=164-174°C; p=1.1 MPa when T | Longitudinal flexural modulus and [93]
reached; dwell time 20 min used; | transverse strength increased with
compaction by p=14 MPafor 10s | increasing T. Required selective

prior to cooling surface melting achieved likely
due to high shrinkage forces.

PP fiber, tape woven cloths (multifilament, | T=180-187°C; p=2.8 MPa when T | Consolidation quality checked in [9, 94]

fibrillated tapes, flat tape) reached; dwell time 10 min set peel tests. MW effects reported.
before cooling Peel strength matrix dependent,
however, with some effect of the
weave style. Matrix ductility
should be higher than that of the
reinforcement. This can be
achieved by high MW and low
crystallinity.

PP tape plain woven fabric T=166-194°C; p=2.8 MPa when T For optimum compaction [95]

fibrillated reached; dwell time 10 min set T=182°C deduced. TCL

followed by p=7 MPafor 10 s
before cooling

guaranteed the good mechanical
behavior.
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PP tape plain woven fabric T=166-190°C; p=2.8 MPa when T | With increasing T larger volume [96]
reached; dwell time 10 minset | of the molten/recrystallized matrix
before p=7 MPaapplied for 10s | formed. Morphology studied and
followed by cooling shish-kebab structure and flow-
induced orientation in form of row
structures reported.
PP tape plain woven and twill 2/2 fabric | T=188°C; p=4.0 MPa during the Effect of feeding/crimping [97]
compaction; dwell time 5 min (standard and overfed) of the
followed by cooling to 40°C in 5 | fabricsstudied. Interleaving also
min with the PP film. Compaction
quality better with standard
feeding, low crimping —
associated with better mechanical
properties. No effect of the weave
pattern on the penetration impact.
PP UD, woven fabric T=187-191°C; p=4.9 MPa for 5 CNF incorporation resulted in [70]
solid state min when T reached improved mechanical
drawn tape performance, especialy the peel
containing 20 strength was enhanced. PP-g-MA
wt% CNF compatibilizer acted properly.
PA6.6 plain woven fabric T=260-264°C; p=2.8 MPa for 2 | Overheating determined. Effect of [98]
multifilaments min when T reached water content on the mechanical
properties studied. Properties
compared with PP and PET
compacts.
PET UD by winding T=249-261°C; p=20-60 MPafor Pressure regime was crucial. [99]
yarn 15-30 min when T reached Optical properties influenced by

T. Transverse strength enhanced
with increasing T at expense of
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the longitudinal one.

PET UD by winding T=249-256°C; p=32.4 MPafor 15 | Transverse modulus and strength [100]
yarn min when T reached improved with increasing T.
PET fiber plain woven multifilament T=253-259°C; p=2.8 MPa when T Increasing dwell time caused [101]
reached; dwell time 2-15 min set deterioration in the mechanical
followed by rapid cooling properties and it was associated
with pronounced decrease.
Optimum temperature window:
T=257+2°C. Fast cooling was
beneficial.

PEN CP holding at p=2.4 MPauntil T Excellent tensile mechanical [102]

multifilaments

(268-276°C) reached; dwell time:
2 min before cooling

properties (modulus, UTS) when
compared to those of PET.
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3.1.3 Parts

As mentioned before, final parts can be fabricated from non-consolidated preform with
simultaneous shaping, from consolidated preforms by thermoforming and by in situ LCM
techniques. Non-consolidated preforms are seldom converted into shaped products. The
possible reason behind may be that the number of parts is less than a critical value
substantiating a costly tooling. Magjority of the works used consolidated preforms for shaping
via thermoforming. [50, 83, 103]. SPCs proved to be more suited for thermoforming than
traditional thermoplastic composite sheets (“organosheets”). This is due to followings: the
deformability of polymeric fibers and fabrics is better than that of traditional reinforcements,
and the traditional fiber reinforcements are far less “compliant” than polymeric ones. This
strongly reduces the detrimental effects (“lifting” type deconsolidation, spring back and
wrinkling phenomena owing to stored elastic energy and limited deformability) experienced
during thermoforming of traditional thermoplastic composites. The melting temperature of the
matrix formed is below that of the reinforcing fiber. This aong with the temperature
dependent strain hardening make the corresponding SPC well suited for thermoforming. Note
that this processing requires balanced in plane tensile and shear, and out of plane shear
properties [83]. Accordingly, hot compacted sheets are converted into large surface parts
showing, however, low complexity in shape. LCM techniques, making use of the
undercooling effect, may guarantee the desired design freedom. By contrast, so far composites
with simple structured reinforcements (UD) and shapes (plates) have been prepared by LCM
technique [46], which may be the next winner in the SPC parts’ production.

3.2 Two-constituent SPCs

3.2.1 Reinforcements

Like the reinforcements of the one-constituent SPC, the reinforcing structure for the two-
congtituent version is composed of highly oriented fibers and tapes, produced amost
exclusively from semicrystalline polymers. Recall that their melting temperature is always
higher than that of the melting or softening of the matrix giving polymer from the same
polymer type. The latter may be available in various forms, such asfiber, tape, film.

3.2.2 Preforms
3.2.2.1 Non-consolidated

The preforms of two-constituent SPCs are similar in many cases to those of the one-
constituent counterpart. Comingling, coweaving of the components, available in fiber and
tapes forms, are widely followed. Additional techniques for holding together the textile
assemblies, such as stitching, may also be adapted [104]. For film stacking the films are
produced form the polymer of lower melting range than the reinforcement. Other possibility is
to avoid or hamper the crystallization through quenching or using suitable copolymers. Hot
compaction can be combined with film stacking, as well. Hine et al. [105] introduced this
interleaving method in order to reach a better balance in the mechanical properties and a
wider temperature window for processing. A large body of works addressed the SPC
production using non-consolidated preforms. They are listed in Table 3.
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Table 3 Two-constituent SPCs from non-consolidated preforms

Matrix Reinforcement type, Production
material and arrangement, Comments Reference
type content M ethod/concept Parameters
LDPE HDPE fiber, plain woven film stacking T=126-136°C for 5 min | Advantage of consolidation with [105]
fabric, interleaved matrix film followed by dwell at p=4.9 MPa interleaved film demonstrated.
compression Concept widens the processing
molding temperature window.
LDPE UHMWEPE fiber, therovingsin specimens (also rings) Tensile and compression tests [106]
uD, solution prepared by done in fiber direction. Modulus
55 vol% impregnated and | compression molding at | decreased with increasing T, the
UD prepregs T=120, 130, 140°C UTSwasless sensitiveto T.
produced at for 10 min Failure mode studied.
T=90°C
LDPE UHMWRPE fiber chopped (2-5 melt specimens prepared by Tensile modulusand UTS [31]
mm) random distribution, compounding in | compression molding at increased with increasing fiber
5, 10, 20 Wt% batch mixer at T=130°C content. Similar effect at the same
T=125-130°C for fiber content with increasing fiber
5min length. TCL formation reveal ed.
LLDPE UHMWRPE fiber chopped, film-stacking and film-stacking at Reinforcing effect lost after melt [107]
random distribution, melt T=150°C for 100 minat | compounding. Cooling conditions
10-20 vol% compounding p=1.3 MPg affected the tensile mechanical

compounding at
T=138°C for 50 min
followed by
compression molding

properties of the SPCs produced
by film-stacking.
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LLDPE UHMWEPE fiber, filament winding | T=100°C; p=15MPa; | Effectsof off-axis fiber alignment [108]
(different laminates with different lay-up, | ©on flat mandrel holding time 30 min; (winding angle) measured in static
chain 65 W% combined with laminates’ lay-up: tension and in DMA. Values
branching) film-stacking +28°/-28°, +32°/-32°, compared with theoretical ones.
+42°/-42°
LLDPE UHMWRPE fiber, filament winding | T=100°C; p=22 MPa; Wohler-type fatigue curves [109]
(different laminates with different lay-up, | On flat mandrel holding time 30 min; elaborated and analyzed. Fatigue
chain 65 W% combined with laminates’ lay-up: life affected by lay-up of the
branching) film-stacking +28°/-28°, +32°/-32°, composites and short chain
+42°/-42° branching of the matrix.
LLDPE UHMWEPE fiber, filament winding | T=100°C; p=5.5 MPa; Wear and creep behaviors [110]
(different laminates with different lay-up, | ©on flat mandrel holding time 30 min; measured. High branching of
chain 65 W% combined with laminates’ lay-up: L DPE resulted in inferior
branching) film-stacking +35°/-35°, +50°/-50° properties. Winding angle
influenced the measured
properties.
LDPE UHMWRPE fiber, filament winding | LDPE: T=120-135°C, Tensile mechanica, DMA and [111]
HDPE CP, on flat mandrel p=1.3-6.6 MPafor 40- ballistic properties assessed.
65-70 W% combined with | 60 min followed by fast | HDPE/UHMWPE SPC exhibited
film-stacking cooling outstanding ballistic resistance.
HDPE: T=137°C, Viscoelastic damping contributed
p=1.3-6.6 MPafor 30 to the energy absorption.
min followed by slow
cooling and isothermal
(T=120-125°C)
treatments for 60 min
LDPE UHMWEPE fiber, filament winding | composites produced at | Effects of off-axis fiber alignment [112]
HDPE laminates with different lay-up, | On flat mandrel T=120°C (LDPE) and (winding angle) studied in DMA

combined with

T=137°C (HDPE) for

as afunction of frequency (0.3-50
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~80 wt%

film-stacking

60 min and p=15 MPa;
HDPE composites was
also thermally treated;

laminates’ lay-up:
+26°/-26°, +34°/-34°,

Hz). Activation energy of a and vy
relaxations determined. Effect of
TCL could not be proven.

+45°/-45°
HDPE UHMWRPE fiber, filament winding | T=137°C, p=2.4 MPa Ballistic impact by gun bullets [113]
CP, on flat mandrel for 60 min investigated. Energy absorbing
72 Wit% combined with events concluded.
film-stacking
HDPE UHMWRPE fiber (gel spun), fiber winding T=137°C; p=16.5 MPa | Static and fatigue loading results [114]
UD, at various angles (30-45°) with film for 1 h sensitive to ply angle.
sandwiching
HDPE UHMWRPE fiber, laminates film stacking T=132°C for 8 min Tensile failure mode investigated [115]
with lay up: 90°, 45°, +45°, followed by using acoustic emission.
50 vol % compression
molding
HDPE UHMWRPE fiber, singlefiber | fiber embedding | Annealing at T=138°C TCL morphology development [116]
composite in molten matrix | for 5 min followed by studied.
cooling to
crystallization
temperature T=124°C
and kept for 24 h
HDPE UHMWRPE fiber chopped, film stacking T=134-136°C for 15-20 Tensile E-modulus and UTS [123]
random distribution, version and min at p=0.75 MPg; almost threefold of the neat
10-20 vol % compression then quenching or HDPE. Isothermal crystallization
molding isothermal improved the stiffness at cost of
crystallization the ductility. Big difference
between experimental and
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theoretical data.

HDPE UHMWEPE fiber, wet powder T=135°C for 10 min at Mechanical properties (tension, [117]
powder uD, impregnation of p=0.5 MPa compression) determined in both
20-50 vol% the fibers paralel and perpendicular to the
followed by fiber aignment. Failure mode
winding on a concluded.
plate
SPC through
compression
molding
HDPE UHMWRPE fiber, prepregs compression molding at | Tensile properties as a function of [32]
uD, produced by T=132°C for 20minat | T and fiber orientation measured.
65 vol% filament winding p=10 MPa Effect of electron irradiation dose
around adrum studied, also for creep. Irradiation
followed by heat had negligible effect on both
treatment fracture and creep.
(T=130°C, 30
min)
HDPE UHMWRPE fiber, filament winding | compression molding at Thermal contraction of the [33]
uD, on flat mandrel | T=133-150°C for 30-60 UHMWRPE fibers measured.
45-55 vol% combined with min at p=0.32 or 0.48 Tensile modulus and UTS went
film-stacking MPa; cooling varied through a maximum as a function
(slow, fast) of T. Effect of cooling rate was
marginal. TCL detected.
HDPE UHMWEPE fiber, filament winding | composites produced at Longitudinal and transverse [34]
uD, combined with T=134°C for 60 min at tensile mechanical properties
50-55 vol % film-stacking p=0.32 MPafollowed measured. Transverse strength

by various cooling
method

theoretically predicted with the
experimental results. Good
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bonding between fiber and matrix
concluded. TCL observed at slow
cooling. LLDPE did not show
transcrystallization.

iPP I PP tape, twill 2/2 woven film stacking T=175-190°C for 5 min | Advantage of consolidation with [105]
fabric, interleaved matrix film followed by dwell at p=4.9 MPa interleaved film demonstrated.
compression Concept widens the processing
molding temperature window.
PP-C iPP chopped fiber, carded and film stacking T=150-175°C; p=5.5 Two matrix giving PP-C with [118]
(random) needle punched mat, 50 wt% followed by MPa; holdingtime 90 s different MFI used. ILSS and
compression tensile E-modulus and strength
molding went through a maximum,
perforation impact energy
monotonously decreased with
increasing T.
PP-C a-1PP tape film stacking T=136-186°C; p=0 MPa Tensile characteristics went [25, 26]
(random) followed by for 1 min followed by through a maximum, while
o and B forms compression p=7 MPafor 2 min perforation impact energy reduced
molding before cooling under with increasing T. Slight effect of
pressure B nucleation.
PP-C a-iPP tape, UD and CP tape winding T=145, 155°C; p=7.0 DMA, flexural and perforation [119]
(random) with film MPa; holding time 8 impact properties determined. -
o and p forms stacking followed min PP-C outperformed the o matrix in
by compression respect to static flexural and
molding perforation impact properties.
PP-C PP fiber chopped with different |  film stacking T=152-157°C; p=0 kPa | Tensile and creep tests performed. | [120-122]
(random) diameter, random oriented with two-step for 5-7, after that p=11- Morphology and TCL
compression 14 kPafor 8-10 minin development detected. Best
molding both steps performance found for 50 pm
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reinforcing fiber. Good agreement
between experimental and
theoretical tensile E-moduli.
Creep behavior modeled.

PP-C PP fiber, UD, 7 vol% film stacking T=163°C; p=1.9 MPa; Effect of TCL in single fiber [123]
(random) followed by holding time: 1 min composites studied. Well-
compression followed by fast cooling developed TCL at T=163°C
molding detected that showed high
ductility at transverse loading to
the fiber.
PP-C PP fiber chopped, random film stacking T=152-157°C; p=0 kPa | Tensile characteristics peaked at [124]
(random) oriented, with two-step for 5-7 min, after that 50 wt% reinforcement.
10-60 wt% compression p=11-14 kPafor 8-10
molding min in both steps
PP-C PP woven fabric (weave film stacking T=155-160°C for 5-7 | Strong effect of the weave pattern [125]
(random) patterns: plain, basket, twill, followed by min, after that p=11-14 on the mechanical properties,
satin), compression kPafor 8-10 min ascribed to differencesin their
50 wt% molding followed by cooling “unit cell’.
PP-C PP fiber chopped, non-woven compression Conditionsvaried, viz. | DMA, static mechanical and creep [126]
(random) by comingling, molding holding time, pressure, properties studied and optimum
fiber, chopped 50 wt% cooling rate processing parameters deduced.
PP-C PP fiber, non-woven mat, film stacking T=152+5°C for 5-7 min, | With increasing EPR content the [127]
(random) + 50 vol% with two-step after that p=11-14 kPa E-modulus decreased but the
EPR (EPR compression for 8-10 min ductility and impact resistance
content up to molding increased. Optimum EPR content
30 wt%) of the matrix was at 20 wt%.
PAG PAG6.6 fiber, plain woven film stacking T=225-245°C; p=5 MPa | Almost threefold increasein UTS [128]
fabric, followed by for 30 min, and slow at optimum T=235°C. TCL
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~70 wt% compression cooling under pressure development investigated.
also in single fiber composite molding
PAG PAG.6 fiber, UD, tape winding T=250°C for 5 min at Polymorphism quoted but not [129]
20 Wt% combined with p=30 MPa fully confirmed.
film stacking
followed by
compression
molding
PET-C PET tape, UD, tapewindingon | T=120-180°C; p=0.12- Effect of PET-C types and [130]
<70 Wt% flat mandrel 2.40 MPa molding conditions studied.
combined with Results compared with hot
film stacking compacted PET SPC and GF
followed by reinforced PET.
compression
molding
PET-C PET fiber, plain woven fabric film stacking First fabric and sheet Temperature window ~50°C. [131]
(multifilament) after heat with compression | molded at 200°C for 1 Effects of T and holding time on
setting, molding in two min at p=5 MPa. tensile and flexural properties
46 vol% steps Second, several layers measured. To avoid degradation
compression molded at | low T and holding time should be
T=215-235°C for 3-10 selected.
min at 10 MPafollowed
by slow cooling
PET-C (home PET fiber chopped (highly melt mixing Pressing at T=200°C for | Preliminary study to find suitable [132]
synthetized) crystalline), random followed by 30s PET-C as matrix.
distribution compression
molding
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The content of Table 3 suggests that further considerable efforts will be made to produce two-
constituent SPCs from non-consolidated performs. It can be prophesied that textile fabrics
composed of commingled yarns, rovings will be developed for direct consolidation and
shaping. Film stacking will also remain a preferred technique.

3.2.2.2 Consolidated

New optionsin this field represent bicomponent fibers (side/side, skin/core arrangements) and
bicomponent tapes. By contrast to bicomponent tapes, the route of bicomponent fiber’
production is not explored. In these bicomponent preforms the matrix giving polymer is ab
ovo present by contrast to the one-constituent counterpart. Tapes with skin/core/skin cross
section may be fabricated by coextrusion or lamination processes. The lower melting skin
(also in case of bicomponent fibers) overtakes the role of the matrix during hot pressing,
whereas the remaining core acts as reinforcement. The coextrusion techniques (spinning, tape
fabrication) usually involve a stretching, drawing step to achieve the required stiffness and
strength for the reinforcing constituent [133-136] — Figure 6.

TAPE PRODUCTION COMPOSITE PRODUCTION (CONSOLIDATION)
»A” extruder »B” extruder

[ | l l L [ tape collection
Uty oA = — —
—p [ (| | o
. A 8 . A i) _- hea'HPTCSS“W () ) ) [T}
JO Ol "O O T consolidated composite
0 QO COo

1st drawing oven  2nd drawing oven

ll\
I
I

co-extrusion
head

oriented homopolymer  co- extmdcd copolymer
core skin layer

Figure 6 Schematic illustration of bicomponent tapes and composite production based on
[136]

Bicomponent tapes are available under the trade names Pure®, Armordon®, Kaypla®. For their
processing in tape or fabric forms compression molding (discontinuous, continuous),
consolidation by vacuum bagging, hot stamping, thermoforming, and tape winding may be
used [103, 135, 137]. Bicomponent electrospun fibers were not yet used for SPC preparation —
thisis, however, just a question of time. A further new preform is the pellet. Thisis prepared
by melt coating of the reinforcing fibers. The resulting pellets can be used for injection
molding because the difference in the melting ranges of the matrix- and reinforcement-giving
components may be large enough [138, 139] — cf. Figure 7.
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Figure 7 DSC melting of athermoplastic EPR matrix and reinforcing iPP fiber (a), and DMA
traces of the corresponding injection-molded SPC as a function of the molding temperature
(b). Note: the chopped iPP fiber content of the SPC was 70 wt% [138]

A process similar to the fabrication of long, discontinuous fiber reinforced thermoplastics for
injection molding, seems to be also feasible. Other option is to consolidate and pelletize a
previously commingled roving or yarn [77]. When the processing window for the pellet is
narrow, instead of injection molding compression flow molding may be chosen [77]. In this
case the masticated, molten pellets are transferred into the cavity of the mold where final
shaping, along with substantial squeeze flow, occurs upon closing the mold. Note that one-
constituent SPCs cannot be injection molded except adapting overmolding [140]. Works
devoted to the SPC production using consolidated preforms are listed in Table 4.
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Table 4 Two-constituent SPCs from consolidated preforms

min, consolidation for

model ed.

30 min; cooling to 30°C

Matrix Reinforcement type, Production
material and arrangement, Comments Reference
type content M ethod/concept Parameters
PP-C PP tape (coextruded, Pure®), | tapewindingand | T=140, 160°C; p=2.4 Tensile strength and modulus [133]
uD, compression MPa during heating (10 measured at different |oading
>90 Wt% molding min) and compaction angles. Results compared with
(10 min); cooling time | calculated ones using the laminate
to T=40°C 5 min theory.
PP-C PP tape (coextruded, Pure®), | vacuum bagging, | T=140, 160°C; p=0.1 Temperature processing window [134]
plain woven fabric, compression MPafor vacuum >30°C. Tensile and compression
>90 Wt% molding bagging, and p=1-15 behavior measured. With
MPafor hot pressing; increasing p improved the
during heating (10 min) mechanical properties. SPCs
and compaction (10 tested under different loading
min); cooling time to angles.
T=40°C 5 min
PP-C PP tape (coextruded, Pure®), continuous Belt press: T=145°C; Fatigue (tension-tension) tests [141]
plain woven fabric, double belt press; p=2.5 MPa performed at various T and related
90 Wt% vacuum bagging Vacuum bagging: damage assessed.
T=145°C; p=0.1 MPa
PP-C PP tape (coextruded, Pure®), | tapewindingand | T=145°C; p=2.4 MPa Static flexural and flexural creep | [142, 143]
UD and CP, vacuum bagging | when T reached for 90 properties determined and
~90 Wt% in autoclave

35



in 60 min

PP-C PP tape (coextruded, Pure®), compression T=130-170°C; p=0.1- Transverse perforation impact of [144]
plain woven fabric, molding 11.4 MPa sheets determined and compared
~90 Wt% with those GMT and NMT.
Interfacial strength assessed in T-
ped tests. Impact performance
increases with decreasing
interfacial strength achieved at
low consolidation temperature and
pressure.
PP-C PP tape (coextruded, Pure®), compression T=140, 160°C; p=1-15 Transverse perforation and [145]
plain woven fabric, molding MPafor 10 min ballistic impact test performed.
>90 wt% consolidation Interfacial strength concluded as
key parameter.
PP-C PP tape (coextruded, Pure®), compression T=140°C; p=4 MPa DMA in flexure conducted, also [146]
plain woven fabric, molding on specimens at 45° loading angle.
>90 Wwt% Static tensile modulus in function
of T is comparable with that of
GMT with 23 wt% GF.
PP-C PP tape (coextruded, Pure®), compression Different processing Effects of processing methods and [103]
UD, woven fabric (weave molding conditions conditions on the mechanical
patterns. plain, twill, satin), properties introduced.
~90 wt%
PP-C PP tape (coextruded), woven compression T=140-153°C; p=10 Creep aso on off-axis specimens, [147]
fabric molding MPafor 30 min static tensile and interfacial

strength (T-peel) determined as a

function of T. Small changein T

resulted in significant changes in
the mechanical behavior. Thiswas
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attributed to partial melting of the
reinforcement core of the tape.

PP-C
(random)

iPP fiber, chopped,
50-80 wt%

UD composite by
compression
molding followed
by pelletizing
then injection
molding

SPC pellets: T=180°C;
p=0 for 240 s, then
p=5.26 MPafor 240 s
followed by cooling to
50°C
Injection molding:
T=160°C; injection
pressure: 80 MPa

Specimens prepared by injection
molding with different gates and
subjected to static tensile, DMA,
perforation impact tests.
Increasing fiber content enhanced
the yield strength and perforation
impact. Gate type affected the
reinforcement distribution.
Detected shrinkage ascribed to
relaxation of PP fibers.

[139]

PP-C (TPE)

iPP fiber, chopped,
70 wt%

UD composite by
compression
molding followed
by pelletizing
then injection
molding

SPC pellets: T=140°C;
p=0 for 240 s, then
p=5.26 MPafor 240 s
followed by cooling to
50°C
Injection molding:
T=120-160°C; injection
pressure: 80 MPa

Injection molded specimens tested
(shrinkage, DMA, static tensile,
perforation impact). Temperature
window of ca. 90°C reached.
Properties of SPC comparable
with PP, however, with better low
temperature impact performance.
Fan gate reduced the melting of
the reinforcing fibers.

[139]

R& D activities on two-constituent SPCs from consolidated performs will likely focus on the manufacturing and processing of injection moldable
grades. Works may also address the development of bicomponent fibers which will be used in various textile assemblies.
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3.2.3 Parts

Similar to one-congtituent SPCs, final parts can be fabricated from non-consolidated preform
with simultaneous shaping, film stacking. When first a panel is manufactured by hot pressing
then final shaping occurs usually by thermoforming. Consolidated preforms, i.e. bicomponent
tapes, can be combined in various textile structures for subsequent hot pressing and
thermoforming. These preforms can be used in other processing methods. Tape winding and
tape laying are also feasible. In these processes various heat sources (gas torch, laser) may be
used because only the skin (surface) layer of the bicomponent tape should be melted to
achieve the required “welding” [148]. Flat panels are produced also by tape winding with
subsequent hot pressing. As underlined before, one of the maor advantages of two-
constituent SPCs is that in their case injection molding may be practiced. The pellets’
structure resembles to that of long discontinuous fiber reinforced thermoplastics. On the other
hand, overmolding of reinforcing structures, placed in the mold cavity prior to the infiltrating
with the matrix forming injected melt, is also viable [140]. This kind of injection molding
may be considered as a peculiar version of the LCM techniques. Earlier this technique, termed
film insertion injection molding was used to prepare ‘“laminated” SPCs [149]. LCM
techniques, focusing on in situ copolymerization possibilities, round up the processing
methods of two-constituent SPCs. Though the latter has not been explored for SPC yet, its
feasibility demonstrated on example of traditional composites [150].

The quality assurance of SPC prefabricates and partsisacrucia issue. Quality of the products
was assessed by various destructive methods (different kind of mechanical loading) coupled
with further in situ (such as acoustic emission [151, 152] or post mortem (light and scanning
electron microscopy) failure inspections so far. Non-destructive techniques were rarely used
for quality management though ultrasonic testing [153] and X-ray micro computed
tomography seems (Figure 8) to be the right tools [154]. Thisis still an open issue, especialy
if in line quality inspection is the target.

Figure 8 Three-dimensiona (3D) picture of an ultrasonic welding seam (overlapped) in a PP-
based SPC revealed by X-ray micro computed tomography. Notes: the reinforcing iPP (ca. 40
wit%) in woven fabric formiswell discernible. The seam thicknessis about 1.5 mm.
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4 Reprocessing

SPCs are referred to materials of “ultimate” recycling. Interestingly, this aspect was less
studied. Recycling via remelting of SPCs was mostly studied in repeated injection molding.
On the other hand, the works performed on this field [155] clearly show that the number of
reprocessing/remelting cycles, which is not accompanied with property deterioration, agrees
fairly with the related value derived for injection molded neat polymers. This result was
received in works using PP-based systems.

5 Outlook and futuretrends

SPCs will remain under spot of interest further on. This prediction is based on the fact that
they are lightweight (their density is lower than most of the traditional composites) and
environmental benign (especially due to their straightforward recycling through melt
reprocessing).

In respect to the matrix/reinforcement combinations amorphous/semicrystalline and
semicrystalline/semicrystalline combinations will be the winners. Attempts will be further
made to modify the reinforcement by nanofillers, especially by those which have high aspect
ratios. Their incorporation should yield increased stiffness, strength and thermal stability. The
fire resistance of SPCs should be improved. This is a high priority issue for further potential
applications. Pioneering activity in this direction yielded some peculiar results [156, 157].
SPCs of more complex structure, such as panels containing honeycomb or foam cores, may
help to acquire new applications fields [158]. A further hot topic is the development of
(multi)functional SPCs. In this respect attention may be focused on the shape memory
performance of SPCs [159]. Further works are needed to check the potential of electrospun
reinforcements in SPCs. LCM production methods are very promising especially when
exploiting possible transreactions between the reinforcement and the polymerizing melt. This
aspect was covered in a recent patent to produce UD-CF reinforced composite core via LCM
as load bearing cable of electric transmission lines [160]. In case of hot pressing of non-
consolidated preforms trials will be done to avoid problems with the “slow” heat conductivity.
Incorporation of suitable (nano)particles in the matrix or matrix-giving component acting as
hot spots (heat sources) by externa triggering (electromagnetic field, microwave etc.) seems
to be a sound strategy [161, 162]. To solve the quality assurance in line during production is
also imperative. Joining of SPCs via various methods is a great challenge [154]. Describing
the infiltration of the molten resin into the reinforcing structure [163]and modeling of the
structure-property relationships in SPCs are further important tasks [164]

6 List of symbolsand abbreviations
ILSS [N/m]; [MPa] interlaminar shear strength
MFI [0/10 min] melt flow index
p [MPa] processing pressure
T [°C] temperature
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Ty [°C]

glass transition temperature

Tm [°C] melting temperature

uUTsS [MPa) ultimate tensile strength

o- alphaform of

B- beta nucleant or form of

Y- gamma form of

0- deltaform of

AF aramide fiber

aPP atactic polypropylene

aPMMA atactic polymethyl methacrylat

aPS atactic polystyrene

aPvC atactic polyvinyl chloride

CBT cyclic butylene terephthal ate oligomer
CF carbon fiber

CNF carbon nanofiber

CP cross-ply structure

DMA dynamical mechanical analysis

EPR ethylene-propylene rubber

GF glassfiber

GMT glass (fiber) mat reinforced thermoplastic
HDPE high density polyethylene

iIPMMA isotactic polymethyl methacrylat

iPP isotactic polypropylene

iPVC isotactic polyvinyl chloride

LCM liquid composite molding

LCP liquid crystalline polyester

LDPE low density polyethylene

MW molecular weight

NF natural fiber

NMT natural (fiber) mat reinforced thermoplastic
PAG6 polyamide 6

PA6.6 polyamide 6.6

PBT polybutylene terephthal ate

pCBT polymerized cyclic butylene terephthalate
PCL polycaprolactone

PE polyethylene

PEN polyethylene napthal ate

PET polyethylene terephthal ate
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PET-C polyethylene terephthal ate copolymer
PLA polylactic acid

PP polypropylene

PP-C polypropylene copolymer

PP-g-MA maleic anhydride grafted polypropylene
PTFE polytetrafluoro-ethylene

PVOH polyvinyl alcohol

sPP syndiotactic polypropylene

sPS syndiotactic polystyrene

SPC single polymer composites

TCL transcrystalline layer

ubD unidirectional alignment, structure
UHMWPE ultra high molecular weight polyethylene

7 References

[1] Kmetty A, Barany T, Karger-Kocsis J. Self-reinforced polymeric materials: A review.
Prog Polym Sci. 2010;35(10):1288-1310.

[2] Gao CC, Yu L, LiuHS, Chen L. Development of self-reinforced polymer composites.
Prog Polym Sci. 2012;37(6):767-780.

[3] Fakirov S. Nano- and Microfibrillar Single-Polymer Composites: A Review. Macromol
Mater Eng. 2013;298(1):9-32.

[4] Matabola KP, De Vries AR, Moolman FS, Luyt AS. Single polymer composites: areview.
JMater Sci. 2009;44(23):6213-6222.

[5] Karger-Kocsis J, Fakirov S. Polymorphism- and stereoregul arity-based single polymer
composites. In: Bhatracharyya D, Fakirov S, editors. Synthetic Polymer-Polymer Composites,
Munich: Carl Hanser Verlag; 2012. p. 673-698.

[6] Capiati NJ, Porter RS. Concept of one polymer composites modeled with high-density
polyethylene. Journal of Materials Science. 1975;10(10):1671-1677.

[7] Sun DC, Magill JH. Thermal Interactionsin Oriented Polymeric Materials - Shrinkage,
Crystallization, and Melting. Polym Eng Sci. 1989;29(21):1503-1510.

[8] Tunnicliffe J, Blundell DJ, Windle AH. Retraction of Polypropylene Tape. Polymer.
1980;21(11):1259-1268.

[9] Jordan ND, Bassett DC, Olley RH, Hine PJ, Ward IM. The hot compaction behaviour of
woven oriented polypropylene fibres and tapes. |1. Morphology of cloths before and after
compaction. Polymer. 2003;44(4):1133-1143.

41



[10] Dorigato A, Pegoretti A. Biodegradable single-polymer composites from polyvinyl
alcohol. Colloid Polym Sci. 2012;290(4):359-370.

[11] MatabolaKP, de Vries AR, Luyt AS, Kumar R. Studies on single polymer composites of
poly(methyl methacrylate) reinforced with electrospun nanofibers with a focus on their
dynamic mechanical properties. Express Polym Lett. 2011;5(7):635-642.

[12] Yao D, Li RH, Nagargjan P. Single-polymer composites based on slowly crystallizing
polymers. Polymer Engineering and Science. 2006;46(9):1223-1230.

[13] Li RH, Yao DG. Preparation of single poly(lactic acid) composites. J Appl Polym Sci.
2008;107(5):2909-2916.

[14] Dai P, Zhang W, Pan YT, Chen JN, Wang Y J, Yao DG. Processing of single polymer
composites with undercooled polymer melt. Compos Part B-Eng. 2011;42(5):1144-1150.

[15] Ishak ZAM, Shang PP, Karger-Kocsis J. A modulated dsc study on thein situ
polymerization of cyclic butylene terephthalate oligomers. J Therm Anal Calorim.
2006;84(3):637-641.

[16] Ishak ZAM, Gatos KG, Karger-Kocsis J. On the in-situ polymerization of cyclic butylene
terephthal ate oligomers. DSC and rheological studies. Polym Eng Sci. 2006;46(6):743-750.

[17] Parton H, Baets J, Lipnik P, Goderis B, Devaux J, Verpoest |. Properties of poly(butylene
terephthatlate) polymerized from cyclic oligomers and its composites. Polymer.
2005;46(23):9871-9880.

[18] Harsch M, Karger-Kocsis J, Apostolov AA. Crystallization-induced shrinkage,
crystalline, and thermomechanical properties of in situ polymerized cyclic butylene
terephthalate. J Appl Polym Sci. 2008;108(3):1455-1461.

[19] Karger-Kocsis J. Polypropylene: An A-Z Reference. Dordrecht: Kluwer Publishers;
1999.

[20] Karger-Kocsis J. Polypropylene: Structure, Blends and Composites. vol. 1-3 London:
Chapmann& Hall; 1995.

[21] Bourbigot S, Garnier L, Revel B, Duquesne S. Characterization of the morphology of
i PP/SPP blends with various compositions. Express Polym Lett. 2013;7(3):224-237.

[22] Zhang XQ, Zhao Y, Wang ZG, Zheng CX, Dong X, Su ZQ, et al. Morphology and
mechanical behavior of isotactic polypropylene (iPP)/syndiotactic polypropylene (sPP) blends
and fibers. Polymer. 2005;46(16):5956-5965.

[23] Gahleitner M. Controlling properties by understanding polymer crystallization. Express
Polym Lett. 2013;7(11):885.

[24] Karger-Kocsis J. Composite composed of polypropylene reinforcement and

polypropylene matrix and various production methods thereof. In: Patent G, editor.,
Germany2007.

42



[25] Barany T, Izer A, Karger-Kocsis J. Impact resistance of al-polypropylene composites
composed of alphaand beta modifications Polym Test. 2009;28(2):176-182.

[26] Izer A, Barany T, Varga J. Development of woven fabric reinforced all-polypropylene
composites with beta nucleated homo- and copolymer matrices. Composites Science and
Technology. 2009;69(13):2185-2192.

[27] Varga J. Beta-modification of isotactic polypropylene: Preparation, structure, processing,
properties, and application. JMacromol Sci Phys. 2002;41(4-6):1121-1171.

[28] Bhattacharyya D, Maitrot P, Fakirov S. Polyamide 6 single polymer composites. Express
Polymer Letters. 2009;3(8):525-532.

[29] Ward IM. Developments in oriented polymers, 1970-2004. Plast Rubber Compos.
2004;33(5):189-194.

[30] Hine PJ, Ward IM. High stiffness and high impact strength polymer composites by hot
compaction of oriented fibers and tapes, in Mechanical Properties of Polymers based on
Nanostructure and Morphology. In: Balta-Callgja FJ, Michler GH, editors. Mechanical
properties of polymers based on nanostructure and morphology, Boca Raton: CRC Press,
2005. p. 677-698.

[31] Ajji A, Aitkadi A, Rochette A. Polyethylene-ultra high modulus polyethylene short fibers
composites. J Compos Mater. 1992;26(1):121-131.

[32] Marais C, Feillard P. Manufacturing and machanical characterization of unidirectional
polyethylene-fiber polyethylene matrix composites. Compos Sci Technol. 1992;45(3):247-
255.

[33] Teishev A, Incardona S, Migliaresi C, Marom G. Polyethylene fibers - polyethylene
matrix composites: Prepearation and physical properties. JAppl Polym Sci. 1993;50(3):503-
512.

[34] Teishev A, Marom G. The effect of transcrystallinity on the transverse mechanical
properties of single-polymer polyethylene composites. JAppl Polym Sci. 1995;56(8):959-
966.

[35] Kok RH, Grunstra H. Co-extruded tape or yarn. In: Office EP, editor., 2000.

[36] BarkoulaNM, Peijs T, Schimanski T, Loos J. Processing of single polymer composites
using the concept of constrained fibers. Polym Compos. 2005;26(1):114-120.

[37] Izer A, Barany T. Hot consolidated all-PP composites from textile fabrics composed of
isotactic PP filaments with different degrees of orientation. Express Polymer Letters.
2007;1(12):790-796.

[38] Loos J, Schimanski T, Hofman J, Peijs T, Lemstra PJ. Morphological investigations of
polypropylene single-fibre reinforced polypropylene model composites. Polymer.
2001;42(8):3827-3834.

43



[39] Shavit-Hadar L, Khalfin RL, Cohen Y, Rein DM. Harnessing the melting peculiarities of
ultra-high molecular weight polyethylene fibers for the processing of compacted fiber
composites. Macromol Mater Eng. 2005;290(7):653-656.

[40] Karger-Kocsis J, Kiss L. Attempts of separation of the polymerization and crystallization
processes by means of DSC thermograms of activated anionic-polymerization of epsilon-
caprolactam. Makromol Chem. 1979;180(6):1593-1597.

[41] KissL, Kargerkocsis J. DSC investigations on the akaline polymerization of epsilon-
caprolactam. J Therm Anal. 1980;19(1):139-141.

[42] Tripathy AR, MacKnight WJ, Kukureka SN. In-situ copolymerization of cyclic
poly(butylene terephthalate) oligomers and is an element of-caprolactone. Macromolecul es.
2004;37(18):6793-6800.

[43] Wu CM, Huang CW. Melting and Crystallization Behavior of Copolymer From Cyclic
Butylene Terephthalate and Polycaprol actone. Polym Eng Sci. 2011;51(5):1004-1013.

[44] Abt T, de llarduya AM, Bou JJ, Sanchez-Soto M. Isocyanate toughened pCBT: Reactive
blending and tensile properties. Express Polym Lett. 2013;7(2):172-185.

[45] Gong Y, Liu AD, Yang GS. Polyamide single polymer composites prepared viain situ
anionic polymerization of epsilon-caprolactam. Compos Part a-Appl S. 2010;41(8):1006-
1011.

[46] Dencheva N, Denchev Z, Pouzada AS, Sampaio AS, Rocha AM. Structure-properties
relationship in single polymer composites based on polyamide 6 prepared by in-mold anionic
polymerization. J Mater Sci. 2013;48(20):7260-7273.

[47] Barhoumi N, Maazouz A, Jaziri M, Abdelhedi R. Polyamide from lactams by reactive
rotational molding via anionic ring-opening polymerization: Optimization of processing
parameters. Express Polym Lett. 2013;7(1):76-87.

[48] Gurardan A, Shen JL, Tonelli AE. Behavior of Poly(epsilon-caprolactone)s (PCLS)
Coalesced from Their Stoichiometric Urea Inclusion Compounds and Their Use as Nucleants
for Crystallizing PCL Melts. Dependence on PCL Molecular Weights. Macromolecules.
2012;45(6):2835-2840.

[49] Gurardan A, Tondlli AE. Single-Component Polymer Composites. Macromolecules.
2011;44(10):3856-3861.

[50] Xu T, Farris RJ. Shapeable matrix-free Spectra((R)) fiber-reinforced polymeric
composites via high-temperature high-pressure sintering: Process-structure-property
relationship. J Polym Sci Pt B-Polym Phys. 2005;43(19):2767-2789.

[51] Zhao ZH, Chen JN. Preparation of single-polytetrafluoroethylene composites by the
processes of compression molding and free sintering. Compos Part B-Eng. 2011;42(5):1306-
1310.

[52] Liu P, LuRG, Huang T, Cong PH, Jiang SS, Li TS. Tensile and tribological properties of
polytetrafl uroethylene homocomposites. Wear. 2012;289:65-72.

44



[53] Quan H, Li ZM, Yang MB, Huang R. On transcrystallinity in semi-crystalline polymer
composites. Compos Sci Technol. 2005;65(7-8):999-1021.

[54] IshidaH, Buss P. Morphology Control in Polymer Composites. In: Chou TW, editor.
Materials Science and Technology, vol. 13 Weinheim: VCH; 1993. p. 339-379.

[55] Levitus D, Kenig S, Kazanci M, Harel H, Marom G. The effect of transcrystalline
interface on the mechanical properties of polyethylene/polyethylene composites. Adv Compos
Lett. 2001;10(2):61-65.

[56] Rolel D, Yavin E, Wachtel E, Wagner HD. Experimental study of transcrystalinity in
UHMWPE/LLDPE composites. Compos Interface. 1993;1(3):225-242.

[57] Kestenbach H-J, Loos J, Petermann J. Transcrystallization at the interface of
polyethylene single-polymer composites. Materials Research. 1999;2:261-2609.

[58] Wu CM, Chen M, Karger-Kocsis J. The role of metastability in the micromorphologic
features of sheared isotactic polypropylene melts. Polymer. 1999;40(15):4195-4203.

[59] Li HH, Zhang XQ, Duan Y X, Wang DJ, Li L, Yan SK. Influence of crystallization
temperature on the morphologies of isotactic polypropylene single-polymer composite.
Polymer. 2004;45(23):8059-8065.

[60] Lustiger A, Marzinsky CN, Mueller RR, Wagner HD. Morphology and damage
mechanisms of the transcrystalline interphase in polypropylene. J Adhesion. 1995;53(1-2):1-
14.

[61] Cho KW, Kim DW, Yoon S. Effect of substrate surface energy on transcrystalline
growth and its effect on interfacial adhesion of semicrystalline polymers. Macromolecules.
2003;36(20):7652-7660.

[62] Varga J, Karger-Kocsis J. Rules of supermolecular structure formation in sheared
isotactic polypropylene melts. J Polym Sci Pol Phys. 1996;34(4):657-670.

[63] Hoecker F, KargerKocsis J. On the effects of processing conditions and interphase of
modification on the fiber/matrix load transfer in single fiber polypropylene composites. J
Adhesion. 1995;52(1-4):81-100.

[64] Wenig W, Scholler T. Transfer of load from matrix to fiber in self-reinforced polymer
composites. Colloid Polym Sci. 1991;269(12):1212-1223.

[65] Karger-Kocsis J. Interphase with lamellar interlocking and amorphous adherent - A
model to explain effects of transcrystallinity. Adv Compos Lett. 2000;9(3):225-227.

[66] Ratner S, Pegoretti A, Migliaresi C, Weinberg A, Marom G. Relaxation processes and
fatigue behavior of crosslinked UHMWPE fiber compacts. Composites Science and
Technology. 2005;65(1):87-94.

[67] Ratner S, Weinberg A, Marom G. Morphology and mechanical properties of crosslinked
PE/PE composite materials. Polym Composite. 2003;24(3):422-427.

45



[68] Fakirov S. Transreactionsin Condensation Polymers. Weinheim: Wiley-V CH; 1999.

[69] Ruan WH, Czigany T, Barany T, Rong MZ, Zhang MQ. Layered polymer-polymer
composites with nanocomposite as reinforcement. In: Bhatracharyya D, Fakirov S, editors.
Synthetic Polymer-Polymer Composites, Munich: Carl Hanser Verlag; 2012. p. 699-718.

[70] Hine P, Broome V, Ward |. The incorporation of carbon nanofibres to enhance the
properties of self reinforced, single polymer composites. Polymer. 2005;46(24):10936-10944.

[71] Fakirov S. The concept of micr- or nanofibrils reinforced polymer-polymer composites.
In: Bhatracharyya D, Fakirov S, editors. Synthetic Polymer-Polymer Composites, Munich:
Carl Hanser Verlag; 2012. p. 353-400.

[72] Deng M, Shalaby SW. Properties of self-reinforced ultra-high-molecular-weight
polyethylene composites. Biomaterials. 1997;18(9):645-655.

[73] Moseh M, Suh NP, Arinez J. Manufacture and properties of a polyethylene
homocomposite. Compos Part a-Appl S. 1998;29(5-6):611-617.

[74] Karger-Kocsis J, Wanjale SD, Abraham T, Barany T, Apostolov AA. Preparation and
Characterization of Polypropylene Homocomposites: Exploiting Polymorphism of PP
Homopolymer. J Appl Polym Sci. 2010;115(2):684-691.

[75] Abraham TN, Siengchin S, Karger-Kocsis J. Dynamic mechanical thermal analysis of
all-PP composites based on beta and alpha polymorphic forms. Journal of Materials Science
2008;43(10):3697-3703.

[76] Barany T, Karger-Kocsis J, Czigany T. Development and characterization of self-
reinforced poly(propylene) composites: carded mat reinforcement. Polym Adv Technol.
2006;17(9-10):818-824.

[77] Bayerl T, Mitschang P. Rheological and mechanical behavior of long-polymer-fiber
reinforced thermoplastic pellets. J Appl Polym Sci. in press.

[78] Pegoretti A, Zanolli A, Migliaresi C. Flexural and interlaminar mechanical properties of
unidirectional liquid crystalline single-polymer composites. Composites Science and
Technology. 2006;66(13):1953-1962.

[79] Pegoretti A. ZA, Migliaresi C. Preparation and tensile mechanical properties of
unidirectional liquid crystalline single-polymer composites. Composites Science and
Technology. 2006;66:1970-1979.

[80] Kalfon-Cohen E, Marom G, Weinberg A, Wachtel E, Migliaresi C, Pegoretti A.
Microstructure and nematic transition in thermotropic liquid crystalline fibers and their single
polymer composites. Polym Advan Technol. 2007;18(9):771-779.

[81] Araujo TM, Pegoretti A. Liquid crystalline single-polymer short-fibers composites.
Compos Interface. 2013;20(4):287-298.

[82] Ward IM, Hine PJ. Novel composites by hot compaction of fibers. Polymer Engineering
and Science. 1997;37(11):1809-1814.

46



[83] Prosser W, Hine PJ, Ward IM. Investigation into thermoformability of hot compacted
polypropylene sheet. Plast Rubber Compos. 2000;29(8):401-410.

[84] Jordan ND, Olley RH, Bassett DC, Hine PJ, Ward IM. The development of morphology
during hot compaction of Tensylon high-modulus polyethylene tapes and woven cloths.
Polymer. 2002;43(12):3397-3404.

[85] Hine PJ, Ward IM, Jordan ND, Olley RH, Bassett DC. A comparison of the hot-
compaction behavior of oriented, high-modulus, polyethylene fibers and tapes. J Macromol
Sci-Phys. 2001;B40(5):959-989.

[86] Olley RH, Bassett DC, Hine PJ, Ward IM. Morphology of compacted polyethylene
fibers. Journal of Materials Science. 1993;28(4):1107-1112.

[87] Kabeel MA, Bassett DC, Olley RH, Hine PJ, Ward IM. Compaction of high-modulus
melt-spun polyethylene fibers at temperatures above and below the optimum. Journal of
Materials Science. 1994;29(18):4694-4699.

[88] Hine PJ, Ward IM, El Matty MIA, Olley RH, Bassett DC. The hot compaction of 2-
dimensiona woven melt spun high modulus polyethylene fibres. Journal of Materials Science.
2000;35(20):5091-5099.

[89] Orench IP, CallgaFJB, Hine PJ, Ward IM. A microindentation study of polyethylene
composites produced by hot compaction. Journal of Applied Polymer Science.
2006;100(2):1659-1663.

[90] Morye SS, Hine PJ, Duckett RA, Carr DJ, Ward IM. A comparison of the properties of
hot compacted gel-spun polyethylene fibre composites with conventional gel-spun
polyethylene fibre composites. Compos Pt A-Appl Sci Manuf. 1999;30(5):649-660.

[91] Ratner S, Weinberg A, Marom G. Neat UHMWPE filament wound composites by
crosslinking compaction. Adv Compos Lett. 2003;12(5):205-210.

[92] Yan RJ, Hine PJ, Ward IM, Olley RH, Bassett DC. The hot compaction of SPECTRA
gel-spun polyethylene fibre. Journal of Materials Science. 1997;32(18):4821-4832.

[93] El-Maaty MIA, Bassett DC, Olley RH, Hine PJ, Ward IM. The hot compaction of
polypropylene fibres. Journal of Materials Science. 1996;31(5):1157-1163.

[94] Hine PJ, Ward IM, Jordan ND, Olley R, Bassett DC. The hot compaction behaviour of
woven oriented polypropylene fibres and tapes. I. Mechanical properties. Polymer.
2003;44(4):1117-1131.

[95] Hine PJ, Ward IM, Teckoe J. The hot compaction of woven polypropylene tapes. Journal
of Materials Science. 1998;33(11):2725-2733.

[96] Teckoe J., Olley R.H., Bassett D.C., Hine P.J., Ward |.M. The morphology of woven

polypropylene tapes compacted at temperatures above and below optimum. Journal of
Materials Science. 1999;34:2065-2073.

47



[97] Swolfs Y, Crauwels L, Gorbatikh L, Verpoest I. The influence of weave architecture on
the mechanical properties of self-reinforced polypropylene. Compos Part a-Appl S.
2013;53:129-136.

[98] Hine PJ, Ward IM. Hot compaction of woven nylon 6,6 multifilaments. Journal of
Applied Polymer Science. 2006;101(2):991-997.

[99] Rojanapitayakorn P, Mather PT, Goldberg AJ, Weiss RA. Optically transparent self-
reinforced poly(ethylene terephthalate) composites: molecular orientation and mechanical
properties. Polymer. 2005;46(3):761-773.

[100] Rasburn J, Hine PJ, Ward IM, Olley RH, Bassett DC, Kabeel MA. The hot compaction
of polyethylene terephthalate. Journal of Materials Science. 1995;30(3):615-622.

[101] Hine PJ, Ward IM. Hot compaction of woven poly(ethylene terephthal ate)
multifilaments. Journal of Applied Polymer Science. 2004;91(4):2223-2233.

[102] Hine PJ, Astruc A, Ward IM. Hot compaction of polyethylene naphthalate. Journal of
Applied Polymer Science. 2004;93(2):796-802.

[103] CabreraN, Alcock B, Loos J, Peljs T. Processing of al-polypropylene composites for
ultimate recyclability. Proc Inst Mech Eng Pt L-J Mater-Design Appl. 2004;218(L 2):145-155.

[104] Nanthagopal V, Senthilram T, Giri Dev VR. Flexural and impact studies on stitched
self-reinforced polypropylene composites. J Thermoplast Compos. 2013:in press.

[105] Hine PJ, Olley RH, Ward IM. The use of interleaved films for optimising the
production and properties of hot compacted, self reinforced polymer composites. Composites
Science and Technology. 2008;68(6):1413-1421.

[106] Von Lacroix F, Werwer M, Schulte K. Solution impregnation of polyethylene fibre
polyethylene matrix composites. Compos Pt A-Appl Sci Manuf. 1998;29(4):371-376.

[107] Stern T, Teishev A, Marom G, Varelidis PC, Papaspyrides CD. Processing of
composites of chopped PE fibre-reinforced PE matrix. Adv Compos Lett. 1996;5(4):103-106.

[108] Kazanci M, Cohn D, Marom G. Elastic and viscoelastic behavior of filament wound
polyethylene fiber reinforced polyolefin composites. J Mater Sci. 2001;36(12):2845-2850.

[109] Kazanci M, Cohn D, Marom G, Migliaresi C, Pegoretti A. Fatigue characterization of
polyethylene fiber reinforced polyolefin biomedical composites. Compos Part a-Appl S.
2002;33(4):453-458.

[110] Jacobs O, Kazanci M, Cohn D, Marom G. Creep and wear behaviour of ethylene-butene
copolymers reinforced by ultra-high molecular weight polyethylene fibres. Wear. 2002;253(5-
6):618-625.

[111] Arazi ZS, Harel H, Marom G, Y avin B. Polyethylene/polyethylene composite materials
for ballistic protection. Sampe J. 1997;33(4):72-75.

48



[112] Pegoretti A, Ashkar M, Migliaresi C, Marom G. Relaxation processes in polyethylene
fibre-reinforced polyethylene composites. Compos Sci Technol. 2000;60(8):1181-11809.

[113] Harel H, Marom G, Kenig S. Delamination controlled ballistic resistance of
polyethylene/polyethylene composite materials. Applied Composite Materials. 2002;9(1):33-
42.

[114] Shalom S, Harel H, Marom G. Fatigue behaviour of flat filament-wound polyethylene
composites. Composites Science and Technology. 1997;57(9-10):1423-1427.

[115] Zhuang XM, Y an X. Investigation of damage mechanismsin self-reinforced
polyethylene composites by acoustic emission. Composites Science and Technology.
2006;66(3-4):444-449.

[116] von Lacroix F, Loos J, Schulte K. Morphological investigations of polyethylene fibre
reinforced polyethylene. Polymer. 1999;40(4):843-847.

[117] Lacroix F, Lu HQ, Schulte K. Wet powder impregnation for polyethylene composites:
preparation and mechanical properties. Compos Part a-Appl S. 1999;30(3):369-373.

[118] Barany T, Izer A, Czigany T. On consolidation of self-reinforced polypropylene
composites. Plast Rubber Compos. 2006;35(9):375-379.

[119] Abraham TN, Wanjale SD, Barany T, Karger-Kocsis J. Tensile mechanical and
perforation impact behavior of all-PP composites containing random PP copolymer as matrix
and stretched PP homopolymer as reinforcement: Effect of [beta] nucleation of the matrix.
Composites Part A: Applied Science and Manufacturing. 2009;40(5):662-668.

[120] Houshyar S, Shanks RA. Morphology, thermal and mechanical properties of
poly(propylene) fibre-matrix composites. Macromol Mater Eng. 2003;288(8):599-606.

[121] Houshyar S, Shanks RA. Tensile properties and creep response of polypropylene fibre
composites with variation of fibre diameter. Polym Int. 2004;53(11):1752-1759.

[122] Houshyar S, Shanks RA, Hodzic A. Tensile creep behaviour of polypropylene fibre
reinforced polypropylene composites. Polym Test. 2005;24(2):257-264.

[123] Kitayama T, Utsumi S, HamadaH, Nishino T, Kikutani T, Ito H. Interfacial properties
of PP/PP composites. Journal of Applied Polymer Science. 2003;88(13):2875-2883.

[124] Houshyar S, Shanks RA, Hodzic A. The effect of fiber concentration on mechanical and
thermal proverties of fiber-reinforced polypropylene composites. Journa of Applied Polymer
Science. 2005;96(6):2260-2272.

[125] Houshyar S, Shanks RA, Hodzic A. Influence of different woven geometry in
poly(propylene) woven composites. Macromol Mater Eng. 2005;290(1):45-52.

[126] Houshyar S, Shanks RA. Mechanical and thermal properties of flexible poly(propylene)
composites. Macromol Mater Eng. 2006;291(1):59-67.

49



[127] Houshyar S, Shanks RA. Mechanical and thermal properties of toughened
polypropylene composites. Journal of Applied Polymer Science. 2007;105(2):390-397.

[128] Gong Y, Yang GS. Manufacturing and physical properties of all-polyamide composites.
JMater Sci. 2009;44(17):4639-4644.

[129] Duhovic M, Maitrot P, Fakirov S. Polyamide 66 polymorphic single polymer
composites. The Open Macromolecules Journal. 2009;3:37-40.

[130] Zhang M, Reynolds CT, Peijs T. All-poly(ethylene terephthal ate) composites by film
stacking of oriented tapes. Compos Part a-Appl S. 2009;40(11):1747-1755.

[131] Chen JC, Wu CM, Pu FC, Chiu CH. Fabrication and mechanical properties of self-
reinforced poly(ethylene terephthalate) composites. Express Polym Lett. 2011;5(3):228-237.

[132] Acierno D, Amendola E, Concilio S, lannelli P, Massa A, Scarfato P. Matrices for
mono-material composites (MMC). The case of poly(ethylene terephthalate). EUROMAT
2001 Meeting, Rimini, Italy: Wiley-V C H Verlag Gmbh; 2002. p. 61-71.

[133] Alcock B, CabreraNO, BarkoulaNM, Loos J, Peijs T. The mechanical properties of
unidirectional all-polypropylene composites. Compos Pt A-Appl Sci Manuf. 2006;37(5):716-
726.

[134] Alcock B, CabreraNO, Barkoula NM, Spoelstra AB, Loos J, Peijs T. The mechanical
properties of woven tape all-polypropylene composites. Compos Pt A-Appl Sci Manuf.
2007;38(1):147-161.

[135] Peijs T. Composites for recyclability. Mater Today. 2003;6(4):30-35.

[136] Alcock B, CabreraNO, BarkoulaNM, Loos J, Peijs T. Interfacial properties of highly
oriented coextruded polypropylene tapes for the creation of recyclable all-polypropylene
composites. JAppl Polym Sci. 2007;104(1):118-129.

[137] Alcock B, CabreraN, BarkoulaN, Peijs T. Direct forming of all-polypropylene
composites products from fabrics made of co-extruded tapes. Appl Compos Mater.
2009;16(2):117-134.

[138] Kmetty A, Barany T, Karger-Kocsis J. Injection moulded all-polypropylene composites
composed of polypropylene fibre and polypropylene based thermoplastic elastomer. Compos
Sci Technol. 2012;73:72-80.

[139] Kmetty A, Tabi T, Kovacs JG, Barany T. Development and characterisation of injection
moulded, all-polypropylene composites. Express Polym Lett. 2013;7(2):134-145.

[140] Wang J, Mao QC, Chen JN. Preparation of polypropylene single-polymer composites
by injection molding. J Appl Polym Sci. 2013;130(3):2176-2183.

[141] Barkoula NM, Alcock B, Cabrera NO, Peijs T. Fatigue properties of highly oriented
polypropylene tapes and all-polypropylene composites. Polym Polym Compos.
2008;16(2):101-113.

50



[142] Banik K, Abraham TN, Karger-Kocsis J. Flexural creep behavior of unidirectional and
cross-ply all-poly(propylene) (PURE (R)) composites. Macromol Mater Eng.
2007;292(12):1280-1288.

[143] Banik K, Karger-Kocsis J, Abraham T. Flexural creep of all-polypropylene composites:
Model analysis. Polymer Engineering and Science. 2008;48(5):941-948.

[144] Alcock B, CabreraNO, BarkoulaNM, Peijs T. Low velocity impact performance of
recyclable all-polypropylene composites. Composites Science and Technology. 2006;66(11-
12):1724-1737.

[145] Alcock B, CabreraNO, BarkoulaNM, Wang Z, Peijs T. The effect of temperature and
strain rate on the impact performance of recyclable all-polypropylene composites. Compos Pt
B-Eng. 2008;39(3):537-547.

[146] Alcock B, CabreraNO, BarkoulaNM, Reynolds CT, Govaert LE, Peijs T. The effect of
temperature and strain rate on the mechanical properties of highly oriented polypropylene
tapes and all-polypropylene composites. Composites Science and Technology.
2007;67(10):2061-2070.

[147] Kim KJ, Yu WR, Harrison P. Optimum consolidation of self-reinforced polypropylene
composite and its time-dependent deformation behavior. Compos Pt A-Appl Sci Manuf.
2008;39(10):1597-1605.

[148] CabreraNO, Alcock B, Klompen ETJ, Peijs T. Filament winding of co-extruded
polypropylene tapes for fully recyclable all-polypropylene composite products. Appl Compos
Mater. 2008;15(1):27-45.

[149] Yamaguchi S, Leong YW, Tsujii T, Mizoguchi M, Ishiaku US, Hamada H. Effect of
crystallization and interface formation mechanism on mechanical properties of film-insert
injection-molded poly(propylene) (PP) film/PP substrate. J Appl Polym Sci. 2005;98(1):294-
301.

[150] Baets J, Dutoit M, Devaux J, Verpoest |. Toughening of glass fiber reinforced
composites with a cyclic butylene terephthalate matrix by addition of polycaprolactone.
Compos Part a-Appl S. 2008;39(1):13-18.

[151] Romhany G, Barany T, Czigany T, Karger-Kocsis J. Fracture and failure behavior of
fabric-reinforced all-poly(propylene) composite (Curv ®). Polym Adv Technol.
2007;18(2):90-96.

[152] Izer A, Stocchi A, Barany T, Pettarin V, Bernal C, Czigany T. Effect of the
Consolidation Degree on the Fracture and Failure Behavior of Self-Reinforced Polypropylene
Composites as Assessed by Acoustic Emission. Polym Eng Sci. 2010;50(11):2106-2113.

[153] Heim H-P, Tillmann W, Ries A, Sievers N, Rohde B, Zielke R. Visualisation of the
degress of compaction of self-reinforced polypropylene composites by means of ultrasonic
testing. Journal of Plastics Technology. 2013;9(6):275-294.

[154] Kiss Z, Kmetty A, Barany T. Investigation of the weldability of the self-reinforced
polypropylene composites. Materials Science Forum. 2010;659:25-30.

51



[155] Barany T, Izer A, Menyhard A. Reprocessability and melting behaviour of self-
reinforced composites based on PP homo and copolymers. J Therm Anal Calorim.
2010;101(1):255-263.

[156] Bocz K, Barany T, Toldy A, Bodzay B, Csontos |, Madi K, et al. Self-extinguishing
polypropylene with a mass fraction of 9% intumescent additive - A new physical way for
enhancing the fire retardant efficiency. Polym Degrad Stabil. 2013;98(1):79-86.

[157] Bocz K, Toldy A, Kmetty A, Barany T, Igricz T, Marosi G. Development of flame
retarded self-reinforced composites from automotive shredder plastic waste. Polym Degrad
Stabil. 2012;97(3):221-227.

[158] CabreraNO, Alcock B, Peijs T. Design and manufacture of al-PP sandwich panels
based on co-extruded polypropylene tapes. Compos Pt B-Eng. 2008;39(7-8):1183-1195.

[159] Kolesov IS, Radusch HJ. Multiple shape-memory behavior and thermal-mechanical
properties of peroxide cross-linked blends of linear and short-chain branched polyethylenes.
Express Polym Lett. 2008;2(7):461-473.

[160] Szaplonczay P, Karger-Kocsis J, Czigany T, Zsigmond B. Process and equipment for
producing composite core with thermoplastic matrix for recyclable and thermally stable
electrical transmission line conductor. In: Office EP, editor., vol. WO2009130525 (A1)2009.

[161] Bayerl T, Benedito Borras A, Andrés Gallego J-I, Galindo Galiana B, Mitschang P.
Meéelting of polymer-polymer composites by particulate heating promoters and el ectromagnetic
radiation. In: Bhatracharyya D, Fakirov S, editors. Synthetic Polymer-Polymer Composites,
Munich: Carl Hanser Verlag; 2012. p. 39-64.

[162] Bayerl T, Schledjewski R, Mitschang P. Induction Heating of Thermoplastic Materials
by Particul ate Heating Promoters. Polym Polym Compos. 2012;20(4):333-341.

[163] Wysocki M, Larsson R, Toll S. Hydrostatic consolidation of commingled fibre
composites. Compos Sci Technol. 2005;65(10):1507-1519.

[164] Houshyar S, Shanks RA, Hodzic A. Modelling of polypropylene fibre-matrix
composites using finite element analysis. Express Polymer Letters. 2009;3(1):2-12.

52



