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ABSTRACT  

 

FABRICATION OF LIGHTWEIGHT AND DURABLE THERMOPLASTIC 

COMPOSITES FOR INJECTION MOLDING WITH THE INTEGRATION OF 

WASTE-DRIVEN REINFORCING MATERIALS 

 

Kuray DERİCİLER 

Doctor of Philosophy, 2023 

 Material Science and Nano Engineering  

Thesis Advisor: Assoc. Prof. Dr. Burcu SANER OKAN 

 

Keywords: Graphene, Thermoplastic Composites, Polyamide (PA), Waste Derived 

Reinforcements, Upcycling, Hybrid Composites 

 

Reducing carbon dioxide (CO2) emissions and adopting lightweighting strategies are 

crucial aspects of enhancing the sustainability and efficiency of the transportation sector. 

As sustainability becomes a central focus in the automotive industry, there is a growing 

demand to use recycled sources in manufacturing processes for part production. 

Especially for structural parts in automotive part production, polyamides (PAs) are 

extensively employed as engineering thermoplastics across diverse fields, owing to their 

ease of processing, good thermal stability, and cost-effectiveness. In PA based compound 

formulations, short glass fibers are preferred to reinforce PA matrix. However, the higher 

density of glass fibers and its brittleness during extrusion process can be problematic and 

high energy demands to produce both fiber and parts are main drawbacks in serial 

production. At this point, the present thesis aims to replace glass fibers with sustainable 

solutions by developing new PA compound formulations by using additives coming from 

recycled sources which are graphene nanoplatelets (GNP) derived from waste tires, 

spherical graphenes from waste coffee (CWC) and short carbon fiber (CF) bundles 

coming from plant waste.  These additives were successfully incorporated into PA matrix 
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by using thermokinetic high-shear mixer resulting in high degree of exfoliation and thus 

high mechanical performance that can compete with conventional compounds. In the case 

of GNP reinforced PA composites, their tensile and flexural properties improved by 42% 

and 43%, respectively, by adding optimized loading ratio of 0.3 wt.% GNP in PA6,6. 

With this amount of GNP, CF based compounds were successfully produced by 

increasing tensile and flexural properties by 95% and 86%, respectively, in comparison 

of unfilled PA. Through GNP integration, the absorbed impact energy of this compound 

improved by 7.7% due to enhanced interfacial interactions between the ternary interfaces. 

By embracing the evolving trends towards sustainability in major transportation 

industries, this study strategically navigates the transition from synthetic PA6,6 to semi-

synthetic PA6,10 matrix and leveraging the remarkable potential of waste-derived 

reinforcing materials. Herein, the effects of aspect ratio of waste driven reinforcements, 

reinforcement size, and loading ratios were investigated to generate a comprehensive 

interface characterization. Consequently, this thesis demonstrates that using tailored 

selection of waste-derived reinforcing material, sustainable compounds can replace 

several synthetic products in the market in terms of both tensile properties, 

lightweighting, and environmental impact. In addition, CO2 emission values of both the 

selected recycled sources and the developed compound formulations were calculated by 

using life cycle assessment (LCA) analysis. A significant reduction was achieved by 

reducing 55% CO2 emission with new recycled additive reinforced PA6,10 formulations 

over PA6 having 15 wt.% GF available in the market. Therefore, this study extends 

beyond the material enhancement to encompass a holistic approach that contributes to a 

circular economy and promotes eco-friendly, high-performance composites for the 

automotive industry, thereby laying the foundation for incorporation of waste-derived 

reinforcements into compound formulations to create a future where waste materials are 

not merely managed but transformed into valuable resources. 
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ÖZET 

 

ATIKLARDAN ELDE EDİLEN KATKI MALZEMELERİNİN ENTEGRASYONU 

İLE HAFİF VE DAYANIKLI TERMOPLASTİK KOMPOZİTLERİN ENJEKSİYON 

KALIPLAMA İÇİN ÜRETİMİ 

 

Kuray DERİCİLER 

Doktora Tezi, 2023 

Malzeme Bilimi ve Nano Mühendisliği 

Tez Danışmanı: Doç. Dr. Burcu SANER OKAN 

 

Anahtar Kelimeler: Grafen, Termoplastik Kompozitler, Poliamid (PA), Atıktan Türetilen 

Güçlendiriciler, İleri Dönüşüm, Hibrit Kompozitler 

 

Ulaşım sektöründe sürdürülebilirliği ve verimliliği arttırmak için karbon dioksit (CO2) 

emisyonlarını azaltma ve hafifletme stratejileri vazgeçilmezdir. Otomotiv endüstrisinde 

sürdürülebilirlik odak noktası olurken üretim yöntemlerinde geri dönüştürülmüş 

kaynakların kullanımı için talep de artmaktadır. Özellikle yapısal otomotiv parçalarında 

poliamidler (PAlar) kolay işlendikleri, iyi termal stabiliteye sahip oldukları, ve düşük 

maliyetleri sebebiyle bir çok farklı alanda, yaygın bir şekilde kullanılmaktadır. PA bazlı 

kompound formülasyonlarında matrisi güçlendirmek amacıyla kısa cam fiberler daha çok 

tercih edilmektedir. Ancak cam fiberlerin yüksek yoğunluğu ve ekstrüzyon esnasındaki 

gevreklikleri problem yaratmaktadır. Bununla beraber cam fiber ve parça üretimi 

esnasında yüksek enerji gerekmesi de seri üretimde karşılaşılan problemlerdendir. Bu 

noktada, bu tez çalışması atık lastiklerden elde edilen grafen nanotabakalar (GNP), atık 

kahveden üretilen küresel grafenler (CWC) ve fabrika atıklarından elde edilen kısa 

karbon fiberler (CF) katkı malzemesi olarak kullanılıp PA bazlı kompound 

formülasyonları geliştirilerek cam fiberlerin yerine sürdürülebilir çözümler sunmayı 

hedeflemektedir. Bu katkı malzemeleri PA matris içerisine yüksek kayma kuvvetli 
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termokinetik karıştırıcı ile dağıtılarak tabakaların ayrılmış ve konvansiyonel 

kompoundlar ile yarışabilecek mekanik performans elde edilmiştir. Optimize edilmiş 

yükleme oranlarıyla ağırlıkça %0.3 GNP katkılı kompozitler çekme ve eğme 

özelliklerinde sırasıyla %42 ve %43 iyileşme görülmüştür. Aynı GNP miktarıyla 

hazırlanan CF katkılı kompoundlar da başarı ile üretilmiş ve çekme ile eğme 

özelliklerinde katkısız polimere göre sırasıyla %95 ve %86 artış yakalanmıştır.  GNP 

entegrasyonu sayesinde üçlü arayüz etkileşimleri pekiştirilmiş ve kompozitin darbe 

enerjisi emme özelliği de %7.7 artmıştır. Ulaşım endüstrisindeki sürdürülebilirlik 

yönünde gelişen trendleri de yakalayarak bu çalışma bünyesinde sentetik PA6,6’dan yarı 

sentetik PA6,10’a geçiş stratejik bir biçimde sağlanmış ve atık malzemelerden elde edilen 

katkıların kayda değer potansiyeli de kullanılmıştır. Burada, atık malzemelerden elde 

edilen katkıların en/boy oranı, boyutu ve yükleme miktarı kontrol edilerek arayüzeye 

etkileri detaylı bir şekilde incelenmiştir. Dolayısıyla bu tez, atık malzemelerden elde 

edilen katkıların dikkatli seçimi elde edilen sürdürülebilir kompoundların piyasadaki 

sentetik ürünlerin mekanik özellikler, hafiflik ve çevresel etki bakımından yerine 

geçebileceklerini göstermektedir. Ek olarak, hem atık malzemelerden elde edilen katkı 

malzemelerinin, hem de geliştirilen kompound formülasyonlarının CO2 emisyon 

değerleri yaşam döngüsü değerlendirme (LCA) ile analiz edilmiştir. PA6,10 bazlı 

kompozitler ile CO2 emisyonunun piyasadaki ağırlıkça %15 cam fiber katkılı PA6 bazlı 

kompozitlere oranla %55 azaltılmıştır. Böylece, bu çalışma malzeme geliştirmenin 

ötesine geçerek tamamlayıcı bir yaklaşımla döngüsel ekonomi ve otomotiv endüstrisi için 

çevre dostu yüksek performanslı kompozitler geliştirilmesine katkı sağlamış, bu sayede 

de atık malzemelerden elde edilen katkıların kompound formülasyonlarına entegre 

edilmesi ile atıkların sadece yönetilmesinden ziyade değerli kaynaklara dönüştürüldüğü 

bir gelecek oluşturma konusunda bir temel oluşturmaktadır.  
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CHAPTER 1: State of the Art 

Polymer matrix composites (PMCs) play a pivotal role in the automotive industry 

especially in structural parts such as body panels, interior features, and exterior trims by 

offering strength, lightweight, and design flexibility. However, to provide desired 

strength and durability depending on the specific area of application, these materials often 

incorporate high amounts of reinforcement, which in turns negatively affect the weight 

of the part. Advanced composites with multi-material constructions overcome these 

challenges by incorporating micro and nanoscale additives such as graphene or other 2D 

layered materials to reduce the amount of high-density reinforcements such as glass fiber 

or glass beads, potentially offering lightweight and durability at the same time. 

Nevertheless, there are significant fundamental challenges such as heterogenous 

dispersion, compatibility, scalability, fabrication processes, and sustainability that needs 

to be addressed to integrate these novel materials to existing production and assembly 

lines to create a synergy between the elements of multi-material constructions. To this 

end, ground-breaking research accomplished throughout this thesis identifies and 

addresses these challenges through intricate investigation of interface interactions 

between the polymer chains.  

The philosophy behind this thesis study is based on addressing the challenges in 

utilization of conventional polyamides (PAs) and integration of multi-scale reinforcing 

materials using industry-standard fabrication methods within the automotive industry 

through a systematic exploration of innovative solutions for enhancing the performance 

and sustainability. By embracing the evolving trends towards sustainability in major 

transportation industries, this study strategically navigates the transition from synthetic 

PA6,6 to semi-synthetic PA6,10 matrix and leveraging the remarkable potential of waste-

derived reinforcing materials such as waste tire-driven graphene nanoplatelets (GNP), 

carbonized waste coffee (CWC), and waste carbon fibers (CF). This material combination 

not only promotes sustainability, but also provides a novel approach to tailor composites 

properties through careful selection of reinforcement aspect ratio and scale. Furthermore, 

critical investigation of matrix and reinforcement interface as well as the chemical 
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structure and surface composition of the reinforcing materials shed light on the 

mechanisms behind significant performance improvement and dispersion behavior of 

reinforcements in the matrix supported by correlations established between reinforcing 

material characteristics and composite performance. Moreover, the philosophy extends 

beyond the material enhancement to encompass a holistic approach that contributes to a 

circular economy and promotes eco-friendly, high-performance composites for the 

automotive industry, thereby laying the foundation for incorporation of waste-derived 

reinforcements into compound formulations to create a future where waste materials are 

not merely managed but transformed into valuable resources. 

This dissertation is based on five chapters in total, each based on studies that are linked 

with each other and provide significant outcomes on their respective subjects. In the first 

chapter, a state of the art is presented, including challenges, motivations, and research 

gaps providing a basis for the novelty of this study. 

The second chapter involves the fabrication of waste tire-driven graphene nanoplatelets 

(GNP) reinforced PA6,6 nanocomposites with very low loading ratios. The current 

literature on this field is mainly focused on mechanochemical exfoliation in ball mill from 

commercial graphite [1], double extrusion with graphene oxide (GO) [2], or in situ 

polymerization with GO [3] which are not scalable fabrication methods nor they utilize 

the sustainable aspects of waste tire-driven graphene nanoplatelets. Due to outstanding 

properties and unachieved potential of GNP in combination with commonly used 

engineering thermoplastic for the automotive industry, this study sets lower and upper 

limits of GNP integration into PA6,6. Therefore, this study contributes to the literature 

by developing novel compound formulations and determining an optimal loading ratio 

for this specific combination of GNP/PA6,6 nanocomposite through extensive 

characterization methods which results in significant mechanical performance gains.  

The third chapter further revolutionized the optimized compounds by integrating an extra 

reinforcement such as waste carbon fiber (CF) with significantly different size and aspect 

ratio. The most recent studies in this field demonstrate either significant mechanical 

performance improvement, however, utilize continuous GF mats coated by melt mixed 

commercial graphene and polymer, and their layer by layer assembly [4], focus on spray 

coating epoxy-based prepregs with commercial GNP suspensions [5], or GO fabrication 

through Hummers’ method and deposition on short CF surface followed by extrusion [6], 

which significantly increase composite fabrication duration with several steps, thus, not 
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scalable, and do not utilize the sustainable aspects of waste-based reinforcements while 

achieving similar improvements. This hybrid reinforcement with GNP and CF not only 

enhances the sustainability aspect of these compounds, but also opens up new 

opportunities for advanced application fields with further improvements on the 

mechanical performance. A comprehensive understanding with regards to the effect of 

co-reinforcement and the interactions between binary and ternary interfaces were 

provided through key characterization techniques that are widely used in the industry. 

The fourth chapter revolves around the idea of replacing commercial synthetic PA6-based 

compounds with a semi-bio-based counterpart, PA6,10, which has very similar 

characteristics as PA6 in terms of thermal and mechanical properties, and development 

of a novel reinforcement material (CWC) from a widely generated organic waste source, 

coffee. Carbonization of waste coffee in rotary furnace turned out to be a chemical-free, 

rapid, and scalable approach to fabricate sustainable reinforcing materials, as proven by 

detailed structural, chemical, elemental, and morphological analysis. By considering the 

previous expertise in PA-based GNP and CF reinforced compounds, sustainable 

compounds reinforced individually by waste derived resources (GNP, CWC, and CF) 

with different aspect ratios and sizes were developed. Lower and upper limits of 

nanoscale reinforcement and its optimization, reinforcement efficiency, strengthening 

mechanisms and key characteristics were demonstrated for sustainable compounds 

through extensive characterization in terms of mechanical performance, thermal and 

rheological properties, and cross-sectional analysis. Furthermore, lightweighting 

potential of these compounds with regards to specific tensile strength and modulus were 

benchmarked against target PA6-based commercial compounds and proven that 

sustainable compounds that were developed within the scope of this thesis can already 

replace several commercial products in the market in terms of lightweighting and 

stiffness. 

The last chapter provides a general conclusion to the studies within this thesis and gives 

a future outlook for possible improvements on these subjects. Several key advances have 

been made in terms of integrating nano-, micro-, and macroscale waste derived 

reinforcements, their single and multiscale incorporation and general evaluation. By 

addressing the gaps in the literature, promoting the sustainability aspect, and hurdling the 

challenges, this thesis lays a foundation for developing novel sustainable reinforcements 
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and compounds with maximized performance to replace synthetic compounds available 

in the market. The summary diagram of the scope of the thesis is provided in Figure 1. 

 

Figure 1. Summary diagram of the scope of the thesis 
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CHAPTER 2: Experimental and numerical investigation of flow and alignment 

behavior of waste tire-derived graphene nanoplatelets in PA6,6 matrix during melt-

mixing and injection 

2.1. Abstract 

Homogeneous dispersion of graphene into thermoplastic polymer matrices during melt-

mixing is still challenging due to its agglomeration and weak interfacial interactions with 

the selected polymer matrix. In this study, an ideal dispersion of graphene within the 

PA6,6 matrix was achieved under high shear rates by thermokinetic mixing. Graphene 

nanoplatelets (GNP) produced from waste-tire by upcycling and recycling techniques 

having high oxygen surface functional groups were used to increase the compatibility 

with PA6,6 chains. This study revealed that GNP addition increased the crystallization 

temperature of nanocomposites since it acted as both a nucleating and reinforcing agent. 

Tensile strength and modulus of PA6,6 nanocomposites were improved at 30% and 42%, 

respectively, by the addition of 0.3 wt.% GNP. Flexural strength and modulus were 

reached at 20% and 43%, respectively. 

2.2. Introduction 

Non-aromatic polyamides (PAs) are widely used as engineering thermoplastics in various 

fields such as aerospace, food packaging, and especially preferred in the automotive 

industry as engine compartments, bearings, oil pans, and various under-the-hood parts  

[7] due to their easy processability, good thermal stability, favorable price range, 

relatively high mechanical properties, superior wear resistance, and low density [8]. 

Among PAs, PA6,6 has taken great attention due to less water and moisture absorption 

than PA6, since moisture uptake affects the composites’ mechanical performance and 

rheological properties adversely. In other words, the humidity absorption and low 

dimensional stability of PAs caused by intrinsic hydrophilic amide groups, along with 

their sensitivity to shock and relatively low impact resistance, limits their usage [9, 10].  
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In the literature, numerous studies have been reported on the enhancement of mechanical 

properties of PA-based composites by compounding with micro/nano additives such as 

montmorillonite [11], SiO2 [12], and carbon-based materials such as carbon black [13], 

multi-walled carbon nanotubes [14], and exfoliated graphite [15] as well as by blending 

with other polymers such as high-density polyethylene [16], and polyphenylene sulfide 

[17]. However, high anisotropy and aggregation of carbon nanotubes (CNTs), stacking 

problems of exfoliated graphite, and brittleness in the presence of carbon black do not 

meet the requirements in the compounding process. Meanwhile, in recent years graphene 

is a prominent alternative to micron/nano additives due to its outstanding mechanical, 

thermal, and electrical properties and its 2D structure that provides ease of dispersion in 

the polymer matrix [18]. 

Several methodologies have been proposed for the effective incorporation of graphene 

and its derivatives as the main reinforcement into polyamide-based composites by in situ 

polymerization, solution mixing, and melt compounding. Fu et al. distributed few-layer 

graphene powders in PA6 matrix by in situ polymerization and achieved an increase of 

13%, 44%, and 47% in the tensile strength, flexural strength, and impact strength, 

respectively, with 0.5 wt.% loadings [19]. Li et al. fabricated foam-like structures from 

graphene oxide by hydrothermal method then utilized in situ polymerization of polymeric 

precursors to obtain 3D-Graphene/PA6 nanocomposite, which resulted in an increase of 

400% in the thermal conductivity of composite at 2 wt.% loading as well as improved 

anti-dripping properties for heat-retardance applications [20]. Besides, Duan et al. used 

graphite oxide powder and in situ polymerization method to produce reduced graphene 

oxide (rGO)/PA6,6 nanocomposites, and with 0.75 wt.% loadings, they obtained 9% and 

6% increase in yield strength and Young’s modulus, respectively, while maintaining the 

impact strength [21]. Although the in-situ polymerization technique promotes good 

dispersion of graphene in the polymer, its adaptation to produce nano-integrated 

compounds at the industrial amounts has limitations due to scale-up inefficiency and 

economic issues. 

There are several challenges in integrating graphene and its derivatives as the main 

reinforcement into the polymer matrix. Poor dispersion of graphene in the polymer causes 

agglomeration of the 2D layers and induces weak interfacial connection, which hinders 

obtaining theoretical superior composite properties. In order to overcome this problem, 

researchers have made modifications to the graphene and polymer matrix. For instance, 
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Sarno et al. described a supercritical CO2-assisted process to develop GO-loaded polymer 

membrane supercapacitors [22]. The authors indicated that the supercritical process aided 

to prevent agglomeration of GO particles even at 90% loading for the aerogels. In another 

study, Scaffaro et al. utilized modified Tour’s method [23] to obtain graphene oxide (GO), 

then modified graphene oxide with nanosilica (GOS) and fabricated GOS/PA6 

composites by batch compounding method, which yielded 180% and 210% increase in 

Young’s modulus and tensile strength at 0.5 wt.% GOS loading, respectively [24]. 

Moreover, Wang et al. exfoliated graphene sheets in the liquid phase and modified them 

with tannic acid to fabricate tannic acid-modified graphene sheets (TAGS)/PA66 

composite by solution mixing and drying method and obtained 15.9% and 118% 

improvement in Young’s modulus and tensile strength at 0.5 wt.% TAGS loading, 

respectively [25]. In another study, Cai et al. prepared graphene oxide by Hummers’ 

method [26], mixed GO with PA12,12 in the liquid phase, dried, and melt compounded 

to fabricate the composite in a two-step manner, which demonstrated an improvement of 

10% in yield strength at 0.7 wt.% loading [27]. Furthermore, Gong et al. prepared GO by 

modified Hummers’ method, modified the GO with polyvinyl alcohol (PVA) and 

fabricated PVA modified GO/PA6 composites by solution mixing technique, obtaining 

34% and 41% increase in yield strength and Young’s modulus, respectively, for 2 wt.% 

GO loading [28]. Therefore, it is critical to employ some form of modification to improve 

the interfacial connection between graphene and the polymer interface. 

In addition to graphene utilization as the main reinforcing agent, graphene carries a 

significant potential for co-reinforcement with commercial reinforcements such as glass 

fiber (GF) in the compounding process. In one of the studies, Pan et al. investigated the 

effect of graphene nanosheets (GNS) produced by Hummers’ method and hydrazine 

reduction on the fire and mechanical properties of glass fiber PA6 composites having 

aluminum hypophosphite resulting in the improvement of bending strength by 44% at the 

cost of a decrease in the tensile strength by 38% by the addition of 1 wt.% GNS [29]. Cho 

et al. functionalized commercial GO with acyl chloride (AGO) and utilized them together 

with CNT and in situ polymerization of PA6,6 to coat carbon fibers (CF), resulting in the 

improvement of interfacial shear strength and tensile strength by 160% and 136%, 

respectively, at 1 mg AGO and 0.5 mg CNT [30]. Karatas et al. melt compounded 

commercial graphene nanoplatelets (GNP) together with CF and PA6,6, which yielded a 

57% reduction in adhesive wear and 11% improvement in tensile strength with the 
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addition of 0.5 wt.% GNP [31]. Moreover, Saner Okan demonstrated that, the addition of 

GNP from recycling and upcycling waste tire to the PA6,6 and compounding them with 

GF demonstrated 23% improvement in the flexural modulus [32] at 1% GNP loading. To 

conclude, a synergistic effect of graphene with hybrid composites with GF and CF yields 

significant improvements in mechanical and tribological properties. 

There are challenges in the integration of graphene and its derivatives into a polymer 

matrix, especially in melt-phase due to their weak interfacial connections between the 

main reinforcement, inhomogeneous dispersion, and lacking proper functional groups 

[24, 25, 27, 28, 33]. Rheology is reported as a strong phenomenon to comprehend the 

reinforcement’s dispersion characteristics in the polymer, which depends on the size, 

shape, and concentration of the graphene and the interaction between the graphene and 

the polyamide [34]. In one of the studies, Mayoral et al. demonstrated that at low 

frequencies, neat PA6 exhibits viscous behavior, whereas, at high frequencies, polymer 

chain entanglements dominate rheological response; however, with the addition of 15% 

GNP at 240 °C and 1% strain, rheological percolation is achieved, and GNPs start to 

agglomerate which degrades mechanical properties of melt-mixed GNP/PA6 composite 

[35]. Furthermore, Pan et al. linked the melt mixed GFPA6 composite’s flame resistance 

property containing aluminum hypophosphite and GNS with the viscosity at 100 rpm and 

215 °C. The authors demonstrated that the increase in the torque yields improved 

viscosity related to anti-dripping behavior for up to 2% GNS loadings [29]. In another 

study, Canales et al. developed a new rheological model based on solid content in the 

molten mix and showed that the crystallization process is accelerated considerably, even 

with the low amounts of graphene concentration dispersed in the “amorphous” PA6 

matrix. This valuable outcome reports that the crystallization time and crystallization 

degree of a polymer system favorably affect mechanical performance [36]. Thus, it is 

critical to understand the polymer system’s rheological behavior to implement the 

required reinforcements further to achieve desired performance improvements. 

Melt-compounding techniques for the formulation development of graphene-based 

composites carry a significant potential to initiate graphene commercialization in 

engineering plastics due to its ease of production and economic feasibility. In one of the 

studies, Cho et al. investigated the addition of rGO produced by modified Hummers’ 

method followed by hydrazine reduction under microwave treatment, and modified by 

titanate coupling agent and improved the thermal conductivity of PA by 53% with 5 wt.% 
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loading [37]. In another work, Karatas et al. utilized commercial GNP to produce 

GNP/PA6,6 by melt compounding and obtained significantly lower friction coefficients 

while increasing the tensile strength by 22% at 0.5 wt.% GNP loading [31]. However, 

getting useful dispersions in the melt compounding process is challenging and often 

requires compatibilizer or surface modification to provide a good reinforcement/matrix 

connection. 

In the present study, waste tire-derived GNPs were distributed in the PA6,6 matrix by the 

thermokinetic mixer in the melt phase by controlling GNP ratios and decreasing the 

loading ratios down to 0.2 wt.%. The detailed characterization was carried out to monitor 

GNP’s effect on the crystallinity and rheological properties of PA6,6 based 

nanocomposites. 

2.3. Materials and methods 

2.3.1. Materials 

Graphene nanoplatelets (GNP) derived from waste tires by recycling and upcycling processes 

were obtained from Nanografen Co., Istanbul, Turkey. The density of the waste tire-derived 

GNPs is calculated as 2.115 g/cm3. Characterization results of GNP in terms of X-Ray 

photoelectron spectroscopy (XPS), Raman spectroscopy, X-Ray diffraction (XRD) pattern, 

scanning electron microscopy (SEM) and transmission electron microscopy (TEM) is given 

in Figure 2. X-ray Photoelectron Spectroscopy (XPS) shows that the GNPs contain 87 wt.% 

carbon and 9.1 wt.% oxygen containing surface functional groups (Figure 2a). Characteristic 

graphene peaks of D and G are located around 1358 and 1580 cm-1 (Figure 2b). XRD pattern 

of graphene nanoplatelets indicates a crystallinity degree of 24.1% (Figure 2c). SEM image 

confirms the platelet structure (Figure 2d). Transmission electron microscopy (TEM) image 

shows that the GNPs have lateral size of around 50 nm (Figure 2e).Polyamide 66 (EP 158, 

Ravago, Istanbul, Turkey) is a general-purpose polymer with a melt flow rate of 71 g/10 min, 

good toughness, and high impact properties. PA6,6 was dried in the oven at 80 °C before 

each usage to remove the moisture.  
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Figure 2. XPS spectrum (a), Raman spectrum (b), XRD pattern (c), SEM image (d), and 

TEM image (e) of GNP 

2.3.2. Fabrication of GNP reinforced PA6,6 nanocomposites by thermokinetic 

mixer 

GNP reinforced PA6,6 composites were prepared by a custom-made Gelimat 

thermokinetic mixer at a shear rate of ~4700 rpm at 300 °C for 1 min. The loading ratios 

of 0.2, 0.3, 0.4, 0.5, and 1.0 wt.% GNP were adjusted and mixed with PA6,6 at the melt-

phase to attain homogeneous dispersion and provide a high degree of exfoliation through 

polymer chains. The obtained products were then crushed to granules and injection 
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molded by a mini-injection molding machine (Xplore, Sittard, The Netherlands) for 

mechanical tests. 

2.3.3. Characterization  

Characteristic properties of graphene and its nanocomposites were examined by using 

various spectroscopic and microscopic techniques. Thermal analysis of polymer 

composite samples was carried out by Differential Scanning Calorimetry (DSC) method 

using DSC 3 + 700 (Mettler Toledo, Columbus, OH, USA) under the nitrogen atmosphere 

from 25 °C to 300 °C. Dried samples were heated and held at 300 °C for 5 min to eliminate 

the thermal history. An additional heating cycle and cooling cycle were performed at the 

rate of 10 °C/min to investigate the melting properties, thermal behavior, and 

crystallization degrees of the samples. STARe software (Mettler Toledo, Columbus, OH, 

USA) was used in order to obtain the melting enthalpy (ΔHm), crystallization enthalpy 

(ΔHc) as well as melting (Tm), and crystallization temperatures (Tc). In order to carry 

out the morphological studies, mechanical test specimens were fractured in liquid 

nitrogen and coated with a thin layer of gold. Surface topography and morphology were 

investigated using a Leo Supra 35VP Field Emission Scanning Electron Microscope 

(FESEM, Carl Zeiss AG, Jena, Germany). Crystalline structures of the samples were 

studied by X-ray Diffraction (XRD) method using a D2 PHASER Desktop diffractometer 

(Bruker, Billerica, MA, USA) utilizing a CuKα radiation source. Elemental analysis has 

been carried out using X-ray Photoelectron Spectroscopy (XPS, Thermo Scientific, 

Waltham, MA, USA) for graphene samples. The mechanical tests were conducted by 

using 5982 Static Universal Test Machine (UTM, Instron, Norwood, MA, USA) with 5 

kN load cell for ISO 527-2 tensile and ISO 178 three-point bending tests. MCR 702 

TwinDrive Rheometer (Anton Paar, Graz, Austria) was used for the rheological 

characterization of the specimens. 

2.4. Results and Discussion 

2.4.1. Mechanical performance of GNP reinforced PA6,6 nanocomposites  

In the present work, GNP obtained from waste tire used as reinforcement has 9 wt.% 

surface oxygen groups with a surface area of 130 m2/g and a platelet size of 50 nm. The 

characterization details of GNP are given in section 2.3.1. Intrinsic oxygenated groups on 

the surface of GNPs coming from its manufacturing process provides enhanced interfacial 

interactions with the amino groups in PA6,6 chains. This interfacial interaction allows the 
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effective load transfer from matrix to strong GNP particles. In a previous work [38], GNP 

loading ratios were adjusted between 0.5-2.0 wt.%, and significant improvement in both 

flexural and tensile properties was observed; however, there is a decreasing trend 

observed by increasing GNP amount higher than 2.0 wt.%. In order to understand the 

reinforcement and nucleating effects of GNP at low loadings, the GNP amount was 

decreased down to 0.2 wt.% in the current study. Therefore, GNPs with the loadings of 

0.2-1.0 wt.% were mixed with PA6,6 by a high shear thermokinetic mixer. Herein, the 

thermokinetic mixer provides to increase intercalation of polymer chains through 

graphene layers leading to the homogeneous dispersion of graphene in the polymer 

matrix. In order to obtain better dispersion and to determine the optimum loading amount, 

the tensile and flexural properties of GNP/PA6,6 nanocomposites were characterized in 

detail. 

Figure 3 displays the tensile stress/strain curves of neat PA6,6 and its nanocomposites 

with different GNP concentrations. By adding GNP in the PA6,6 matrix, stiffness 

increased significantly compared to neat PA6,6 showing elongated characteristics. Table 

1 summarizes the improvements by percentages of tensile strength and tensile modulus 

and tensile strain at break compared to the neat counterpart. According to tensile test 

results, the highest tensile strength improvement was obtained as 30.4% with 0.3 wt.% 

GNP loading, and the highest tensile modulus was provided by incorporating 0.4 wt.% 

GNP, which is similar to one having 0.3 wt.% GNP. As the GNP amount was increased 

up to 1 wt.%, there was a decreasing trend in the tensile strength. In other words, at higher 

loadings, the agglomeration of GNP reduces the interfacial area and creates stress 

concentration sites leading to an overall decrease in tensile properties [39]. In addition, 

as polymers’ mechanical properties are highly dependent on crystallinity [40], the 

improvement in tensile properties is a consequence of increased crystallinity, which is 

also confirmed by DSC analysis in the next section. 
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Figure 3. Tensile stress-strain curves of neat PA6,6 and PA6,6/GNP nanocomposites 

Table 1. Tensile properties and improvements of neat PA6,6 and PA6,6/GNP 

nanocomposites 

Sample 

Tensile 

Strength 

(MPa) 

Improvement 

(%) 

Tensile 

Modulus 

(MPa) 

Improvement 

(%) 

Tensile Strain 

at Break (%) 

Neat PA6,6 54.9±6 - 2334±154 - 16.8±21 

PA6,6/0.2 

wt.% GNP 
56.4±10 2.7 3128±150 34.0 2.8±1.2 

PA6,6/0.3 

wt.% GNP 
71.6±1 30.4 3306±50 41.7 3.5±0.2 

PA6,6/0.4 

wt.% GNP 
60.5±1 10.2 3350±143 43.5 2.6±0.1 

PA6,6/0.5 

wt.% GNP 
60.2±4 9.7 3080±64 32.0 2.8±0.1 

PA6,6/1.0 

wt.% GNP 
56.2±12 2.4 3160±513 35.4 2.7±0.4 

Figure 4 shows the flexural stress/strain curves of neat PA6,6 and its nanocomposites 

with different loadings after ISO 178 three-point bending tests. Flexural strength gives 

insight into a material's resistance to fracture, while flexural modulus indicates a 

material's tendency to bend [41]. It can be seen that the addition of GNP increased the 

flexural modulus with the increase of GNP loadings and also improved flexural strength 

except for 0.2 wt.% loading. The highest flexural strength value was obtained by 

incorporating 0.4 wt.% GNP as 114 MPa, which resulted in 22.4% improvement 

compared to neat polymer. Moreover, the addition of 0.3 wt.% GNP achieved a 21.3% 

improvement in flexural strength as well as improved tensile strength. It is also worth 
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noting that the flexural moduli have improved at least 40% in each GNP loading. This 

increase in flexural properties is led by graphene nanoplatelets acting as a nucleating 

agent in the polymer matrix. The early crystallization start leads to a higher degree of 

crystallinity, which subsequently improves mechanical properties, as confirmed by DSC 

analysis later on. Table 2 summarizes flexural strength, strain, modulus, and 

corresponding improvements of the samples. 

 

Figure 4. Flexural stress/strain curves of neat PA6,6 and its nanocomposites with 

different GNP loadings 

Table 2. Improvement percentages of neat PA6,6 and PA6,6/GNP nanocomposites in 

flexural properties 

Sample 

Flexural 

Strength 

(MPa) 

Improvement 

(%) 

Flexural 

Modulus 

(MPa) 

Improvement 

(%) 

Flexural Strain 

(%) 

Neat 

PA6,6 
93.1±2 - 2250.0±68 - 7.05±0.3 

PA6,6/0.

2 wt.% 

GNP 

83.8±9 -9.9 
3170.0±16

7 
40.8 2.79±0.4 

PA6,6/0.

3 wt.% 

GNP 

113.0±6 21.3 
3210.0±10

0 
42.6 4.72±1.4 

PA6,6/0.

4 wt.% 

GNP 

114.0±10 22.4 3160.0±40 40.4 5.15±1.5 

PA6,6/0.

5 wt.% 

GNP 

96.30±7 3.4 3220.0±41 43.1 3.25±0.4 

PA6,6/1.

0 wt.% 

GNP 

108.0±21 16.0 3230.0±54 43.5 4.84±2.0 
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2.4.2. Thermal and crystallinity properties of GNP based PA6,6 nanocomposites 

Thermal properties of neat PA6,6 and GNP-based composites were investigated using the 

DSC method, which gives insight into the crystallization and melting behavior of the 

composites. The first cooling cycle for crystallization behavior and the second heating 

cycle melting curves of neat PA6,6 and PA6,6-GNP composites have been shown in 

Figure 5a and Figure 5b, respectively. Thermal parameters have been summarized in 

Table 3. DSC analysis shows no significant changes for the melting behavior of neat 

PA6,6 and GNP-PA6,6 composites; however, the crystallization temperature increase 

indicates that GNP in the polymer acts as a nucleating agent and initiated early 

crystallization. As crystallization starts early, the crystals have more time to grow and 

increase overall crystallinity. This increase in the crystallization confirmed the 

improvement in the mechanical properties of GNP-based PA6,6 nanocomposites. Further 

crystallinity investigation can be conducted using the equation below: 

𝑋𝐶 = (
∆𝐻𝑀

∆𝐻𝑀
100%

) × 100 (2.1) 

where XC is the degree of crystallization, ΔHm is the melting enthalpy and ∆𝐻𝑀
100% is the 

melting enthalpy of 100% crystalline PA6,6. Neat crystalline PA6,6 has a melting 

enthalpy of 188.4 J/g [42]. Based on this equation, crystallinity degrees of neat PA6,6 and 

PA6,6-GNP nanocomposites have been calculated and given in Table 4. 

 

Figure 5. First cooling cycle (a) and second heating cycle (b) thermograms of PA6,6 and 

GNP-based PA66 nanocomposites 
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Table 3. Melting and crystallization parameters of neat PA6,6 and PA6,6/GNP 

nanocomposites 

Sample 

Melting 

onset 

tempera-

ture (°C) 

Melting 

peak 

tempera-

ture  (°C) 

Melting 

integral, 

ΔHm (J/g) 

Crystalli-

zation onset 

tempera-

ture (°C) 

Crystalli-

zation 

peak 

tempera-

ture (°C) 

Crystalli-

zation 

integral,  

ΔHc (J/g) 

Neat PA6,6 250 262 -64.18 219 209 56.56 

PA6,6 + 0.2 

wt.% GNP 
250 260 -83.17 241 238 63.33 

PA6,6 + 0.3 

wt.% GNP 
251 262 -75.25 241 237 57.15 

PA6,6 + 0.4 

wt.% GNP 
250 262 -74.62 241 237 56.56 

PA6,6 + 0.5 

wt.% GNP 
250 262 -68.66 241 237 51.57 

PA6,6 + 1.0 

wt.% GNP 
250 260 -78.21 243 239 59.09 

Table 4. Crystallinity degrees of neat PA6,6 and its GNP-based nanocomposites obtained 

from DSC characterization 

Sample Crystallinity (%) Amorphous (%) 

Neat PA6,6 34.06 65.94 

PA6,6 + 0.2 wt.% GNP 44.14 55.86 

PA6,6 + 0.3 wt.% GNP 39.94 60.06 

PA6,6 + 0.4 wt.% GNP 39.60 60.40 

PA6,6 + 0.5 wt.% GNP 36.44 63.56 

PA6,6 + 1.0 wt.% GNP 41.51 58.49 

XRD also investigated crystalline properties of neat PA6,6 and its nanocomposites to 

validate GNP's nucleation effect and understand its impact on crystallinity. XRD studies 

were carried out with the test specimens obtained after the tensile test. Figure 6 shows 

XRD patterns of neat PA6,6 and its nanocomposites with different GNP loadings. PA6,6 

shows two characteristic peaks as α1 and α2 around 2θ=20o and 2θ=24o degrees 

corresponding to (100) and (010)/(110) overlapping peaks, respectively [43]. With GNP 

incorporation into the matrix, another peak indicating γ (002) phase around 2θ=14o arose, 

which was previously thermodynamically unstable at room temperature for the neat 

polymer [44]. The mismatch between crystallization ratios obtained from DSC and XRD 

results stems from extreme strain shown by the neat PA6,6, and this strain results in 

distortion of the lattice and change in d-spacings [45]. GNP reinforced PA6,6 composites 

did not show such strain. Consequently, the resulting mismatch was significantly lower. 

The discrepancy in crystallinity values from DSC and XRD values is also reported in the 

literature [46]. The intercalation of GNP between the polymer matrix is indicated by the 
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separation of α1 and α2 peaks. The main peak positions of α1 and α2 as well as their ratio, 

are given in Table 5. Crystallinities of the samples have been calculated by the software 

given in Table 6. 

 

Figure 6. Diffraction patterns of neat PA6,6 and PA6,6/GNP nanocomposites after 

elongation at break 

Table 5. α1 and α2 peak positions of neat PA6,6 and its GNP-based nanocomposites 

Sample α1 Position  α2 Position α1 / α2 Ratio 

Neat PA6,6 20.86 22.93 0.90 

PA6,6 + 0.2 wt.% GNP 20.72 23.84 0.86 

PA6,6 + 0.3 wt.% GNP 20.90 23.66 0.88 

PA6,6 + 0.4 wt.% GNP 20.84 23.56 0.88 

PA6,6 + 0.5 wt.% GNP 20.76 23.84 0.86 

PA6,6 + 1.0 wt.% GNP 20.88 23.72 0.88 

Table 6. Crystallinity degrees of neat PA6,6 and GNP/PA6,6 nanocomposites were 

calculated by the software 

Sample Crystallinity (%) Amorphous (%) 

Neat PA6,6 51.0 49.0 

PA6,6 + 0.2 wt.% GNP 35.4 64.6 

PA6,6 + 0.3 wt.% GNP 34.8 65.2 

PA6,6 + 0.4 wt.% GNP 35.0 65.0 

PA6,6 + 0.5 wt.% GNP 35.9 64.1 

PA6,6 + 1.0 wt.% GNP 35.9 64.1 
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2.4.3. The effect of GNP as a reinforcement on the rheological behavior of PA6,6 

nanocomposites  

Complex viscosity is an essential parameter for estimating the processability of 

thermoplastic composites [47]. As the temperature gets close to the polymer's melting 

point, complex viscosity drops for both neat PA6,6 and GNP-PA6,6 composites. It can 

be speculated that the long-distance movement of the polymer chains is limited, which is 

indicated by reaching a stable viscosity value at higher temperatures [48]. Rheological 

behavior regarding the complex viscosity (η*) and storage moduli of the neat PA6,6 and 

PA6,6-GNP composites using temperature sweep method with constant frequency have 

been given in Figure 7 and Figure 8, respectively. The addition of GNP to the polymer 

matrix changes the viscosity of the composites, which affects the storage modulus 

significantly [49]. The storage modulus demonstrates the elasticity portion of the 

viscoelastic behavior, and it indicates the energy stored before permanent deformation. 

Decreasing storage modulus at high temperatures shows that the elastic part of the 

composites, which is the polymer itself, melts and resembles a typical liquid's behavior. 

High storage moduli of 0.3% and 0.4% GNP loaded PA6,6 composites match the 

composites' tensile and flexural properties. 

 

Figure 7. Change in complex viscosity with the addition of GNP to the PA6,6 as a function 

of time and temperature 
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Figure 8. Storage Moduli of neat PA6,6 and PA6,6 GNP composites as a function of 

temperature 

Investigating the rheological behavior of the PA6,6 and its GNP-based nanocomposites 

at the melt temperature (280 oC) as a function of angular frequency gives insight into the 

injection molding process dynamics dispersion of the GNP in the PA6,6 matrix. During 

the injection molding, the flow rates at the center of the mold and the outer layers are 

different, and this creates a shearing effect on the polymer. Higher shear stresses can 

cause molecules to break and loss of mechanical properties. Figure 9 shows the shear 

stresses of PA6,6 and PA6,6/GNP nanocomposites as a function of angular frequency. 

Here, GNP's addition leads to a decrease in the shear stress, which is confirmed by the 

increase in the mechanical properties. Figure 10 displays the complex viscosity of the 

samples. It is seen that both in temperature and frequency sweep, the polymer's viscosity 

decreases with the addition of GNPs. This behavior resembles the shear-thinning 

phenomena, and the exfoliation of GNPs can explain the mechanism behind it during the 

process aiding the slip between the polymer matrix and GNPs [50]. Furthermore, this 

decrease in the viscosity improves the melt processability of the polymer. Figure 11 

displays the storage (a) and loss (b) moduli of the samples. As is expected, storage moduli 

and loss moduli for all samples increase up to a particular frequency. However, at higher 

frequencies around 100 rad/s, the storage moduli show a significant decrease for GNP-

based PA6,6 composites while loss moduli increase. Thus, due to rigid graphene particles 

breaking the polymer chains at high frequencies resulting in low energy storage. 
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Figure 9. Change in the shear stress of PA6,6 and its GNP-based nanocomposites with 

the angular frequency 

 

Figure 10. Complex viscosity of neat PA6,6 and its GNP-based nanocomposites as a 

function of angular frequency 
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Figure 11. Change in storage moduli (a) and loss moduli (b) of neat PA6,6 and 

PA6,6/GNP nanocomposites 

2.4.4. Cross-sectional analysis of GNP reinforced PA6,6 nanocomposites  

Scanning electron microscopy (SEM) is an important technique to analyze the surface 

morphology of GNPs, neat PA6,6, and GNP reinforced PA6,6 nanocomposites. The 

surface topology of the GNPs, as well as, cross-sectional fracture surfaces of freeze-

fractured test specimens were investigated by SEM, and the distribution of graphene 

nanoplatelets in the polymer matrix is observed. This is also a useful technique to observe 

the distribution of and compare the samples' fracture surfaces. Figure 12a demonstrates 

the well-defined platelet structure of the waste tire-derived graphene. Figure 12b displays 

the freeze-fractured surface of neat PA6,6, while Figure 12c shows the freeze-fractured 

surface of 0.3 wt.% GNP/PA6,6 nanocomposite. The surface of the GNP-based 

nanocomposite is smoother compared to the neat counterpart. In addition, the fragmented 

surface on the neat polymer is observed; however, with the addition of GNP, a film-like 

coating is observed on the surface, preventing the fragmented fracture. Figure 12 also 

exhibits the freeze-fracture surface of the 0.3 wt.% GNP/PA6,6 (d) at different 

magnification, and 0.2 wt.% GNP/PA6,6 (e). The fragmented surface is still visible at the 

0.2 wt.% loadings; however, a film-like structure is also obtained. 
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Figure 12. Platelet structure of GNP (a), and freeze-fractured surfaces of neat PA6,6 (b), 

0.3 wt.% GNP loaded PA6,6 nanocomposite at different magnifications (c) and (d), and 

0.2 wt.% GNP/PA6,6 nanocomposite (e)
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2.5. Conclusions 

Graphene, as much as being an outstanding material in numerous aspects, faces several 

issues regarding the incorporation in polymer matrices. These challenges include non-

homogenous dispersion in the polymer matrix and lack of surface functional groups to 

effectively improve reinforcement/matrix interface. Numerous studies have been reported 

on graphene/PA composites; however, these main challenges still remain in place. Here, 

surface oxygen functional groups on GNP surface provided ease intercalation through 

PA6,6 polymer chains during melt-phase and homogeneous intercalation of GNP in the 

PA6,6 matrix is confirmed by conducting mechanical, crystalline, and rheological 

characterization. Additionally, it is important to note that at these small loading amounts, 

even small changes in the nanocomposite formulation may lead to undesired results and 

the quality control of the products may prove difficult in terms of thermal and X-ray 

diffraction.  

Overall, this comprehensive and interdisciplinary study proves that the waste tire-derived 

graphene is a promising reinforcement material, and at lower loadings, significant 

mechanical property improvements are obtained. Consequently, scalable technologies for 

introducing graphene into polymer matrices by compounding using conventional 

techniques such as extrusion and injection processes become viable with the aid of waste 

tire-derived graphene. Also, converting waste materials into value-added material will 

contribute to circular economy issues and lower the cost of graphene by using waste tires 

as a starting material by applying recycling and upcycling technologies for mass 

production in the plastic industry. 
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CHAPTER 3: The effect of reinforcement aspect ratio on the performance of PA6,6 

composites with recycled carbon fiber and upcycled graphene nanoplatelets: An 

interface characterization from process to modelling 

3.1. Abstract 

The use of recycled reinforcements in structural applications is growing due to concerns 

about the environmental impact and economic costs associated with energy-intensive 

production techniques of virgin fibers. However, limited research has explored the 

integration of multiscale reinforcements with different aspect ratios into PA6,6 

composites to enhance their performance. In this study, the effect of reinforcement aspect 

ratio on PA6,6 composites by incorporating recycled carbon fibers and waste tire-derived 

graphene nanoplatelets (GNP) with oxygen surface functional groups is investigated. The 

objective of this work is to improve mechanical properties of the composites by 

promoting nucleation and enhancing the fiber/matrix interface. Through high shear 

mixing, effective dispersion of the recycled carbon fibers and GNP within the PA6,6 

matrix is achieved. The resulting composites demonstrate significant improvements in 

mechanical properties due to enhanced interfacial interactions, including improved tensile 

properties up to 94%, flexural properties up to 86% compared to the neat PA6,6. The 

successful integration of waste tire-driven GNP into the recycled carbon fiber-based 

composite offers a promising approach to enhance performance. This study contributes 

to the development of sustainable materials for load-bearing applications, utilizing 

recycled reinforcements with different aspect ratios. 

3.2. Introduction 

Fiber-reinforced plastics have a significant impact on both economy and ecology due to 

production and end-of-life aspects. This impact can be improved by developing recycling 

concepts [51]. However, the reuse of these materials are challenging due to several factors 

which include the difficulty of separating materials, deteriorating mechanical properties 

of both the fiber and the matrix, and shortening of the fibers over each recycling cycle 

[52]. Nevertheless, the use of recycled fibers in the composite world is showing an 
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increasing trend and several studies are reporting that the loss of mechanical strength 

during the recycling process is small enough that it is outweighed by the contribution to 

the circular economy, reducing global warming potential, energy expenses, and waste 

production when the recycled fibers are used instead of virgin fibers [53–56]. 

Polyamides (PAs) have applications in various industries, however, their mechanical 

properties limit its application in specialty areas [43, 57]. Overcoming the inadequacies 

of PA6,6 using macro additives such as carbon fibers (CFs), natural fibers (NFs), and 

Glass Fibers (GFs), and increasing the mechanical properties is a widely researched topic 

[58–60]. In a recent study Holmström et al. investigated the effects of mold flow direction 

on the mechanical properties of neat and GF reinforced PA6, which demonstrated that 

significant anisotropy with variations up to 32% and 27% in tensile modulus and strength, 

respectively occurs with respect to the mold flow direction for 30% GF reinforced PA6 

[61]. In another study, Hribersek et al. fabricated gears using 30 wt.% GF/PA6,6 with 

internal lubricants (15% polytetrafluoroethylene and silicon oil) to investigate the wear 

behavior of the composites compared to neat PA6,6 and demonstrated that significant 

increase in the operation life and 23% decrease in the wear rate is observed with the 

composite gear [62]. In a recent study, Bondy et al. investigated the fatigue performance 

of long CF/PA6,6 composite produced by direct/in-line compounding and compression 

molding and obtained peak stress of 105 MPa achieved over 106 cycles when the 

specimens were oriented in the flow direction [63]. However, the addition of GF and CF 

to the polymer matrix at such large amounts increases the overall weight of the polymer 

composite and limits the application areas where light-weighting is important. 

The incorporation of micro and nanoscale additives into PAs to increase the mechanical 

properties while maintaining the overall weight became an important research subject 

[64–66]. Mainly; SiO2 [67], clay [68], calcium carbonate [69, 70], and carbonaceous 

materials such as carbon nanotubes [30, 71], carbon fiber (CF) [72], carbon black (CB) 

[73], exfoliated graphite [74], and lately graphene [75] and graphene-related materials 

[76, 77] are being used to enhance the mechanical properties of polymers while 

maintaining the desired weight. Nevertheless, several challenges remain for the 

incorporation of such small-scale additives into the polymer matrix. Anisotropy, 

aggregation of particles, stacking problems, and brittleness introduced to structure restrict 

the application of these materials in the industry. 
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In the literature, several methods were reported to integrate nano-sized reinforcements to 

the PA matrix [32, 78]. In one of the studies, Mardlin et al. melt-compounded PA6,12 

with flake graphite and GNP and revealed that at 40% loading ratio composites exhibited 

up to 240% increase in flexural modulus compared to the neat polymer, whereas the 

addition of GNPs at 20% resulted in a 300% increase in the impact strength. [74]. In 

another study, Kiziltas et al. fabricated PA6,10/GNP composites utilizing a twin-screw 

extruder up to 8 wt.% GNP loading ratios and investigated several key characteristics of 

the composites which demonstrated 95%, 16% and 9% improvement in tensile modulus, 

flexural modulus, and flexural strength at 8% GNP loading while thermal and rheological 

properties showed a percolation threshold around 2% loading [75]. However, addition of 

such high amounts of nanomaterials into polymer matrix is not economically feasible for 

certain industries such as automotive or household appliances.  

Effective strengthening, weight-, and cost-reduction of polymers composites are recently 

accomplished by hybrid reinforcements of macro (GF, CF) and micro/nano (graphene, 

CNT) additives [31, 79]. The state of the art is inclined on the use virgin fibers and 

chemically modified nanomaterials as hybrid reinforcements to improve mechanical 

properties of composites. In one of the studies, Padhi et al. prepared hybrid composites 

with GF and micron sized blast furnace slag (BFS) to improve the impact strength and 

hardness polypropylene by 129% and 1317%, respectively, at 20 wt.% GF and 30 wt.% 

BFS loading [80]. Moreover, Zhang et al. modified surface of virgin carbon fibers with 

several modification agents including nano-SiO2 and fabricated prepregs with PA6 to 

investigate the interfacial interactions between the fibers and the matrix and revealed that 

with the nano-SiO2 modification, transverse fiber bundle strength of the composite 

increased 213% [67]. In a more recent study, Cho et al. coated CF with functionalized 

GO (graphene oxide) and CNT and prepared PA6,6/CF/CNT-GO composites by in situ 

polymerization with an objective to achieve better mechanical properties of the neat 

polymer [30]. The resulting composite exhibited 160% and 136% higher interfacial shear 

strength and tensile strength, respectively. Although hybrid reinforcements, especially 

with virgin CF and virgin graphene, provide significant weight reduction while increasing 

overall mechanical strength of the composite, suffer from major drawbacks such as high-

cost and energy-intensive production techniques of virgin CF and non-scalable 

production of graphene related materials [81]. 
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In the present study, the utilization of recycled carbon fibers and waste tire-derived GNP 

was favored due to economic and environmental benefits, contrary to the use of virgin 

fiber reinforcement, which is costly and requires energy-intensive production methods. 

Herein, recycled and upcycled reinforcements were blended in the PA6,6 matrix by melt 

compounding in a thermokinetic shear mixer with controlled GNP and recycled carbon 

fiber weight ratios. Additionally, the effect of the aspect ratio of the fillers on the 

mechanical properties and the interface of polymer/fiber is studied comparatively with 

high aspect ratio fibers and mixed aspect ratio GNP/recycled carbon fiber reinforcement. 

It is to be believed that this is the first study correlating the experimental work with the 

numerical data to investigate the thermokinetic mixing and injection molding of hybrid 

GNP/recycled carbon fiber reinforcement and their effect on the crystallinity, mechanical, 

thermal, and viscoelastic properties of PA6,6-based composites. Moreover, using waste 

tire-derived GNPs and recycled carbon fibers could introduce more environmentally 

friendly solutions for the composite industry with efficient processing design tools.  

3.3. Materials and Method 

3.3.1. Materials 

Graphene nanoplatelets (GNP, Nanografen Co., Turkey), synthesized from the recycled 

carbon black received from the pyrolysis of waste tires by upcycling process, have 9 wt.% 

surface oxygen groups, 2.115 g/cm3 density, surface area of 120 m2/g, and an average 

platelet size of 50 nm confirmed by the Transmission Electron Microscope (TEM). 

Additional characterization spectra of GNP are given in Figure 2 in chapter 2. Recycled 

chopped carbon fiber bundles with 5 mm length and 2 mm diameter were supplied by 

DowAksa, Turkey. Polyamide 6,6 (PA6,6, EP 158, Ravago) is an engineering 

thermoplastic with applications in many areas due to its great toughness and impact 

properties. PA6,6 has a Tg around 55 oC as provided in the DSC curve with an extended 

temperature range in Figure 13.  
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Figure 13. Heating cycle of the DSC analysis of neat PA6,6 with an extended temperature 

range 

The average molecular weight of the PA6,6 is calculated using Merani’s formula [82, 83]:  

 𝑀𝑛
̅̅ ̅̅ = 13870 × (𝑛𝑟 − 1.4549) (3.1) 

Where 𝑀𝑛
̅̅ ̅̅  is the average molecular weight and 𝑛𝑟 is the relative viscosity. According to 

manufacturers technical datasheet, relative viscosity is provided as 2.67 ± 0.05. Thus, 

average molecular weight of the PA6,6 is calculated to be around 16853 g mol-1 which is 

similar to the values reported in the literature [84, 85]. To be used in composite 

manufacturing, the moisture content of PA6,6 was removed by drying it in oven at 80 oC 

for 2 h even though the utilization of Gelimat thermokinetic mixer suggests 

circumventing the moisture removal step before the compounding process.  

3.3.2. Fabrication of recycled carbon fiber reinforced PA6,6 and recycled carbon 

fiber-GNP reinforced PA66-based composites 

A custom made Gelimat thermokinetic mixer (Dusatec Inc.) was used to prepare recycled 

carbon fiber reinforced PA6,6 composites for 5, 10, and 20 wt.% of recycled carbon fiber. 

To achieve homogenous dispersion, mixing was carried out at melt-phase at 280 oC with 

a rotation speed of ~ 4500 rpm for 5 s. Moreover, the hybrid composite with the highest 

loading of 20 wt.% recycled carbon fiber, and 0.3 wt.% GNP were melt-mixed to provide 
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a high degree of exfoliation of graphene and fibers through polymer chains and 

homogeneity. The compounds were then granulated by a crusher and molded by an 

Explore mini injection molding equipment with a melt temperature of 280 oC for 4 

minutes, mold temperature of 50 oC, and injection pressure of 1 MPa (10 bar) for 23 s for 

mechanical tests. The compositions of the composite samples named according to 

recycled carbon fiber and GNP contents are listed in Table 1.  

Table 7. Compositions of recycled carbon fiber and recycled carbon fiber-GNP 

reinforced hybrid composites 

Sample 
PA6,6 

(wt.%) 

Recycled carbon 

fiber (wt.%) 
GNP (wt.%) 

PA6,6-%5 Recycled carbon fiber 95 5 - 

PA6,6-%10 Recycled carbon fiber 90 10 - 

PA6,6-%20 Recycled carbon fiber 80 20 - 

PA6,6-%20 Recycled carbon fiber-%0.3 

GNP 
79.7 20 0.3 

Thermogravimetric analysis (TGA) results provided in Figure 14 indicate that the mixing 

ratio and the fiber/GNP content in the compounds are nominal and same as adjusted 

before the compounding process.  
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Figure 14. TGA analysis of PA6,6-based composites indicating the reinforcement amount 

in the compounds 

3.3.3. Characterization 

Different spectroscopic and macroscopic methods were used to examine the 

characteristics of graphene and its nanocomposites. In order to confirm the quality of the 

mixing and real fiber content in the compounds, thermogravimetric analysis (TGA) is 

performed under nitrogen atmosphere at 10 oC min-1 heating rate from 25 to 1000 oC using 

a Mettler Toledo TGA/DSC 3+. The mechanical tests were conducted by using Instron 

5982 Static Universal Test Machine (UTM) with a 5 kN load cell for ISO 527-2 tensile 

test using Type 1BA specimen and 2 mm/min test rate and ISO 178 three-point bending 

tests using the standard specimen and 2 mm/min test rate. Charpy notched impact tests 

were done using a CEAST 9050 impact test machine according to ISO 179 standard with 

a 2 mm notch, ISO 179-1/1eC method designation and 1 J hammer capacity. Thermal 

analyses of polymer composites were carried out by Differential Scanning Calorimetry 

(DSC) under a nitrogen atmosphere from 25 oC to 300 oC at 10 oC min-1 rate [86, 87]. To 

examine the samples’ thermal properties such as melting enthalpy (ΔHm), melting 

temperature (Tm), crystallization enthalpy (ΔHc), and crystallization temperature (Tc), a 

cooling cycle followed by another heating cycle were performed with same rate. 
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Rheological properties of the samples were investigated using Anton Paar MCR 702 

TwinDrive Rheometer. To study the morphology of the fractured test specimens, samples 

were coated with a thin layer of Au/Pd alloy to provide conductivity. Fiber length, 

diameter, and morphology of the composites were investigated by carrying out the ash 

test in a chamber furnace under inert Ar atmosphere. Field Emission Scanning Electron 

Microscope (FESEM, Leo Supra 35VP) was used to investigate the surface topography 

and morphology of the fractured specimens, and also the residual ash from the ash test. 

X-ray Photoelectron Spectroscopy (XPS) was used to perform Elemental analysis for 

graphene samples.  

3.4. Results & Discussion 

3.4.1. Mechanical properties of PA6,6 composites reinforced with recycled carbon 

fiber and recycled carbon fiber-GNP 

In the present study, recycled carbon fibers were utilized to improve the mechanical 

properties of the neat PA6,6 by adjusting the amount of carbon fibers in the composite 

from 5 wt.% to 20 wt.%. In our previous work, significant improvements were observed 

at 0.3 wt.% GNP loading in the PA6,6 matrix in terms of mechanical properties since 

GNP acted as both reinforcing and nucleating agent [86]. Therefore, 0.3 wt.% of GNP 

was kept constant in the compound formulations having recycled carbon fibers. Herein, 

to create a synergistic effect between recycled carbon fiber and GNP, a hybrid 

reinforcement with 20% recycled carbon fibers having 4 aspect ratio and 0.3% GNP with 

the aspect ratio of 1 was mixed in the PA6,6 using the thermokinetic shear mixer. As 

expected, mechanical properties of the composite improve with the increasing recycled 

carbon fiber amount in the composite. However, it is known that fiber fracture during the 

processing increases with the fiber content [88]. Since the mechanical properties of the 

composites are dominated by the fiber strength, and the fiber strength is mostly dependent 

on the length of the fibers, tensile properties of the composites did not show a linear 

improvement with the fiber loading. 

Figure 15 shows the tensile test curves of the neat PA6,6, recycled carbon fiber-reinforced 

PA6,6, and recycled carbon fiber-GNP reinforced PA6,6 composites and Table 8 

summarizes the change in tensile strength, modulus, and tensile strain at failure in 

comparison with the neat polymer. Introducing the recycled carbon fibers to the polymer 

matrix significantly increased the stiffness compared to the neat PA6,6. Moreover, 
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oxygen-containing surface groups in GNP contributed to the interfacial interactions 

between the fibers and the matrix, increasing the tensile strength further. Tensile test 

results indicate that the hybrid reinforced composite with 20% recycled carbon fiber and 

0.3% GNP has the highest tensile strength improvement by 43.3% and reached 78.8 MPa 

compared to the neat PA6,6 with 54.9 MPa. Moreover, tensile modulus of the same 

composite improved by 94.8% and reached 4547 MPa, indicating a favorable interface 

interaction between the fibers and the matrix. Moreover, as the mechanical properties of 

the semicrystalline thermoplastic composites are highly dependent on the crystallinity of 

the polymer [40], the enhanced tensile properties are due to the increased crystallization, 

that is later confirmed by DSC analysis in the following section. 

 

Figure 15. Tensile test curves of neat PA6,6, recycled carbon fiber-based PA6,6, and 

recycled carbon fiber-GNP reinforced composites 

Table 8. Tensile properties of neat PA6,6, recycled carbon fiber-based PA6,6 and 

recycled carbon fiber/GNP-based composites 
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(%) 
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Neat PA6,6 54.9±6.0 - 2334±154 - 16.8±21 
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PA6,6-5% 

Recycled carbon 

fiber 

71.9±4.5 30.9 3857±155 65.2 2.5±0.4 

PA6,6-10% 

Recycled carbon 

fiber 

72.5±8.3 32.0 3986±32 70.8 3.3±1.1 

PA6,6-20% 

Recycled carbon 

fiber 

77.9±2.5 41.8 4553±185 95.0 3.5±0.8 

PA6,6-20% 

Recycled carbon 

fiber-0.3% GNP 

78.8±5.0 43.53 4547±236 94.8 4.2±1.3 

Figure 16 displays the flexural test curves of neat PA6,6, recycled carbon fiber reinforced 

PA6,6, and recycled carbon fiber-GNP reinforced PA6,6 composites after flexural tests 

and Table 9 summarizes flexural strength, strain, modulus, and corresponding 

improvements of the samples. It is known that the data obtained by three-point bending 

test, namely, flexural strength is an important parameter to understand the resistance of 

the material to be fractured, meanwhile, the flexural modulus gives an insight into a 

material’s tendency to deflect and bend under this loading condition [89]. Similar to the 

tensile properties, flexural strength and flexural modulus improve with the increased 

recycled carbon fiber concentration. Moreover, due to improved interfacial interactions 

between fibers and the matrix due to the incorporation of GNP [79], the composite’s 

resistance to shear forces during bending is also improved, as shown by the further 

improvement in the flexural strength and modulus values. The maximum flexural strength 

was achieved by incorporating hybrid reinforcement with 20% recycled carbon fiber and 

0.3% GNP as 126 MPa, which resulted in a 35.4% improvement compared to neat 

polymer. Furthermore, drastic improvements were observed in the flexural modulus of 

the composites by up to 86.6% increase compared to the neat PA6,6. 



34 

 

Figure 16. Flexural test curves of neat PA6,6, recycled carbon fiber-based PA6,6, and 

recycled carbon fiber-GNP reinforced composites 

Table 9. Flexural properties of neat PA6,6, recycled carbon fiber-based PA6,6 

composites, and recycled carbon fiber/GNP-based PA6,6 composites 

Sample 

Flexural 

Strength 

(MPa) 

Improvement 

(%) 

Flexural 

Modulus 

(MPa) 

Improvement 

(%) 

Flexural 

Strain 

(%) 

Neat PA6,6 93±2.3 - 2250±68 - 7.05±0.1 

PA6,6-5% Recycled 

carbon fiber 
113±16.2 21.5 3250±70 44.4 6.06±2.8 

PA6,6-10% Recycled 

carbon fiber 
116±16.2 24.7 3650±200 62.2 5.05±2.0 

PA6,6-20% Recycled 

carbon fiber 
124±3.2 33.3 4010±157 78.2 5.7±0.5 

PA6,6-20% Recycled 

carbon fiber-0.3% GNP 
126±4.2 35.4 4200±98 86.6 6.45±1.1 

Furthermore, the interactions between PA6,6 matrix and reinforcing materials are 

evaluated under impact loadings. The Charpy notched impact strength of 20% recycled 

carbon fiber reinforced composites with and without GNP as co-reinforcement are given 

in Table 10. The addition of both recycled carbon fiber and recycled carbon fiber-GNP 

led to slight decrease in impact strength compared to the neat PA6,6, which can be 

attributed to the formation of stress concentration zones at the end of fibers and other 
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kinds of reinforcements leading to decrease in the energy absorption capability of the 

thermoplastic matrix [38]. However, the recycled carbon fiber-GNP reinforced composite 

showed better performance and increased the impact energy by 7.7% compared to the one 

reinforced only by fiber due to the enhanced fiber/matrix interface by GNP addition, as 

confirmed by SEM analysis in the following sections. 

Table 10. Charpy notched impact test results of neat PA6,6, recycled carbon fiber and 

recycled carbon fiber-GNP reinforced composites 

Sample 
Charpy Notched Impact 

Energy (kJ m-2) 

Neat PA6,6 5.51±1.81 

PA6,6-20% Recycled carbon fiber 2.98±0.78 

PA6,6-20% Recycled carbon fiber-0.3% GNP 3.21±0.41 

3.4.2. Thermal and crystallinity properties of recycled carbon fiber reinforced 

PA6,6 and recycled carbon fiber-GNP reinforced PA6,6 composites 

DSC technique is used to understand thermal behavior of materials; therefore, this 

technique is used in this study to gain insight on the melting and crystallization properties 

of neat PA6,6, recycled carbon fiber-based, and recycled carbon fiber-GNP reinforced 

composites using a sample weight range of 8.6 mg to 15 mg. The crystallization curve 

obtained from the first cooling, and the melting curve from the second heating of neat 

PA6,6, PA6,6-recycled carbon fiber composites, and PA6,6-recycled carbon fiber-GNP 

composite have been shown in Figure 17a and Figure 17b, respectively. Thermal 

parameters of neat PA6,6, PA6,6-recycled carbon fiber and PA6,6-recycled carbon fiber-

GNP composites have been summarized in Table 11. No considerable change for the 

melting behavior of neat PA6,6 and recycled carbon fiber-based composites is observed 

during the DSC analysis, indicating a thermally stable composite production; however, 

the crystallization temperatures increase significantly with the addition of recycled carbon 

fiber and GNP indicating that the carbon-based reinforcements in the polymer initiated 

early crystallization. Crystallinity degrees of the samples can be quantitatively analyzed 

using the melting parameters of the polymer using the equation below [90]: 

𝑋𝐶 = (
∆𝐻𝑀

∆𝐻𝑀
100%(1 − 𝑊𝑓)

) × 100 (3.2) 

where 𝑋𝐶 is the degree of crystallization, ∆𝐻𝑀 is the melting enthalpy, ∆𝐻𝑀
100% is the 

melting enthalpy of 100% crystalline PA6,6, and 𝑊𝑓 is the fiber weight fraction. The 

melting enthalpy of 100% crystalline PA6,6 is 188.4 J g-1 according to the literature [42]. 
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Equation 3.2 is used to calculate the degree of crystallization of the samples, which are 

given in Table 11. The increase in overall crystallinity is a consequence of early start of 

crystallization which leads crystals to have more time to grow. Moreover, the nucleating 

agent behavior of GNP has led to a further increase in the crystallinity of the composite. 

The improvement in crystallinity confirmed the increase in mechanical properties of 

recycled carbon fiber-based PA6,6 composites. 

 

Figure 17. First cooling (a) and second heating (b) cycle DSC curves of the neat PA6,6, 

PA6,6-recycled carbon fiber, and PA6,6-recycled carbon fiber-GNP composites 

Table 11. Thermal parameters and crystallinity degrees of neat PA6,6, and reinforced 

composites 

Sample 

Melting 

Peak 

Temperature 

(ºC) 

Melting 

Integral, 

∆HM (J g-1) 

Crystallization 

Peak 

Temperature 

(ºC) 

Crystallization 

Integral, ∆HC  

(J g-1) 

Crystallinity 

(%) 

Neat PA6,6 262 -64.18 209 56.56 34.06 

PA6,6-20% 

Recycled carbon 

fiber 

259 -60.07 239 50.19 39.85 

PA6,6-20% 

Recycled carbon 

fiber-0.3% GNP 

260 -60.55 237 54.12 40.32 

3.4.3. The effect of recycled carbon fiber and recycled carbon fiber-GNP hybrid 

reinforcement on the rheological behavior of PA6,6 composites 

Rheological behavior of the thermoplastics and reinforced compounds of importance for 

the melt blending and molding applications. In this regard, the complex viscosity of the 

thermoplastics is an important parameter to estimate the processability of the produced 

compounds [47]. As the temperature increases and is around the melting point of the 
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thermoplastics, complex viscosity drops. This behavior is observed for both neat PA6,6 

and reinforced composites in Figure 18a obtained by temperature sweep method with 

constant frequency. This drop is rather prominent in 20% recycled carbon fiber reinforced 

compound and accompanied by the drop in storage moduli, as shown in Figure 18b. The 

decrease in the storage modulus at high temperatures indicates a poor thermal stability of 

the compound, as opposed to the usually limited long-distance chain movement observed 

by the stable viscosities at high temperatures [48]. Since the storage modulus is related to 

the elastic part of the viscoelasticity of the material and gives information about the stored 

energy before plastic deformation, decrease in storage modulus indicates that the polymer 

is unable to store energy. The addition of reinforcements such as recycled carbon fiber 

and recycled carbon fiber-GNP to the polymer affects the composites’ viscosity and has 

a significant effect on the storage modulus [49]. Moreover, adding GNP recovers the 

thermal stability otherwise lost at the 20% recycled carbon fiber compound by 

distributing energy more efficiently throughout the system. 

 

Figure 18. Changes in complex viscosity (a) and storage moduli (b) with the addition of 

recycled carbon fiber and recycled carbon fiber-GNP to PA6,6 as a function of time and 

temperature 

3.4.4. Cross-sectional fracture surface analysis of recycled carbon fiber and 

recycled carbon fiber-GNP reinforced PA6,6 composites 

Fracture surface analysis of the tensile test specimens provides an important insight on 

the distribution of reinforcing materials in the composite, failure mode, and fiber 

morphology before and after the processing [91, 92]. Surface morphology of the recycled 

carbon fiber bundle and GNP, and fracture surfaces of neat PA6,6, recycled carbon fiber, 

and recycled carbon fiber-GNP reinforced composites, were investigated using a 
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scanning electron microscope (SEM) to understand the distribution and interface 

interactions between the fibers and the PA6,6 matrix. Figure 19a displays the recycled 

carbon fiber bundle structure formed by several microfibers connected with a sizing 

material remaining from a previous application as also seen in the literature [93]. GNP 

morphology in Figure 19b clearly shows the platelet structure which can easily be 

exfoliated during the shear mixing process. Figure 19c displays that the average layer size 

of GNPs around 50 nm with an aspect ratio around 1. The fracture surfaces of neat PA6,6 

(Figure 19d), and 20% recycled carbon fiber reinforced composites (Figure 19e) display 

several fibers and fiber imprints with increasing density as expected with the increasing 

recycled carbon fiber loading [94]. SEM images indicate that the dominant failure 

mechanism is interface failure due to pull-out because of the weak bonding between the 

fibers and the matrix [95]. Moreover, although similar case is observed with the recycled 

carbon fiber-GNP reinforced composite in Figure 19f, a high magnification image of the 

fiber in Figure 19g reveals that the fiber/matrix interface contains a film-like GNP 

structure which slightly improves the interface strength as confirmed by the mechanical 

test results, resembling a similar behavior observed in a previous study [86]. 



39 

 

Figure 19. SEM micrographs of recycled carbon fiber bundle at 1.75kx (a), GNP at 75kx, 

(b), TEM image of GNP at 500kx (c), fracture surface cross sections of neat PA6,6 at 1kx 

(d), 20% recycled carbon fiber at 1kx (e), and 20% recycled carbon fiber-0.3% GNP at 

2.5kx and 50kx (f, g) reinforced composites 
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Ash test is done under inert atmosphere to determine the fiber morphology in the 

composites after compounding process. Furthermore, consequent SEM analysis done on 

the ash residues can give fiber length, diameter, and aspect ratio distribution of the 

reinforcing fibers in the final composite. The SEM images in Figure 20 indicate that 

compared to the relatively large size of the bundles, single fibers are significantly 

shortened and narrowed due to the high shear thermokinetic mixing. This results in a 

better distribution of the fibers in the matrix, however, decreases the overall expect 

mechanical properties of the composites due to reduction in critical fiber length. 

 

Figure 20. SEM images of 5% (a), 10% (b), 20% rCF (c), 20% rCF-0.3% GNP (d) 

reinforced composite ashes 

From the SEM images obtained after the ash test, it was observed that during the 

processing (shear mixing and/or injection) of the composites, fibers were fractured where 

the initial rCF bundle lengths and diameters are 5 mm and 2 mm, respectively, decreases 

to μm scales as given in Figure 21. Furthermore, aspect ratios of the fibers show a wide 

distribution from 2 to 7 compared to 2.5 of the bundles and 1 of the GNP. 

  

(a) (b) 

  

(c) (d) 
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Figure 21. Length distribution of fibers in 5% (a), 10% (b), 20% rCF (c), 20% rCF-0.3% 

GNP (d) reinforced composite ashes 

3.5. Conclusions  

In conclusion, this study successfully incorporated recycled carbon fibers and waste tire-

derived graphene nanoplatelets (GNP) into the PA6,6 polymer matrix, resulting in 

significant improvements in mechanical properties. The synergistic effect of integrating 

20 wt.% recycled carbon fibers and 0.3 wt.% GNP led to an increase in flexural modulus 

and strength by 86.6% and 35.4%, respectively, compared to the neat polymer. Tensile 

strength and modulus values were also improved by 43.3% and 94.8%, respectively. 

Moreover, the addition of 0.3% GNP increased Charpy notched impact energy by 7.7% 

compared to the composite with 20% recycled carbon fiber. 

Consequently, this study provides a platform by bringing industrial insight and offering 

a sustainable approach to the use of multi-scale recycled reinforcements by establishing 

relations based on the aspect ratio and dimension of carbon materials. With this work, it 

  

(a) (b) 

  

(c) (d) 
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will be possible to integrate the recycled additives in compound formulations by 

supporting sustainability approaches and enhancing injection molding process by 

providing lightweight and circular economy-based solutions, especially in the commodity 

level applications such as automotive, sports and leisure, and plastics sector. 

Future research can expand on this work by further exploring the characterization 

techniques and optimization strategies for composite performance. Additionally, 

investigations into the long-term durability and environmental impact of these composites 

will be crucial. By embracing these future directions, this study lays the foundation for 

the integration of recycled additives in compound formulations, supporting sustainability 

and enhancing the injection molding process for broader applications. 
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CHAPTER 4: A Comprehensive Dimensional Analysis of Waste-Derived 

Reinforcements in Interface Interactions with Semi-Bio-Based PA6,10 Composites  

4.1. Abstract  

This study achieves interface sensitivity in semi-synthetic polyamides by applying 

dimensional analysis to graphene derived from waste sources like coffee, tires, and 

chopped carbon fiber resulting in lightweight and high-performance composites. 

Graphene from tires in platelet form (GNP) and graphene from coffee in spherical form 

(CWC) and carbon fibers in bundle form (CF) were incorporated into Polyamide 6,10 

(PA6,10) with high-shear mixer by examining optimum loading ratio for each 

reinforcement by supporting interface characterization. Regarding the performance 

results by keeping loading ratio same, specific flexural properties are significantly 

enhanced when employing high aspect ratio CF reinforcement, while the platelet structure 

of GNP is more effective in improving specific tensile properties. Additionally, the 

spherical graphene of CWC exhibited the highest crystallinity, along with CF. These 

insights offer valuable guidance for selecting the most suitable reinforcement based on 

specific compound requirements. In addition, sustainable PA6,10-based compounds 

reinforced with waste-derived materials were compared to commercial synthetic PA6-

based compounds with similar thermal characteristics but superior mechanical 

performance. The research revealed that the addition of 20 wt.% CWC to the PA6,10 

matrix outperforms commercial synthetic compounds in terms of specific tensile 

modulus, demonstrating the potential of tailored waste-derived reinforcement to replace 

synthetic products while improving tensile properties. The findings of this study 

demonstrate that effectively incorporating waste-derived reinforcing materials into semi-

bio-based composites presents a promising strategy to improve performance and serve as 

viable alternatives to commercial products, particularly in applications that require 

lightweighting and robust load-bearing capabilities. 

4.2. Introduction 
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The emerging trends in leading transport industries regulated by intergovernmental 

organizations such as European Union and United Nations are shifting towards lifestyle 

of health and sustainability which allows materials with specific set of properties to enter 

the market and enable the bio-sourcing and ecological aspects to become the performance 

factors for these application segments [96]. Considering this point of view, the use of 

semi-bio-based polyamides (PA) such as PA6,10 can replace its synthetic counterparts 

such as PA6 and PA6,6 even though the latter is still economically more feasible [97]. 

Bio-based PAs such as PA10,10 and PA11 offer low humidity absorption and high 

chemical resistance due to relatively low density of amide linkage sites, as a result, 

synthetic PAs with shorter chains outperform them in terms of mechanical properties and 

thermal resistance due to latter having stronger hydrogen bonding with increased number 

of amide linkage sites [75]. Consequently, semi-bio-based PA6,10 with a mid-range chain 

length offers low humidity absorption compared to the synthetic PAs and higher 

mechanical strength compared to long chain bio-based PAs.  

Incorporation of reinforcing materials in order to surmount the shortcomings in 

mechanical properties of bio-based PAs has recently attracted attention [98, 99]. One 

approach is to incorporate nanoscale fillers such as graphene or carbon nanotubes (CNT) 

which drastically enhances certain properties such as mechanical and flame retardancy 

while reducing permeability allowing sealant applications. In one of the studies, Lee et 

al. reported acyl chloride-functionalized graphene oxide reinforced PA6,10 

nanocomposite by in situ polymerization technique with 36.9% increased thermal 

conductivity at 0.95% GO loading [100]. In another study, Marset et al. extruded 

halloysite nanotube (HNT) with PA6,10 and reached 122% improvement in the tensile 

modulus, however, the tensile strength reduced by 10% at 30% HNT loading [101]. 

Moreover, Kang et al. fabricated multi-walled CNT-PA6,10 films by in situ 

polymerization with a 170% improved tensile modulus at 1.5% CNT loading [102]. 

Nevertheless, the scalability aspect of in situ polymerization and the agglomeration of 

nanoscale additives during the extrusion process leading to a reduction in composite 

strength restrict the use of these additives in the industry. 

The use of microscale fillers is another way to compensate for the mechanical downsides 

of the bio-based and semi-bio-based PAs. Previous studies suggest that melt blending is 

suitable for integrating these reinforcements to the matrix to be used in large-scale 

applications such as automotive industry [103, 104]. In one of these studies, Tian et al. 
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investigated the tensile and damping properties of micro cellulose reinforced PA6,10 

composites and concluded that at 10% loading, tensile modulus improved by 22% while 

the damping ratio increased by 67% [103]. In another study, Ogunsona et al. utilized 

pyrolyzed mischantus fibers to reinforce PA6,10 and improved the tensile and the flexural 

moduli by 50% and 87%, respectively, at 20% loading with <500 μm long microfibers 

[105]. Moreover, Battegazzore et al. studied the effects of rice husk ash on PA6,10 

composites and obtained 45% increased tensile modulus accompanied with 1% increase 

in yield strength at 20% loading [106]. However, the use of such high loadings may 

increase the density of fabricated composite and deter its use in applications where light 

weighting is important.  

One of the most efficient methods to improve the mechanical properties of thermoplastics 

is blending with macroscale reinforcements such as natural, glass, or carbon fibers [60, 

107, 108]. In one of the studies, Kuciel et al. utilized flax fibers (FF), glass fibers (GF), 

and carbon fibers (CF) at 10% loadings to fabricate bio-based PA composites with 107%, 

488%, and 1042% increased tensile moduli, respectively [109]. In a recent study, 

Artykbaeva et al. used PA6-PA6,10 blend matrix with 40% GF reinforcement for 

improving the tensile modulus and strength by 5 times and 57%, respectively [110]. 

Similarly, Nikiforov et al. investigated the effect of several fiber reinforcements in 

PA10,10 and reported that, at 40% GF loading, tensile modulus and yield strength 

improved by 455% and 184%, respectively [111]. In another study, Quiles-Carrillo et al. 

reported the effects of silane treatment on the waste derived slate fiber reinforced 

PA10,10 composite parts and concluded that glycidyl-silane treated fibers improved 

tensile modulus by 241% while the tensile strength improved by 96% [99]. In a more 

recent study, Caltagirone et al. proposed a commercially available recycled carbon fibers 

to substitute virgin carbon fiber for reinforcing automotive grade synthetic PA6,6 

composites by achieving comparable mechanical properties [112]. Lastly, Dericiler et al. 

incorporated multi aspect ratio hybrid reinforcement of 20 wt.% recycled carbon fiber 

and 0.3 wt.% GNP into PA6,6 which resulted in 94% increase in tensile properties and 

86% increase in flexural modulus [113]. Nevertheless, a comprehensive study correlating 

the mechanical properties with thermal and morphological properties of bio-based or 

semi-bio-based PAs reinforced with different aspect ratio reinforcements is missing from 

the literature.  
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In this study, the utilization of waste-derived reinforcing materials, including GNP 

derived from waste tires, carbonized waste coffee, and waste carbon fibers were favored, 

in combination with a semi-bio-based PA6,10 matrix. This choice was driven by the 

economic and environmental advantages offered by these waste-derived materials, as 

opposed to using a synthetic PA matrix with virgin reinforcements, which are expensive 

and require energy-intensive production techniques. Therefore, recycled and upcycled 

reinforcements melt-blended with the PA6,10 matrix with a controlled GNP, CWC, and 

CF weight ratios using a thermokinetic shear mixer. The interactions between the 

interfaces of waste-derived reinforcements and PA6,10 matrix as well as the effect of the 

aspect ratio, size, and morphology of the reinforcing materials on the mechanical and 

thermal properties is studied comparatively. This is the first study in the literature 

encompassing wide range of multiscale waste-derived reinforcing materials with different 

morphological properties in combination with semi-bio-based PA6,10 matrix where 

mechanical and thermal properties together with interfacial interactions is investigated. 

Subsequently, a benchmarking study is also carried out to determine the lightweighting 

potential of developed sustainable compounds with selected automotive grade 

commercial synthetic compounds in terms of specific strength and specific modulus. This 

work reveals that fabricated sustainable compounds can replace several products in the 

market for automotive industry by supporting sustainability initiatives and offering 

lightweight, circular economy-driven solutions.  

4.3. Materials and Methods 

4.3.1. Materials 

The effects of reinforcements size and morphology was investigated by utilizing graphene 

nanoplatelets (GNP) as the nanoscale reinforcement, carbonized waste coffee (CWC) as 

the microscale reinforcement, and waste carbon fiber (CF) as the macroscale 

reinforcement. Graphene nanoplatelets (GNP) synthesized from the recycled carbon 

black received from the pyrolysis of waste tires by upcycling process were obtained from 

Nanografen Co., Turkey. The density of the waste tire-derived GNPs is calculated as 

2.115 g/cm3. GNPs have 9 wt.% surface oxygen groups with a surface area of 120 m2/g 

and an average platelet size of 50 nm from Transmission Electron Microscope (TEM) 

given in Figure 22a. For the synthesis process of CWC, waste coffee was collected daily 

after each consumption and dried in the oven at 80 oC overnight before the pyrolysis 
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process. Upcycled graphene was produced using dried waste coffee and applying direct 

and flash pyrolysis using a rotating furnace. For this process, a custom-made Protherm 

rotary furnace was used to perform the pyrolysis process in a short time. Pyrolysis was 

performed at 1000 °C for 5 sec under argon atmosphere with a yield of 15%. The furnace 

has an angle and rotation control panel, and the speed of material fed into the furnace was 

adjusted by changing the parameters in a speed and temperature-controlled feed zone. 

The continuous process was maintained by constantly feeding waste coffee into the rotary 

furnace and collecting the upcycled graphene at the discharge zone. The temperature was 

kept constant at 1000 °C at all three furnace zones to provide thermal stability. TEM 

image of CWC is given in Figure 22b. Waste CF bundles were supplied by DowAksa, 

Turkey. Polyamide 6,10 (PA6,10, Tecomid NI, Eurotec) is a semi bio-based polyamide 

with low moisture absorption, high salt, hydrolysis, and pressure resistance and is used 

as the matrix material for composite production. PA6,10 was dried in the oven at 80 oC 

for 2 h before each usage to remove the moisture. 

 

Figure 22. TEM images of GNP (a) and CWC (b) 

4.3.2. Fabrication of PA6,10-based composites with different scale reinforcements 

PA6,10-based composites were prepared by a custom made Gelimat thermokinetic shear 

mixer (Dusatec Inc.) at a rotation speed of ~ 4000 rpm at 230 oC for 5 s. Loading ratios 

of 0.3, 0.4, 0.5, and 1 wt.% for the nanoscale reinforcement were adjusted and mixed with 

PA6,10 at the melt-phase to prevent agglomeration and attain a homogenous dispersion 

while microscale and macroscale reinforced composite loading ratios of 1, 5, 10, and 20 

wt.% were similarly adjusted and mixed at the melt-phase. The obtained products were 
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then crushed into granules and injection molded by an Explore mini-injection molding 

machine for mechanical tests. The schematic representation of the fabrication process is 

given in Figure 23. 

 

Figure 23. Schematic representation of the fabrication process of PA6,10-based 

composites 

4.3.3. Characterization 

The characteristics of reinforcing materials (GNP, CWC, CF), the matrix material 

(PA6,10) and the composites were examined using various spectroscopic and 

macroscopic techniques. Elemental analysis has been carried out using X-ray 

Photoelectron Spectroscopy (XPS) for GNP and CWC samples. Raman spectroscopy and 

X-ray Diffraction techniques were used to confirm the characteristic peaks and examine 

the microstructure of GNP and CWC. The mechanical tests were conducted by using 

Instron 5982 Static Universal Test Machine (UTM) with a 5 kN load cell for ISO 527-2 

tensile and ISO 178 three-point bending tests. Thermal analyses of polymer composite 

samples were carried out by Differential Scanning Calorimetry (DSC) technique using 

Mettler Toledo DSC 3+ 700 under a nitrogen atmosphere between 25 oC and 300 oC. 

Firstly, samples were heated and held at 300 oC for 5 min to eliminate the thermal history. 

A cooling cycle followed by an additional heating cycle were performed at the rate of 10 

oC/min to investigate the samples' thermal behavior. STARe software from Mettler 

Toledo was used in order to obtain the melting enthalpy (ΔHm), crystallization enthalpy 

(ΔHc), as well as melting (Tm), and crystallization temperatures (Tc). Anton Paar MCR 



49 

702 TwinDrive Rheometer with a parallel plate configuration was used for the rheological 

characterization of the specimens. In order to carry out the morphological studies, 

fractured test specimens were sputter-coated with a thin layer of Au/Pd alloy to provide 

conductivity. Surface topography and morphology of reinforcing materials and the 

fractured composite specimens were investigated using a Leo Supra 35VP Field Emission 

Scanning Electron Microscope (FESEM). 

4.4. Results and Discussion 

4.4.1. Structural transformation of waste coffee into upcycled graphene (CWC)  

Herein, upcycled graphene with a misaligned turbostratic structure is obtained by flash 

pyrolysis of waste coffee in a rotary furnace. One of the leading indicators of graphene 

formation is the characteristic peaks seen in the Raman spectroscopy. Raman spectra of 

graphene constitute distinct peaks that correspond to specific structural vibrations [114]. 

The D peak is generally located at around ~1350 cm-1 and appears due to the point defects 

in the planar structure. The G band corresponds to the in-plane stretching vibration of sp2 

hybridized C atoms and appears around ~1580 cm-1  [115]. The intensity ratio of G and D 

peaks (IG/ID) gives insight into graphene’s structural order and quality [116]. Figure 24 

displays the Raman spectra of waste coffee, upcycled graphene, and their respective IG/ID 

values. It can be seen that the flash pyrolysis process has led to the formation of graphene-

like structures with the IG/ID ratio of 1.08, which is comparable to the chemical reduction 

[117] or electrochemistry-based [118] graphene synthesis methods, while waste coffee 

did not show any characteristic peaks. In the literature, especially in the field of 

electrochemical applications, carbonized biomass-derived materials having significant 

structural defects are generally named as turbostratic carbon or hard carbon [119]. This 

hard carbon structure usually contains curved graphene layers in contrast to flat layers in 

graphite [120]. However, this curved and defective structure causes an increase in D peak 

indicating an increase in defects  [119, 121]. In our work, G peak intensity is higher which 

confirms a relative order on the hexagonal sp2 bond structure [115]. On the other hand, 

XRD indicates the formation of turbostratic structures partially with the peaks assigned 

as seen in Figure 25. In other words, flash pyrolysis process led to the formation of 

graphene like structures due to the occurrence of (002) belonging to main characteristic 

peak of graphene. 
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Figure 24. Raman spectra of waste coffee and upcycled graphene from coffee 

Changes in the crystalline structure from the waste coffee to upcycled graphene also play 

a significant role in the electronic properties of the end-product [122]. XRD patterns of 

the waste coffee and upcycled graphene were investigated to obtain information on the 

crystalline structures of the samples. Figure 25 shows the XRD patterns of waste coffee 

and upcycled graphene. Relatively high carbon content in the waste coffee results in the 

formation of a distinct (002) peak at 2θ=20° diffraction angle, which is slightly shifted to 

2θ=24° in the upcycled graphene, indicating a wrinkled plane resulting in a turbostratic 

structure [123]. Moreover, upcycled graphene displays a weak (100) peak at 2θ=42°, 

typically observed in turbostratic graphene structures [124]. Furthermore, a less 

pronounced (002) peak in upcycled graphene suggests a smaller crystalline size in the z-

direction [125]. Table 12 summarizes the crystallinities of the waste coffee and upcycled 

graphene. 
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Figure 25. XRD patterns of the waste coffee and upcycled graphene 

Table 12. Crystallinities of waste coffee and upcycled graphene 

Sample Crystallinity (%) Amorphous (%) 

Waste Coffee 37.8 62.2 

Upcycled Graphene 49.4 50.6 

Determination of the surface functional groups on the waste coffee and upcycled 

graphene is important due to their role in the capacitive behavior and charge transfer 

mechanisms for supercapacitor applications. Moreover, transformation from waste coffee 

to upcycled graphene can be observed by the removal of functional groups on the surface 
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due to flash pyrolysis. FT-IR technique is utilized to probe the functional groups present 

in the waste coffee and upcycled graphene, and FT-IR spectra of the samples are given in 

Figure 26. Waste coffee displays various molecular vibrations regarding the caffeine and 

other molecular complexes in the structure, however, after the flash pyrolysis process, it 

can be seen that the transmission ability of the sample is decreased, and other molecular 

complexes are removed from the structure. The waste coffee displays several peaks such 

as a small band at 3367 cm-1 due to the presence of the OH group [126], while the peaks 

at 2919 cm-1 and 2851 cm-1 are related to the CH, CH3 (methyl), and CH2 bonds in 

aliphatic organic compounds. Carbonyl and N-H vibration peaks also appear around 1747 

cm-1, 1451 cm-1 and 813 cm-1 due to caffeine content in the waste coffee [127]. 

Additionally, molecular vibrations of aromatic acids, aliphatic acids, lipids, and R-OH 

groups are visible at around 1680 cm-1, 1700 cm-1, 1350 cm-1, and 1030 cm-1, respectively 

[128]. After flash pyrolysis, only two major peaks remained in the structure as the peak 

around 1580 cm-1 identifies the aromatic C=C hexagonal structure and rises due to 

graphitic backbone vibration while the peak around 883 cm-1 corresponds to the C-O-C 

epoxide group with an out-of-plane O atom [129]. As the high-temperature flash pyrolysis 

process decomposes the organic bonds in the structure, which is known as the reverse 

Boudouard process, only micro sized carbonaceous residue remains [130]. 
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Figure 26. FT-IR spectra of waste coffee and upcycled graphene 

X-Ray Photoelectron Spectroscopy (XPS) is a widely used surface chemistry analysis 

technique to investigate the samples' elemental composition and molecular structure. As 

the performance of supercapacitors greatly depends on the surface features of electrode 

materials and their elemental composition, the determination of these properties using 

XPS provides beneficial insight into the supercapacitor application. Figure 27 displays 

the XPS survey spectra of waste coffee and upcycled graphene. It is shown that the C/O 

ratio of the sample has increased due to the flash pyrolysis process. Figure 28a shows the 

deconvoluted C1s spectrum of the waste coffee, while Figure 28b displays the same 

spectrum for the upcycled graphene. Although most of the C1s peak constitutes of sp2 C-

C group at around 284.2 eV, weak C-O peak at around 285.7 eV and C=O peak at around 

288.2 eV may suggest an incomplete transformation or slight oxidization by the 

atmospheric oxygen [131, 132]. Figure 28 also displays the deconvoluted O1s spectrum 

of the waste coffee (c) and upcycled graphene (d). It can be seen that the majority of the 

oxygen is present in a C-O formation indicated by the peak around 532 eV. Additionally, 

C=O groups with the binding energy at around 533.5 eV for both samples are also present 

in the structure [133–135]. Elemental and molecular analyses of waste coffee and 

upcycled graphene from coffee are summarized in Table 13. XPS analysis results showed 
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that the significant increase in the C/O ratio after the flash pyrolysis confirmed the 

formation of highly carbonaceous material suitable for supercapacitor electrode 

application. 

 

Figure 27. XPS survey scans of waste coffee and upcycled graphene 
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Figure 28. Deconvoluted C1s scans of waste coffee (a) and upcycled graphene (b) and 

deconvoluted O1s scans of waste coffee (c) and upcycled graphene (d) 

Table 13. A summary of the elemental composition of waste coffee and upcycled coffee 

and their molecular bonds 

Sample 

Element Composition 
Functional Group Composition of 

C1s 

Functional Group 

Composition of O1s 

C 

(at%) 

O 

(at%) 

Others 

(at%) 

sp2 C-C 

(at%) 

sp3 C-C 

(at%) 

C-O 

(at%) 

C=O 

(at%) 

C-O 

(at%) 

C=O 

(at%) 

Other 

(at%) 

Waste 

Coffee 
88.28 10.44 1.28 - 83.80 11.50 4.70 86.05 13.35 0.60 

Upcycled 

Graphene 
93.21 4.71 2.08 70.36 - 22.82 6.82 85.00 15.00 - 

Surface properties of electrode materials play a crucial role in the charge transfer, and it 

is essential to investigate their surface topography by microscopic techniques. SEM 

analysis provides to monitor the effect of flash pyrolysis and fast spinning at high 

temperatures on the waste coffee particles. Figure 29 displays the surface morphology of 

waste coffee before (a, b) and after the flash pyrolysis in the rotary furnace (c, d), 

  

(a) (b) 

  

(c) (d) 

 

279 280 281 282 283 284 285 286 287 288 289 290 291 292 293

0

50000

100000

150000

In
te

n
si

ty
 (

a.
u
.)

Binding Energy (eV)

 sp3 C-C

 C-O

 C=O

 Envelope - Waste Coffee

sp3 C-C

 83.8%

 C-O

11.5%
C=O

4.7%

279 280 281 282 283 284 285 286 287 288 289 290 291 292 293

0

50000

100000

150000

In
te

n
si

ty
 (

a.
u

.)

Binding Energy (eV)

 sp² C-C

 C-O

 C=O

 Envelope - Upcycled Graphene
sp2 C-C

 70.3%

 C-O

22.82%

C=O

6.82%

528 530 532 534 536 538

20000

30000

40000

In
te

n
si

ty
 (

a.
u

.)

Binding Energy (eV)

 C-O

 C=O

 Envelope - Waste Coffee

C-O

86.05%

C=O

13.35%

528 530 532 534 536 538

12000

15000

18000

21000

C-O 

85%

In
te

n
si

ty
 (

a.
u
.)

Binding Energy (eV)

 C-O

 C=O

 Envelope - Upcycled Graphene

C=O

15%



56 

respectively, at different magnifications. As seen in SEM images, flash pyrolysis leads to 

the sphericalization and size reduction of the particles, and thus the formation of spherical 

graphene structures with various sizes and conjugation degrees is observed. To date, there 

are several developed theories on the sphericalization mechanism of carbonaceous 

materials at high temperatures [136–139]. The general consensus is that as the 

temperature increases, aromatic compounds undergo dehydration, polymerization 

through cross-linking, and carbonization by intermolecular dehydration, respectively, 

leading to spherical shapes with the lowest surface energy [140]. 

 

Figure 29. SEM images of waste coffee before (a, b) and after (c, d) flash pyrolysis at 

25,000X (a, c) and 75,000X (b, d) magnifications. 

4.4.2. The characteristics of waste-driven reinforcements  

The effective reinforcement in composite materials is mainly dependent on aspect ratio 

[141, 142], morphology [143], and size [144] of the reinforcing material. Thus, 

characteristic properties of waste-driven reinforcing materials including their source, 

morphology, aspect ratio, and size are given in Table 14. Moreover, microstructural 

characterizations in terms of X-ray diffraction (XRD) pattern and Raman spectra are 

given in Figure 30 and Figure 31, respectively. Detailed analysis of the XRD patterns and 

  

(a) (b) 

  

(c) (d) 

 



57 

Raman spectra of GNP and CWC are already carried out in our previous studies [86, 145] 

and in section 2.3.1 and in section 4.4.1. Furthermore, CF displays an XRD peak around 

2θ=25o similar to a virgin carbon fiber [146] due to hexagonal carbon backbone. In 

addition, Raman spectrum of CF shows characteristic D and G peaks at 1358 and 1595 

cm-1 corresponding to ordered and disordered graphitic backbone of CF [147] arising 

from first order Raman scattering and the absence of 2D peak is due to lack of second 

order double resonance Raman process which is similarly observed in CF structures 

[148]. In addition, elemental analysis of CF surface is carried out using energy dispersive 

X-ray (EDX) and given in Figure 32 to further analyze the surface of the waste derived 

reinforcement. 

Table 14. Characteristic properties of waste-driven reinforcing materials. 

Characteristic GNP CWC CF 

Source Waste Tire Waste Coffee Waste Carbon Fiber 

Morphology Platelet Spherical Fiber Bundle 

Aspect Ratio 1 1 4 

Size ~50 nm ~250 nm ~5 mm 
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Figure 30. XRD patterns of waste-driven reinforcing materials 

 

Figure 31. Raman spectra of waste-driven reinforcing materials 
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Figure 32. EDX Mapping and elemental analysis of CF 

4.4.3. Mechanical performance of sustainable PA6,10-based composites 

In the present study, different reinforcement types and loading ratios were utilized to 

improve the mechanical performance of PA6,10-based composites. For microscale and 

macroscale reinforcements, a loading ratio range between 1 wt.% and 20 wt.% was 

selected which are the common loading ratios for thermoplastic composites in the 

industry. For GNP, loading ratio range from 0.3 wt.% to 1 wt.% were selected according 

to our previous study indicating that for PA6,6 optimal mechanical properties obtained at 

0.3 wt.% loading [86]. Even though at high loading ratios nanomaterials tend to 
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agglomerate and result in non-efficient reinforcing potential, maximum loading ratio of 

1 wt.% is selected to enable a comparison with microscale and macroscale reinforcing 

materials. Herein, several waste-driven reinforcing materials at various morphologies, 

sizes and aspect ratios were compounded with semi-bio-based PA6,10 to create 

lightweight sustainable composites using a thermokinetic shear mixer and effect of 

reinforcement characteristics is investigated through tensile and flexural properties of the 

composites. 

Figure 33 shows the tensile properties of PA6,10-based composites with varying 

reinforcement material and loading ratio and Table 15 summarizes the change in tensile 

strength, modulus, and tensile strain at failure in comparison with the neat polymer. 

Tensile stress-strain curves of neat PA6,10 and PA6,10-based composites are provided in  

Figure 34a-c. Tensile test results indicate that with the addition of any amount of 

reinforcing material to the PA6,10 matrix, yield strength and modulus improves, as 

expected, due to load transfer from matrix to the reinforcing material. Optimum loading 

ratio for GNP reinforcement is reached at 0.5 wt.% loading by 38% and 50% 

improvements in yield strength and tensile modulus indicating to an agglomeration limit 

whereas at 1 wt.% a drop in tensile modulus is observed which could be due slight 

agglomeration of  the nanomaterials. Nevertheless, this increase in optimum loading ratio 

of 0.5 wt.% GNP in PA6,10 compared to 0.3 wt.% GNP in PA6,6 as seen in our previous 

work [86], can indicate to a relation between the optimum loading ratio and the chain 

length of the matrix material. Moreover, at the same loading ratio (1 wt.%), effective 

interfacial interactions between the surface oxygen groups on GNP and amide linkage 

groups in PA6,10 chain resulted in a more efficient reinforcing in terms of tensile 

properties. However, maximum yield strength of 59.03 MPa is obtained at 20 wt.% CF 

loading and maximum tensile modulus of 2921 MPa is reached at 20 wt.% CWC loading, 

by improving the tensile properties of neat polymer by 40% and 87%, respectively. 
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Figure 33. Yield strength (a) and tensile modulus (b) of PA6,10-based composites with 

respect to reinforcement loading ratios 
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Figure 34. Tensile stress-strain curves of GNP-reinforced (a), CWC-reinforced (b), and 

CF-reinforced (c) composites 
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Table 15. Tensile properties of PA6,10-based composites and improvements compared to 

the neat polymer 

Sample 
Yield Strength 

(Zero Slope, MPa) 

Improvement 

(%) 

Tensile 

Modulus 

(MPa) 

Improvement 

(%) 

Tensile Strain 

at Yield 

Strength (%) 

Neat PA6,10 42.00±1.1 - 1559±55 - 13.5±0.5 

PA6,10-0.3% GNP 49.00±0.8 16.67 1816±94 16.48 10.4±0.6 

PA6,10-0.4% GNP 56.25±1.7 33.92 2161±68 38.61 9.1±0.6 

PA6,10-0.5% GNP 58.00±1.1 38.09 2340±228 50.09 8.1±1.0 

PA6,10-1% GNP 58.00±0.8 38.09 2243±112 43.87 8.6±0.5 

PA6,10-1% CWC 53.00±4.6 26.19 2108±96 35.21 7.8±3.4 

PA6,10-5% CWC 53.50±3.3 27.38 2235±64 43.36 7.2±3.4 

PA6,10-10% CWC 55.66±0.5 32.52 2475±127 58.75 9.8±0.6 

PA6,10-20% CWC 55.66±1.5 32.52 2921±360 87.36 7.7±1.9 

PA6,10-1% CF 56.85±3.4 35.35 2026±97 29.95 10.4±2.0 

PA6,10-5% CF 57.70±2.5 37.38 2240±207 43.68 8.0±4.0 

PA6,10-10% CF 58.01±0.1 38.11 2341±12 50.16 9.8±0.2 

PA6,10-20% CF 59.03±0.5 40.54 2850±70 82.80 10.8±0.8 

Figure 35 displays the flexural properties of neat PA6,10 and PA6,10-based composites 

and Table 16 summarizes flexural strength, strain, modulus, and corresponding 

improvements of the samples. Flexural stress-strain curves of neat PA6,10 and PA6,10-

based composites are provided in Figure 36a-c. Three-point bending flexural tests provide 

important insight into material properties and reinforcement dispersion due to complex 

loading system creating maximum compression stress and maximum tensile stress zones 

at opposite edges of the specimen [149]. Flexural strength data obtained from the three-

point bending test indicates the materials resistance to fracture, while the flexural 

modulus is related with the composites’ ability to deflect and bend under this loading 

condition [89]. Similarly, flexural strength and flexural modulus improve with the 

addition of waste-derived reinforcing materials. Moreover, GNP-based composites 

display the same trend showing the optimum properties at 0.5 wt.% loading by improving 

the flexural strength and modulus by 12% and 13%, respectively, compared to the neat 

polymer. However, CF-based composites performed better compared to other reinforcing 

materials in this complex loading situation, due to fiber morphology distributing the loads 
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through fibers thickness and providing overall better load transfers whereas the spherical 

and platelet structure of CWC and GNP is not as efficient as CF in this load system. The 

maximum improvements in flexural strength and modulus were achieved by 

incorporating 20 wt.% CF to the matrix by 24% and 48%, and reached 90 MPa and 2887 

MPa, respectively. 

 

Figure 35. Flexural strength (a) and modulus (b) of PA6,10-based composites with 

respect to reinforcement loading ratios 
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Figure 36. Flexural stress-strain curves of GNP-reinforced (a), CWC-reinforced (b), and 

CF-reinforced (c) composites 
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Table 16. Flexural properties of PA6,10-based composites 

Sample 

Flexural 

Strength 

(MPa) 

Improvement 

(%) 

Flexural 

Modulus 

(MPa) 

Improvement 

(%) 

Flexural 

Strain 

(%) 

Neat PA6,10 72.65±1.5 - 1940±49 - 6.62±0.1 

PA6,10-0.3% GNP 78.00±0.4 7.36 2062±75 6.31 6.67±0.7 

PA6,10-0.4% GNP 80.32±0.4 10.56 2167±22 11.73 7.18±0.1 

PA6,10-0.5% GNP 81.92±2.1 12.77 2210±82 13.92 7.00±0.1 

PA6,10-1% GNP 80.55±0.6 10.87 2147±29 10.70 7.20±0.1 

PA6,10-1% CWC 75.50±2.4 3.92 1987±79 2.58 7.4±0.2 

PA6,10-5% CWC 76.25±1.7 4.89 2032±50 4.64 6.83±0.8 

PA6,10-10% CWC 79.72±0.4 9.70 2215±23 14.43 7.1±0.1 

PA6,10-20% CWC 84.10±0.5 15.76 2495±33 28.35 6.8±0.1 

PA6,10-1% CF 86.95±7.4 19.68 2320±240 19.59 6.77±0.1 

PA6,10-5% CF 87.20±0.6 20.03 2390±43 23.20 6.63±0.1 

PA6,10-10% CF 87.43±0.3 20.23 2447±9.5 26.16 6.61±0.1 

PA6,10-20% CF 90.2±0.6 24.16 2887±55 48.81 6.56±0.1 

The lightweighting concept plays a critical role in the automotive industry in overcoming 

several challenges such as the low range of electric vehicles and reducing the carbon 

emission of internal combustion engine vehicles by providing more efficient fuel 

consumption. Fabrication of lightweight sustainable parts that could replace their 

synthetic commercial counterparts depend on many factors such as mechanical 

requirements, weight requirements, thermal requirements, and economical requirements. 

One of the most effective measures to investigate the lightweighting effect of the 

compounds is the specific mechanical properties such as specific modulus and specific 

strength. Therefore, commercial synthetic PA6-based compounds reinforced with virgin 

materials such as glass fibers, glass beads, and/or mineral fillings were compared with 

PA6,10-based sustainable compounds reinforced with waste-derived materials in terms 

of lightweighting potential due to both polymers having very similar thermal 

characteristics and the synthetic one having even better mechanical performance [150–

152]. Several commercial synthetic compounds and sustainable compounds in terms of 
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key lightweighting parameters are summarized in Table 17. For calculating specific 

tensile properties, tensile property, either obtained from the manufacturer’s website or 

experimentally tested in this work, is divided by the density value (obtained or measured). 

The synergistic effect of combining semi-bio-based matrix and waste-driven 

reinforcements is seen by significant improvements in terms of specific tensile modulus 

and specific tensile strength. The addition of 20 wt.% CWC to the PA6,10 matrix 

improved the specific tensile modulus above all the selected commercial synthetic 

compounds, most notably the compound reinforced with 15 wt.% virgin GF and the 

compound reinforced with 10 wt.% virgin GF and 30 wt.% mineral filling. Consequently, 

this investigation confirms that using tailored selection of waste-derived reinforcing 

material, sustainable compounds can replace several synthetic products in the market in 

terms of both tensile properties, lightweighting, and environmental impact. 

Table 17. Densities and specific properties of commercial PA6-based compounds and 

fabricated PA6,10-based composites 

Sample 
Density 

(ρ, g/cm3) 

Specific Tensile Modulus 

(E/ρ, MPa.cm3/g) 

Specific Tensile (Yield) 

Strength (σ/ρ, MPa.cm3/g)* 

Akromid® B28 GM 

10/20 LA Black [153] 
1.35 2222.22 44.44 

Akromid® B3 GF10 1 

Black [154] 
1.20 2250.00 45.83 

Akromid® B28 GFM 

10/30 7 Black [155] 
1.57 2356.68 28.66 

Akromid® B3 GF 15 

S3 Black [156] 
1.21 2479.33 61.98 

Neat PA6,10 1.11 1408.14 37.93 

PA6,10-0.5% GNP 1.11 2113.58 52.38 

PA6,10-20% CWC 1.16 2522.86 48.07 

PA6,10-20% CF 1.18 2415.39 50.02 

* Tensile strength and density data (obtained from the manufacturer’s website) were used 

to calculate specific properties of the commercial compounds and compare with the yield 

strength data of the fabricated composites due to the fact that fabricated reinforced 

compounds have the equivalent values for yield and tensile strength. 
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4.4.4. Thermal and crystallinity characteristics of sustainable PA6,10-based 

composites 

Thermal properties of neat PA6,10 and PA6,10-based composites were investigated using 

the DSC method, which gives insight into the crystallization and melting behavior of the 

composites. The first cooling cycle for crystallization behavior and the second heating 

cycle melting curves of neat PA6,10, PA6,10-0.5 wt.% GNP, PA6,10-20 wt.% CWC, and 

PA6,10-20 wt.% CF composites have been shown in Figure 37a and Figure 37b, 

respectively. Thermal parameters of neat PA6,10 and PA6,10-based composites have 

been summarized in Table 18. Figure 37a displays that the addition of reinforcing 

materials lead to an early crystallization by creating nucleation sites in the polymer melt. 

This effect was more pronounced in our previous study where the addition of GNP to the 

short chain PA6,6 led to an increase in Tc by 30 oC [86]. However, the maximum increase 

in Tc is observed in CF-based reinforcements by 16 oC while GNP and CWC increased 

the Tc by around 7 oC which is similar with the previous studies [75, 104]. These results 

indicates that the dynamics of crystallization depends highly on the combination of aspect 

ratio and chain length of the polymer where high aspect ratio CF is more effective in 

initiating nucleation and for short chain length polymers, low aspect ratio addition is even 

more effective. Figure 37b displays that the second heating DSC traces of neat PA6,10 as 

well as GNP- and CWC-reinforced composites contain two melting peaks with similar 

sizes. Similar behavior was also reported for neat PA10,10 and its composites and is 

attributed as to former peak resulting from the melt of the crystal formed previously, 

whereas the melting peak appearing at the higher temperature results from the melting of 

the melt-recrystallized sections [97, 157]. Neat PA6,10 shows a larger peak at 199 oC and 

a slightly smaller peak at 210 oC, whereas the reinforced composites show a smaller peak 

at around 202 oC and a larger peak around 215 oC. However, with the addition of high 

aspect ratio CF to the matrix, this behavior related to recrystallization and its melting is 

not observed. This can be linked to earlier nucleation with CF leading to the prevention 

of melt-recrystallization behavior whereas with GNP and CWC reinforcements 

recrystallization can occur due to crystallization starting at lower temperatures. Moreover, 

Figure 37b shows that the melting peak temperatures of the neat PA6,10 shifted upwards 

by 15 oC with the addition of all types of reinforcements. This change indicates that the 

thermal stability of the composites increased by these additions allowing a higher 

operation temperature. 
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Figure 37. Cooling (a) and second heating (b) DSC traces of neat PA6,10 and PA6,10-

based composites 

Crystallinity degrees of the samples can be quantitatively analyzed using the melting 

parameters of the polymer using the equation below [90]: 

 
𝑋𝐶 = (

∆𝐻𝑀

∆𝐻𝑀
100%(1 − 𝑊𝑟)

) × 100 (4.1) 

where 𝑋𝐶 is the degree of crystallization, ∆𝐻𝑀 is the melting enthalpy, ∆𝐻𝑀
100% is the 

melting enthalpy of 100% crystalline PA6,10, and 𝑊𝑟 is the reinforcement weight 

fraction. In the literature, several melting enthalpy values for the 100% crystalline PA6,10 

is given ranging from 197 J/g to 299 J/g [75, 158–161]. In this study, melting enthalpy of 

100% crystalline neat PA6,10 is selected as 200 J/g [158]. Table 18 indicates that with 

the addition every kind of waste-derived reinforcing materials to the matrix, crystallinity 

of the samples increase due to presence of these materials initiating nucleation of 

crystalline phases due to increased surface energy at the reinforcement-melt interface 

[162, 163]. Herein, the addition of GNP, CWC, and CF led to the increase in crystallinity 

up to 8%, 13%, and 12%, respectively. It should be noted that increased crystallinity also 

plays role in the mechanical properties of semi-crystalline polymers such as PAs and 

supports the improved properties observed in mechanical tests [40]. 
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Table 18. Thermal parameters and crystallinity degrees of neat PA6,10 and reinforced 

composites 

Sample 

Melting Peak 

Temperature 

(ºC) 

Melting 

Integral, 

∆HM (J/g) 

Crystallization 

Peak 

Temperature (ºC) 

Crystallization 

Integral, ∆HC 

(J/g) 

Crystallinity 

(%) 

Neat PA6,10 199 -35.76 181 36.98 17.88 

PA6,10-0.3% GNP 213 -40.35 187 37.23 20.24 

PA6,10-0.4% GNP 214 -43.39 188 38.52 21.78 

PA6,10-0.5% GNP 213 -44.30 188 37.86 22.26 

PA6,10-1% GNP 215 -51.11 188 58.00 25.66 

PA6,10-1% CWC 215 -54.60 189 39.29 27.58 

PA6,10-5% CWC 216 -57.48 189 36.92 30.25 

PA6,10-10% 

CWC 

215 -49.08 188 36.61 27.27 

PA6,10-20% 

CWC 

215 -39.33 188 34.55 24.58 

PA6,10-1% CF 222 -54.31 196 41.58 27.42 

PA6,10-5% CF 223 -56.81 196 58.13 29.90 

PA6,10-10% CF 223 -48.84 197 49.26 27.13 

PA6,10-20% CF 223 -45.77 197 46.60 28.60 

 

4.4.5. The effect of reinforcement aspect ratio and morphology on the rheological 

properties of PA6,10-based composites 

Rheological behavior of the thermoplastics and reinforced compounds of importance for 

the melt blending and molding applications. In this regard, the complex viscosity of the 

thermoplastics is an important parameter to estimate the processability of the produced 

compounds [47]. The dynamics of polymer processing such as injection molding is an 

important area to investigate due to the complex behavior of melt polymer and the 

dispersed reinforcements and forces acting on this system. This behavior can be estimated 

by frequency sweep method at the melt temperature of the polymer matrix (230 oC). Due 

to the polymer flow behavior creating a velocity difference between the inner and outer 
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areas of the mold during the injection molding process, shear stresses arise. These shear 

stresses can be detrimental to the overall properties of the final product due to breakage 

of the bonds between the polymer chains. Figure 38a displays the shear stresses of neat 

PA6,10 and 1 wt.% reinforced composites. Initially, at lower frequencies, shear stresses 

are low and around the same value for every sample and the rheological behavior remains 

similar until 100 rad/s where shear stress of CF reinforced deviates from the expected 

behavior, indicating a processability limit around that angular frequency. Similar 

behavior is also seen in complex viscosities of the samples in Figure 38b, where the 

addition of reinforcing materials increased the complex viscosity of the melt by 

preventing the movement of polymer chains by reinforcing materials [86]. Furthermore, 

as with neat PA6,10, exhibit shear-thinning behavior as well, which implies that the 

viscosity decreases as the shear frequency increases. Moreover, there is no presence of a 

plateau region where the viscosity remains constant regardless of the frequency. This 

characteristic signifies non-Newtonian behavior, which differs from the Newtonian 

behavior observed in other polyamides like PA6, PA11, and PA12 [164–167]. 

 

Figure 38. Changes in shear stresses (a) and complex viscosity (b) with the addition of 1 

wt.% waste-derived reinforcements as a function of angular frequency 

Figure 39a and Figure 39b display the storage and loss moduli of the neat polymer and 1 

wt.% reinforced composites, respectively. The storage modulus demonstrates the elastic 

portion of the viscoelastic behavior which indicates the energy stored before permanent 

deformation, while the loss modulus corresponds to the viscous portion and indicates the 

energy dissipated (lost) as heat. Incorporating waste-derived reinforcements into the 

matrix led to a general increase in complex viscosity, storage modulus, and loss modulus. 

This indicates the creation of a significant filler network that hinders the mobility of 

polymer chains [75]. Similarly, CF reinforced composite displays a significant decrease 
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in storage modulus, while the decrease in loss modulus is not so pronounced. This can be 

attributed to stronger carbon fibers breaking the bonds between polymer chains and 

removing their ability to store energy [113]. Furthermore, behaviors of GNP and CWC 

reinforced composites can be explained by the exfoliation of GNP and separation of CWC 

spheres aiding to the slip of polymer chains in the event of hard phase-soft phase 

encounter.  

 

Figure 39. Changes in storage moduli (a) and loss moduli (b) with the addition of 1 wt.% 

waste-derived reinforcements as a function of angular frequency 

In addition to rheological properties, the effect of aspect ratio and morphology of the 

waste-derived reinforcing materials on crystallinity and lightweighting potential in terms 

of specific flexural and tensile properties is summarized in Figure 40 where the 

improvement percentages compared to neat PA6,10 are presented in the spider chart at 1 

wt.% loadings. Herein, specific flexural properties are improved significantly when high 

aspect ratio CF reinforcement is used, whereas platelet structure of GNP became more 

efficient in improving specific tensile properties. Moreover, spherical CWC displayed 

highest crystallinity together with CF. Overall, this window of improvement creates a 

guideline for reinforcement selection with regards to requirements demanded from the 

compound. Considering the cost of virgin GF (1-32 $/kg), waste CF (5 $/kg) becomes a 

strong contender in the market in terms of both economic and environmental aspects [168, 

169]. 
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Figure 40. The window of improvement in crystallinity and lightweighting potential of 

sustainable compounds 

4.4.6. Morphological analysis of waste-derived reinforcements and cross-sectional 

analysis of PA6,10-based sustainable composites  

The morphology and the size of the reinforcing materials for composites is critical in 

terms of load transfer, interfacial interactions, and overall reinforcement efficiency. 

Therefore, scanning electron microscopy (SEM) analysis is carried out to investigate the 

morphological parameters of waste-derived reinforcing materials. Moreover, fracture 

surface analysis of the tensile test specimens provides an important insight on the 

distribution of reinforcing materials in the composite, strengthening mechanism, and 

failure mode [91, 92]. SEM images of the GNP, CWC, and CF are provided in Figure 

41a, Figure 41c, and Figure 41e , respectively, while the tensile fracture surfaces of the 

corresponding composites with 0.5 wt.% GNP, 20 wt.% CWC, and 20 wt.% CF are 

provided in Figure 41b, Figure 41d (with magnified inset image, scale bar is 200 nm) and 

Figure 41f, respectively. Figure 41 indicates that the platelet structure of GNP, spherical 

morphology of CWC, and waste carbon fibers have led to different strengthening and 

fracture mechanisms in the composite structure. Previously, Wang et al. provided a 

multiscale atomistic simulation approach for SiC/Graphene composites where graphene 

displays a crack bridging mechanism for toughening effect under tensile loads [170]. 
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Herein, Figure 41b clearly shows that bridging is indeed a strengthening mechanism in 

PA6,10-GNP composites. Furthermore, due to low concentration of GNP in the structure, 

matrix failure is the dominant failure mode. On the other hand, CWC and CF show a fine 

distribution in the composite as seen in Figure 41d, and Figure 41f, respectively. The inset 

image in Figure 41d indicates that spherical morphology is maintained, and polymer melt 

crystallized around the individual spheres, which later on fractured during the test. 

Additionally, protrusions of the matrix phase, which is evident for both cases, is an 

indication of ductile behavior of the polymer. Similar cases were observed for PA6,10-

based composites [102, 103]. Moreover, reinforcements are nested in the polymer matrix 

indicating strong interfacial interactions which are confirmed by the mechanical test 

results. 
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Figure 41. SEM images of GNP (a), 0.5 wt.% GNP-PA6,10 (b), CWC (c), 20 wt.% CWC-

PA6,10 (d), CF (e), 20 wt.% CF-PA6,10 (f) 

4.5. Conclusions  

Environmental concerns and production costs drive the automotive industry towards 

sustainable approaches such as semi-bio-based polymers and waste-derived reinforcing 

materials. However, a gap exists in the literature regarding the incorporation of multiscale 

reinforcements with diverse morphologies and understanding the interface connection 

with aspect ratios into PA6,10 to enhance performance. This study successfully 

  

(a) (b) 

  

(c) (d) 

  

(e) (f)  

 



76 

incorporated waste-derived reinforcing materials such as waste tire-driven GNP, 

carbonized waste coffee, and waste carbon fiber with varying size, morphology, and 

aspect ratios into the PA6,10 matrix, resulting in significant improvements in mechanical 

properties. In terms of performance outcomes while maintaining the same loading ratios, 

a substantial improvement in specific flexural properties is observed when employing 

high aspect ratio CF reinforcement. In contrast, the platelet structure of GNP proves more 

effective in enhancing specific tensile properties. Furthermore, CWC's spherical graphene 

exhibits the highest crystallinity, on par with CF. Moreover, maximum improvements in 

yield strength and tensile modulus were observed with 20 wt.% CF by 40% and 20 wt.% 

CWC by 87%, respectively, while flexural strength and modulus improved by 24% and 

48%, respectively, with the addition of 20 wt.% CF. In addition, a benchmark 

investigation is carried out for the lightweighting potential in terms of specific strength 

and specific modulus of the fabricated sustainable compounds against selected 

commercial automotive grade synthetic compounds. Evidently, sustainable compounds 

developed in this work performed better against commercial products in terms of 

lightweighting potential. Moreover, thermal properties indicated that nucleation and 

crystal growth is triggered by the waste-derived materials and nucleation behavior is 

dependent on the size and aspect ratio of these reinforcing materials. In addition, fracture 

surface analysis provided insight into strengthening mechanisms and failure 

characteristics of the composites. 

Consequently, this study presents a sustainable method for utilizing multiscale waste-

derived reinforcements by establishing correlations between carbon-based materials' 

aspect ratio, morphology, and size. This research enables the incorporation of recycled 

additives into compound formulations, supporting sustainability initiatives and offering 

lightweight, circular economy-driven solutions. This approach holds particular 

significance in applications such as automotive, sports and leisure, and the plastics 

industry, where synthetic PAs reinforced with virgin materials can be replaced. 

Future investigations can build upon this study by further exploring characterization 

techniques that assess flow behavior and impact properties, as well as optimizing 

composite performance through suitable strategies. It will also be crucial to examine the 

long-term durability and environmental impact of these composites. Embracing these 

research avenues will pave the way for the successful integration of waste-derived 
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reinforcing materials in compound formulations, ultimately promoting sustainability in 

the industry. 
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CHAPTER 5:  General Conclusion 

The pioneering outcome of this research includes significantly superior composites based 

on synthetic PA6,6 towards semi-synthetic PA6,10 as matrix, reinforced with waste-

derived reinforcing materials by highlighting the sustainable aspects and lightweighting 

philosophy. The transformation from synthetic to semi-synthetic matrix provides much 

desired sustainability in the automotive industry, together with the use of waste tire, waste 

coffee, and waste carbon fiber a tailorability to properties of final composite is introduced 

by utilizing the effect of various aspect ratios and sizes of the reinforcing materials. 

Furthermore, a benchmarking study in terms of lightweight potential proves that these 

novel sustainable composites can already outperform their synthetic counterparts 

reinforced with virgin materials such as glass fibers, glass beads, and mineral fillings. 

Key materials and findings of this thesis are summarized in Figure 42. 
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Figure 42. Key materials and findings of this thesis 

In the first chapter, an optimal loading ratio for PA6,6/GNP nanocomposites is 

determined through extensive characterization methods and noteworthy performance 
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improvement in mechanical properties is obtained. Graphene, despite its exceptional 

qualities, encounters challenges when incorporated into polymer matrices. These 

challenges involve uneven dispersion in the polymer matrix and a lack of surface 

functional groups to effectively enhance the reinforcement/matrix interface. Despite 

numerous studies on graphene/PA composites, these primary obstacles persist. In this 

study,  graphene nanoplatelets (GNP) containing surface oxygen functional groups 

efficiently dispersed and intercalated in PA6,6 during the melt phase. The homogeneous 

intercalation of GNP in the PA6,6 matrix is confirmed through mechanical, crystalline, 

and rheological characterizations. It's crucial to recognize that even slight modifications 

in the nanocomposite formulation at these low loading amounts can lead to undesired 

outcomes, making quality control challenging, particularly concerning thermal and X-ray 

diffraction. In summary, this extensive interdisciplinary investigation establishes waste 

tire-derived graphene as a promising reinforcement material. At lower loadings, 

substantial improvements in mechanical properties are achieved. Tensile strength and 

modulus of PA6,6 nanocomposites were improved at 30% and 42%, respectively, by the 

addition of 0.3 wt.% GNP. Flexural strength and modulus were reached at 20% and 43%, 

respectively. This paves the way for scalable technologies that introduce graphene into 

polymer matrices through conventional compounding techniques like extrusion and 

injection processes, facilitated by waste tire derived graphene. Additionally, the 

conversion of waste materials into value-added substances addresses circular economy 

concerns and reduces graphene costs by utilizing waste tires as a starting material through 

recycling and upcycling technologies for mass production in the plastic industry. 

In the second chapter, by using previously optimized GNP/PA6,6 nanocomposite, co-

reinforcement with high aspect ratio waste carbon fiber (CF) is developed. Furthermore, 

the effect of CF at high loading ratios as well as hybrid reinforcement are investigated 

through extensive characterization methods such as mechanical tests, thermal and 

crystallinity analysis, rheological survey, and cross-sectional analysis which 

demonstrated significantly higher mechanical performance, indicating potential for load-

bearing structural applications for the novel compound. In detail, this study successfully 

integrated recycled carbon fibers and GNP into the PA6,6 matrix, resulting in substantial 

enhancements in mechanical properties. The combined effect of incorporating 20 wt.% 

recycled carbon fibers and 0.3 wt.% GNP led to an 86.6% increase in flexural modulus 

and a 35.4% increase in strength compared to the neat polymer. Tensile strength and 
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modulus values also saw improvements of 43.3% and 94.8%, respectively. Additionally, 

the inclusion of 0.3% GNP boosted Charpy notched impact energy by 7.7% compared to 

the composite with 20% recycled carbon fiber. This work opens avenues for integrating 

recycled additives into compound formulations, supporting sustainability approaches, 

and improving the injection molding process by providing lightweight, circular economy-

based solutions, especially in applications such as automotive, sports and leisure, and the 

plastics sector. Future research can build upon this foundation by delving deeper into 

characterization techniques and optimization strategies for composite performance. 

Investigating the long-term durability and environmental impact of these composites is 

crucial. Moreover, scaling up the experimental data will contribute to the practical 

implementation of these materials. Embracing these future directions establishes a 

groundwork for incorporating recycled additives into compound formulations and 

promoting sustainability across diverse applications. 

In the third chapter, by switching to semi-bio-based PA6,10 and using waste-derived 

reinforcing materials such as GNP, carbonized waste coffee (CWC), and CF, the 

sustainability aspect of these compounds was promoted. Furthermore, novel reinforcing 

material from waste coffee was synthesized and characteristics of this material and the 

sustainable composites were investigated in detail in terms of structural, morphological, 

elemental properties, and mechanical, thermal, rheological properties, respectively. In 

addition, market-readiness of these sustainable composites in terms of lightweighting 

potential is analyzed by benchmarking with synthetic PA6-based compounds reinforced 

with virgin materials. Environmental considerations and cost factors are propelling the 

automotive industry towards sustainable practices, including the use of semi-bio-based 

polymers and reinforcing materials derived from waste. However, a gap exists in the 

current literature regarding the integration of multiscale reinforcements with diverse 

morphologies and understanding their interface connection, particularly with aspect 

ratios, into PA6,10 to enhance performance. This study successfully introduced waste-

derived reinforcing materials, such as GNP, CWC, and CF with varying sizes, 

morphologies, and aspect ratios into the PA6,10 matrix, resulting in significant 

improvements in mechanical properties. In terms of performance outcomes, a 

considerable enhancement in specific flexural properties is noted when utilizing high 

aspect ratio CF reinforcement, while the platelet structure of GNP proves more effective 

in enhancing specific tensile properties. Furthermore, CWC's spherical graphene exhibits 
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the highest crystallinity, comparable to CF. The study also observes maximum 

improvements in yield strength and tensile modulus with 20 wt.% CF by 40% and 20 

wt.% CWC by 87%, respectively, while flexural strength and modulus improve by 24% 

and 48%, respectively, with the addition of 20 wt.% CF. Additionally, a benchmark 

investigation is conducted to assess the lightweighting potential of the sustainable 

compounds in terms of specific strength and specific modulus against selected 

commercial automotive-grade synthetic compounds. The sustainable compounds 

developed in this study outperform commercial products in terms of lightweighting 

potential. Thermal properties indicate that waste-derived materials trigger nucleation and 

crystal growth, with nucleation behavior dependent on the size and aspect ratio of these 

reinforcing materials. Fracture surface analysis provides insight into the strengthening 

mechanisms and failure characteristics of the composites. Figure 43 displays the 

compound formulations and major achievements within the scope of the thesis. 

 
Figure 43. Compound formulations and major achievements within the scope of the thesis 

In particular, within this study waste tire-derived graphene nanoplatelets (GNPs) were 

dispersed in the PA6,6 matrix using a thermokinetic mixer during the melt phase. This 

was achieved by controlling GNP ratios and reducing loading ratios to as low as 0.3 wt.%. 

The comprehensive characterization included monitoring the impact of GNP on the 

mechanical, thermal, crystallinity and rheological properties of PA6,6-based 

nanocomposites. Throughout this study, extensive characterization of PA6,6 and its GNP-

based nanocomposites provided a significant advantage for understanding the interfacial 
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interaction between polymer chains and nano/hybrid additives during extrusion and 

injection processes. 

Furthermore, in the present study, the adoption of recycled carbon fibers and waste tire-

derived graphene nanoplatelets (GNP) was preferred for economic and environmental 

reasons, in contrast to the expensive and energy-intensive production methods associated 

with virgin fiber reinforcement. Recycled and upcycled reinforcements were combined 

in the PA6,6 matrix through melt compounding in a thermokinetic shear mixer, with 

controlled weight ratios of GNP and recycled carbon fiber. The interactions among GNPs, 

recycled carbon fibers, and PA6,6 polymer chains during melt compounding and injection 

molding were examined through extensive characterization. In addition, the influence of 

the fillers' aspect ratio on the mechanical properties and the polymer/fiber interface was 

comparatively studied, considering both high aspect ratio fibers and mixed aspect ratio 

GNP/recycled carbon fiber reinforcement. The focus was on understanding their effects 

on the crystallinity, mechanical, thermal, and viscoelastic properties of PA6,6-based 

composites. Additionally, the use of waste tire-derived GNPs and recycled carbon fibers 

could offer more environmentally friendly solutions for the composite industry, supported 

by efficient processing design tools. 

Later on, the preference was given to the incorporation of waste-derived reinforcing 

materials, including graphene nanoplatelets (GNP) derived from waste tires, carbonized 

waste coffee (CWC), and waste carbon fibers (CF), in conjunction with a semi-bio-based 

PA6,10 matrix. This choice was motivated by the economic and environmental benefits 

associated with these waste-derived materials, as opposed to utilizing a synthetic PA 

matrix with virgin reinforcements, which is costly and involves energy-intensive 

production methods. Consequently, recycled and upcycled reinforcements were melt-

blended with the PA6,10 matrix, maintaining controlled ratios of GNP, CWC, and CF, 

employing a thermokinetic shear mixer. This study delves into the interactions at the 

interfaces of waste-derived reinforcements and the PA6,10 matrix, exploring the 

influence of the reinforcing materials' aspect ratio, size, and morphology on mechanical 

and thermal properties in a comparative manner. The investigation encompasses 

mechanical and thermal properties, along with the study of interfacial interactions. 

Subsequently, a benchmarking study is conducted to assess the lightweighting potential 

of the developed sustainable compounds against selected commercial synthetic 

compounds of automotive grade, considering specific strength and specific modulus. The 
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findings suggest that the sustainable compounds produced have the potential to replace 

several products in the automotive industry market. This not only supports sustainability 

initiatives but also provides lightweight, circular economy-driven solutions. 

To provide a holistic approach, a comparative life cycle assessment (LCA) analysis is 

carried out for polymers, reinforcements, and compounds in order to evaluate the 

ecological impact of the developed sustainable reinforcements, switching to a semi-

synthetic matrix, and novel sustainable compounds using global warming potential 

(GWP) as an index, and provided in Figure 44. Data for the PA6, and PA6,6 is obtained 

from the Ecoinvent database in SimaPro LCA analysis program. Data for PA6,10 and 

waste CF is obtained from sources in the literature [51, 171–173]. GWP of GNP, CWC, 

virgin GF (E-glass), and compounds were calculated using a combination of data from 

the Ecoinvent database and literature [174, 175]. As expected, GWP of semi-synthetic 

PA6,10 is significantly less compared to synthetic PAs. Additionally, waste-derived 

reinforcements offer up to 49% reduced GWP compared to virgin GF which complements 

the performance aspects by providing sustainability index of only the material selection. 

Furthermore, when compounded, semi-synthetic PA6,10 and waste-derived reinforcing 

materials offer up to 55% reduction in GWP, in addition to the mechanical properties and 

lightweighting potential, compared to the selected commercial PA6-based compounds in 

the market. Consequently, this study introduces a sustainable approach to incorporate 

multiscale waste-derived reinforcements by establishing correlations between carbon-

based materials' aspect ratio, morphology, and size. This research facilitates the 

integration of recycled additives into compound formulations, supporting sustainability 

initiatives and providing lightweight, circular economy-driven solutions. Particularly 

valuable in applications like automotive, sports and leisure, and the plastics industry, this 

approach offers the potential to replace synthetic PAs reinforced with virgin materials.  
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Figure 44. Global warming potential of matrix materials (a), reinforcing materials (b), 

comparative analysis of developed PA6,10-based compounds and commercial PA6-based 

compounds (c), and developed PA6,6-based and PA6,10-based compounds (d) 

The comparison of fabricated sustainable compounds in terms of tensile properties 

against the state of the art presented in Figure 45, which indicates that although there are 

edge cases both in terms of yield strength and tensile modulus, through tailored selection 

of reinforcing material and also promoting sustainability, these novel compounds are 

placed among the better half in terms of tensile performance. In this context, state of the 

art compounds include cellulose nanofibers [97], natural halloysite nanotubes [99],  

commercial graphene nanoplatelets [75], rice husk ash and nanoclay [106], MWCNT 

[102], small cellulose microcrystals, large cellulose microcrystals and cellulose 

nanocrystals [103], functionalized MWCNT [176], and biocarbon obtained from 

pyrolyzed mischantus fibers [105] reinforcements, where among all, only a handful 

utilize natural sources. 
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Figure 45. Comparison of sustainable compounds against state of the art 

In conclusion, this thesis provides significant contributions to the current research through 

extensive analysis of the dispersion behavior of waste-based reinforcements, the effect of 

reinforcement scale and aspect ratio, interfacial interactions, damage mechanisms, 

mechanical performance, thermal properties, and rheological behavior of PA6,6 and 

PA6,10-based composites. Furthermore, detailed elemental, structural, chemical, and 

morphological characterization of carbonized waste coffee was carried out to evaluate the 

performance of this waste-based material as a composite reinforcement.  

Future investigations can expand on this study by exploring characterization techniques 

for flow behavior and impact properties, optimizing composite performance, and 

examining the long-term durability of these composites. In addition, the effect of 

integrating higher aspect ratio reinforcements with different structures and surface areas 

such as single-walled or multi-walled CNTs on thermal and mechanical properties can 

provide unusual properties to the composites can be investigated in detail. As the 

interfacial interactions between the reinforcing material and the polymer matrix is 

dominated by surface chemistry (functional groups, porosity, size, and surface area) and 

crystal structure of the reinforcement, a detailed survey with regards to these aspects of 

waste-derived reinforcements is also necessary to establish a basis on composite 

development for future studies. Embracing these research avenues will contribute to the 

successful integration of waste-derived reinforcing materials in compound formulations, 

ultimately advancing sustainability in the industry.  
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