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LIST OF ABBREVIATIONS AND SYMBOLS 

List of abbreviations  
AE Acoustic emission 

α-PP α crystal form of polypropylene homopolymer 

α-rPP α crystal form of random polypropylene copolymer 

Ba Barium 

BF Basalt fibre 

β-PP β crystal form of polypropylene homopolymer 

β-rPP β crystal form of random polypropylene copolymer  

Ca Calcium 

Ca-pim Calcium salts of pimelic acid 

Ca-sub Calcium salts of suberic acid 

CaCO3 Calcium carbonate 

CP Cross-ply arrangement 

DSC Differential scanning calorimeter  

ELV End-of life vehicle directive 

EP Ethylene-propylene elastomer 

GF Glass fibre 

GMT Glass mat thermoplastic 

HDPE High density polyethylene 

IFWI Instrumented falling weight impact test 

iPP Isotactic polypropylene 

LCP Liquid crystal polymer 

LDPE Low density polyethylene  

LM Light microscopy 

NF Natural fibre 

PA Polyamide 

PE Polyethylene 

PET Polyethylene terephthalate 

PLM Polaryzed light microscopy 

PP Polypropylene 

PP-g-MA Polypropylene grafted with maleic anhydride 

PVC Polyvinyl chloride 
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rPP Random polypropylene copolymer 

RT Room temperature 

SEM Scanning electron microscope 

SEN-T Single edge notched tensile specimen 

SRPC Self-reinforced polymer composite 

SRPPC Self-reinforced polypropylene composite 

TTS Time-temperature superposition 

UD Unidirectional arrangement 

WAXD Wide angle X-ray diffraction 

WLF Williams-Landel-Ferry equation 

wt% Weight percent 

Zn Zinc 

List of symbols 
aT [-] Horizontal shift factor 

b [mm] Width 

C1 [-] Constant 

C2 [-] Constant 

Ea [kJ/mol] Activation energy 

Ep [J/mm] Perforation energy 

Et [MPa] Tensile modulus 

Fav [N] Average force 

Hα [-] Intensity of α crystal peak 

Hβ [-] Intensity of β crystal peak 

Θ [°] WAXD scattering angle 

k [-] β crystal content 

MFI [g/10 min] Melt flow index 

MFR [g/10 min] Melt flow rate 

MVR [cm3/10 min] Melt volume rate 

σi [MPa] Interlaminar stress 

σt [MPa] Tensile strength 

ρ [g/cm3] Density 

R [J/(mol*K)] Universal gas constant 

T [°C] Temperature 

Tcp [°C] Crystallization temperature 
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Tm [°C] Melting temperature 

To [°C] Reference temperature 

Tprocessing [°C] Processing temperature 

vc [°C/min] Cooling rate 

vh [°C/min] Heating rate 
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1. INTRODUCTION 

Nowadays one of the key issues in materials development is the recyclability of products after 

their lifecycle. This aim is supported (especially in the automotive industry) even by the 

European Union directive on the end-of life vehicles (ELV) [1]. This directive states that no 

later than 2015 the reuse and recovery of all vehicles shall be increased to a minimum of 95% 

and recycling shall be increased up to 85% by an average weight per vehicle and year. A lot 

of problems arise because the newest vehicles should also perform this request. Considering 

the commercial aspects, one of the most used polymeric materials in the automotive industry 

is polypropylene (PP), which is usually reinforced with glass fibre (GF) and rarely with 

natural fibre (NF). The properties of PP based composites can compete with engineering 

plastics, but their reprocessing is difficult therefore the requirements of the above mentioned 

directive cannot be fulfilled without an accompanied decrease in the mechanical properties. In 

the last 15 years considerable efforts have been devoted to develop more environmental-

friendly engineering materials which show similar mechanical performance, however, far 

better recyclability.  

One of the suitable ways to achieve the above mentioned goal is the application of natural 

fibres (hemp, sisal, flax) as reinforcement. These fibres can be found in great amount in 

nature, therefore they are ecofriendly and cheap. Several investigations show however, that a 

coupling agent is needed to achieve good mechanical properties (only the specific values of 

these composites can compete with the properties of GF-PP [2]). Therefore matrix-

reinforcement debonding is also an unsolved problem of recycling. 

On the other hand self-reinforced polymer composites (SRPC) seem to be a viable alternative 

to GF-PP composites, where the matrix and the reinforcement are from the same polymer 

family thereby easy recycling is ensured. The concept was first presented by Capiati and 

Porter [3] for high-density polyethylene (HDPE). Later on the concept was adapted to several 

polymers. The use of PP for self-reinforced composites (SRPPC) seemed to be the best way 

because of its favourable properties and commercial aspects.  

The basis of all SRPC techniques is to set a suitable processing window, which exploits the 

difference in the melting temperature (Tm) of the reinforcement and the matrix. The wider the 

processing window is, the cheaper the processing of the composite can be. This temperature 

difference can be widened in various ways, such as using fibres of different orientation 

(stretch ratio) or difference in the composition like random PP copolymer for matrix, and PP 

homopolymer for reinforcement. 
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There are three main research trends to produce SRPC: hot compaction, consolidation of 

coextruded tapes and film-stacking method. Each method yields a great alternative material to 

GF-PP in cases where composites are shaped by thermoforming. The disadvantage of the first 

two processes is the relatively high manufacturing cost due to the precise technique in case of 

hot compaction and the additional step in the technique of coextruded tapes. To eliminate 

these drawbacks new research has been started to produce SRPPC from commercial products 

and to process it by a simple technique which can be competitive in price with  

GF-PP.  

Great advantages of these composites are the full recyclability, good mechanical properties, 

excellent fibre-matrix adhesion without any help of a coupling agent and the approx. 30% 

lower weight compare to GF-PP. 

The composition of the matrix and reinforcement is done every case by hot pressing 

(compression moulding). The processing parameters (processing pressure, temperature, time) 

have great influence on the consolidation quality of the composite. The increasing 

consolidation quality means that the melted matrix wets the reinforcement better and the void 

content in the composite is decreased. Therefore the consolidation quality has a significant 

effect on the mechanical properties. The exploration of the structure-property relationship is 

an essential step to understand the behaviour of this composite material. 

After the lifecycle of the product, it has to be recycled. The main advantage of SRPC is the 

full recyclability but no information is available in the literature concerning this topic. 

Products are formed from the SRPCs mainly by thermoforming. The forming parameters have 

not been widely published because there are only two materials available commercially. The 

ductility and the forming parameters of the material are very important to manufacture a good 

quality product.  

Based on the above mentioned facts, the main goals of the thesis are: 

• To exploit the polymorphism of PP to manufacture SRPPCs 

• To investigate the effect of the processing parameters on the consolidation of 

SRPPCs 

• To determine the reprocessability of SRPPCs 

• To study the thermoformability of SRPPCs 
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2. LITERATURE OVERVIEW 

In this chapter the literature of PP and PP based composites will be overviewed. At first, the 

properties of PP will be discussed, thereafter PP based composites will be overviewed and 

compared to SRPPCs. 

2.1. Polypropylene 

Isotactic PP (PP) is one of the most commonly used polymers. From the three ’commodity 

polymers‘ (LDPE, PVC, and PP) that has been produced in the biggest mass, PP developed in 

the quickest way in the 20th century [4]. It is used in a wide range from commodity products 

to the automotive industry. It could be seen that to produce SRPPCs, a relative melting 

temperature difference is necessary between matrix and reinforcement. The common solution 

is the PP/rPP combination. Further promising possibility to widen the processing window is to 

exploit the polymorphism-related difference between the melting temperature of β-(matrix) 

and α-phases (reinforcement) of PPs. Therefore β-PP can fulfil the role of the matrix, while 

the stretched α-PP should work as reinforcement. The resulting composite could be a real PP 

homocomposite – the matrix and the reinforcement differ from each other only in their 

crystalline modifications. 

2.1.1. Crystal forms of PP 

Isotactic PP is a polymorphic material with several possible crystalline modifications: the 

monoclinic (α), the trigonal (β) and the orthorhombic (γ) forms [5, 6]. The commercial grades 

of PP crystallize essentially in the α-form (with sporadical occurrence of the β-phase), which 

is thermodynamically stable. Samples rich in β-form can be prepared only by special methods 

[7]. The γ-form can be observed only in low molecular weight samples or in copolymers but 

the practical importance of the γ-form is low. The β-PP comes into focus due to its special 

properties – especially its high impact resistance and lower melting temperature compared to 

the α-form. 

2.1.2. Formation, processing and properties of β-PP 

Padden and Keith [8] studied the melting of β-spherulites and established that during heating, 

they recrystallized into α-form (βα recrystallization), and finally they melted from this form. 

This observation was later confirmed by several authors [6]. Varga demonstrated that the 

melting characteristics of β-PPs were highly influenced by the thermal history of the samples 
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(melting memory effect) [9, 10]. He showed that if the β-PP samples were cooled below a 

critical temperature (Tcp≈100-105°C) before melting, they were susceptible to βα 

recrystallization, and they consequently recrystallized into α-form. Heating of non-recooled 

samples resulted in no modification transition, as they melted separately like the 

thermodynamically stable modification. However, in non-recooled samples, a process of 

structural perfection within the β-phase (ββ’-recrystallization) may also take place during the 

melting process [6]. Melting memory effect is illustrated by calorimetric curves in Figure 1. 

 
Figure 1. Melting memory effect of a PP sample crystallized under isothermal conditions  

1. Melting starting at the crystallization temperature.  
2. Melting of a sample previously cooled to room temperature [9, 10] 

A similar effect was observed during the annealing of the samples [11, 12]. Varga et al. 

investigated the melting and cooling behaviour of the β-PP samples [13]. Recystallization 

depended on several factors, e.g. the thermal history of the samples, the heating and cooling 

rate. Since it was a time dependent behaviour with increasing cooling rate, the βα 

recrystallization process was decreasing.  

Processing of β-PP 
Padden and Keith demonstrated firstly the crystalline forms of iPP with X-ray diffractometry 

and light microscopy [8]. Turner Jones et al. reported first the formation of PP samples rich in  

β-modification [14]. Several studies revealed that the formation of pure β-PP has an upper 

(T(βα)≈140°C) and lower (T(αβ)≈100°C) temperature limit [6, 9, 15-19]. It can be concluded 

from these studies that for the preparation of PP samples rich in β-form, the melted PP should 

crystallize between 100-140°C. In this case, the sample contained α-PP as well. For 

characterizing the polymorph composition of PP, Turner Jones et al. introduced the ’k‘ value 

based on X-ray diffractometric data, as follows (1) [14]: 
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where Hα1, Hα2 and Hα3 were the intensities of α-diffraction peaks detected at angles Θ=7.1º, 

8.5º and 9.4º, respectively, and Hβ1 was the intensity of the β-diffraction peak that appeared at 

angle Θ=8.1º. Value ’k‘ is a relative measure for characterizing the polymorphic composition 

but it does not express the percentage of the β-content. Its value is 0 for pure α-PP and 1 for 

pure β-PP. Calorimetric melting curves also provide information about the polymorphic 

composition. Since the sample recrystallizes during melting, calorimetric curves give no exact 

information about the polymorphic composition unless the βα-recrystallization is eliminated 

[20]. 

Application of β-nucleating agent 
After the recognition that PP samples rich in β-form could be prepared by selective nucleating 

agents, β-PP was extensively studied. Varga and Ehrenstein concluded that the most reliable 

method for the preparation of β-PP was the incorporation of selective β-nucleating agents. 

The use of β-nucleating agent resulted in pure β-PP or at least samples being rich in β-PP. The 

known β-nucleating agents and their properties are listed in Table 1 [21]. The authors used 

calcium salts of pimelic (Ca-pim) and suberic (Ca-sub) acids for their studies since they are 

highly selective, thermally stable β-nucleating agents [22, 23]. 

Nr. β-nucleant Advantage Drawback 

1 γ-quinacridone 
High activity 
(k=0.8-0.9) 

Physical or chemical  
instability, red colour 

2 Al salt of quinizarin sulphonic acid - - 
3 Disodium-phtalate - Not reproduced 

4 Calcium-phtalate High thermal stability 
Moderate activity 

 (k=0.5-0.7) 

5 Dihydroquinoacridin-dione and 
quinacridin-tetrone - 

Moderate activity 
(β=65%), coloured 

6 Triphenol-ditriazine - Low activity (k=0.3) 

7 
Two-component nucleator (CaCO3 

+ organic acids) 
Ca sterarate + pimelic acid 

High activity 
 (k=0.8-0.93) 

Free steraic acid 

8 
Wollastonite (mineral) 

Ca silicate 
High thermal stability Not reproducible  

9 Ca, Zn and Ba salts of 
polycarboxylic acids 

High thermal stability 
 and activity (k<=1) 

- 

10 δ-quinacridone High activity (k=0.8) Coloured (red) 

11 Diamides of adipic or/and suberic 
acids High activity (β =90%) - 

12 Ca salts of suberic or pimelic acid High activity (β =90%) - 
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Nr. β-nucleant Advantage Drawback 

13 Different types of Indigosol 
Cibantine organic pigments High activity (k=0.9) 

Coloured (brown, pink, 
yellow, grey) 

14 Quinacridone quinone High activity Coloured (brown) 

15 N’,N’-dicyclohexyl-2.6-
naphthalene-dicarboxamide  High activity (β =80%) - 

16 Antraquinon red and bis-azo 
yellow pigment Moderate activity Coloured (red, yellow) 

Table 1. β-nucleating agents [21] 

For a better distribution of the nucleating agents Varga et al. prepared a master batch. He used 

0.1 wt% β-nucleating agents to produce β-PP since calorimetric studies revealed that the best 

results could be achieved in that concentration (see Figure 2) in case of the used nucleating 

agents (Ca-sub) [19].  

 
Figure 2. The effect of selective nucleant (Ca-sub) concentration on the melting peaks  

1 – 0 wt%; 2 – 0.1 wt%; 3 – 0.01 wt%  β nucleant [19] 

He pointed out that the chemical and physical structure of the β-nucleating agent could 

change due to high pressure and temperature which may restrict efficiency. According to their 

work another important factor was the avoidance of additives with α-nucleating activity such 

as talc [24]. Raab et al. demonstrated that for PP rich in β-form the ’critical‘ content of 

nucleating agent was approx. 0.03 wt% [25]. 

Compression moulding 

According to Varga’s experience in producing β-PP sheets with compression moulding, the 

squeezed melt should be cooled quickly to the crystallization temperature range (100-140°C) 

of the β-form in order to avoid any α-crystallization. Due to the heat inertia of the melt the 
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recommended crystallization temperature should be set around 110-115°C [21, 26]. With this 

technique the authors could prepare 1-4 mm thick PP sheets rich in β-form. 

Extrusion 
Varga and Ehrenstein investigated the preparation of β-PP during extrusion [21, 26]. The 

polymorphic composition of the extruded β-nucleated PP products depended significantly on 

the cooling conditions and on the take-off speed. They stated that in order to promote  

β-crystallization the temperature of the first two calender rollers should be set to approx.  

105-110°C, the formation temperature range of β-PP. In this case the melt crystallized mostly 

in the first roller gap. β-PP film could be produced at low take-off speed. Increased take-off 

speed increased the amount of the α-form. 

Injection moulding 
Varga et al. studied the effect of injection rate, mould temperature and holding pressure on the 

formation of β-PP during injection moulding [27, 28]. They have found that the 

supermolecular structure of injection moulded PP products was inhomogeneous. The samples 

had an outer shell with a thickness of 150-300 μm, which consists of α-form predominantly, 

while the core contained α- and β-PP as well. They pointed out that the injection rate had the 

main influence on the formation of β-PP. With increased injection rate, the thickness of the 

skin decreased and the amount of β-form in the skin and core increased.  

Cermak et al. studied the effects of mould temperature and holding pressure on the structure 

of neat and β-nucleated PPs [29, 30]. They demonstrated that the increase of mould 

temperature positively influenced crystallinity and the β-PP content, particularly in the skin of 

the specimen. 

Properties of β-PP 

Some properties of β-PP differ significantly from those of the α-form [31]. In comparison 

with α-PP, crystal density, melting temperature and heat of fusion of β-PP are smaller. 

Despite the lower melting temperature, its heat distortion temperature is higher than that of  

α-PP. This could be explained by βα-recrystallization during testing. The chemical resistance 

of β-PP seems to be lower than that of α-PP. The tensile modulus is lower but the tensile 

strength of the β-PP is higher than that of α-PP. Dynamic tests showed that  

β-PP has high impact resistance and toughness, which leads to a wide application field of  

β-PP [32]. The difference between the properties of β-PP and α-PP are shown in Table 2 [31]. 

 

 



András Izer PhD Thesis 

 

 16

Properties α-PP β-PP 
Melting temperature [°C] 165 150 
Density of crystalline phase [g/cm3] 0.936 0.921 
Density of amorphous phase [g/cm3] 0.858 0.858 
Yield stress [MPa] 36.5 29.5 
Tensile modulus [GPa] 2 1,5 
Tensile strength [MPa] 39.5 44 
Elongation [%] 420 480 
Izod impact energy [kJ/m2] 4000 4520 

Table 2. Properties of α-PP and β-PP [31] 

2.1.3. Reprocessing of PP 

The reprocessability of PP was studied by several authors. Martins investigated the 

reprocessing effect on PP materials [33]. Four different PPs were extrusion moulded 13 times.  

Pure PP and 1:1 mixtures of pure and post-consumer PP were used with different antioxidant 

contents. After several moulding cycles, reprocessing resulted in molar mass and viscosity 

decrease due to degradation with chain scission, which was mainly caused by heat loading 

and mechanical shearing. In case an antioxidant was used, the properties were unchanged. 

The MFI (or MFR) values as a function of the number of processing cycles can be seen in 

Figure 3. 

 
Figure 3. MFR values of different PP compositions as a function of processing cycle 

number (FM1 – PP H301, FM2 – PP H201, FM3, FM4 – Post-consumer PPs) [33] 

Da Costa et al. studied the effect of the degradation of PP on the mechanical properties [34]. 

In this case, the processing temperatures (240-270°C) were investigated, and 5, 12 and 19 

extrusion cycles were carried out at each processing temperature. It was concluded that with 

an increasing processing temperature or cycle number, the mechanical properties decreased, 
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but the global effect was minor. Degradation was more important at high shear levels than at 

high temperatures and was caused by the decrease in molecular weight and chain scission. 

Several other studies presented no or only a slight decrease in the tensile strength and in the 

molecular weight of the material [35-37], but improvement in the impact properties and the 

elongation at break after reprocessing. After several reprocessing cycles there was no 

significant change in the chemical structure of PP. Figure 4 shows the change of mechanical 

properties as a function of the number of reprocessing cycles. With an increasing number of 

cycles or reprocessing temperatures, only a little reduction could be observed in the average 

molecular weights [38, 39].  

 
Figure 4. Tensile strength as a function of the number of reprocessing cycles of PP-EP/EVA 

blends [36] 

2.2. PP based composites 

PP is a commodity plastic, therefore it has to be reinforced in order to compete with 

engineering plastics. The main reinforcements for PP are GF, basalt fibres (BF) and NF (flax, 

hemp). A cost-related process for manufacturing PP based composites is compression 

moulding [40-42]. The advantages of this technique are the bulk manufacturing and the ability 

to process high performance products. The disadvantages of this process are that less complex 

products can be manufactured, and finishing is needed (flashing).  

2.2.1. Glass fibre reinforced PP composites 

Long (but discontinuous) fibre reinforced materials, better known as glass mat thermoplastics 

(GMTs) are used commonly for compression moulding [43]. Although GFs are available with 

different polymer matrices (in several cases with thermosets [44]), the market is dominated by 

PP based GMTs due to their low price [45].  
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Thomason et al. investigated the process and properties of GF reinforced PP composites in 

several papers. In the first series the authors studied the properties of GF-PP laminates made 

by wet deposition method [46-49]. They used different fibre lengths (from 0.1 to 12 mm) and 

weight fractions (3 to 60 wt%). The authors investigated the tensile and flexural modulus of 

the GF-PP in the first study [46]. They found that laminate stiffness increased linearly with 

fibre concentration up to 40 wt%. However, stiffness was virtually independent from fibre 

length above 0.5 mm. High concentrations of long fibres (>40 wt%) resulted in fibre packing 

problems and an increase in void content which led to a reduction in modulus. The packing of 

fibres depended on the fibre length.  

In the follow-up study the strength of the laminates was investigated [48]. It was found that 

laminate tensile strength increased approx. linearly with fibre content up to 60 wt% at each 

fibre length (Figure 5).  

 
Figure 5. Tensile strength of PP-GF as a function of fibre content [48] 

Laminate strength was also found to increase with increasing fibre length. This trend was 

similar to the laminate stiffness. A plateau was found in the strength of the laminates between 

3 and 6 mm fibre lengths.  

In the last paper of this series impact properties were studied [49]. Impact strength increased 

almost linearly with fibre content (Figure 6). As fibre length increased impact properties 

increased as well until a plateau level was reached above approx. 6 mm.  
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Figure 6. Impact strength of PP-GF as a function of fibre content [49] 

To improve the mechanical properties of the composite sizing is also necessary to achieve 

good bonding between the polymer and the reinforcement. The efficiency of organosilanes, 

which are the most widely used class of coupling agents, was studied by Plueddemann [40]. 

Coupling of reinforcements to PP was difficult due to the non-polar nature of PP. To achieve 

good interfacial connection, another additive was needed for PP (often PP grafted with maleic 

anhydride – PP-g-MA). The effect of different coupling procedures on the mechanical 

properties is presented in Figure 7.  

 
Figure 7. Effect of different coupling procedures on the mechanical properties of PP-GF 

[40] 

Hamada et al. explored the influence of sizing conditions on the mechanical properties of  

GF-PP [50]. Two types of binding agents (high and low molecular weight PP) were used. The 

GF used was treated with amino silane. They used two types of PP, neat and modified PP 

(grafted with maleic anhydride). Firstly, the different types of binding agents were studied. It 

was found that high mechanical properties were not obtained only in case of the silane 
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coupling agent. This was due to the non-polar behaviour of PP. As a result, a low molecular 

weight PP binding agent was found to be appropriate for the better mechanical properties. 

Secondly, the concentration ratio of the low molecular weight PP binding agent was 

investigated (0-3 times concentrated as a commercial). In case of neat PP the increase of the 

concentration led to an improvement in stress. But in case of the specimen with modified PP, 

the opposite tendency was obtained; the specimen having the lowest ratio of coupling agent 

content the highest strength and it decreased with increasing coupling agent content. 

Therefore the optimum concentration ratio of binding agent was dependent on the chemical 

condition of PP. 

GF-PPs are widely used in the production of seat shells, bumpers and construction front ends. 

Further applications that may be suitable for GF-PPs are inner door panels and covers. 

2.2.2. Other fibre-reinforced PP composites 

Basalt fibre (BF) is one of the most intensively studied topics nowadays. Its mechanical 

properties are little better and its impact on health and chemical resistance is more 

advantageous than that of GF. Its spread is limited so far by the higher price. 

Botev et al. investigated the influence of fibre content on the mechanical properties of BF-PP 

composites [51]. At first, composites reinforced with 10-30 wt% BF were manufactured. In 

the second series the coupling agent was incorporated (5-20 wt%) in PP reinforced with  

10 wt% BF. The amount of coupling agent was calculated on the basis of fibre content. It was 

concluded that with increasing basalt fibre content, the tensile properties decreased because of 

the poor fibre/matrix adhesion. The modified composites presented a considerable increase in 

the mechanical properties.  

Natural fibre (NF) reinforced composites gained ground due to the disadvantages of GF. 

These low-cost fibres spread in sectors where cost efficiency and recyclability are the 

priorities. The mostly used NFs are hemp, sisal and flax [2]. They have good mechanical 

properties, are available worldwide, and the production of these reinforcements are cheap. 

Garkhail et al. made flax reinforced PP composites by film-stacking method [52]. They 

investigated the effect of fibre length (3, 6, 25 mm) and fibre content on the mechanical 

properties and compared the values to the properties of GF-PP. The influence of a coupling 

agent (maleic anhydride) was also followed. It was concluded that the tensile modulus 

increased up to 6 mm fibre length, and the coupling agent improved the properties only for the 

fibre length of 3 mm. Similar results were presented for the tensile strength as well. It was 

concluded that with increasing fibre content, the modulus increased and exceeded specifically 
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the values of GF-PP. The tensile strength values fell behind the properties of GF-PP  

(Figure 8). 

 
Figure 8. Mechanical properties of NF-PP as a function of fibre volume fraction (○ 

untreated, ● treated, the dashed line shows the values calculated with the  
Kelly-Tyson model) [52] 

2.2.3. Reprocessability of PP based composites 

There are many studies on the recyclability of reinforced PP composites. Bourmaud and 

Baley investigated the recycling of hemp and sisal fibre reinforced PP composites [53]. Six 

different materials, hemp or sisal reinforced composites with or without coupling agent, pure 

PP and GF-PP composite were studied. The materials were injection moulded. Thereafter the 

samples were ground for a new injection moulding cycle. Overall seven cycles were 

performed. It was concluded that with an increasing number of processing cycles the fibre 

length decreased (see Figure 9) due to the injection and grinding process. The coupling agent 

improved the fibre-matrix adhesion but after seven cycles its effect disappeared.  

 
Figure 9. Change of GF length in a composite as a function of the number of reprocessing 

cycles [53] 
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Beg and Pickering studied the reprocessing of wood fibre reinforced PP composites [54]. 

Composites with different reinforcements and coupling agents were reprocessed up to eight 

times. The mechanical properties were found to deteriorate with increasing processing times 

due to fibre damage. The tendency of mechanical properties as a function of number of 

reprocessing can be seen in Figure 10. 

 
Figure 10. Tensile strength of pure PP and reprocessed composites (40 wt%) as a function of 

reprocessing times [54] 

Srebrenkoska et al. investigated the recycling of PP based eco-composites [55]. They used 

kenaf fibre and rice hull reinforced PP composites. Two recycling cycles was performed. It 

was concluded that the mechanical properties of recycled composites were very close to those 

of neat composites. Kenaf fibre reinforced PP seemed to be less sensitive to reprocessing 

compared to rice hull reinforced PP. Morphological analysis revealed that recycling could 

induce an improvement of matrix-fibre adhesion. 

2.3. Self-reinforced composites 

The drawback of the composites overviewed before is the poor interfacial strength between 

the reinforcement and the matrix, therefore an additional coupling agent was needed. Another 

disadvantage is the difficult recycling since the valuable reinforcement could not be recovered 

economically as the separation of the reinforcement and matrix has not been solved. On the 

other hand, thermoplastic composites lose their excellent mechanical properties after 

reprocessing due to the breakage of fibres. To overcome these problems a good alternative is 

the application of self-reinforced polymer composites. Self-reinforced polymer composites 

(SRPC) are composed of a matrix and a reinforcement that belong to the same polymer family 

(e.g. PE, PP, PA and PET). The advantages of these composites are the good mechanical 

properties and the easy recyclability owning to the thermoplastic polymer components. The 

challenge is to find a suitable processing window that is large enough to keep the oriented 
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fibres intact while being impregnated with the matrix. The first ’single polymer’ composite 

was made by Porter et al. [3]. Now there are three ways to produce SRPCs, hot compaction, 

consolidation of coextruded tapes and the film-stacking method.  

2.3.1. Hot compaction 

The hot compaction method was developed at the University of Leeds by Ward, Hine and 

their co-workers [56, 57]. The essence of the process was the production of composites from 

oriented thermoplastic fibres without the incorporation of a resin using only suitable pressure 

and temperature. It was exploiting the special behaviour of the constrained fibre namely that 

the core and the surface melted differently when heated. The concept of the technique was to 

heat an array of polymer fibres or tapes considered to be oriented at a temperature where a 

thin skin of the material on the surface of each fibre or tape melted. During cooling this 

melted material recrystallized to form the continuous matrix of SRPCs. The residual fibres 

provided the reinforcement for the composite. The process of hot compaction can be seen in 

Figure 11. 

 
Figure 11. Hot compaction method 

 
Figure 12. Cross section of a well-consolidated hot compacted PE sheet [58] 
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The initial research was undertaken on high modulus melt spun polyethylene (PE) fibres 

named TENFOR® [59, 60] and a woven fabric [58]. Cross section of a well-consolidated 

sheet can be seen in Figure 12. Later on the concept was adapted to polymers, from which 

oriented fibres could be produced, e.g. polyethylene terephthalate (PET) [61], PP [62], gel 

spun PE fibres [63] and polyamide (PA) [64]. 

Although the authors reached outstanding results with PE, the development continued with PP 

due to commercial aspects [65]. The properties of typical hot compacted sheets are shown in 

Table 3 and Figure 13. 

Property Unit ASTM PE 
(CERTRAN) 

PET PP LCP 

Density kg/m3 D792 975 1400 920 1360 
Flexural modulus GPa D790 9.1 5.5 3.6 7 
Flexural strength MPa D790 90 114 51 75 
Tensile modulus GPa D3039 9.1 5.5 3.6 7 
Tensile strength MPa D3039 200 78 85 130 

Izod imp. strength J/m D256 900 56 >3000 540 
Heat defl. temp. °C D648 91 101 143 182 

Thermo- 
formable 

Lower cost 
than PE 

Low in-
plane 

thermal exp. 

Low in-plane 
thermal exp. 

Wide proc. 
window 

Special properties   

EM transparent 

Lower cost 
than PE 

High imp. 
strength 

Wide proc. 
window 

Table 3. Typical properties of hot compacted SRPC sheets [57] 

 
Figure 13. Tensile stress-strain curves of optimally hot compacted SRPC sheets [66] 
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El-Maaty et al. investigated the effect of processing temperature on the formation and 

mechanical properties of SRPP composites [62]. The processing technique was the same as in 

case of PE: the PP fibres were aligned parallel in a matching metal mould placed in a heated 

press. A higher pressure of 1.1 MPa was used in this case (compared to PE) since a very high 

shrinkage force could appear close to the melting temperature of PP. The fibres were heated 

to the required temperature and allowed to soak for 20 min. A high pressure of 14 MPa was 

applied then for 10 s and the mould was removed from the press and cooled down. Samples 

were made at temperatures between 164°C and 174°C. It was found that selective surface 

melting of the fibres to a sufficient degree was not achieved at these temperatures to give 

good mechanical properties.  

Based on the previous work, the authors used woven PP tapes as the raw material, which 

allowed a closed mould and hence a higher processing temperature [67]. The investigated 

temperature range was between 166°C and 194°C. In this case a holding pressure of 2.8 MPa 

and compaction pressure of 7 MPa was used. It was found that the mechanical properties 

reached their maximum at 186°C (Figure 14). At this temperature the structure was well 

bonded, but above this large scale melting occurred. So a compromise for an optimum 

compaction temperature around 182°C was necessary, where enough part of the fibres was 

melted to bind the oriented fibres together and thereby formed a homogeneous composite 

material having good mechanical properties. At that temperature the flexural modulus was  

3.9 GPa and the residual oriented phase was approx. 70%.  

 
Figure 14. In-plane flexural strength of compacted PP samples as a function of processing 

temperature [67] 

Morphological studies confirmed that at the optimum compaction temperature good 

mechanical properties occurred due to the formation of a transcrystalline layer between the 

tapes and tape bundles. 
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In the following work the authors investigated the internal structure and morphology of 

compacted PP tapes above and below the optimum processing temperature (166-190°C) [68]. 

It was concluded from the SEM studies that optimum compaction was achieved when a 

sufficient amount of polymer melted to fill all cavities and made the resulting self-reinforced 

composite a continuous material. At lower compaction temperatures not all voids were filled, 

whereas higher compaction temperatures melted more material than was required. 

In the follow-up studies the important parameters of woven oriented PP fabrics were 

investigated [69]. Five woven fabrics were obtained from commercial sources. It was found 

that as the compaction temperature increased, the percentage of melted material also grew, 

thereby bonding improved and hence the modulus and strength increased. The interfacial tests 

showed clear geometry effect on the interlayer strength for compacted samples. It was found 

that flat tapes were better since tapes could sit flatter in the fabric (less crimp) and had less 

internal free space. It was showed that the matrix morphology also played a key role in 

determining the interlayer peel strength.  

In the second chapter of this study the morphology of fabrics were investigated before and 

after compaction [70]. The earlier results were confirmed by SEM microscopic pictures, 

namely that tapes naturally presented a better surface for compaction than round fibres, which 

had to be distorted by compression before the contact was created among the fibres. The view 

of peel surfaces of compacted sheets made from different fabrics can be seen in Figure 15. 

 
Figure 15. View of peel surfaces of compacted PP sheets made from multifilaments (a) and 

flat tapes (b) The arrow shows the peel direction [70]. 

The fracture and failure behaviour of hot compacted PP composites were investigated by 

Romhány et al. [71]. Acoustic emission (AE) events were recorded on single-edge notched 

(SEN-T) specimens during tensile tests. The authors stated that poorly consolidated 

specimens showed pop-ins in load displacement. This generated more AE events than in case 
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of well-consolidated samples. The consolidation quality of the composites was well reflected 

by the appearance of the cumulative AE events and the shapes of AE curves.  

Thermoforming tests were carried out to investigate the formability of the compacted PP 

sheets [72]. Before shaping, tensile tests at high temperatures were performed between 140°C 

and 170°C and testing speed was selected as 5, 100, 250 and 500 mm/min. The mechanical 

parameters did not decrease during heating because the samples were constrained. It was 

concluded that with an increasing test temperature, the initial modulus decreased, and strain 

increased. However, as the test speed increased the initial modulus increased as well. These 

results suggested that optimum forming would require the highest temperature and lowest 

closing speed. The shaping tests were carried out using a tensile test machine and a special 

hemispherical matching mould, based on the study by Hou [73]. It was concluded that the 

maximum displacement for mould closure was 31 mm because of gripping problems at deep 

draw. The forming tests at different temperatures showed that the optimum thermoforming 

temperature was 150°C, while the worst value was 160°C. 170°C (above the melting 

temperature of the fibres) is also a possible thermoforming temperature, as during forming the 

re-melted phase could eliminate the voids. 

Nowadays there are several products made of hot compacted PP composites, e.g. automotive 

under trays, soccer shin guards, helicopter radome covers and loudspeaker cones. Few 

examples for product made of hot compacted PP is presented in Figure 16. Hot compacted PP 

sheets are now available under trade name CURV®. 

 
Figure 16. CURV® products (car door panel and sports protective wear) [56] 

2.3.2. Consolidation of coextruded tapes 

The consolidation of coextruded tapes method was developed by Peijs et al. [74]. An easily 

recyclable composite was needed, and although the hot compaction process was very elegant 

for the production of single polymer composites, its main disadvantage was the narrow 
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processing window of a few degrees. Because of the mentioned drawback an alternative 

method was selected to widen the temperature difference between the matrix and the 

reinforcement. During the coextrusion of PP tapes two types of PP with different melting 

temperatures were combined, namely a thin polymer skin with lower melting temperature 

than the core material (the lay-up is A/B/A). To increase the mechanical properties the tape 

was cold drawn after coextrusion. The process scheme can be seen in Figure 17. 

 
Figure 17. Scheme of coextrusion process [75] 

This matching of two different PPs yielded a processing window over 20°C. During hot 

pressing the thin surface (having lower melting temperature - A) melted and formed the 

matrix, while the core (B) remained oriented and acted as the reinforcement. A high fibre 

volume fraction (>80%) could be achieved with this technique.  

Alcock et al. reported the mechanical properties of all-PP composites preformed from 

coextruded tapes [75]. The authors manufactured composite laminates from the coextruded 

tapes winding them onto a flat steel plate. This frame was then placed in a matching mould 

and the tapes were compacted into a sheet using heat and pressure. The applied compaction 

pressure was 2.4 MPa, the processing temperature was set to 140 and 160°C (the melting 

temperature of the selected PP copolymer matrix was 140°C, and for the PP core was 160°C). 

It was found that the composite sheet was not sensitive to the processing temperature since the 

tensile properties did not change significantly. Later the authors investigated the influence of 

different compaction methods and pressures on the mechanical properties of the composites 

[76]. Vacuum bagging technique and a hot press machine were used to consolidate the 

composites. The applied pressure was 0.1 MPa in case of vacuum bagging, while 1.2 and  

12.4 MPa in case of the hot pressing machine. The same time-pressure and time-temperature 

profiles were used in both cases. The processing pressure influenced the structure and 

consequently the mechanical properties of the product. The higher pressure resulted in 

proportionally better mechanical properties. The processing temperature had negligible effect 

on the properties, differences were only revealed in the ±45° loading direction among 
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composites made at different temperatures. It showed that the interfacial strength increased 

with increasing processing temperature. The results are shown in Figure 18.  

 
Figure 18. Tensile strength of woven SRPPCs made at different temperatures and pressures 

[76] 

The consolidation difference was also reflected in the failure modes. The specimens processed 

at 140°C showed debonding and interlaminar shearing, but in case of the hot pressing 

temperature of 160°C the sample failed mainly due to fibre breakage, as it can be seen in  

Figure 19.  

 
Figure 19. Different failure modes of SRPPC specimens processed at 140 and 160°C [76] 

The failure process of different consolidated specimens during tensile tests seemed to be 

much different compared to GMT. The number of AE events was used to provide information 

about damage. GMT emitted lots of AE events even at low stress due to the poor interfacial 

adhesion. Woven GF-PP emitted high total AE events due to the friction between fibers 

during stress. The composite made at 140°C from coextruded tapes generated less AE events. 



András Izer PhD Thesis 

 

 30

Composite specimens processed at 160°C produced the smallest AE events due to better 

interfacial adhesion. The different AE curves can be seen in Figure 20. 

 
Figure 20. AE curves of different PP composites [76] 

Interfacial tests [77] showed that with increasing consolidation temperature, the peel strength 

increased. At the lower processing temperatures (below the crystalline melting temperature of 

the copolymer layer) the coextruded tapes became ’tacky‘, the bonding of tapes was weak and 

adhesive failure occurred. As manufacturing temperature increased, the copolymer layers 

fused together increasing the peel strength. This ensured excellent bonding and cohesive 

failure. The different failures of specimens are presented in Figure 21.  

 
Figure 21. Adhesive failure mode represents the SRPPC made at 140°C (a) and cohesive 

failure mode for SRPPC made at 160°C [77] 

The impact properties of these all-PP composites were investigated in low velocity and 

ballistic tests [78, 79]. At first composites made at different processing temperatures (130-

170°C) and pressures (1-12 MPa) were investigated in instrumented falling weight impact 

tests (IFWI). Impact performance increased with decreasing processing temperature and 

pressure. Therefore all-PP composites which were optimised for impact, however, might not 
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be suitable for peel and tensile properties. It was possible to tailor the impact properties by 

altering processing properties. These all-PP composites could compete with or outperform 

GF-PP composites in impact properties. Therefore, these composites might be suitable for 

protectives against low velocity impacts. Due to the excellent results, the impact 

investigations (at different speeds) were extended to low and high testing temperatures (-40 to 

120°C) and to ballistic impact tests [79]. The IFWI test showed that the impact energy 

absorption of the composite was great even below Tg, and impact speed had much greater 

influence on the impact properties. With increasing impact speed the impact energy 

absorption also increased. 

The creep behaviour of the unidirectional (UD) and cross-ply (CP) composites was 

investigated by Banik et al. [80, 81]. The specimens were subjected to isothermal creep tests 

at different temperatures ranging from 20 to 80°C under an applied load. From the short-term 

flexural creep response, the long-term creep behaviour of the all-PP composites could be 

predicted.  It was concluded that UD composites had greater resistance to creep (Figure 22). 

 
Figure 22. Creep master curves of UD and CP SRPPCs [80] 

The authors stated that an Arrhenius type relationship was found to describe the shift data 

obtained from the creep tests.  

There are two equations based on the activation energy (Ea) to promote the time-temperature 

superposition (TTS). The relation between the temperature and the shift factor can be 

generally described by the Arrhenius equation (2): 
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where aT is the horizontal shift factor, R is the universal gas constant, Ea is the activation 

energy, T0 is the reference temperature and T is the experimental temperature, respectively. 

The Arrhenius equation relates the horizontal shift factor to temperature [82]. Another 
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commonly used empirical equation for TTS that relates a shift in temperature to a shift in time 

is the Williams-Landel-Ferry (WLF) equation (3): 
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where C1 and C2 are constants, and T and T0 are the experimental and reference temperatures. 

The WLF equation empirically describes the frequency dependence of glass transition 

temperature in amorphous polymers. 

The thermoforming behaviour of SRPPCs made from coextruded tapes were investigated in 

non-isothermal stamp forming [83]. A hemispherical mould was used, as in the other works 

[73]. The pre-heated (140°C) composite sheets were directly transferred from the oven into 

the mould for stamping. It was observed that the deformed fabric showed an increase in the 

unit cell as a result of biaxial stretching, as shown in Figure 23.  

 
Figure 23. Effect of fabric deformation before (a) and after (b) stretching [83] 

The authors studied the possible applications of these composites made from coextruded 

tapes. The potential of tape winding was assessed [84]. Simple coextruded tapes and a woven 

fabric were cold-wound onto a mandrel and subsequently heated to achieve consolidation. It 

was found that pipes can be made from this material by tape winding (see Figure 24).  

 
Figure 24. Tape wound pipes made from coextruded PP tapes [84] 
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Another possible application is to produce all-PP sandwich panels (see Figure 25) [85]. Using 

PP honeycombs or PP foam as the core material, PP copolymer as an adhesive and a 

composite sheet made from coextruded tapes is a feasible method to make all-PP sandwich 

panels. These panels can compete with GMT sandwich panels. All-PP composite panels made 

of coextruded PP tapes are available under trade name Pure®. 

 
Figure 25. All-PP sandwich panel made of Pure® [74] 

2.3.3. Film-stacking method 

Self-reinforced polymer composites with excellent mechanical properties can be 

manufactured with the before mentioned techniques, however they are difficult and 

expensive. The film-stacking method gives a possibility to combine even commercially 

available pre-products (films, fibres) together. Based on the concept of this technique, the 

reinforcement and the matrix layers are placed on each other alternately prior to consolidating 

them into composites by hot pressing. The key issue is the same as for the previously 

presented techniques, i.e. the melting temperature difference between components, as the 

reinforcement should keep its strength while the matrix melts and cools. The scheme of the 

film-stacking method is shown in Figure 26. 

 
Figure 26. A possible film-stacking composition 
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Houshyar and Shanks investigated firstly this technique with PP fibres and random PP 

copolymer (rPP) matrix [86, 87]. The structural and mechanical properties were investigated 

as a function of the fibre diameter. The melting temperature of PP fibre was 164°C and 148°C 

for the rPP matrix determined by DSC measurement. The processing temperature was set to  

155-160°C.  In the first stage, long PP fibres (20-30 mm) were distributed randomly on the 

top of the rPP film then hot pressed at defined temperature for 5-7 min. After that 11-14 kPa 

pressure was applied for 8-10 min in the second stage. Three of these composite layers were 

placed together and pressed under the same conditions as in the first stage. The final fibre 

content was 50 wt%. It was concluded that the modulus increased with increasing fibre 

diameter. This is expected since increasing fibre diameter means increasing reinforcement 

content as well. Note that with an increasing fibre diameter the total interfacial area of the 

composites decreases. This was indicated by the fact that the adhesion between the matrix and 

the reinforcement was excellent. Perfect wetting was confirmed by optical microscopy. The 

interfacial properties of these all-polymer composites were investigated by pull-out and 

microbonding tests.  

In the follow-up study the effect of fibre concentration was investigated [88]. Composite 

sheets were processed as earlier with 10-60 wt% reinforcement content. It was concluded that 

the increase of the fibre concentration increased the tensile, flexural, and storage modulus 

considerably. The maximum improvement in properties was observed for the composite with 

a fibre content of 50 wt%, defined as the critical fibre concentration. This was due to 

increasing void content and fibre packaging problems in case of 60 wt% fibre content. 

Other researchers processed SRPPCs using rPP fibre as the matrix and PP fibre as 

reinforcement [89]. The fibres were mixed together and converted to a nonwoven mat. The 

heat process was the same as before, and longer heating time (60 min) was also applied. It 

was concluded that the mechanical properties were high when the moulding time was  

≈15 min. As the moulding time increased, fibres gradually lost their original mechanical 

properties. However, with increasing time the rPP fibres melted completely and flowed 

among PP fibres therefore adhesion increased. The effect of pressure during preparation 

played an important role. With increasing moulding pressure the matrix could melt and 

penetrated the reinforcement better. The pressure assisted the matrix to flow more easily 

among the reinforcing fibres, therefore the processing time could be reduced and the 

shrinkage of the fibres could be prevented by using higher pressure.  

These authors also presented the effect of different woven geometries embedded in rPP films 

[90]. It was concluded that the geometry of fabrics had great influence on the mechanical 
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parameters. The satin fabric was found to be the best due to the advantages of its weave 

parameters, such as loose pattern and high fibre content.  

Another fibre/matrix combination was used by Bárány et al. [91]. In this study PP carded mat 

was used as reinforcement and β-crystal form of PP homopolymer (β-PP) film as matrix. The 

composite plates were manufactured at different processing temperatures (150-170°C) and 

high pressure (7 MPa) with a nominal reinforcing content of 50 wt%. It was concluded that 

with increasing processing temperature the laminate-like lay-up progressively disintegrated. 

Good consolidation was achieved at high processing temperature, and that increased the 

tensile and peel properties, decreased the impact characteristics and hindered delamination 

during failure. The different failure modes can be seen in Figure 27. 

 
Figure 27. Typical failure of SRPPC at processing temperatures of 150°C (a), 160°C (b) and 

170°C (c) [91] 

Abraham et al. used β-PP as the matrix to produce all-PP composites due to the lower melting 

temperature of β-PP [92]. PP tapes were used as reinforcement. With this method a suitable 

processing window was created. The PP tapes were wound onto a steel plate after placing  

β-PP matrix films on its surface. In the next step this composition was consolidated at 160°C. 

It was concluded that exploiting the polymorphism of PP was a suitable way to create a 

processing window for SRPPCs. 

Hine and Ward combined the hot compaction and film-stacking methods to optimize the 

properties of SRPCs [93]. For the preliminary study woven melt spun PE multifilament and 

low density PE (LDPE) film (Tm=120°C) were used. 126°C and 136°C were set as processing 

temperatures. It was concluded that only the use of interleaved films resulted in enough 

melted phase for a complete consolidation. Therewith the processing window was widened. In 

the next section this idea was adopted to woven PP. In this case the PP matrix was the same as 
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the reinforcement. The processing temperature was set to 175°C (melting temperature of the 

matrix) and 195°C. It was concluded that the use of interleaved films was not absolutely 

crucial for processing, but it increased the interfacial strength, improved thermoformability 

and did offer the benefit of a wider processing temperature window.  

The interfacial properties of  SRPPCs were characterized by Houshyar et al. with microbond 

and fibre pull-out tests [94]. The results showed that the interfacial strength was two times 

higher in comparison with GF-PP systems for a given embedded length. In this case the high 

strength and stiffness of GF were not advantageous. The main failure type for SRPPCs during 

tensile test was fibre rupture. 

The creep behaviour of all-PP composites processed by film stacking method was 

investigated in different compositions using different moulding conditions [89], different 

ethylene-propylene elastomer (EP) concentrations [95] and different fibre diameters [87, 96]. 

It was concluded that the creep behaviour of PP fibre reinforced PP composites depended 

strongly on stress, temperature, void content, and fibre loading. The composite produced 

under optimum moulding conditions (where the wetting of fibres was complete) showed the 

lowest relative creep. Creep resistance decreased if temperature or stress rose. Figure 28 

shows the master creep curve of an SRPPC made from rPP matrix and PP fibres  

(50 wt%) at a reference temperature of 25°C. 

 
Figure 28. Master creep compliance curve of rPP-PP composite at a reference temperature of 

25°C  [96] 
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2.4. Summary and critical review of the literature, aims of the dissertation 

Polypropylene developed the most quickly among commodity plastics in the 20th century. It 

can be stated from the literature that nowadays PP is not only a commodity plastic, but one of 

the base materials of engineering applications. The properties and processing of PP and its 

composites are richly published. The mostly used reinforcement for PP is glass fibre (GF). 

These composites are widely processed with injection and compression moulding as well. 

Several authors investigated the processing and the properties of GF-PP. Based on the 

properties of this material (fibre breakage, orientation, fibre-matrix adhesion) the 

investigation of NF-PP composites was induced due to the demand of recycling. The interest 

for BF-PP has extended in the last decade due to its beneficial properties compared to GF. BF 

production is rising in several countries (essentially in Eastern Europe and the Middle-East) 

therefore it can compete with GF in price as well. 

Overall it can be stated that to reach excellent properties for PP based composites the fibre-

matrix adhesion must be outstanding. It can be reached with the use of coupling agents or 

modified PP (PP-g-MA). Studies on improving the interfacial adhesion between PP and these 

fibres are widely published in the literature.  

It can be stated from the literature that the interest for self-reinforcing composites has 

increased worldwide for a few years. The methods of hot compaction and coextrusion are 

particularly investigated. The effect of processing parameters (processing temperature, 

pressure) and the different materials (PE, PP, PET, PA, PAN, LCP) are studied. Static and 

dynamic properties are known. It can be stated that a favourable material for these techniques 

is PP due to its advantages and low cost. The drawback of these techniques is the expensive 

processing (the narrow processing temperature range in case of hot compaction and the 

additional step in the processing in case of coextrusion). A third method for processing all-

polymer composites is the film-stacking method, not so deeply published in the literature. In 

this case the processing window is relatively wide because the reinforcement and the matrix 

structure are manufactured separately from different types of the same material.  

For widening the processing window, the mostly used material pairs are PP homopolymer and 

random PP copolymer, as it is possible to widen the processing window by exploiting the 

polymorphism of PP. This means that there is a difference between the melting temperature of 

the β- (matrix) and α-phases (reinforcement) of PPs. The β-PP related literature is rich. There 

are several studies on the processing and properties of β-PP. The use of different crystal forms 

of PP in composites is not a frequent method, but a really single composite can be produced 
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with this method. The more different the processing temperature is, the more different the 

consolidation quality in the composite. The effect of consolidation quality on the mechanical 

properties of the composite has not been investigated up to now.  

The failure and interfacial adhesion between the matrix and the reinforcement are already 

published but it was studied mostly using microscopic studies and peel tests. The AE test is a 

very effective method to investigate the failure of composites. In spite of this, the failures of 

differently consolidated SRPCs have not been investigated with AE tests. 

The long-term behaviour is one of the most important properties of structural materials. There 

are some studies on the creep behaviour of all-composites, but the effect of consolidation on 

the creep behaviour has not been published up to now.  

The most important advantage of all-composites is their recyclability, but it is not studied up 

to now. The reprocessability of PP, blends of PP and PP based composites can only be found 

in the literature.  

The thermoformability of SRPCs are published only in case of hot compaction technique and 

using coextruded tapes. The formability of composites processed with the film-stacking 

method was not studied up to now. 

Based on the literature overview, the aims of the thesis are the following: 

• To develop self-reinforced polypropylene composites exploiting the polymorphism of 

PP, processed by film-stacking method. 

• To investigate the effect of processing temperature on the consolidation quality and 

the mechanical properties of the composite. It will be investigated by static and 

dynamic mechanical, peel and microscopic studies. 

• To study the fracture and failure behaviour of the differently consolidated composites 

by microscopy and AE tests. 

• To analyze the creep behaviour of the differently consolidated composites. 

• To predict the long-term behaviour from short-term tests. 

• To explore the reprocessability of SRPPCs and compare it to neat PP material. 

• To determine the thermoformability of composites formed with different kinds of 

techniques. 
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3. EXPERIMENTAL PART 

In this chapter the experiments of the thesis will be detailed. First the used materials, their 

processing, the applied thesting methods will be stated. In the results section the preliminary 

studies and their results will be stated. Based on these results the further materials and 

investigations were chosen. Thereafter the effect of processing temperatures on the 

microstructure, mechanical properties, creep response, fracture and failure on the composites 

will be described. Then the reprocessability and the thermoformability of the SRPPCs will be 

shown as well. 

3.1. Materials, their processing and testing 

In this part the selected materials and their processing will be described. The manufacturing of 

the SRPPCs and characterization and their reprocessing will be detailed. Finally, the applied 

testing methods will be detailed. 

3.1.1. Materials 

A plain woven fabric (Figure 29, produced by Stradom S.A., Czestochowa, Poland) 

composed of highly stretched split PP tapes with a nominal weight of 180 g/m2 was selected 

and used as the reinforcement. The reinforcing tape has a melting temperature of Tm=172.4°C 

(determined by DSC), and a tensile strength of 465±32 MPa (measured on a single tape with a 

Zwick Z050 tensile machine).  

 
Figure 29. SEM picture of the reinforcing woven fabric 

Production of matrix film  

Three kinds of PP were used as matrix materials: i) β-form of isotactic PP homopolymer 

Tipplen H388F (β-PP); ii) random PP copolymer Tipplen R351F (α-rPP), and iii) β-form of 
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the latter (β-rPP). The non-nucleated PPs were provided by TVK Co. (Tiszaújváros, Hungary) 

and exhibited a melt flow index of 8 g/10 min (at 230°C and 2.16 kg load). These materials 

were chosen since the preliminary studies pointed out that a small increase (approx. 10%) 

could be achieved in the tensile properties with matrices having higher MFI (R959A) [97], 

but higher β-content could be achieved in case of materials with lower MFI. PPs, which have 

too high viscosity inhibited β-formation due to the high shearing during extrusion. 

For the β-nucleation of PP 0.15 wt% of calcium salt of suberic acid (Ca-sub) was chosen as a 

selective β-nucleating agent due to its high selectivity, as earlier [23]. For the  

β-nucleation of PP a masterbatch was produced first in a twin-screw extruder (Brabender, 

Duisburg, Germany). In the masterbatch 1.5 wt% of Ca-sub was incorporated. The extrusion 

temperature was 220ºC and the screw revolution was 5 min-1. After extrusion the materials 

were pelletized. From both PPs neat and β-nucleated films with a thickness of 180 µm were 

extruded (in a Davo Viskosystem extruder, Troisdorf, West Germany) by in-situ mixing the 

neat pure PP with the masterbatch (in a ratio of 9:1), resulting finally in a β-PP with 0.15 wt%  

Ca-sub content. The extrusion temperature was 230ºC and the revolution was 60 min-1 (the 

preliminary studies showed that with increasing processing speed, β-content increased in the 

material, therefore the maximum possible screw revolution was selected). To promote the  

β-crystallization of PP, the rolls were heated close to 100ºC because the preferred 

crystallization temperature range of the β-modification of PP is between 100 and 140ºC [6, 7, 

21, 26, 31]. No drawing was used since molecular orientation does not support  

β-crystallization. 

3.1.2. Manufacturing of composite sheets 

Composite sheets with a nominal thickness of 2.5 mm were produced using film-stacking 

method followed by hot pressing at seven different processing temperatures (at 5, 10, 15, 20, 

25, 30 and 35°C above the related matrix melting temperature) and holding time of 90 s under 

a constant pressure of 7 MPa with a nominal reinforcement content of 50 wt%. The 

reinforcing layers were placed on each other in cross-ply arrangement therefore the resulting 

composite plates were orthotropic. The film-stacked packages were inserted between the 

preheated plates, held between them - without applying pressure - for 30 s, then pressed for  

90 s at 7 MPa and then cooled down with a cooling rate of 7.5°C/min (as shown in Figure 30). 

The holding time at the processing temperature was kept short to prevent shrinkage and 

molecular relaxation of the fibres at high processing temperature. The film-stacking 

composition of the matrix foils and reinforcements can be seen in Figure 31. 
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Figure 30. Processing diagram of the hot pressing of SRPPCs 

 
Figure 31. Composition of the materials 

3.1.3. Reprocessing of the composite samples 

Grinding and extrusion 
The collected tested composite specimens and cutting scrap were ground with Plastics 

Machinery Granulatore GRS 152_302 grinder. The ground composite material was 

inhomogeneous; a significant amount of the reinforcement material from the poorly 

consolidated SRPPCs was debonded from the matrix. Therefore the particle size distribution 

was also inhomogeneous. 

The ground materials were extruded five times with a Brabender Plasti-Corder PL 2100 twin 

screw extruder and then granulated. The extrusion temperatures were set to 190°C, 195°C, 

200°C, 200°C from the feeder to the die. The screw revolution was set to 8 min-1 for the 
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ground material (first cycle) and 25 min-1 for the granulated (2-5th cycle) and matrix materials. 

As a reference the original matrix materials were also extruded five times.  

Injection moulding of ground composites 
From the granulated materials after the first and fifth extrusion cycle different (tensile and 

Charpy) specimens were manufactured on an Arburg Allrounder 320C 600-250 injection 

molding machine. Table 4 contains the injection moulding parameters. The temperature zones 

were set to 185°C, 195°C, 200°C, 205°C, 210°C from the feeder to the nozzle.  

Parameter Tensile specimen 

 

Charpy specimen 

 

Injection volume 44 cm3 40 cm3 

Injection rate 50 cm3/s 50 cm3/s 

Switch over point 12 cm3 11 cm3 

Holding pressure 400 bar 300 bar 

Holding time 20 sec 20 sec 

Screw speed 15 m/min 15 m/min 

Cooling time 15 sec 15 sec 

Decompression 5 cm3 5 cm3 

Mould temperature 50°C 50°C 

Real pressure 540 bar 440 bar 
 

Table 4. Injection moulding parameters 

The injection moulded materials are listed in Table 5. Note that composite materials with 

random PP copolymer matrix (regardless of its crystalline form) became a blend due to 

reprocessing at a higher temperature (considerably higher than the melting temperature of the 

reinforcement).  

 α-PP 

matrix 

β-PP 

matrix 

α-rPP 

matrix 

β-rPP 

matrix 

β-PP 

composite 

α-rPP 

composite 

β-rPP 

composite 

Neat material x  x     

1x extruded x x x x x x x 

5x extruded x x x x x x x 

Table 5. Injection moulded materials 
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However, referring to the initial materials, it will be further designated as a composite. Since 

the β-form of the matrices is made by extrusion, a neat form of them is not possible to create. 

3.1.4. Thermoforming tests 

Thermoforming in a vacuum assisted thermoformer 
For the formation of the prepared composite sheets a vacuum assisted thermoformer machine 

type OVM-VFP 0705-2SL was used firstly. The forming process was the following: the 

truncated pyramid mould made of wood (20x150x150 mm) was sunk down. The composite 

sheet was placed onto the working place and fixed with the clamping frame. Then the heater 

moved over the composite sheet and heated it by heat radiation. Afterwards it rolled back and 

the mould was lifted upwards and preformed the sheet. With the assist of vacuum the 

composite sheet was formed completely onto the mould. 

Thermoforming in cold matched mould 

For thermoforming a mould was designed and created. The geometry is shown in Figure 32.  

 
Figure 32. Sketch of the designed thermoforming mould 

The earlier hot pressed composite sheets with a thickness of 1.2 mm were cut to 250x250 mm 

pieces and fixed into a clamping frame. The frame positioned the sheet and prevented 

shrinkage during heating. The mould was mounted on the tensile testing machine. For heating 

the composite sheets, an oven was used. The sheet fixed in the frame was placed into a 

preheated oven and it was heated at different temperatures and for different times. Afterwards 

the sheet with a frame was placed into the mould and it was clamped at a speed of  

100 mm/min (the transport from the oven to the mould of the heated composite sheet was 
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approx. 2-3 s long so it can be considered as an allowance from the cooling of the sheet). 

During the shaping the forming forces were registered. 

3.1.5. Testing methods 

WAXD tests 

The X-Ray scattering patterns were recorded using a Philips PW 1710/PW type equipment 

with CuKα radiation at 40 kV and 35 mA and X Pert PRO MPD type equipment with CuKα 

radiation at 40 kV and 30 mA. 

Calorimetric (DSC) tests 
The crystallization and melting characteristics of the specimens were studied by DSC. The 

melting curves were recorded by a Pelkin Elmer DSC 7 apparatus. Samples having a weight 

of 3-5 mg were scanned at 10°C/min heating (vh) and cooling (vc) rates. In order to erase 

thermal and mechanical history, the samples were heated up to 220°C and held there for  

5 min. Since the β-form of PP samples cooled below 100°C, recrystallised into the α-form 

during the partial melting of the β-phase [9], the end temperature of cooling (TR) was set to 

100°C during non-isothermal crystallization. This setting prevents βα-recrystallisation, so the 

polymorphic composition of the blends can be determined accurately from the melting curves 

[23, 26]. The thermal program of the DSC can be seen in Figure 33.  

 
Figure 33. Thermal program of the DSC test 

T-Peel tests 

The interlaminar (peel) strength was determined on rectangular specimens of 25.4x250 mm2 

using a Zwick Z020 universal testing machine according to standard ASTM D 3167-97 at a 

crosshead speed of 152 mm/min. Attention was paid to the peel-off of the last two reinforcing 

and matrix layers from the top of the composite sheets. To initiate peeling a small piece of 
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thin aluminium foil (thickness of 50 μm) was inserted in between the second woven fabric 

and the third matrix foils in the assembly prior to hot pressing. This way the related peel 

results can be compared accordingly. The sample can be seen in Figure 34. The test was 

performed at room temperature (23°C) and the average of five statistically relevant peel data 

has been reported. 

 
Figure 34. Sample used in T-peel tests 

Microscopy 

The consolidation quality was inspected by reflection light microscopy (LM; Olympus 

BX51M) on polished cross sections of SRPPC sheets. Cross sections were cut from each 

composite and embedded in epoxy resin. After the preparation of the samples they were 

polished in a Struers polisher in four steps, using 320, 1000, 2400 and 4000 SiC papers and 

water as the lubricant. 

Scanning electron microscopic pictures were taken of the reinforcement and fractured 

surfaces on a Jeol JSM-6380LA microscope. The samples were sputter coated with gold 

alloy. 

The morphology of the SRPPCs was studied on thin sections by polarized light microscopy 

(PLM) using a microscope of Leitz (Leica, Wild Leitz GmbH, Germany) with  

a λ-plate located diagonally between the polarizers. Thin sections of 8 μm were cut from the 

composites with a microtome (Microm, Walldorf, Germany) at room temperature (RT). 

Density tests 
The density of the samples was determined in absolute ethanol at 23°C according to MSZ EN 

ISO 1183-1. Prior to immersing the specimens, the edges of them were coated with wax in 

order to prevent the ethanol from diffusing into the samples. The test was performed at room 

temperature (23°C) and the average of five statistically relevant density data has been 

reported. 
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Tensile tests 
Static tensile tests were performed on rectangular specimens of 25x250 mm2 (in case of 

composites) and injection moulded dumbbell specimens (in case of the reprocessing test) 

using a Zwick Z020 universal testing machine according to standard MSZ EN ISO 527 at a 

crosshead speed of 5 mm/min. The test was performed at room temperature (23°C) and the 

average of five statistically relevant tensile data has been reported. 

Flexural tests 

Static three point bending tests were performed on rectangular specimens of 60x15 mm2 

according to standard EN ISO 178 using a Zwick Z020 universal testing machine. The test 

speed was 2 mm/min. The span length was 48 mm. The test was performed at room 

temperature (23°C) and the average of five statistically relevant flexural data has been 

reported. 

Instrumented falling weight impact tests 

Instrumented falling weight impact (IFWI) tests were performed on Fractovis 6785 (Ceast, 

Pianezza, Italy) using the following settings: maximal energy: 229.05 J; diameter of the dart: 

20 mm; diameter of the support rig: 40 mm; weight of the dart: 23.62 kg and drop height:  

1 m. Square shaped specimens of 70x70 mm2 were used. The test was performed at room 

temperature (23°C) and the average of five statistically relevant impact data has been 

reported. 

Acoustic emission tests 

In order to obtain information about the failure mode during tensile tests, the acoustic 

emission (AE) technique (Sensophone AED-40 device with Physical Acoustics Corporation 

Micro30S sensors) was used in the frequency range of 100…600 kHz with logarithmic 

amplification. The threshold was set to 32 dB to filter ambient noises, and the reference 

voltage of the test device was 3 mV. The AE sensor was fixed on the surface in the middle of 

the specimen. To fix the sensor on the surface, a clip was used in each case (composite 

specimen, and reinforcement tape). To assist the registration of events, silicon gel was used 

between the specimen surface and the microphone. With the AE device amplitudes and 

cumulative events were registered. The test composition can be seen in Figure 35. For AE 

studies, the typical curves of three AE data have been reported. 
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Figure 35. AE testing composition 

Creep tests 
Short-time flexural creep tests were performed using the three-point bending mode at 

different temperatures, ranging from -20 to 80°C, in a DMA Q800 apparatus (TA Instruments, 

New Castle, USA). In this temperature range, isothermal creep tests were run on the 

specimens with a stepwise temperature increment of 10°C. Prior to the creep measurement, 

each specimen was equilibrated for 5 min at each temperature and then the flexural creep 

behaviour was tested for 30 min under a constant load of 5 MPa. Test specimens of 

dimensions 60x15x2.5 mm3 (length x width x thickness) were used for creep tests. For creep 

studies, the average of three statistically relevant creep data has been reported. 

Charpy tests 
Charpy impact tests were performed on Type 1 notched rectangular specimens (according to 

standard EN ISO 179) on a Ceast Resil Impactor Junior P/N 6963.000 using the following 

settings: starting angle of the hammer: 150°; maximum energy: 15 J. The test was performed 

at room temperature (23°C) and the average of five statistically relevant Charpy data has been 

reported. 

3.2. Results and discussion 

In this section the effect of processing temperature and the β-modification on the 

microstructure, mechanical properties, failure and fraction behaviour and creep response will 

be presented. Finally the reprocessability and thermoformability tests will be shown. 
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3.2.1. Preliminary studies 

In the pre-experiments self-reinforced PP composites were manufactured using different 

reinforcements and different compositions. In the first series rPP matrices with different melt 

flow indexes were chosen to investigate the effect of different flow properties of the matrix on 

the consolidation of the SRPPCs [98]. Tipplen PP R357 and R959A (TVK, Hungary) random 

PP copolymers were selected as the matrix material, with melt flow indexes of 12 and  

45 g/10 min (230°C, 2.16 kg), respectively. Films with a thickness of 400 µm were extruded 

from the granules in a twin-screw extruder (Collin extruder, Ebersberg, Germany). Highly 

oriented PP fibres produced by Slovnaft (Bratislava, Slovakia) were chosen as the 

reinforcement. These fibres had a melting temperature of 171°C measured unconstrained by 

DSC, an average diameter of 40.2±1.8 μm and tensile strength of 483±23 MPa. The above 

mentioned values were determined on single fibres. The PP fibres were carded and needle 

punched (needle density: 17500 stitches/m2). The carding process resulted in a quasi-

unidirectional orientation in the reinforcing mat (cf. Figure 36 – since only fibers 

perpendicular to the cross section can be detected). Composite plates with a thickness of  

3 mm were produced using film stacking method and hot pressing at different processing 

temperatures (T=150–175°C) and holding time of 90 s under a constant pressure of 5.5 MPa 

with a nominal reinforcement content of 50 wt%. It was concluded that with increasing 

processing temperature the tensile parameters improved until full consolidation (the matrix 

wetted the reinforcement perfectly, without any voids) and the fibres were distributed in the 

composite and formed a quasi homogenous structure (Figure 36d-f).  

 

 
Figure 36. Light microscopic pictures of 50 wt% SRPPCs produced at 150 (a), 155 (b), 160 

(c), 165 (d), 170 (e) and 175°C (f) 
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At a temperature limit (around 165°C) the maximum of these parameters were reached, and 

thereafter they decreased owing to the relaxation of the fibres. At lower processing 

temperatures a laminate-like structures were observed in the LM pictures of the composites 

because of the high viscosity of matrices at those temperatures (Figure 36a-c). 

The out-of-plane impact perforation energy Ep was decreased up to this temperature (around 

165°C), but above this limit no changes could be obtained. The effect of the fluidity of the 

matrix was less significant: for higher melt flow indexes the tensile parameters were approx. 

10% higher but the perforation energy was a little lower than in case of lower MFI as it can be 

seen in Figure 37. It is occurred because the matrix material having higher fluidity could 

distribute the reinforcement better. 

 
Figure 37. Yield stress (a) and perforation energy (b) of SRPPCs made from carded mat as a 

function of processing temperature [98] 

In the next step, the effect of consolidation time on the properties of the SRPPCs was 

investigated [99]. The manufacturing process was the same as earlier. It was stated that no 

considerable change was caused by the increasing holding time in any of the investigated 

parameters (Table 6). 

Reinf. 
Cont. 

Proc. 
temp. 

Proc. 
time σt Et Ep σi 

Code (wt%) (°C) (s) (MPa) (MPa) (J/mm) (MPa) 
12T165 46.7 165 90 113.2±6.4 1864.0±31.1 15.9±1.6 7.8±0.6
12H600 50.2 165 600 116.8±5.2 1738.9±213.0 15.2±0.4 6.4±0.8
45T165 51.4 165 90 125.4±4.0 1825.5±55.1 15.1±1.1 7.5±0.6
45H600 50.5 165 600 128.7±10.1 1747.9±77.9 14.8±2.2 7.9±0.5

Table 6. Properties of SRPPCs reinforced by carded mats at different processing times [99] 
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The drawbacks of this reinforcement were that discontinuous fibres were used in this case, the 

distribution of fibres in the carded mat was not homogenous and the mat could reinforce 

mainly in one direction. 

In the following study knitted fabrics were used for producing SRPPCs [100]. Beta 

polymorph of PP film of Dapen® BE 61 (melt flow index at 230°C and 2.16 kg load is  

0.3 g/10 min) showed a thickness of 100 μm was used as the matrix and highly oriented PP 

fibres (TATREN TH 921; 1200 and 2200 dtex) manufactured by Slovnaft (Bratislava, Slovak 

Republic) as the reinforcement. Plain weft knitted fabric with in-laid PP fibre reinforcement 

was prepared from the fibres. Note that the reinforcing content (in the fabric) was set to  

28.2 wt% determined by the nominal weight of the reinforcing fibres (of the in-laid fibres).  

The textile layers (with a nominal fibre content of 50 wt%) and the matrix films were placed 

on each other by keeping the reinforcement alignment constant. These packages were 

consolidated by hot pressing at different temperatures (150-170°C) at constant pressure  

(7 MPa) and for constant holding time (2 min). Compared to the matrix, only ca. 60% 

improvement could be realized. It is occurred, because only the weft lied fibres could 

reinforce. Their proportion was only 28.2% in the knitted fabric that means only ca. 14% in 

the composite.  

The fabric structure offers a good alternative as reinforcement but it is difficult to make fabric 

from highly oriented PP yarns. There are fabrics made of highly oriented PP split tapes 

available commercially, so this reinforcement was chosen for the composite.  

Random PP copolymer was used as the matrix in every case in the preliminary studies to 

achieve the melting temperature difference between the matrix and the reinforcement. The 

drawback of this material was that no real all-PP composite could be achieved because of the 

3-5% ethylene co-monomer content in rPP, and the mechanical parameters (tensile strength 

and modulus) were lower than those of the PP homopolymer. Therefore, the main goal of my 

study was to produce a pure one component polymer composite from PP homopolymer. In 

order to exploit the polymorphism of PP α-PP reinforcement was used with β-PP as the matrix 

material. At first, a matrix film from pure β-PP was needed. The effect of the MFI and 

processing parameters on the β-crystal content of PP was investigated to reach maximum  

β-crystal content in the matrix. Three PP materials having different MFI values (H483F - 6.5, 

H116F - 25 and H949A - 45 g/10 min (230°C, 2.16 kg)) were selected and used. The 

materials were provided by TVK Co. (Tiszaújváros, Hungary). For the β-nucleation of the 

PPs 0.15 wt% calcium salt of suberic acid (Ca-sub) was chosen as the selective β-nucleating 

agent due to its high selectivity [23]. For the β-nucleation of the PPs, first a masterbatch was 

produced in a twin-screw extruder (Brabender, Duisburg, Germany). 1.5 wt% of Ca-sub was 
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incorporated in the masterbatch. The extrusion temperature was set to 220ºC and the screw 

revolution was 5 min-1. After extrusion the materials were pelletized. From both PPs  

β-nucleated films with a thickness of 300 µm were extruded (Collin extruder, Ebersberg, 

Germany) by in-situ mixing the neat PP with the masterbatch (in a ratio of 9:1), resulting 

finally in a β-PP with 0.15 wt% Ca-sub content. The extrusion temperature was set to 230ºC. 

To promote the β-crystallization of PP, the rolls were heated close to 100ºC because the 

preferred crystallization temperature range of the β-modification of PP is between 100 and 

140ºC [6, 7, 21, 26, 31]. No drawing was used since molecular orientation does not support  

β-crystallization. To investigate the effect of processing speed (screw speed of the extruder) 

on the β-crystal content different screw speeds were set. WAXD spectra were recorded on the 

extruded matrix films to characterize the formation of β-PP. The values are listed in Table 7. 

Material MFI proc. speed β-content 
  (g/10 min) (1/min) ’k’ value (-) 

H483F 6.5 10 0.774 
H483F 6.5 15 0.806 
H483F 6.5 20 0.829 
H116F 25 10 0.577 
H116F 25 15 0.589 
H116F 25 20 0.598 
H949A 45 10 0 
H949A 45 15 0 
H949A 45 20 0 

Table 7. ‘k’ values of the differently processed materials 

In case of material H116F, the WAXD recorded β-content in each sample. With increasing 

screw speed, the k value (and so the β-content) increased as well. In case of H483F, the 

samples contained β-PP in larger amount as in H116F, but the same tendency could be 

detected with the increasing of processing speed. High speed (higher than 20 min-1) could not 

be set in the materials because of the too low viscosity of the melt. In case of material H949A 

no β-content could be recorded. It occurred because the high amount of addition (peroxide) in 

PP having low viscosity (MFI=45 g/10 min) prevented the formation of β-crystals. Therefore 

matrix material with lower flowability was necessary for the β-PP film. The selection of the 

materials was more difficult. Pre-liminary studies have showed that rPP based SRPPCs could 

be easily produced, therefore the aim of my thesis is at developing and investigation not only 

β-PP (homopolymer) based SRPPCs but rPP (α and β versions) based SRPPCs as well. So,  

β-PP, α-rPP and the β-modification of the latter was selected as the matrix material. PP and 
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rPP with the same chemical modification and flowability were also selected to avoid any 

unexpected effects. Based on the results TIPPLEN PP H388F was chosen for PP and 

TIPPLEN PP R351F for rPP. 

3.2.2. Characterization of matrix film 

The manufactured matrix PP films were characterized by wide angle X-ray diffraction 

(WAXD) and DSC techniques. 

The WAXD spectra of the neat and β-nucleated PP film are shown in Figure 38. It can be 

clearly seen that in case of neat PP (α-PP) there are peaks only at the diffraction angles of  

α-crystal form (2Θ=14.2º, 17º and 18.8º), but in case of β-nucleated PP the biggest peak is at 

the diffraction angle of the β-crystal (2Θ=16.2º) and there are slight peaks at the diffraction 

angles of α-crystal. 

 
Figure 38. WAXD spectra of the α-PP and β-PP films  

 
Figure 39. WAXD spectra of the α-rPP and β-rPP films 
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The same tendency can be observed in case of the WAXD spectra of the random PP 

copolymer (Figure 39). Although, the intensity of peaks relating to α-rPP are more 

pronounced in β-nucleated rPP, indicating the moderate β-content of β-rPP.  

From WAXD patterns represented in Figure 38 and 39, the β-crystal content (value ‘k’of the 

PP can be calculated by the Turner Jones equation (1) [14] from the different intensity) of the 

α- and β-peaks. ’k’ values are also listed in Table 8Hiba! A hivatkozási forrás nem 

található.. 

Designation 
Melting 

temperature,  
Tm (°C)1 

β-content 
‘k’ value (-)2 

α-PP 164.4 - 
β-PP 151.5 0.898 
α-rPP 142.5 - 
β-rPP 131.5 0.715 

α-PP fabric 172.4 - 
1 based on the DSC; 2 on the WAXD results 

Table 8. Morphological properties of the matrices and reinforcing fabric 

To trace the melting characteristics of the matrix films DSC studies were performed. This 

method does not represent the real amount of β-crystals of the specimens correctly since the 

sample can recrystallize from β- to α-form over 140ºC and the real β-content ratio cannot be 

defined [20]. However, with erasing the thermal history during the 1st heat, and using a 

limited recooling to 100ºC in order to prevent the partial melting of the β-form, the 

polymorphic composition of the samples can be determined. 

The 1st and the 2nd heating curves of the neat and the β-nucleated PP homopolymers can be 

seen in Figure 40. It can be observed that the melting temperature of the non-nucleated 

samples is at 164.4ºC, in case of both the 1st and 2nd heat (melting temperature of the 

α-form of PP). In case of β-nucleated samples, a double peak appears in the 1st heat, the more 

intensive melting peak at 151.5ºC represents the melting of β-phase and the melting peak at 

168ºC relates to the melting of the α-phase formed during βα-recrystallization during heating 

(melting memory effect [9, 10]). The 1st heating curve showed that the sample melted mainly 

in β-form, but in case of the 2nd heating it melted fully in β-form, since there is only one peak 

at 151.5ºC. 
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Figure 40. DSC curves of the α- and β-PP films  

Figure 41 shows the DSC curves of α-rPP and β-rPP. The 1st and 2nd curves of the α-rPP pass 

off the same with the melting temperature at 142.5ºC. In this case another little peak appears 

around 150ºC due to the copolymer structure of the rPP sample. The β-nucleated specimens 

show the same tendency as in case of β-PP. In the 1st heat there are two melting peaks at 

131.5ºC and 142.5ºC, and the sample melted mainly in β-form. The melting peak of the α-rPP 

(142.5ºC) does not disappear during the 2nd heat due to the copolymer structure of the sample, 

and the whole sample does not transform to β-form. This can be clearly seen from the smaller 

intensity of the β-crystal peak at 131.5ºC. The melting temperatures of the α- and β-PP and  

α- and β-rPP are listed in Table 8Hiba! A hivatkozási forrás nem található.. 

 
Figure 41. DSC curves of the neat and the β-nucleated random PP copolymer films 
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3.2.3. Effect of consolidation on the microstructure of composites 

The structure of the self-reinforced polymer composites produced according to film-stacking 

method is laminate-like, that means the matrix and the reinforcing layers are laid-up 

alternately. In case of woven textile reinforcements, the disentanglement of the fibres or tapes 

involved is not possible without destruction; hence the laminated structure remains unchanged 

until the reinforcement melts totally. Accordingly, in the present study the laminate-like 

structure is expected to remain even at the highest used processing temperatures.  

To achieve good mechanical properties of the composites, good adhesion between the layers 

is necessary. Adhesion can be quantified well for example by determining the interlaminar 

peel strength. Figure 42 shows the peel strength as a function of processing temperature for all 

three kinds of composite materials. One can see that peel strength increases monotonously 

with increasing processing temperature in the whole temperature range. However, in case of 

β-PP based SRPPC, consolidated at Tm+35°C (187°C), peeling became more difficult 

(instable delamination). This is well reflected in the high peel strength value with 

considerable scattering. This can be explained by the partial melting of reinforcing tapes. 

Therefore, the reinforcement and matrix is not only adhesively but also cohesively bonded 

(note that in this case both the matrix and the tape are composed of PP homopolymer – Figure 

43). Similar conclusions were drawn by Alcock et al. for consolidated coextruded tapes [77]. 

   
Figure 42. Interlaminar peel strength as a function of processing temperature 
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Figure 43. Fracture surface of peel specimens of β-PP based SRPPC manufactured at a) 

Tm+5°C (157°C) and b) Tm+35°C (187°C) 

Figure 44 shows LM pictures taken of the cross sections of β-PP based SRPPCs produced at 

Tm+5°C (157°C), Tm+20°C (172°C) and Tm+35°C (187°C). The laminated structure can be 

seen in the pictures. With increasing processing temperature the consolidation quality of the 

composites improved, as expected. The decreasing sharpness of the contour of the reinforcing 

tapes may refer to an improved adhesion and better consolidation.   

 
Figure 44. LM pictures of the cross sections of β-PP based SRPPCs compression moulded at 

a) Tm+5°C (157°C), b) Tm+20°C (172°C) and c) Tm+35°C (187°C) 

Improved consolidation quality has been confirmed by the increment in the density of the 

composites produced at increasing processing temperatures (Figure 45). For all SRPPCs the 

density values increased towards higher processing temperatures. β-PP based SRPPCs have 

higher density than the α-rPP based ones due to their different crystalline degree. There is also 

a small difference between the density of α- and β-rPP based SRPPCs which can be assigned 

to the fact that the β-form has lower crystalline density and hence lower density than the  

α-form [31]. Note that the density values of neat matrices are listed in Table 9. 
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Figure 45. Density as a function of processing temperature 

The morphology of the SRPPCs was studied on thin sections by polarized light microscopy 

(PLM) as shown in Figure 46.  

   

 
 

Figure 46. PLM picture of a thin section of different self-reinforced composites compression 
moulded at Tm+30°C  

Attempts were made to prepare thin sections (8 μm thickness) by cutting from the composite 

with a microtome. Unfortunately, it was successful only for composites with considerable 



András Izer PhD Thesis 

 

 58

interlaminar peel strength (>=1 N/mm). In case of these composites significant 

transcrystalline layer was detected along the tapes (arrows indicate this layer). This 

transcrystalline layer has grown from the melted surface of the reinforcing tapes. Next to the 

transcrystalline layer the matrix material crystallized in a spherulitic structure. Existence of 

the transcrystalline layer ensures improved adhesion between the matrix and reinforcement 

and hence guarantees improvement in the tensile mechanical properties [101]. 

3.2.4. Effect of consolidation on the static and dynamic properties 

Figure 47 shows the typical stress-strain curves for the β-PP based composites consolidated at 

Tm+5°C (157°C), Tm+25°C (177°C) and Tm+35°C (187°C) as well as for the β-PP matrix. It 

can be observed that the β-PP matrix has much lower tensile stress and modulus (initial slope 

of the curve) but much higher elongation than the composites. Furthermore, it can be seen that 

the delamination due to poor consolidation is well reflected in the shape of the stress-strain 

curves. The pop-in events (indicated by arrows) in the stress-strain curve of β-PP based 

composites processed at Tm+5°C (157°C) refer to poor consolidation [71]. The mechanical 

properties of the applied (compression moulded) matrices are listed in Table 9. 

 
Figure 47. Typical stress-strain curve for β-PP matrix and the related composites 

consolidated at Tm+5°C (157°C), Tm+25°C (177°C) and Tm+35°C (187°C) 

Designation Density 
(kg/m3) 

Tensile 
strength 
(MPa) 

Tensile 
modulus 
(MPa) 

Flexural 
stress  
(MPa) 

Flexural 
modulus 
(MPa) 

Perforation 
energy 
(J/mm) 

β-PP 899±1.6 23.3±0.4 1354±35 50.7±1.4 1882±164 4.8±3.9 
α-rPP 898±2.8 21.3±0.5 897±16 37.6±0.7 1299±102 8.5±1.5 
β-rPP 895±2.4 19.5±0.8 904±36 29.2±0.7 1092±108 2.7±2.1 

Table 9. Density and mechanical properties of the matrices 
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Figure 48 presents the tensile strength and modulus as a function of the processing 

temperature. One can see that both parameters increase with increasing temperature until 

reaching their maximum being much higher than those of the matrices. At the highest 

processing temperatures both stiffness and strength decrease owning to the molecular 

relaxation of the reinforcing tapes and their partial melting. The maximum tensile strengths 

for α- and β-rPP-based SRPPCs can be achieved at lower processing temperatures than in 

case of β-PP-based SRPPCs. Furthermore, both matrix raw materials (α-PP and α-rPP) have 

the same melt flow index but different initial melting temperatures (difference is approx. 

20°C). This difference is equal to the difference between the temperatures belonging to the 

maximum tensile parameters of α-rPP and β-PP based SRPPCs (Figure 48). The elongation at 

break values of the composites were much lower (15-25%) than those of the matrices (more 

than 250%), as it can be seen in Figure 47.  

 
Figure 48. Tensile strength (a) and modulus (b) as a function of processing temperatures 

Figure 49 presents the flexural stress and modulus as a function of the processing temperature. 

One can observe the same tendency as found for the tensile test results. However, in this case 

significantly higher flexural strength and modulus were determined for β-PP based SRPPCs 

than for α- and β-rPP based SRPPCs. The bigger difference in flexural properties between 

different consolidated samples (compared to tensile properties) occurred because flexural 

properties are more sensitive to the interlaminar strength as tensile properties.  
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Figure 49. Flexural strength (a) and modulus (b) as a function of processing temperatures 

Figure 50 shows a typical force-deformation curve registered during IFWI tests for α-rPP 

matrix and the related composites consolidated at Tm+5°C (147°C), Tm+25°C (167°C) and 

Tm+35°C (177°C), respectively. Based on the fractograms one can claim that the SRPPC 

consolidated at the lowest temperature (147°C) absorbs considerably higher energy than the 

related matrix sheet and even more than the well-consolidated composites (processed at 167 

and 177°C). This high energy absorption is caused by the extensive delamination process 

which took place during failure. 

 
Figure 50. Typical force-deformation curves registered during IFWI tests for α-rPP matrix 

and the related composites consolidated at Tm+5°C (147°C), Tm+25°C (167°C) 
and Tm+35°C (177°C) 

From the IFWI tests the specific perforation energy was determined (Figure 51). It can be 

seen that this parameter decreases with increasing processing temperature (consolidation) and 

is much higher than those measured for the matrix sheets (Table 9). Considering the matrix 

types no significant difference can be found. However, if these results are analyzed as a 

function of the increment of the processing temperature (relating to the matrix melting 
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temperature), the β-rPP based composites show considerably higher Ep values in a wider 

temperature range than the others. This is due to that fact that poor consolidation associated 

with low interlaminar strength (see Figure 42 and 43) yields higher Ep values than those 

measured on well consolidated SRPPCs. Recall that the tensile and flexural properties of the 

latter are far better than those of the poorly consolidated sheets. Hence, the properties of the 

composites can be tailored for a given application through changing the consolidation quality.  

 
Figure 51. Perforation energy as a function of processing temperature 

3.2.5. Effect of consolidation on the fracture and failure behaviour  

Figure 52 and Figure 53 demonstrate the typical failure behaviour of tensile specimens made 

from β-PP based SRPPCs manufactured at a) Tm+5°C (157°C) and b) Tm+35°C (187°C), 

respectively; and the IFWI specimens of β-rPP based SRPPCs manufactured at a) Tm+5°C 

(137°C) and b) Tm+35°C (167°C), respectively. When consolidation is poor (at low 

processing temperatures) the failure mode is typically delamination and tape pullout. With 

increasing consolidation quality (with increasing processing temperature) delamination 

becomes less pronounced when the specimens break. Note that the delamination process 

absorbs high energy but easy delamination is accompanied by poor tensile and flexural 

mechanical properties. These results correspond to previous studies [91, 99, 102].  
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Figure 52. Typical failure behaviour of tensile specimens of β-PP based SRPPCs processed 

at a) Tm+5°C (157°C) and b) Tm+35°C (187°C)  

 
Figure 53. Typical failure behaviour of IFWI specimens of β-rPP based SRPPCs processed at 

a) Tm+5°C (137°C) and b) Tm+35°C (167°C)  

Since the different consolidated SRPPCs have different failures (as it can be seen earlier), the 

failure mechanism need to be analyzed in details. Several studies showed that the failure 

behaviour and interfacial adhesion can be followed accurately with AE tests [71, 76]. 

Therefore AE investigations were performed on the specimens during tensile tests. The tensile 

force and the cumulative AE events as a function of the elongation of the SRPPCs are shown 

in Figure 54-56 at different processing temperatures (Tm+5, +20 and +35°C – a, b and c for 

each figure, respectively). In order to compare the cumulative AE events of the different 

failure modes, the AE events were registered only until the maximum tensile force. It can be 

seen that with increasing processing temperatures, the cumulative events decrease strongly 

(the number of cumulative events for the poorly consolidated α-rPP-based SRPPCs (Tm+5°C) 

is approx. 4200, for the composites produced at Tm+20°C is approx. 200, and for the α-rPP-

based SRPPCs made at Tm+35°C is approx. 70). In addition, the shapes of the cumulative AE 

events vs. deformation curves are significantly different.  
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Figure 54. Force and number of events as a function of the elongation of β-rPP composites 

produced at a) Tm+5°C (137°C), b) Tm+20°C (152°C) and c) Tm+35°C (167°C) 

 

 
Figure 55. Force and number of events as a function of the elongation of α-rPP composites 

produced at a) Tm+5°C (147°C), b) Tm+20°C (162°C) and c) Tm+35°C (177°C) 
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In case of α-rPP based composites, processed at the lowest processing temperature, the AE 

curve increases continuously, and corresponds to a skew straight line (Figure 55a); at 

Tprocessing=Tm+20°C the AE curve correlates to a 2nd order curve (Figure 55b); and at the 

highest processing temperature, the AE curve corresponds to a unit step (Figure 55c). 

Furthermore, there is a step in the first part of the curve for the poorly consolidated 

composites. The rise may be linked to the delamination process. With increasing processing 

temperature and improving consolidation, delamination becomes less dominant and thereby 

the first part disappears. The same tendency can be seen in every case. 

 

 
Figure 56. Force and number of events as a function of the elongation of β-PP composites 

produced at a) Tm+5°C (157°C), b) Tm+20°C (172°C) and c) Tm+35°C (187°C)   

To compare the shapes of the cumulative AE events vs. deformation curves more clearly, the 

data for two differently consolidated β-PP-based composites with significantly different 

consolidation quality are replotted in Figure 57. In case of the composite with poor 

consolidation the cumulative AE event curves rise steeply at even small deformations, and 

thereafter increase continuously. In case of the well consolidated SRPPC (having a 

transcrystalline layer), on the other hand, the shape of the cumulative AE events curve 

corresponds to a unit step and the AE events occur close to the final failure. Therefore, 

consolidation is well reflected by the course of the AE events in agreement with previous 

findings on commercially available self-reinforced PP composites [71]. 
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Figure 57. Shape of the cumulative AE event curves for SRPPCs with different consolidation 

quality 

The adhesion between the matrix and the reinforcement can be well quantified if the 

interlaminar peel strength or AE events are determined. The correlations between these 

parameters are presented in Figure 58. One can see in this figure that peel strength increases 

monotonusly with increasing consolidation quality (in the whole temperature range). If the 

peel behaviour is compared with the AE events, it can be seen that where adhesion between 

the fibre and the matrix is poor (lower processing temperature), the number of cumulative AE 

events are very high. But for higher peel strength (where the processing temperature is high) 

the number of cumulative AE events is low. It can be concluded that as adhesion between the 

matrix material and the reinforcement improves, the number of AE events decreases, and they 

occur only later. As a matter of fact, a good correlation was achieved between the number of 

AE events and peel strength (Figure 58a) and between elongation at the fifth AE event 

occurrence and peel strength (Figure 58b). Note that the fifth AE event was selected as the 

start of the failure to eliminate the disturbing AE events. 

 
Figure 58. Correlations between AE results and peel strength of SRPPCs 
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Failure mode vs. AE amplitude 
The amplitude distribution histogram of AE events and the typical failure behaviour (after 

tensile tests) of the SRPPCs are shown in Figure 59-61. It can be seen that for poor 

consolidation, when the typical failure mechanisms are tape-matrix debonding and 

delamination, the typical AE event amplitude is around 40-50 dB, the maximum is 70 dB, and 

the ratio of the lower AE event amplitudes (40-50 dB) is high. In case of well consolidated 

composites, on the other hand, the typical failure mechanism of which is tape breakage, 

higher AE event amplitudes appear (80-90 dB), and this effect is more explicit in case of the 

highest processing temperature. 

 
Figure 59. AE amplitude distribution histogram of events and the typical failure behaviour 

(after tensile tests) of β-rPP composites produced at a) Tm+5°C (137°C), b) 
Tm+20°C (152°C) and c) Tm+35°C (167°C) 

 
Figure 60. AE amplitude distribution histogram of events and the typical failure behaviour 

(after tensile tests) of α-rPP composites produced at a) Tm+5°C (147°C), b) 
Tm+20°C (162°C), and c) Tm+35°C (177°C) 

a c
c
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Figure 61. AE amplitude distribution histogram of events and the typical failure behaviour 

(after tensile tests) of β-PP composites produced at a) Tm+5°C (157°C), b) 
Tm+20°C (172°C) and c) Tm+35°C (187°C) 

In order to investigate the matrix response to AE, tests were also performed on matrix 

specimens. However, no acoustic events could be detected during the tensile tests of the pure 

PP matrix. Therefore, all AE events detected in case of the composites are expected to be due 

to fabric- or matrix-reinforcement interactions. In case of poorly consolidated SRPPCs not 

only delamination occurs during loading but the alignment of the woven fabric, as well. To 

separate the acoustic response of this alignment from that of the composite, the AE response 

of the pure fabric was investigated. From the woven fabric 50 mm wide and 250 mm long 

specimens were cut, and AE tests were performed during the tensile tests. Figure 62 shows 

the force and the AE amplitudes as a function of the elongation and the AE amplitude 

distribution histogram of events of the pure fabric.  

 
Figure 62. AE amplitude distribution and force vs. elongation at breaking (a) and AE 

amplitude distribution histogram of events for the reinforcing fabric (b) 
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It can be seen that at tape breakage (reflected by pop-ins in the force-deformation curve), high 

AE amplitudes (between 70-90 dB) were detected. However, several other events with lower 

amplitudes were recorded that can be assigned to the movement/alignment of the tapes of the 

fabric (Figure 62b). Therefore it can be concluded that many of the low amplitude events 

detected on composites with good consolidation are due to some movement of fabric tapes 

which induced some points of microscopic debonding. In order to separate the AE events of 

tape breakage from the others, tensile tests were made on single tapes with similar gauge 

length than in case of fabric and composite specimens. However, several events with lower 

amplitude were recorded besides the events with higher amplitude. This is due to that fact that 

the tape fibrillated under loading because of the highly oriented structure of the 

reinforcement. To prevent this fibrillation a small gauge length (15 mm) was set. Note that in 

good consolidated samples where the typical failure is fibre breakage, the fibre-matrix 

adhesion is too high to allow reinforcement fibrillation. These results are shown in Figure 

63a. It can be observed that pop-ins have occurred in the force-elongation curve, and a few 

AE events with amplitudes around 65-75 dB were registered. Figure 63b shows the AE 

amplitude distribution histogram of events for a single tape. It can be seen that all events are 

over 65 dB, so the events with high amplitude belong to tape breakage. It should be noted that 

in case of the composite with good consolidation, the transcrystalline layer which is formed 

the between matrix and the reinforcement prevented the fibrillation of single tapes. However, 

in case of poorly consolidated composites fibrillation can occur, but their acoustic response 

cannot be separated from other events such as the alignment of the woven fabric. 

 
Figure 63. AE amplitude and force vs. elongation (a) and AE amplitude distribution 

histogram of events for a single tape (b) 
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3.2.6. Effect of consolidation on creep behaviour 

Short-term creep tests 
The flexural creep behaviour of β-rPP-based composites (compression moulded at different 

temperatures) as a function of time at different testing temperatures (between -20 and 80°C) is 

shown in Figure 64.  

 

 
Figure 64. Creep response (between -20 and 80°C) of β-rPP composite produced  at a) 

Tm+5°C (137°C), b) Tm+20°C (152°C) and c) Tm+35°C (167°C) 

It can be seen clearly from the results that with increasing temperature the creep compliance 

increase (probably due to increasing polymer chain mobility). With increasing hot pressing 

temperature, the SRPPCs have higher resistance to creep, particularly at higher testing 

temperatures. Recall that with increasing hot pressing temperature consolidation quality 

improves and at the highest processing temperature a significant transcrystalline layer forms 

between the reinforcement and the matrix. Better consolidation provides better mechanical 

properties, e.g. flexural stiffness and decreases creep compliance. The same tendency could 

be detected in case of α-rPP and β-PP based SRPPCs as well. 

Figure 65 shows the creep compliance of α-rPP and β-PP at different processing temperatures 

(determined at 1800 s), as a function of the testing temperature. It can be seen that between -
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20 and 30°C there is no significant change in the creep compliance of the SRPPCs with 

different consolidation qualities. If the composite processed at Tm+5˚C is compared with the 

composite processed at optimum temperature (Tm+20˚C), it can be concluded that the creep 

compliance of the well consolidated composites is decreasing in the whole testing temperature 

range. Further increase in the processing temperature caused no change in consolidation, only 

a clear transcrystalline layer formed between the matrix and the reinforcement, and that 

decreased creep compliance further, particularly above the testing temperature, 30˚C. The 

same tendency can be observed for β-rPP composites, as well (Figure 64). 

 
Figure 65. Creep response (only at 1000 s) of α-rPP (a) and β-PP (b) composite 

Long-term prediction 
The logarithm of time and temperature has similar effect (based on the thermomechanical 

curves), the well known reduction scheme of time-temperature superposition (TTS). 

Therefore single-step short-term creep tests can be analyzed further by superposing (shifting) 

the compliance-time data onto master curves, which represent the long-term creep behaviour 

of the composite materials. Generally, from the master curves the behaviour of polymers can 

be traced in much wider time periods than those determined experimentally. Figure 66-68 

show the creep compliance master curves for different composites. The reference temperature 

was chosen to be 30°C in each case. It can be seen clearly that with increasing processing 

temperature the creep compliance decreases. Since the current creep test was performed under 

a small constant load (5 MPa) the result is a small deformation in the SRPPC, i.e. stress is not 

high enough to cause significant elongation, therefore consolidation and adhesion between the 

matrix and the reinforcement seem to influence the time-dependent deformation. Hence, the 

achieved results can be explained by the change of consolidation/adhesion of SRPPC with 

increasing hot pressing temperature. 
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Figure 66. Creep compliance master curves of β-rPP composites 

 
Figure 67. Creep compliance master curves of α-rPP composites 

 
Figure 68. Creep compliance master curves of β-PP composites 
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Since consolidation and adhesion – as concluded before – are the main influences on the creep 

compliance; and the peel strength and density reflect consolidation well, a good tendency can 

be expected among these parameters and creep compliance. Figure 69 shows creep 

compliance of SRPPCs (processed at different temperatures) as a function of peel strength. 

The value of creep compliance after 1000 s was chosen (equivalent as Tref=30°C). With 

increasing peel strength (better consolidation) creep compliance decreases, as expected. It can 

be seen that each curve tends to a ‘saturation’ value, i.e. to a creep compliance limit what 

might be the theoretical minimum for the given SRPPC. These values are 0.8 GPa-1 for rPP-

based composites and 0.5 GPa-1 for β-PP-based composites. 

 
Figure 69. Creep compliance as a function of peel strength for the different composites 

Several authors explain the difference in creep compliance with the change of void content, 

i.e. with the change of density. Figure 70 shows the creep compliance as a function of density 

of different matrix based SRPPCs. The results are in good accordance with other works. 

 
Figure 70. Creep compliance as a function of composite density 
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The values of creep compliance after 1000 s were chosen as before. With increasing 

processing temperature the density increases (better consolidation, lower void content), and 

creep compliance decreases, as expected. 

Description of temperature dependence  
Shift factor aT is the extent of the shift along the time scale to merge the single creep curves 

measured at different temperatures into a master curve. The reference temperature was chosen 

to be 30°C. The log aT values are listed in Table 10 (the values are calculated by the software 

of the DMA apparatus).  

log aT 

β-rPP β-rPP β-rPP α-rPP α-rPP α-rPP β-PP β-PP β-PP 
Temp 
(°C) 

Tm+5°C Tm+20°C Tm+35°C Tm+5°C Tm+20°C Tm+35°C Tm+5°C Tm+20°C Tm+35°C

-20 3.523 4.857 6.933 4.08 5.176 5.762 4.053 4.897 6.062 
-10 3.52 4.648 5.164 4.098 5.035 4.848 4.087 4.926 4.791 
0 2.552 3.426 3.873 3.163 3.744 3.558 2.846 3.635 3.5 

10 1.771 2.341 2.582 2.169 2.542 2.476 1.873 2.395 2.35 
20 0.9488 1.272 1.291 1.22 1.291 1.29 1.024 1.291 1.291 
30 0 0 0 0 0 0 0 0 0 
40 -1.291 -1.276 -1.924 -1.286 -1.681 -1.688 -1.24 -1.687 -1.836 
50 -2.562 -2.557 -3.612 -2.567 -3.231 -3.295 -2.529 -2.978 -3.125 
60 -3.638 -3.687 -4.893 -3.707 -4.36 -4.384 -3.534 -4.158 -4.121 
70 -4.506 -4.613 -5.734 -4.551 -5.288 -5.271 -4.296 -5.026 -4.857 

Table 10. Shift factors (log aT) of different composites 

If the creep data follow the WLF equation, then a plot of -(T-To)/log aT as a function of (T-To) 

should follow a straight line [80]. However, Figure 71 clearly shows that linear relationship is 

possible only above 20°C (the WLF equation is applicable only between Tg and Tg+ 50°C).  

 
Figure 71. Plot of the shift factors according to the WLF equation for β-PP composites 



András Izer PhD Thesis 

 

 74

Because PP is a semicrystalline polymer and the testing temperature range was between  

-20°C and 80°C, therefore the composite does not conform well to the WLF equation. 

Therefore it is expected to follow an Arrhenius equation for the major transitions. Figure 72 

shows the shift factors as a function of the inverse of temperature.  

 
 

 
Figure 72. Shift factor follows the Arrhenius equation in case of β-rPP (a), α-rPP (b) and  

β-PP (c) composite 

One can see that with increasing consolidation (increasing processing temperature), the 

activation energy also increases, and follows the Arrhenius equation more accurately. The 

activation energy of the deformation process is calculated from the slope of the regression 

curves (Equation 2). The activation energy values are listed in Table 11. These data 

correspond to other works [80, 82, 103, 104]. One can see that with increasing activation 

energy creep compliance decreases. 
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Ea Processing 
temperature [kJ/mol] 

  β-rPP α-rPP β-PP 
Tm+5°C 110.6 114.4 133.5 
Tm+10°C 128.9 145.1 155.8 
Tm+15°C 142.3 166.6 169.2 
Tm+20°C 169.7 183.1 175.4 
Tm+25°C 173.3 183.9 180.9 
Tm+30°C 180.1 184.8 185.5 
Tm+35°C 183.8 185.0 186.9 

Table 11. Activation energies of different SRPPCs 

3.2.7. Reprocessability 

The main advantage of these SRPPCs is the reprocessability after their lifcycle, but this issue 

was not investigated up to now. Therefore in this section the reprocessability of SRPPCs will 

be presented. 

Rheological tests 
The melt volume rate (MVR) of the materials processed once and five times can be seen in 

Figure 73 (the dashed lines in the figures for better visibility). One can observe that MVR 

does not change significantly with increasing processing cycles.  

 
Figure 73. MVR index as a function of reprocessing time in case of PP homopolymer (a) and 

random PP copolymer (b) systems 

The more or less constant MVR values suggest that the stability of the polymer is good and 

no thermal degradation occurs during the multiplied processing cycles. In case of ground 

SRPPCs tested prior to first extrusion, flowability has considerably higher scatter than after 

extrusion. The reason is that the composition of the ground material was inhomogeneous. The 
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fluidity of the extruded SRPPCs is lower than that of the matrices, since the fluidity of the 

neat material of the reinforcing tape (foil extrusion grade) is much lower. 

Melting and crystallization characteristics 

Effect of blending 
rPP-based SRPPC is a ’two-component‘ system because the copolymer matrix contains ca.  

3-5 wt% ethylene co-monomer distributed randomly. As a result of the melt reprocessing it is 

important to know the resulting structure of the PP/rPP blend. The melting curves of α-PP 

(the neat material of the α-PP reinforcement) and α-rPP matrices and the blend of α-rPP 

matrix and α-PP tapes (α-PP composite based sample) are displayed in Figure 74. The 

calorimetric traces indicate clearly that one peak appears during the melting and 

crystallization of composite materials indicating the miscibility of PP and rPP in the 

reprocessed α-PP composite based sample. The melting peak at 164°C relates to α-PP and,  

α-rPP matrix melts in the vicinity of 145°C. The melting of the blend containing these two 

PPs (ca. in 50-50 wt%) is around 155°C and its melting is reflected by one melting peak.  

 
Figure 74. Cooling (1st cool - a) and melting curves (2nd heat - b) of the α-PP, α-rPP matrix 

and the reprocessed α-rPP composite 

The PP component has an advantageous effect on the crystallization of rPP. PP and rPP are 

miscible polymer pair in melted state and the crystallization of the components take place 

simultaneously. Consequently, only one crystallization peak can be observed during the 

crystallization of PP/rPP blends and the higher the PP content is, the higher the peak 

temperature of crystallization becomes. 

The melting and crystallization characteristic of the β-rPP composite based material after 

reprocessing is demonstrated in Figure 75. The peak temperature of crystallization (Tcp) of the 

α-reinforcement, the β-matrix and the composites is in the vicinity of 112, 104 and 114°C, 

respectively. The Tcp of the β-rPP matrix is significantly higher than that of the non-nucleated 
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rPP matrix (see in Figure 74a), which unambiguously indicates the presence of the highly 

active nucleating agent. The presence of Ca-sub results in even higher Tcp in case of the β-rPP 

composite as well compared to the α-PP reinforcement. The β-nucleated matrix and 

composites have complicated melting peaks. The double melting peak at lower temperatures 

refers to the β-form, however the melting peak duplication suggests structural instability. A 

perfection process within the unstable β-phase can result in a ββ’-recrystallization. Similar 

characteristics are represented by the melting trace of β-rPP composite based specimens, 

although a peak is shifted toward higher temperatures because of the presence of PP in the 

composites. The doubled melting peaks at 142 and 148°C can be attributed to the ββ’-

recrystallization as well, but it has to be pointed out that the intensities of the melting peaks of 

the β-form are less pronounced due to the decreased amount of the nucleating agent. The  

β-rPP matrix contains 0.15 wt% Ca-sub, while the content of β-nucleating agent in the β-rPP 

composite based material is only half of that in the β-rPP matrix.  

 
Figure 75. Cooling (1st cool - a) and melting curves (2nd heat - b) of the α-PP, β-rPP matrix 

and the reprocessed β-rPP composite 

Effects of the number of reprocessing cycles 
Figure 76 shows the melting and cooling curves of β-PP matrix and β-PP composite based 

material after reprocessing once and five times. When the samples reprocessed once and  

five times are compared, one can see that there was no considerable difference due to the 

cyclic reprocessing in case of both matrix and composite based specimens.  
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Figure 76. Cooling (1st cool - a) and melting curves (2nd heat - b) of the β-PP materials 

reprocessed once and five times 

The β-nucleating agent is still efficient even after five reprocessing steps because of its good 

thermal stability. However, during injection moulding the related standard for PP was 

followed, the parameters of which did not support the formation of β-crystals. The 

crystallization temperatures are around 120°C, which is characteristic for nucleated PP. 

Pronounced βα-recrystallization process is reflected on the melting traces (see Figure 76b) 

indicating the presence of the β-form. βα-recrystallization can be eliminated if the samples are 

not cooled below 100°C. The melting traces recorded after limited recooling steps are 

represented in Figure 77. One can see that the β-nucleated matrix materials crystallized fully 

in β-form, but the composites also contain significant amount of α-form due to considerably 

lower β-nucleating agent content. The reprocessability of the β-nucleating agent is shown 

only in β-PP composite based samples due to the higher β-content of the matrix. The same 

tendency can be observed in case of β-rPP materials. The melting curves do not indicate any 

degradation after multiplied processing which is in good agreement with MVR data.  

 
Figure 77. Melting curves (3rd heat) of the β-PP materials reprocessed once and five times 
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Mechanical properties 
The yield stress (a) and modulus (b) values of PP homopolymer and random PP copolymer 

based systems are shown in Figure 78 and Figure 79, respectively.  

 
Figure 78. Tensile strength (a) and modulus (b) of the PP homopolymer based systems 

 
Figure 79. Tensile strength (a) and modulus (b) of the random PP copolymer based systems 

When comparing the results of once and five times processed materials, the mechanical 

properties of the specimens do not modify considerably, which indicates that no pronounced 

degradation takes place during multiplied reprocessing. Comparing the non-nucleated and β-

nucleated matrix materials (both homo- and copolymer), it can be stated that β-nucleation 

resulted in a slight decrement in yield stress and in the Young’s modulus, because of the 

presence of β-form. It should be noted that the β-nucleated matrix material has the lowest 

stiffness and yield stress (but higher tensile strength) and the properties of the composite 

based ones is closer to that of the non-nucleated matrix material in case of PP based materials. 

The relatively large stiffness and yield stress of the α-PP composite based specimens can be 
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explained by the large α-PP content of the samples (cf. Figure 77). This is also true when 

comparing α- and β-rPP SRPPC based materials. The modulus and yield stress of rPP 

composite based specimens (PP/rPP blends) were significantly higher than those of the related 

matrix material because of the presence of PP phase. From the results it can be stated further 

that there was no considerable change in the tensile properties if comparing the materials 

processed once and five times. 

The same tendency can be seen from the flexural tests (Figure 80 and 81). No sign of 

degradation can be observed even after five reprocessing cycles. The β-PP based composite 

material has similar flexural properties as the neat α-PP matrices even after several 

reprocessing. In case of rPP based composite materials, due to the presence of α-PP 

(reinforcement), have better flexural properties compared to neat α-PP matrices. 

 
Figure 80. Flexural strength (a) and modulus (b) of the PP homopolymer based systems 

 
Figure 81. Flexural strength (a) and modulus (b) of the random PP copolymer based systems 
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Figure 82 shows the Charpy impact strength results for PP homopolymer (a) and random PP 

copolymer (b) based systems. Based on the results it can be seen that β-modification has 

improved the Charpy impact strength in case of the matrix materials. The increase in impact 

resistance is more pronounced in case of the homopolymer, because rPP contains elastomers 

(ethylene co-monomer), which improve impact resistance, as well. In case of β-PP composites 

the efficiency of the lower amount of β-nucleating agent may be more sensitive to the 

processing parameters, so the impact resistance did not increase significantly. In case of rPP 

composite based samples lower toughness is caused by the approximately 50 wt% α-PP 

content (see Figure 82a). It can also be concluded from the test results, that with an increasing 

number of reprocessing, the Charpy impact strength did not decrease considerably. 

 
Figure 82. Charpy impact strength of the PP homopolymer (a) and random PP copolymer (b) 

based systems 

3.2.8. Thermoforming tests 

For thermoforming tests composite sheets having a thickness of 1 mm were produced at 

Tprocessing=Tm+20°C, (which was concluded as the optimum processing temperature, see  

Figure 48). The composite processing method and other parameters were the same as earlier 

(Figure 30). The lay-up for producing the sheets were chosen as follows: 3 layers of 

reinforcements were placed inbetween 4 matrix layers. The thickness was chosen to promote 

the formation. 

Thermoforming in a vacuum assisted thermoformer 
Thermoforming in vacuum assisted thermoformer was processed at different heating 

temperatures (150-160°C) and heating times (50-60 s). In case of lower heating temperature 

or shorter heating time the composite sheets were too rigid even after heating, hence they did 

not form onto the mould. If the heating temperature or time was increased, the composite 
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sheets formed partly onto the mould but only the upper part of the mould shaped well, the 

quality of the products were not acceptable. If the heating temperature and time was increased 

further the composite sheets were overheated and they split. Consequently, this technique was 

not able to form a product having good quality. It was not able to adjust the heating 

temperature accurately because the machine is operated by heat-radiation, and the forming 

force of vacuum (1 bar) was too low even for this 1 mm composite sheet. Furthermore, in case 

of higher heating temperature during forming (stretching) the reinforcing yarns separated and 

the softened matrix material could not bridge them, hence fine holes formed among the yarns. 

Therefore the vacuum was not efficient for supporting the forming. This phenomenon was in 

accordance with the literature [83]. The damaged surface can be seen in Figure 83. 

 
Figure 83. Damaged surface of SRPPCs after forming in a vacuum assisted thermoformer 

Thermoforming in cold matched mould  

In favour of a better result a technique commonly used in the literature [83] was followed: 

heating in an oven and forming in a matched mould. For this test a matched mould was 

designed. The under mentioned considerations were followed during the design: 

- the product should be removed easily 

- the mould should clamp the composite well to prevent relaxation and shrinkage during 

forming 

- the two parts of the mould should be well aligned 

- the mould should be compatible with the hot press machine and with the tensile testing 

machine 

- the mould should have enough rounding to prevent the cut of the reinforcement during 

forming 
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- the maximum forming height in the literature was under 31 mm, therefore the forming 

height was chosen to be 25 mm 

The geometry can be seen in Figure 32. Table 12 represents the technical parameters of the 

processing. 

Nr. Matrix  Temperature Time Forming force 
   material (°C) (sec) (N) 
1 α-rPP  130 60 5929 
2 α-rPP  150 60 5939 
3 α-rPP  170 60 5280 
4 α-rPP  180 60 4529 
5 α-rPP  190 60 4282 
6 α-rPP  210 60 3822 
7 α-rPP  210 90 3036 
8 α-rPP  220 90 2118 
9 α-rPP  230 90 1275 
10 β-rPP  220 90 2006 
11 β-PP  220 90 2208 

Table 12. Heating parameters and forming forces 

α-rPP based composite sheets were used in the first series. The lowest heating temperature 

was defined to be 130°C under the melting temperature of the matrix material (Tm=147°C). 

The minimum heating time (60 s) was chosen according to the literature and the thickness of 

the composite sheet. The parameters were chosen to the following shaping based on the 

forming results. After the first test it was clear that the composite sheet was not soft enough 

because it did not form on the mould and the forming force was around 6000 N. With 

increasing heating temperature the composite sheets were softened and formed better onto the 

mould and lower forces were registered. At the heating temperature of 210°C the composite 

sheet formed well but for a better result the heating time was increased to 90 s. Through this 

the forming force especially decreased and a product with better quality could be produced. In 

order to shorten the process, 60 s heating at 220°C was adjusted. In this case the forming 

force increased, hence the heating time of 60 s was not enough to soften the composite sheet 

correctly in the whole cross section. Therefore 90 s heating time was used in the follow-up 

tests. In case of heating for 90 s at 220°C 2000 N force was registered during the shaping, the 

quality of the product was excellent and the edges were well formed. In case of heating at 

230°C the forming force decreased to 1000 N, the reinforcement was split at one point and the 

surface of the product damaged as the reinforcing yarns separated and the softened matrix 
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material could not bridge them, hence fine holes were formed among the yarns. This effect 

was observed earlier in case of the vacuum forming technique. Consequently, the best result 

was earned in case of heating at 220°C for 90 s. Products made from α-rPP based composites 

can be seen in Figure 84. 

  

  
Figure 84. Products made from α-rPP based composite at: 150°C (a), 210°C (b), 220°C (c), 

230°C (d) heating temperature 

The effect of the matrix material of the composite on the formation was investigated in the 

second series. The other matrix material based composites were investigated with the earlier 

defined parameters. The β-rPP based composite sheet shaped perfectly to the mould like the 

product from α-rPP based composite and the forming force was approx. 2000 N as earlier. 

The same result could be achieved in case of β-PP based composite sheets, the quality of the 

product was excellent and the forming force was around 2000 N. Therefore it can be 

concluded that the different matrix materials did not influence forming, the same quality and 

forming force was achieved at the same forming parameters. This is expected because only 

the reinforcement produced the forming resistance and the forming force during shaping what 

was the same in every case. 

In the third step the effect of stretching (during forming) was investigated on every composite 

sheet. Thereto a β-rPP based composite product (heated for 90 s at 220°C) was cut in the 

a) b) 

c) d) 
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middle and the thickness was measured at several points. The scheme of the cross-section of 

the cut product and the measuring points can be seen in Figure 85. The measured thickness 

values are listed in Table 13. 

 
Figure 85. Measuring points on the cross-section of the product 

ThicknessMeasuring 
point (mm) 

A 1.25 
B 1.25 
C 1.24 
D 1.17 
E 1.15 
F 1.2 
G 1.23 
H 1.25 

Table 13. Measured thicknesses on the product 

It can be concluded from the result that after forming the initial thickness of the product was 

measured to be 1.25 mm. In the areas where no stretching occurred (in the top of the truncated 

pyramid and in the edge of the sheet) this thickness was measured in every case. The sheet 

does not stretch at the edges due to the design of the mould. In the top of the truncated 

pyramid the thickness was the same as the initial one since the upper side of the (relatively) 

cold form - parallel with the heated sheet - touched the heated sheet first. Therefore this area 

of the heated sheet was cooled down to a degree where no further draw could occur. In case of 

the skew sides where draw occurred, 10% decrease was observed in the thickness. This little 

change can be explained with the little draw and that the clamped mould distributed the 

softened matrix material. 

Thermoforming in heated matched mould 
The matched mould was designed to fit into the tempered chamber of the tensile testing 

machine. In this technique the matched mould was heated in a chamber and the composite 

sheet was placed into a mould and after heating time expired the mould was clamped. After 
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forming the chamber was cooled down. For the best result the mould was kept closed during 

cooling. But the chamber was cooled with air, which was not able to cool down the mould 

efficiently. Therefore no product could be made with this technique. 

Mechanical properties of thermoformed products 
For the investigation of the mechanical properties of thermoformed products, dumbbell and 

IFWI specimens were cut from them. The first series was cut from the side parallel to the 

direction of draw, the second series was cut from the side perpendicular to the draw, and the 

third series was cut from the top of the product. As a reference samples cut from a plain 

composite sheet were measured as well to study the effect of stretching on the mechanical 

properties of the product. Figure 86 shows the place of cuts on the product. 

 

Figure 86. Place of cuts for samples on the product 

Figure 87 shows the tensile stress (a) and modulus (b) of the formed and unformed product.  

 

Figure 87. Yield stress (a) and tensile modulus (b) of the formed product and composite 
sheet 
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It can be stated that a little decrease occurred in the tensile properties during forming. It 

happened because the high heating temperature may have melted the surface of the 

reinforcement. Relaxation of the fibres could not take place since the holding frame kept them 

tight and the heating time was short. 

Figure 88 shows the perforation energy of the product and the plain sheet. It can be seen that 

the formation of the sheets decreased the perforation energy in every case. It could happen 

due to a secondary compaction of the sheet during the second heating. The toughest 

composite was also again the β-rPP based one, as could be seen earlier. The β-form could not 

increase the low toughness of PP considerably. The rPP based sample offered greater impact 

properties due to its elastomer content. β-form in rPP could increase the toughness as earlier. 

 

Figure 88. Perforation energy of plain sheet and formed product 



András Izer PhD Thesis 

 

 88

4. SUMMARY 

The aim of my dissertation was the development and characterisation of self-reinforced PP 

composites made from PP split yarn fabrics and different types of PP matrices. The 

composites were made by film-stacking method and hot pressing.  

The use of recyclable materials in the industry is a key issue recently. Self-reinforced polymer 

composites (SRPC) seem to be a viable solution for this aim, where the matrix and the 

reinforcement are made from the same polymer family thereby easy recycling is ensured. The 

use of PP for self-reinforced composites (SRPPC) seems to be the best way because of its 

favourable properties and commercial aspects. There are three techniques to manufacture 

SRPCs. Hot compaction offers a real one component SRPC, but the narrow processing 

window makes this method difficult. Wider processing window can be achieved using 

coextruded tapes, but it is also expensive due to the additional step in the process. The  

film-stacking method may be cost efficient because the reinforcement and the matrix can be 

selected more freely (from commercial products, as well). 

The key issue of these techniques is the melting temperature difference between the matrix 

and the reinforcement. In case of PP this can be achieved with the use of rPP/PP combination 

and it can be ensured by exploiting the polymorphism of the PP, namely α-PP for 

reinforcement and β-PP for matrix material. Therefore three kinds of matrix material were 

used for manufacturing SRPPCs, β-form of PP homopolymer, random PP copolymer and the 

β-form of the latter. The film-stacking method was selected for manufacturing composites. 

The processing temperature is the most important parameter of this method. At different 

processing temperatures different consolidation qualities can be achieved therefore the 

structure and properties of the composites are changed. Thus in order to investigate the effect 

of consolidation quality on the mechanical properties, manufacturing was processed at  

7 different temperatures (5-35°C above the melting temperature of the matrices). The 

composites having different consolidation are characterized by peel and density tests. Light 

microscopic pictures were taken of the cross section and thin section of the composites to 

investigate the interfacial adhesion between the matrix and the reinforcement. It was 

concluded from the results that the increasing processing temperature improved the 

consolidation of the composite. This phenomenon was accompanied with the appearance of 

significant transcrystallization along the interphase. Static tensile, flexural and dynamic 

impact tests were performed to study the effect of consolidation on the mechanical properties 

of the different consolidated composites. The results showed that the increasing processing 

temperature increased the tensile and flexural properties until it reached a plateau around  
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20-25°C above the melting temperature of the matrices. Over this temperature a decrease 

occurred in the properties due to the low viscosity of the melted matrices at high temperatures 

and the partial melting of the reinforcement. The increasing processing temperature decreased 

the energy absorption ability of the composites.  

Consolidation ratio had also great effect on the fracture behaviour of the composites. The 

main failure behaviour of composites with low consolidation quality was debonding of the 

matrix and the reinforcement while fibre breakage occurred in case of the well consolidated 

composites. In order to understand the failure behaviour of the different composites better, AE 

tests were performed during tensile tests. It could be concluded that the number of AE events 

depends on the consolidation between the components. As matrix/reinforcement consolidation 

increased, the number of AE events decreased. Poorly consolidated composites exhibited 

almost 4200 events, while well consolidated ones exhibited less than 70 acoustic events, two 

orders of magnitude less. Furthermore, the shape of the cumulative AE events vs. deformation 

curves also depends on the consolidation between phases. As matrix-reinforcement 

consolidation increased, AE events occurred nearer to final failure. Poorly consolidated 

composites exhibited AE events during the entire part, which could be associated with matrix-

reinforcement debonding. Well consolidated composites, on the other hand, exhibited AE 

events only near to final fracture, associated with fibre breakage. Correlations were 

established between the dominant failure mechanisms and AE events amplitude for model 

specimens. Results revealed that low amplitude events (below 50 dB) are generated by the 

movement of the tapes in the fabric and fibre-matrix debonding, while high amplitude events 

(over 65 dB) were associated with fibre breakage. These correlations can be used to monitor 

the damage growth process in SRPPCs.  

Although the total damage of the composites was investigated, in case of structural materials 

creep behaviour is not a negligible effect. In several cases, the composite will creep before the 

total damage occurs. Therefore short-term flexural creep tests were processed on the 

composites at different testing temperatures (-20 to 80°C) to investigate the effect of 

consolidation on the creep behaviour. The results showed that with increasing testing 

temperature the creep compliance increased (due to increasing polymer chain mobility). With 

increasing hot pressing temperature, the SRPPCs had higher resistance to creep, particularly 

at higher testing temperatures. This effect was remarkable above room temperature. From the 

short-term measurements long-term creep behaviour of the material was predicted by 

superposing (shifting) the compliance-time data onto master curves. The reference 

temperature was chosen to be 30°C in each case. With increasing processing temperature 

creep compliance decreased. Since the test was performed under small load (5 MPa), the main 
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effect on the creep compliance at the applied low load was consolidation. Since density and 

peel strength indicate consolidation, there was good correlation between them and creep 

compliance. It could be concluded from these correlations that the theoretical creep 

compliance for the best consolidated rPP based composite is approx. 0.8 GPa-1 and for β-PP 

composite is approx. 0.5 GPa-1. The shift data could be well described by the Arrhenius 

equation. From the slope of the linear regression curves, the activation energy was calculated. 

With increasing consolidation quality the activation energy also increased. 

The main advantage of SRPCs is the reprocessability after their lifecycle, but this issue was 

not investigated up to now. Therefore the separately collected (based on the related matrix 

material) tested specimens were ground and then extruded five times and injection moulded 

after the first and fifth cycle to study the behaviour of the material after reprocessing. As a 

reference, the matrices of the composites were also reprocessed and injection moulded 

similarly to the composites. The results indicated that in case of commercial materials there 

was no significant degradation even after multiple reprocessing cycles; therefore the 

reprocessability of SRPPC products is very easy and has no hindrance. Based on the DSC 

results it could be stated that the used β-nucleating agent (Ca-sub) was still efficient after even 

five reprocessing cycles. In case of rPP-based composite the homopolymer (α-PP 

reinforcement) affected the crystalline and mechanical properties of the material 

advantageously (compared to neat rPP).  

The forming of SRPCs to a product occurred mainly by thermoforming. Therefore 

thermoforming tests were processed on the composite sheets to investigate the formability of 

them. The forming into matched mould turned out to be the best processing technique to form 

composites. 
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4.1. Theses  

I have prepared self-reinforced polypropylene (PP) based composites with 50 wt% nominal 

reinforcement content from commercially available base materials with the method of 

film-stacking and pressing. I have used a woven fabric made from highly streched split PP 

tapes as the reinforcement, while I have prepared a β-modification of PP homopolymer  

(β-PP), alpha (α-rPP) and beta (β-rPP) modification of random PP copolymer, and this way 

the processing temperature range was ensured. The composites were produced in a 

matched mould at 7 MPa pressure using 90 s heat keeping time in a wide temperature 

range (5-35°C above the melting point of the matrix material), and this way different 

qualities were achieved in consolidation. Based on the above mentioned material and 

technology developments I have achieved the following results:  

 
1. I have revealed that self-reinforced PP composites can be produced exploiting the 

polymorphism of PP in a sufficiently wide processing temperature range. I have 

proven that the consolidation of the composite improves significantly as the 

processing temperature increases, hence its tensile and flexural strength and 

modulus increase as well, meanwhile the energy absorption ability (perforation 

energy) decreases monotonously. I have shown that an optimal processing 

temperature exists 20-25°C above the melting temperature of the used matrix 

materials. In this limited temperature range the processed composite sheets 

consolidated in an excellent way, proven by the good interlaminar strength and 

the occurrence of a transcrystalline layer. These composite sheets have good 

energy absorption ability besides the maximal tensile and flexural properties. 

Above this temperature the properties of the composites deteriorate. This 

phenomenon can be explained with the relaxation of the reinforcement, and its 

partial melting at the highest temperature [105].  

 

2. I have proven through acoustic emission investigations that there is a connection in 

wide processing temperature range between the consolidation quality of the self-

reinforced PP composite and the run of acoustic signals. I have revealed that at low 

processing temperatures, where poor consolidation takes place, the composite emits a 

large number of acoustic signals even in case of small loading (the cumulated number 

of events is more than 2000 until total failure). This phenomenon can be explained by 

the separation of the layers and the alignment of the reinforcing fabric. In case of 
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improved consolidation, due to the strong fibre/matrix adhesion and the 

transcrystalline layer, the composite emits a low number of signals under loading (the 

cumulated number of events is less than 200) that only occur near the total failure. In 

this case the characteristic failure mode is fibre breakage [106]. 

 

3. I have shown that there is a relation between the failure of the self-reinforced 

composite and the amplitude of the emitted acoustic signals. I have proven with 

acoustic emission tests on fabrics and elementary tapes that the small amplitude 

signals (below 50 dB) are usually caused by the movement of reinforcing fibres, layer 

separation (fibre/matrix separation) and the fibre fibrillation, while high amplitude 

signals (above 65 dB) can be connected typically to fibre breakage [106]. 

 

4. I have proven with short time creep tests that the creep resistance of self-reinforced PP 

composites decreases with an increasing temperature. This phenomenon becomes 

significant above room temperature. Furthermore, I have shown that the consolidation 

quality of the composite influences its creep resistance to a great extent, as better 

consolidation increases the creep resistance of the composites. I have determined the 

theoretical minimum creep tendency of the single composites using the correlation 

method. In case of rPP based composites (both β-rPP and α-rPP) 0.8 GPa-1 and for β-

PP 0.5 GPa-1 was obtained as the compliance. I have shown, furthermore, that with 

increasing processing temperature, the activation energies of the composites are 

monotically increasing followed by the Arrhenius equation [107]. 

 

5. I have proven that the self-reinforced PP composite can be totally and easily 

reprocessed. The mechanical properties of PP are the same as that of the matrix raw 

material even after more cycles (5 cycles) of reprocessing at high temperatures 

(210°C). I have revealed that the random PP copolymer matrix composite with  

50 wt% nominal reinforcing content (independent from its crystal modification) 

transformed to a one-phase system again, the melting temperature and the mechanical 

properties of which are between those of the homopolymer and the copolymer [108]. 
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4.2. Applicability 

Reprocessability is coming into focus in every field of life, especially in the automotive 

industry. Traditional composites (e.g. GF-PP) cannot fulfil this request, therefore new 

composite materials were developed, e.g. self-reinforced polymer composites. These 

composites can be fully recycled besides the fact that their mechanical properties can compete 

with those of GF-PP. SRPPCs made by hot compaction or from different crystal forms of PP 

(α-form as reinforcement and β-form as matrix) can be recycled as a new material. SRPCs are 

used in places, where the formation of the product is done by thermoforming e.g. bumpers, 

body panels, underbody shields, headliners, door liners. Hot compacted PP sheets are now 

available under trade name CURV®. All-PP composite panels made of coextruded PP tapes 

are available under trade name Pure®.  

SRPPCs have excellent impact properties, therefore these materials are used for personal 

protective equipment, helmets, and travel suitcases. Especially β-PP based SRPPCs have 

greater resistance to impact therefore they may be applied in ballistic protection. This 

advantageous property can be utilized even at low temperatures as well. 

These lightweight materials offer great mechanical properties, therefore they can be used in 

cases where weight reduction is important e.g. sports equipment, flight luggage, hiking bags. 

Furthermore, its improved acoustic performance and self damping property allow using them 

in audio products e.g. loudspeaker cone. 

The low melting temperature of the PP copolymer layers facilitate the production of 

lightweight sandwich construction materials suitable e.g. for inside walls, load floors in 

housing or panels for sailing. 

New fields of application may be also imagined in biomedical applications such as 

orthopaedics. A proper choice of the material allows individual adjustment of 

prostheses/ortheses at endurable temperatures. 

The tape winding of co-extruded tapes is a desirable technique to produce e.g. high pressure 

tubes. 

4.3. Further tasks to be solved 

After summarizing and evaluating the results the following questions have risen: 

• Increasing fibre content is the easiest way to improve the mechanical properties of 

composites (because the outstanding bonding between the matrix and fibres was 

demonstrated in this work as well, therefore improving the fibre/matrix adhesion is not 

possible in order to increase the mechanical properties.). In this dissertation  
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50 wt% reinforcement content was investigated. However in case of hot compaction 

(Curv®) and coextrusion (Pure®) composites have 70-80 wt% reinforcement content. It 

would be worth to investigate the further possibilities to increase reinforcement content 

for the SRPPCs. 

• In this work only the applicability of PP was investigated for SRPCs. In the future, it is 

recommended to investigate self-reinforced composites made from other engineering 

thermoplastics like PA, PET. It would be interesting to study the applicability of PA for 

SRPC, especially because PA is a polymorphic material, as well. Composites based on 

PET can e.g. offer an enhanced thermal stability being desirable for many applications 

in the automotive sector. 

• In case of engineering materials, the key issues are the long-term properties. But only 

the creep behaviour from short-term tests was studied in this work. In the future, it is 

recommended to investigate the long-term creep behaviour and fatigue mechanism of 

the self-reinforced composite. The effect of the consolidation on the fatigue properties is 

not known up to now. 

• The presence of a transcrystalline layer between matrix and reinforcement was 

confirmed in this work. This transcrystalline layer increases the mechanical properties of 

composites, therefore the formation of this layer is important information. This layer 

grows probably with the processing temperature. The formation of this layer as a 

function of processing parameters is not known up to know. Therefore investigation of 

this effect is recommended. 

• SRPCs made by the above mentioned techniques (hot compaction, consolidation of 

coextruded tapes and film-stacking method) can be used in those places, where the 

formation of the product happened by thermoforming. However, it is recommended to 

develop more efficient techniques for processing SRPCs, e.g. injection moulding. 
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