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1. Introduction 

 Nowadays different environmental regulations were made due to the greenhouse 

effect, exhaustion of the not renewable natural resources and the increase of the waste 

content. Reusability and recyclability of the structural materials has the same importance as 

their economic parameters, due to the European Union directive concerning the automotive 

industry. According to this directive, 95% of the vehicle components should be made of 

reusable/recyclable materials by 2015. 

 Presently, considerable research activities and accompanying commercial interest are 

devoted to all-polymeric materials, especially to self-reinforced versions. In the all-polymeric 

materials, both the reinforcing and matrix phases are given by suitable polymers. In self-

reinforced polymeric materials (SRPMs), the same polymer forms both the reinforcing and 

matrix phases. SRPMs may compete with traditional composites in various application fields 

based on their performance/cost balance. With respect to their performance, the ease of 

recycling has to be emphasized because they represent likely the best recycling option 

(compared to the glass fibre reinforced thermoplastic composites) when reprocessing via 

remelting is targeted. Accordingly, SRPMs can be considered to be environmentally benign 

materials.  

 A further driving force for SRPMs is the possibility of manufacturing lightweight parts 

and structures because the density of SRPMs is well below those of traditional filled 

polymers. The basic structural concept of self-reinforcement is the creation of a one-, two- or 

three-dimensional alignment 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, is well “bonded” to the matrix polymer.  Compared to the 

matrix, the reinforcing structure in them either has different crystalline and/or supermolecular 

structures, a prefabricate (e.g. fibre, tape). The most applied material is polypropylene. Self-

reinforced polypropylene (PP) composites, produced only from fibres or fabrics as performs.  

 Self-reinforced PP composites (also called all-PP composites) are now available on the 

market under the trade names Curv®, Pure® and Armordon®. Curv® is a single-component, 

multi-step product usually with 2D (fabric) reinforcement, whereas Pure® and Armordon® are 

two-component, multi-step versions originally with 1D reinforcement Disadvantage of these 

composites is the sheet-like form and manufacturing of this is strongly limited.  

 From the above mention the main goal of my dissertation is to develop an injection 

mouldable all-polypropylene composite. 
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2. Short overview of the related literature, goals of the thesis 

The literature overview confirmed that the literature of the self-reinforced polymer 

materials and composites is very wide. From the applied components single and multi-

component SRPMs groups can be made. These groups can be separated in many small 

subgroups which show the steps of the material/composite production and the dimension of 

the evolved reinforcement structure. From the literature it can be concluded that the 

reinforcing part in the materials can be assured by molecular chain orientation and defrosting 

or with pre-oriented structure. Using molecular orientation technique self-reinforced product 

can be directly produced in pre-set direction (using e.g. self-reinforced extrusion).  

To produce pre-oriented structure hot compaction, consolidation of coextruded tapes and 

film-stacking methods are widespread. In hot compaction technique oriented thermoplastic 

fibres were used and laid to a metal mould. Putting these preforms under pressure and 

temperature, their surface and core showed different melting behaviour. This finding was 

exploited to bring the outer layer of the fibres and tapes into melt, which after solidification 

overtook the role of the matrix, whereas their residual part acted as the reinforcement in the 

resulting composite. The product of this technique has very good mechanical properties. The 

disadvantage of this method is the narrow processing window which requires a highly 

controlled production. This technique was adapted to PE, PP, PET, PA66. To enlarge the 

processing window of hot compaction and thereby to improve consolidation coextrusion and 

film-stacking techniques were developed. With coextrusion the invention was to “coat” a PP 

homopolymer tape from both sides by a copolymer through a continuous coextrusion process. 

Note that a copolymer always melts at lower temperature than the corresponding 

homopolymer owing to its less regular molecular structure. The coextruded tape was stretched 

additionally in two-steps. This resulted in high-modulus, high-strength tapes. The primary 

tapes could be assembled in different ways: as in composite laminates structure with different 

tape orientation, such as UD or integrated in various textile structures (e.g. woven fabrics).  

The third method to improve the consolidation is the film-stacking. During this technique 

the reinforcing layers are sandwiched in between the matrix-giving film layers before the 

whole “package” is subjected to hot pressing. Under heat and pressure the matrix, having 

lower melting temperature than the reinforcement, melts and infiltrates the reinforcing 

structure accordingly. The advantage of these methods is an enlarged processing window 

from the viewpoint of the temperature (20-40°C). The main disadvantages of the developed 

techniques are the strongly limited forms. Processing technique to produce all-polymer 

composites with multi component (matrix-reinforcement) in large-scale (e.g. with injection 

moulding) have not yet been developed.  
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According to the above the aims of this PhD thesis are the followings: 

1. Development of all-polypropylene composites for injection moulding and determine 

suitable material (matrix-reinforcement) pairs. 

2. To determine the effect of the processing parameters (type of gate and nozzle, 

temperature) on the properties of the injection moulded composites. 

3. To determine the effect of wider processing window (by selecting matrix material with 

lower melting temperature) on the properties of the injection moulded composites. 

4. To analyse the shrinkage behaviour of the injection moulded all-PP composite specimens.  

3. Applied materials, processing and testing methods 

3.1. Applied materials 

During the materials selection the primer aim was to assure wider melting temperature 

between the matrix and the reinforcement. Further aim was to select polypropylene as matrix 

material with high melt flow rate (>25 g/10 min) which provide the good fibre impregnation 

at low processing temperature (<170°C). The processing temperature of the injection 

moulding should be below the melting temperature of the reinforcement. 

Reinforcing material 

Highly oriented polypropylene homopolymer multifilament (Stradom S.A., 

Czestochowa, Poland) was selected and used as reinforcement. The linear density and the 

number of the single hPP fibre of the multifilament were 3300 dtex and 400 pieces. The 

reinforcing multifilament has a melting temperature of 172.1°C (determined by DSC (TA 

DSC Q2000, from the first melting curve, 10°C/min. Tensile stress and tensile modulus of 

single fibre were 581±30 MPa and 6432±490 MPa. The average single fibre diameter was 

40.1±1.8 µm. 

Matrix materials 

Two kinds of materials were used as matrix. The first was a random polypropylene 

copolymer (rPP) (Tipplen R959A) was produced by TVK Nyrt. (Tiszaújváros, Hungary). The 

rPP has a melting temperature of 148.4°C (determined by DSC from the first melting curve, 

10°C/min) and a Melt Flow Index of 45 and 8.2 g/10 min (CEAST 7027.000, 2.16 kg, 230°C 

and 160°C). From the initial rPP granules, a 50 µm thick film was produced using extrusion 

film blowing technique (with Labtech LF-400 film blowing machine) at 170°C. 

 To produce all-PP composites with wider processing window (than for rPP) 

polypropylene-based thermoplastic elastomer (Versify 4200 (ePP)), was produced by Dow 

Chemical Company, Horgen, Switzerland) was selected. The ePP has 25 g/10 min Melt flow 

index at 230°C and 2.16 kg. From the ePP pellets a 50 µm thick foil was prepared by flat film 

extrusion with Labtech LF-400 film blowing machine at 195°C. 
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3.2. Processing methods 

Filament winding, compression moulding, granulating 

 The matrix film and the reinforcing hPP multifilament were laminated prestressed 

onto an aluminium core with filament winding according to the film-stacking method which 

resulted in unidirectionally aligned fibres. Random polypropylene based all-polypropylene 

composite (all-PP(R)) sheets with thicknesses of 1.7 mm and with varying reinforcing 

multifilament content (50, 60, 70 and 80 wt%) and elastomeric PP based all-polypropylene 

composite (all-PP(E)) sheets with thicknesses of 1.6 mm with 70 wt% reinforcement content 

were produced by compression moulding. The consolidation temperature was 180°C (all-

PP(R)) and 140°C (all-PP(E)). The filament-wound, film-stacked package was inserted into 

preheated moulds and held for 240 s (all-PP(R); all-PP(E)) without pressure, then 

consolidated for 240 s (all-PP(R)) and 480 s (all-PP(E)) with pressure of 5.26 MPa. Thereafter 

it was cooled to 45°C. Small pellets were chopped by granulator (Labtech LZ-120VS) having 

a dimension of 5x5 mm. From 70 wt% reinforcement containing all-PP(R) composites were 

also chopped for 5x2 and 5x8 mm.  

Injection moulding 

 From the pre-impregnated pellets 2.0 mm (all-PP(R) composites) and 2.1 mm (all-

PP(E) composites) thick 80 x 80 mm plaque specimens were injection moulded with an 

Arburg Allrounder 370S 700-290. The injection moulding parameters for all-PP(R) 

composites as well as the all-PP(E) ones are listed in Table 1. 

Injection moulding parameters Material 
Parameter Unit All-PP(R) All-PP(E) 

Injection volume [cm3] 50 44 

Injection rate [cm3/s] 50 50 

Switch over point [cm3] 10 10 

Holding pressure [bar] 500 400 

Holding time [s] 10 10 

Residual cooling time [s] 15 15 

Screw rotational speed [m/min] 15 15 

Back pressure [bar] 20 20 

Decompression volume [cm3] 5 5 

Decompression rate [cm3/s] 5 5 

Temperature of Zone 1 (Nozzle) [°C] 165 120/140/160 

Temperature of Zone 2 [°C] 160 115/135/155 

Temperature of Zone 3 [°C] 160 110/130/150 

Temperature of Zone 4 [°C] 155 105/125/145 

Temperature of Zone 5 [°C] 155 100/120/140 

Mould temperature [°C] 40 20 

Table 1. Injection moulding parameters 
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 To avoid cold slug formation, heated flat nozzle with 4 mm hole in diameter was used 

during injection moulding process. To compare the effect the gate height on the 

characteristics of the produced injection moulded specimens two different gate types were 

used: conventional film gate (gate thickness: 1 mm) and fan gate (FG; gate thickness: 2 mm). 

3.3. Testing methods 

Quasi-static tensile tests 

 Static tensile tests were performed on compression moulded sheets (20 x 150 mm) and 

injection moulding plaque specimens. Dumbbell-shaped specimens (EN ISO 8256 Shape 3) 

were cut from injection moulding plaque specimens by water jet cutting in-flow and 

perpendicular to the flow directions. The tensile tests were carried out by a universal ZWICK 

Z020 tensile machine according to the EN ISO 527 standard. The cross-head speed was set to 

5 mm/min, and each test was performed at room temperature (24°C); at least 5 specimens 

from each material were tested. 

Instrumented falling weight impact tests 

 Instrumented falling weight impact (IFWI) tests were performed on a Fractovis 3789 

(Ceast, Italy) machine with 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 room temperature (24°C) and at -30°C; at least 10 specimens were 

tested. Specimens size were 80 (wide) x 80 (length) x 2.0 mm (all-PP(E)) and 2.1 (all-PP(E)) 

mm (thick). 

Dynamic mechanical analysis 

 Dynamic mechanical analysis (DMA) tests were performed on a DMA Q800 machine 

with the following parameters:  

 To analyse the relaxation of hPP single fibres, the decreasing of the fiber length 

(shrinkage) was investigated in tensile arrangement with two methods. First the 

fibre was heated up with the rate of 5°C/min and the strain was registered as a 

function of temperature between 0 and 165°C. Second the fibre relaxation (strain) 

was measured isothermally at 100, 120, 140°C for 20 min. For both cases 0.001 N 

preload was set. After isothermal tests the relaxed and the original fibres were 

tensile tested with the cross head speed of 0.5 N/min.  

 The single hPP fibres were characterised in the range of -80…170°C with the 

heating rate of 5°C/min, the amplitude of 20 μm and the frequency of 1 Hz. 
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 The single hPP fibres were tested in tensile test mode at room temperature (24°C) 

with the crosshead speed of 0.5 N/min. 

 The injection moulded all-PP composites were tested with using 3 point bending 

arrangement with the following parameters: support distance: 50 mm; frequency: 1 

Hz; temperature range: -100…150°C; strain: 0.08%; heating rate: 5°C/min. 

Specimens (Dimensions: 60x10x2 mm) were cut in the flow direction from the 

plaque specimens, were used for these tests. 

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. After the samples were prepared, they were polished in a Struers polisher in four 

steps using 320-, 1000-, 2400- and 4000-grit SiC papers and water as a lubricant. 

Scanning electron microscopy (SEM) 

 Scanning electron micrographs were taken from fracture surfaces with a Jeol JSM-

6380LA SEM. Prior to test the samples were sputter-coated with gold/palladium alloy. 

Shrinkage tests 

 Shrinkage was measured at different times after injection moulding (1, 4, 24, 48, and 

168 h) and on different positions of the plaque specimens by digital calliper (Figure 1). At 

least 5 specimens from each material were tested. 

 

Figure 1. Shrinkage measurement positions. Dimensional abbreviations are as follows: LM – length 

dimension at the middle; LS – length dimension at the side; WF – width dimension at the front; WB – 

width dimension at back 
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4. New scientific results - Theses 

Based on the results, achieved in the framework of this PhD Thesis, the following theses have 

been deduced: 

1st thesis 

 I have demonstrated that using cut, adequately pre-impregnated prefabricates with 

high fibre content (50-80 wt.%) polypropylene-based self-reinforced composites can be 

processed by traditional injection moulding [2-6, 9]. 

2nd thesis 

 I have shown that converging melt flow sections during injection moulding (sprue, 

gate), affecting the fibres’ orientation and distribution, govern the relaxation of the reinforcing 

polypropylene fibres, and thus the mechanical performance, namely the perforation impact 

energy, static yield strength and elastic modulus of the resulting self-reinforced composite 

mouldings. I have confirmed experimentally by selecting a 2 mm thick fan gate that the 80 

wt% fibre containing self-reinforced polypropylene composites outperformed the 

corresponding matrix (random polypropylene copolymer). The perforation impact energy at 

room temperature and at -30°C was by more than 1100 and 900% higher, the static yield 

strength and elastic modulus at room temperature by more than 40% and 70% higher, 

respectively, of the composite than those of the matrix [5]. 

3rd thesis 

 I have demonstrated that the perforation impact energy of the self-reinforced 

polypropylene-based composites could be prominently enhanced, and especially at 30°C, 

when thermoplastic polypropylene-based elastomer served as matrix instead of random 

polypropylene copolymer of similar melt flow characteristics. Accordingly, the perforation 

impact energy values at room temperature and at -30°C proved to be by 100 and 150% higher, 

respectively, for the elastomer matrix-based than for the copolymer-based composites. This 

was attributed to the fact that the injection moulding processing window, defined as the 

difference between the melt temperatures of the reinforcing fibre and matrix, was markedly 

broader for the thermoplastic elastomer (ca. 70°C) than for the polypropylene copolymer (ca. 

20°C) as well as the applied fan gate. As a consequence, self-reinforced composites with 

thermoplastic elastomer matrix could be injection moulded at lower temperatures than those 

with random polypropylene copolymer. This was associated with a low extent of relaxation of 

the reinforcing fibres via which the latter could maintain their efficient reinforcing in the 

moulded parts [4]. 
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4th thesis 

 I have shown that the injection moulding-induced shrinkage of the all-polypropylene 

composites is higher than those with glass fibre reinforcements. This was argued to be an 

effect of heat shrinkage of the reinforcing fibres, the thermal expansion of which is markedly 

higher than those of glass fibres [4, 5].  
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