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1. Introduction

Nowadays different environmental regulations were made due to the greenhouse
effect exhausbn of the not renewable natural resources and the increase of the waste
content. Reusability and recyclability of the structuratenials has the same importance as
their economic parameterdue to the European Union directive concerning the automotive
industry[1]. According to thidirective, 95% of the vehicle components should be made of
reusable/recyclable materials by 301

Presently, considerable research activities and accompanying commercial interest are
devoted to atpolymeric materials, especially to sefinforced versions. Ithe all-polymeric
materials, both the reinforcing and matrix phases are given by sugalymers. In sel
reinforced polymeric materials (SRPMs), the same polyimens both the reinforcing and
matrix phases. SRPMs are also referred to as spigise or homocomposites. Moreover, in
the open literaturehosepolymer compositessherethe renforcement and matrix polymers
are different but belontp the same family of polymerare also termed as SRPMs. SRPMs
may compete with traditional composites in various application fields based on their
performance/cost balance. With respect to theifop@ance, the ease of recycling has to be
emphasized because they represent likely the best recycling ¢pdimpared to the glass
fibre reinforced thermoplastic compositeshen reprocessing via remelting is targeted.
Accordingly, SRPMs can be considetede environmentally benign materials. The concepts
used to produce SRPMs can also be adapted to biodegradable polymers to improve their
property profiles, whereby even the degradation properties can be tailored upon request.

A further driving force folSRPMs is the possibility of manufacturing lightweight parts
and structures because the density of SRPMs is well below those of traditional filled
polymers. The density of the corresponding composite is usually higher than that of an SRPM
because the formeontairs reinforcementg?2] such as glasfibre (density: 2.52.9 gcnt),
carbon fibre (density: 1.71.9 gcnt), basaltfibre (density: 2.73.0 gcn?), aramid fibre
(density: 1.381.44 gcn) and/or fillers like talc (density: 2-2.8 gcn?), chalk (density: 11
2.5 gent) and silica (density: 2:2.6 gcm®). The basicstructural concept of self
reinforcement is the creation of a engvo- or threedimensional alignment (1D, 2D or 3D,
respectrely) within the matrix to fulfil the role of matrix reinforcement. Reinforcing action
requires that the generated structure possesses higher stiffness and strength than the matrix

and, in addition, i's well ibondteaesirestcanbe he me

10
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transferred from the Aweako mat mesultingtam t he
optimized anisotropic loatlearing distribution, which it he fwor ki ng princi
composites. The reinforcing structure can be produced dunegresitu) or more processing
steps éxsitu). From a historical point of view, the development of SRPMs started with the
in-situ production of 1Dreinforced materials. This occurred mostly with sqilthse
extrusion forming and techniques exploiting tm&learing in solidifying melts. The related
operations resulted in 1D, aligned supermolecular structures acting as the reinforcement in
SRPMs, whereby the covalent bond strength of the macromolecules was indirectly utilized.
The term Asupeumedbeallramadgt suggests that SR
semicrystalline polymebased systems. Compared to the matrix, the reinforcing structure in
them either has different crystalline and/or supermolecular (also referred to asdnagrer
structures pis given by a preform, a prefabricagd.fibre, tape and their different textile
architectures) with higher (and different) crystallinity. The 1D reinforcement can also be
generated by muklstep stretching. Related technologies, practiced for exampkére
spinning operations, are grouped into matBp éxsitu) productions of singleomponent
SRPMs. Selfreinforced poypropylene SRPP) composites, produced only from fibres or
fabrics as preforms, are classified as mstiéip products of singleomponent SRPMs, which
may exhibit 1D (unidirectional fibre alignment), 2D (fabric plies) or 3®g(braided
structure) reinfarements. In other words, when an SRPM is produced solely from preforms,
with prefabricates instead of primary granules of a given polymer, it is classified as the
product of multistep processingA commercial breakhrough with SRPMs occurred
recently. SRPP composites (also called-BIP composites) are now available on the market
under the trade names CEr\Pur«.E and Armordofi. Cunf is a singlecomponent, multstep
product usually with 2D (fabric) reinforcement, whereas Pued Armordof are twe
component, multistep versions originally with 1D reinforcement (as stretched tapes with
different PP grades in the core and surface layers). Disadvantage of these composites is the
sheetlike form. Manufactumg of this is strongly limited (only thermoformed products with
constant wall thicknes®.g.shells, panels etc.). 3D products with complex geometry cannot
be produced with conventional technologiesy(injection moulding).

The main goal of my dissertatioms to developand characterise injection mouldable

all-polypropylenecomposites.

11
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2. Literature overview

The grouping outlinedni Figure 1 will be followed in this chapte Accordingly, the
single and multtcomponent SRPMs will be treated separately by considering their

production (.e. in-situ or exsitu) and spatial reinforcing structuree( 1D, 2D or 3D).
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2.1. Singlecomponent SRPMs

In this chapter the singleomponent selfeinforced polymeric materials will be

detailed.

2.1.1. One-step (n-situ) production

A 1D seltreinforcing structure can be produced by extrusion moulding whereby the
extruder is equipped with a die having a convergeation ¢f. Figure 2). The convergent
section (with an angle of #®r higher) is foreseen to generate the molecular orientation via
extensi onal fl ow that is Afrozeno in the s
Pornnimit and Ehrenste[d] used this technique to manufacture-selhforced HDPE. It was
shown that the oriented molecules act as (self) row nuclei and trigger thetitrnof

cylindrical and shistkebabtype supermolecular structurdsgure?2).

22277

Growth of llmellle

\
\
| Molwull.r orientation
|

} >
=R SNY
! ion 3

Nucleati % % E

[ine
|
\

{cooling)

|
Relaxed melt
Splidification

Growth of lamellae

\
/ / Calibration zone

Figure 2. Scheme of the 1D supermoleculastructure formation in a die with a convergent section during
extrusion moulding [3]

As a controlling parametaf the formation of the selieinforcement, the temperature
program of the die (affecting the pressure buitdwithin) was identified. Upon cooling the
outcoming zone of the die, a high extrusion pressure could be reached, which supported the
formation d the shishkebab crystals. The sekinforced HDPE rod exhibited considerably
higher stiffness and strength and highly reduced thermal shrinkage when measured in the
reinforcing direction. Although the shidtebab structure has been known since the mid
1960s, the mechanism of its formation is still debated. Kornéehl.[5] in their recent work
proposed that long chains are not the dominant species of the shish formation as thought

13
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before. Nevertheless, the presence of long macromolecules strongly favours the mopagati

of shish. The basic prerequisites of the extrusion procedure yielding tEeisétircement

were identified as follow$6]: molecular orientation in the melt via forcedtensional flow;
processing close to the <crystallization tel
resultingstructure in the final section of the die by raising the pressure. DSC investigations
showed that the melting peak of the gelhforced HDPE was shifted towards higher
temperatures byapproximately 4 A CFarah and Bretag7] developed shednduced
crystallizationlayers in iPP via a slit die attached to a tsarew extruder. The output rate

was below 10 kg/h. The die temperature® r e s et bet ween 169 and
studies revealed that the induction time, at a given crystallization temperature, decreased as
the shear rate increased. At a given shear rate, higher crystallization temperatures gave longer
induction times. lwas observed that at a given output rate, the thickness of therstheeed
crystalline layer decreased with the increase of die temperature. Three layers were found by
SEM and TEM. Two layers were spherulitic while one layer was composed of highliedrien
lamellae.

Huanget al. [8-9] produced dé-reinforced HDPE by using a convergent die (angle
60A) and an extrusion pressure randiOne from
aut hors cooled the melt btrsibstrength of thesresaltipg t h e ¢
1.5 mm thick sheets was eight times higher than that of the conventionally extruded sheet.
The anisotropy in the sheets was detected in mechanical and tribological tests and was also
demonstrated by microhardness results. Raralthe works on PEs, PP was also discovered
as a suitable candidate for SRPM-12]. Songet al.[13] produced selfeinforced PP by a
conventional singlkscrew extruder with pressure regulation (L/D= 30xim&am pressure:

100 MPa), equi pped with a convergent die (er
(cooling) sections. The properties of the extrudate were superior to counterparts produced by

the conventional extrusion moulding. Sedinforced stuctures can also be generated by
injection moulding. The related techniques differ from one another whether the oriented
structure is created outside or within the mould. Prox and Ehrerjd#irproduced self

reinforced material using the technique of converging die injection moulding. They injected

the low temperature melt into the cavity just after the melt passed a convergent die section.
Note that this concept requires a calehould construction and wetlefined processing

conditions to avoid relaxation phenomena reducing the molecular orientation. Those injection

moulding techniques that generate the-galiforcement in the mould have become far more

14
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popular than the abowaentioned variant. They are known under sleatrolled orientation

in injection moulding (SCORIM))15-16] or oscillatng packing injectiomoulding (OPIM).

The common characteristic of these techniques is that the molecular orientation is set in the
mould by shearing/oscillation of the solidifying melt via a suitable arrangement of pistons.
The pistons start to work whehe cavity is already filled. The related mould construction
may be very different17], although m SCORIM three basic operation modes exist

(cf. Figure3).

<
7

Mold cavity Nozzle
i ) ~a— Piston A

g Al - Injection Molder
PN d Barrel

/ /
Shearing of the Melt  pouble Live

Feed Device

Figure 3. Scheme of the function of the SCORIM procedure along with the three basic operations (A, B
and C)- Mode A: the pistons are activated 18Dout of phase; Mode B: pistons are activated in phase;
Mode C: the pistons are held down a constant pressufég]
Guanet al. [19 used the OPIM to prodecselfreinforced HDPE. An injection

pressure of ca. 41 MPa was superimposed by an oscillating packing pressure (varied between
32 and 48 MPa) with a frequency of 0.3 Hz. /
and 220 and 42AC wmiereseof tieerielt anc mould, fespectivaymphe
moulded parts were subjected to mechanical and morphological tests. The stiffness and
strength of the OPIM mouldings were superior to the conventional ones. Morphological
studies revealed the presence of iaraiibrillar structure. The TEM study showed that the
microfibrillar structure was composed of shigkbab formations. Based on DSC
measurement s, the authors <concluded that t
whereas the shiskebab crystals met at 1 3 7 Aup work, Guaret al.{26] hdapied
the OPIM on PP. Studying the effects of processing conditions, the authors concluded that the
mechanical properties of the mouldings strongly depend on the operation mode and to a lesser

extent depend on the a#ation frequency, frequency/mode and frequency/time

15
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combinations. Chen and Shigii] produced biaxial selfeinforced {.e. 2D) PP by OPIM. An

oper ati on FigureBeasSeleotedjand 195 andtherange 0B20AC wer e c ho:
for the temperatures of the melt and mdourespectively. The products exhibited quite
balancedi(e. less anisotropy) static mechanical properties (strength improvements compared
to conventional injection moulding in the melt flow direction and transverse to it a0%md

40%, respectively)but further on a pronounced anisotropy in respect to impact strength was
seen (improvement to conventional moulding in the melt flow direction and transverse to it at
400 and 3040%, respectively). Kalagt al.[18, 23 investigated the influence of PP types on

the corresponding SCORIM products and deduced the basic rules on how to prepare products
with optimum properties. It is important to emphasizat tithe basic advantage of
SCORIM/OPIM is the pronounced orientation of the molecules in the whole sgogen of

the moulded parts. This is because of the repeated shearing/oscillation movements in the melt
that are acting until the melt solidifies. Th&ippresses the relaxation of the oriented
molecules. A further variant of the injection moulding resulting in-ffforcement is
vibration injection moulding (VIM), which was pioneered by éti al. [23]. The working

principle of VIM is depicted irFigure4.

Polymer Plasticizing
[ System

Mold ~<<] i 0 § .
;\;\;§~ Vibration and Injection Ram
INNNY
NN
g g N
7777, /:/ ,'///// //
) W,

| Injection| | Vibration

| System .| System
SAS
N B
Melt Chamber N
Pressure Controlling ————|— Hydraulic Pressure
System [ ] System

Figure 4. Working principle of the vibration injection moulding [23]

The ram itself is a part of both the injection and vibration systems. Without vibration,
the setup works as a conventional injection mouldiiv) (unit. However, working in the
VIM mode, pulsations occur in the injgan and holding pressure stages. This causes an
effective compression and decompression of the melt and shearing at thsoliceitterface.
Note that solidification progressed from the surface to the core of the moulding in the cavity.
For this VIM devte, the main processing parameters are vibration frequency and vibration
pressure amplitude. In the cited study, the authors used a single screw extruder as the

16
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plastification unit. The PP melt was vibrated for 25 s, and the cooling time was fixed at 20 s.
The injection pressure foM and the base pressure (BP) for VIM was 48FPa. In the latter
case, the pressure amplitudeas fixed at 19.8 MPa. The mechanical properties and
morphology of the specimens were determined. It was found that the meclpangeaties of
the VIM-produced parts were enhanced compared to conventional injection moulding. The
yield stress steeply rose with the vibration frequency in the rangéloH®. Afterwards, a
constant value was noticed for the range .82 Hz. The ten® strength increased with
increasing vibration frequency. The impact strength of PP was doubled compared to the
conventional moulding using VIM at 2.33 Hz. The crystalline structure of the-Mdduced
PP showed the simultaneous presence of the crysta)lin ando-modifications of PP.

In a companion studj24] using HDPE and setting the vibration frequency at 2.33 Hz
and the pressure amplitude at 19.8ayithe authors observed the formation of a skedtab
along with rownucleated crystalline lamellae. Their presence resulted in an upgrade of the
mechanical properties of HDPE. Attention should be paid to a widely practiced design
method in injecton modled i t e ms, to the film or +fomplasti
that the convergent (hinge) section of the moulded parts of both semicrystalline and
amorphous thermoplastics has a peculiar performance: it withstands multiple bending
movements. Nowhis design principle has been incorporated into many products of everyday
life, especially for dispensing packages.

Morphological studies on such hingg25] demonstrated the presence of strongly
oriented (1 or 2D) supermolecular structures, including dkefiab types. The hinges consist
of two highly oriented surface layers and one almost isotropic core in between. The core
exhibits a smailkized spherulic structure whereas the oriented surface layers contain shish
kebab structures. The mechanical behaviour
elastic fibreso, which show a high stiffness
oro6pl asticd hinges r eprstep@msitu) produced SRPRsaalthmlige s o f
only a given section of them is really setinforced. Some results of the previously presented

methods are summarized in Appentdieble51 cf. Figurel.

2.1.2. Multi -step (exsitu) production

Singlecomponent SRPCs can also beduced by multistep production methods,
such as dieand zonarawing, ram extrusion, hydrostatic extrusion, rolling (using various

s o | prefbrméithat are eventually produced-bne), gel drawing or spinning (where the
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fpreformd i s a di | utidne Asjphe fegden evill ses, m Imany cases the preparation

of fprfemoA and the generation of t hdinerbatinnf or ci
different stages or steps. This is the reasdry they are listed amonghe multistep
productionmethods. When the orientation and thus the creation of the reinforcing structure
takes place in the solid state of the polymee(below its melting temperature), the related

methods are referred to as sedtdhite process¢d3).

2.1.2.1. Solid phase extrusion

Developed in the early 1970s, ram extrusion involves the pressing of a solid preform
through a metallic die of conical (comgent) shape. This technique was successfully adapted
to many thermoplastics, covering not only semicrystalline (PE, PTFE, PP, PET, and PA) but
also amorphous versions (PRp|]. Major problens with the ram extrusion include: a very
low output rate due to the very high friction between the solid polymer and the die surface
and the coexistence of different morphological superstructures through thesectess of
the extrudate[27]. Legros et al. [28] studied the effects of the processing conditions
(additional use of lubricant, variation in the extrusion speed, use of apa#tevice) of the
ram extrusion on the properties of HDPE and PP rods. The experiments were performed at a
barrel area/dieexi ar ea rati o of 6. The maxi mum dr aw
extrusion speed of 0.1 mm/ s. At hi gher spee
markedly reduced for PP. For HDPE, the decrease in the draw ratio as a function of
experimenth conditions was less pronounced than for PP. An increasing draw ratio was
accompanied with enhanced crystallinity, as expected. By theufakievice, the relaxation
phenomena in the rod, after leaving the die, could be reduced. Note that this technique i
nowadays well established for the manufacturing of various RESEd products.

Using hydrostatic extrusior{26], some drawbacks of ram extrusion can be
circumvented. For example,alextrudate has a homogeneous reinforcing structure. In this
process the polymer preform is pressed with the help of a hydraulic fluid through a conical die

and the outcoming extrudate is pulled awayKigure5).

18



C k Keetty PhD Thesis

e

N \

e Ry [o——

Back Pressure \ Billet
R SN Haul off
Load
Vessel
\, //

Chamber with Pressurising Fluid ~ Heater Bands

Figure 5. Working principle of the hydrostatic extrusion process schematically26]

The hydrostatic extrusion was successfully adapted to manufacturemugdhlus
tapes and fibres even from filled (hydroxyapatite/PE) and reinforced polymers (discontinuous
glass fibrereinforced POM). Disadvantages of this process include discontinuous operati
and the very high flow stress at the exit of the die. The polymer has the highest strain rates at
the exit of the conical die, where the plastic strain is the greatest. Therategensitivity of
flow stress in soliestate extrusion increases rapiaNith plastic strain. As this situation incurs
very high flow stresses as the polymer reaches the die exit, high extrusion pressures are
therefore required[26]. The diedrawing, credited toWard et al. [26], is a further
development in this field. The change in the morphology due to the die/drawing is depicted
schematically irFigure6.

Streching and Rotation Lamella Chain
of the Lamellae Defolding Alignment

Figure 6. Scheme of chain orientatior{ 3]

The adwantageof the diedrawing is that the draw ratio can be set accordingly. This
technique was used for different polymers, like [RH, PP[30-31], PVC [26], PET [26],
PEEK[26], PVDF [26] and POM[32]. Owing to the high molecular orientation, the related
products exhibited pronounced improvements in thradglulus, strength, barrier and solvent
resistance. In addition, the extrudates were less prone to creep than the conventionally
produced counterparts. This method is used to produce PE (gas, water) and PVC pipes
(drainage) and PET containers (food stordge).
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2.1.2.2. Super drawing

A two-stage drawing technique was applied to the sdpmwing of PTFE virgin
powder by Endo and Kanamai83]. In the firststage the compressiemoulded PTFE film
was solidstatecoget r uded (extrusion draw ratio (EDR) [
Tm. The seconstage draw was made by applying a-graw technique in the temperature
range covering the statig,1of PTFE. The maximum achieved total draw ratio was 160. The

maximumt ensi |l e modul us and strength at 24AC rec¢

2.1.2.3.Rolling

Rolling processes can induce a permanent deformation in the morphology by
transforming the initial spherulitic structure to a fibrillar structure. This can be achigy
series of pairs of rolls (heated or not) and temperatonelitioning steps. Rolling is usually
preferred for semicrystalline instead of amorphous polymers because the latter show more
pronounced relaxation behavioi@6, 34. PE and PP are used for room temperature rolling,
whereby a thickness reduction ratio of uD®:1 can be reached. At high speeds (as high as
20 m/min), rolling occurs adiabatically. As a consequence, the chemical and thermal stability
of the polymer should be considered. The rolling process increases the crystalline and
amorphous molecular orieniants and thus enhances both the strength anmsbdilus of the
polymer[35]. It is well known that the plastic deformation of crystalline polymers, especially
upon dawing, is associated with cavitation. Cavitation, however, can be suppressed by
applying compressive stress during orientational drawing. This was demonstrated by Polish
researchers, whom developed a method called rolling with side cons{i3&89]. The
materials used were mostly HDPE and PP. Galp48i reviewed the structur@roperty
relationships in isotactieP and HDPE produced by rolling with side constraints. Rolling was
done in a specially constructed apparatus at various speeéd$ 1(@min for iPP and 200
mm/min for HDPE) and at different temperatures. Both the tensile modulus and ultimate
tensile stregth increased with increasing deformation ratio. The maximum
strength/deformation ratio values were 340 MPa/10.4 and 188 MPa/8.3 for iPP and HDPE,
respectively. Mohanragt al. [41] prepaed highly oriented polyacetal (POM) bars via a
constrained rolling process. In this process, the heated polymer billet is deformed in a channel
given by the circumference of the bottom roll, which provides lateral constraint to the

material when it deforsm POM was rolled below the crystalline melting temperature. The
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modulus and strength parallel to the rolling direction increased almost linearly with the

compression ratio.

2.1.2.4. Gel drawing

Via gel drawing (spinning), films and fibres can be produced frontediwlymer
solutions. This requires, however, a polymer with a high mean molecular weight and suitable
molecular weight distribution characteristics. If the molecules are less entangled in the gel,
this guarantees drawing to high degr¢é2-44]. Oriented synthetidibres of UHMWPE
(Dyneema (www.dsm.com) and SpectmamMy51.honeywell.cor)) can be formed by gel
spinning (gel drawing process) to have tensile strengths as high as 2.8 GPa. These fibres are
mostly used to produce ballistic vests covers, safety helmetgsistiant gloves, bow strings,
climbing ropes, fishing lines, spear lines for spear guns,-fpégformance sails, suspension

lines in parachutes etc. (tensile strength of the ballistic materials ~3.5 GPa).

2.1.2.5. Orientation drawing

Elyashevich and coworkergl5-46] prepared highmodulus and higistrength PE
fibres via orientation drawing. Drawing took place between the glass transigprard
melting temperature ¢J) of the given polymer. Oring orientation, the folded chain crystal
lamellae rotate, brealp, defold and finally form aligned chain crystait Figure®6).

Fibres with very high orientation (draw ratio) were produced in one or more drawing
steps. In the latter case, the isothermal drawing temperature was increased from one to the
next drawingstep. Elyasheviclet al. [45-46] manufactured (with onstep orientation) PE
fibres having an Enodulus and tensile strength of 35 and 1.2 GPa, respectively. Baranov and
Prut [47] produced ultra high modulus PP tapes by a-$vep isothermal drawing process.

The isothermal drawing of the parent film was done in a tensile testing machine equipped
with a thermostatic chamber. The first drawing occurred &@it1&4 AC, whi lor® t he
was at 1 6-Bndd@us arb IsteengtE of the tapes weré&350GPaand 1.1 GPa,
respectively. PP and PET tapes and strips are widely used for packaging purposes. Their
tensile strength ranges are 2380 and 430570 MPa for PP and PET, respectively.
Morawiec et al. [48] demonstrated that the stggh of PET, even from scrap (recycled
beverage bottles), may reach 700 MPa when suitable orientation conditions prevail. This was
demonstrated using an dine, twost ep extrusion drawing unit.

high-strength and higimodulus polyrers is well reviewed by Marikhin and Myasnikova
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[49]. This chapter helps the interested reader to also trace pioneering activities of researchers
in the related fields.

Alcock et al.[50] produced highly oriented PP tapes by extrusion and drawing steps.
The tensile delomat i on was achieved by pulling a ta
through a hot air oven to a second set of rollers @t1®0 AC. The tapes wer e
two series; Series A describes PP tapes drawn to varying draw ratios at the same drawing
temperatures, whi |l e Series B covers PP t ape
temperatures in the second drawing stage. The results showed that the density was
approxi mately <constant with an increasing d
dropped. The decrease in density was associated with a change in opacity of the tape due to
the onset of microvoiding within the tape. Karg@csiset al.[51] noticed that microvoiding
in stretched iPP tapes takes place en at o&=10. | ot alt[30)ethedensitd y o f
reached 0.73 gcma t o= 17, which indicates an al mos
undrawn tape. PP tapes posde$S GPa tensile modulus abdi50 MPa tensile strength lay
high drawn ratio (&= 17).

2.1.2.6. Hot compaction

Wardet al.[52-53|d evel oped a new method to produc
c o mp a ¢ The melatéd research started with highly oriented PE fibres and tapes. When
these preforms were put under pressure and the temperature was increased, their surface and
core showed different melting behaviours. This finding was exploited to melt thelayger
of the fibres and tapes, which after solidification (crystallization) became the matrix. The
residual part of the fibres and tapes.(their core section) acted as the reinforcement in the
resulting SRPCdf. Figure7).

0060666006000 00006000000
000000000 (0 0 O 0 0O N )
Aligned fibers or tapes During cooling the melted part recrystallises
\ and forms the matrix of the SRPC

%@mmmm
UL LU

Fiber surface melted at the
selected temperature and pressure

Figure 7. Principle sketch of hot compaction on the example of unidirectional (UD) arranged fibres]

It was found that hot compaction works well for semicrystalline, liquid crystalline and

amorphous thermoplastics as widH]. By hot compaction, different higtrength SRPMs
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were produced from PE[B5-56], PE[57-58], PEN[54], PA-6.6 [59], PPS[54], POM[6(],
PP[61], PMMA [62] and PEEK][54]. It is intuitive that the processing window during the hot
compaction of single component polymeric systems is very narrow. When the compaction
temperature approaches the melting temperature ofitine, fthe transverse strength of
composites with UEaligned (.e. 1D) reinforcement increases, albeit at a cost to the stiffness
and strength measurable in the longitudinal diredt&h (cf. Figure8). Figure8 also displays

the narrowness of the temperature range for the productions of SRPMs.
50 4 ~ 50

Fiber Young's modulus

40 4 =40

20 - — 20

Transverse strength [MPa]

Longitudinal flexural modulus [GPa]
\
\
n

T
-4 -2 Optimal 2 4

Temperature [°C]

Figure 8. Longitudinal flexural modulus 60) and t r an s v evs.compactidntempeaturh of ( y')
melt spun polyethylene fibreq3]

It was also reported that in order to set optimum mechanical properties, a given
amount of the fibre should melt and work later as the matrix. This was given by ca. 10% of
the crosssection (.e. outer slell) of the fibre. This value is very closely matched with the
amount that is required to fill the spatial voids between those fibres that adapt a hexagonal
like crosssection owing to the acting pressure. The hexagonal shaping of the initially
spherical ibres along with the formation of a transcrystalline layer between the residual fibre
(core) and formed matrix have been proy@§. Ratneret al.[64] experienced an additional
surface crosslinking during hot compactiof UHMWPE fibres. The surface of the fibres was
coated by a solution containing peroxide prior to the hot compaction (T E118® A C,
pressure: 31 MPa, time: 30 min). In this way, the stress transfer between the residual fibre
(reinforcement) and the né&wformed matrix has been improved compared to-tneated
versions. Here it is appropriate to draw attention to the effect of the transcrystalline layer,
which is controversial from the point of view of fibre/matrix adhesion. Though the

development of théranscrystalline layer is necessary, its internal bupgdmay be of great
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relevance, as outlined by Karg€ocsis[65]. Ratneret al. [66] found that the crofisked
interphase between fibre and matrix is more beneficial than the usual transcrystalline one,
especially when longerm properties like fatigue are considered. Henel. [57] produced
SRPMs using fabricsi.€. 2D reinforcement) composed of highodulus PE fibres (E
modulus: 42 GPa). With increasing hot compaction temperature, it was established that the
melted proportion of the fibres increased and the crystallinity of the formed matrix became
markedly less tha that of the initial fibres. A further important finding was that the
processing temperature for 2D fabrics was higher than for UD (1D) aligned fibres. This is
because an assembly of woven fabrics has more interstitial space to be filled with the matrix
than a parallelized 1D fibre one. The quality of the related SRPM was measured by interlayer
T-peel tests. The-peel strength increased steeply with the matrix fraction (up to 30%) and
reached a constant value afterwards.

Based on tensile tests and detdiimorphological studies, the authors quoted that the
final matrix content should be between 20 and 30% in order to set optimum properties for
SRPMs from woven fabric layers. It was also emphasized that the processing window for 2D
fabrics is even smallehan that for 1D fibres or tapes. However, UHMWPE loses its stiffness
and strength and becomes prone toward creep with increasing temperature. To overcome this
problem, the UHMWPE -Hrradatior to trigger their crosslipkon®%.d t o o
Orenchet al. [67] performed a comparative study on SRPMs produced from commercially
available highstrength fibres and tapes (SpeEtrE)yneemE). Due to the low temperature
resistance of PE, the hot companti@search shifted to HB1]. This direction yielded new
insights, such as that PP should be kept under high pressure during heating to the compaction
temperature to pwvent its thermal shrinkage.

Hine et al.[68] compacted PP tapes from fibrillated woven PP in both open and closed
moulds. Based on flexural tesand morphological inspection, the optimum processing
conditions were defined. Tecka al. [69 manufactured 2nm thick sheets from woven
fabrics consisting of higltrength PP fibres. The fabric layers were subjected to a 2.8 MPa
pressure until the compaction tempdrur e (varying between 166 a
This temperature was kept for 10 min before raising the pressure suddenly to 7 MPa and
mai ntaining this during cooling to 100AC, w |
temperatures, the voids withthe woven structure were not completely filled, while at high
temperatures too much matrix was produced and thus the reinforcement content diminished. It

was claimed that the final matrix content should be between 20 and 30% for good quality
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products. Itis worth noting that the heating of the related preform to the compaction
temperature is accompanied by the release of its internal stress state. Due to the high pressure
applied, the material melts under constraint conditions, so its melting occursigitea h
temperature than under normal conditions. This is the reason why the optimum hot
compaction temperature is close, and even above, the usual melting under unconstrained
conditions. Jordan and coworkefg0-72] studied the effects of hot compaction on the
performance of PE and PP tapes and fabrics. The latter differed in their mean molecular
weights, which influenced the consolidation quality assesseekbbydsts.

Bozecet al. [73] investigated the thermal expansion of seihforced PE and PP
containing 2D i(e. woven fabric) reinforcements. Good quality products were received under
the following conditionsPP:i@=B: MPas 0. =5 1MBaC
shrinkage, Emodulus and linear thermal expansion coefficient of the corresponding SRPMs
were determined. It was reported that especially the PP systems were sensitive to changes in
the compaction conditions. Hiret al.[74] devoted a study to determine whether the insertion
of film layers between the fabrics to be compactsits in improved consolidation quality,
as wel |l as whether this #Ainterleaving conce
processing. Note that this method is basically a combination of hot compaction and film
stacking (to be discussed later). Thigategy yielded the expected results: the consolidation
quality was improved (well reflected in the mechanical property profile), the interlayer tear
strength enhanced, and the processing temperature interval enlarged. This approach was also
followed for PP fibres.

McKown and Cantwel[75] studied the strainate sensitivity of a hetompacted, self
reinforced PP composite. The SRPP specimens were subjected to stramarrgiteg from
10“to 10 &*. The SRPP composite showed similar characteristics to the neat PP material in
respect to the streisstrain behaviour with increasing strain rate. Stiffening of the material in
the elastic region was followed by enhanced yialdsstand maximum stress with increasing
strain rate. Parallel to that, the stréarfailure was reduced. The failure mode of the SRPP
composite was characterized by longitudinal fibre fracture with varying degree epiyter
delamination over the dynamiensile loading range studied. Prosseal. [76] investigated
the thermoformability of hot compact&P sheets with 2D reinforcement (woven fabric). It
was reported that the sebinforced PP sheets experienced considerable work hardening,

according to irplane tensile tests performed at high temperatafeBigure9).
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Figure 9. Effects of testing temperature on the stresstrain behaviour of seltreinforced PP with 2D

reinforcement, schematically. (a) dependence of yiel
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The authors observed that the optimum thermoforming temperature is wsgytol
that of the melting of the matrix formed by recrystallization of rtredtedpart of the parent
fibrel/lt apeal[7R ctodied they/fracture and failure behaviour of woven fabric
reinforced seklreinforced PP (Cuﬁb, making use of mechanical fracture concepts and
recording the acoustic emission during the loading ofsipecimens. The latter technique
proved to be well suited to characterize the consolidation quality. Jestkahg 78] prepared
a range of flat hetcompacted singkpolymer composite panels from oriented PP and PE. The
panels differed in their dynamic modulus and damping capacity values. SRPMs were
subjected to mechanical excitation, allowihgit acoustic frequency responses over the audio
bandwidth to be measured. The results showed the correlation of mechanical and acoustic
frequency response functions with the dynamic modulus, damping and specific modulus of
the panel materials. The ideadmabination of material properties to maximize the acoustic
output of the panels was given by: high stiffness and low density to reduce the impedance of
the panel and low damping to enhance the efficiency. One major goal of the hot compaction
technology wago offer lightweight and easily recyclable thermoplastic composites to the
transportation sector. As further application fields, sporting goods, safety helmets, covers and
shells (also for luggage) were identified. Hot compacted PP sheets from wovemiBfdee
marketed under the trade name of (;Eu(www.curvonline.com). As mentioned before, the
hot compaction method was successfully transferred to many other polymers, like
multifilament assemblies of PET and PEBS, 79, PA-6.6 [59], POM and PP$54], PEEK
[54] and even PMMA62]. Needless to say, the optimum compaction conditions are strongly

materialdependent.
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2.1.2.7. Production by film stacking

During film stacking, the reinforcing layers are sandwichetietween the matrix
giving film | ayers before the whole fApackag
pressure, the matrgiving material, that has a lower melting temperature than the
reinforcement, melts and infiltrates the reinforcing structure accordiRglyall that both the
matrix and the reinforcement are given by the same polymer or polymer family. The film

stacking procedure is highlightedkingure 10.

l// / ’ b /
Reinforcements §E

Matrix layers
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/ /’/'/’/ y
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Figure 10. Scheme of the composite processing via film stackifg]

The necessary difference in the melting temperatures between the matrix and the
reinforcement can be set by using different polymer graglesdopolymers for the matrix
and homopolymers for the reinfement, which per definition belongs to the multi
component SRPMs) or polymorpled.lower melting modification for the matrix and higher
melting one for the reinforcement; this concept yields a siogheponent SRPM). It is of
great importance to havelarge enough difference between the melting temperatures of the
composite constituents. Accordingly, the matoxming grade melts and wets out of the
reinforcing structure without causing a temperature induced degradation in the stiffness and
strength othe reinforcement, or at least keeping it at an acceptable level. Those thermoplastic
systems, which can be used to produce singled multtcomponent SRPMs via film

stacking, are summarized Trable 1.
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Composite Matrix Reinforcement PHECESEINE t(en;g_le_rz)iture range
LDPE UHMWPE fibre 204 0 AC
PE HDPE UHMWPE fibre 204 0 AC
b-PP* highly oriented iPP fibre 20AC
PP random PP copolymer| highly oriented iPP fibre 25AC
iPP* highly oriented iPP fibre 810AC
PETG PET fibre 406 0 AC
Polyester PETG PEN fibre 152 0 AC
CBT PBT 608 0 AC
LCP LCP LCP (Vectrafi M) 25AC

Table 1. Possible polymer pairs to produce SRPMs; * single component SRPNproduction occurs via
liquid composite moulding[3]

In the followup section, we shall treat only the single component SRPM versions.

B 8§ r ®traly{80-83] producedifferent PRbased SRPMs. For reinforcement, highly oriented

fibres in different textile architectures (carded mat, carded and rpexbdhed mat, Hhaid

fibres in knitted fabrics) were used, whereas for matrices either PP fibres of lower orientation

(the same textile assemblies as indicated above) ombeteaed PP films were selected.

Note that some of the above preforms do not even contain interleaving films and thus do not

fall strictly under the heading of film stacking. The matyixing phase in them is either a

discontinuous fibre or a knitted fabric. W&theless, their consolidation occurs by hot

pressing as in the case of film stacking. One consideration is that the melting temperature of

the betamodification of isotactic PP isore thar2 0 A C

ower t hdomm[&84h e

Us uc:

The betamodification can be achieved by incorporating a selective beta nucleating agent in

the PP through melt compoundif§5]. The concept of this alpha (reinforcement)/beta

(matrix) combination should be credited to Karg@rcsis[86]. The consolidation quality of
B 8et &.{8Y] was mostly studied as a functiof

the allPP composites producddy
processing conditionsyiz. temperature. With increasing temperatures, the stiffness and

strengthincreased and the resistance to theaddtfilanetype perforation impact decreases.

The consolidation quality of the layered composite laminates could be well qualified by the

i nt er |

ami nar

t etalr[81-87 later nsgd RP.fabrifgv®wverg typg from split

yarns) as the reinforcement and beteleated PP film as the matgxving material. As

mentioned above, the benefit of the betadification is the widening of the melting

temperature range between the reinforcement and the &g} iXVith increasingprocessing

(pressing) temperature, the consolidation qualias improved. Parallel to that, the density,

the tensile and flexural stiffness and the strength increased, whereas the penetration impact
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resistance diminished. The authgm®ved by polarized light microscopy the presence of a

transcrystalline layer between the PP reinforcement and PP nahtfig(re11l).

Figure 11. Transcrystalline layer of PP fibre andi -rPP matrix [3]

| z er a n[83] nBaBufa@urey alPP compositeby direct hot pressing of suitable
textile assemblies. As indicated above, these assemblies contained both the reinforcement and
matrix-giving phases in form of fibres with different orientations (draw ratios). Recallhbat t
latter is the guarantee for a small difference in the melting temperatures, which was used in
this case. Abrahanet al. [89] produced alPP composites with tape reinforcement by
exploiting the difference in the melting behaviour gihel and betpolymorphs. The alpha
PP tapes were arranged in UD and ciagg CP) manners by winding, putting betacleated
PP films inbetween the related reinforcing tape layers. The stiffness as a function of
temperature of the corresponding compasitas determined by dynamic mechanical thermal
analysis (DMTA).

Bhattacharyyeet al. [90] prepared an SRPM by combinitgt compaction and film
stacking. High tenacity P& yarn was used as reinforcementd d@A-6 film (from pellet3
was used as matrix. The yarn was subjected t
to get a higher melting point. Two yarn layers were sandwiched in between two matrix films
and subjected to compression meofllsNPa.dvitet 200
the combination of these two techniques, good wetting properties were achieved and materials
with excellent mechanical properties were produced. The tensile modulus and strength of the
composites were improved by 200 and i30@0%, respeotely, compared to the initial
isotropic matrix film. An overview on the production methods, conditions and product
characteristics of singleomponent SRPMs produced in mugtep éxsitu) processing is

given in AppendixTable6. T cf. Figurel.
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2.2. Multi -component SRPMs

SRPMs can also be produced by the combination of polymers that belong to the same
family of polymeric materials. The major goal during their preparation is the achievement of
good adhesion (bonding) between the reinforcing and ragitring polymer phased.ike the
singlecomponent SRPMs, the reinforcing structure may be generated in- ging#étu) or
multi-step €éxsitu) operations. Accordingly, a similar grouping as before can also be followed
here. Next, the different variants will be briefly introed.

2.2.1. Single-step (in situ) production

2.2.1.1. Multi-component extrusion yielding seHinforced structures

The extrusion die with a convergent section allowed us to set a unidirectional (1D)
molecular alignment in situ, which will work as the reinforcement owiog the
supermolecular structure formed by the crystallization. Ghexh. [91] solved the problem of
biaxial orientation(2D), however, by using a specially designed-fah shaped(bi-cuneal

shape) extrusion die, as depictedrigurel12.
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Figure 12. Schematic representation of the selfeinforcing sheet extrusion die: (1) temperature controlling
oil bath, (2) the straight section, (3), the convergg section, and (4) double functional temperaturge
pressure sensof91]
Composites with planar reinforcement were produced via this die from HDPE and
HDPE/UHMWPE blends using a singéerew extruder. The mouldemperaturewas
controlled withoil (T=126137 AC) , and the optwashbetweepfiS c e s s i
and 30 MPa. Uder conventional extrusioconditions, the tensile strength of the extruded

sheetwas comparable to conventionally ulded HDPE samplesThe tensile strength was
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almost the same in botihhe machine (MD) and the transverse directions (TD). {Ehsile
strergths of the HDPE/UHMWPE in the extrusi@md transverse directions were six and
three times higherrespectively, than those of the related traditionally produsieeet
(HDPE).

2.2.1.2. Multi-component SCORIM/OPIM
Zhang et al. [92-93] processed LDPE/HDPE and HDPE/PP blends by etdier

introduced OPIM technique (oscillationefjuency:0.3 Hz). It was established that with
increasing LDPE content the tensile strength diminishes, whereas the toughness increases for
the LDPE/HDPE blends. Morphological studies confirmed the onset of alssibtype
supermolecular structure. Thensile strength of the HDPE/PP blends could also be markedly
increased (fivefold) when the PP content remained below 10 wt%. Zbaral. [94]
investigated the performance of HDPE/UHMWREhen processed by the SCORIM
technique. Tribological tests showed that the wear resistance of the relstiewh syas ca.

50% better than that of traditionally molded specimeXigpendix Table 7 displays the
production methods, conditionand product characteristics of muittmponent SRPMs

produced in singkstep (in situ) processingcf. Figurel.

2.2.2. Multi -step production

The first publication of this processing version should be credited to Capiati and Porter
[95]. They combinedHDPEs with different melting characteristics. The hrgbdulus fibres
(reinforcement) melted at 1A0Cwhile the matrixg i vi ng HDPE mel t PEH at
fiore was embedded in themelted HDPE wusing a special rheometer. After
cooling/solidification, the fibre in this singlibre reinforced composite was subjected to a
pull-out test. It was reported that the interfacial shear strength was comparahteatviththe
glass fibre/epoxy system. Moreover, the presence of a transcrystalline layer was detected at

the fibre/matrix surface.

2.2.2.1. Consolidation of coextruded tapes

The development of SRPMs is best reflected by searching for options that amplify the
difference between the melting of the reinforcement and the matrix. Recall that this range was
highly limited for hot compaction. Peij96] developed @oextrusion technique for which the
melting temperaturaifference between the compiesiconstituents reached iZ20 A C . The
i nvention was to Acoato a PP homopol ymer t
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continuous coextrusion process. Note that a copolymer melts always at lower temperatures
than the corresponding homopolymer, owimgits less regular molecular structure. The

coextruded tape was stretched additionally in-steps ¢f. Figure13).

»A” extruder ,,B” extruder
(copolymer) (homopolymer)
l H\ J Tape collection
TR u\yfi bobbin
DV

co-extrusion -, 1'5 O OL:O O
= oS T o5 | o5

1st drawing oven 2nd drawing oven

Figure 13. Co-extrusion technology with additional stretching to produce highkstrength tapes[97]

This resulted in higimodulus, higkstrength tapes. The primary tapes could be
assembled in different ways: as in composite laminatesbip|yly structures with different
tape orientations, such as U&8f.Figure14) and CP)or integrated in various textile structures

(e.g.woven fabrics).

L1 | | NN | |

| | Nl [ |
| | O

\
Oriented homopolymer Co-extruded copolymer Consolidated composite
core skin layer

Figure 14. Production of composites with UD tape alignment from coextruded tap€g$]

The consolidation of the related assemblies occurred by hot pressing. The advantage
of this method is that the reinforcement (core) content of the tape may be as high as ca. 80%.
This, along with the higldraw ratio, yielded tapes of excellent mechanical properties (E
modulus > 6 GPa, tensile strength > 200 MPa). Caletesth[98] prepared alPPcomposites
from UD and woven fabric assemblies of coextrutigzes. For the consolidation of the UD
composites, a 17 MPa pressure was used and the temperature covered the range between 140
and 170AC. The time was kept c omsedlwsoftthe( 15 m
laminates, measured both in the tape direction and transverse to it, was not much affected by

the processing temperature. In contrast, the interlaminar tear strength was improved by
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increasing the temperature, well reflecting the improvemetitarconsolidation quality. The
woven fabriereinforced composites were subjected to falling dart (perforation impact) tests.
Based on the related specifice( thicknessrelated) perforation impact energy data, the all
PP composites outperformed both ghass fibre (GF) matthree times higher) and flax mat
reinforced counterparts (six times higher). Alcaakal. [99] manufactured UD composite
sheets by winding the coextruded tapes onegallic frame that was later put-ibetween the
plates of a press operated in the temperature interval of Ti118® A C .

The properties of the comptes were determined in mechanical investigations,
whereas the reinforcement content (reaching 90 wt%) was determined via microscopic
investigations. As usual, for all UReinforced composites, both the tensilenBdulus and
strength decreased with increagiangle between the reinforcing and loading directions (off
set) during their testing. The transverse compressive strength (10 MPa) was not affected by
the pressing temperature. The results received were compared with those measured on 50
wt% UD GFreinforced PP composites. Although the 4@&F PP composite performed better
than the alPP material, the latter took the lead with respect to the related speeific (
densityrelated) properties. In followp studies, Alcoclet al.[97, 100103 investigated the
structuré property relationships in aPP composites produced from woven fabdosposed
of coextruded tapes. When the consolidation
under low pressures (p = 0.1 MPa), the sheets exhibited excellent resistance to the perforation
iImpact. This was traced to an intensive delamination betviee fabric layers that was
triggered during this higspeed perforation process.

Up to a 2 mm sheet thickness, the perforation energy increased linearly with the sheet
thickness. Ballistic test results confirmed that the performance of composite Bbeets
Puré tape is comparable with that of the stafeart ballistic materials. The authors draw
attention to the fact that the mechanical performance of tHePalomposites, which contain
fabrics of coextruded tapes, can be optimized upon requestldstisg suitable textile
architectures and hot pressing/consolidation parameters (pressure, temperature). Barkoula
al. [104] investigated the fatiguperformance of PP tapes and woven tape faeridorced
all-PP composites. They found thaé tendurance limit (or fatigue threshold, below which no
fatigueinduced property reduction occurs), controlled by the onset of delimitation, is strongly
affected by the processing temperature. The fatigue threshold of the optimum processed
composite was &5% of the static tensile strength. This is markedly higher than that of GF
matreinforced PP composites, which show a range 0#i@% [105. Banik et al.[106-107]
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studied the shoiterm creep performancs coextrudeddpereinforced PP compositegith
both UD and CPtype tape layups. The related sheets were produced by vacuum bagging in
an autoclave (which is almost exclusively used for thermoset composite production) under a
2.4 MPa pressur e arxaal adep tdsts werelp8ridrhél.in alDMEA f | e
device in the temperature range ofi 800 A C . It was reported that
composite layup. By adopting the temperatdiene superposition principle to the shtetm
creep results, a master cunwas constructed that predicted the ldagn creep at a given
temperature.

Kim et al.[10§ also studied the creep respogall-PP composites and emphasized
that small changes in the processing conditions have a pronounced effect on the creep
behaviour. It is noteworthy that composites from coextruded PP tapes in different assemblies
were prauced by various techniques, such as hot pressing, tape wifth8h stamp
forming andvacuumbag/autoclaving110-111]. Moreover, the related sheets weredisor
the facecovering of different sandwich structures with cores including honeycomb structures
and foams. The face sheeting occurred with or witldditional primef112. Recall that the
coextruded PP tapes are known undbe trade names of PGreand Armordofi

(www.purecomposites.com; www.armordon.com).

2.2.2.2. Film stacking

This technique is usually used for SRPMs in which the constituents are from the same
polymer family. Shalonet al. [113 produced higkstrengthPE fibre- (Spectrﬁ) reinforced
HDPE conposites by winding the fibre in a unidirectional manner and sandwiching the
HDPE films inbetween the wound fibre layers. The reinforcing fibre content in the UD
assembly was 80 wt %. lts consolidation occur
Samples were subjected to tensile tests with variation of the loading direction in respect to the
UD fibre alignment (offaxis tests). As expected, the tensile modulus, yield stress and
resistance to fracture were all higher when theagi$ angle was smal. Houshyar and
Shankq114] used a mat from PP homopolynidares asthe reinforcement (fixed at 50 wt%)
and PP copolymer film as the matgwing material. The difference in their melting
temperatures va c a . 16 AC according to DSC massul ts.
vari ed. The hot consolidation occurred betw
increasing diameter of the mat fibres, both the stiffness and the strength of the composites
increagd. The surface of the homopolymer PP fibre acted as a heterogeneous nucleator and

initiated transcrystalline growth. In followp studies[11511€, it was demonstrated that
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with increasingdiameter of the reinforcing Plibre, the void content ithe composite can be
reduced. The maximum strength was reachibdn the diameter of the fibre was 68.0m.
The creep results of the related composites, which were also modelled by the Burgers model,
demonstrated that increasing reinforcing fibre content was accompanied by increasing
resistance to creep.

The objectv e o f further st udi[ldEl1l8owas tb desluceS h a n k
possibleeffects of different textile architectures (covering both-mmven and woven ones)
on the mechanicalrpperties of the related @lP composites. During the consolidation, they
were subjected to a | ow pressure (ca. 0.01
results showed that the properties of the woven composites strongly depend on the woven
geomety. The composite with the satin cloth delivered the best properties. This was due to
the advantages of the satin parameters, such as the long float length, higloriterg few
interlace points and loose pattern. It is noteworthy that the authors bsederm
Acompactiono even though this is reserved
reinforcing phase becomeaseltedand thus overtakes the role of the matrix after cooling. This
Is not the case in film stacking, where the melting temperatufesakinforcing fibre or tape
is usually not surpassed. In order to improve the energy absorption capability of the resulting
composites, Houshyar and Sharjkd9 modified the matrix. This was done by extrusion
melt compoundingf the matrixgiving PP copolymer with ethyler@opylene rubber (EPR;
up to 30 wt%) with followup sheeting.

B 8 r ®traly[12( prepared composites using randBf copolymer films and carded
and needle punchethats as matrix and reinforcing phases, respectively. The nominal
reinforcement content was 50 wt%. The consolidation was performed at different
temperatures in the range of T=1806 5 A C. Consolidation at 15
performance, whereas that abe T=165AC did not yield addit,]
B 8§ r &nal [81-82] also studied the perforation impact resistancealbPP composites
containingfabrics wovenfrom highly stretched split PP yarns as reinforcement and films
composed of both alpha and betease random PP copolymers as magnisng materials.
The betamodification was produced by using a selective dmeigeant (Calcium salt of
suberic acid (Casub). The perforation impact resistance of the composite with- beta
nucl eated random PP copolymer was hflZzflher t h
estimated the lonterm flexural creep ofelf-reinforced polypopylene composites based on

shortterm creep tests performed at different temperatures. An Arrhgmasrelationship
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was used to shift the related creep data along the time axis. It was found that with improved
consolidation (increasing processing tenapere) the creep compliance decreased. Moreover,
good correlations were found between the creep compliance and density and between the
creep compliance and interlayer peel strength.

Abrahamet al.[89] produced higkstrength alpha PP homopolymer tapes by a single
step hot stretching technique and used this as UD or CP reinforcement inaiphaeta
phase random PP copolymer matrices. The interphase between the reinforcement and matrix
was composed of a transcrystad layer that was larger in the bethan in the alphg@hase
random PP copolymer matrix. This finding was traced to the fact that the composite with
betanucleated matrix performed better than the alpha version. Kitagaaig 122 produced
SRPMs from PFhomopolymer ibres (reinforcement) and a random PP copolymer (matrix)
by film stacking and studied the interphase formed. Here, a transcrystalline layer was
resolved, the structure of which changed with the consolidation tempeicttiigre15).

e

Fiber 7111

Figure 15. Lamellar structure within the transcrystalline layer as a function of the consolidation
temperature [127
The lamellar structure, depicted kigure 16, can be stretched upon loading without
detaching from the surface of the reinforcing PP homopolymer fibre, which is very beneficial
in composites. Recall that the lamellar structuring in the transcrystalline layer for optimum
stress transfer from thmatrix to the fibre, proposed by Kargi€ocsiset al.[123, is very
similar to that inFigure15 (cf. Figure16).
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Figure 16. Hypothesized interphase with lamellar interlocking and amorphous phasas adherent for the
transcrystalline layer initiated by flat-on type lamellar gowth on fibre surface [123

The recycling via melt processing of erend two component aPP composites has
already been topic of investigatiofi24]. Ruanet al.[125 manufactured nanoparticfdled
selfreinforced PP composites, favhich they used fumed SjCas the nanoparticle. The
nanoparticles were preheated at 140AC wunder
(butyl acrylate) and the nanopartickesd a certain amount of solvent was irradiated by 60Co
-ray in air at a dose rate of 80 kGy. The resultant, poly(butyl acrylate) (PBA) grafted nano
SiO; (SiO,-g-PBA) with a percent grafting of 3.35%, was used for the subsequent composite
manufacturing. Udtreated or treated nasoi | i ca was melt compounded
the mixer. The content of nanosilica in all of the composites was 1.36 vol%. The sheets of
SiO,/PP were produced by hot pressing, and then the sheets were hot drawn under a
temperatue slightly lower than the méiigt e mper at ure of PP (150AC)
A film with a thickness of 0.05nm was blown from the random PP copolymer by extrusion
film blowing. Finally, the stretched sheets were fdtacked with copolymer films bg
specially designed mould and were hot pressed at different processing temperaturesi (T = 150
175AC) and hol di n5 Mpa) éos e aomstarg holdipg time of 100min.
According to the mechanical properties reported, the incorporation of andictgs into the
polymer matrix improved the mechanical properties of therseiforced composites.

Pegorettiet al.[126-128 used thermoplastic liquicrystaline polyestefibres for both
the reinforcemenfVectrat HS, Tn= 33 0AC) and tHhM Thmat27 &AQ)V.ec
Unidirectional composites were prepared in a-stage process. At first, both VectFan!
and HS aseceived fibres were wound on an open metal frame, and after winding the LCP
was <consolidated in a hot press. An opti mur
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deduced and was associated with the lowest void content and highest mechaaigéh.str
Matabolaet al. [129 used PMMA electrospun nanofibres as reinforcement and PMMA fo
as matrix material. Composite structure was hot pressed followingsfdoking method.
Processing temperatuie f 150AC was adequat e fcompositehe pr e
Dynamic mechanical tests were performed in a DMA device. The results showed that the
composites generally showed an improvement in compared to the neat PMMA matrix. The
increases in the stiffness (up to 83%) and glass transition temperatureso(upl 0 A C) of
composites were pronounced in the case of a 10 wt% namlofdaling.

Chenet al.[130 prepared selfeinforced PET composites witthim -stacking method.
For the composite biodegradable polyester matrix and PET yarn applied. Results showed that
the selfreinforced PET compositdisplay significant improvement in their tensile, flexural,
and impact propeds when compared to the polyester matrix material. The absorbed impact
energy of the best composites was 63 times that of pure polyester resiet &/j131]]
investigated selfeinforced PET composite with biodegradable polyester matrix also.
Appendix Table 8 lists the productiormethods, conditions and product characteristics of

multi-component SRPMs produced in migtep (ex situprocessing cf. Figurel.

2.3. Fibre reinforced polymer composites by conventional injection

moulding

The injection moulded products can beefiland reinforedwith natural and artificial
fillers (e.g.glass beds wood, carbon black, carbon nanotube) and reinforcersamtgfass,
carbon, basalt fibre) to chamghe properties of the raw materi@hermoplastic matrixg.g.

PP, PA). Using these materials the mechanical properties (impact and abrasion resistance,
stiffness, antistatic behaviour and strength) can be increased and the shrinkage, heat
expansion can be decrea$#d2133.

The number of the publications about the injection moulded fibre reinforced
compositess very numerous and articles about the injection mouldedeiafiorced (or aH
polymer) composites with multi component have beenpublished yetIn this chapter
general properties of the (glass) fibre reinforced compogitaduced by injection moulding

technique will be summarized.
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2.3.1. Shrinkage and warpage of the injection moulded products

The dimensional accuracy is the one of the most impoptiaterty of the injection
moulded productsShrinkage means the decreasing dimension under the caodtifeythe
warpage means the deformation of the product which is caused by shrinkage on different
areas Shrinkage depends on the applied materials, psiog parameters and the mould
(product) geometry. Two types of shrinkage can be separated. The first is a linear (depends on
the mould geometry) and the second is the volumetric shrinkage (forecastsafkthmark.

The shrinkage (% of the injection malded products can be calculated with the following
equation134:

Y — e, (1)

where thd_y is the mould and the;is the productinearmeasure on defined place.

Theshrinkage depends on time therefore three phases can be separated in time. The first is the
in-mould shrinkage, the second is the technologicain@sld) shrinkage whicks interpreted

after the mould opening (~1 h) and the third is the post shrinkagehvghtaused byong-

term postcrystallization, aging, and other morphological effects. Theuroform shrinkage

and warpage are reducible to the different shrinkage in flow and transversal direction (caused
by different orientationFigure 17)), nonuniform cooling, material anisotropy and thermal

stresses which caused by geometry

Shrinkage difference
Cooling

[ -

Gate _~“Effect of the orientation

-

In the injection moulded products skiore structure usually forms by the melt flow which

Figure 17. Effect of the orientation on the shrinkage[134]

makes the fibre orientation differethiroughthe cross sectiofFigure18).
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Figure 18. Skin-core structure under injection moulding[134]

Shrinkage can be reducéd many ways. The most inoptant alternatives are the
followings: increags ofthe holding pressurevenof the wall thicknesstubeor rib and gate
configuration optimizing injection pointsapplication ofconstant mould temperature and use
of filler materials.Dueto material morphologghrinkagecould vary high crystallnity shows
higher shrinkage effediecause the volume difference of the melt and solid (order) phase is
high. The publications are shown that using reinforcemengsglass fibresihe shrinkagen
flow direction can be decreakemuch more than in cross flow directifitBy. The warpage
is increased with shrinkage differer{d84, 136137 which can be decreasedth optimizing
the processingarameter$l138-139.

2.3.2. Effect of the fibre length and content on the properties of injection

moulded fibre reinforced composites

Advantage of the fibre reinforced thermoplastic polymer composites is the better
strength/weight and stiffness/weight ratio compate the metals. The properties of the
thermalastic polymer composites are influenced by the length and concentration of the
applied reinforcement. As reinforcement material sffdser length =0.2-0.4 mm) and long
fibre (fibore length = 3.06.0 mm) can be applied14(d. Thomasonet al. [141-143
demonstrated thatsing long fpitial length=12.5 mm) glass fibre and PP matrix significant
improvements in (room temperature) tensile arekdtal streagth and unnotched impact
resistancecould be achieved. dng fibre reinforcedPP shows increasingly higher modulus
over Sort fibre reinforcedPP as the strain is increased. The applied fibre content8 (0
wt%) show that the modulus of the composites increlasearly with fibre volume fraction.
Strength and notched impact performance show a maximum in t6@ 4@%. It wasfound
that the fibre content increasasthe average fibre length decreases. Kuetal. [144] used

3, 6 and 9 mm pellets to produce long fibre reinforced compofteinjection mailding.
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Results demonstratethat flexural strength, stiffness and impact stréngncreasedby
increasindibre length.
The biggestdisadvantages of the glass fibre reinforcement are the fibre breaking (under the
process), abrasion load to the screw, nozzle and mould. Achievable reinforcing efficiency
depends on the following parametgtd0, 145144:

A Available fibre,

A Critical fibre length (calculated from KeHlyyson relation),

A Fibre orientation.

Aspect of the technology, skcore structure (fibre orientation) is very important.

Fibre direction in the skin layes parallel to the flow direction while in the core region it is
distributedperpendicular to the flowhe parameters of the technology affect the -skire
structue. When the filling time is shothusthe injectionspeeds high thin skin layer can be
achieved.

2.4. Summary of the literature, aims of the dissertation

The literatureoverview confirmed that the literature of the sealgéinforced polymer
materials and compositas very wide. Tke selfreinforced polymer materialeave been
intensivdy exploredfor along time but it has notyet beengroupel. Besidesthe achieved
results (mechanical propées, reinforcing directiorldimensions etc.) with different
processing techniques cannot smmarized Consequentlya new grouping of the self
reinforced materialkcould be made which has ngtet beenpublished.From the applied
components two large grosipgsingle and mukcomponent SRPMs) can be made. These
groups can be separatedd many small sulgroups which show the steps of the
material/composite production and the dimensadnthe evolved reinforcement structure.
From the literature it can be condkd that the reinforcing part in the materials can beredsu
by molecular orientation (molecular chain orientation and defrostingyitbr pre-oriented
structure €.g.highly oriented PP fibre). Using molecular orientation techniquerseiforced
product can be directly produced in ys&t direction (using.g.hydrostatic or selfeinforced
extrusion).

To produce preriented structure (number aklated article is the hghest) hot
compaction, consolidation of coextruded tapes anddtimcking methodarewidespreadin
hot compaction techniguarientedthermoplastic fibers were used and laid to a metalldno

Putting these @forms underpressure and temperature, theinrface and core showed
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different melting behaviar. This finding was exploited to bring the outer layer of the fibers

and tapes into melt, which aftsolidification (crystallization) overtook the role of the matrix,

whereas their residual paiteg| core)acted as the reinforcement in the resulting composite.

The product of this technique hasry good mechanical properties. The disadvantage of this
method is the narrow processingindow (35 A C) whi ch requires a |
production. This technigueas initially developed fomeltspun polyethylene fibeaind later

adapted to practically all fiberformirggmicrystdine thermoplasticse(g.PE, PP, PET, PA66

etc.)from which fibers can be produced.

To enlarge the processingindow of hot compactionand thereby to improve
consolidationcoextrusion and filrstackingtechnique were developedNith coextrusion e
i nventi on wa ©iomopolynferctape frotn bath siBeB by a copolymer through a
continuous coextrusion proceddote that a copolymealways melts at lower temperature
than the correspondingomopolymer owing to its less regular molecular structure. The
coextruded tape was stretchadditionally in twasteps. This resulted in highodulus, high
strength tapes. The primatgpes could bessembled in different ways: as in composite
laminates (ply by ply) structureith different tape orientation, such as UD or integrated in
various textile structurg®.g. woven fabrics)

The third method to improve the consolidatiwas the filmstacking During this
technique the reinforcing layers are sandwiched in between the fp&ing film layers
before the whole fAipackageo is subjected to
having lower melting temperature than the reinforcementsnaalinfiltrates the reinforcing
structure accordingly. Recall that both matrix and reinforcementgaen by the same
polymer or polymer family. The advantage of these methods is an enlprgeessing
window from the vewpoint of the temperature (2D A C) .

The achived results of the differenh-situ; exsitu) techniques are concluded in the
appendices irtabular form. The main disadvantag®f the developed techniquese the
design problemsir-situ techniques) of the reinforcement phase in thedgpecd and the
stronglylimited forms pnly thermoformed products with constant wall thickness, e.g. shells,
panelsetc. (exsitu technique}y.

Processing technique to produce sgelinforced/alpolymer composites with multi
component(matrix-reinforcement)and conventional material (e.g. polypropyleine)arge
scale(e.g.with injection mouldinghave notyetbeendevelopedAnalysisof the suitable pre
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products for injection moulding has ng¢t beenpublishedas well Based on th@bovethe

aims of this PhD thesis are the followings:

A Development of alpolypropylene composites for injection mouldiagd determine
suitable material (matrireinforcement) pairs

A To determine the effect of the processing parameters (type of gatenezule,
temperature) on the properties of the injection moulded compaosites

A To determine the effecdf wider processing window (by selecting matrix material with
lower melting temperature) on the properties of the injection moulded composites.

A To analysehte shrinkage behaviour of the injection mouldeeP&lcomposite specimens.
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3. Experimental part

In this chaptest first the preliminary testdor deternine the apptablematerials and
develop the procesg) techniquelnd thereafter the used materials, their processing, and the
applied testing methods are described. Finally the results allthelypropylenecomposite

are analysed.

3.1. Preliminary tests

In the preexperimentgwo kinds of material pairs wergelectedThe first aim was to
assure the different melting temperature between the matrix and reinforcement. The material

combinations were the followings (matrix/reinforcement):

a) Random polypropylene copolymer (TVK Tipplen R959A, Hungary) / Highly oriented
homopolypropylene multifilament (Innegra Technologies, Innegra S, USA)

b) Random polypropylene copolymer (TVK Tipplen R959A, HungaryBdrealis
RJ470MO, Austrip / Highly orientedhomopolypropylene multifilament (Stradom
SA., Poland)

Each kind of reinforcement wassted with morphologicaD(fferential Scanning Calorimetry

(DSC)), mechanicédksts(tensile tests on single fibrescording to the EN ISO 5Xtandard

the crosshead speed was set to 5 mm/min, and each test was performed at room temperature

( 2 4 At@=pst60 smgle fibresfrom each material were tesje@he sizing agent of the single

fibres surface was tested by Energy Dispersiv®ay Spectroscopy (EDS). The matrix
materials were characterized by DECr om t he f i r st mneThdseresufs cur v e
show that thedifference between the melting temperatures of the matesiddgher than

20AC. I t was poi nttherdisszingtagehtyn tie Diffe surfaekdep fort h a t

the StradonhPP fibreqcf. Figure19).
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Figure 19. EDS test on thehighly oriented hPP fibres (Stradom S.A.)

3.1.1. Mixing method

In the first series t@roduce preproduct for injection moulding mixing technology
was applied. Polypropylene in pellet and powder form was mixed with the highly oriented
polypropylene multiflament by powder mixer (Thyssen Henschel FMA10). The mix was
subsequently injection nutded a t 1 &ith ArC Arburg Allrounder 320C machine. The
results showed that the hPP multiflament became roughened and formed agglomerates (due
to electrostatic charge), and a cold slug formed that blocked the standard flat nozzle, which
has 2 mm diamet holes. The reinforcement fibre content could not be guaranteed, and even
distribution of reinforcement fibres could not be achieved. In the next step ngwoplect

material was developed.

3.1.2. Extrusion coating method

To avoid agglomeration of reinforcing fibres, extrusion coating deslopedand
applied prior to injection moulding in the second series. One or two bobbins of multiflament
(hPP were used, and these were continuously coated in a special exifioasmsh on the
electric cable coating method)e by meltedmatrix material (rPP)Kigure 20). The plan of

the developed die can be seeppendix(Figure80).
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Figure 20. Scheme of the coating system (a) and the cylindrical shaped pellets with extruder die (b)
During the processcoated multifilaments could be producadtil 40 wt% reinforcement

contert. The coated multifilament was granulated intd@ mm long cylindrical pellets and

used for injection moulding=gure21).

Figure 21. 10 mm longcylindrical pelletsfor injection moulding (a) and the cross section of the pellet (b)

The PPbased prgoroduct could be injection mould€dsing heated flat nozzle which
had 4 mm hole diameter), and the results showed that the thermoplastic reinforcement did not
melt in the core section of the specimens during manufact(ffiggre 22). However, in the
skin section of the specimenteltedfibres could be detected which was caused byshigar

heat
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Multifilament agglomerate

Figure 22. Single fibres in the dumbbell specimens of the aPP composite
(fibre content was ~10 wt%)

During theinjection mouldingof PR-based prgroductdifferent parametergpplied
processing temperature and fibre length) were analysed. Firstly, the effects of the applied
processing temperatures (nozzle temperature wasl160) and 170AC) were <ch
150AC t he nmeeltperfeotly (dgid ghart: af the matrix could be seen in the melt)
and specimens could not be pr omdeltedandformedit 17 0,
bl end with the matrix. At the processing ten
stable and the reinforcing fibres kept their form and could be foutigtimoulded specimen.
Varying fibre did not affect the mechanical properfidse mechanical tests of the #&HP
systems revealed that a slight reinforcing effect (yield stress ~10% higher cdrtpaine
matrix) could be detected. Thaicroscofc images showed that neither the distribution of the

single fibres nor the impregnation ofirix material was perfecEigure23).

Figure 23. Single fibre distribution and fibre -matrix impregnation of the injection moulded all-PP
compositegmicrographs were taken after the tensile tests from the fracture surfacej) single fibre in
multifilament form; b) gap between the multifilaments
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These problems must arise from the improper impggn of the coated peroduct. The
melted matrix could not interpenetrate between the single fibres under the injection molding.
Althought the thermoplastic reinforcement was succdgsfojected to the mould but the
distribution of the single fibres we worseso it was concluded th#te impregnation process

had to be improved.

3.2. Materials, processing and testing

In this part the selected materials and their processing will be described. The
manufacturing of the alPP composites and characterizatiod theapplied testing methods

will be detailed.

3.2.1. Materials

During the materials selection thprimer aim was to assume wider melting
temperature between the matrix and the reinforcement. Fudhmr was to select
polypropyleneas matrix materialvith high melt flow index (>25 g/10min) which provide the
goodfibre impregnatiorat lowprocessing e mp e r a t u rThe pocedsingitenPerature
of the injection moulding should beelowthe melting temperature of the reinforcemdiite

properties of the selected reinforcement and matrix materiassiammarized irmable2.

MFI . . Meltin
Material [9/10 min] Y'?EPS;EGSS Tens[l:\czlgr;l (])dUIUS tempera?ure
(2.16 kg, [ UC]
Single hPP fibre (Stradom/) - 58L0N3 0 643N 490 172.1
rPP TVK Tipplen R959A) 45/8 24. 7N 985N2( 148.4
ePP (Dow Versify 4200) 25/4 6. 6 N( 100N3( 79.2

Table 2. Properties of the selected materials

Reinforcement

Highly oriented homeolypropylene multifilament (Stradom.A, Czestochowa,
Poland) was selected and used as reinforcement. The linear density of the multifilament was
3300 dtex. The reinforcingqu | t i f i | ament has a melting temp
by DSC(TA DSC Q2000f r om t he f i r st m e Figure 24 (). Gansiles e 10
stressandtensiil modul us of single fibre vkhetensid81N30
tests were cad out by a universal ZWICK 25 tensile machine according to the EN 1SO
527standardat r oom t e mpthercenshead speed Ras AeCtd 5 mm/jran least
60 sngle hPP fibre and 5 hPP multifilamentwere testeld Average value and the deviation

of the single tests were calculatééigure 24 (b)). The average single fibre diameter was
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4 0. 1 N 1Thé&mulbfitament form(~ 400 piece single hPP fibrehas336\ 1 MBayield
stressand 2536877 MPatensile modulus

hPP 1" heating 125.8°C Stradom hPP single fibre
—— hPP cooling Q=93.9 J/g 600
\—— hPP 2" heating
— 500
=
& - 400
B &
= >
= = 300 -
S 2
o =
9200
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(a) Temperature [°C] Strain [-] (b)

Figure 24. DSC curves (a) and the typical stresstrain curve (b) of the hPP multifilament

The sizing material which was occasionally applied by the producer was studied by EDS tests
earlier (during the preliminary tests but sizing matlesiasnot detected)To certain that the
selected hPP fibres did not content sizing agent EDS tests were completédtantimted

Total Reflectance (ATR) spectroscof@ruker Tensor 27munber of scannindgt6; range of

the wave number: 488000 cn’; picture resolution: Zm™). The ATR testvasperformedon

the original fibres before and after immersing them in chloroform and acetone for 1 h. The

spectra of the hPP fibres are showikrigure25.

9209 Original PP fibre
Treating in Chloroform
Treating in Acetone
0.15 A
;\5
=
= 0.10
[~4
[
<
Carbonyl
0.05 4 \
1
0.00 -

T T " . T T 8 T T " T T T 1
700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800

Wave number [cm']

Figure 25. ATR spectra of the hPP fibre

The difference of the spectra of the original and tileaed fibres can be seerCarbonyl

absorbance can be found at 1750"amhich meanshat sizing agent (ester or carboxylic acid)
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exists on the surfac@his means that the adhesion between the matrix and the reinforcement

has to beyjualifiedafter the injection moulding (with e. §EM micrographs).

Matrix materials

Two kinds of materia were usedas matrix The first was arandom polypropylene
copolymer (rPP) (Tipplen R959A) was produced
rPP has a melting temperature of 148.4AC (dc¢
1 0 A C/ Figune26) aida Melt Flow Index of45 and8.2 g/10 min CEAST 7027.0002.16
kg,230A @Gnd1 6 0 AC) .

PP 1" heating 119.0°C
rPP cooling Q=873 /g
rPP 2" heating

=

£

£3

=]

=

g Q=86.3 J/g

i
M

° 147.1°C

= Q=753 /g

&)

AR B B AR Tl L . e S GE e TR B
-80 -60 -40 -20 0 20 40 60 80 100 120 140 160 180
Temperature [°C]

Figure 26. DSC curves of the rPP matrix material

From the initial rPP granules, a 80nthick film was produced using extrusion film blowing
technique(with LabtechLF-400f i | m bl owi ng (RigweBM).ne at 170AC

Figure 27. Producing of rPP film by film blowing technique
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To produce all-PP composites with widerprocessing window(than for rPP)
polypropylenebased thermoplastic elastomer (Versify 446@B), was produced byow
ChemicalCompany Horgen Switzerland was selectedl'he ePP has 25 g/10 min Mé&low
Index at 2 3 0 AThe sameds rPPmate6al dhayacteristic was demonstrated by
Fouriertrandorm infrared spectroscopy (FTIR) tegi&gure28).

1.4~ 1.4
PP PP
124 ePP 124 ePP
0 ™ 1.0
5 08 5 0.8
(5] (53
2 5}
g 06 g 0.6
= £
4% 0.4 2 0.4
= ) SR
0.2 0.2
0.0 0.0

L A B S B S B S — . T T T T T T T T T T T T T T
650 700 750 800 850 900 950 1000 920 925 930 935 940 945 950 955 960 965 970 975 980 985 990

() Wave number [cm’'] Wave number [cm] (b)

Figure 28. FTIR spectra of the selected matrix gwn?'girgz)ils{rPP, ePP (a) and the curves between 92090
Comparingthe FTIR spectra of rPP copolymer andi#3ed TPEePP)the difference in the
intensity of the peaks and no other peak(s) can be obséieskeresults means that cress
linked elements (e.g. cignylene on 675715 cmi' or transvinylene on 965 ci) of the
materiab cannot be foundo this matix is a polyproplyne based thermoplastic elastomer
where the soft segment is the ethylgmepylene copolymer and the hard segment is
propylene.This result means that the two selected matrix matebelsngto the same
polymer family.

The meltingandcooling peaks of the material were analysed by DSC tEgjare 29
(a)) and the MFIvalues(with the load of 2.16 kgt different temperaturgd20-1 6 0 Ar€)
shown inFigure29 (b).
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Figure 29. DSC curves (a) and MFI values (b) of thePPat different temperatures

Comparing the melting temperature of #eP (melting peakin Figure 29) and the
hPP reinforcement (melting peak Figure24(a)) wi de processing windo
statel which significanty ( ~5 0 A C) hfor gPiRlePP. The MBI mesults show that the
flow capability is increasing with increasing temperature. Comparing of the MFI values at
160AC one c B waluesforePPig half di the valde lof the rPP mater{MFI=8.2
g/ 10 min ( 2).Ftof th& ePPelltseDACOPm t hi ck f oflatlimwas pr
extrusionwith LabtechLF-400film blowing machine at 95A C

Figure 30. Producing ofePPfilm by flat film extrusion technique

3.2.2. Manufacturing of the pre-impregnated material

The matrix filmand the reinforcing hPP multifilament were laminajgédstressed
onto an aluminium core with filament winding according to the -8kacking methodto
improved the impregnation of the fibres and decrease the relaxation of the, fibhes)

resulted in unidirectionally aligned (UD) fibres, showrFigure31 (a).
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Figure 31. Preparation of unidirectional, all-PP composites with filament winding (a) and with subsequent
compression moulding (b)

Random polypropylene based-pblypropylene composite (designated further asPBRIR))
sheetswith thicknesses of 1.7 mm and with varying reinforcing multifilament content (50, 60,
70 and 80 wt%) and elastomeric PP basegdilpropylene composite (designated further as
all-PP(E)) sheets with thicknesses of 1.6 mm with 70 wt% reinforcement tomé&za
produced by compression mouldings shown in Figure 31 (b). The consolidation
temperat ur alPR®s 48d ABGBPIEA Che (ilamemwound,film-stacked
package was inserted into preheated moulds and held for 246P®(Rl); alPP(E)) without
pressure, then consolidated for 240 s-P&R)) and 480 s (aRP(E)) with pressure of 5.26
MPa. Thereafter Totachiewdr rigipropeites df theonsoldidied sheets
theywerecooled down under thglasstransition temperature of the matriqeBP=-1 4 A
ePR=--3 8 AC d e thyeDMAitracesdsee in chapter 3.3.1 and 3.3i@)id nitrogenand
chopped(with Labtech LZ120/VS gramlator machinefor small pellets having a dimension
of 5x5 mm (width x length).

In order to investigate the effect the reinforcing fibre lengtir0 wt% reinforcement
containing alPP(R) composites were also chopped for 5x2 and 5x8 mm. Note thatdtie len
of the preproducts determined the length of the reinforcing fibres. The choppeautquacts

(Figure32) were used thereafter for injection moulding.
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Figure 32. 5 x 8 mm sized choppedll-PP(R) pre-impregnated pelletsfor injection moulding

The density(which was measure by immersion method with ethaoblhe produced
composite sheets is shownkiigure 33 (a). The results demonstrated that thensity of the
all-PP(R)composite waguasyconstant as a function of the fibre contéfttis means that the

fibre impregnation was clogesame and the structure did not contain air between the single
fibores The density measures was completed by the measure ePBmatrix and theall-

PP(E) composites which was made with 70 wt% nominal fibre content. The red point in the
Figure 33 shows that the density of the -8IP(E) composite was 0.86 gftfo check the
consolidationquality and thefibre impregnation the cut surface of the compmsivas
inspected by SEMFigure 33 (b) (for all-PP(E) composite) evidenced that the consolidation

was adequate and the fibres wesdl wetted by the matrix.

1009 All-PP(R)
e All-PP(E)
0.95 -
2
9
0 090 = a . . }
>
=1 L] T
z ] :
Q |
2 0.85-
0.80 . ; — : ;
0 50 60 70 80 100
(a) Nominal fibre content [wt%]

Figure 33. Density of the consolidated sheets (a) and the SEM picture of 8P (E) composite (b)
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3.2.3. Injection moulding

From the prampregnated pellet2.0 mm (alPP(R) composites) and 2.1 mm Aall
PP(E) composites) thick 80 x 80 mm plaque specimens were injection moulded with an
Arburg Allrounder 370S 70Q90. The injection moulding parameters for-RR(R)

composites as well as the-BIP(E) ones aredied inTable3.

Injection moulding parameters Material
Parameter Unit All-PP(R) All-PP(E)
Injection volume [cm?] 50 44
Injection rate [cm?/s] 50 50
Switch overpoint [cm?] 10 10
Holding pressure [bar] 500 400
Holding time [s] 10 10
Residual cooling time [s] 15 15
Screwrotational speed [m/min] 15 15
Back pressure [bar] 20 20
Decompression volume [cm?] 5 5
Decompression rate [cm®/s] 5 5
Temperature of Zong (Nozzle) [ AC] 160 120/140/160
Temperature of Zone 2 [ AC] 160 115/135/155
Temperature of Zone 3 [ AC] 160 110/130/150
Temperature of Zone 4 [ AC] 155 105/125/145
Temperature of Zone 5 [ AC] 155 100/120/140
Mould temperature [ AC] 40 20

Table 3. Injection moulding parameters

To avoid cold slug formatigrheated flat nozzle with 4 mholein diameter was used
during injection moulding process. To compare the effefictthe gate height on the
characteristics of the producédection moulded specimens two different gate types were
used Figure 34): conventional film gatggate thickness 1 mm) and fan gate (FG; gate

thickness: 2 mm).
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(@) (b)
Figure 34. Plague specimens with a conventional film gate (a) and a fan gate (b)

3.2.4. Testing methods

Quaststatic tensile tests

Statictensile tests were performed on compression moulded sheets (20 x 150 mm) and
injection moulding plaque specimens. Dumbistlped specimens (EN ISO 8256 Shape 3)
were cut from injection moulding plaque specimens by water jet cuttirfgpvin and
perpendicudr to the flowdirections Figure 35). The tensile tests were carried out by a
universal ZWICK Z020 tensile machine according to the EN 1ISO $i&iddard The cross

head speed was set to 5 mm/ min, and each test

least 5 specimens from each material were tested.

MIDDLE

| ’ (b)

Figure 35. Preparation of dumbbell specimens from the plaque specimenmgth conventional film gate (a)
and fan gate (b)in the parallel and perpendicular to the flow directions

From the static tensile tests results yield stress and tensile modulus were caléteiech
specimen is loaded beyond the elastic limit $hress increases anglachesa point at which

has maximum. This first maximum point of strassain curve is calleglield stress.
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Instrumented falling weight impact tests

Instrumented falling weight impact (IFWI) tests were performed on a Fractovis 3789
(Ceast, Italy) machinavith the following settings: 131.84 J maximal energy; 20 mm dart
diameter; 40 mm support rig diameter; 13.62 kg dart weight; and 1 m drop height. The
samples were tested at BdAM;t emp dreaatsutr el 0( 2s4f
tested.Specimensize were 80 (wide) x 80 (length) x 2.0 nfail-PP(E)) and 2.1 (&PP(E))
mm (thick).

Dynamic mechanical analysis
Dynamic mechanical analysis (DMA) tests were performed on a DV
InstrumentR800 machine with the following parameters:

A To analysethe relaxation ofhPP sngle fibres the decreasing of the fiber
length (shrinkage)was investigated itensile arrangementith two methods
First the fibre washeated up with the rate & A C/ amd the strain was
registered as function oftemperaturdetweer0 and1 6 5. &&kond the fibre
relaxation (strain) was measured isothermally 1 0 0, or220 min.1 4 0 AC
For both case9.001 N preloadvas set After isothermaltests the relaxed
fibres were tensile testedth the cross head speed@®b N/min.

A The single hPP fibres were characterigethe range 0f80¢é 1 7 0 ACthavi t h
heaing rateof 5A C/ nttieamplitudeo f 2 @ndtisefmequencyof 1 Hz.

A The single hPP fibrewere testedin tensile test modat room temperature
(24A Twith the crosshead spd 0f0.5 N/min.

A The injection moulded alPP composites wereestedwith using 3 point
bending arrangememtith the following parametersupport distanceés0 mm
frequency 1 Hz; temperature rangel00é 1 5 0 Au@in 0.08% heating rate
5AC/ mi n. (Sipensions®ixI0® mm)were cutin the flow direction

from the plaque specimenBigure356 Si de6), were used for

Light microscopy

Light microscopy (LM) images were taken from the polished cross sections of
injection moulding specimens in the flow and transverse directions by an Olympus BX51M
device Cross sections were cut from injection moulding specimens and were embedded in

epoxy resin fFigure 36). After the samples were prepared, they were polished in a Struers
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polisher in four steps using 3201006, 2400 and 4006grit SIC papers and wates a

lubricant.

SIDE
MIDDLE

Figure 36. Positions at which the crosssections of the injection moulding specimens were analysed
by light microscope

Scanning electron microscopy (SEM)

Scanning electron micrographs were taken from fracturaes with a Jeol JSM
6380LA SEM. Prior to test the samples were sputteated with golpalladiumalloy.

Shrinkage tests

Shrinkage was measured at different times after injection moulding (1, 4, 24, 48, and
168 h) and on different positions of the plagpecimens by digital callipeFigure 37). At

least 5 specimens from each material were tested

(a)

Figure 37. Shrinkage measurement positionsDimensional abbreviations are as follows: LM length
dimension at the middle; LSi length dimension at the side; WH width dimension at the front; WB 1
width dimension at back
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3.3. Results and discussion

In this chapter the results of teegle hPPfibre andtwo types of alpolypropylene
composites will baliscussedFurthermore the effect of the applied fibre length and nominal
fibre content of the prampregnategellets, and gate types will be detailed. In this chapter the

shrinkage of the alPPcomposites will be outlined as well.

3.3.1. Relaxation of single fibres

Dynamic mechanical analysis waarried outto show thesingle fibre propertiest
different temperatureFigure 38 shows the relaxation (shrinkage) of a single fibre as a

function of the temperature.

1Fi alaxati

-

Strain [%]

|
|
|
|
-25 '
|
|
SO+ 77T
0 20 40 60 80 100 120 140 160 180

Temperature [°C]
Figure 38. Relaxation of a single hPP fibre as a fuction of temperature

The results show that with increasing temperature thgtheof the fibre did not changmtil
90AC. At 90AC the fiber started to shrink a
temperature up theshrirk&y® rdaChed 28%. 16 0 AC
To characterise the fibre relaxation during injection mouldsoghermal DMA tests
were performed at 100, Hdgu@39. 140AC for 20 min
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Figure 39. Single hPP fibre relaxation at differert isotermal temperature

The results showed that increasing the processing temperature and holding time in the
plastification device the fibre relaxation increased. The effect of the fibre relaxation

manifested in decreasing tensile modulus valGapi(e40).

65004 hPPfibre  _________________________.
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5500
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4500
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3500
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¥ T ¥ T ¥ T d 1
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Figure 40. Tensile modulus of the single hPP fibres as a function of different annealing temperature

3.3.2. Random polypropylene based alPP composite (dl-PP(R))

Static tensile tests

To characterize the aP(R) composites, firstly the consolidated sheets were analysed
by static tensile test in parallel to the fibre direction. The mechanical properties of the
compressiormoulded sheets are shownFigure4l.
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Figure 41 Yield stress (a) and the tensile modulus (b) of th&ngle hPP fibreand theall-PP(R)
compression moulded sheets as a function of nominal fibre content

Based on the results iRigure 41, it is obvious that the tensile properties of rPP ban

significantly increased by using this filament winding and compression moulding technique.

The yield stress and tensile modulus incrdasigh increasing nominal fibre contenthis

difference in the tensile properties aaell be seen in the stressain curves irFigure42.
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Figure 42. Typical stressstrain curves of thesingle hPP fibre, hPP multifilament and thedifferent
nominal fibre reinforced all-PP(R) compositesvhich was made by compression moulding

In Figure 42 one canalso see the pojin effect where the crack propagation came off in

several cracksThe demonstratedesults are in close agreement with previously published

results for selreinforcal polypropylene composites produced by fdtacking proceds].

From the above mentioned -&IP(R) consolidatedheets different pranpregnated

pellets were produced and applied for injection mouldaig3(2.2. The effect of the applied

preimpregnated pellefibre length on the yield stress and tensile modulus of injection
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moulded specimens can be seenrFigure43 and44. Yield stress of the alPP(R) composites

in flow direction increased up to 38 MPa if the length of the fibre is increased to 5 mm. Rising
further the fibre length (to 8 mm) yield stress remained constant. In perpkmdb the flow
direction a slight increase (~20%) can be achieved comparing to the matrix. The values in the

three analysed sample places were the same.
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Figure 43. Yield stress of the alPP(R) compositegfibre content 70wt%) in flow (a) and perpendicular
(b) to the flow direction as a function of fibre length
Based on the results difference in the tensile mod#iggife 44) cannot be detected
in parallel and perpendicular to the flow direction. The values were similar to the value of the
matrix, ~1000 MPa.
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Figure 44. Tensile modulusof the all-PP(R) composite(fibre content 70wt%) in parallel (a) and
perpendicular (b) to the flow direction as a function of applied fibre length

The results of the aPP(R) composites with different fibre length shows that the highest

values with lowe deviation can be achieved when the reinforcing fibre length is 5 mm (stable
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injection moulding processing could be achieved without injection volume problem) hence
for the further studies this value was applied.

The effect of the applied nominal fibrertent of the prempregnated pellebn the
yield stress of injection moulding specimens is showrigure45.
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Figure 45. Yield stress of the alPP(R) in parallel (a) and perpendicular (b) to the flow direction

The vyield stress increased in the flow direction with increasing nominal fibre content of the
composites until it reached 70 wt%. Composites with 70 wt% fibre reinforcement produced
the largest yield stress value, ~38 MPa, which corresponds to a 52% emenoivcompared
to the matrix material. At 80 wt% nominal fibre content, the yield stress is slightly lower,
which is attributed to improper consolidation of the composite strutime observation is
also confirmed by SEM micrographs& Figure 60.).

If analysing the filling pattern the mechanical test results followed expectations.
Samples taken from the middle of the plaques had lower yield stress than tho$eotakibe
side. This effect is caused by the orientation of the fibres inside the specimens. A slight
deviation in yield stress can be observed in perpendicular to the flow. The tensile modulus
remained constant with increasing nominal fibre content ofctimaposites until the fibre

content reached 70 wt%, after which the modulus increased markeglyg46).
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Figure 46. Tensile modulus ofthe all-PP(R) in parallel (a) and perpendicular (b) to the flow direction

This increasing effect of the @lP(R) composite with 80 wt% nominal fibre content can be

seen also in the typical stressain curves of the aPP compositeHigure47).
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Figure 47. Typical stressstrain curvesof the different nominal fibre reinforced all-PP(R) composites
which was made by injection moulding

Increased tensile modulus is due to considerably more single fibres being aligned
parallel to the load directiorfhe tensile modulus was calculated in the beginning section of
the curves (according to the ISO 527tandardwhere the consolidation effegtas not
significant contrast to the number of the single fibre which parallel to the load direction. In
this area the fibres kept their reinforcement effect and increased the tensile modulus. When
the stress reached the maximal point (yield stress) thieqamsolidation was the determinant
which decreased the yield stress value compared to the otHelP(&) compositesThis
observation is also confirmed by L. Figure57. The effect of the gate typgésonventional
film gate and fan gate (F@®n the mechanical properties walsoanalysedFigure48). The

results show that whit a fan gate, the deviation in properties across the three zones of
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specimens decreased. the mechanical behaviours became more similar. Using the fan gate,
the filling patterns became more even. In perpendicular to the flow, the yield stress increased

compared to the one injection moulded with film gate.
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Figure 48. Effect of the gate type on the yield stress of aRP(R) in the parallel (a) and perpendicular (b)
to the flow direction (FG: fan gate)

The tensile modulusFgure 49) in the flow directiondid not change, but in

perpendiculato the flow direction, it increased due to lower friction heat in the gate zone.
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Figure 49. Effect of the gate type on the tensile modulus afll-PP(R)in the parallel (a) and perpendicular
(b) to the flow direction (FG: fan gate)
Instrumented falling weight impact tests
To analyse the effect of reinforcing fibre length, content and gate type on the-energy
absorbing capacity of the injectianoulded plaque specimens, instrumented falling weight
impact tests were performed. Typical fotame curves of the composites are showFkigure
50.
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Figure 50. Force-time curves of theall-PP(R) compositeswith different fibre length (70 wt%) (a) and
content(b)at 24 AC

These results show that the maximum of the foiroe curves increased with increasing fibre
length and content adhe compositesvhich attributes to higher energy absorbance of the all
PP(R) compositeompared to the value tie matrix

Figure51 shows the perforation energynfpact energy related to the thickness) of all
PP(R) composite and matrix specimens. These results show that with increasing fibre length
the perforation energy increased up to 5.5 J/mm at room temperature which is caused by the
decreasing consolidation. ABOAC 5 and 8 mm |l ength of fibr

energyvalues which isagain much more than thaftthe matrices.

SarmmoT 1

I RT =
] -0 IS
1 ' a—EIe

Perforation energy [J/mm]

Perforation energy [J/mm]

Matrix 2 5 8

0 wt%

(a) Fibre length [mm] (b)

0 wt% FG
H388F hPP
50 wt%

60 wt%

70 wt%

80 wt%

80 wt% FG

Figure 51. Effect of the reinforcement fibre length(70 wt%) (a) and content (b) on the perforation energy

at room temperature and-3 0 A C
By analysng the effect of the fibrecontentit can be concluded thamcreasingthe fibre
contentup to 60 wt%, the perforation energy increased. Above that value, the perforation

energy(~3.5 J/mm) remained constant. Using fan gate (FG) led to higher perforation energy
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(above 6 J/mm) compared to the conventional film gatés is due to the better fibre
distribution in the specimerAnalysing the effectof the testing temperature, si§joant

di fference can be seen -D@A@Weehmhamnhehe emal tisx :
perforation energy of alPP(R) composite was compared to that of a conventional
polypropylene homopolymer (Tipplen PP H388F, TVK, Hungary); value obtaiseith i
accordance with the literatufB1]. It can be concluded that fibre reinforcement increases the
perforation energy significantly compared to the matrix. The perforation energy can be

increased up to 1200% compato the conventional raw material.

Dynamic mechanical analysis

The storage mod thd injection nioalded r@RI hased selihforced
compositesare shown irFigure52 which were compared to the convenabpolypropylene
homopolymer, single hPP fibre and tmeedrPP matrix
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o —" ) — 60 Wt%
& e & — 70 Wt%
8 i 2 mm 10 4
a 10 5 mm g 09— ?IO3 ;‘g:_/"
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——hPP fibre — hPP fibre
47771 I : ! ! ! \ ! ! Y ! 1 1
80 -60 -40 20 0 20 40 60 80 100 120 140 -80 -60 -40 -20 0 20 40 60 80 100 120 140
(a) Temperature [°C] Temperature [°C] (b)

Figure 52. Storage modulus of raw materials and composites with varying fibre length (a) and content (b)

with a conventional film gate * Note that the hPP fibre was tested in tensile mode.
The all-PP(R)composites have higher storage modulus compared to those rohttie and
commercially available PP homopolyméripplen H388F PP). While fibre reinforcement
typically leads to a higher storage modulus, increasing the fibre length and content did not
affect this parametesignificantly. This can be attributed to the relaxation of the reinforcing
fibres. Note that the tensile modulus of hPP fibres decreased significantly due to molecular
relaxation (cf. Figure 40Replacing the conventional filgate(1 mm gate thicknessd fan
gate(with 2 mm gate thikness}he storage modulu&igure53) did not changewning to the

reduced strength of the relaxed fibres.
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Figure 53. Storage modulus of the alPP(R) composite (80 wt%) with conventional film and fan gate (FG)

Upon analysis of the glass transition temperatuged@rived from the maximum peak
of tanu curves), gcarsbe bhgdmved withhincrledsingtrenfor@ingtibreg h e r
content {.e. increasing homopolymer content), as showRigure54.
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Figure54.t a n » ¢ uanditleeglasé teapsition temperature as a function of reinforcing fibre content of
the all-PP(R) compositegb)
Light microscopy
Figure55 shows the cross section of theRP(R) specimens in flow direction. On the
picturescircular single fibres and skhgore structure can be observed. In case of 8 mm fibre
length the fibredistribution becomespoorer. The single fibrewere bunchednultifilament

State.
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1000 um

Figure 55. LM micrographs of the all-PP(R) composites in the flow direction (Side)
fibre length of the pre-impregnated pelletwas 2 mm (a) and 8 mm (b)

Decreasing fibre distribution can be foumthen applied 8 mm length of fibreThe single
fibres remainedin multifilament state andvere connectedogether.Figure 56 shows the
singlefibre distributions in the specimepsrpendicular to the flowirection (Front) near the
gate. The distribution of single fibres is imperfect, and -skire structure formed. For 80
wt% fibre @ntent, many more single fibres are aligned in the flow direction, which
significantly increased the tensile modulus compared to the resHligure46 (b).

Figure 56. LM micrographs of all-PP(R) composites perpendicular to the flow direction (Front)
a) 50 wt%; b) 60 wt%; c) 70 wt%; d) 80 wt%
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LM images taken from the specimen cut in flow direction (Side) are showigume
57. A skin-core layer can also be found with a thickness that is similar to that of specimens
cut in the perpendicular to the flow direction. For 80 wt% filmetent, there ig better fibre

distribution Figure57 d) than for other composites, a trend similar to th&igure56 d.

Figure 57. LM micrographs of the all-PP(R) composites in the flow direction (Side)
a) 50 wt%; b) 60 wt%; c) 70 wt%; d) 80 wt%
The cross section oh¢ 80 wt%all-PRR) composites with a fan gate is presented in
Figure 58. There is no skin layer formed in the cross direction. Furthermore, the fibre
distribution is beer than that for the conventional film gate, which explains the improved

mechanical properties.

Figure 58. LM micrographs of the all-PP (R) composite (80 wt%) with fan gate in perpendicular (a) and
parallel (b) to the flow direction
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Scanning electron microscopy (SEM)
SEM micrographs were taken from the fracture surface of thRRP{IR) composite

specimens with different prienpregnated pelldength of fibre Figure59).

Figure 59. Fracture surface of the allPP(R) compositg(70 wt%) with different fibre length of
pre-impregnated pelletin the flow direction (Side)
a) 2 mm; b) 5mm; c) 8 mm
Figure59 shows the effect of the different fibre length of greimpregnated pellett can be
concludedthat fibre impregnation deased with increasing fibre length up to 8 mm.
Applying 8 mm length poor consolidatievasfoundin the cross section of the specimen.
In Figure 60 one can observe that the consolidation and fibre distribution worsen with

increasing fibre content. Voids formed among the fipnedicating thathe matrix material
could notfully fill the space between tHéres. Moreover, for the 80 wt% sample, there is

poor adhesion between the matrix and fibres in the core regguré 60d).
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Figure 60. Fracture surface of the altPP(R) compositein the flow direction (Side)
a) 50 wt%; b) 60 wt%; c) 70 wt%,; d) 80 wt%
Figure61 shows the effect of the gate type used. With a fan gate, the cross section of
the specimen became more homogeneous, and the core could not be distinguished from the

skin region.

Figure 61. Fracture surface ofall-PP(R) composite prepared by a conventional film gate (a) and a fan gate
(b) in the flow direction (Side)
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Shrinkage tests

Effect of the thermoplastic reinforcement on the shrinkage of tHeR{IR) composite
produced with different fibre lengths is showrFigure62.
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Figure 62. Shrinkage of rPP and altPP(R) composite specimens with different fibre length (2, 5, 8 mri0

wt% ) in different directions (WF: Width Front; WB: Width Back; LS: Length Side; LM: Length Middle)

The results show that the shrinkagehas thermoplastic fibre reinforced -#P(R) composites

with different fibre length increasead all directiors. The highest increment can be detected in
parallel to the flow direction in the middle zone. 2 mm fibres increasguificantly the
shrinkage cmparel to the matrix. Using 5 mm and 8 mm fibre length similar shrinkage
behaviour can be detected. In flow direction the values were two times higher than the

matrices.

Shrinkage of the injectiomoulded specimens with different fibre volume content is
shown inFigure63.
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Figure 63. Shrinkage of rPP and altPP(R) composite specimens hawj different fibre contents (50, 60, 70,
80 wt%) in different directions (WF: Width Front; WB: Width Back; LS: Length Side; LM: Length
Middle)

Shrinkage of thermoplastic fibmreinforced composigewith different fibre volume
content increased in all dirg@ans compared to that of the matrix material, which is in contrast
to the shrinkage behaviour of conventional fibeenforced composite®(g.glass fibre). This
effect is attributed to the relaxation of the thermoplastic $ib&hrinkage of the matrix
material is approximately 1%, which is in agreement with the literqli#ig. Increasing the
thermoplastic fibre content resulted in higher shrinkage. HAigbest shrinkage occurred
parallel to the flow direction at the middle of the specimen. As expected, the least shrinkage
was observed near the gate due to the local pressure. Dimpitereased technological
shrinkage (measured 1 h after injection mouldingjlkre-reinforced composites, subsequent
post shrinkage does not differ from that in unreinforced composites. Thus, calcylatihg
Equation 2)[134, 148 the proper shrinkage for the mould construction could make the part

dimensions stable ovéngtime.

30 3 1 3d1@ (2)
where S (t) is the shrinkage of the composite in tjii@68 h] S is the technological

shrinkage andhis the slope of thegstshrinkage (time factor)
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Plotting the results an exponential relation between technologluathkage (measured 1 h
after the process) and fibre content can be dedigzskd on the observatioRgyure 64 and

the time dependent behaviour dgsiton of the fibre reinforced materials
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Figure 64. Technological shrinkage of the aHlPP(R) composites as a functional of matrix volume fraction
in perpendicular (a) and parallel (b) to the flow direction

The shrinkage ofhe allPP(R) composites used in this study can be calculated with the
following equation 3):

L
St)=c, & & 10

POOx

+ mClbg(t) 3)

whereS(t)is the shrinkage of the composite in time [1;168 h] and direc@ipis a constant
which is proportional to the relaxation of the fibr€s,is a constant which is proportional to
the fibre orientation in the specimem,is the fibre content of the composite, amds the
slope of thepostshrinkage (time factor).

Table 3lists the value of the constants;(@nd G) for different directionswhich are data
fitted coefficients

C1 C2
WE 1.6 0.4
WB 2.0 0.6
LS 2.3 0.9
LM 2.9 1.1

Table 4. Value of the C1 and C2 constant in different directions
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3.3.3. Elastomeric polypropylenebased altPP composite (aHPP(E))

The results of the rPP baselttPPcomposites show that the processing temperature is

a keyparameter whiclaffectsthe relaxationof the reinforcing fibresindthereby the resulting

mechanical properties of tiP basea@ll-PPcompositesTo produceall-PP composites with

wider processing windowthan for rPP)polypropylenebased thermoplastic elastomeas

selected whiclensure$0-7 0 AC wi d e rtemperatueange thanrfog rP.

Dynamic mechanical analysis (DMA)

DMA tests were done that show the effect of the different processing temperature to

the allPP(E) compositesT h e

shownin Figure65.

storage

tans [-]

10000
E 4
S 10004
= ]
=
g2 1004
o
8 ]
&
& ]
2 10 4
1 T T T T T Y 1
80 60 -40 20 0
(a) Temperature [°C]

modul us

and t and

(= 1 20M
120C
e 140M
= 140C
e 1 60M
e 1 60C
= h PP fibre]

T T T
-60 -40 20

T T T v 1

Temperature [°C]

Figure 65. DMA traces of the allPP(E) compositeg70 wt%) (C) and ePPmatrix (M) material injection

moul ded at

di fferent

t econppareddotthe DMAstradesloRtle, hPPIfidr® |

The DMA traces evidencethat thematrix materialcan efficiently be reinforced by hPP

fibres. Increasing processing temperatw@s accompanied with a decrease in the storage

as

modulus that was attributed to the relaxation of the hPP fibres. The glass transition

temperature of the matrix ¢¥-3 8 A C

based

on t he

hPP reinforcement and any peakueatould hardly be determined.

Static tensile tests

tanld peak

Figure66 shows the yield stress and tensiledulus of the alPRE) composites.
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Figure 66. Yield stress (a) and tensile modulus (b) of thePPmatrix and all-PP(E) composites(70 wt%)
produced by injection and compression moul ¢
Using both compression and injection moulding the yield stress and the tensile modulus of the
composites were increased significantly compared to the matrix material. Notehehat t
mechanical parameters of the injection mouldedPBIE) specimens agree with those
conventi onaly=2630MMPg E-D506C0 MPa). The yield stress of the-all

PP(E) composites in flow directionsgown inFigure67.
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Figure 67. Yield stress, measured in flow direction at the side and middle sections, for te@Pmatrix (a)

and the alFPP(E) compositeg70 wt%) (b) as a function of processing temperatures
It can be seen that the yield stress of théPRE) composites depended on the processing
temperature and on tlanalysedplace of the plaque. With increasing processing temperature
the yield stress values tiie composites ince a s e d . Speci mens inject.i
showed a yield stress of about 30 MPa which is very close to that of conventional PP
homopolymerg149. The yield stress in the side region was higher thahamiddle region

when measured in flow direction. The yield stress of the matrix did not show orientation
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dependence. The tensile modulus oféRP® matrix and alPP(E) corposites as a function of

processing temperature and specimerofuare displayed ifrigure68.
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Figure 68. Tensile modulus, measured in flow direction at the side and middle sections, for taBPmatrix
(a) and the alFPP(E) compositeq70 wt%) as a function of processing temperatures

The tensile modulus of the composite in flow direction was significantlegasad compared

to the ePP matrix. Further difference between the moduli, measured in the side and the middle

regions of the moulded plaques can also be determined for the compobkiesan be

attributed to the fibralignmentduringthe mouldfilling.

The vyield stress data of the specimens measured perpendicular to the flow direction

are given irFigure69.
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Figure 69. Yield stress, measured perpendicular to the flow direction at the frontgentre and back
sections, for theePPmatrix (a) and the all-PP(E) compositeg70 wt%) (b) as a function of processing
temperatures

Results inFigure69 suggest that theould filling processaffected the mechanical properties

via the related fibre alignmenthe yield stress perpendicular to the flow direction depended

on the analysed place. With increasing length from the gate the yield stress increased and
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reached 35 MPa. The difference on the yield stress values in the front and the back regions
were 1215 MPa. With increasing processing temperature this difference slightly increased.
The tensile moduli of the specimens determined perpendicular to the flow direction are

displayed inFigure70.
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Figure 70. Tensile modulus measured perpendicular to the flow direction at the frontentre and back
sections, for theePPmatrix (a) and the alFPP(E) compositeg70 wt%) (b) as a fundion of processing
temperatures
In case of the tensile moduli of the-BIP(E) compositessignificant difference was also
observed perpendicular to the flow direction. This is again due to the effect of the fibre
orientation which is different along tipgaque. Inthe back region of composite plaque tensile
moduli of 90601000 MPa were achieved. By contrast, the tensile modulus of ePP did not

change either with the processing temperature or with the position of speciruh cut

Instrumented fallingveight impact tests (IFWI)
Perforation energy of the ePP matrix andR#(E) composites are shownFigure71.
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Figure 71 Perforation energy of the matrix (ePP)and all-PP(E) composite(70 wt%) at room temperature
(@) and-3 0 Al as(a function of processing temperature
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Note that the perforation energy decreased at both room temperatue¢ -8 AC f or t h
compositescompared to the neat matrix. Nonetheless, all values exceed that of the
conventional random PP copolymer @5)/mm). The processing temperature had small

effect on the prforation energy of the matrix and related compesée both testing
temperaturesMost striking feature is that the matrix material-at0 AsBowedmarkedly

higher perforation energy than at room temperature. This is due to the fact that the testing
temperature;3 0 A C, i s very g¢of theePPwhich istassaciatedonvitsonteh e T
Aembrittl emento.

Recall that according to the DMA results the storage modulus Kgpee 65)
increagd already in the vicinity of J(-3 8 A Chjs.causkd higher force values than at room
temperature in the related IFWI fractogrants. Figure 72). For ductile polymers the
toughness goes through a maximum at the/fich is frequency dependent itsglb(. Note
that the frequency range of the IFWI test is in kHz rawfd-{gure 72) which means already
a shift in the J toward higher temperatures compared to the DMA (frequency: 1 Hz).

Nonetheless, the typical failure occurred by plastic deformation oéftiEat both testing

temperatures.
25009 ——120M RT
2250 J—— 120M _-30°C
\——120C RT
20009 150¢ -30°C

Force [N]

Time [ms]

Figure 72. Force-time curves registered in IFWI testing at room temperature (RT)and3 0 AC fePR t he
matrix (M)andall-PP( E) composite (C) injection moul de

Light microscopy (LM)
LM frames taken from the polished cross sedimf the alPP(E) composites

processed at different temperatures are showigimre73.
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Figure 73. Cross sections of thall-PP(E) composites in flow direction Side)
Designations: processing (melt) temperatures a

The LM imagesin Figure 73 suggestthat with increasing proceasg temperature the
composites became better consolidated. It lmastatedthat skinrcore effect on the cross
section cannot be found contrast to injectimoulded parts with rigid discontinuous fibres
(such as glasg)l5]]. This effectcan be attributgto the high fibre content (70 wipand the
flexible reinforcement. The single fibres from the multiflament structure are disjoined
gradually and forma quasi homogenous structure. Pictures from the central zone in flow

direction Figure74) show that the single fibres are not laying perpendicular tarbé/sing

plane.

Figure 74. Cross sections of the alPP(E) composites in flow direction in the middle regin as a function of )
the processing temperature. Designationgr ocessing temperatures: a) 120A(
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