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Introduction 
The global demand for polymeric and composite materials rises permanently [1]. Natural 
and synthetic polymers like cotton, silk, wool, polypropylene, synthetic and polyethylene 
terephthalate polyesters are commercial materials utilized extensively for automotive, 
medical, electronic, nuclear, aerospace applications, as well as in food and fashion 
industries [2]. The utilization of natural and synthetic polymeric materials in different 
applications produces huge waste. The pre-consumer, post-consumer, end-waste and 
end-of-life waste exist with purity of 99%, 85-98%, 60-85% and < 60% of valuable 
materials, respectively. Within the concept of circular economy, the transformation of 
waste into green and sustainable products can be carried out. The waste can be 
processed using primary, secondary, tertiary recycling technology and incineration 
techniques [3].  

The concept of circularity was introduced for the first time in the European Union in 
1962. The circular economy is a transition from open into closed-loop product 
manufacturing, i.e. within the framework of this concept, the waste re-use can be 
maximized due to recycling of waste and manufacturing of new products. It allows 
decreasing the negative influence on the nature. The concept includes costing, waste 
analysis, selection of recycling and fabrication technique and quality control. Costing and 
waste analysis assured the initiation of a project. Waste analysis evaluates the suitability 
of valuable materials for processing. The selection of manufacturing processes and 
quality control manage the performance of fabricated products for commercial 
applications.  

The suitable selection of recycling technique increases sustainability of fabricated 
products. The machinery parts (cutting blades, shredding tools, etc.) of the recycling 
industry are mostly made using steel.  To improve the performance and lifetime of the 
machinery parts can be coated with hard coating.  Investigation of the mechanical and 
tribological properties of machinery parts and materials that is used in recycling of waste 
is important aspect to evaluate the quality and performance of recycling [4]. The hard 
coatings like diamond-like carbon, carbide (SiC, etc.), nitride (TiCN, TiAlN, etc.), ceramic 
oxides (Al2O3, ZrO2) and boride are introduced for tool surface modification. The surface 
modification enhanced the life of machinery parts and the performance of manufactured 
products [5].  

The natural and synthetic polymers waste contains several valuable materials, which 
can be re-used to produce composites. The pure polypropylene (PP) widely used as a 
matrix material in composites. The PP provides reasonable wettability and interfacial 
adhesion with different filler materials and resistance towards environmental impacts. 
The extrusion, compression and injection molding are commercial techniques to 
manufacture composite materials. The thermal, chemical, tensile, bending, abrasion, 
erosion, fatigue, creep tests, surface analysis, etc. of fabricated composites certified the 
quality and performance for customer satisfaction [6].  

The aim of the thesis is manufacturing and investigation of the mechanical, 
tribological, surface and thermal properties of post-consumer cotton fibers (PCCF),  
PP-post-consumer synthetic polyester fibers (PCPESF) and PP-post-consumer polyethylene 
terephthalate fibers (PCPETF) reinforced PP-based composites. 
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The novelties of the present study are as follows: 
 
I. Investigation of the tribological properties of different tribosystems, including 

PCCF waste - steel, PCCF waste - Al2O3, PCCF waste - WC-Co, PCCF waste -ZrO2, PCCF 
waste - TiCN and PCCF waste - TiAlN.   

II. The manufacturing of PP-PCCF, PP-PCPESF and PP-PCPETF composites. The PCCF 
and PCPESF were produced from Estonian military woven fabric T-shirts and PCPETF was 
produced from PET beverage bottles.  

III. Comparative study of PP based natural and synthetic fibers reinforced 
composites. Comparison of thermal, mechanical, tribological properties, surface 
morphology and roughness. 
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Abbreviations                                                                                                    
4IR Fourth industrial revolution 
5IR Fifth Industrial revolution 
AISI American Iron and Steel Institute 
Al2O3 Aluminum dioxide or alumina 
AlN Aluminum nitride 
ANN Artificial neural network 
ANOVA Analysis of variance 
ASTM American society for testing of materials 
BEA Break even analysis 
BEP Breakeven Point 
CE Circular economy 
COF Coefficient of friction 
CrC Chromium carbide 
CRI Cutting resistance index 
CT Cotton 
DLC Diamond-like carbon 
DSC Differential scanning calorimetry 
EOLW End of life waste 
EW End waste 
FC Fixed cost 
FRC Fiber-reinforcement composites 
G Weight of sand 
GSM Grams per square meter 
GSM Grams per square meter weight 
HSLW High strength low weigh 
HV Hardness of Vickers Scale 
ISO International Organization for Standardization 
PC Poly carbonate 
PCCF Post-consumer cotton fibers 
PCDT Poly-1.4 c yclohexyl-di-methylene terephtalate 
PCPESF Post-consumer polyesters fibers 
PCPETF Post-consumer polyethylene terephthalate fibers 
PE Polyethylene 
PES Polyesters 
PET Polyethylene terephthalate 
PP Polypropylene 
PR-CW Pre-consumer waste 
PU Polyurethanes 
PVD Physical vapor deposition 
SEM Scanning electron microscope 
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SiC Silicon carbide 
SNK Student-Newman-Keuls 
TC Total cost 
TEM Transmission electron microscope 
TGA Thermogravimetric analysis 
TiAlN Titanium aluminum nitride 
TiCN Titanium carbo nitride 
TiN Titanium nitride 
VC Variable cost 
WC Tungsten carbide 
ZrO2 Zirconium dioxide or zirconia 
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Symbols                                                                                                  
𝜎𝜎𝑝𝑝 Ploughing stress 
𝜎𝜎𝑠𝑠 Shear stress 
∆Hf Heat of fusion of composite materials 
∆Hf

o Heat of fusion of 100% reference material 
∆m Change in mass 
A Area 
L Applied load 
l length 
M  Specific weight loss 
P Ploughing force 
Ra Average surface roughness 
Rp Maximum profile peak height 
rpm Revolution per minute 
Rq Root mean square roughness 
Rt Maximum height of the profile 
Rz Average maximum height of the profile 
t Thickness 
T/m Twsit per meter 
W Abrasive wear 
wt.% Weight percentage 
Xc Amount of fiber’s fraction  
𝐸𝐸 Erosive wear rate 
𝑣𝑣 Shear of sand 
𝑣𝑣 Volumetric wear loss 
𝜇𝜇 Coefficient of friction 
𝜌𝜌 Density 
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1 Review of literature 

1.1 Polymer waste and concept of circularity 
The world’s requirement for the reuse of textile products increases. The notion polymer 
textile used in the following text means the textiles made as from natural, as well as from 
synthetic fibers [7]. The EU Directive 2018/851 of the European Parliament and of the 
Council of 30 May 2018 amending Directive 2008/98/EC on waste determinates that any 
textile waste should be recycled beginning from the year 2024 [8]. In Estonia, there is a 
program of the textile recycling, for instance, from 4021 tons of textile waste collected 
in 2020, 840 tons were recycled [9]. Usually, 65-70% of the polymer textile materials are 
manufactured from synthetic fibers. The remaining 35-30% of textile products are 
produced from natural fibers. The utilization of these synthetic and natural textile 
materials creates huge waste. Internationally, 55% of polymer wastes end up in a landfill, 
20% are used for recycling and 25% for energy production [10].  

The pre-consumer waste (PR-CW) and post-consumer waste (PCW) are two primary 
types of waste [11]. The pre-consumer waste is generated due to operational problems 
during manufacturing of products. Post-consumer waste is produced due to the use of 
manufactured products in household, automotive, agricultural, electronic, nuclear and 
construction commercial applications. The end-of-life waste (EOLW) is distorted, 
damaged and hazardous in nature [12]. 

Table 1.1. Industrial waste and recycling technology [Publication I]. 

 

Polymer waste  
type 

Polymer 
waste 

material 

Separation 
and sorting 
operation 

Polymer 
recycling type 

Output 
product 

PR-
CW/PCW/EW/EOLW 

PES, CT, PE, 
PET, PC 

Manual and 
automatic 

Primary Relevant 
recycled 
product 

EW Defective and 
distorted 

wastes 

Mostly 
manual 

Primary and 
secondary 

Material 
retrieval 

and 
recycled 
product 

EW/PCW CT, PES, PE, 
PET, silk etc. 

Manual Secondary 
and tertiary 

Materials 
retrieval 

PCW/EOLW Hazardous 
wastes (all 

possible 
natural and 

synthetic 
polymers) 

Manual Tertiary and 
Quaternary 

Low quality 
recycled 
product 

EOLW Hazardous 
and 

contaminated 
wastes 

Manual Quaternary 
and 

Biodegradable 

Industrial 
Energy 

production 
and landfill 
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Pre- and post-consumer wastes are mostly recycled directly due to usually higher 
purity > 85% of valuable material (see Table 1.1). Similarly, end-waste materials contain 
impurity more than 15%. Mechanical separation is usually used before recycling to 
increase the purity. Purification techniques in presence of acids, mixings, additives and 
degassing agents are used for removal of impurities from end-waste materials. However, 
end-of life wastes are incinerated, degraded biologically and dumped in land. The closed 
loop manufacturing shown in Figure 1.1 is a modern approach of textile recycling. 

 

 
Figure 1.1. Closed loop manufacturing [adapted from Publication I].  

 

 
Figure 1.2. The circularity paradigm [adapted from Publication II].  
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The circularity paradigm and technical strategies are fundamental tools for 
sustainable and green technological development, see Figure 1.2. Cost studies, polymer 
waste analysis, recycling types, quality and performance testing have been introduced to 
reduce the use of natural resources [13]. 

The concept of circular economy (CE) was first proposed in the European Union in 
1962. CE is a set of innovative technical management, manufacturing and testing strategies. 
The strategies transform open-system manufacturing into restorative, regenerative and 
closed-system manufacturing, see Figures 1.1 and 1.2 [14,15]. 

Break even analysis (BEA) in terms of total, fixed, variable cost and factory overhead 
is an industrial costing tool. Variable cost constitutes materials cost, industrial machinery 
cost, packaging cost and commercial royalties, see Figure 1.3. Similarly, fixed cost 
consists of relative depreciation, factory rents and labor salaries. Commercially, these 
costs are categorized into direct and indirect costs. The pricing of manufactured units 
(products) governs and regulates the survival of an organization. Figure. 1.3 shows the 
BEA model in terms of revenue, loss, profit and sold units. The BEA formulation can be 
expressed as: 

 
         𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝑇𝑇𝐶𝐶𝑇𝑇 (𝑇𝑇𝐶𝐶) = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐶𝐶𝑇𝑇𝐶𝐶𝑇𝑇 (𝐹𝐹𝐶𝐶) + 𝑉𝑉𝑇𝑇𝑉𝑉𝐹𝐹𝑇𝑇𝑉𝑉𝑇𝑇𝐹𝐹 𝐶𝐶𝑇𝑇𝐶𝐶𝑇𝑇 (𝑉𝑉𝐶𝐶)                          (1) 
 
TC also assists in evaluating the initiation of an industrial project. Similarly, FC and VC 

represent the initial amount of money required for a project in industry. The point at 
which loss equals profit is known as breakeven point (BEP). Therefore, BEP also helps to 
initiate, expand, lower and narrow the business during the implementation of project 
[16,17]. Additionally, Z is the initial amount of revenue required to produce Y number of 
units of products without risk of loss. 

 
Figure 1.3. BEA Model [Publication II]. 

The remanufacturing of textile waste into sustainable polymer products is termed as 
recycling. However, the recycling of textile waste is very complex [18,19]. Generally, the 
recycling of polymer (textile) waste is categorized into primary, secondary, tertiary, 
quaternary and biodegradable processing. Initially, the textile wastes are separated and 
sorted. After separation, the grinding of waste is performed at the desired size of fibers 
[20,21]. The polymeric waste is shredded using different metal blades and cutters.  
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The cutting is used to convert waste into small pieces. Hard metallic surface (cutting tool) 
interacts with soft polymer surface. Shearing and ploughing mechanisms are involved in 
cutting of waste. The shredding mechanism is associated with rotary drums and cylinders 
[22]. The rotary drums and cylinders are divided into different sections for collection of 
desired, smaller and oversize fiber materials [23]. Mostly, mechanical shredding is used 
for the transformation of waste into fine fibers. The cutting speed and applied torque are 
controlled for optimum outcomes [24]. All types of waste materials are shredded  
to increase the purity and performance of recycled products. After size reduction,  
a reasonable recycling technique is selected for further processing of waste. Usually, 
selection of recycling technique relies on purity of waste and application of the fabricated 
product [25].  

Primary [26] and secondary [27] recycling techniques are mostly utilized for 
processing of defective samples, scrap and low impurity waste [27]. The tertiary and 
quaternary methods are introduced for recycling of highly damaged, distorted, impure 
and hazardous polymer materials [28-30] (Figure 1.4 and Table 1.1).       

 
Figure 1.4. The polymer waste management model [Publication I]. 

Generally, the terms like pre-consumer waste, post-consumer waste, end waste (EW) 
and end of life waste are used for different waste in recycling industries. PR-CW are 
produced during manufacturing of polymer products. The PCW mostly derived from  
end-user of polymer products after service life. The EW contained highest level of 
impurity in distorted conditions. Generally, secondary treatments are required to 
enhance the purity of valuable polymeric material. However, EOLW lost its utility during 
service life and mostly used for energy production, incineration and landfills [31-34].  
The highly contaminated and impure textile wastes are used for energy production [35] 
and ground landfills. The enhancement of quality and performance of recycled products 
are complex functions in nature. The performance attributes directly rely on testing of 
polymer waste, separation, selection of recycling technique, finishing and commercial 
use of recycling product. The polymers-machinery parts interactions and mechanical 
testing during recycling have a fundamental role to check the usability of products 
[36,37].  

The polymer waste-metallic machinery parts interactions initiate wear during 
recycling. The damage of metallic and polymer surfaces appeared in the form of erosion, 
abrasion, surface fatigue, damage and corrosion. The wear of polymers, machinery parts 
and cutting tools can be controlled using hard coatings. Diamond-like carbon (DLC) 
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coatings offer excellent resistance to erosion and abrasion. DLC-based materials are 
mostly used for cutting tools, molding dies and grinding tools. Nitride coatings like TiCN, 
TiAlN, TiN, etc. are introduced for high-speed cuttings at extreme temperatures.  
The carbide materials (WC, CrC, SiC, etc.) as a thin film coating impart low residual 
stresses, porosity, higher bond strength, reasonable corrosion resistance and good wear 
resistance. The oxide ceramics (Al2O3, ZrO2, etc.) possess high temperature resistance 
and strength.  

The first, second and third generations of industrial revolution are considered as a 
conventional mode of the manufacturing [Publication II and V]. Fourth industrial 
revolution (4IR) is a modern industrial approach of manufacturing. Circular economy and 
fourth generation of industrial revolution provide tools to optimize various recycling 
techniques. The combination of CE and 4IR can enhance recycled product quality.  
The polymer waste can be directly reused, recycled, incinerated or disposed after 
automatic separation and sorting steps. Recently, EU has introduced the utilization of 
artificial intelligence, robot and smart machine working to achieve the goals of 
sustainability, green manufacturing and circular production. This is known as fifth industrial 
revolution or industry 5.0 (5IR). The combination of robot-human centric collaboration 
enhanced the implementation of concept of circularity in manufacturing industries. 

1.2 Natural and synthetic polymers 
Polymers are categorized into natural and synthetic materials. Natural polymers are 
mainly made up of cellulose (core), hemicellulose and lignin [38,39]. Fundamentally, 
cellulose’s contents in a provided fiber govern the stiffness and strength [40].  

 
Figure 1.5. Types of polymers [Publication I]. 

Cotton, hemp, kenaf, sisal, jute, wool, kapok, etc. are widely used natural polymers. 
Similarly, PES, PET, PP, PC, rubber and PU etc. are synthetic polymers utilized in textile, 
packaging, automotive and construction industries. The types of polymers are shown in 
Figure 1.5 [Publication I]. 

 Fiber cultivation, adherence to constituents, surface conditions and fibber’s age are 
main characteristics that affect its functionality [41]. The hemicellulose’s amount controls 
the moisture absorption, thermal and degradation properties [42]. Moreover, lignin 
protects fiber from thermal and optical shocks [43]. Among the constituents (core, 
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hemicellulose and lignin) of cotton’s fabric structure, the fabric core exists as a fundamental 
component for determination of mechanical properties [44]. The nature of core materials, 
angle of microfibrils and the content of core material are also considered important 
factors for mechanical properties. The core is hemicellulose embedded with lignin [45]. 
This type of cotton fabric structure produces porosity. Naturally, higher amounts of 
cellulose material and smaller microfibril angles are considered suitable for excellent 
mechanical properties. However, porosity absorbed impurities and caused various 
surface defects [46].   

Synthetic polymers are artificial materials derived from petroleum products. Synthetic 
fibers have better chemical resistance, mechanical (tensile, flexural, bending, etc.) and 
tribological (erosion, abrasion, fatigue, etc.) properties as compared to natural fabric 
materials [47,48]. Synthetic polyester, PP and PET are unsaturated hydrocarbons. Flexibility 
in nature, recyclability, resistance to environmental impacts and toughness make these 
polymers commercially versatile materials for various industrial applications [49]. 
Mostly, PP is used as a matrix material in composite fabrication due to properties like 
unbreaking ability, high strength, low weight, better wettability with fibers, good hardness 
and resistance to moisture. Higher abundance, ease of recycling, lowest use of additives 
and nontoxicity made polyesters (especially synthetic and PET) a potential candidate for 
synthesis of fiber-reinforcement composites (FRC) [50], see Figure 1.6 [Publication I].   

 
Figure 1.6. Commercial annual production of polymeric materials [Publication I]. 

1.3 Types of composites 
The polymer waste can be used as reinforcement to manufacture composites.  
The reinforcement can increase the performance of composites. The fiber reinforced 
composites are formed with two main phases, i.e., continuous and dispersed.  
The continuous phase is known as matrix phase. The matrix phase may be polymer, metal 
or ceramic. It binds reinforcement (or dispersed phase) together, transfer loads, provide 
prominent shape to bulk and resistance toward various impacts. Polymer matrix are used 
for high performance automotive, construction and aerospace applications. The styrene, 
polyesters, epoxies, phenolics, polyimides, epoxy resins, polybutadiene are common 
examples of advanced thermosets matrices. The common examples of thermoplastic 
matrices are PP, PC, PET, polyetheretherketone and liquid crystal polymers. The reinforcement 
phase increases the stiffness, strength, hardness, impact behavior, environmental 
resistance, fatigue strength and electrical properties. The reinforcement phase is 
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continuous and discontinuous in nature. The continuous reinforcement involves textiles 
and unidirectional filaments. However, the discontinuous fiber loadings include short 
fibers and particles. The addition of short fibers improves the performance of composites 
for lightweight applications. The short-fiber reinforced composites are cheaper and easier 
to produce. The mechanical properties of these composites rely on fiber length and 
distribution. The elastic modulus of composites improved with enhancement of fiber 
fractions and orientation. The ease of processing and ability to recycle lower the 
manufacturing cost of short fiber reinforced composites [51]. 

1.4 Recycling process steps 
The process of recycling includes different steps. The first step is a collection of waste.  
In the EU, polymer waste is collected from sources like packaging (59%), electronics (8%), 
construction (5%), automotive (5%), agriculture (5%), household (5%) and others (14%) 
[52]. Various types of waste are stored and transported to warehouses of recycling 
industries [53]. After collection, identification of polymer wastes is performed using 
manual (wastes in large amounts), near infrared (for dark colored plastics), electrostatic 
(smart and conductive polymers), float sink (separation based upon densities) and 
selective dissolution sorting techniques [54,55]. Identification technologies reduce 
contamination, maintain waste material integrity, remove problematic polymers and 
control the properties of recycled products [56]. After separation, the polymeric waste is 
milled into fine fibers. The fine fibers are separated using sieve classification. The sieve 
classification screening distributes fibers into various sizes. Normally, these fibers are 
utilized as reinforcement in the fabrication of composites [57]   

The fiber reinforced composites are mostly prepared using extrusion, injection and 
compression molding techniques. The extrusion technique is applied for preparation of 
composites in the case of short fibers. In polymer extrusion, the mixture of matrix and 
reinforced materials passes through a heated cylinder. The obtained polymeric materials 
are pelletized. Additives, mixtures and binder materials are also used to increase 
wettability, mechanical properties, crystallinity and interfacial adhesion of composite 
materials [58-60].  

The injection molding is a manufacturing process for fabrication of different parts by 
injecting molten material into a mold [61]. The die of mold is made of a desired shape. 
The thermosetting and thermoplastic polymers can be used as raw materials [62]. 
Thermosetting polymers are irreversible curing materials. These materials become rigid 
on heating and cannot regain its original shape again. The vulcanized rubber, fiber glass, 
polyurethane, Bakelite, epoxy resins and silicon resins are examples of thermosetting 
polymers. The thermoplastics polymers can remelt and recure its shape after heating or 
cooling. These materials become soften on heating. The PP, PE, Polystyrene, PET and 
polycarbonate are examples of thermoplastics polymers. The thermoplastic and 
thermosetting materials are transformed into designed products in cold and hot molds, 
respectively. Injection molding technique is suitable for high volume production, low-
cost components and short fiber reinforcements [63]. The PP-Abaca, PP-jute, PP-flax 
[64], PP-wood fibers [65], PP-hemp [66] and PP- glass [66] are examples of injection 
molded composites. 

The process of forcing polymeric materials (between the two open die mold pressers) 
into a desired shape is known as compression molding. Compression molding is a very 
old processing technique [67]. The application of higher pressure removes the possible 
cross-sectional and surface defects in composite materials. Compression molding 
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provides better control of physical, mechanical, surface and tribological properties [68]. 
Moreover, complex shapes with higher and lower variations in dimensions can be 
manufactured [69]. The PP-silk [70], PP-Ca-alginate fibers [71], PP-jute [72] and PP-glass 
[73] fiber are examples of compression molded composite materials. The high tool cost, 
low volume production and creation of micro cracks are major drawbacks of this 
technique [74].   

1.5   Testing of polymer waste and composites 
The quality and performance of recycled products relies on inspection and testing of 
polymer wastes and composites [75]. The mechanical properties of fabricated reinforced 
composites rely strongly on the properties of reinforced fibers [76]. The testing enables 
to select the suitable recycling technique as well [77]. The testing techniques are 
mentioned in Table 1.2. 

Table 1.2. Testing standards for quality control of polymeric waste and composites [adapted from 
Publication III]. 

Testing technique Polymer materials Outcomes 
Thermogravimetric 
analysis (TGA), 

Differential scanning 
calorimetry (DSC) 

Engineering polymers, 
reinforced composite, 
particulate composites 

Determination of 
thermal stability. 
Measurements of 

melting, degradation and 
crystallization 

temperatures. Degree of 
crystallinity 

Student-Newman-
Keuls (SNK) test. 

ISO 4287-1997 
surface roughness 

contact and non-contact 
methods. 

Polymer virgin/wastes 
materials, fiber-reinforced 

composites, hybrid 
composites. 

Estimation of surface 
roughness. 

ASTM D5034-95-08 
grab and the ASTM 

D5034-95-06 strip tests. 

Natural and synthetic Determination of 
tensile strength, breaking 
force, fracture strength, 
strain and elongation. 

ASTM D3039 tensile 
test, ASTM D5467 bend 
test, ASTM A370 Charpy 

test. 

Manufactured/recycled 
Polymer composites for 

instance PP-cotton, PP-PES, 
PP-PET, etc. 

Evaluations of 
mechanical and flexural 

properties. 

Abrasion test, 
erosion test, fatigue 

test, creep test 

Natural and synthetic 
polymers and composite 

materials 

COF, wear, plastic 
deformation. 

Scanning electron 
microscopy (SEM) 

characterization, optical 
and mechanical surface 

roughness 
measurements 

Polymer and composite 
materials 

Surface and cross-
sectional micro defects 
evaluations, roughness 
parameter evaluations. 
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The tensile, bending, impact and hardness testing are most important for estimation 
of the properties of recycled composite materials [78]. The tensile strength and modulus 
of elasticity assured stability and stiffness during service life. Similarly, the percentage of 
elongation or strain evaluates the flexibility and ductility of a composite. Composites with 
reasonable ductility are preferred for structural applications. However, the composites 
either with the low ductility or with high brittleness are mostly used for static applications 
[79,80]. 

In bending conditions composites bear load in compressive and tensile conditions.  
The flexural strength and constant assured the withstand ability and stiffness in 
compressive conditions [81,82]. Similarly, flexural strain analyzes the performance and 
limits of load bearing capacity. The higher flexural values are a good indication of recycled 
composites for commercial applications. Higher flexural strength is mostly desirable for 
designing of composite materials. To satisfy desirable properties of composites, a fiber’s 
diameter, length, composite surface properties, processing parameters like temperature, 
pressure, fabrication environment and cooling rates must be optimized carefully [83-86].      

The recycled composites also face impact loads during service life. The impact loads 
are measured in terms of impact energy (toughness). The polymeric fibers help in 
transferring of load during impact load bearing applications.  

Thermal analysis of polymers helps to understand the characteristics like  
melting, crystallization and degradation temperatures and degree of crystallinity.  
The thermogravimetric, differential scanning calorimetry and thermomechanical 
techniques are most common examples. The evaluation of chemical stability in different 
environments can be carried out in the case of specific applications.   

The tribology deals with the study of friction, wear and lubrication of interacting 
surfaces. The processing and tribological interactions produced different imperfections 
and flaws. The abrasion, erosion, fatigue and creep testing is introduced to evaluate the 
surface performance of composite materials. The selection of the type of tribological test 
depends on type of composite material and possible commercial application.  

The bulk and surface evaluations of composites are performed using optical, scanning 
and transmission electron microscopes and surface profilometers. These engineering 
instruments observe the presence of defects, surface roughness parameters and 
morphology of composites. This characterization plays important role in optimization of 
manufacturing of polymer products. 

The single and double factor ANOVA are used to predict and optimized the mechanical 
and surface properties of composites [87]. ANN regressions also used to predict the 
behavior of composites [88]. 

1.6   Applications of composites 
Due to combination of matrix and filler in composite, the composites are materials 
possessing the properties of both constituents. The main properties important for 
applications include mechanical properties (tensile and flexural stiffness, fracture 
toughness, etc.), thermal and chemical resistance, and wear resistance (erosive, 
abrasive, fatigue, etc.) [Publication VI]. Commercial applications include automotive 
(tires, different belts, hoses, bumpers, internal body panels, windscreens), marine (boats, 
mats, pressure vessels, barges, etc.), medical (MRI scanners, X-ray couches, surgical 
tools, wheels chairs, etc.), construction (pipes, insulations, sheets, glass-windows, doors, 
etc.) and other applications [89]. 
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1.7   Aims and objective of the doctoral thesis 
The main aim of thesis is the synthesis and investigation of mechanical (tensile, bending 
and impact) and tribological (COF, wear) properties, surface roughness and morphology 
and thermal (melting, crystallization, degradation temperature and percentage of 
crystallinity) properties of PP based composites reinforced with different type of  
post-consumer polymer waste (PCCF, PCPESF and PCPETF).  Another important aim of 
the study was to link research with the concept of circularity. This concept assumes 
implementation of some steps to achieve the goals of sustainable industries.    

I. Designation of the circularity paradigm, as close-loop recycling procedures of 
polymer waste materials. Fulfilment of the requirements for each step of circularity 
concept in the course of the study. 

II. Investigation of the properties of PCCF waste to estimate the quality of the 
waste for the following recycling methods. Investigation of the tribological properties of 
different materials (steel, WC-Co, Al2O3, ZrO2, steel ball coated with TiCN and TiAlN hard 
coatings) to estimate the applicability of these materials for the cutting of the PCCF waste 
in recycling process.  

III. Selection of the suitable technique for the preparation of the PP-PCCF,  
PP-PCPESF and PP-PCPETF composites. 

IV. Fabrication of the PP-PCCF, PP-PCPESF and PP-PCPETF composites, and 
investigation of the thermal, mechanical and tribological properties of PP-PCCF,  
PP-PCPESF and PP-PCPETF composites. Comparison of their properties and estimation of 
possible applications.   
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2 Materials and methods 
The following steps were proposed regarding experimental section of the thesis. The steps 
include collection, separation, sorting, grinding, mixing, extrusion, injection, compression 
molding, inspection and testing of composite materials, see Figure 2.1.  

 
Figure 2.1. Recycling process steps [Publication IV]. 

2.1 PC waste materials 
The PP powder was purchased from Egyeuroptene company. The post-consumer cotton 
fibers and post-consumer polyester fibers were derived from Estonian military T-shirts. 
Post-consumer polyethylene terephthalate fibers were derived from PET beverage 
bottles, see Figure 2.2a-d. Therefore, both the natural and synthetic polymer waste were 
used in study. The sorting and separation of all waste were done manually.  

 
Figure 2.2. Optical micrographs of selected PCF for fabrication of composites: (a) pure PP, (b) PCPESF, 
(c) PCPESF and (d) PCPETF [Publication IV]. 
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The following steps were proposed regarding experimental section of the thesis.  
The steps include collection, separation, sorting, grinding, mixing, extrusion, injection, 
compression molding, inspection and testing of composite materials, see Figure 2.2. 

  The virgin PP powder was selected as a matrix material. The pure PP has melt-flow 
index of 14 g/10 min at 2.16 kg of mass (ASTM D1238 standard). The melting temperature 
of PP was 210 °C. The PP powder was purchased from Egyeuroptene. The PP as a matrix 
phase provide excellent adhesion, interfacial bonding, fiber wettability, thermal, moisture 
and chemical resistance. Therefore, PP was also standardized as a reference material for 
development of composite materials. 

 The pure PCCF was derived from plain woven fabric T-shirts of Estonian army. PCCF 
has 1.55 g/cm3, 5-25% ± 1.5%, 0.06 MPa ± 0.001, 0.10 ± 0.004 MPa, 0.04 ± 0.002 MPa 
and 237 g/m2 values of density, elongation, tensile strength, design strength, breaking 
strength and weight, respectively. The PCCF was dried at 60 °C for 70 minute to remove 
moisture. 

 The pure PCPESF poly-1.4 cyclohexyl-di-methylene terephthalate (PCDT) was also 
derived from plain woven fabric T-shirts of Estonian army. The values of density, 
percentage of elongation, tensile strength, design strength, breaking strength and  
weight of PCPESF were 1.45 g/cm3, 8-30% ± 1.7, 0.08 ± 0.004 MPa, 0.13 ± 0.004 MPa, 
0.06 ± 0.002 MPa and 230 g/m2, respectively.  

The pure PCPETF poly (ethylene terephthalate (PET)) was derived from beverage 
bottles. The values of density, percentage of elongation and tensile strength of PCPETF 
were 1.45 g/cm3, 6-12 ± 2% and 90 ± 10 MPa, respectively. 

2.2 Grinding of waste 
Manually sorted post-consumer cotton, post-consumer synthetic polyester, and  
post-consumer polyethylene terephthalate waste were ground using direct 
disintegration milling machine. Grinding machine grounds post-consumer waste into 
fine fibers (PCCF, PCPESF and PCPETF). The fibers length, diameter and area were 
measured using sieve analysis and SEM. The average length, diameter and area of PCCF 
and PCPESF were in the range of 2-5 mm, 11-21 µm and 200-250 µm2, respectively.  
The average length, diameter and area of PCPETF were 0.31 mm, 0.01 mm and 0.20 µm2, 
respectively, see Table 2.1. 

Table 2.1. Size distribution of fibers of post-consumer wastes [Publication IV]. 

Fiber Nature Average length 
(mm) 

Average diameter 
(µm) 

Average area 
(µm2) 

PCCF 3 17.87 250 
PCPESF 3.5 17.50 245.21 
PCPETF 0.31 0.01 0.19 
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2.3 Selection and fabrication of composites  
The PP were mixed with PCCF, PCPESF and PCPETF using mixture machine. The 0, 10, 30 
and 40% wt. fiber loading were used. The mixing time and speed were 15 min and  
80 rpm, respectively. 
     The twin Brabender extrusion compounder machine (PLE 651-plasic corder) was 
utilized to produce extruded mate in the form of long cylindrical wires of diameter 1-3 mm. 
During extrusion, torque, time and speed were 60 Nm, 7 min and 40 rpm, respectively. 
The compounder consists of five different heating zones. The heating zones 
temperatures were 120 °C, 150 °C, 180 °C and 190 °C. The wires were ground into pellets 
of size 2mm.  The pellets were dried for three hours at temperature of 60 °C.  
     The dried pellets were used as a raw material for injection and compression molding. 
The Battenfeld (BA 230A) injection molding machine was utilized to fabricate PP-PCCF, 
PP-PCPESF and PP-PCPETF composites. The machine operates at 120, 150, 180 and  
190 °C for four different temperature zones. The mate in the form of pellets was passed 
through these melting zones and injected into the mold cavity. The injection, cooling and 
mold opening times were 8, 25 and 30 s, respectively. The composites were designed 
into 150 mm × 25 mm × 4 mm ASTM standard size for surface, mechanical and tribological 
investigations. 

In the case of compression molding, a hydraulic press was used for compounding 
mate into flat sheets of size 1, 3 and 6 mm. During compression molding, time, pressure 
and compression temperature were 7 min, 80 kg/cm2 and 190 °C, respectively. Finally, 
the compounding mate was forced into mold cavity and shaped into desired shape.  
The sheets were quenched for 1 min and annealed for 30 min. The formulation of 
composites is shown in Table 2.2. 

Table 2.2. Formation scheme of PP-PCCF, PP-PCPESF and PP-PCPETF composites [Publication IV]. 

Cotton fiber’s 
content (wt.%) 

Matrix’s content      
(wt.%) 

Net weight of 
fibers 

(g) 

Net weight of      
matrix (g) 

0.0 100 0.0 300 
30 90 30 270 
90 70 90 210 

120 60 120 180 

2.4 Characterization of composites 
The inspection and testing of fabricated composite materials were controlled using 
different techniques. 

The differential scanning calorimetry (DSC) tests were performed using simultaneous 
thermal analyzer (Model STA 449 F3 Jupiter, NETZSCH Co) to evaluate melting and 
crystallization temperatures and degree of crystallinity. Each sample of 10 mg was 
heated and cooled from 0 to 250 °C and 250 to 0 °C at a heating rate of 15 °C/min, 
respectively. Similarly, thermogravimetric analyzer (TGA 1000 system, Anderson Materials 
Evaluation, Inc.) was used to carry out thermogravimetric (TGA) analysis for thermal 
degradation analysis to evaluate degradation temperature of composites. The composite 
samples of 10 mg were heated from 0 to 600 °C in alumina ceramic crucible at a heating 
rate of 10 °C/min. 
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Instron 5820 mechanical testing machine was utilized to evaluate tensile and bend 
properties. American society standards for testing of materials (ASTM D5034-95-05 grab 
test, ASTM D5034-06 strip test, ASTM D3039 tensile test and ASTM D5467 compression 
test) were used to evaluate mechanical properties. ASTM A370 impact test was utilized 
to measure the impact toughness of developed composites. The total, gauge and clamp 
lengths were 150 mm, 100 mm and 25 mm. The Instron computerized data acquisition 
software was used to analyzed and predict mechanical properties. 

The ASTM D5034-95-05 grab and ASTM D5034-06 strip tests were used to measure 
tensile and breaking force of PCCF. The gauge length and width of PCCF samples were 
100 mm × 25.4 mm. The crosshead speed of moving jaw of mechanical testing machine 
was 50 mm/min. Additionally, fracture surface of PCCF after grab and strip tests were 
characterized using SEM.  

Abrasive sliding tests were performed to study the abrasive wear and COF. ASTM 
G132-96 standard was introduced for abrasion testing. Silicon carbide sandpaper was 
utilized as counter body. The pins of 5 mm × 5 mm × 15 mm in size have been used as a 
counter body against SiC sandpaper. The tests were performed on CETR UMT-2 
tribometer. The applied load, speed and sliding distance were 1 N, 0.1 m/s and 70 mm, 
respectively. The tests were performed at room temperature for 18 m of distance and  
3 minutes of time. Each test was repeated three times. The humidity level was 60%.  After 
plastic deformation and local materials removal, the abrasive wear (mm3/Nm) was 
calculated using following formulation: 

 
𝑊𝑊 =  𝑣𝑣

𝐿𝐿 ×𝑆𝑆
                              (2) 

where W, v, L and S are abrasive wear, volumetric wear loss (mm3), applied normal load 
(N) and complete sliding distance (m), respectively.  

Table 2.3. Composites, fabrication techniques and testing methods specifications [Publication III]. 

PC waste Fabrication 
technique 

Composite 
material 

Testing methods 

PCCF Compression 
and injection 

molding 

PP-PCCF Tensile test (ASTM 
D3039, compression 

(ASTM 
D5467), impact test 

(ASTM 
A370), ASTM D5034-95 

grab test, ASTM D5035-95 
SEM characterization 

PCPESF Injection 
molding 

PP-PCFESF SEM characterization 

PCPETF Injection 
molding 

PP-PCPETF SEM characterization 

The four-channel accelerator erosive machine was used to estimate the erosive wear 
rate of composites. Silica sand of 6 kg in weight was used as an erosive medium.  
The particles size of silica sand were in the range of 0.10 to 0.60 mm. The test time, 
velocity of sand medium and impact angle during erosive test were 30 min, 30 m/s and  
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30°, respectively. The test was repeated for three times at room temperature. The weight 
loss was calculated using Mettler Toledo ME204 weight balance. Finally, specific weight 
loss M (mg/kg) was calculated using following formula: 

𝑀𝑀 = ∆𝑚𝑚
𝐺𝐺×𝑣𝑣

                                       (3) 
 

where ∆m, G and v are weight loss of each sample, weight of sand and share of sand per 
sample. 

Similarly, erosive wear rate in terms of volumetric loss E was calculated using following 
formulation: 

𝐸𝐸 = 𝑚𝑚
𝜌𝜌

                                              (4) 

Where m and 𝜌𝜌 were weight loss and density (mg/mm3) of composite material. 
Scanning electron microscope (SEM) was used to analyze surface and cross-sectional 

areas of all composites. Besides this, about 20 fibers of each types (PCCF, PCPESF and 
PCPETF) were also selected for SEM analysis. The 2 nm thin layer of gold was  
deposited on fiber surface using physical vapor deposition (PVD) for better evaluation. 
The length, diameter and area of each type of fiber were  evaluated. Additionally, 
mechanical profilometer (Mahr Perthometer PGK120) and an Optical profilometer 
(Contour GT-K0+ 3D) were utilized in verticle shift interference mode to determine 
average surface roughness Ra (µm), root mean square roughness Rq (µm), maximum 
profile peak height Rp (µm), average maximum height of the profile Rz (µm) and 
maximum height of the profile Rt (µm). The mechanical properties, hardness and surface 
roughness parameters of metallic balls and thin film coatings are shown in Tables  
2.4-2.6.   

Table 2.4. Surface roughness parameters of balls. 

Materials 
Surface roughness parameters (µm) 

Ra Rz Rp 
AISI 52100 steel balls 0.34 0.67 0.56 

C10 alumina ceramic ball 0.24 0.34 0.32 
ISO 3290 G10 WC grade balls 0.10 0.17 0.21 

ISO 3290 G3 zirconia balls 0.05 0.13 0.10 

  Table 2.5. Surface roughness parameters and hardness of coatings. 

 

 

Thin film coatings Surface roughness parameters (µm) Vickers 
Hardness 

(HV10) Ra Rz Rp 

TiCN 0.43 0.33 0.25 1500 
TiAlN 0.40 0.20 0.17 1400 
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Table 2.6. Properties of steel, alumina, zirconia and WC balls. 

Materials Modulus 
of 

Elasticity 
(kN/mm2) 

Vickers 
Hardness 

(HV10) 

Ultimate 
tensile 

strength 
(kN/mm2) 

Rupture 
strength 

(kN/mm2) 

Ultimate 
compressive 

strength 
(kN/mm2) 

Steel 174 - 1.96 - - 
Alumina 350 1450 0.03 0.21 2.1 

WC 350 1800 1.70 1.90 5.70 
ZrO2 195 2040 0.05 0.53 2 

2.5 Characterization of tribosystems 
The COF of cotton waste against different counterbody materials was measured in warp 
and weft directions in abrasion sliding tests. The 10 PCCF samples were prepared for each 
type of counterbody (AISI 52100 steel, alumina, WC-Co, zirconia balls, TiAlN, and TiCN 
coatings). The speed, time, force and sliding distance were varied in the range of  
0.5-10 mm/s, 4-320 s, 0.50-9 N and 0-80 m respectively. These parameters were changed 
to study the variations in the COF value. The reference PCCF-AISI 52100 steel tribological 
system was used for testing tribological properties of AISI 52100 steel as an usual 
industrial machinery part used for the cutting of PCCF waste. Similarly, the PCCF-TiCN 
and PCCF-TiAlN tribosystems were developed with the aim to check for potential 
applications of coatings in recycling. Additionally, PCCF-Al2O3, PCCF-WC and PCCF-ZrO2 
tribological systems were used. The properties of tribosystems were also characterized 
using SEM and mechanical and optical profilometers to determine the surface 
morphology and roughness before and after abrasion testing. 
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3 Results and discussion 

3.1 Circulatory management of polymer wastes 
This part of thesis is a review of concept of circularity. Figures 1.1 and 1.2 represent the 
circular recycling model of polymeric material and closed-loop manufacturing. Visual 
(subjective) inspection, composition analysis, mechanical testing, tribological 
investigation and surface evaluations are introduced to select suitable recycling 
technique, i.e., choose between primary to ternary [90]. In addition, selection is also 
relied on availability of waste, nature of material, recycling cost and potential application.  

The recycled products as a high strength low weigh (HSLW) material, i.e., materials 
with appreciated properties can be used as a potential candidate for smart textiles, 
electronics, nuclear, automotive, packaging, electrical and construction industries. 

 To summarize, commercial polymers are classified into natural and synthetic 
polymers. Pre- consumer, post-consumer, end-waste and end-of-life polymer waste  
can be recycled using primary, secondary, tertiary and incineration recycling techniques.  
In the present study, the following stages like Waste-Recycling-Raw Materials-Materials 
Synthesis were demonstrated (Figure 1.1). It should be stressed that Cost analysis, Final 
Product and Product user (Figures 1.1 and 1.2) as steps of the closed-system 
manufacturing were not carried out, as these tasks are out of the scope of the present 
study (Publications I and II).  

3.2 Analysis of PCCF waste  
The post-consumer cotton samples were prepared from T-shirt used in Estonian Army. 
The samples and the warp, weft directions in the samples are shown in Figure 3.1.  
The analysis of waste starts from subjective assessment of PCCF as shown in Table 3.1. 
The surface roughness parameters like Ra, Rq, Rp and Rz of the samples are shown in Table 
3.2. The subjective assessment includes the measurement of the weight, length, density, 
direction of fiber alignment and other textile properties. In the case of the present cotton 
samples, no heavy worn and dirty parts were observed. Based on these data the 
preliminary estimation of the quality of the waste can be done.  

 
Figure 3.1. PCCF samples: (a)1 - specify warp, 2 - weft directions, respectively and (b) weft (0°) and 
warp (90°) directions demonstrated on the model of the piece of the textile.  

 
 
 

Warp 
direction 

Weft direction 
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Table 3.1. Subjective evaluation of PCCF waste. 

Physical 
Property 

Unit Value Physical 
 Property 

Unit Value 

Woven-
Weft 

- Plain Thread diameter in weft 
direction 

mm 0.345 

Woven-
Warp 

- Plain Thread diameter in warp 
direction 

mm 0.345 

Weight g-m-2 237 Twist value T/m 800 

Warp linear 
density 

cm-1 29 Thickness mm 0.45 

Weft linear 
density 

cm-1 29 Weft-Warp thread 
setting 

cm-1 18-36 
Thread 
setting 

Table 3.2. Surface roughness parameters of PCCF samples measured by optical and mechanical 
profilometers. 

  The results of mechanical evaluations (grab and strip tests) and SEM observations of 
cotton fabric waste are show in Figure 3.2a, b and Table 3.3.  Five samples for each type 
of the test were used for investigation. The values of tensile and breaking force were 
higher in warp direction. Higher values indicate expected good quality and performance 
of cotton waste. Furthermore, the tensile properties of cotton waste are considered 
good for primary recycling and therefore a new product made from this material is 
expected possesses good quality. For comparison, the tensile force for single jersey 
knitted virgin 100% cotton fabric is about 220.8 N [91]. 

 
Figure 3.2. (a) Results of tensile grab and strip tests and (b) SEM image of fractured cotton fibers. 

Device Values of surface roughness 
parameters in weft direction 

(µm) 

Values of surface roughness 
parameters in weft direction 

(µm) 

Ra Rq Rp Rz Ra Rq Rp Rz 
Optical 40.33 54.78 260.57 340.15 25.31 56.47 220.55 321.37 

Mechanical 35.19 47.49 227.27 - 26.31 51.87 204.88 - 
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Table 3.3. Results of tensile grab and strip tests. 

Tensile 
test 

Tensile values in warp direction 
(N) 

Tensile values in weft 
direction (N) 

Tensile force Breaking force Tensile 
force 

Breaking force 

Grab test 251 212 180 150 
Strip test 140 - 80 68 

 

   

 

 
Figure 3.3. Typical COF versus time graphs measured in sliding tests of different counter bodies 
against PCCF waste: (a) AISI 52100 steel, (b) alumina, (c) WC-Co, (d) zirconia, (e) TiAlN and (f) TiCN 
coatings.  

(a) (b) 

(c) (d) 

(e) (f) 
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Basit et al. have found the tensile force of pure cotton fabric 245 N [92]. The similar 
results were also found in other investigations conduct by Penava et al., the tensile and 
breaking force of pure cotton were 280 N and 220 N [93]. 

One of the important aspects of the recycling is a correct choice of the recycling 
technology and tools using in recycling. It is desirable to reduce the damage of the fibers 
during the cutting, shredding, etc. of the waste. The tribological investigation of the 
materials using for production of tools is important for industrial applications.  

The tribological behavior of PCCF waste was investigated against different counter 
body materials. The surface roughness of various materials is show in Tables 2.4 and 2.5. 
Examples of tribological behavior of PCCF waste against different materials (steel, 
alumina, WC-Co, zirconia, TiAlN, TiCN) are shown in Figure 3.3.  The COF value of PCCF 
against AISI 52100 steel balls were found 0.12-0.21 and 0.10-0.17 in warp and weft 
directions, respectively. The COF value varied for 8-25 m range of sliding distance and no 
variations in COF value were found for 25-80 m range of sliding distance. Additionally, 
the minimal plastic deformation was also detected on surface of PCCF waste.   

Sliding tests were performed on the PCCF-alumina tribosystem.  The Ra, Rz and Rp 
surface roughness parameters were 0.24, 0.35 and 0.37 µm, respectively. The variations 
in speed, time, force and sliding distance have negligible effect on values of COF and 
surface conditions of PCCF. The average COF values were in the range of 0.11-0.15 in 
warp and 0.12-0.17 in weft directions. The tribological interactions deformed the PCCF 
waste. However, no fracture and abrasive wear of PCCF waste were detected during SEM 
characterization.  

The COF value of PCCF-WC-Co tribological system varied in the range 0.06-0.15 in 
warp and 0.10-0.18 in weft directions for variations of speed, force and sliding distance 
during abrasion testing. The sliding of WC balls deformed PCCF waste.  

The COF value of PCCF-zirconia tribological system was found in the range of 0.04-0.20 
in warp and 0.05-0.18 in weft directions. The variation in sliding distance produced 
minimal plastic deformation on surface of PCCF waste.  

The TiAlN coating was deposited on AISI 52100 steel balls using physical vapor 
deposition (PVD). The scratches, pits and impurities were detected on surface of TiAlN 
coated steel balls during SEM analysis. The TiAlN coated steel balls show high surface 
roughness parameters due to presence of surface defects, see Tables 2.5. During 
tribological testing, the average COF value was found in the range of 0.30-0.47 in the case 
of PCCF-TiAlN tribosystem. The plastic deformation on the surface of PCCF was observed. 
After 40 m of sliding distance, the COF value becomes constant. The increase in sliding 
distance leads to fracture of PCCF waste.  

For PCCF-TiCN tribological system, the COF value varied in the range of 0.30 to 0.37 in 
warp and 0.23-0.37 in weft directions. Furthermore, the COF value becomes constant 
after 40 m of sliding distance. The fracture of PCCF waste was observed.  

The SEM evaluations of post-consumer cotton waste show formation of different 
surface defects like bobs, jerks, damage, distortion and production of microfibrils. These 
defects cause the increase in surface roughness of PCCF with following unwanted 
slipping, buckling and tangling interaction effects between the waste and tool during 
recycling. Due to defects the grip between the worn fabric and cutting tools could 
decrease leading to worse cutting quality. Therefore, increasing of COF for better 
recycling of waste can be expected. The combination of suitable mechanical properties 
and surface roughness can enhance the abrasive, erosion, fatigue, corrosion resistance 
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of machinery parts during processing. The higher hardness are usually required during 
recycling to reduce the wear of the cutting tools. 

It is clear also from Figure 3.3 that smoother COF curves (peak-valley COF values) were 
recorded after the tests with hard coatings (TiAlN and TiCN) in comparison with steel, 
alumina and zirconia balls indicating smoother sliding for the ball coated with coatings, 
indicating stronger adhesion or grip.  It can be suggested that the higher COF value > 0.25 
is required during recycling of PCCF waste [94-96]. However, the COF < 0.20 is 
recommended for virgin cotton cutting by blades.  

To summarize, the PCCF waste was used as a material for recycling. The subjective 
investigation of the samples suggests  that PC cotton waste were only slightly damaged 
and worn. The good mechanical properties in terms of tensile (251 N in warp direction) 
and tensile breaking forces (212 N) assured the suitablity of cotton waste for recycling.  
It is expected that an acceptable qualtiy of a new product can be produced from the 
cotton waste. From the point of view of the tribological  tests, the cutting tools made 
from steel, zirconia, WC-Co and alumina are probably suitable materials for cutting of 
virgin cotton fabrics and tools coated with TiCN and TiAlN coatings are suitable for the 
cutting of cotton waste.  

This part of study demonstrates the first stages of close-loop manufacturing, namely 
estimation of the quality of the waste and selection of suitable materials for recycling of 
the initial waste to produce high-quality product from waste for the next stages 
(Publication II). 

3.3 Fabrication of PP-PCCF composites 
The PCCF composites were manufactured using compression and injection molding 
techniques. The SEM micrographs and surface roughness parameters of compression 
molded reference material (PP) and recycled composites (PP-PCCF) sheets are presented 
in Figure 3.4a-e. The surface of pristine PP is smooth, however on the surface of 
composite with 10 wt.% fiber loading surface’s asperities can be observed.  Number and 
size of surface asperities increase with increase in fiber loading. The surface roughness 
parameters of composites were measured. The values of parameters proved the surface 
smoothness especially pristine PP and composite with 10% wt. fiber fraction. However, 
increase in fiber contents causes poor bonding and the enhancement of surface 
roughness parameters.  

The injection molding processing provides smoother surface with less defects and 
lower surface roughness as for pristine PP, as well as for PP-PCCF composites in 
comparison with compression molding (Figures 3.4 and 3.5). The surface roughness was 
evaluated on five different places on the surface. The uniformity of surface decreases 
with increase in fiber addition due to poor bonding and defects formation.  

Figure 3.6a-d shows the cross-sectional SEM images of the pure PP and recycled 
composites prepared by compression molding. Voids of different sizes can be seen. These 
micro defects probably formed due to poor manual temperature and pressure control 
during processing. Insufficient control of processing parameters caused the poor 
compaction and lower wettability.  
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Figure 3.4. SEM images of the composites fabricated by compression molding: (a) pure PP,  
(b) PP-PCCF 10% wt., (c) PP-PCCF 30% wt., (d) PP-PCCF 40% wt. and (e) surface roughness 
parameters. 
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Figure 3.5. SEM images of the composites fabricated by injection molding: (a) pure PP, (b) PP-PCCF 
10% wt., (c) PP-PCCF 30% wt., (d) PP-PCCF 40% wt. and (e) surface roughness parameters of 
composites. 
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Figure 3.6. SEM images of the cross-sectional area of the composites fabricated by compression 
molding: (a) pure PP, (b) PP-PCCF 10% wt., (c) PP-PCCF 30% wt. and (d) PP-PCCF 40% wt. 

Figure 3.7a-d shows the almost defects free SEM images of pure PP and recycled 
composites prepared by  injection molding. Anevidence of voids was found only in  
PP-PCCF-40% wt. composite. 
     To summarize, the surface morphology, cross-sectional SEM analysis and roughness 
parameters measurements show lower number and size of defects in structure of 
composites prepared by injection molding in comparison with ones prepared by 
compression molding. Therefore, injection molding tehnique was used in following studies 
as for preparation of PP-PCCF composites, as well as for other types of composites.  

This part of the study demonstraites next step within the framework of close-loop 
circularity concept (Figures 1.1. and 1.2), namely the selection of suitable manufacturing 
technique for the preparation of product, i.e. in our case composites (Publication III).  
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Figure 3.7. SEM images of the cross-sectional area of the composites fabricated by injection 
molding: (a) pure PP, (b) PP-PCCF 10% wt., (c) PP-PCCF 30% wt. and (d) PP-PCCF 40% wt. 
 
3.4 Comparative analysis of PCCF, PCPESF and PCPETF reinforced PP 
based composites   
The all three types of composites were fabricated using injection molding, as most 
suitable technique, see previous section. The composites with 0, 10, 30 and 40% of PCCF, 
PCPESF and PCPETF fiber loadings in PP matrix were prepared. The results of thermal 
analysis are shown in Figure 3.8. The addition of PCCF, PCPESF and PCPETF affect the 
thermal properties of composites. Melting temperature (Figure 3.8a) indicates the 
temperature of melting of composite matrix (PP). Perfectly isotactic PP has a melting 
point of 171 °C. The slight decrease in melting temperature with the higher fiber loads 
was found due to removal of moisture and volatile compounds from composites. The PP 
crystalline phase plays vital role for mechanical properties of composites. The better 
mechanical properties can be expected for compounds with the higher degree of 
crystallinity. In fact, amorphous phase exists in composite as well. Crystallization 
temperature was lowest for 10 and 30% of fiber loading in the case of PP-PCCF 
composites (Figure 3.8b). However, degree of crystallinity 44% was highest for 10%  
PP-PCCF and PP-PCPESF-10% composites (Figure 3.8c). An increase in fiber fraction 
produced amorphous phases and micro-defects leading to decrease in degree of 
crystallization. The orientation of fibers, nature of reinforced materials and fibers length 
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also affect the degree of crystallinity. Thermal degradability relates to the collapse of 
molecules of the PP matrix phase. According to Figure 3.8d, the thermal degradability of 
composite materials occurs in the range of 445 °C to 470 °C, in comparison with 475 °C 
for pure PP. 
 

 
Figure 3.8. Results of thermal analysis of pure PP, PP-PCCF, PP-PCPESF and PP-PCPETF composites: 
(a) melting and (b) crystallization temperatures, (c) degree of crystallinity, (d) degradation temperature. 
 

The surface morphology of PP-PCCF, PP-PCPESF and PP-PCPETF composites was 
characterized using SEM. The PP-PCCF, PP-PCPESF and PP-PCPETF composites melt, 
degrade, crystallize at different temperatures, due to different nature of fibres. 
Therefore, it is expected that the surface morphology of composites is different as well. 
Porosity, microfibrils and distortion of PCCF was found on the surface of PP-PCCF 
composites (Figure 3.9a). Smooth surface and asperities were detected on the pure PP 
and PP-PCCF-10% wt. composites, see Figure 3.9b and c. In Figure 3.9d and e, micro cracks 
and high rough areas were appeared on surface of PP-PCCF-30% wt. and PP-PCCF-40% wt. 
composites, indicating the lowering in PP-PCCF inter-bonding adhesion. The deformed and 
rough areas were detected on surface of PCPESF composite, see Figure 3.10a. Evidence 
of micro-pits (Figure 3.10b), grooves (Figure 3.10c) and highly rough surface regions 
(Figure 3.10d) on PP-PCPESF-10% wt., PP-PCPESF-30% wt. and PP-PCPESF-40% wt. 
composites was found. Figure 3.11a shows the rough regions of surface of PCPETF flakes. 
The surface cracks, uniform regions and asperities were observed on surface of PP-PCPETF 
composites, see Figure 3.11. 
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Figure 3.9. SEM images of PCCF waste and PP-PCCF composites: (a) PCCF, (b) pure PP, (c) PP-PCCF-
10% wt., (d) PP-PCCF-30% wt. and (e) PP-PCCF-40% wt. 

Smooth surface 

100 µm 100 µm 

Evidence of 
asperity 

100 µm 

(d) 

Micro-cracks 
and void  

Highly rough  
areas 

100 µm 

(e) 

Porous fabric 
surface Microfibrils 

Damage and 
distortion of 

fibers 
 2 µm 

(a) 

(b) (c) 



40 

  
 

   
Figure 3.10. SEM images of PCPESF waste and PP-PCPESF composites: (a) PCPESF, (b) PP-PCPESF-
10% wt., (c) PP-PCPESF-30% wt. and (d) PP-PCPESF-40% wt. 

                   
 

                    
Figure 3.11. SEM images of PCPETF waste and PP-PCPETF composites: (a) PCPETF, (b) PP-PCPETF-
10% wt., (c) PP-PCPETF-30% wt. and (d) PP-PCPETF-40% wt. 
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Figure 3.12. Surface roughness parameters of composites: (a) PP-PCCF, (b) PP-PCPESF and  
(c) PP-PCPETF.   
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The evaluation of PP and composites properties in terms of surface roughness 
parameters is shown in Figure 3.12. The mechanical profilometry was used as experimental 
technique. The fiber addition causes the creation of surface defects and increasing of the 
surface roughness. The Ra, Rq, Rp, Rz and Rt values increase with increasing of the load 
of each reinforced material. The surface roughness of PP-PCPETF composites were 
highest in comparison with PP-PCPESF and PP-PCCF composites. 

Figure 3.13a and b show the comparison of tensile and flexural (bending) strains.  
The applied tensile force produced extension (deformation) in PP and composites. The 
tensile and flexural strains of pure PP are 10 ± 1.75% and 14 ± 2%. The sharp drop of 
tensile strain was observed for the composites with 30 and 40% wt., i.e., showing 
brittleness of composites. In the case flexural or bending strain, the degrease of strain 
was observed as well, however for higher fiber loading it was not sharp like in case of 
tensile strain.   

   
Figure 3.13. Comparison of tensile and flexural strains between composites: (a) tensile and  
(b) flexural strains. 

  
Figure 3.14. Comparison of tensile and flexural strengths between composites: (a) tensile and  
(b) flexural strengths. 

(a) (b) 

(a) (b) 
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Similarly with the results shown in Figure 3.13a, the tensile strength decreases with 
increase of fiber loading (Figure 3.14a). However, the flexural strength (Figure 3.14b) 
does not depend strongly on the type and load of fibers, with exception for PP-PCCF 
composite. The highest values of flexural strength of 51 and 57 MPa were found for  
PP-PCCF-10% and PP-PCCF-40% wt. composites, respectively. It can be concluded that 
composite behavior strongly depends on the direction of applied force, i.e., tensile or 
flexural stress.   

The modulus of elasticity and flexural modulus of elasticity are shown in Figure 3.15a 
and b.  The modulus of elasticity increases for PP-PCCF and PP-PCPESF composites with 
the increasing in fiber loading and decreases for PP-PPETF. In opposite, in the case of 
flexural modulus of elasticity the increase in value of modulus was observed for all 
composites (Figure 3.15b). The highest values of modulus of elasticity and flexural 
modulus were observed for PP-PCCF-40% wt. composite, i.e., 2751 MPa and 3780 MPa, 
respectively. In conclusion, stiffness or resistance to elastic deformation increases for  
PP-PCCF and PP-PCPESF composites.  

  
Figure 3.15. Comparison of mechanical moduli between composites: (a) tensile and (b) flexural 
moduli. 

      The fracture surfaces observed after tensile and flexural testing are shown in Figure 
3.16a and b. The fiber transfers the load applied to composites in tests. Under higher 
applied load the fibers pull out takes place indicating failure in bonding. This type of failure 
was observed in both tensile and flexural tests.  Beside fiber pull out, evidence of plastic 
deformation and fiber fracture were found on fracture surfaces of PP-PCPESF-40% wt. 
composites, see Figure 3.16b. 

Figure 3.17a shows the results of impact tests. In the case of PP-PCPESF and PP-PCPETF 
composites, after sharp drop for 10% wt., the values of impact energy increase with 
increase of fiber loadings. In contrast, PP-PCCF composite shows good impact properties 
as compare with PP. The highest value of impact energy (5.5 kJ/m2) was found for  
PP-PCCF-40% wt. composite. The impact tests result in deformation and fiber pull out 
observed on fracture surface, similar  to tensile and bend testing, see Figure 3.17b.  

(a) (b) 
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Figure 3.16. SEM images of fracture surfaces of PP-PCPESF-40% wt. composite after mechanical tests: 
(a) tensile and (b) flexural tests. 

  
Figure 3.17. Impact energy and SEM image of the surface of composite after impact tests: (a) impact 
energy (b) SEM image of PP-PCPESF-40% wt. composite surface after impact test. 

The results of the abrasive sliding wear and COF value are shown in Figure 3.18a and b. 
The pure PP shows lowest value of abrasive wear (3 × 10-6 mm3/Nm) and COF value 
(0.70). However, addition of fibers (PCCF, PCPESF and PCPETF) produces defects on the 
surface leading to higher roughness of the surface and weaker adhesion between the 
matrix (PP) and fibers. Therefore, abrasive wear increased with increment in fiber 
loadings.  

The COF value behavior was similar to one for abrasive wear rate. According to Figure 
3.18b, the COF strongly increased with fiber loading. The increase in COF value is probably 
caused the same as in the case of wear rate, i.e., increase in number of defects on the 
surface and formation of rougher surface. The abrasive sliding between SiC P150 grade 
and composites caused the creation of plastic deformation and wear, see Figure 3. 18c.   
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Figure 3.18. Abrasive wear rate and COF of composites after abrasion sliding tests: (a) abrasive 
wear rates, (b) COF and (c) SEM image of the surface of pure PP after abrasion test. 

  
Figure 3.19. Erosion wear rate and SEM image of the surface of PP-PCPESF composite after erosion 
test: (a) erosion wear rate and (b) SEM image of PP-PCPESF-40% wt. composite surface after erosive 
test.  
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The results of erosive wear tests are shown in Figure 3.19a. The minimum, intermediate 
and maximum erosive wear were found correspondingly for PP-PCPETF, PP-PCPESF and 
PP-PCCF composites. The best erosive resistance (2-3 mm3/kg) was shown on the  
PP-PCPETF composite, indicating ability of this type of composite to absorb impact 
energy of silica particles. Furthermore, fibers pull out and evidence of erosive wear were 
found on the surface of composites after erosive tests (Figure 3.19b).  

To summarize, the PP-PCCF, PP-PCPESF and PP-PCPETF composites were manufactured 
using injection molding technique with 0, 10, 30 and 40% wt. of fiber loadings. 

The PP-PCCF-10% wt. and PP-PCPESF-10% wt. composites exhibit highest value of 
crystallinity (44%) in comparison with pure PP (42%). However, in general, increase in 
fiber loading decreases the value of crystallinity. Highest degree of crystallinity for  
PP-PCCF 10% wt. and PP-PCPESF-10% wt. suggests better mechanical properties. 
Crystallization temperature of all materials was in the range of 115-120 °C, except  
PP-PCCF-10% wt. (105 °C). The melting and degradation temperature of all composites 
were in the range of 167-170 °C and 445-470 °C, respectively. In comparison, crystallization, 
melting and degradation temperatures for pure PP were 118 °C, 169 °C and 475 °C, 
respectively.  

Highest surface roughness was found for PP-PCPETF composites.   
Among the manufactured composites, the PP-PCPESF 10% wt. composite exhibits 

highest values of tensile strength (29 MPa) and strain (10%). The addition of fibers in PP 
matrix decreases tensile and flexural strain, as well as tensile strength decrease was 
observed. In opposite, flexural strength value was not affected by fiber loading and even 
increase in flexural strength value for the PP-PCCF 10% wt. and PP-PCCF 40% wt. 
composites was found. Increase in stiffness (modulus of elasticity), or resistance to elastic 
deformation was found for PP-PCCF and PP-PCPESF composites with increasing of fiber 
loading. Behavior of flexural modulus of elasticity was relatively similar between all 
composites, i.e. it increased with increase in fiber loading and modulus values were much 
higher than for pure PP.  

The PP-PCCF 10% wt. composite shows the best mechanical properties (except tensile 
strain and strength and flexural strain) among the fabricated composites. The higher 
degree of crystallinity (PP matrix phase) and good mechanical properties of cellulose as 
a main structural element of cotton are responsible for good mechanical properties of 
the PP-PCCF composites. This composite shows higher modulus of elasticity (1476 MPa) 
and flexural modulus of elasticity (2069 MPa) in comparison with pure PP 1226 MPa and 
1172 MPa, respectively. Additionally, the value of impact energy of the pure PP, PP-PCCF 
10% wt. and PP-PCCF 40% wt. composites were 4.9 kJ/m2, 4.8 kJ/m2 and 5.5 kJ/m2, 
respectively. It shows higher toughness of PP-PCCF composites.  

The higher abrasive sliding wear rates against silicon carbide sandpaper were found 
for all composites in comparison with pure PP (3.09 × 10-6 mm/Nm). Among the 
manufactured composite the smallest wear rate was found for PP-PCCF 10% wt. 
composite (3.54 × 10-6 mm/Nm). As well as the COF value for all composites was higher 
in comparison with pure PP. 

 In the case of erosive wear, the highest value was found for the PP-PCCF composites 
and the smallest for PP-PCPETF (2 mm3/kg) in comparison with PP (9 mm3/kg).  

This part of the study can be considered as preparatory study for the next stage of the 
close-loop manufacturing and circularity (Figures 1.1 and 1.2), namely final product 
preparation and utilization of product by user (Publications IV-VI). 
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4 Conclusions and further research 
The present study deals with the investigation of the properties of the composites with 
polypropylene matrix reinforced by post-consumer cotton, synthetic polyester and 
polyethylene terephthalate fibers. Circularity concept was introduced as a framework for 
selection of reasonable recycling and manufacturing techniques during the study.  
The post-consumer cotton fiber waste was used as the primarily recycling material for 
investigation. Before recycling, the properties of the waste like mechanical and tribological, 
surface roughness, etc. need to be evaluated to select reasonable following processing 
of waste.  

Based on the outcomes of this research work the following conclusions can be drawn: 
1. The study follows the concept of circularity, as the close-loop recycling procedures of 
polymer waste materials. The processing of polymeric waste consists of different steps 
like collection, sorting, separation, grinding, mixing, manufacturing of composites and 
testing their properties.  
2. The subjective investigation of the samples suggests  that PCCF waste were only 
slightly damaged and worn. The good mechanical properties in terms of tensile (251 N in 
warp direction) and tensile breaking forces (212 N) assured the suitablity of cotton waste 
for recycling.  

The smoother COF versus time curves were recorded after the tests with steel balls 
coated with hard coatings (TiAlN and TiCN) as a counter body, with a higher COF value 
(0.35-0.45) in comparison with steel, alumina and zirconia balls (COF values 0.1-0.2) 
against PCCF. It indicates a smoother sliding for the ball coated with coatings and 
stronger adhesion or grip between the PCCF and coated balls. Therefore, a cutting tool 
coated with the mentioned coatings are suitable for the cutting of PCCF waste.   

This part of study demonstrates the first stage of close-loop manufacturing, namely 
estimation of the quality of the waste and selection of suitable materials for recycling of 
the initial waste to produce high-quality product from waste for the next stages. 
3. The surface morphology, cross-sectional SEM analysis and roughness parameters 
measurements showed a smaller number and size of defects in structure of PP-PCCF 
composites prepared by injection molding in comparison with ones prepared by 
compression molding. Therefore, injection molding tehnique was used for the preparation 
of all types of composites. The PP-PCCF, PP-PCPESF and PP-PCPETF composites were 
manufactured with 0, 10, 30 and 40% wt. of fiber loadings. 

This part of the study demonstraites next step within the framework of close-loop 
circularity concept, namely the selection of suitable manufacturing technique for the 
preparation of product, i.e. in our case composites.  
4.  The PP-PCCF-10% wt. and PP-PCPESF-10% wt. exhibited highest value of crystallinity 
(44%) in comparison with pure PP (42%). However, in general, increase in fiber loading 
decreases the value of crystallinity.  
5. Among the manufactured composites, the PP-PCPESF 10% wt. composite exhibited 
highest values of tensile strength (29 MPa) and strain (10%). The addition of fibers in PP 
matrix decreases tensile and flexural strain, as well as the tensile strength decrease was 
observed. In opposite, flexural strength value was not affected by fiber loading and even 
increase in flexural strength value for the PP-PCCF 10% wt. and PP-PCCF 40% wt. 
composites was found. Increase modulus of elasticity was found for PP-PCCF and  
PP-PCPESF composites with increasing of fiber loading. Flexural modulus of elasticity 
increased with fiber loading increase for all composites.  
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The PP-PCCF 10% wt. composite shows the best mechanical properties (except tensile 
strain and strength and flexural strain) among the fabricated composites. The higher 
degree of crystallinity (PP matrix phase) and good mechanical properties of cellulose as 
a main structural element of cotton are responsible for good mechanical properties of 
the PP-PCCF composites. This composite shows higher modulus of elasticity (1476 MPa) 
and flexural modulus of elasticity (2069 MPa) than for pure PP 1226 MPa and 1172 MPa, 
respectively. Additionally, the value of impact energy of the pure PP, PP-PCCF 10% wt. 
and PP-PCCF 40% wt. composites were 4.9 kJ/m2, 4.8 kJ/m2 and 5.5 kJ/m2, respectively. 
In other words, PP-PCCF composites show good toughness. 
6. The higher abrasive sliding wear rates against silicon carbide sandpaper were found 
for all composites in comparison with pure PP (3.09 × 10-6 mm/Nm). Among the 
manufactured composite the smallest wear rate was found for PP-PCCF 10% wt. 
composite (3.54 × 10-6 mm/Nm). As well as the COF value for all composites was higher 
in comparison with pure PP. 

 In the case of erosive wear (silica particles), the highest wear rate was found for the 
PP-PCCF composites and the smallest for PP-PCPETF (2 mm3/kg) in comparison with PP 
(9 mm3/kg).  
7. It can be suggested that PP-PCPESF composites can be used in the area where ductile 
properties play important role. 

PP-PCCF composites can be used for the dynamical applications in the area where 
reasonable load is applied and higher stiffness and toughness are required. The suitable 
examples are applications in construction, automotive and medical industries. 

PP-PCPESF and PP-PCPETF composites are suitable for application in environment with 
erosion, for instance some parts for the cars.  

The composite with higher load of fibers can be used for the static applications. 
Tableware, marine boats, electrical fittings and domestic appliances are possible examples.   

The parts (4-7) of conclusions can be considered as a preparation for the next stage of 
the close-loop manufacturing and circularity concept, namely final product preparation 
and utilization of product by user.   

 
For further research, it could be reasonable to use binders. The binder can increase 

matrix-reinforced material adhesion, crystallinity and fracture toughness. Fatigue and 
creep tests can also be proposed for analysis of the composites. Modeling can be utilized 
to predict the properties of the composites.  
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Abstract 

Development of Sustainable Polypropylene Based Composites  
The increase in global demands and utilization of polymeric engineering materials 
produces a variety of waste. These waste materials exist in various forms, like  
pre-consumer, post-consumer, end-waste, and end-of-waste. Normally, wool, cotton, 
polyesters, polypropylene, etc. are commercially recycled using different processing 
techniques and models. The  circularity concept was proposed for transformation of 
engineering polymeric waste into sustainable products of high quality. The processing of 
polymeric waste consists of different steps like collection, sorting, separation, grinding, 
mixing, thermoforming (compression and injection molding), testing of properties. 

The present study novelty includes manufacturing and investigation of different types 
of composites produced from waste. The natural fibers like cotton were produced from 
T-shirt. Synthetic fibers like synthetic polyester (PES) medium type woven fabrics were 
produced from T-shirts as well, and polyethylene terephthalate (PET) from beverage 
bottles. As a composite matrix, the polypropylene (PP) was used as a material with the 
good mechanical and thermal properties. The composites were thoroughly investigated 
using different methods, including DSC, TGA, surface roughness, tensile, bending, impact, 
abrasion, and erosion tests.  

The main results suggest that composite with natural fibers, i.e., PP-PCCW shows 
most advanced mechanical properties, i.e. stiffness and toughness. Superior properties 
of cellulose as a main component of cotton and high degree of crystallinity of the PP 
phase can be an explanation of achieved results. On the other hand, the best ductility 
was observed on PP-PCPESF and the highest erosion resistance was found for  
PP-PCPETW composites. In addition, it was found that cutting tools coated with the TiAlN 
and TiCN coatings are suitable for the cutting of PCCF waste.         

In the present study, the investigation was planned and realized following the 
circularity close-loop approach including next stages: collection, separation, grinding, 
extrusion, injection molding and quality testing. The following Figure briefly demonstrates 
the stages of close-loop recycling. 

 
Figure. Graphical abstract of the present study. 
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Lühikokkuvõte 

Polüpropeeni baasil jätkusuutlike komposiitide arendus  
Kogu maailmas kasutatakse üha enam polümeerseid tehnomaterjale, mis omakorda 
tekitab mitmesuguseid jäätmeid. Need jäätmematerjalid esinevad erinevates vormides, 
nagu eeltarbimis-, järeltarbimis-, lõpp- ja lõppjäätmejärgsed jäätmed. Tavaliselt 
töödeldakse vill, puuvill, polüestrid, polüpropüleen jne kaubanduslikult ümber, 
kasutades erinevaid töötlemistehnikaid ja -mudeleid. Polümeersete tehniliste jäätmete 
muutmiseks kõrge kvaliteediga jätkusuutlikeks toodeteks pakuti välja ringmajanduse 
kontseptsioon. Polümeersete jäätmete töötlemine koosneb erinevatest etappidest nagu 
kogumine, sorteerimine, separatsioon, jahvatamine, segamine, termovormimine 
(survevormimine ja survevalu) ning omaduste testimine. 

Käesoleva uuringu puhul on uudne jäätmetest toodetud erinevat tüüpi komposiitide 
tootmine ja uurimine. Looduslikud kiud nagu puuvillakiud saadi T-särkidest. T-särkidest 
pärinesid ka sünteetilised kiud nagu sünteetiline polüester (PES). T-särkidest saadi ka 
keskmist tüüpi kootud kangast ja joogipudelitest polüetüleentereftalaati (PET). 
Komposiitmaterjalide maatriksina kasutati polüpropüleeni (PP) kui heade mehaaniliste 
ja termiliste omadustega materjali. Komposiite uuriti põhjalikult erinevate meetoditega, 
sealhulgas diferentsiaalne skaneeriv kalorimeetria (DSC), termogravimeetriline analüüs 
(TGA), pinnakareduse, tõmbe- ja paindetugevuse, löögisitkuse mõõtmine ning hõõrd- ja 
erosioonkulumise uuringud. 

Peamised tulemused näitavad, et looduslike kiududega armeeritud komposiitidel,  
st polüpropüleenist tarbimisjärgsetel puuvillakiududel (PP-PCCF), on kõige paremad 
mehaanilised omadused, nimelt jäikus ja sitkus. Tselluloosi kui puuvilla põhikomponendi 
suurepärased omadused ja PP-faasi kõrge kristallilisus võimaldavad saavutatud tulemusi 
selgitada. Teisest küljest täheldati parimat plastilisust PP-PCPESF-i puhul ja kõrgeim 
erosioonikindlus oli PP-PCPETF-i komposiitidel. Lisaks leiti, et TiAlN ja TiCN katetega 
lõikeriistad sobivad PCCF jäätmete lõikamiseks.        

Käesolevas uurimuses kavandati analüüs ja viidi see läbi, järgides ringmajanduse 
suletud ahela lähenemist, sealhulgas alljärgnevaid etappe: kogumine, eraldamine, 
jahvatamine, ekstrusioon, survevalu ja kvaliteedikontroll. Alljärgneval joonisel on lühidalt 
näidatud suletud ahelaga ringlussevõtu etapid. 

 
Joonis. Käesoleva uurimuse graafiline kokkuvõte 
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�#�q�8�����
!��!�������J������I���+��b�����L��m)F'F&QCT�QC�\)]VQ&)[��b���!�����	�
��!�����
����������J���+,,H��4,�����
����<��
���������?����!�������!��J������8������r�������"������������	��������
��#��o��m)F'F&QCT�QC�\)]VQ&)[�/b�����L������1��b���!�����	�
��!�����
����������J���+,,H��4I532��4��=�����#��=��=��������������
���������o��$&P[VQF[�PCD�Vj)�ECUQ*%C()CV�/=�����#��=������1��b�
�#�o�������������N���M�����L��J8=��+,,4��450H��4+�7�s�s���������8!���������O��<�	��������
#��������������?������o��̂PCRSPFVR*)D�YQZ*)�\)FjC%&%T'�/;	�����t��7���������!�����t���������1��8���������O������!������0��2�25H4+��44�:�������O��l���b�����u��������
����!���O��
!�

���������X��o<��������#�
������������	����>��
�������������?��������	������������������������vVj�aCCRP&�_%CS)*)CF)�%C�m)F'F&QCT�%S�$%&'()*p�\)]VQ&)�PCD�_P*̀)V�cP[V)p�wP&V%Cp�xap�yiap�̂P'�z{|zzp�}{{~A�43�<��
����:��8#�������
���������������������#�
�����o��m)F'F&QCT�QC�\)]VQ&)[��b���!�����	�
��!�����
����������J���+,,H��3H520��42������7��K��������������=������N����
��K���N	�!"X�!��������������?�
��X��:��!�������������#�������������	���������������	�����
�?������������	��
��������!���"!�
�������������������������J8��������2�2+HH,��������4H�7�!�!�����=������������!�����K��O�������
��������!��
��#������!���������������>��
���
��������������������������������Vj�aCCRP&�_%CS)*)CF)�%C�m)F'F&QCT�%S�YQZ*%R[�\)]VQ&)�PCD�_P*̀)V�cP[V)p�wP&V%Cp�xap�yiap�̂P'�z�|z~p�}{{}A�40�b!�����O��b��8#������������!����������������������
����"�����������	�����?�������������������
���J8��������H,+���H��+,,,��

4I�7������X��
���N�

�����b��<�������N�

�����l��N��

�?���	�������!��������	������������J8��������2I�0,HH��������4��O���!������:��8!���������������	��?��!��!���������������J8��������2I+�H�,��4�������������I��3,�8����������<��=���N�����������=��
���=�?�

��
��N�������L���������O�����
���������#�
�����������������#������J8��������2242�32���H�K	
#����H��3��L���������O���������t����������o��	�����
�<����#�8!��������J8��������22�H,2,�����H��3+�������"�	���

����X��=���������
��;	�������:��������������
�������������������������������>��
�����	���#��m)[%R*A�_%C[)*UA�m)F'F&A��+,�0��..n���,05��2��34�O�!
����N���=�
����J��������M�
������N�������8�
���������N���o������������>��
������	
������r�������	�������������	����"�������iR[VPQCA�$*%DA�_%C[R(A��+,�0��G��33520��33�6�������7���8�������;���������������;��:��l�����#�
�����������������
��!����
�������� �������

��������������"�	����������	����!��������������
�������������������!�����@A�_&)PC�$*%DA��+,�0��.n����4HI5�402��32�7������=���X��������l���;����������l��;	�����L���O���>����:������?	�
����=�������
��������������
���������������������
������>��
���/o:�<����>��
��1���	�������
������������K<
�8����������������
��#�<�������+,�3��3H�;
�?��O���8���������l��
���=��	�#���=��=�������:�u	���":������8��N�?�����������
�����������������
	������!��������������
���������������	����	��
#��!������
�������������������
�����������!�����
�����	�����@A�_&)PCA�$*%DA��+,�+���G������++5�4���30���
���O���N�������8��������M��

�����l����#M�
���
#����������M���>��
M���	�������J����
�������������

����	����������M�������������	�����������#���������
��otl��<������7+�44��8?����!�������������
�<������!�o����	�����+,�4��3I�:	�!	��8��8���l���L���N	��K��L�������6���l��
�������������������	����������!����>��
�����������!��� �<��#�
���������>��
���������
���YQZ)*[�$%&'(A��+,�+��.�/I1���,H25�,0,��3��b�

���������;��K��l���N������!����������8�

�������K��=��������	�#�����!������"
�������#�
���������>����
������?���������	��������������"���
������������#������m)[%R*A�_%C[)*UA�m)F'F&���+,�,����/+1����I5�+I��2,�=
"8�
����8��:���l�����������������7��#�����K���!����
��������������
��������
���?�����/�8b1��#�������#�����	�������#���	��� �X������"	�����������#������!�����
���$*%TA�EC)*T'�_%(ZR[VA�iFQA��+,�,���n/�1���,45�+���2��7��

����
���:��������O����!��������������t�s���8��b����"�����������������r�������#����	�������
	���������������������
�����
�����m)[%R*A�_%C[)*UA�m)F'F&A��+,������/��1���045�0I��2+�=�!�
�����O��8���=����������l�����	��������o��=���l�	M���O��=�����������������������8����M������<�������������������!���!�����
����#�
���������
#�����/�����8��lO����NO�����t
���
���#
�����::=1��o��̂PV)*QP&�m)F'F&QCT�|�\*)CD[�PCD�$)*[̀)FVQU)[��o����!������+,�+��24�t����	
����o���t���
����!����K���7
��M��
���7��#�����K�������t����������
���
��=	����������!������������	��/=8<1 �<����?������������	��������������"��"
������!��
���/�lt�1������������#�
����������#�����!�����
�����
�����������@A��PfP*DA�P̂V)*A��+,����.G�/�541��I5+0��23�l	�	�������8�������������K�������X����
����o��O�����������������"�������
#������>������������	
��������#�
��� �����������������!����
������
��#��$%&'(A�w)T*PDA�iVPZA��+,,H��G./H1���++H5�+4+��

aA��R[[PQC�)V�P&Ah�_Q*FR&P*�)F%C%('�P̀ *̀%PFj�V%�*)F'F&QCT�V)FjC%&%TQ)[�QC�E[V%CQP I�



���������	��
������
������������������������������������������������������������������ ���!���"��������#���!������#����$�����$���"����������%�������$��������&������'(�)*+,-(�./0(��1234��556�7��893:8;3���<����
���	������#�����
���������"����=��=��#����$���������&��#��!�����>�����
�����������������"����������?�������������@���ABCD-(�EFG(��1231��HI647��<<JK<;�����9�	�����#��	��L��6���7��)+MNOGFN�M/P�OBC�./QGD*/-C/O��
����R���#�S�T�������%�U��������VT	��1224���;�	$������
������T�����������W��XCCPNO*FY�ZCF,F+G/0�*[�)+MNOGF�\MNOCN��=�#���T�����#��!�]��
����#��1229���J�	������������T���̂����_�������W�����U���������	��������U����������������������#������������W��	
����#���������#�>
���_�������!����#6���#������������������7�"����������
����"�&�����������)*+,-(�̀/O(��1233��Ia647���22:�2<��<2���
�������������
��b����������������=��#����$��!�"�����!��
����#
���
��������c�	���&��&��"��!������������"��U���)*+,-(�dC0DMP(�EOMe(��1234��fg6317��1;23:1;31��<3��������������
����T�������]��U��%���#��=��=����������������&�����_�������!����>
����������$����������!�"���������������������%����c�����&��"��h��.-CD0G/0�ACFB/*+*0GCN�[*D�\MNOC�iM+*DGjMOG*/�M/P�./QGD*/-C/OM+�)D*OCFOG*/�6�������T�������������#���]���T��#�����#�����T�������k������������T������7��T����$����T��$�������1212��334:31<��<1�l�����]���=����������������L�&����������	��]��%��������>��%�������������!��
�?��#��������]m1��1���&����
������'(�./CD0,�ZCN*nD(�ACFB/*+���123;��Hoa6;7��2;�223��<4�R������������_�U������]�����p������$��
���L����
������������=����������b����������������!��������������#��������

���%��������������%#����%���_��$�q����>"����r�
�@���"����������������"�����@�������>���!��
����������������������\MNOC�sM/M0C���123J��gt��<J3:922��<8�L������>̂���T��$����>���������̂�>̂���l���$��R�>T���l������������R�����>W��?!!������!����%���������%�����$�����������!������������������!����%���!�%�������!�����������>
�����������
���������'(�sMOCD(�EFG���1212��uu��3�8<9:�3�8;2��<��]������>T���b�������>T�����
��b�����
������������
��
�>��������$����%����#�����%����$���������������!����#6������������7>�������%������������#6%��#��������������7�%����$����%������#
�������������%�������������%�����&����
�����\MNOC�sM/M0C���1233��5H647��89�:8;2��<<�T���v�����	������T���v�����
�����$������&�&��������$�������%�����$��������!���$���������������"������\MNOC�sM/M0C(��122<��wI6337��312�:3133��<9��������=��	���������������������$����%������#
����!���������&����
�����EFGC/FC��1221��wft6��;17��;24:;29��<;�������������������U�����	��?���$#��@�����������������
���!�������$��!���"�
�����������������������������������������$#�� ��&������������!�����������xn/NONO*[[C��3J;2��ta6317���;21:;29��<J�]�������
��	���������=������������	���b���y�>����z���h���	�������h����{�&�_��	����������]�
��������%��"�����
��������!��
������#���#����������
%��������!���!!������"�������'(�|/M+(�|}}+(�),D*+,NGN��122J��go637��J�:321��92�?��������]�

�������������c����������������

)D*FCCPG/0N�*[�OBC�.NO*/GM/�|FMPC-,�*[�EFGC/FCN~�����~���~��~������J2

����������������������������������������������������������������������������������������������������������������������	%���������������U������
%����k������W��$���U���b�U��
�	�����&�����
�����������������=��$
��������������%�
�����$�������U����������
�������$�����
����U��&�&�������&�����̂��������� ����U����U������U���������$������& ��������������%�U&���������T������v��&��������U�����������vv���������%������
 ������U��%�������UU����U�����
�������������������$������& ���������U�����������������¡¡���
�����������U����������������$���
�����������
����������%�
�����$�������������U&����������������
�����
��������������
���U������$��
������������¡¡���
���������U�������������������U��������!���������UU��v��&������������������������U��%�������U�����v
���
����������$���?�
�������U�����������������������U&��������������%�����$����������U�������������&�������U����U������U���U�����������&�����v�����&�������$���������
���������������$���L���U��������$
���������������
���U������������������&�������������&������U�����q
���>��>̂�
�r>��6�������� �$�������7�v
%���¡¡���
�������$�����U����������������$������m��� ��������������&������������&������U�����q
���>��>̂�
�r>��6
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_̀abĉ ��K��
������������
��	��
%�������
��

��
�.
�������������
�	�

� W��
 d���� ���������
�	�

� W��
 d����e����%e��
 X ����� ��
��������
�
�����
��
��
��� �� 6�5!3e����%e�
	 X ����� ��
��������
�
����
	��
��
��� �� 6�5!3e����
 ��f" "5$ ����
����� �L� #66e�
	�����
�����
� ��f& "' ����*���� �� 6�!3e��
�����
�����
� ��f& "' e��
%e�
	
�
�����

��� ��f& &#X5G��
�����

���T��
��
���*���� �� 6�!3 X X X

g8hiAA,?>jk8lCmBiQAnoj:8k?@piA;1,@8 gmq,><;mr>miA1Q?,@,>ms>B?>;;Q?>BlC@ot;Q+;A;,Q<=uv7w7xyzXz7

5



����������	
��������
����
��
�����
�������������
�������������������������
����������������
������������������ !����
��"���
�����
���
��������"��	������"���������#����$����
��%���������
���&'
������(������)����(�
�������'()(!��%��
����"���
&�������
���"���������*��+!������'()(��%��
����"���
����%����
�������
��"���
����������
�����
,��������
���	����������
��������-./.0123456127839:3;<8==>8=>1<?@��A��������

��
�
����������
����)��
�����	��B���C����
��&@BD*
����������

��
���
�*��������
���������������������E����
+�*��
����$������

�������
������
�����������
FG6H�I%JK%L;;H;%M;�������G6&L&���;N���@��A��������

&����&����#��������������������*��������

��
�������������#����������������������
���������
�"
������*��������������������������
���������
���$

���
��������
����������
��������*������������������
�����������
���)OB�PQRSTUVWTXYZZ[T\UTT[]YT.̂_.̀ 2:<<1<?8a82>34<b1234=24c829:3:2>831d:>14<:<;=e3f:28;:b:?8*�������
������������	
��
������������������������
�����������g�����	������������������
�*��������&
�������#����$����
������������������������
����h������
�'������
����h������&)OB�
���
�������!�i��!���������"!�i��!����
��������������
��������	
��	���
���
������������������������!���"����
�����������������������!�*�����������	
��	���
���������
�����
��
����h"��
�*��������������)OB
���������

�����
�������������	���������
��������������$�
����
"������%������j
�*��������h"���

��������������
����h"���
�*��
�
����h"���
���"��������������"	��
��������
��� ��*�������
������h"��
�"
��"��
����	����
�������
�*��
������
����������������
 �����$��
��
����������
��������h"��
�B����
��������	&���
�h"��
����������$�#����

���
�������������

�%%&�k��*�����������	&���
�h��$���
���� �������� �
�"��
�#���

&�������

&��l����&���
���������

�*������������"���
������������
����������"�"
&m�������&
��������
&�����
����������&�n�&
���������!�����!�

o[pQqQ)OB������������������������������
�$���
�
����
��F��!���	
��	��������
������������������!���������&�"!���	
��	��������
�����#���������������������!&��!h"����������������������������!h"���������������������������

r.Ge==:1<N6.s4;?e3=7tN0.61aue=8>:a. r;v:<28;w<;e=>31:a:<;x<?1<8831<?s4atb83y8=8:329/z-{-̂|_E_-

k



���������	
����
�
��
���������������������������� !���"��#$�%&!$'���#!��'�&�!$$#� !��%�!(�$%!�#!)'!%�'�!*!��!$$��)���!�'���)�$%��"'%�������"��#����$��)%&�!�)$+,-�,.�,/012&!�!���!�%&!*��'!$��#�%%������3 !�$'���#!��'�&�!$$���� !%!�$��2�"�!4��!�!��%!)%�%&!)!��!!��)�$%��%�����))� ��!15"���!%��1$%')�!)%&!$'���#!��'�&�!$$����$%3#��$' !�#�%%������ !�%!(%��!12&!���'�&�)�!���%!)%&!6��67�68��)6��$9-1::�4.-1,/�:9-1;,��).<.1;4= ��!$�!#%�*!��12&! ���������#�!�$!��$'���#!��'�&�!$$���� !3%!�$>�$�!���%!))'!%�%&!#�!�%������!>���)� ���!�%!)?3"�!$12&!?"�!$>!�!���)'#!))'!%��&�$�#����)#&! �#��� ��#%$)'����%&!$!�*�#!���!��#�%%������ !�$+,@012�"�!4$&�>!)%&!�*!���!$'���#!��'�&�!$$���� !%!�$���A��#����"���$12&!A��#����"���$&�*!��>$'���#!��'�&�!$$��)�$ ��%&$'���#!1BC�:4<-D:A��#����"���$&�*!;49-EF;-��F�#G!�$&��)�!$$�.1-�# H:��)!�$�%����)49--IJ��%! �!��%'�!�!$�$%��#!1K'�%&!� ��!�A��#����"���$��! �)!'���</LA��#������):L ���!$�' �(�)!MN��O12&!"���$&�*!-1,:GP  H4���'�%'�!$%�!��%&�4GP  H4��'�%� �%!#� ��!$$�*!$%�!��%&�-1-,GP   H4��'�%� �%!%!�$��!$%�!��%&�;<,GP   H4�� �)'�'$��!��$%�#�%����);-NQ� H;�����#%'�!%�'�&�!$$1E��&!�&��)�!$$���> $'���#!��'�&�!$$���) �!�$���"�! !#&���#������!�%�!$���*�)!"!%%!�%��"�����#������!�%�!$1N��!�*!��%&!$! !#&���#������!�%�!$� ���*!%&!>!���!$�$%��#!�#����$����!$�$%��#!�!��$������)��%��'!�!$�$%��#!�� �#&��!�����%$)'�3������� !����#!$$���+,<01N��!�*!��%&!CRN� ��!$��A��#���� �%!������!$&�>���K��1:M�O��)M"O12&!CRN  �#������&$��A��#����$&�>%&!$� !"!&�*���"!���!��)��%!�>!��%!$%���15��&�>�$� !� �'��%�!$� �#��3$#��%#&!$��!)!%!#%!)��%&!"���S$$'���#!1

����TU7
��V
����W�V��
����X����
����
V
	
���	���
�����2&! !#&���#��%!$%����$�!�!������!���� !))'����%&!���3#!$$��������� !�$��)#� ��$�%! �%!����$%��$$'�!#�  !�#��������#�%���$12&!?�$%%� !�%&!%!�$��!���"��)$%���%!$%$>!�!�!���� !)���'�!#�%%������ !�>�$%!%�!*��'�%!%&!�!��3%���$&��"!%>!!����#!$$�����!#�#�������) !#&���#������!�%�!$12&!�!$'�%$�� !#&���#��%!$%�����)CRN� ��!#&���#%!��A�%�����!$&�>���K��19M�OYM)O12&!�*!���!%!�$��!���#!�)!$������#!�"�!�G������#!���)!(%!�$���>!�!;@-�49-�;,-P���)4@L12&!%!�$��!���#!�$%&! �(� ' ���#!%&�%#�%%����"��##��"!��)'�����!#�#����12&!&��&!�*��'!��%!�$��!���#!�!�!�$%�%&!���)#��)�%�����#�%%����"��#����!#�#����+;9�.-Y.401��Z�6��
�����	����V
����
V
�����W�V��
V
	
���	�2&!����#������%!��#%���"!%>!!����� !���) !%����# �3#&��!�� ���%$ !��!�)!�$ ��!��%����� ���"�! $ )'���� ��'��#%'����1C��)�����)[!#����#�%�������#���!$��!'$!)%� !�$'�!��)��%� �A!%&!#�!�?#�!�%�����#%���12&!�))�%�����*�%��#��%! ���%����$%&!�##� ���$& !�%��%&!)!*!���!) ��'��#%'�������#!$$%����)'#!��>���#%������� !����)'#%$���$%��%!��#�$ ��%%!(%��!��)��'%� �"��!�����#�%���$+;012&!)!*!��� !�%��)����*�%�����%&�$?!�)&�*!"!!�� �!)!))'!%�%&!)��?#'�%���!$%�"��$&�����!��%���$&��"!%>!!�%��"�����#���'%#� !$M%�#%�#������!�%�!$O��)�&�$�#������!�%�!$M$'�!��'3"��#�%����> ���#%���#�!�?#�!�%O+.:012&!%���#��J�K����&$��#�%%������ !���>�����)>!�%)��!#%���$>!�!)!��#%!)��K��1,M�OYM)O15%$%��%�%&!���#!�$�!!)���)%� !&�*!"!!�*���!)%���*!$%���%!J�K12&!�!$'�%$!(��!$$%&�%�%�#��$%��%$�!!)��;  \$���%&!#�$!��]��#����"���$����%&!*��'!�����#!��#�!�$���

_̂̀abc5*!���! !%����#��)#�%%������ !���'�&�!$$���� !%!�$1N�%!���� d!*�#! C'���#!��'�&�!$$���� !%!�$6�M= O 67M= O 68M= O 6�M= O]��#����"���$ ��%�#��M���3#��%�#% !%&�)O -1-, -1;- -1;: -14@N!#&���#��M#��%�#% !%&�)O -1-/ -1;; -1;, -1:9J�%%����"��#���� !� ��%�#��M���3#��%�#% !%&�)O 4,149 ;4,1<; 4;,14, 9<,1;/N!#&���#��M#��%�#% !%&�)O 4/14@ ;:,19< 4491:/ ,-<1;/

efghihCRN#&���#%!��A�%�����A��#����"���$jM�OA��#���� �%��(��)���)� �'��%�!$��)M"O �#��3#��#G$��%&! !%����#"���S$$'���#!1

k�l������mn�o�W����pXmq�n��r��
���� kW���	
Ws�W���������WT����

����o��XV
�6
�
��	
tu�v��wxYx�

,



���������	
���
�������
����
��
��������������������������������� ����
�
�����
�����������
�������!�"�������#�������

��� 
�����
���
��$�������%����������
����
����

�����
����!���� �������&����
�������
�����������"�
�����
��
����� ���������'������������������ ���
����#�
������()��)�*�+�
������!������������������
����
��������������������������$����� (���	����)�*�+�
 �
������ ���
���%�����
 ��������
��
��� �����
�������
�������
����������,�������� 
������&����� ����������!�����-.���	�/�$�������%�����
����
���������%������"�
��+�
�
������
�����%�����
�
���
�
��
������!�
������������,���
��������
�������
�����!
������
0���
������"����������!�������
�,��
���� ��������!�������
���
���%
���
������������������
�����
�������+�����
���
������
���
�����!�)1�2���1%2�34546789:;<=<>?@A<B>BCD?@?8E?F;EB7<G@?H8;H@8>E8;:8CD9<;;<7D7C@>I@>GF?H;@<?J�������������������
�������������%
���
�

�%�
����!
0�
���
�����
������+�
��%����
��������������������"1�����
!������
���
�2�
�"����������"����%������"�
��
������������
�#��
�����!��
�����
�K��
������������������
���
������������"#�
������
������+�
��������%������"�
������
�����������
���
��%�
��
���
����"������
����!�+�
�
��������������
���
�

����
�����������!�������
������
�����
��������
�%��"1��%����
�%"���!����2��
0��
��
���+�%�
��+�
���

0�
�#��
������������
�������"�
����������
������������
���!��
�����
���!������())*�+�
�
�����������
���!������
0��
����
�����%�
���
����

���������������
���
����L��
�����
��������
�"����!�+�
�
�"����! �����"�
�����
�!
�
����" ������
���
 ������!�!������!�����
����!����K������!��
������������������������!�

������������%�
��������+�
���
���!���
����
��
��!�����%�
�M��!����
�����M
������������������%�����������������"�
�����
�+�
�
������������
��
���%�
��1���!���!�%��M#���!�������
�
��2�����!�
�"����!�N��
�
��������
��
����
�
�����
��
����
����
���
�
�����
��
��������
�����!�
�"#����!��
���+�
��!�
��
����
����
���������������
�������������
����!
���������������������
���!��
���+�
�������������
�
�
���������
%
��
�!�������
�"���%����"�������
�O��
��
����
��%P
����
���
���
��1���"�
��
�!����
����"�����������������������������
����!��������
2
0��
����
�
�����%�
��Q�
��
���
������������
���
�(����*�+�
������
���!��
���
������������
�������������%������
�������
R���
����
�
������ �
���������
������+�
��%���������
���!��
��������
� ��
�� ��
�
� ���
������� ��������!
�
�������"�
����
������"������

��!�'1�2�+�
��#
�
�������%�������
���%����
���
��K%
�L������������������#���������������
�+���������
���!��
�����
���
���������

STUVWVO
���������
����!���.XO�������
��$����������
����������#������
�����
Y1�2,.+OZ����#	�������
���1%2,.+OZ����#	�!��%�
���1�2.XO�����!����������#������
����������"�
����
�������
�����1�2.XO�����!����������#������
����������"�
����
�!��%�
���

64[F??B@>\]4̂8GIF;?_D\̀ 4]@CaF?<HBC4 6GAB>7<Gb>GF?H;@BCB>Gc>I@><<;@>Î 8CD9<;d<?<B;7=efghg3ijkjg
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Publication IV 
Abrar Hussain, Podgursky V., Goljandin D., Antonov, M., Sergejev F., Krasnou I. Circular 
Production, Designing and Mechanical Testing of Polypropylene-Based Reinforced 
Composite Materials: Statistical Analysis for Potential Automotive and Nuclear 
Applications. Polymers,2023, 15, 3410. doi.org/10.3390/polym15163410.  
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hijjklmnokpq e



��������� ��	
��
��
� �������
�� ������ 
����
	����������������������
���	������������������
���
��
��������
������������	��
	
�

	�� ���������!"#�
��������
��������  �	��
����$��	����
	�������������
�$���%�����	��&�%��
�%$����%���	�
���	��������	�������������!"# �
��������
���'�������
�	���������������������
����������	���
	
�

	��'
	 ����� ��
��	������� �
	����	�

����
��	���������������	��	��	
���������
��	
�����
���
��
	��� �	� �����(���$�	%������)��	�����������
�������������������������������	����
��	�����%�	�����% �
��
�%�����
%�������
���������
	�������	�	�������
����������*"# �
�+����	���������������$�������
��
�� �	� 	�������+���	�
������	�
���	���	�������
��
�� �	�	�������,�����	������%
�� �	����	�
��	�����������	��
���
��	�������	�
�	������
���������-
���������
�����������*"#�
��������
��
�����������.����$��	�(���$�	%�����	��������������"#�
��
	��� �	����������
����
���	�����
�	�

������%������
	������
��� ��	���
���������
����	��

�	�������
�������
��

��
����
�	����
	
�

	���$��
�
���	��
�
��	�����������
	�/�����������
	�/��������)�	�
��
	
�

	�%��

��)��	�%��
	�.%�����%$����%������������ ��	���
�����
	�/�����������'��"#�
�����������	�
	 ����� ��
������	����������
�����������	����
����
	�0�����(���$�	%�
�����
������	�
���)��	�
���

������	�������'�����	��%���
	�/����.�	�����
������	��
	
�

	�� ����������1�������
��	�� ��
�%�
�����
����������������
����������� ��
��	����
�
����	�������%�
����
�	���$��������	���������2�	��$�	%��	���
�%$����%����	�
���%���	��%����
��	�� ��
���
����$��������	������
��	���%���
�
���������
	
�
����������
�����*34567895:57:86;<=>5?59<@5>A<B@<78:57���	��
�
�� 
������
��
���� �������%�������'�%������������� �������
���
�	�����������
�"%!"%*"%����"C)��	$�	��
�����	����������������������

DEFGHIJKLMNOPQPRSTURUVWSXUOQMOUQRSUWYUNMVWRQPRSMVMZYUTUXMOUY[MNOMWSRUNPRUQSPXW\]P̂_UVWSXUWRQUV̀Rab]ĉdMYeXeWMZUXPWRS[SRfb][̂_UVWSXUWRQPSVbPVY]ŶgLghijOeXXMeRPZRUQRUVWSXURUWRk
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JQRESSBCTUVQWXDYBTZCTU[Q\XZ]EFŜ_G̀BDQ JZaBTbGZcTZES̀FCBDBTZdT]CTGGFCT]\XD_eGFfGSGBFbghijkjlmjjh$jln

##8



���������	
��
��������������������������������������������������������������������������������������������������� �������������������� �����������������������������������������������������������������������������������������������!������������������������� ����" ���������������������� �����#�����������������������������������������������������������$����������������������������"	%&'(%&#�	('	)��*�����������������������������������������������������������������������"++#$����$��������������  ����"+,,-#������������������������������� ������������!�������������"��������.���������!���������/��������"�.!/#01%12#���������"�.!/0
	(3#�������������"�.!/�13%#�������������������4�����������������������$��������������$����������������������������������������������������������������!����������������� ���������������������������������������������!��++$+,,-����������������������������������� ������������"%�5%&�1%&����	%&#��������������������������������������!�����������������������++$+,,-�������������������������������������������������!�������������������++���+,,-�������������������"5%�1%���	%&���#���������������������������������������".6/#�7���������������������������������������������������

��������������� �����������������������������������������������������������/����������������������������������������� �������������������������������������������������89:;<=>?;@A;BCD=<EFCAGHIHJKLLMNOPQLRSLMTRUVRWX!������+,,-�����������������������6��������������$�������*�����������������������������������������������������-���5�������������������������������!�����������������������������������������������������Y������������������������������������������������� ���������������������	2��!�����������������������������������������������������������������������������!��������������������������������������������������������������������������������Z[PWM\]NL]T�ẐRW_RǸMaKT]WbcZ[PWM\]NL]TddddddẐRW_RǸMaKT]Wddd���efgh "i#�����Z[PWM\]NL]T���ẐRW_RǸMaKT]W�������������������������������������!������������j���f����������������������������
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��"	S2�;�������	S�	�;
	��	"�
���2�
�#
/
/���#���/
���/#����

�	"
�2���#��
�
#����;�
��������
�S6Rb	�
��R!��
�R����R������R7[U710̀V0Y]1̂ 0YX\RPW[Q�R��i��8�/��S.R_���"�	
��	S6R8R3Rf

S:R RE
����	�S�R���
	���	S�R:�/�5���
	�S��
��
< �2�
�
	�����	�
��		�	�
	"�	

�
�#���/
���/#����
�S����/
��00U710[V]\\RP\1Q�R�
/
�S!RhR:�
/�	S3Rd�S�Rf��S_R!�;��

�S�R.��SHRh
�S��
��
<�	�

�
	���
;

������2T;
���
�	2���
�#���/
���/#����
��	�
������	"�����	���
��	��
/#
�����
�S��	������R_����R!��
�R7[\U7170VS07WY]YRP\0Q+RER�;��
�/S8R.
��"
S�����
��	�
�����;�
	���	��
�	2���
�����/#�����
�a
22
���2T;
����/
�
�S6R+

�/�#����R��/#��R!��
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