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Abstract   

The rapidly growing demand for carbon fiber reinforced plastics in high-tech industries, such 

as aerospace, defense, automotive, wind turbine engineering, building and sports, resulted in 

a high amount of waste in the form of dry waste (e.g., production off-cuts), wet waste (e.g., 

out-of-date prepreg) and end-of-life components waste (e.g., aircraft components). 

Furthermore, the production of carbon fibers is cost and energy-intensive. Therefore, 

technological developments for the gentle processing of recycled carbon fiber and its 

integration into high-performance composites with promising tensile properties have gained 

considerable attention. Consequently, injection molding, nonwovens and hybrid yarn 

technologies were developed in recent years to integrate recycled carbon fiber into the high-

performance thermoplastic composite. It is unfortunate that these technologies develop 

composites with a lack of unidirectional fiber orientation; therefore, the potential of recycled 

carbon fiber in high-performance composites is not thoroughly exhausted. 

This thesis primarily addresses the development of an innovative structure with 

unidirectional fiber orientation termed “unidirectional recycled carbon fiber tape structure” 

for high-performance thermoplastics composites. The technological concept of the 

unidirectional structure comprises fiber opening, carding, drawing and a novel tape forming 

process. In this concept, fiber opening, carding, and drawing processes were utilized to 

develop homogeneous, uniform, and highly oriented hybrid slivers. In the next step, these 

hybrid slivers were converted into unidirectional recycled carbon fiber tape structure through 

a novel tape-forming process. To implement this concept, technological developments 

(investigations, modifications, optimization and further developments), were carried out in 

fiber opening, carding and drawing process to develop hybrid sliver with improved 

uniformity, homogeneity and unidirectional orientation. In the second phase, conception, 

design, technological developments, construction and prototype development were 

implemented to develop a novel tape-forming process. The result confirms that tape 

development technology comprising fiber opening, carding, drawing and prototype tape 

forming processes is an innovative, eco-friendly and sustainable technology compared to 

existing technologies.  
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Furthermore, the consolidation process transformed the unidirectional tape structure into 

high-performance thermoplastic composites. Subsequently, technology-structure-property 

relationships were established to develop composites with tailor-made properties. The 

analysis reveals that selecting optimum technological, consolidation and structural 

parameters develop tape and composite structures with unidirectional fiber orientation. As a 

result, experimental results of high-performance composite developed from unidirectional 

recycled carbon fiber tape structure show a very high tensile strength of 1350 ± 28 MPa and 

an E-module of 84.7 ± 2.3 GPa. This analysis confirms that unidirectional fibers 

configuration in composites brings a revolution toward developing cost-efficient, high-

performance composites for load-bearing structural applications. Finally, theoretical and 

finite element modeling of tensile properties of high-performance composites reveals that 

modified models show good agreement with composite tensile properties. 
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Chapter 1  

Introduction  

  

High-performance composites have gained significant attention over the past few years in 

different sectors of transportation including, aviation, aerospace, automotive, defense and 

shipping industries. It is because high-performance composite provide the lightest, safest, 

and most efficient mode of transportation. Furthermore, composite materials has the 

potential to save energy and protect the ecosystem by reducing fuel consumption and CO2 

emission. Moreover, it helps to fulfill the new emission standards of greenhouse gases 

implemented by EU legislators. Therefore, the demand for high-performance composites is 

rapidly increasing in all sectors of transportation and has become a megatrend for all future 

applications [1-3].  

Carbon fiber reinforced plastics (CFRP) have distinct structural and mechanical advantages 

over conventional lightweight materials (metal structures). Therefore, carbon fiber-

reinforced plastics is widely spread in aviation, aerospace, and automotive industries. 

Keeping this prospective in mind, large automotive companies are building partnerships with 

carbon fiber manufacturers to supply low-cost carbon fiber. For instance, Boeing 787 

Dreamliner and BMW i-series electric vehicles used plenty of carbon fiber reinforced 

plastics instead of traditional steel and aluminum structures. Therefore, the production of 

low-cost carbon fiber for transportation industries has gained considerable attention 

nowadays [4-6].  

The production of low-cost carbon fiber is challenging due to the energy intensive process. 

The specific energy consumption (SEC) of carbon fiber is ranging from 39-165 kWh/kg and 

it depends on the type of carbon fiber, e.g., Standard Modulus, High Modulus, and Ultra 

High Modulus fiber. This higher specific energy consumption makes carbon fiber one of the 

most expensive high-performance materials that can limit the utilization of carbon fiber and 

carbon fiber reinforced plastics for any future applications. Therefore, many new strategies 

have been presented to supply low-cost carbon fiber to develop carbon fiber reinforced 
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plastics components. These new strategies include the development of new precursors and 

the re-utilization of the waste of carbon fiber-reinforced plastics. The new precursor can be 

a lignin origin that delivers low-cost carbon fiber for critical structural applications. In 

contrast, the waste of carbon fiber reinforced plastics is a source of cost-efficient carbon 

fiber that can be used for non-critical structural applications [7, 8].  

The low-cost carbon fiber is obtained from the waste of composite industry and end-of-life 

carbon fiber reinforced plastics. Industrial waste is classified as dry waste and resin 

impregnated waste. Currently, 11 kilotons of dry waste is generated from USA, UK, and 

Germany every year. Furthermore, resin contaminated waste originated from end-of-life 

carbon fiber reinforced plastic components. This category of waste will be reached up to 50 

kilotons in 2030. The global demand for carbon fiber and estimated waste of carbon fiber 

reinforced plastics are presented in Figure 1.1. These estimates indicate that the waste of 

carbon fiber-reinforced plastics is becoming a new emerging challenge [9, 10]. 

  

Figure 1.1: Global demand for carbon fiber and estimated waste of carbon fiber reinforced 

plastic [10, 11] 

Initially, conventional waste management techniques were utilized to treat the waste of 

carbon-fiber-reinforced plastic. However, ecological aspects, limited landfilling capacity, 

new EU legislation, and higher cost of virgin carbon fiber are the driving factors restricting 

such practices. In addition to this, sustainability and circular economy are emerging trends 

that aim to eliminate the origination of waste within a process and enhance the product utility 
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while minimizing pollution and carbon emission. Therefore, intensive studies have been 

carried out in the last two decades to develop recycling processes for the waste of carbon 

fiber reinforced plastics.  

Recently, recycling techniques based on mechanical (Milling), thermal (Pyrolysis), and 

chemical (Solvolysis) treatments were established to recover carbon fiber from resin 

contaminated waste (industrial and end of life components). In recycling treatments, 

pyrolysis and solvolysis techniques deliver cost-efficient carbon fiber with mechanical 

properties similar to those of virgin carbon fibers. Furthermore, these recycling techniques 

deliver recycled carbon fibers as discontinuous fibers such as milled fibers, chopped fibers, 

and dissimilar lengths of fibers. These discontinuous recycled carbon fibers are integrated 

into high-performance fiber-reinforced plastics with thermoplastics and thermoset polymers 

through direct (Injection molding) and indirect (nonwovens and hybrid yarn) techniques. 

Thermoplastic polymers are getting more attention due to their distinctive advantages over 

thermosets. These advantages include enhanced impact, abrasion, and corrosion resistance. 

In addition to this, low density, less tooling cost, rapid cycle times, higher shelf life, and ease 

of recycling makes thermoplastic polymers one of the ideal candidate for the future 

applications in transportation industry. Therefore, multiple processing technologies, 

categorized into direct and indirect techniques, were introduced in recent past years to 

integrate recycled carbon fiber into high-performance fiber-reinforced thermoplastics. 

The direct techniques include injection molding and additive manufacturing technologies, 

where recycled carbon fibers and thermoplastic polymer are directly converted into high-

performance composites. While the indirect technique, the first step is to fabricate fibrous 

structures such as tows, nonwovens, tapes and hybrid yarn and then develop high-

performance composite through further consolidation processes, e.g., compression molding. 

These fibrous structures developed through nonwovens (wet laid, dry laid), tape (wet and 

dry processes) and spinning technologies [12]. Unfortunately, the technologies cannot 

deliver structures with unidirectional fiber orientation and there is lack of fundamental 

knowledge and technological developments regarding processing of recycled carbon fiber 

on carding, drawing and further processes (spinning) for unidirectional structure. Therefore, 

existing processing technologies are unable to fully explore the hidden potential of recycled 
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carbon fibers in high performance composites. It can be concluded from the analysis that 

development of innovative structure with unidirectional fiber orientation can maximize the 

resource efficiency of recycled carbon fibers in high-performance composites.   

In this backdrop, the present research is aimed to develop a highly customizable 

unidirectional and innovative tape structure from recycled carbon fibers and thermoplastic 

fibers for high-performance thermoplastic composites. In order to achieve this objective, 

conception, design, technological developments (investigations, modifications, 

optimizations) and prototyping will be carried out to develop a novel tape development 

technology that transforms recycled carbon and polyamide fibers into homogeneous, 

uniform, and unidirectional recycled carbon fiber tape structure. Furthermore, a relationship 

between technology-structure-property will be established that helps to develop high-

performance composites with tailored-made properties. Finally, modeling the tensile 

properties of the high-performance composites fabricated from unidirectional recycled 

carbon fiber tape will also be conducted. 
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Chapter 2  

State of the art   

 

2.1 Fiber reinforced plastics  

The transportation industry demands to make lighter, more robust, reliable, comfortable, and 

cost-effective vehicles. Therefore, designers and engineers are always trying to utilize better 

materials that fulfill the aforementioned demands of the transportation industry. The roots of 

technological developments in transportation materials have been found in the nineteenth 

century. The nineteenth century is an evolution of metal structures, particularly ferrous 

materials. The metal structures coated with non-corrosive stainless steel structures were 

utilized to build ships, trains, and cars. The evolution of the air transport industry in the 

twentieth century required more sophisticated, lighter, stronger, and energy-efficient 

materials. This forced scientists and engineers to develop new high-performance materials 

that fulfill the aviation industry's requirements. Consequently, intensive efforts have been 

carried out in the twentieth century to introduce a new class of materials termed fiber-

reinforced plastics  [13].  

Fiber-reinforced plastics are made of two or more chemically different constituent materials; 

when combined have improved properties over the individual materials. The main 

constituent of fiber-reinforced plastics is reinforcement and matrix. The reinforcement can 

be glass, aramid, and carbon fibers in fiber-reinforced plastics. The prime objective of 

reinforcement is to carry the structural load and provide strength and stiffness to the 

structure. Besides, the role of the matrix is to bind the reinforced fibers and distribute the 

load to reinforcement under loading conditions. Primarily, the matrix can be a thermoplastic 

or thermoset polymer in fiber-reinforced plastics and its selection depends on the 

performance of the composite [14].  

In fiber-reinforced plastics, carbon fiber-reinforced plastics (CFRP) have distinct structural 

advantages over other high-performance composites, including high specific strength, 
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specific stiffness and superior corrosion resistance. In addition, the light-weighting potential 

of carbon fiber reinforced plastics improves the overall efficiency of transportation by 

reducing fuel consumption. In the twenty-first century, the evolution of light-weighting, 

electro-mobility and carbon emission reduction enhances the utilization of carbon fiber 

reinforced plastics [7, 15]. Consequently, carbon fiber reinforced plastics as high-

performance materials revolutionize the aviation and aerospace transportation industries and 

become one of the most promising candidates for structural applications [13, 16].  

2.2 Overview of carbon fiber reinforced plastics  

Carbon fiber reinforced plastics is a high-performance engineered material that composed of 

carbon fiber and matrix. Carbon fiber is a lighter, non-corrosive, high strength, and high 

modulus fiber that can be developed from PAN fiber or pitch resin. The majority of the 

commercially available carbon fibers are produced from PAN material. The process chain 

of carbon fibers initiates from the polymerization of PAN polymer. Further, spinning, 

drawing and stabilization processes are exercised to develop PAN precursors. In the last step, 

these precursors are carbonized in an inert (N2) and high temperature (up to 3000 °C) 

conditions to develop carbon fibers [17].  

The content of carbon defines the mechanical properties of carbon fiber. For instance, 

standard (SM), intermediate (IM), and high modulus (HM) carbon fibers contain 93%, 96%, 

and 99% carbon content, respectively. The content of carbon in carbon fiber can be 

controlled through the carbonization process. Despite the outstanding mechanical properties 

of carbon fiber, this fiber also exhibits non-corrosive and good electrical and chemical 

properties. In addition to this, carbon fiber has excellent thermal resistance and outstanding 

electromagnetic wave shielding properties. These properties make carbon fiber one of the 

most versatile high-performance materials. That's why it is widely used for technical 

applications in different sectors, including aviation, aerospace, automotive, defense, bio-

medical, civil, architecture, sports, and energy sectors [17, 18].  

In carbon fiber reinforced plastics, the carbon fiber can be used in continuous tows or 

discontinuous form or can be used as textile structure, i.e., woven preform, tape. The prime 

objective of carbon fiber is to carry the structural load and provide strength and stiffness to 

the structure. Besides, the role of a matrix is to bind the carbon fibers and distribute the load 
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to carbon fibers under loading conditions. [14, 19]. The majority of carbon fiber reinforced 

plastics are consumed in America, Europe, Japan, and Asia Pacific regions, and it accounts 

for 40%, 29%, 18.5%, and 12%, respectively. It is attributed to the fact that multiple leading 

companies in wind energy and transportation, including aerospace, aviation (Airbus and 

Boeing), and automotive (Volkswagen, Audi, BMW, etc.), are operating from America and 

Europe. Therefore, America and Europe regions are the largest consumers of carbon fiber 

reinforced plastics. It is anticipated that the demand for carbon fiber reinforced plastics will 

be reached up to 200 kilotons in 2024 [19, 20]. 

The future markets of carbon fiber reinforced plastics are the transportation (aviation, 

aerospace and automotive) and wind energy sectors. Currently, aviation and aerospace has 

one of the leading carbon fiber reinforced plastics consumers. In the future, existing and new 

models of commercial airplanes, including Boeing B787, Boeing B777X, Boeing B737 

MAX, and Airbus A350, Airbus A319/20 will utilize plenty of carbon fiber reinforced 

plastic. The second leading consumer of carbon fiber reinforced plastics will be the 

automotive sector in upcoming years. Light weighting and electro mobility are the main 

drivers of replacing conventional metal structures with carbon fiber reinforced plastics. For 

instance, BMW develops partnerships with SGL Group to supply carbon fiber for i-series 

vehicles, Audi also builds business relations with Voith Composites for Audi 8 series 

vehicles etc.  

 

Figure 2.1: Global demand for carbon fiber reinforced plastics in different sectors [19] 
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An overview of carbon fiber reinforced plastics consumption in aviation, aerospace, 

automotive, and wind energy sectors is given in Figure 2.1. It is estimated that the automotive 

industry will become the leading consumer of carbon fiber reinforced plastics in upcoming 

years. The major challenge that hinders the consumption of carbon fiber reinforced plastics 

in the automotive sector is the cost. Therefore, new strategies that include the re-utilization 

of the waste of carbon fiber have been introduced to ensure a cost-efficient supply of carbon 

fiber [19, 20].   

2.3 Waste of carbon fiber reinforced plastics - a cost efficient material 

Waste of carbon fiber reinforced plastics is obtained from two main sources, i.e., 

manufacturing waste and end-of-life components, as shown Figure 2.2. Manufacturing waste 

produced by the composite industry can be further classified into dry waste, and resin 

impregnated waste. Whereas dry waste comes from production offcuts, leftover spools, or 

bobbin ends and is classified as Type-I waste. The resin-impregnated waste or wet waste 

originating from out-of-date prepregs is classified as Type-II waste. This manufacturing 

waste is approximately 30 to 40 % of the total production waste of CFRP. Based on reports, 

composite industries are collectively generating an enormous amount of waste every year.  

 

 

Figure 2.2: Origination sources of waste carbon fiber 



Chapter 2: State of the art 

 

9 

 

Within the upcoming decades, industries such as aerospace, defense, automotive, and wind 

energy are expected to produce massive waste in the category of end-of-life components, 

and this category of waste is classified as Type-III waste. For instance, 6000 to 8000 

commercial planes are going to retire by 2030 in Europe alone. In 2040, thirty thousand tons 

of end-of-life waste will be produced by the energy sector in the form of rotor blades every 

year in Germany.  

Conventionally, waste of carbon fiber reinforced plastic is disposed of by using landfilling 

or incineration treatments. However, ecological awareness, the limited landfilling capacity, 

and sustainability enforce the authorities to formulate new legislation to restrict such 

practices. Therefore, intensive studies were carried out to develop new recycling routes 

suitable for carbon fiber reinforced plastics waste. As a result, the recycling of carbon fiber 

reinforced plastics has become feasible, and carbon fibers from recycling processes are now 

commercially available. These recycling processes supply cost-efficient recycled carbon 

fiber with mechanical properties that are identical to those of virgin carbon fibers [21]. An 

overview of different recycling processes employed to recycle the waste of carbon-

reinforced plastics is given in the next section. 

2.4 Recycling of carbon fiber reinforced plastics waste 

Thermoset resins (epoxy and unsaturated polyester) are significantly used in the fabrication 

of carbon fiber reinforced plastics; thus, the majority of the waste of carbon fiber reinforced 

plastics contains thermoset polymers. It is well established that thermoset resins develop 

irreversible cross-linked structures during their curing process, and they cannot be remolded, 

reshaped, reprocessed, or melted once cured. Therefore, novel recycling concepts were 

introduced within the past two decades for the recycling of waste carbon fiber. Today, these 

recycling concepts have been put into practice and are used on an industrial scale to treat the 

waste of carbon fiber reinforced plastics. These recycling treatments are broadly categorized 

as mechanical, thermal, and chemical processes.  

2.4.1 Mechanical recycling  

In mechanical recycling, manufacturing waste or end-of-life waste is subjected to 

mechanical treatments to reduce the size of waste. These mechanical treatments can be a 
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chopping or milling process. Usually, type-I and II waste carbon fibers can be processed 

with chopping processes. The chopping process consists of rotary cutters that precisely cut 

the waste fibers into defined fiber lengths ranging from 3-100 mm or above. Such recycled 

carbon fibers have modulus, strength, and interfacial shear strength that are very similar to 

virgin carbon fibers.  

Contrary, any type (I, II, III) of carbon fiber can be processed by the milling process and 

can be converted into fiber fragments. In the milling process, large end-of-life component 

waste is converted into smaller pieces by shredding or crushing processes. Subsequently, 

these pieces are ground into recyclates ranging from 100 µm to 3 mm by means of milling. 

These recyclates are then segregated into fiber fragments with the help of a classifying 

operation such as sieves. The milled fibers have lower mechanical and adhesion properties 

as compared to virgin carbon fibers [12, 21]. Currently, multiple recycling companies offer 

chopped and milled recycled carbon fibers, such as CFK Valley, Stade Recycling 

(Germany), SGL Group (USA), ELG Carbon Fiber (UK), Hadeg Recycling (Germany), 

Vartega (USA), and Karborek RCF (Italy).  

2.4.2 Thermal Recycling 

The underlying principle of thermal processes is to expose type-II and type-III waste carbon 

fibers to high temperatures (450 °C to 700°C) under atmospheric or insert conditions 

(nitrogen). The selection of temperature depends on the resin type present in the waste 

material. The temperature breaks down the matrix so that carbon fibers are individually 

separated from resin. The temperature selection and processing parameters play an important 

role in the mechanical properties of recycled carbon fiber. The thermal processes include 

fluidized bed process, pyrolysis, steam pyrolysis (thermolysis), and microwave-assisted 

pyrolysis. 

Pyrolysis is one of the most widespread thermal processes addressed in the literature. It is a 

well-established recycling process exercised at an industrial scale for the recycling of waste 

carbon fiber. For example, Meyer et al. introduced a concept for lab-scale pyrolysis for the 

recycling of waste carbon. In this study, pyrolysis was carried out in a thermogravimetric 

analyzer (TGA) with nitrogen and synthetic air to determine optimum parameters. In the 

next step, these parameters were employed at a semi-industrial scale for the processing of 
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recycled carbon fiber reinforced plastics waste. The results of this study proved that optimum 

pyrolysis parameters enable reclaimed carbon fibers with 96% residual strength. This study 

also highlighted that pyrolysis has a great potential for the recycling of carbon fiber 

reinforced plastics waste [22].  

Additionally, Nahil et al. employed a fixed bed reactor for pyrolysis using different 

temperatures (350-700 °C). The recycled carbon fibers pyrolyzed at 500 °C were further 

oxidized at 500 and 700°C. Results showed that pyrolysis and oxidation temperatures have 

an enormous effect on the mechanical properties of reclaimed carbon fiber [23]. Greco et al. 

utilized a pyrolysis process patented by ENEA to recycle scrap carbon fiber reinforced 

plastics. This study also reported on post-treatment processes to modify the surface of 

recycled carbon fiber. In this context, it was shown that post-treatment has an equally 

significant effect on the mechanical properties (tensile modulus, strength, and interfacial 

shear strength) of recycled carbon fibers [24]. A pyrolysis process developed by ELG Carbon 

Fiber was also reported in the literature; different recycling parameters, including their 

impact on the mechanical properties of recycled carbon fibers, were introduced. Wolling et 

al. also employed a pyrolysis process developed by Material Innovation Technology and 

described residual mechanical properties. These studies also confirmed that a pyrolysis 

process with optimum parameters delivers recycled carbon fiber with promising residual 

properties [25-27].  

During a pyrolysis process, char formation on the surface of the recycled carbon fiber is an 

undesirable effect since it impedes the mechanical properties of recycled carbon fibers. 

Therefore, researchers utilized post-treatment or oxidation processes to enhance the purity 

of reclaimed carbon fibers. For example, a single-step pyrolysis process in the presence of 

steam or super steam was presented in [28-30]. Also, comprehensive investigations into the 

impact of recycling parameters on the mechanical properties of recycled carbon fibers were 

carried out. It is concluded from these studies that the residual strength of recycled carbon 

fibers is in the range of 90-95%.  

These studies highlighted that pyrolysis has a less complicated and cost-effective process for 

the recycling of carbon fiber reinforced plastics waste. Therefore, pyrolysis is one of the 

most widespread industrial processes utilized to recycle waste of carbon fiber reinforced 
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plastics. The companies offering pyrolysis treated carbon fibers are CFK Valley Stade 

Recycling (Germany), SGL Group (USA), Carbon conversions (USA), ELG Carbon Fiber 

(UK), Sigmatex (UK), Alpha Recycling Composites (France), Karborek RCF (Italy) and 

Toray Industries (Japan).  

2.4.3 Chemical Recycling 

Chemical recycling is a process in which waste of carbon fiber reinforced plastic is treated 

with chemicals to degrade the matrix under the influence of temperature, pressure, 

electrochemical conditions, or a combination thereof. These chemicals can be a solvent or a 

mixture of solvents, co-solvents, catalysts, or additives. Their selection depends on the 

matrix type that is present in the waste of carbon fiber reinforced plastics. Within the past 

two decades, numerous researchers introduced multiple chemical techniques to recycle 

waste of carbon-fiber-reinforced plastic. These processes can be categorized into high 

temperature and pressure (HTP), low temperature and pressure (LTP), high temperature and 

low-pressure (HTLP), and electrochemical methods [31, 32].  

Allred et al. reported the first chemical process for the recycling of waste carbon fiber and 

studied the impact of different process parameters, e.g., solvolysis temperature, solvolysis 

time, catalytic concentration liquid to feed ratio, and stirring angle on fiber purity. This study 

achieved 99.8% fiber purity with residual strength of 92% [33]. The results of this study 

highlight that chemical recycling has a huge potential to recycle waste of carbon fiber 

reinforced plastics. Therefore, intensive investigations were carried out on solvolysis using 

high temperature and pressure under supercritical (SC) or subcritical (SuC) or near critical 

(NC) conditions with water, propanol, and phenol [34-39].  

These solvolysis techniques deliver recycled carbon fibers with outstanding mechanical 

properties. The residual modules and strength of recycled carbon fibers reported from these 

techniques are in the range of 96-99%. It is a big breakthrough in the recycling of retired 

carbon fiber reinforced plastics. The major problems associated with these processes are 

higher capital costs and ecological and physiological concerns[40]. Therefore, new chemical 

processes, high temperature and low pressure (HTLP), low temperature and pressure (LTP), 

and electrochemical conditions are in the developing stage [31]. 
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2.5 Technologies utilized to develop recycled carbon fiber reinforced 

thermoplastic components 

The mechanical, thermal and chemical recycling techniques deliver cost-efficient 

discontinuous carbon fiber with a vast range of fiber lengths. For instance, the milling and 

chopping process delivers recycled fibers in the form of very short fibers (e.g., 250 µm to 3 

mm) and chopped fibers (3-150 mm), respectively, whereas pyrolysis and solvolysis 

processes generate recycled carbon fibers with random fiber lengths (e.g., 20-300 mm). 

Based on these differences in fiber length, various processing technologies, such as injection 

molding [41], additive manufacturing [42], nonwovens [43], high performance 

discontinuous fiber method [44], and hybrid yarn technologies [45] were utilized to 

developed recycled carbon fiber-reinforced composite components. An overview of re-

processing technologies is presented in Figure 2.3.  

 

Figure 2.3: Technologies employed to process recycled carbon fiber for high 

performance composites 

2.5.1 Injection molding technology 

Injection molding is an established technology used for the development of fiber-reinforced 

plastics. It is because it was initially employed for the development of recycled carbon fiber 

reinforced thermoplastics. With this technique, chopped or milled carbon fibers or fiber 

fragments obtained from waste (Type-I, -II and -III) can be mixed with thermoplastic 

polymers and injected into a mold to produce composites. Generally, chopped or milled 
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carbon fibers obtained from Type-I waste have good bonding and reinforcement 

properties. Therefore, these fibers have not required any additional process to improve 

bonding and reinforcement properties.  

In contrast, short or milled carbon fibers or fiber fragments obtained directly from Type-II 

or/and Type-III waste or recovered through fiber reclamation technology (e.g., pyrolysis) 

have relatively lower bonding and reinforcement properties. Therefore, such type of recycled 

fibers are subjected to different pre-treatment processes such as chemical (acid, alkali, 

coupling agent), physical (plasma, radiation), mechanical (compounding, extrusion), and 

combinations thereof. The prime objective of these processes is to enhance interfacial 

bonding between reinforcement and polymer. In the last step, this mixture or pre-

compounded pellets are injected into a mold to produce a composite [21, 46]. Many attempts 

have been reported to improve interfacial bonding between reinforcement and different 

matrices by applying these treatments. 

McNally et al. deployed melt compounding to load recycled carbon fibers in polyethylene 

(PE) matrix and produce composites. Furthermore, the influence of different fiber content 

on the mechanical properties of thermoplastic composites was also reported. The study 

concluded that mechanical properties have increased with higher fiber content [47]. Han et 

al. developed biodegradable composites based on recycled carbon fiber and poly(L-lactic 

acid) matrix. The melt extrusion process was used to mix recycled carbon fibers in the 

thermoplastic matrix for composite manufacturing. The crystallization kinetics and 

mechanical properties of thermoplastic composites were intensively reported in this study 

[48]. Wong et al. developed recycled carbon fiber reinforced polypropylene composites via 

injection molding and studied the effect of coupling agent (maleic anhydride grafted 

polypropylene) on mechanical properties [49]. Chen et al. applied a chemical treatment to 

recycled carbon fibers. It was subsequently mixed with polybutylene terephthalate polymer 

to produce thermoplastic composites. The effect of the amount of waste carbon fiber on the 

mechanical properties of composites was also reported. The results revealed that higher fiber 

content in injection molding yields higher mechanical properties [50].  

Feng et al. modified the surface of recycled carbon fiber with two chemical treatments, thus 

generating polyamide thermoplastic composites. Firstly, it was treated with acid, and 
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secondly, with the epoxy macromolecular coupling agent. The combination of these 

treatments had a significant effect on mechanical properties. Furthermore, crystallization 

kinetics was also studied, and the influence of fiber volume fraction on mechanical properties 

of recycled carbon fiber polyamide composites was also reported. This study also shows that 

higher fiber content in composites yields better mechanical properties [51]. Yan et al. also 

applied a coupling agent to recycled carbon fiber to enhance the interfacial bonding of 

polycarbonate/acrylonitrile butadiene styrene copolymer alloy composites [52]. 

Furthermore, Han et al. modified the surface of recycled carbon fiber by applying a 3-

Glycidoxypropyltrimethoxysilane coupling agent. Subsequently, mechanical properties of 

thermoplastic composites based on polybutylene succinate matrix were reported [53]. 

Stoeffer et al. integrated recycled carbon fiber into polyphenylene sulfide thermoplastic 

matrix through melt compounding, which was followed by injection molding. Lee et al. 

employed plasma treatment aiming at the surface modification of recycled carbon fiber. 

Subsequently, it was incorporated into a polypropylene matrix to manufacture thermoplastic 

composites. The study concluded that plasma treatment successfully modifies the surface of 

recycled carbon fibers and improves the mechanical properties of composites [54]. Hirayama 

et al. produced polypropylene-based thermoplastic composites made of recycled carbon fiber 

by extrusion and injection processes [55]. Luo et al. introduced a new concept for 

manufacturing core/shell pellets structure based on long carbon fibers and polyamide 

polymer. These core/shell pellets were further processed on injection molding to produce 

thermoplastic composites [56].  

These studies revealed that injection molding could produce recycled carbon fiber reinforced 

plastic with a wide range of thermoplastic polymers, e.g., polyethylene, polypropylene, 

polyamide, polycarbonate, poly L-lactic acid, polyphenylene sulfide, polybutylene 

terephthalate and polybutylene succinate. Despite this uniqueness, the injection molding 

technology can only process short fibers and produce composites with low fiber volume 

fractions. In addition to this, it is nearly impossible to control fiber orientation during 

injection molding. Therefore, the tensile strength of injection molding composites is minimal 

(20-200 MPa), and it is used to develop nonstructural components in automotive 

applications, as shown in Figure 2.4.  
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Figure 2.4: Injection molded oil pan cover [57] 

2.5.2 Additive Manufacturing technology 

Additive manufacturing, also known as 3D printing technology, can develop fiber-reinforced 

plastics with various thermoplastic polymers like injection molding. This technique used a 

filament containing short or milled recycled carbon fibers (Type-I, -II, or -III) and 

thermoplastic polymers as raw material. The composition of carbon fiber and thermoplastic 

polymers defines the fiber volume content. In the next step, this continuous filament is 

converted into a three-dimensional object controlled by a computer-aided design model. The 

3D printing technique is a very efficient and precise technology, and it prints any object by 

deploying layer by layer of a filament. Furthermore, this technique also develops composites 

with a vast range of thermoplastic polymers e.g. Polylactic acid, Acrylonitrile butadiene 

styrene and Polyamide. The mechanical performance of a 3D printed component is like 

injection molding composite [42, 58-61].  

2.5.3 Nonwovens technology 

Nonwoven technologies, classified into wet and dry nonwoven technologies, were used to 

produce oriented fibrous structures to recycle carbon fiber reinforced thermoplastic 

composites [62]. Papermaking technology is the most common wet nonwoven technology 

used to process recycled carbon fiber. In papermaking, short recycled carbon fibers were 

dispersed in a solvent with the help of a stirrer or propeller. Then, these fibers are filtered, 

dried, and solidified to produce an isotropic structure. Finally, it was combined with 

thermoplastic films, nonwovens, or matrix to form a thermoplastic composite. Recycled 

carbon fiber reinforced thermoplastic based on wet nonwoven technology has a tensile 

strength ranging from 20-200 MPa [63]. Besides, thermoplastic composite based on virgin 
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carbon fibers has a tensile strength ranging from 1400 MPa to 2000 MPa, which depends on 

the fiber volume content.     

In dry nonwoven technology, carding technology is widely employed for recycled carbon 

and thermoplastic fibers for fiber-reinforced plastics. Carding machine consists of multiple 

metallic wire cylinders that orient the carbon fibers with the help of carding action. This 

carding mechanism also mixes the hybrid fibers at the fiber-to-fiber level. The carding 

machine produces a fibrous sheet termed a web. Subsequently, multiple web sheets were 

combined to develop an anisotropic fibrous structure that is suitable for high-performance 

composites manufacturing. This anisotropic structure based on hybrid fibers improves 

interfacial bonding between reinforcement and matrix in composites. Therefore, numerous 

studies were reported to process recycled carbon fiber in the carding process.  

Cornacchia et al. developed a thermal process to recover carbon fiber from end-of-life 

sources. The waste carbon fibers were integrated into hybrid fibrous mats by a carding 

mechanism and converted into recycled carbon fiber reinforced polypropylene composites 

by consolidation [64]. Wei et al. analyzed the mechanical properties of polyamide 

composites that were reinforced with recycled carbon fiber webs. A comparison between the 

mechanical properties of recycled carbon fiber-reinforced polyamide composites based on 

papermaking and the carding processes was reported in [65, 66].  

Cai et al. fabricated a hybrid web from recycled carbon and polyamide (PA-66) fibers on a 

carding machine. In the next step, unidirectional and cross directional composites were 

produced using compression molding, and mechanical properties were also analyzed in the 

machine direction and cross direction. This study concluded that composites show 

anisotropic behavior in machine and cross direction. It can be correlated with fiber 

orientation that is higher in the machine direction than cross direction [67]. Holmes et al. 

reported manufacturing lightweight automotive components from recycled carbon fiber 

mats. The carbon fiber mats were developed on a carding machine by mixing recycled carbon 

fibers and thermoplastic fibers. Subsequently, recycled carbon fiber-reinforced polyamide 

composites were produced by compression molding. The influence of fiber volume fraction 

on mechanical properties of thermoplastic composites was also reported in [68]. The result 
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shows that thermoplastic composites with high fiber volume fractions have good mechanical 

properties.    

Lutzkendorf et al. also developed hybrid composites based on recycled carbon fibers. Thus, 

carbon fiber was mixed with natural and thermoplastic fibers to produce carded mats. Then, 

hybrid mats made of natural, recycled carbon fiber and thermoplastic fibers were converted 

into hybrid composites. This study concluded that thermoplastic composite is suitable for 

manufacturing automotive interiors and reduces the weight of automotive components by up 

to 30% compared to natural fiber composites while simultaneously maintaining favorable 

mechanical properties [69]. Wolling also reported recycled carbon fiber-reinforced 

thermoplastic composites by carding process [70]. 

It is concluded that composites based on dry-laid technology or similar modified processes 

have better tensile properties than composites based on wet-laid nonwoven. These properties 

are varied with respect to fiber type, matrix type, and fiber volume fraction. To explore the 

potential of recycled carbon fiber, many research institutes and companies worldwide have 

developed recycled carbon fiber reinforced thermoplastic components by using nonwoven 

technology [71]. These research institutions and companies developed components for 

multiple automotive applications. A prototype roof structure for automotive application 

based on recycled carbon fiber is presented in Figure 2.5. 

 

Figure 2.5: Automotive roof structure from compression molding of nonwoven [72] 

2.5.4 Hybrid yarn spinning technology  

Hybrid yarn composed of recycled carbon and thermoplastic fibers was also introduced to 

develop high-performance composites. These hybrid yarns can be processed on modified 

spinning technologies to develop fibrous structures with good fiber orientation, compactness, 
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and more significant fiber volume fraction. In this technique, recycled carbon and 

thermoplastic fibers are subjected to carding and drawing processes to produce hybrid 

slivers. Subsequently, these hybrid slivers were subjected to different spinning technologies 

(wrap, flyer, and friction) to spin hybrid yarn. Finally, hybrid yarns wound on a winding 

frame were subjected to compression molding to produce thermoplastic composite [73].  

Multiple spinning technologies provide different yarn structures that affect the composite 

properties in the hybrid yarn. For instance, wrap spinning produced hybrid yarn structures 

with higher fiber orientation and uniformity. It makes wrap spun yarn a suitable candidate 

for producing recycled carbon fiber reinforced thermoplastic composites [74]. Akonda et al. 

developed a wrap spun hybrid yarn based on recycled carbon and polypropylene fiber. The 

recycled carbon and polypropylene fibers were processed on a modified cotton-carding 

machine to produce a hybrid sliver. Later on, hybrid yarn was produced by winding a binder 

yarn around drafted fibers. Finally, wrap spun hybrid yarn was converted into a recycled 

carbon fiber-reinforced thermoplastic composite through compression molding. The effect 

of the fiber volume fraction on the tensile properties of composites was described in this 

study [45]. Goergen et al. also presented hybrid yarn produced from recycled carbon and 

polyamide fibers and developed non crimp fabrics to manufacture recycled carbon fiber-

reinforced thermoplastic composites [75]. 

In contrast, flyer spinning produced a twisted and uniform fibrous structure called roving 

with a linear density of 200tex to 3500tex [76]. A twisted roving structure based on recycled 

carbon and polyamide fibers for fiber-reinforced plastics was examined at the ITM. For this 

purpose, initially a laboratory-scale carding machine was employed, and a hybrid web 

structure was produced by mixing recycled carbon fiber and polyamide fibers. The hybrid 

card web was further processed on a drawing and roving machine to produce hybrid yarn. In 

addition, the effects of fiber length, level of twist, and fiber volume fraction on the tensile 

properties of hybrid yarn were investigated [77]. The influence of twist level and fiber 

volume fraction on the mechanical properties of recycled carbon fiber-reinforced 

thermoplastic composites was reported in [78]. The study revealed that fiber volume fraction 

significantly affected the mechanical properties of thermoplastic composites. 
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In another study, the influence of fiber sizing on the mechanical properties of thermoplastic 

composites was also reported [79]. In this study, hybrid yarn was developed with waste 

carbon fiber sized with thermoplastic sizing, thermoset sizing, and without sizing material, 

and unidirectional composites were developed and evaluated subsequently. The results 

revealed that thermoplastic composites fabricated from waste carbon fiber sized with 

thermoplastic sizing have good mechanical properties. Miyake et al. presented an alternative 

method to produce hybrid slivers based on drafting and combing processes called Gill box 

for staple carbon and thermoplastic fibers. A hybrid sliver was used to spin hybrid yarn for 

recycled carbon fiber-reinforced thermoplastic composites. In addition, the distribution of 

fiber orientation in composite structures was also investigated. The study highlights that 

unidirectional composite based on flyer yarn has promising tensile properties [80].  

Friction spinning is a type of open-end-spinning technique used to produce hybrid yarn with 

higher fiber orientation. This technique additionally allows for the generation of core-sheath 

yarn. During twisting, a filament is inserted into the yarn's core to stabilize the spinning 

process and increase yarn strength. The core component (staple fiber and endless filament) 

is permanently confined to the central axis and is covered by staple fibers forming the sheath 

structure. This spinning technique involves two perforated spinning drums moving in 

opposite directions to contact the yarn surface. Suction air pressure is provided to press the 

fibers against the surface of the spinning drums. The amount of suction air pressure affects 

the amount of torque acting on the yarn. Higher air suction pressure through the friction 

drums leads to increased frictional forces between the fiber assembly (sleeve) and the 

spinning drum surfaces, thereby increasing the torque acting on the fiber sleeve, which 

results in a more compact yarn structure [14, 74]. To understand the effect of the yarn 

structure on composite properties, friction spun yarn was also investigated at the ITM. Hasan 

et al. developed friction spun core-sheath hybrid yarn to produce recycled carbon fiber-

reinforced polyamide composites. The core of the hybrid yarn comprised polyamide 

filaments, whereas the sheath consisted of carbon and polyamide fibers [81-83].  

These studies show that flyer, wrap, and friction spinning technologies can develop a 

homogeneous twisted yarn for thermoplastic composites as displayed in Figure 2.6. The 

composites prepared from hybrid yarns show promising tensile properties (800-1100 MPa). 

It is attributed to the fact that hybrid yarn technology provides relatively better fiber 
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orientation and compactness. Despite this, the problem associated with hybrid yarn 

technology is twisting mechanism. The twisting mechanism damages the inherently brittle 

recycled carbon fiber and introduces short fiber content in the hybrid yarn structure. In 

addition, the twisting mechanism restricts the achievement of unidirectional orientation in 

the yarn and subsequently in composite structures. Ultimately, the potential of recycled 

carbon fiber is not fully exhausted in composites. 

 
 

Figure 2.6: Spinning technologies (a) wrap spinning (b) friction spinning (c) flyer 

spinning (d) hybrid yarn (e) demonstrator  

2.5.5 Tape technology  

The use of tape or tow structures was also reported for the manufacturing of recycled carbon 

fiber-reinforced plastics. The primary objective of this technology is to provide a prepreg 

structure for the rapid production of thermoplastic composites. Tow or tape type prepreg 

structure was reported from the University of Bristol with the name High-Performance 

Discontinuous Fiber Method (HiPerDiF) for manufacturing recycled carbon fiber reinforced 

plastic composites. Initially, this process was employed for tape type structure from short 

virgin carbon fibers. Later on, it was also used to process recycled carbon fibers. This process 

introduces a new concept of orienting carbon fibers under wet conditions [84]. Tappers et al. 

developed a recycling process for discontinuous carbon fiber polypropylene composites. In 

the first phase, carbon fibers and a polypropylene matrix were recycled. Then, these recycled 

materials were used to produce thermoplastic composites based on the HiPerDiF method 

[85].  
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In another literature, a dry process based on modified carding technology was also reported 

to develop a fibrous structure termed a tape structure. Akonda et al. have developed a tape 

structure for the manufacturing of recycled carbon fiber reinforced polyester composites. In 

this study, recycled carbon and polyester fibers were mixed on a carding machine, whereby 

tape was directly produced by replacing the condensation rollers unit with a consolidation 

unit. Subsequently, narrow structures were converted into woven structures, followed by 

compression molding resulting in a composite [86]. A similar structure based on mesh binder 

tape structure based on recycled carbon and thermoplastic silver for the development of 

thermoplastic composite is also reported. Rimmel et al. developed a binder application 

process and utilized a binder mesh wrapped around the hybrid sliver. These binder mesh 

tapes were further consolidated through compression molding [87]. Thermoplastic 

composites prepared from tow of tape structure have tensile properties ranging from 300-

400 MPa. This is because the developed tape structure has lacking in homogeneity, 

uniformity, compactness and unidirectional fiber orientation. Although tape technology is at 

the initial development stage, extensive research and technological developments are 

required to exhaust the potential of recycled carbon fibers in high-performance composites 

and to achieve higher composite mechanical properties. 

2.5.6 Summary  

Recycled carbon fibers can be integrated into high-performance composites using the 

aforementioned technologies. These processing technologies produce different fibrous 

structures that yield thermoplastic composites with various tensile properties. The 

mechanical properties of thermoplastic composites are affected by fiber source, fiber type, 

fiber characteristics, structural properties of the composite, processing technologies, and 

their technological parameters. 

The composite industry and end-of-life components are the primary sources of recycled 

carbon fibers. The composite industry processes different qualities of virgin carbon fibers, 

for example, standard modulus (SM), intermediate modulus (IM) and high (HM) fibers. 

Similarly, fibers reclaimed from end-of-life components also possess different qualities. The 

reclaimed fibers from aeronautics end-of-life components have different mechanical 

properties than fibers recovered from other types of end-of-life components. Therefore, fiber 

source significantly influences the properties of recycled carbon fiber reinforced plastics.   
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Moreover, the fiber type affects the properties of the recycled carbon fiber-reinforced 

plastics. Generally, Type-I recycled fibers have mechanical properties identical to those of 

virgin carbon fiber. In contrast, Type-III waste carbon fiber has lower mechanical properties 

than virgin carbon fiber. Hengstermann et al. reported the effect of the fiber type on the 

mechanical properties of a thermoplastic composite based on hybrid yarn. Results suggest 

that a thermoplastic composite prepared from Type-I fibers provides better mechanical 

properties than a composite containing Type-III recycled carbon fiber [78].   

The characteristics of recycled carbon fiber play a decisive role in the properties of the 

resulting composite. The most significant characteristics are fiber strength, length, and 

sizing. Generally, carbon fibers with higher fiber length yield enhanced mechanical 

properties. For instance, the fiber length used in injection molding is very low compared to 

the length used in the nonwoven technique. Consequently, a thermoplastic composite based 

on nonwoven technology exhibits more favorable mechanical properties than injection-

molded composites. Hengstermann et al. investigated the effect of fiber length and fiber 

sizing on the mechanical properties of the composite. This study concluded that 

thermoplastic composite manufactured with higher fiber length has slightly better tensile 

properties [88]. Moreover, it is also summarized that thermoplastic composites fabricated 

from carbon fibers sized with thermoplastic polymer have better tensile properties than 

composites developed from carbon fibers sized with thermoset sizing [79].  

The structural parameters, such as the degree of fiber orientation, significantly affect the 

performance of thermoplastic composites. For instance, a fibrous structure produced using 

dry-laid nonwoven technology has better fiber orientation than wet-laid nonwoven. This 

property is responsible for higher mechanical properties in thermoplastic composites. A 

comparative study of the tensile properties of thermoplastic composites based on wet and 

dry nonwovens was presented in [70]. Their results conclude that thermoplastic composites 

based on dry-laid nonwovens possess better mechanical properties when compared to 

composites produced from wet-laid nonwovens. It is attributed to fiber orientation being 

higher in composites based on dry-laid nonwovens than wet-laid nonwovens.  

The behavior of fiber orientation in injection molding and hybrid yarn structures is entirely 

different compared to nonwovens. In injection molding, the distribution of fiber orientation 
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is altogether random. Therefore, composites based on injection molding technology show 

isotropic behavior. In contrast, fiber orientation distribution is relatively good in hybrid yarns 

structure. As a result, composites based on hybrid yarn techniques show anisotropic behavior 

and deliver higher mechanical properties [80]. However, unidirectional fiber orientation in 

hybrid yarn structures is still a challenge and it limits the potential of recycled carbon fiber 

in the high performance composites.    

The fiber volume content is another critical property affecting the composite structure's 

mechanical properties. Various researchers reported the influence of fiber content on the 

mechanical properties of composites in injection molding [47, 48, 50, 51, 56]. These studies 

concluded that composite structures loaded with more recycled carbon fibers yield higher 

mechanical properties (tensile strength and modulus). Thermoplastic composites composed 

of nonwoven structures also show a similar trend [67, 68]. These studies also concluded that 

thermoplastic composites with higher carbon fiber content show enhanced mechanical 

properties.  

The impact of fiber volume fraction on the mechanical properties of composites based on 

hybrid yarn was reported in [78]. In this study, composites were developed with 30%, 50%, 

and 70% fiber volume fractions, and the mechanical properties of these composites were 

evaluated. The results highlighted that thermoplastic composites containing 50% fiber 

volume fraction show excellent tensile strength. While composite produced with 70% fiber 

volume fraction was not thoroughly impregnated and showed poor tensile properties. In 

contrast, the elastic modulus was improved by increasing fiber volume content in this study.  

The processing technology is crucial in determining thermoplastic composites' mechanical 

properties. Generally, injection-molding technology produces a composite structure with 

low fiber volume content. Therefore, composite based on injection molding has limited 

performance capacities. In contrast, the nonwoven and tape technologies produces isotropic 

and anisotropic fibrous structures with a higher fiber volume fraction (20%-40%). These 

structures have thermoplastic composites with tensile properties of up to 400 MPa. 

In contrast, hybrid yarn technology offers exceptional advantages over injection molding, 

additive manufacturing, and nonwoven technologies. It processes medium to long recycled 

carbon fibers, produces a homogeneous, uniform, twisted, and compact fibrous structure 
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with better orientation. Results reported from ITM revealed that composites produced from 

hybrid yarn possess promising tensile properties (up to 1100 MPa). Despite this, the twisting 

mechanism damages the recycled carbon fiber and restricts the unidirectional fiber 

orientation in the yarn structure. Therefore, the potential of recycled carbon fibers in high-

performance composites is still not fully utilized.  

The technological developments for the fabrication of different fibrous structures 

(nonwoven, tape and hybrid yarn) based on conventional or modified spinning technology 

revealed that carding, drawing, and spinning processes could develop fibrous structures for 

high-performance thermoplastic composites. It can also be inferred from the summary that 

homogeneity, uniformity, and directional orientation in a fibrous structure are the key factors 

that play a significant role in the tensile properties of high-performance composites. It is well 

established that homogeneity, uniformity and unidirectional orientation in the fibrous 

structure depend on the technological parameters of the spinning processes, including 

opening, carding and drawing and further drafting.  

Unfortunately, no systematic studies in recent past years reported the technological 

developments, modifications and investigations in the spinning processes to impart 

homogeneity, uniformity and unidirectional orientation in fibrous structures (nonwoven, 

tapes and hybrid yarn). However, as discussed earlier, few researchers used conventional 

and modified spinning processes to develop fibrous structures (nonwoven, tapes and hybrid 

yarn). There is an opportunity to conduct comprehensive, systematic and targeted 

investigations and developments highlighting the principles, guidelines, instructions and 

fundamentals to impart homogeneity, uniformity and orientation in the fibrous structures 

based on recycled carbon fiber.  

 

. 
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Chapter 3  

Research Problem, Concept development, Objectives and 

Research Program    

 

Due to emerging sustainability trends, circular economy, waste management and light-

weighting strategies, the processing of recycled carbon fiber and its integration into high-

performance composites has gained considerable attention in academia and industry. 

Consequently, technological developments were carried out to process recycled carbon fiber, 

as discussed in Chapter 2, transforming recycled carbon fibers into high-performance 

thermoplastic composites. Figure 3.1 presents a comparison of the tensile properties of 

recycled carbon fiber reinforced thermoplastics based on these developed technologies. This 

comparison suggests that the processing technologies significantly affect the tensile 

properties of high performance composites based on recycled carbon fiber. It is because these 

processing technologies deliver composite structures with different levels of fiber 

orientation.   

 

Figure 3.1: Tensile properties of recycle carbon fiber reinforced thermoplastic composites 

based on injection molding [27, 48, 50-52], additive manufacturing [42, 60, 89, 90], 

nonwovens [65, 67, 68, 70, 91], and hybrid yarn technologies [75, 78, 79, 81, 88] 
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For instance, injection molding, additive manufacturing, papermaking, and wet nonwoven 

technologies develop composites with random fiber orientation. In contrast, processes based 

on carding technologies, e.g., dry-laid nonwoven, deliver structure with partial fiber 

orientation and lack of homogeneity and uniformity. Therefore, composite based on injection 

molding, additive manufacturing, and nonwoven technologies is very far from theoretical 

estimates. The analysis can also deduce that fiber orientation, structure homogeneity, and 

uniformity are the most significant parameters affecting the mechanical performance of 

recycled carbon fiber reinforced thermoplastic. 

In order to develop composites with the aforementioned quality, modified spinning 

technology developed in ITM has been introduced to produce hybrid yarn for high-

performance composites. Figure 3.1 shows that thermoplastic composites based on twisted 

yarn structures have promising tensile properties. However, hybrid yarn structure is uniform, 

homogeneous, and oriented compared to nonwoven structures. Besides this, multiple 

limitations are associated with the spinning of hybrid yarn. For instance, the twisting 

mechanism exerts a very high torsional force on carbon fibers, damaging the inherently 

brittle carbon fibers and enhancing short fiber content in the hybrid yarn structure. In 

addition, fiber orientation in hybrid yarns depends on the twisting angle that restricts 

unidirectional orientation and limits composite mechanical properties. 

Furthermore, volume production of hybrid yarn is still challenging, as it requires a high level 

of twists (60 twists per meter) in a yarn structure that limits production. Moreover, weaving 

and knitting of hybrid yarns for the development of prepreg structure is also a time-

consuming and cost intensive processes. It is concluded from the discussion that the 

technologies mentioned earlier are unable to deliver composite structures with unidirectional 

fiber orientation. Therefore, the potential of recycled carbon fibers in high-performance 

composites is not fully utilized.  

In this backdrop, the prime objective of this research is to develop an innovative structure 

based on recycled carbon and thermoplastics fibers, designated as a unidirectional recycled 

carbon fiber tape structure, for high-performance thermoplastics composites. In order to do 

so, a novel technological concept for developing a unidirectional recycled carbon fiber tape 
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structure is presented in this section. This novel concept is composed of the following 

technological steps. 

 Preparation of recycled carbon and thermoplastic fibres and developing uniform and 

homogeneous fibre blending through fibre opening  

 Further opening and fibre-to-fibre mixing of recycled carbon and thermoplastic fibres 

and develop a partially oriented hybrid sliver through carding. 

 Impart homogeneity, uniformity, and further orientation in the hybrid sliver through 

doubling, levelling, and drafting operations of drawing.  

 Transformation of homogeneous, uniform, and highly oriented drawn slivers into 

thermally stable tape structures through a prototype tape forming. 

In this concept, the process starts from the conditioning of recycled carbon and thermoplastic 

fibers. Afterward, these conditioned fibers will be blended with recycled carbon fibers 

through fiber openings operation to develop homogeneous fibers mixing. Generally, 

discontinuous fibers are randomly oriented during blending. Therefore, the next step will be 

to develop an oriented fibers structure through carding. Carding is a fundamental technique 

utilized to open and orient the fibers in the machine direction and condense the fiber's web 

into a sliver. Since, the carding sliver has a very high degree of variation in uniformity, 

orientation and homogeneity. This carding sliver is unsuitable for producing unidirectional 

recycled carbon fiber tape structure.  

Therefore, developing a highly oriented, uniform and homogeneous hybrid sliver will 

provide a breakthrough toward manufacturing a unidirectional recycled carbon fiber tape 

structure. The next step of this concept will be to overcome the shortcomings of carding 

process and improves homogeneity, uniformity, and further orientation in drawn sliver. In 

the final process step, hybrid drawn slivers with the aforementioned quality will be arranged 

in a parallel manner, and the entire width of the fibrous assembly will be converted into a 

unidirectional sheet of fibers termed "unidirectional recycled carbon fiber tapes" through a 

tape forming process.  

Figure 3.2 shows the complete design for the development of unidirectional recycled carbon 

fiber tape structure. It also shows the objectives of each technological step that transforms 
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randomly oriented recycled carbon fibers into highly oriented, homogeneous, uniform, and 

unidirectional recycled carbon fiber tape structure.  

 

Figure 3.2: Concept for development of an innovative unidirectional recycled carbon 

fibre tape structure  

In order to implement this concept, the following research objectives have been outlined in 

this research. 

 Technological developments (modification, optimization, prototyping) of fibre opening, 

carding, drawing and tape forming processes that transform randomly oriented recycled 

carbon and thermoplastic fibres into a homogeneous, uniform, and unidirectional 

oriented recycled carbon fibre tape structure  

 Integration of unidirectional recycled carbon fiber tapes into a high-performance 

thermoplastic composite   

 Establish technology-structure-property relationship in the developed tape technology, 

unidirectional recycled carbon fiber tape structure, and tensile properties of high-

performance composites. 

 Modeling of tensile properties of recycled carbon fiber reinforced thermoplastics 

developed from unidirectional recycle carbon fiber tape structure and correlate the 

structural parameters (fiber orientation, fiber length, fiber volume content) with the 

tensile properties of high-performance fiber-reinforced thermoplastics.  

In order to achieve the objectives mentioned above, the research program is divided as 

follows:  

 In the first part of this research, technological developments will be carried out in fiber 

opening, carding, drawing, and tape-forming processes to develop recycled carbon fiber 

tapes structure with unidirectional fiber orientation. This objective is divided into two 
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steps. In the first step, fiber opening, carding, and drafting operations will be modified, 

optimized and further developed, to impart homogeneity, uniformity, orientation, and 

control fiber shortening in hybrid sliver (Chapter 4). 

 In the next step, the prototype of tape-forming technology will be developed to 

transform homogeneous, uniform, and highly oriented slivers into unidirectional 

recycled carbon fiber tapes. For this purpose, conception, design, preliminary 

developments, construction and prototype development of the tape forming process will 

be implemented. This prototype process combines the hybrid slivers and converts into 

a stable tape structure through drafting, thermal fixation, compaction and winding 

operations. Finally, a technological comparison of the tape development technology 

with existing processing technologies will also be performed to assess the process 

feasibility (Chapter 5). 

 In the second part of the intended research, unidirectional recycled carbon fiber tapes 

will be integrated into high-performance thermoplastics. Furthermore, the technology-

structure-property relationship will be established. For this purpose, the influence of 

technological parameters on the structural parameters of the unidirectional recycled 

carbon fiber tapes (e.g., fiber length, fiber shortening, fiber orientation, uniformity, and 

homogeneity) will be investigated first. Then, the structural parameters of unidirectional 

recycled carbon fiber tapes will be correlated with the tensile properties of high-

performance thermoplastic composites (Chapter 6).  

 In the final phase, analytical and finite element modeling of the tensile properties of the 

high-performance composites fabricated from unidirectional recycled carbon fiber tapes 

will be performed. In order to do so, fundamental knowledge established through 

technology-structure-property analysis, e.g., fiber orientation, fiber length, fiber 

shortening, and fiber volume fraction, will be utilized to develop microscale models. 

These microscale models will be used to predict the composite elastic properties. 

Furthermore, analytical models will also be employed to conduct a comparative 

investigation. In the end, a macro-scale composite model based on the standard test 

method (DIN ISO EN 527-5) will be developed to simulate the tensile strength of the 

high-performance composites (Chapter 7).  
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Chapter 4  

Technological developments of fiber opening, carding and 

drawing processes   

  

Recycled carbon fiber is a high-performance material available in the form of discontinuous 

fibers. This fiber possesses unique characteristics compared to conventional fibers, such as 

inherent brittleness, low elongation, lack of crimp, and high sensitivity to shear forces. These 

characteristics make recycled carbon fiber one of the most challenging fibers, and it demands 

gentle treatment and special processes that transforms recycled carbon fibers into 

unidirectional structures. This chapter aims to develop hybrid sliver based on recycled 

carbon and polyamide fibers with improved homogeneity, uniformity and orientation. For 

this purpose, technological developments (modifications, optimization and further 

developments) in fiber opening, carding and drawing processes were conducted.  

4.1 Further development of fiber opening    

4.1.1 Introduction  

Fiber opening refers to reducing large and dense tufts into smaller tufts or individual fibers. 

The opening of fibers is the first operation in the nonwovens and conventional spinning 

industries of natural and manmade fibers. In this operation, fiber tufts are plucked from bales 

and converted into small pieces of fibers through mechanical operations. These mechanical 

operations are generally achieved by opposite spikes, air currents, and metallic wire 

cylinders with different feeding mechanisms (feeding mechanism can be a pair of feeding 

rollers or a combination of feeding plate and feed roller). The fiber opening operation 

enhances the volume of the fibers while minimizing the fiber's mass [92].  

The prime objective of this operation is to control fiber opening so that a uniform and 

homogeneous sheet of fibers with low fiber damage will be developed for the subsequent 

carding process. For this purpose, a combination of different fiber openers, mixers, and 

cleaners with air current mechanisms are utilized traditionally in any blow room line. These 
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combinations depend on the fiber (natural and manmade) and fiber properties (elastoplastic, 

plastic, etc.). In short, the opening of conventional elastoplastic fibers, e.g., cotton, wool, 

polyester, and nylon, has been established and equipped with state-of-the-art technologies. 

For instance, plenty of fiber openers are designed and available by the leading machine 

manufacturers. These fiber openers are multi roller openers, single roller openers, universal 

openers, bale breakers, unifloc, etc. The bale breaker and unifloc are used to process short-

staple cotton fibers and a single roll opener is recommended for polyester fibers [62, 76]. In 

short, a wide range of fiber openers is available for conventional fibers. 

In contrast, recycled carbon fiber is brittle in nature and have very low fineness (low 

diameter). Furthermore, it has a smooth and crimp-free surface; moreover, it is one of the 

stiffer textile fibers compared to conventional fibers. To the best of the author's knowledge, 

there is no study reported until now that describes the opening behavior of carbon fiber with 

different opening mechanisms and reported the quality of fibers blending and homogeneity. 

Therefore, the aim is to process recycled carbon fiber on a fiber opener and develop 

homogeneous fibers blending without any fiber damage for carding process. For this 

purpose, two opening mechanisms, known as mechanical and air currents, were used to 

process recycled carbon fibers on a fiber opener. Furthermore, the impact of these opening 

mechanisms on the quality of recycled carbon fibers was measured in terms of the degree of 

fibers opening, homogeneity, and fiber length.    

4.1.2 Methodology  

4.1.2.1 Selection of materials 

In this study, recycled carbon and crimped polyamide fibers were used as raw materials. 

SGL Group, Germany and TEIJIN Carbon, Europe supplied the carbon fibers while the 

polyamide fibers was purchased from Barnet Europe, Germany and EMS Grilltech, 

Germany. The carbon fibers, obtained from leftover spools waste (Type-I), were cut into 

different lengths. The summary of both raw materials including, their supplier, cut lengths, 

fiber fineness and tensile properties are shown in Table 4.1. 
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Table 4.1: Properties of carbon and polyamide fibers 

Material Carbon Fiber (Type-I) Polyamide-6 

Supplier SGL TEIJIN Barnet EMS 

*Identification C T P E 

Fiber length (mm) 40-100 ± 2 40-100  ± 2 40-60 ± 2 40-60 ± 2 

Fiber linear density (dtex) 0.70 ± 0.24 0.45 ± 0.08 4.1 ± 0.57 1.5 ± 0.20 

Single fiber strength (MPa) 3480 ± 803 3410 ± 628 608 ± 15.8 452 ± 8.3 

E- Modulus (GPa) 221 ± 20.1 227 ± 40.1 1.3 ± 0.16 1.48 ± 0.57 

Fiber elongation (%) 1.83 ± 0.26 1.79 ± 0.20 85.6 ± 7.2 74.9  ± 19.7 

* Identification code for the material combination    

The different material combination based on lengths of carbon fibers, polyamide fibers and 

fiber volume content were used in this research. Each material combination is presented in 

the format of CxPyVz or TxEyVz. Here, 𝒙 presents the length of SGL (C) and Teijin (T) carbon 

fibers; 𝒚 denotes the length of Barnet (P) and EMS (E) polyamide fibers and 𝒛 express the 

fiber volume content. In this research, C80P60V50 material combination were utilized for the 

technological developments of fiber opening, carding, drawing and tape forming processes.  

4.1.2.2 Experimental detail 

Semi industrial fiber opener developed by the DILO Group was selected to open and blend 

the recycled carbon and polyamide fibers. This opener consists of a single-cylinder with a 

pair of feeding rollers. The cylinder is equipped with metallic wire clothing, while the surface 

of the feeding rollers is engraved. The engraved surface grips the fibers during fiber opening 

and prevents material snatching. The metallic wire cylinders perform an opening mechanism 

by reducing the tuft size. Furthermore, these fibers moved with air currents and transferred 

to the chute feeding mechanism that condenses the fiber and converts them into a uniform 

and homogeneous sheet of fibers (known as batt). The chute feeding mechanism consists of 

a chute feeder and a hopper feeder.  

In order to achieve the gentle opening and produce homogeneous fiber blending, conditioned 

polyamide fibers were blended with recycled carbon fibers by using two mechanism. These 

blending mechanisms are referred to as mechanical and air currents, as shown in Figure 4.1. 

In mechanical, sandwich layers of polyamide and recycled carbon fibers are placed on the 

feeding lattice and subjected to a metallic wire opener for fibers blending. As a result, 

recycled carbon fibers were mechanically in contact with the metallic fiber opener. In air 
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current, only polyamide fibers were exposed to the metallic wire cylinder, while the recycled 

carbon fibers were introduced at the delivery point of the metallic wire cylinder. In this 

mechanism, recycled carbon fibers have no mechanical contact with the metallic wire 

opener. Recycled carbon and polyamide fibers were processed with mechanical and air 

currents blending, and the influence of both mechanism on the opening degree of recycled 

carbon fibers was measured and analyzed. The detail of characterization of fiber length and 

degree of fibers opening is given in the Appendix II. 

 

Figure 4.1: Fibre opener and chute feed system: (1) Feeding lattice (2) compression 

roller (3) feeding rollers (4) metallic wire cylinder (5) transport duct (6) transport fan 

(7) condenser (8) feeding mechanism (9) hopper 

4.1.3 Results and discussion 

The opening degree of recycled carbon fibers achieved through mechanical and air current 

opening mechanisms is presented in Figure 4.2(a). The results show that the average tuft size 

of the carbon fiber obtained from mechanical and air currents mechanism is 1.6×10-2 g/tuft 

and 6 ×10-2 g/tuft. It can be depicted from the result that the mechanical opening mechanism 

delivers a fine opening of recycled carbon fibers as compared to the air currents mechanism. 

It can be associated with the mechanical action of the metallic wire cylinder.   
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Figure 4.2: Opening of C80P60V50 fibres (a) Degree of opening with maximum and 

minimum values (b) Mechanically opened fibres (c) Air currents opened fibres 

Furthermore, variation in tuft size indicates that mechanical opening mechanisms also 

deliver uniform fiber opening and blending, as shown in Figure 4.2(b). In addition, it is also 

depicted from the variation curve that the mechanical opening mechanism delivers relatively 

better homogeneous mixing. In contrast, the air currents mechanism shows higher variation 

in the degree of opening, and most of the carbon fiber remains in bundles, as shown in Figure 

4.2(c). It shows that air currents opening mechanism delivers fiber mixing and blending with 

inconsistent uniformity and homogeneity.   

 

Figure 4.3: Mean length of recycled carbon fibre in mixing (C80P60V50) 
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The fiber length data obtained from both opening techniques is also presented in Figure 4.3. 

The results show no significant change in the mean length of carbon fibers. In contrast, the 

variation curve shows that the mechanical opening mechanism delivers fiber length with a 

higher standard deviation. It was observed that few fibers bundles are broken into two parts. 

It can be associated with the mechanical treatment of the wire cylinder that plays a critical 

role in fiber opening and fiber length.  

4.1.4 Summary 

In conclusion, the mechanical fiber opening mechanism provides a relatively better degree 

of fiber opening, uniform mixing, and homogeneous blending than the air current opening 

mechanism. At the same time, there is a slightly higher variation in the mean fiber length of 

recycled carbon fiber.  

4.1.5 Development of homogeneous fibers mixing  

Based on the results, mechanical opening delivers relatively homogeneous blending, a higher 

degree of fiber opening and an identical mean length of recycled carbon fiber in the mixing. 

Therefore, different mixing combinations based on fiber length, fiber volume content and 

fiber fineness were developed by using mechanical fiber opening mechanism. The summary 

of these mixing combinations and the mean length of recycled carbon fiber after the opening 

mechanism is reported in Appendix VI.    

4.2 Further development of carding process  

4.2.1 Introduction 

The carding is a standard process in the spinning of natural and synthetic fibers, including 

cotton, wool, polyester, viscose, and their blends. It consists of different metallic wire 

cylinders. The purpose of carding process is to reduce the tuft size (opening) of the infeed 

fibers and align them into machine direction with the help of carding action and deposit 

sliver with the help of coiling mechanism. The roots of technological developments in 

carding can be found at the start of eighteen century. With the evolution of the spinning 

industry, carding has gained considerable attention in the processing of staple fiber due to 

its significant contribution to quality. In the twentieth century, carding is a focus of research 

and development, and plenty of research and development has been carried out to enhance 
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the capacity and capability of carding. Today, modern carding, equipped with state-of-the-

art technology, are designed keeping the characteristics of the fibers in mind. 

Carding action refers as the point of tooth to point of tooth mechanism held between two 

metallic wire surfaces moving in opposite direction. For instance, a card machine is designed 

to process short staple fibers; including cotton, polyester, and their blends consist of flats 

(stationary and rotating) and main cylinder. These flats and cylinders contain special metallic 

clothing that perform carding action and orient the fibers in machine direction. In contrast, 

card machine designed for longer fibers such as wool contain pair of worker and striper 

arrangements instead of flats that helps to align the longer fibers. Currently, the processing 

of conventional fibers in carding has become state of the art. Multiple machinery suppliers 

published catalogs that reported optimum technological and kinematical parameters for the 

processing of different conventional fibers [76].  

In contrast, the development of carding machines to process inherently brittle, shear sensitive 

and crimp-free recycled carbon fibers is relatively a new concept. Unfortunately, limited 

literature as reported in Chapter 2 that utilized conventional and laboratory-scale carding 

machine to develop nonwovens and hybrid yarn structure for high performance composites. 

The prime objective of these researchers is to product development from recycled carbon 

fiber and evaluate the mechanical properties of recycled carbon fiber reinforced 

thermoplastic. There is a lack of fundamental knowledge about the technological parameters 

and their relation with the behavior of recycled carbon fiber on the carding machine. It is 

well-established knowledge that technological and kinematical parameters of carding 

controlled the fiber orientation, fiber length, homogeneity and uniformity in card sliver and 

they play a critical role in the tensile properties of fiber-reinforced plastics.  

In carding process, screening of optimum technological and kinematical parameters is a 

tiredness job. It is because of higher number of parameters (technological and kinematical) 

involved in carding. Therefore, there is strong need to identify the optimum parameters that 

perform safe, damage-free, and gentle processing of recycled carbon fiber and develop 

hybrid card sliver with improved fiber orientation, fiber length, uniformity, and 

homogeneity. In order to do so, the aim is to process recycled carbon and polyamide fibers 
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on a semi-industrial carding machine to develop a card sliver and screen out the influencing 

parameters that affect fiber orientation and fiber length.  

4.2.2 Experimental detail 

A special semi-industrial carding machine developed by the DILO Group and ITM has been 

selected for this study. This carding consists of a double cylinder card machine with a sliver 

deposition mechanism. This special carding machine has two processing zones (breaker and 

finisher) with five pairs of workers and strippers, as shown in Figure 4.4.  

 

Figure 4.4: Schematic diagram of special card machine (1) feed lattice (2) compaction 

roller (3-5) feed rollers, 𝑋𝑒 (6) breaker cylinder, 𝑋𝑣 (7) breaker stripper (8) breaker 

worker, 𝑋𝑎 (9) transfer roller (10) finisher cylinder, 𝑋𝑡 (11) finisher stripper (12) 

finisher worker, 𝑋𝑎 (13) doffer, 𝑋𝑑 (14) doffing comb 

The first processing zone consists of three feeding rollers and a breaker cylinder with two 

pairs of workers and strippers. The three feeding rollers ensure the uniform feeding of fibers 

to the breaker cylinder. The breaker cylinder is the first cylinder that reduces the size of the 

fiber bundle while simultaneously improving fiber-to-fiber mixing and blending. The two 

pairs of workers provide partial carding action and align fibers in the carding direction. The 

main processing zone consists of a finisher cylinder and three pairs of workers and strippers. 

The point-of-tooth-to-point-of-tooth action between finisher cylinder and worker, finisher 

cylinder and doffer, and point-of-tooth to back-of-tooth action between finisher cylinder and 
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stripper generate a better carding and shearing effect. These two zones significantly 

contribute to the processing of recycled carbon fiber. 

Table 4.2: Technical parameters of carding process 

Zone Carding parameters (m/min) 
Levels 

min middle max 

 

Breaker 

 

Feed roller speed 𝑋𝑒 0.08 0.16 0.24 

Breaker cylinder speed 𝑋𝑣 50 95 140 

Breaker worker speed 𝑋𝑎 8 16 24 

 

Finisher  

 

Finisher cylinder speed 𝑋𝑡 160 200 240 

Finisher worker speed 𝑋𝑎 15 30 45 

Doffer speed 𝑋𝑑 8 10 12 

 

Finisher  

 

Finisher cylinder to worker-1 𝑋𝑡−𝑎1 0.5 1 1.5 

Finisher cylinder to worker-2 𝑋𝑡−𝑎2 0.5 1 1.5 

Finisher cylinder to worker-3 𝑋𝑡−𝑎3 0.5 1 1.5 

In order to do systematic investigations, a statistical approach is known as response surface 

methodology, and the Box-Behnken experimental design was employed. The response 

surface methodology is a systematic, efficient, and versatile tool due to its compilation of 

statistical and mathematical techniques [93]. Furthermore, it is cost effective as it requires a 

lower number of experiments. The card sliver was prepared according to the different factor 

and level combinations as determined by response surface methodology and the Box-

Behnken experimental design as given in the Table 4.2. 

Table 4.3: Constant parameters of carding process 

Parameters Unit 
Value 

DOE-1 DOE-2 DOE-3 

Feeding rate g/m 120 120 120 

Feed roller speed m/min 𝑋𝑒 0.16 0.16 

Breaker cylinder speed m/min 𝑋𝑣 100 100 

Breaker worker speed m/min 𝑋𝑎 16 16 

Finisher cylinder speed m/min 200 𝑋𝑡 200 

Finisher worker speed m/min 30 𝑋𝑎 30 

Doffer Speed m/min 8 𝑋𝑑 8 

Finisher cylinder to worker-1 mm 1 1 𝑋𝑡−𝑎1 

Finisher cylinder to worker-2 mm 1 1 𝑋𝑡−𝑎2 

Finisher cylinder to worker-3 mm 1 1 𝑋𝑡−𝑎3 
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During each investigation, only three factors were changed according to the experimental 

design, while the rest of the parameters e.g. roller speeds and rollers gauges were kept 

constant. The list of these constant parameters are given in the Table 4.3.  In order to study 

fiber orientation and fiber length, card sliver was subjected to the Lindsley method and the 

image analysis methods as described in the Appendix III. 

4.2.3 Results and Discussion 

Hybrid card slivers composed of recycled carbon and polyamide fibers were developed 

according to the design of the experiment, and the influence of different technological 

parameters on fiber orientation index and fiber length were analyzed.  

4.2.3.1 Influence of breaker zone parameters on carbon fiber 

Three kinematical parameters of the breaker carding zone, including breaker cylinder speed 

(𝑋𝑣), feed roller speed (𝑋𝑒) and the breaker worker speed (𝑋𝑎) are studied in this 

investigation. Figure 4.5(a) depicts the fiber orientation versus the speeds of the breaker 

cylinder (𝑋𝑣) and feed roller (𝑋𝑒). The third parameter, i.e. worker speed (𝑋𝑎), is kept 

constant at 16 m/min. The graph reveals that the fiber orientation index reached up to 89.7 

% at higher feed roller and breaker cylinder speed. The speed of the feed roller changes the 

mechanical draft from 88 to 33, which affects the number of fibers on the cylinder surface. 

For optimum fiber orientation, a sufficient amount of fibers per unit of wire density must be 

ensured. Therefore, the optimal number of fibers per unit wire density is achieved at a 33 

draft value so that higher feed roller and breaker cylinder speeds deliver an 89.7 % fiber 

orientation index.  

The impact of breaker cylinder (𝑋𝑣) and worker speeds (𝑋𝑎) on fiber orientation is also 

depicted in Figure 4.5(b). In this investigation, the speed of the feed roller (𝑋𝑒) is kept 

constant at 0.16 m/min. Based on the surface plot, it can be interpreted that the orientation 

of fibers is significantly affected by the worker and breaker cylinder speeds. A lower worker 

speed in combination with a higher speed of the breaker cylinder yields 89.4% of fiber 

orientation. This effect can be associated with the carding action [92]. The better carding 

action is achieved at higher breaker cylinder speed and lower worker speed, thus generating 

improved fiber orientation.  
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Figure 4.5: 3-D surface plots: (a) fibre orientation versus speeds of breaker cylinder and 

feed roller (b) fibre orientation versus speeds of breaker cylinder and worker 

Figure 4.6(a) shows the mean fiber length versus the speeds of the breaker cylinder (𝑋𝑣) and 

feed roller (𝑋𝑒). It can be clearly seen from the surface plot that the speed of the breaker 

cylinder has a greater influence on mean fiber length than that of the feed roller. The higher 

value of fiber length is achieved at a higher level of breaker cylinder speed and can be 

correlated with fiber-to-fiber frictional forces. As mentioned previously, the card machine 

employed in this study was a double cylinder card, and the breaker cylinder is the first 

opening roller that reduces the fiber bundles into individual fibers. Therefore, a higher speed 

of the breaker cylinder ensures uniform fiber opening and therefore provides lower frictional 

properties. Consequently, carbon fibers are treated gently in the breaker zone, and values of 

mean fiber length are reached up to 72 mm.   

The influence of breaker cylinder (𝑋𝑣) and worker (𝑋𝑎) on the mean fiber length is shown in 

Figure 4.6 (b). The feed roller speed (𝑋𝑒) was kept constant at 0.16 m/min in this experiment. 

The surface plots clearly suggest that both the speed of the breaker cylinder and the worker 

have a considerable influence on carbon fiber length. The maximum fiber length is achieved 

either at higher breaker cylinder speed with lower worker speed or at minimum breaker 

cylinder speed with higher worker speed. These two combinations are associated with the 

degree of fiber opening that affects the fiber-to-fiber friction. The intensity of fiber opening 

increased at a higher cylinder speed with minimum worker speed or at a lower cylinder speed 

with higher worker speed. The surface plot also leads to the conclusion that the first 

combination (higher breaker cylinder speed with lower worker speed) yields slightly 
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favorable values of fiber length as compared to the second combination. This is due to the 

superimposition of fiber opening with fiber orientation.   

 

Figure 4.6: 3-D surface plots: (a) fibre length versus speeds of breaker cylinder and feed 

roller (b) fibre length versus speeds of breaker cylinder and worker 

4.2.3.2 Influence of speeds of finisher zone on carbon fiber  

The influence of three kinematical parameters of the finisher carding zone i.e. finisher 

cylinder speed (𝑋𝑡), finisher worker speed (𝑋𝑎) and doffer speed (𝑋𝑑) on the behavior of 

carbon fibers are discussed in this section. Figure 4.7(a) depicts the fiber orientation versus 

the speeds of the finisher cylinder (𝑋𝑡) and its workers (𝑋𝑎). The third parameter, i.e. doffer 

speed (𝑋𝑑), was kept constant at 10 m/min. In this case, the surface plot reveals that a higher 

finisher cylinder speed has a significant effect on fiber orientation at all levels of the worker 

speed. The value of fiber orientation reached up to 86 % at 240 m/min finisher cylinder 

speed. In contrast, at a low finisher cylinder speed, fiber orientation improved with 

increasing the speed of workers. These trends can be correlated with improved carding action 

between the finisher cylinder and its workers. The impact of the speeds of the finisher 

cylinder and doffer is illustrated in Figure 4.7(b). 

As can be clearly seen from the surface plot, doffer speed also considerably modifies fiber 

orientation. The values of fiber orientation reached up to 89% at a higher speed level. This 

behavior is caused by mechanical draft those changes in accordance with the speed of the 

doffer. A higher doffer speed decreases the number of fibers or sliver linear density due to a 

change in draft. This provides optimum carding action between the finisher cylinder and 
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doffer, which subsequently enhances the orientation level in the card sliver. Recently, a 

relationship between fiber orientation and its thickness in fibrous structures has been 

reported [94]. The results of this study confirmed that fibrous structures with lower thickness 

have a small in-plane angle or higher fiber orientation. Figure 4.7(b) also confirmed that a 

higher doffer speed that delivers lower sliver thickness has higher fiber orientation.  

 

Figure 4.7: 3-D surface plots: (a) fibre orientation versus speeds of finisher cylinder and its 

worker (b) fibre orientation versus speeds of finisher cylinder and doffer 

Figure 4.8(a) depicts the mean fiber length versus the speeds of the finisher cylinder (𝑋𝑡) and 

its workers (𝑋𝑎). The doffer speed (𝑋𝑑) was kept constant at a fixed value. According to the 

surface plot, a higher speed of the finisher cylinder has a positive effect on mean fiber length. 

The value of fiber length reached up to 66 mm at a higher speed of the finisher cylinder. It 

can be correlated with fiber frictional properties that are significantly affected by finisher 

cylinder speed. In contrast, the speed of workers is proven to have no significant effect on 

fiber length. Furthermore, it was also observed during experiments that fibers remained on 

the surface of the transfer roller and did not completely transfer to the finisher cylinder at a 

lower speed of finisher cylinder. Consequently, fiber damage is pronounced more at the 

lower speed of the finisher cylinder, and the length of carbon fiber is limited to 55 mm. The 

impact of doffer speed on mean fiber length is presented in Figure 4.8(b). Based on the graph, 

it can be concluded that a lower speed of doffer yields 68 mm mean fiber length in card 

sliver. This can be associated with the change in the total draft of the machine that depends 

on the delivery rate. The higher delivery speed of the doffer is responsible for a higher draft 

that damages carbon fibers.  
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Figure 4.8: 3-D surface plots: (a) fibre length versus speeds of finisher cylinder and 

finisher worker (b) fibre orientation versus speeds of finisher cylinder and doffer 

4.2.3.3 Influence of technological settings on carbon fiber  

The technological settings of the zone of finisher carding are also important factors that 

affect the orientation and length in hybrid slivers. Therefore, important technological settings 

of the carding mechanism i.e., finisher cylinder to finisher workers-I (𝑋t−𝑎1), finisher 

cylinder to finisher workers-II (𝑋t−𝑎2), finisher cylinder to finisher workers-III (𝑋t−𝑎3) were 

studied and analyzed.  Figure 4.9(a) depicts the fiber orientation index versus technological 

settings between the finisher cylinder to the worker-1 and 2 (𝑋𝑡−𝑎1,𝑋𝑡−𝑎2). While the 

distance between finisher cylinder to third worker (𝑋𝑡−𝑎3) is kept constant. It is interpreted 

from the graph that narrow (0.5 mm) clearance between 𝑋𝑡−𝑎1 and 𝑋𝑡−𝑎2 yields higher fiber 

orientation. It is because of the intense carding action that intensifies the mechanical contact 

of carbon fibers [92]. Similarly, the higher trend of fiber orientation index is also observed 

with wider setting of first worker (𝑋𝑡−𝑎1) and narrow setting of second worker (𝑋𝑡−𝑎2). In 

this case, majority of the fibers were aligned by 𝑋𝑡−𝑎2 setting. The influence of technological 

settings between finisher cylinder to first worker (𝑋𝑡−𝑎1) and third worker (𝑋𝑡−𝑎3) is also 

shown in the Figure 4.9(b) while the 𝑋𝑡−𝑎2 technological setting was remain 1 mm. It is also 

clearly seen from the graph that narrow technological settings (0.5 mm) yield better fiber 

orientation in the card sliver. With narrow roller clearance, the metallic wires of the carding 

machine perform intense point-of-tooth-to-point-of-tooth action that favors the fiber 

orientation in hybrid sliver.  
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Figure 4.9: 3-D surface plots: (a) fibre orientation versus distance between of finisher 

cylinder and finisher worker-1 and 2 (b) fibre orientation versus distance between of 

finisher cylinder and finisher worker-1 and 3. 

The influence of technological settings of finisher cylinder to first worker (𝑋t−𝑎1) and second 

worker (𝑋t−𝑎2) on mean fibre length is shown in Figure 4.10(a). It is depicted from the graphs 

that fiber length is greatly affected by 𝑋t−𝑎1 setting. It provides better fiber length at 1 mm 

as compared to narrow and wider settings. It is because narrow technological settings 

intensify the mechanical contact of carbon fibers that deliver the carbon fiber with higher 

fiber damage. In case of broader setting (1.5 mm), carbon fibers were exposed to second 

worker without control as a result damage was introduced in the carbon fibers. It is also seen 

from the graph that second setting has no significant effect on mean fiber length.  

  

Figure 4.10: 3-D surface plots: (a) fibre length versus distance between of finisher cylinder 

and finisher worker-1 and 2 (b) fibre length versus distance between of finisher cylinder 

and finisher worker-1 and 3. 
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The impact of 𝑋t−𝑎1and 𝑋t−𝑎3 roller clearance on the quality of carbon fiber length is also 

presented in Figure 4.10(b). It is interpreted from the graph that 𝑋t−𝑎3 technological setting 

yields better fiber length at 0.5 mm gauge. The reason for this is that wider setting of 𝑋t−𝑎3 

at the delivery end deliver the carbon fibers to the fancy roller without control. Consequently, 

the damage of carbon fibers was observed higher in the card sliver.    

4.2.4 Summary  

This investigation presents the fundaments, kinematics, and the behavior of brittle recycled 

carbon fiber on a semi-industrial carding machine. It is concluded from the study that higher 

speeds of breaker cylinder (140 m/min), finisher cylinder (240 m/min) and doffer (12 m/min) 

provides better fiber orientation. In contrast, lower speeds of breaker workers (8 m/min) and 

finisher workers (15 m/min) yield higher fiber orientation. Furthermore, narrow 

technological settings between finisher cylinders and workers (0.5 mm) also produce hybrid 

slivers with improved orientation. Similarly, higher speeds of the breaker cylinder (140 

m/min) and finisher cylinder (240 m/min) also positively impact fiber length. In contrast, 

lower doffer speed (8 m/min) positively affects fiber length. Furthermore, 1 mm 

technological setting between the finisher cylinder to its first and second workers provides 

lower fiber damage. In summary, suitable parameters for the processing of recycled carbon 

fibers that deliver hybrid sliver with optimum fiber orientation and length are given in the 

Table 4.4. 

Table 4.4: Optimum parameters for recycled carbon fibres 

Parameter Unit Value Parameter Unit Value 

𝑋𝑒 m/min 0.24 𝑋𝑡−𝑎1 mm 1 

𝑋𝑣 m/min 140 𝑋t−𝑎2 mm 1 

𝑋𝑎 m/min 8 𝑋𝑡−𝑎3 mm 0.5 

𝑋𝑡 m/min 240 𝑋𝑑 m/min 8 

𝑋𝑎 m/min 15    

4.2.5 Development of hybrid card sliver  

Multiple mixing combinations based on fiber fineness, length, and fiber volume content were 

processed using optimized carding processes based on the optimum technological and 

kinematic parameters. The results of fiber orientation, fiber length and uniformity in 
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C80P60V50 hybrid card sliver are tabulated in Table 4.5. It can be observed from the data that 

fiber orientation in hybrid card sliver dramatically improved and the fiber shortening in 

hybrid card sliver was limited up to 20-25 %. Similar trends of fiber orientation, fiber length 

and uniformity were also observed in hybrid slivers developed with different material 

combinations, as tabulated in Appendix VI. The detail of characteristics techniques 

employed for the hybrid slivers are also presented in Appendix III.    

Table 4.5: Characteristics of hybrid card sliver  

Quality parameter Unit 
Mixing Card sliver Difference 

Mean ± S.D. Mean ± S.D. % 

Material combination -- C80P60V50 C80P60V50 C80P60V50 

Mean fiber length (ML) mm 80 ± 5.8 62 ± 2.4 -22.5 

Fiber orientation  Index random 86 ± 2.1 +86 

Uniformity CV-1m % -- 11.2 ± 3.5 -- 

4.3 Further development of drawing process  

4.3.1 Introduction 

Drawing is essential for sliver uniformity, homogeneity, and reproducibility in conventional 

spinning. The prime objective of the drawing process is to perform doubling and drafting of 

card slivers. The doubling improves homogeneity and uniformity in the delivered sliver. At 

the same time, the drafting imparts parallelization and straightening of fibers in a machine 

direction that ultimately enhances fiber orientation in the drawn sliver. In addition, modern 

draw frames are also equipped with an auto-levelling mechanism that eliminates long-term 

variations and irregularities within the sliver. In short, the drawing process produces a 

uniform, defect-free, and highly oriented sliver by utilizing doubling, auto levelling and 

drafting operations. Therefore, doubling, auto levelling and drafting are the standardized 

operations in draw frames for the processing of conventional fibers. It plays a significant 

role in the quality and reproducibility of conventional yarns [92].  

Reproducibility is a key for industrial-scale production, and it helps to deliver consistent 

product performance by minimizing the processing cost. The modern draw frame 

significantly contributes to the spinning processes [95, 96] and impart uniformity, 

homogeneity, and fiber growth in the delivered sliver [97, 98]. These parameters can play a 

critical role in the performance of recycled carbon fiber reinforced plastics. Therefore, 
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selecting auto-levelling parameters for processing recycled carbon fiber is becoming an 

essential requirement that ensures gentle processing and controls the homogeneity, 

uniformity, and damage in drawn slivers. Furthermore, this optimum sliver quality provides 

an opportunity to improve the quality of fibrous structures that ultimately enhance the 

reproducibility of recycled carbon fiber reinforced thermoplastics.  

In this context, few researchers process hybrid sliver based on recycled carbon and 

polyamide fibers on draw frames and develop structures to fabricate recycled carbon fiber 

reinforced thermoplastics. Akonda et al. have processed recycled carbon and polypropylene 

sliver on draw frame, and improved sliver uniformity for wrap spun yarn [45]. Hengstermann 

et al. have reported essential modifications in the draw frame to gently process recycled 

carbon and polyamide sliver and spin hybrid yarn on flyer spinning [78]. Miyake et al. have 

also processed recycled carbon and polypropylene sliver on a woolen drawing and developed 

a hybrid yarn for fiber-reinforced thermoplastics [80]. Hasan et al. introduced a two passage 

drawing process to develop a hybrid sliver and spun friction yarn for fiber-reinforced plastics 

[82].  

The majority of the researchers only reported the processing of hybrid sliver with drawing 

process. There is a lack of fundamental knowledge regarding the auto levelling operation. It 

is because the scanning gear of the existing auto leveling system exerts 800 N loads on the 

hybrid sliver. Consequently, brittle carbon fibers were damaged in the hybrid sliver during 

the scanning operation, causing a significant increase in short fiber content.  The aim is to 

process a hybrid card sliver composed of recycled carbon and polyamide fibers on an 

industrial draw frame and develop a uniform, homogeneous, and defect-free hybrid sliver 

with minimum fiber damage. For this purpose, the auto-levelling of an industrial draw frame 

was modified. Subsequently, the influence of different auto-levelling parameters on the 

quality of hybrid drawn was measured in terms of fiber length and sliver uniformity. This 

investigation developed a uniform, defect-free, and highly oriented sliver that was further 

utilized to fabricate unidirectional recycled carbon fiber tapes. 
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4.3.2 Experimental detail 

Rieter RSB D-40 draw frame was employed to process a hybrid card sliver with an auto-

leveling system. The auto-leveling system of this draw frame consists of a pair of scanning 

discs or rollers, a digital signal processor, and a servo drive, as presented in Figure 4.11. The 

scanning disc and its associated pressure disc scan the mass variation of input slivers. The 

mass variation in the feedstock is converted into an electrical signal, which is processed by 

a digital signal processor. Based on mass variation, the digital signal processor calculates a 

reference speed of a servo drive. The servo drive is connected to a planetary gearbox. It 

changes the speed of the in-feed section of the draw frame (e.g., creel, scanning rollers, in-

feed, and middle drafting rollers) to eliminate mass irregularities in the delivered sliver. 

   

Figure 4.11: Auto-levelling principle of the Rieter RSB D-40 draw frame [99] 

The current auto-levelling system is unsuitable for processing recycled carbon fibers due to 

higher scanning rollers load. Therefore, the auto-leveling system of an industrial Rieter RSB 

D-40 draw frame was modified. Furthermore, the influence of different auto-levelling 

parameters e.g., scan roller width, scan roller load and scan roller surface, on the quality of 

drawn sliver and recycled carbon fiber was measured and analyzed. In this investigation, a 

hybrid card sliver with C80P60V50 material combination is utilized for the process 

developments. The fiber length and sliver uniformity in drawn sliver was assessed through 

image analysis method and cut and weight method. The details of each characterization 

technique is described in given in Appendix III. 

 



Chapter 4: Technological developments of fiber opening, carding and drawing 

 

50 

 

4.3.3 Results and discussion 

4.3.3.1 Investigations on scan roller width 

The scanning segment of the auto levelling system consists of a pair of discs termed scanning 

rollers. These scanning rollers apply a load of approximately 800 N on input slivers, which 

leads to a surface pressure of 40 N/mm2. The resulting surface pressure depends on the width 

of scanning rollers. Scanning rollers are available in different widths, and their selection 

depends on material type and feedstock. A suitable guideline regarding the width of scanning 

rollers for conventional materials is given in the technical manual of the Rieter RSB D-40 

draw frame [99]. The width of scanning discs provides sufficient space for input slivers 

during the scanning process. The larger width of scanning rollers provides more space for 

feedstock. Therefore, larger scanning discs exert a lower surface pressure on feedstock, as 

presented in Figure 4.12.  

 

Figure 4.12: Surface pressure and load of different scan rollers 

In scanning discs, one disc is fixed during the leveling function while the pressure disc moves 

from its mean position, termed as 0 % scan roller distance. The pressure disc moves with 

respect to mass variation in the input sliver and maintains a constant surface pressure on the 

infeed slivers. This surface pressure is affected by the width of the scanning roller; therefore, 

scanning rollers with different widths (5.5, 7.0, 9.0, and 11 mm) were varied on the draw 

frame. The results obtained in terms of the quality of recycled carbon fiber and drawn sliver 
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are presented in Table 4.6. Furthermore, 0% scan roller distance (as shown in the machine 

display 20.2) was also recorded at the end of every test and is presented in Table 4.6.  

Table 4.6: Results of investigations on the influence of scan roller width on hybrid sliver 

and recycled carbon fibre 

Scan Roller 

Width 

(mm) 

Scan Roller 

Pressure 

(N) 

0% scan 

roller distance 

(mm) 

 

Sliver Uniformity  

 

Mean Fiber 

Length  

(mm ± S.D.) 
ktex ± S.D. CV% 1m 

5.5 800 3.127 3.37 ± 0.04 2.08 29 ± 2.3 

7.0 800 2.914 3.35 ± 0.06 2.28 29 ± 2.5 

9.0 800 2.673 3.32 ± 0.05 2.19 32 ± 1.6 

11.0 800 2.250 3.22 ± 0.30 7.55 32 ± 2.5 

C80P60V50 sliver without levelling  3.35 ± 0.35 7.74 62 ± 2.7 

 

Results suggest that 5.5, 7.0, and 9.0 mm scan rollers yield identical qualities of drawn sliver. 

The sliver irregularity and sliver linear density values are in the same range. In contrast, a 

scan roller with a width of 11 mm results in very poor sliver evenness and can be correlated 

with 0 % scan roller distance. The 0 % scan roller distance value indicates the space between 

scanning rollers without variation in input slivers. The acceptable range of this parameter is 

between 2.500 mm to 5.600 mm to maintain a sufficient control reserve. Results show that 

an increased scanning roller width reduces the 0 % scan roller distance. In the case of 11 

mm, the scan roller width has reached its technological limits because the 0% scan roller 

distance value is below the given technical range. Consequently, auto-leveling cannot 

control variations in the delivered sliver. It can be concluded from the results that a 9.0 mm 

scan roller is suitable for the processing of recycled carbon fiber and was therefore identified 

as the recommended parameter for recycled carbon fiber. 

Table 4.6 also presents the influence of scan roller width on the quality of recycled carbon 

fiber. The results prove that the length of recycled carbon fiber is significantly reduced in 

drawn sliver. The carbon fiber length is slightly increased with a higher scan roller width. It 

can be correlated with the change in surface pressure, which decreases with an increased 

scanning roller width. However, fiber damage still exceeds 50 % in the drawn sliver. A visual 

examination of the drawn sliver processed with a 9.0 mm scan roller width is given in Figure 
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4.12. These images highlight that an enormous amount of short fibers is present in the drawn 

sliver as processed with an auto-leveling system. Therefore, the load applied by the scan 

roller was reduced in further investigations. 

 
 

Figure 4.13: Visual examination of drawn sliver processed with 9.0 mm scan roller width 

(a) drawn sliver (b) highlighted section of drawn sliver  

4.3.3.2 Investigations on scan roller load 

Figure 4.14 presents the Rieter RSB D-40 mechanism used to insert pressure on scanning 

disc. This mechanism shows that the scanning gearbox consists of three main components: 

pneumatic cylinder, lever, and spring. These components are connected with each other and 

maintain a constant load on input slivers. The pneumatic cylinder stretches the spring 

component through the lever and ensures a constant load of 800 N acting on the scanning 

disc. In order to reduce the scanning disc pressure, the spring stretch can be adjusted by 

increasing the rod length of the pneumatic cylinder; alternatively, the current spring 

component can be replaced with a new spring. Therefore, a new load adjustment device was 

initially integrated into the auto levling system of the Rieter RSB D-40 draw frame as shown 

in Figure 4.14.  

The load adjustment device is coupled between the pneumatic cylinder and a lever end. It 

provides the flexibility of reducing the load acting on the scanning roller by increasing the 

rod length of the pneumatic cylinder. A higher rod length leads to decreased stretch on the 

spring, thus reducing the force on the scanning roller. Furthermore, this device provides six 

adjustments levels that reduce the load on the scanning disc from 800 N to 200 N. In this 

investigation, three scan roller loads of 800 N, 500 N and 200 N were selected. Moreover, 

hybrid card slivers were processed on a draw frame with auto leveling system and the 
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influence of scan roller load on the quality of drawn sliver and waste carbon fiber are 

presented in Table 4.7.  

 

Figure 4.14: Load adjustment device integrated in scanning gear of Rieter RSB D-40  

Table 4.7: Results of investigations on the influence of scan roller load on hybrid sliver and 

recycled carbon fibre 

Scan Roller 

Pressure 

(N) 

Scan Roller 

Width 

(mm) 

 

Sliver Uniformity  

 

Mean Fiber 

Length  

(mm ± S.D.) 
ktex CV% 1m 

800 9.0 3.32 ± 0.05 2.19 32 ± 1.6 

500 9.0 3.37 ± 0.07 2.54 37 ± 2.8 

200 9.0 3.30 ± 0.06 2.52 42 ± 2.2 

C80P60V50 sliver without levelling 3.35 ± 0,35 7.74 62 ± 2.7 

It can be interpreted from the results that a lower load on the scan roller yields the same 

drawn sliver quality. Results in terms of sliver irregularity and sliver linear density are 

identical for all levels of scan roller load. The impact of different scan roller loads on the 

length of recycled carbon fiber is also given in Table 4.7. The data reveals that roller pressure 

has a significant effect on carbon fiber length. The values of fiber length are increasing with 

changing loads; a load of 200 N applied onto the scan roller delivers the highest value of 
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fiber length. However, the fiber damage that occurs in the delivered drawn sliver still exceeds 

30%. Furthermore, it is concluded from the results that scan roller load has a significant 

impact on mean fiber length of carbon fiber. Therefore, scan roller load was further reduced 

and the influence of scan roller load on waste carbon fiber was investigated.  

  

Figure 4.15: Spring integrated in auto levelling system of Rieter RSB D-40 draw frame (a) 

original spring (b) new spring 

In the next phase of this investgation, a new spring with lower stiffness was installed on the 

machine as shown in Figure 4.15. The new spring is capable of reducing the load on scan 

rollers. In combination with the load adjustment device integrated in autoleveling, three scan 

roller loads were chosen for further investigation. Then, hybrid card slivers were processed 

on a draw frame with auto leveling system. The results of different scan roller loads affecting 

the quality of drawn sliver and waste carbon fiber are presented in Table 4.8.  

Table 4.8: Results of investigations on the influence of scan roller load on hybrid sliver and 

recycle carbon fiber 

Scan Roller 

Pressure 

(N) 

Scan Roller 

Width 

(mm) 

 

Sliver Uniformity  

 

Mean Fiber 

Length  

(mm ± S.D) 
Ktex ± S.D. CV% 1m 

70 9.0 3.27 ± 0.06 2.42 58.2 ± 1.4 

60 9.0 3.30 ± 0.05 2.37 59.6 ± 2.0 

50 9.0 3.29 ± 0.06 2.55 58.5 ± 2.1 

C80P60V50 sliver without levelling 3.35 ± 0.35 7.74 62 ± 2.7 

It can be deduced from the results that the auto leveling system is working on a 50 N scan 

roller load and generates drawn sliver in identical quality. The values for sliver irregularity 

and sliver linear density are also on the same level. It is also assumed that the resulting fiber 

lengths reached their optimum value. It is concluded from the results that a pressure below 



Chapter 4: Technological developments of fiber opening, carding and drawing 

 

55 

 

70 N has not significant effect on fiber length. Therefore, 70 N loads are selected as 

recommended load for the processing of waste carbon fiber. A visual examination of the 

drawn sliver processed with these recommended settings is provided in Figure 4.16. The 

image of a drawn hybrid sliver shows that a hybrid sliver composed of waste carbon fiber is 

gently processed on a draw frame with auto leveling system. During experiments, it was 

observed that the scanning capability of input slivers is limited to 25 ktex after reducing the 

load on a scan roller with a 9.0 mm width 

 

Figure 4.16: Visual examination of a drawn sliver processed with recommended settings 

(a) drawn sliver (b) highlighted section of drawn sliver  

4.3.3.3 Investigation on scan roller surface  

Scanning roller load is one of the most essential component of auto leveling system of 

modern draw frame. It is made of stainless steel and the surface of scanning rollers is 

polished, smooth and hardened with lower roughness. This hardened surface apply 

transverse pressure on hybrid sliver during processing. Conventional textile fibers sustain 

this transverse pressure while recycle carbon fibers that is transversely sensitive against 

forces convert into broken fibers. Therefore, hardened surface of the scanning rollers was 

grinded up to 2 mm and covered with a special rubber with a hardness of 70 shore as shown 

in the Figure 4.17.   

 

Figure 4.17: Integration of rubber coated scanning rollers on Rieter RSB D-40 

draw frame  
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The hybrid card slivers contains recycled carbon and polyamide fibers were processed on 

the draw frame with the modified scanning rollers surface and the influence of scanning 

roller surface on the quality of drawn sliver and recycle carbon fibers are summarized in 

Table 4.9. From the measured results, it can be deduced that the damage of the recycled 

carbon fibers is significantly reduced up to 23 % by using a rubber-coated roller with 

constant loading (800 newton). The average fiber length of recycle carbon fibers is 

significantly increased from 33 mm to 43 mm when using rubber-coated scanning rollers 

instead of standard steel scanning rollers. These results also confirm that load on the scanning 

rollers is a major cause of fiber damage in hybrid sliver. The results of sliver uniformity of 

hybrid sliver disclose that scanning roller surface deliver uniform and homogeneous sliver 

with a similar fiber length. 

Table 4.9: Results of influence of scan roller surface on the quality of hybrid sliver and 

recycled carbon fibre 

Scan Roller 

Surface 

Scan Roller 

Width 

(mm)  

Scan Roller 

Pressure 

(N) 

 

Sliver Uniformity  

 

Mean Fiber 

Length  

(mm ± S.D) 
ktex ± S.D. CV% 1m 

Steel 9.0 800 3.28 ± 0.06 2.57 33 ± 1.8 

Steel 9.0 70 3.35 ± 0.05 2.42 58 ± 2.4 

Rubber 9.0 800 3.37 ± 0.07 2.71 43 ± 3.5 

Rubber 9.0 70 3.30 ± 0.06 2.50 59 ± 2.6 

C80P60V50  sliver without levelling 3.35 ± 0.35 7.74 62 ± 2.7 

4.3.4 Summary 

These investigations revealed that modifications in the scanning roller load are one of the 

most critical parameters affecting the quality of hybrid sliver and recycled carbon fibers. In 

this study, the load of the scan roller was initially altered by changing the width of the scan 

rollers. In the next step, the scanning roller's load was reduced by integrating a load 

adjustment device and a spring. In the end, the scan roller surface was also modified to 

minimize fiber damage. The results suggest a recommended 9.0 mm scan roller width, 70 N 

scan roller load and rubber-coated surface delivers uniform, homogeneous hybrid sliver with 

minimum fiber damage. These investigations provide fundamental knowledge for 

developing a reproducible, uniform and defect-free drawn sliver with minimum fiber 
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damage. Furthermore, the quality of unidirectional tapes and hybrid yarn based on waste 

carbon fiber are considerably improved.  

4.3.5 Development of drawn sliver 

Based on developments in auto levelling system, a drawn sliver based on recycled carbon 

and polyamide fibers was developed and the quality characteristics of C80P60V50 hybrid 

drawn sliver are tabulated in the Table 4.10. The result shows that modifications in the auto 

levelling system significantly impact sliver uniformity. The uniformity in hybrid slivers 

improved 69% as compared to infeed slivers. In addition to this, fiber orientation in hybrid 

sliver improved 2.3 % and fiber damage with respect to original fiber length was limited up 

to 3.7 %.  

Table 4.10: Quality of hybrid card sliver  

Quality parameter Unit 
 Card sliver Drawn sliver Difference 

 Mean ± S.D. Mean ± S.D. % 

Material combination -- C80P60V50 C80P60V50 C80P60V50 

Mean fiber length (ML) mm 62 ± 2.4 59 ± 2.6 -3.7 

Fiber orientation  Index 86 ± 2.1 88 ± 3.2 +2.3 

Sliver uniformity CV-1m % 8.31 2.5 ± 0.2 +69 

Furthermore, drawn sliver based on different material combinations also shows similar 

trends of fiber orientation, fiber length and uniformity. The results of differently drawn 

slivers developed in this research are reported in Appendix VI. 
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Chapter 5  

Technological developments of the tape forming process  

 

This chapter presents a novel tape forming process that transforms hybrid slivers, consist of 

discontinuous recycled carbon and polyamide fibers into a new class of fibrous structure 

with unidirectional fiber orientation, referred as “unidirectional recycle carbon fiber tape 

structure” for the fabrication of high-performance composites. For this purpose, conception, 

preliminary design, technological developments, prototype development and testing is 

carried out to fabricate homogeneous, uniform, directionally orientated, thermally stable and 

compact tape structure. This innovative material seems like conventional prepreg materials 

brings revolution in the sustainable and cost efficient development of high performance 

recycled carbon fiber reinforced plastics that can be used for high performance applications 

in automotive and aerospace industries.    

5.1 Introduction  

Unidirectional tapes based on continuous carbon fibers are widely used to fabricate carbon 

fiber reinforced plastics components, prototypes, and small components for aerospace, 

defense, and automotive industries. Recently, these tapes are getting more attention than 

conventional woven fabric preforms and organosheets in automotive industries. It is because 

conventional woven preforms and organosheets generate 25-30% cutting scraps during 

component manufacturing. In contrast, unidirectional tapes generate only 8-10% cutting 

scrap. In addition, these unidirectional tapes provide additional stiffness and strength in 

components. The demand for unidirectional tapes based on continuous carbon fibers is 

increasing. Therefore, manufacturers such as SGL Group, Toho Tenax, and Toray offer 

unidirectional tapes for the composite market [100, 101]. 

Unidirectional continuous carbon fibers tapes are semi-finished products. These are readily 

available in the market in different sizes (5-100 cm), thickness (0.1-4.0 mm), areal densities 

(100-500 g/m2) and resins (polyether ether ketone, polyphenylene sulfide, polyether imide, 
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polyamide and polypropylene) depending on the application, customer and product 

requirement. These unidirectional tapes can be fabricated through special weaving where 

carbon tows are used as warp and resin-coated or thermoplastic filaments inserted as weft. 

Such unidirectional tapes have good permeability that enhances resin impregnation in the 

structure because carbon fibers remain crimp-free in the structure, which enhances further 

mechanical properties. In addition, unidirectional continuous carbon fiber tapes can also be 

fabricated by resin impregnation. Continuous carbon tows are impregnated by applying 

molten polymer, solvent, powders, or films. In addition, thermoplastic filaments are 

introduced in continuous carbon tows e.g., comingling yarn, and hybrid yarn to fabricate 

resin-impregnated unidirectional tapes [101, 102]. Besides, the problem with these tapes is 

the higher cost that enhances components cost and hinders the penetration of carbon fibers 

in high-tech industries. Therefore, there is a strong need to introduce new technologies that 

develop cost-efficient unidirectional recycled carbon fiber tapes for high-performance 

thermoplastic composite.  

In this backdrop, limited attempts have been reported to develop tape structures based on 

recycled carbon and thermoplastic fibers. For instance, non-crimped thermoplastic prepreg 

based on recycled carbon and polyester fibers (reported as tape structure) was fabricated by 

introducing thermal stabilization of the carding sliver [103]. Later, the manufacturing and 

mechanical properties of recycled carbon and polyester tape composites were also assessed. 

Another study reported a new approach based on binder mesh and recycled carbon fibers to 

fabricate binder tapes [87]. The results disclose that tensile properties of tape based 

composites (400-500 MPa) are very away from theoretical estimates (1400-2000 MPa). It is 

because of the lack of unidirectional orientation, homogeneity and uniformity.  

Therefore, developing an innovative process that produces a recycled carbon fiber tape 

structure with unidirectional fiber orientation is the essence of this research. For this purpose, 

a homogeneous, uniform and highly oriented (unidirectional) sliver was developed in the 

first part of this research, as reported in Chapter 4. This chapter aims to develop a prototype 

tape-forming machine that transforms homogeneous, uniform and highly oriented drawn 

slivers into unidirectional recycled carbon fiber tape structure. Therefore, conception, 

design, technological developments and prototype development of novel tape forming 

process is presented in the further section.  
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5.2 Concept of tape forming process 

The tape forming process aims to develop a unidirectional, homogeneous, uniform, 

thermally stable and compact tape structure from recycled carbon and polyamide drawn 

slivers. For this purpose, a novel concept of the tape forming process is presented, as shown 

in Figure 5.1 This novel concept is composed of the following technological steps 

 Combine multiple drawn slivers in a parallel fashion to develop a homogeneous and 

broader fibrous structure through the development of a sliver feeding system   

 Control the areal density and impart unidirectional orientation in the fibrous assembly 

through the development a drafting module   

 Maintain structure integrity, stability and unidirectional orientation in the developed 

tape structure  through the development of thermo-fixation module 

 Introduce compactness and ensure uniform thickness in the developed tape structure 

through the development of a compaction system 

 Perform winding of the thermally stable and compact unidirectional tape structure and 

develop suitable package through the development of winding module 

 

Figure 5.1: Concept of tape forming process 

5.3 Preliminary design and technological developments  

In order to develop a tape-forming process with aforementioned technological functions, a 

preliminary design for the development of a unidirectional tape structure was proposed, as 

shown in Figure 5.2. In this technological design, the first operation is doubling hybrid 

slivers. This doubling operation aims to combine multiple slivers in a parallel fashion and 

control the homogeneity, uniformity, and the maximum width of the infeed slivers. The 

second essential operation of the tape forming process is the drafting of hybrid slivers. It 
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consists of 3-over-3 drafting rollers that control fiber orientation, uniformity and areal 

density in the tape structure.  

The central operation of the tape forming process is to perform a thermal fixation operation. 

The thermal operation melts the polyamide fibers in the hybrid fibrous assembly and 

maintains unidirectional orientation in the tape structure. In addition, the thermal fixation 

unit also confirms structure integrity, imparts stability and improves handling properties of 

the developed tape structure. Subsequently, compaction of thermally stable unidirectional 

tape is achieved through compressions rollers that ensure compact and uniform thickness of 

the tape structure. In the end, the winding operation develops a suitable package for the 

subsequent processes.  

 

Figure 5.2:  Preliminary design of tape forming process  

In order to develop the tape-forming process, preliminary developments were carried out to 

identify suitable mechanisms of sliver feeding, drafting, thermo-fixation, compaction and 

winding modules. For this purpose, a lap former (Rieter E32) machine available in the 

laboratory of ITM, TU Dresden, was selected as the primary apparatus. Generally, the lap 

former machine is designed to process cotton slivers that combine multiple cotton slivers 

and produces a small compact lap for the comber process. It is equipped with sliver feeding, 

drafting, and winding modules, as shown in Figure 5.3. Therefore, primarily investigations 

to study the suitability of sliver feeding, drafting and winding modules were carried out on 

the lap former machine. Furthermore, thermo-fixation and compaction modules were also 

developed, integrated and investigated. The suitable mechanism of sliver feeding, drafting, 
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thermo-fixation, compaction and winding modules helps in the development and realization 

of the prototype tape forming process.   

 

Figure 5.3: Rieter lap former machine [76] 

5.3.1 Development of sliver feeding system 

The sliver feeding system of a lap former was utilized for the preliminary investigation. The 

sliver feeding system consists of a creel, ring guide, guiding roller, sliver adjustment guide 

and feed roller. It was found during a preliminary investigation that creel, ring guide, guiding 

rollers and sliver adjustment guide are suitable for feeding hybrid slivers containing recycled 

carbon and polyamide fibers. While the sliver adjustment guide and distance of the feed 

roller play a critical role in the uniform transverse distribution of slivers. Furthermore, the 

distance of the feed roller also determines the width of the tape structure.  

 

Figure 5.4: Adjustment of feed roller distance for desired tape width 
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Therefore, a relationship between intended tape width, amount of doubling and the distance 

of feed roller was proposed for the uniform distribution of hybrid slivers.   

Indented tape width (mm) = Distance of feed roller (mm) + (2 × doubling quantity)  (6.1) 

5.3.2 Development of drafting rollers  

The standard lap former has 3-over-3 drafting roller arrangements, such as 3 top rollers 

arranged over 3 drafting cylinders. The top rollers are steel rollers with rubber covering. The 

bottom rollers are steel with grooved surfaces and are mounted in cylinder supports or the 

frame in the needle, roller, or ball bearings. The bottom rollers are positively driven, while 

the top rollers are also driven by contact friction. However, these grooved bottom rollers are 

unsuitable for processing the inherently brittle recycled carbon fibers as the grooved surface 

of the bottom rollers severely damages the carbon fibers. Therefore, rubber-coated bottom 

rollers were generally used to process recycled carbon fibers in drafting operation. However, 

the problem in the tape forming process is thermal fixation operation that affects the 

performance of the drafting rollers. In the presence of heating, the rubber-coated drafting 

rollers enhance the proximity of fibers lapping on the rollers and affect the tape productivity 

and quality. Therefore, two new bottom rollers were developed, one with a topocrom coating 

and the other with a smooth steel surface. Furthermore, the influence of bottom drafting 

rollers on the mean fiber length of recycled carbon fiber was also studied.  

Table 5.1: Results of impact of bottom drafting rollers on carbon fibres  

Drafting rollers Mean fiber length (mm) 

Material combination C80P60V50 

Conventional rollers 44 ± 2.2 

Smooth Steel rollers 52 ± 2.5 

Topocrom coating rollers 58 ± 1.8 

Infeed length in hybrid sliver 59 ± 2.6 

Based on the mean fiber length tabulated in Table 5.1, the results show that topocrom coating 

rollers offer gentle processing for recycled carbon fibers in terms of mean fiber length as 

compared to conventional and smooth steel rollers. The fiber damage from topocrom coating 

rollers is almost negligible. It can be attributed to the round ridged profile that facilitates 

gentle and damage-free processing of recycled carbon fibers. In conclusion, the bottom 

rollers with topocrom coating are more thermal resistant, lower wear-resistant and have a 
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longer service life and therefore are well suited for processing unidirectional tapes. Figure 

5.5 shows the conventional and topocrom coating bottom drafting rollers utilized in this 

research.  

 

Figure 5.5: Bottom drafting rollers (a) Conventional rollers (b) Topocrom coating 

rollers  

5.3.3 Development of thermo-fixation unit  

The purpose of the thermo-fixation unit is to melt the thermoplastic fibers in the drafted 

fibrous assembly and impart thermal stability in the sheet of fibers termed “unidirectional 

recycle carbon fiber tape”. The quality of thermal stability depends on the thermal response 

of the thermoplastic fibers and the heating mechanism. Therefore, this section initially 

discusses the results of thermal analysis of the thermoplastic material and investigations of 

different heating mechanisms that help to develop defect-free unidirectional tapes. The 

thermal gravimetric analysis of the polyamide 6 fibers shows that glass transition (𝑇𝑔) and 

melting temperatures (𝑇𝑚) of polyamide fibers are 55.8°C and 223°C. In addition, the 

thermogram of polyamide also provides information about the combustion temperature (𝑇𝑐). 

The decomposition of polyamide fibers starts from 393.9°C where it maintains polyamide 

content up to 96.06%. Further increase in temperature causes complete decomposition of 

polyamide fibers. This analysis suggests that the temperature range adopted for developing 

unidirectional tapes can be 200°C to 350°C. In this range, the polyamide fibers will be melted 

in the tape structure and bound to the carbon fibers. 

Traditionally, the textile industry used convection, conduction and radiation based heating 

mechanisms for processing of woven and nonwovens fabrics such as drying cylinders, hot 

calendar rollers, perforating hot air drums and infrared heating chambers. The selection of 
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heating mechanism depends on the material, energy consumption, production efficiency and 

space issues [62, 104]. The study aims to identify a suitable mechanism that imparts thermal 

stability to tape structure without any distortion. In addition, it is compatible with higher 

production rates and provides flexibility to space. Therefore, two heating mechanisms based 

on convection and infrared radiations were evaluated in this research, as shown in Figure 

5.6. For this purpose, heating mechanisms from Leister hot air system (convection) and 

Heraeus carbon infrared emitters (radiation) were evaluated.  

 

Figure 5.6: Thermal-fixation based on (a) convection (b) Infrared radiations 

Convection is a phenomenon in which a fluid (air, water, steam, etc.) carries the thermal 

energy from any heating source and transfers to the material surface. Leister hot air system 

brings the thermal energy from electrical heaters and transfers it to tape structures for thermal 

fixation. The second type of heating system investigated here is based on infrared radiation. 

Infrared radiation is electromagnetic radiation emitted from a surface with a temperature 

greater than absolute zero (-273.15°C). The surface can be a ceramic, tungsten or carbon 

filament encapsulated in a glass tube termed an “emitter”. As the temperature of the emitter 

increases, atoms within the emitter excite photons due to the thermal energy. As a 

consequence, photons strike the surface of the emitter and originate infrared radiations 

within a wavelength of 0.7µm to 10µm known as IR radiations [62]. The amount of radiation 

energy depends on the fourth power of the emitter temperature as described by the Stefan-

Boltzmann law given in Equation 6.2. 

𝐸𝑏 = ε. σ  𝑇4     (6.2) 
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Here, 𝐸𝑏 is the heat density (W/m2) of an emitter, ε is the emissivity with the value in the 

range from zero ≤ ε ≥ 1, σ is the Stefan-Boltzmann constant (5.67×10-8 W/m2. K4) and T is 

the temperature of an object in kelvin (K).  

Heraeus carbon infrared emitters employed in this research radiate thermal energy with a 

wavelength and heat density of 2µm and 85 kW/m2 respectively. When, these radiations 

strike on the surface of the hybrid fibrous material causes vibrations in the molecules; as a 

result, thermal stability is achieved in the tape structure. The thermal fixation from such 

systems is a function of temperature and speed. Therefore, these systems with different 

combinations of temperature and speeds were exercised for the thermal fixation of the 

unidirectional tape structure.  Leister hot air systems deliver thermal fixation of the  tape 

structure at 260-320 ºC with a speed of 3-10 m/min.  

In comparison, the Heraeus carbon infrared emitters perform thermal fixation at 15-30 % 

with 3-15 m/min respectively. Further increase in the production speed produce tape 

structure without thermal fixation. It was observed during experimentation that higher 

temperatures cause shrinkage of polyamide fibers and the velocity of the Leister hot air 

system disturbs the orientation of the fibers in the structure. A comparison of the two heating 

systems is given in the Table 5.2.   

Table 5.2: Comparison of the quality of thermal fixation  

 Leister hot air systems Heraeus carbon infrared 

emitters 

Mechanism Convection Radiation 

Capital cost high high 

Energy 22 kW 11 kW 

Temperature range 100-650 °C 100-1200 °C 

Space  Defined Flexible 

Shrinkage yes no 

Processing difficulties Orientation disturbance 

Sticking, lapping 

Efficient  

Production speed 3-10 m/min 3-15 m/min 

Hazards Heat burns Heat burns, eyes irritation 
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5.3.4 Development of compaction unit 

The lap former used table calender rollers (diameter: 32 mm) to develop a uniform sheet of 

the drafted fibrous assembly after drafting operation. Originally, the table calendar rollers 

were hollow cylinders that slightly compressed the cotton slivers. In contrast, tape structure 

contains fragile, brittle and stiffer recycled carbon fibers that demand optimum pressure 

during compaction. Therefore, a spring-based mechanism was coupled with calender rollers, 

as shown in Figure 5.7(a). During experimentation, 80-100 force gives a uniform tape 

structure. In the case of lower compaction force, the proximity of lapping on the surface of 

the calender rollers was observed. In comparison, the higher compaction force deformed the 

tape's shape and introduced bowing and skewing problems. Therefore, recommended 

compaction force is suitable for the uniform and compact tape formation.  

5.3.5 Development of winding unit 

The winding head of the conventional lap former machine consists of four calendar rollers 

(diameter: 150 mm), a winding drum, and a loading-unloading system. The calender rollers 

pneumatically compress the drafted sheet of slivers and ensure compact structure for the 

subsequent combing process. Generally, the pressure on the material during calendaring is 

4.5 bar, much higher than the recommended compression load. Furthermore, it is also 

observed during experimentation that developed tape structures were deformed in the 

calendering and winding head due to intensive pressure. Therefore, an external build-up 

winder was selected for the circumferential winding of the unidirectional recycled carbon 

fiber tapes as shown in the Figure 5.7(b). 

 

 

 

 

 

 

 

(a) (b) 

  

Figure 5.7: Developed modules (a) compaction (b) winding 
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It was found that an external build up winder is suitable for the winding and it offers the 

flexibility to synchronize with any speed of tape formation.  

5.4 Preliminary prototype based on lap former  

Based on the preliminary developments and investigations, the findings suggested that 

uniform feeding, rollers drafting based on topocrom coating, IR based thermo-fixation 

module, calendaring based compaction module and external build-up winders were suitable 

mechanisms for continuous production of unidirectional recycled carbon fiber tape structure. 

Therefore, the suitable combinations were arranged in the laboratory of ITM for the 

preliminary, experimental and pilot production of unidirectional recycled carbon fiber tape 

structure as shown in Figure 5.8. The prototype based on Rieter lap former machine helps 

realize the tape forming process. Furthermore, it also provides a foundation to conduct 

fundamental knowledge and establish the technology-structure-property relationship.     

 

Figure 5.8: Prototype setup and production of tape structure 

5.5 Prototype development based on draw frame  

The preliminary prototype developed in this research is based on a lap former machine. 

Traditionally, the lap former is utilized with a combination of a comber machine in a 

spinning plant. This combination develops a sheet of slivers and eliminates short fibers 

(noils) in the natural fibers, including cotton, wool and jute. This process combination 

improves the uniformity index and mean fiber length in the infeed slivers that significantly 

contributes to the development of finer yarn. Unfortunately, lap former is not a standard 

process for spinning synthetic fibers. It is because the conventional spinning chain employed 

for processing synthetic fibers consists of blow room, carding, drawing, roving and spinning 
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(ring, compact, rotor, air-jet and friction) processes. In addition to this, the lap former is a 

cost intensive and a part of longer spinning chain. Therefore, the industry demanded to 

develop a short and simple tape forming process based on a draw frame. 

In order to do so, the concept, design and developments were implemented on a draw frame 

(Rieter RSB D 30) located in the spinning plant of Die Spinnerei Neuhof GmbH & Co. KG 

for prototype development. Subsequently, suitable mechanisms of the sliver feeding and 

drafting sections were modified according to the preliminary investigations. At the same 

time, the thermo-fixation, compaction and winding modules were designed, constructed, and 

implemented in the coiling section of the draw frame, as shown in Figure 5.9. The gradual 

implementation of preliminary developments on the draw frame is described in this section. 

 

Figure 5.9: Principle diagram of Rieter draw frame 

5.5.1 Implementation of slivers feeding  

The preliminary investigations on the sliver feeding mechanism suggested that the intended 

tape width depends on the amount of doubling and the distance of the feed roller. The 

distance of the feed roller controls the width of the infeed slivers. In contrast, the width of 

the infeed slivers can be controlled in a conventional draw frame by adjusting the distance 

of the sliver guide, as shown in Figure 5.10. Therefore, the distance between the sliver guides 

can be replaced in the equation developed in the preliminary work. The modified equation 

given below was utilized to control the width of the novel tape structure.    

Indented tape width (mm) = Sliver guide distance (mm) + (2 × doubling quantity)  (6.3) 
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Figure 5.10: Adjustment of sliver guide distance for desired width of tape 

5.5.2 Development and implementation of drafting rollers  

Based on the preliminary investigations, the recommended drafting system is 3-over-3 

drafting rollers. The 3-over-3 drafting arrangements contain three top rubber coating rollers 

and three bottom topocrom coating rollers. In contrast, the conventional draw frame has 4-

over-3 drafting rollers. Therefore, conventional bottom drafting rollers were replaced with 

topocrom coating rollers. Figure 5.11 shows the drafting arrangements and surface of the 

topocrom rollers. The topocrom coating offers a unique round ridged profile on the surface 

of the rollers that help in the gentle processing of the stiffer and brittle recycled carbon fibers. 

 

Figure 5.11: 3-over-3 drafting arrangements based on topocrom roller  
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5.5.3 Development and implementation of take-up rollers  

In a conventional draw frame, a converging tube, a silver trumpet and a pair of coiler 

calender rollers (width approx. 1 cm) are utilized to condense the drafted fibrous assembly 

after the drafting mechanism. The condensing mechanism develops a sliver with a width of 

1 to 3 cm depending on the linear densities of the infeed slivers, delivered drawn sliver and 

the size of the trumpet that define the compactness of the sliver. In contrast, the tape forming 

process is to collect the drafted fibrous assembly as a flat sheet of 10-15 cm width and 

transport it into the further thermal fixation process that transforms into a thermally stable 

unidirectional tape structure.  

In order to do so, the condensation mechanism, including the converging tube, trumpet and 

pair of coiler calender rollers of standard draw frame must be redesigned. For this purpose, 

a guiding plate and a pair of take-up rollers with a width of 15 cm were designed, constructed 

and implemented in the place of the existing sliver condensation mechanism. The design, 

construction and implementation of this new system is shown in Figure 5.12. This 

modification helps to transport the sheet of fibers without any distortion. In addition, the 

pressure mechanism of the existing calender disk was modified by applying 70-newton 

pressure on newly constructed take-up rollers. This pressure also imparts partial compaction 

to the hybrid fibrous assembly.  

 

Figure 5.12: Take up rollers (a) Conventional setup (b) Construction (c) 

Implementation 

5.5.4 Development and implementation of thermo-fixation module  

Based on preliminary developments and investigations, it was found that the infrared 

radiation system is much more suitable with respect to energy, production and space; 

therefore thermo-fixation module based on infrared emitters was designed, contracted and 
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implemented. For this purpose, the complete coiling unit and sliver deposition system of the 

conventional draw frame, including the coiling head, sliver can and collier plate, was 

replaced with a thermo-fixation module as given in Figure 5.13. This thermo-fixation module 

consists of multiple infrared elements, a holder and a mechanism to adjust the distance 

between the infrared elements and unidirectional tape structure. The size of the thermo-

fixation chamber is 35cm × 30cm (l × w). The function of this thermo-fixation chamber is to 

deliver a stable tape structure with unidirectional fiber orientation.  

  
Constructed thermo-fixation module Implemented thermo-fixation module 

  
Constructed compaction module Implemented compaction module 

  
Constructed winding module Implemented winding module 

Figure 5.13: Design, construction and implementation of thermo-fixation, 

compaction and winding modules 
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5.5.5 Development and implementation of compaction module   

The final fixation of the thermally treated fibrous assembly is performed by implementing a 

pair of calender rollers and a load adjustment device, as shown in Figure 5.13. The 

compression module consists of a pair of rollers with a width of 30 cm. The roller geometries 

and the materials of the roller surfaces (smooth steel rollers) were optimized with respect to 

compression pressure, fiber damage and the formation of fibers wrapping through systematic 

investigations. For the calender rollers load, an adjustment mechanism based on spring was 

integrated for the defined adjustment of the compressive force. Furthermore, a drive plan 

consisting of shafts, belts and gears was designed, constructed and implemented that 

synchronizes the drive of the take-up rollers and calender rollers. This compaction module 

imparts compactness and delivers tape structure with uniform thickness.  

5.5.6 Implementation of winding module   

The winding module is the final segment of the tape forming process that wounds the 

thermally stable unidirectional tapes in the paper spool with a large diameter of 150 mm. 

Figure 5.13 presents that an external build-in winder was successfully utilized for winding 

purposes. It was found that an external build-in winder was suitable to develop a larger 

package of unidirectional tapes according to the requirement of the further process. 

5.5.7 Prototype testing  

The objective of this section is to perform prototype testing and determine the suitable 

technological interactions with respect to doubling, drafting, thermo-fixation, speed and the 

areal density of unidirectional recycled carbon fiber tape structure. For this purpose, a 

prototype tape forming process based on draw frame shown in the Figure 5.14 was utilized 

for investigations.  

5.5.7.1 Testing of drafting parameters 

The drafting system gradually attenuates the input materials and imparts orientation and 

irregularity in the output material. In addition, the drafting rollers arrangement also controls 

the fiber length in the output material. Therefore, the selection of drafting parameters for the 

development of tape structure is becoming an essential requirement that not only ensures the 

gentle processing but also ensures the optimum fiber orientation and fiber length.  
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Figure 5.14 Developed prototype of tape forming process  

Keeping this aspect in mind, different drafting parameters were investigated and the impact 

of these parameters on the quality of fiber orientation and fiber length. The drafting 

parameters investigated in this study includes drafting pressure (𝑥𝑤𝑏), production speed 

(𝑥𝑝𝑔), drafting gauge (𝑥𝑤𝑎), total draft (𝑥𝑔𝑣), break draft (𝑥𝑣𝑣) and rubber cots hardness 

(𝑥𝑤ℎ). The value of each parameter along their levels were taken based on technological 

limits of the draw frame. The value of each technical parameter along their minimum (-1), 

middle (0) and maximum (+1) levels are given in the Table 5.3  

Table 5.3: Technical parameters of drawing process   

Nr. Drawing parameter Unit 
Levels 

-1 0 +1 

1 Drafting pressure 𝑥𝑤𝑏 daN 10 20 30 

2 Production speed (3) 𝑥𝑝𝑔 m/min 5 10 15 

3 Drafting gauge 𝑥𝑤𝑎 mm 65/70 65/80 65/90 

4 Total draft 𝑥𝑔𝑣 -- 5.06 5.98 7.02 

5 Break draft 𝑥𝑣𝑣 -- 1.1 1.3 1.5 

6 Rubber cots hardness 𝑥𝑤ℎ shore 75 80 83 
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In order to conduct a systematic study, an experimental methodology known as Definitive 

screening (DSD) design was employed to investigate the influence of drafting parameters on 

fiber orientation, fiber length and uniformity. This methodology is a type of screening design 

and employed to identify the important parameters in a process. The key features of this 

methodology is very fever number of experiments as compared to total number of input 

parameters [105].  

The influence of drafting pressure (𝑥𝑤𝑏), production speed (𝑥𝑝𝑔) and rubber cots hardness 

(𝑥𝑤ℎ) on fiber orientation is given in the Figure 5.15(a). It is interpreted from the graph that 

drafting pressure and top roller hardness has not a significant influence on fiber orientation 

as compared to production speed. In case of production speed, it is clearly seen from the 

graph that higher production speed (+1) deliver slightly higher fiber orientation. It can be 

correlated with uniform fiber movement. It is established that fiber are moving in bundles 

rather than individual fibers during roller drafting [95, 106]. Therefore, higher speed ensures 

smooth drafting and improve fiber orientation in tape structure. In contrast, lower speed (-1) 

delivers poor fiber movement. Hence, fiber movement is problematic at lower speed and 

orientation of fibers in machine direction remain unchanged.  

 

Figure 5.15: Influence of drafting parameters on fibre orientation  

The impact of total draft (𝑥𝑔𝑣), break draft (𝑥𝑣𝑣) and drafting gauge (𝑥𝑤𝑎) on fiber orientation 

is presented in the Figure 5.14(b). It is obvious from the graph that drafting gauge and total 

draft as a huge impact on fiber orientation as compared to break draft. The value of fiber 

orientation index has reached up to 94 % at lower drafting gauge (-1). It can be attributed to 
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the mean fiber length of carbon fiber that is 58 ± 2.2 mm in infeed slivers. Therefore, lower 

drafting gauge (65-70 mm) provides optimum drafting space for smooth attenuation process. 

Consequently, fiber orientation reached its highest value. A similar effect in case of total 

draft can be seen in the graph. The value of fiber orientation index has reached up to 93 % 

with the 5.06 value of total draft. It can be correlated with the crimp free surface of the carbon 

fiber. Studies revealed that fiber have un-crimped surface slide in a relatively smooth manner 

as compared to crimped fibers in a drafting zone [95, 107]. Therefore, ideal drafting is 

achieved at lower draft (5.06) and ultimately fiber orientation improved. It is concluded from 

the results that drafting gauge, total draft and production speed are the most important 

parameters that affect fiber orientation.  

The influence of drafting pressure (𝑥𝑤𝑏), production speed (𝑥𝑝𝑔) and rubber cots hardness 

(𝑥𝑤ℎ) on the carbon fiber length is given in the Figure 5.16(a). It is clearly seen from the 

graph that drafting pressure has a huge impact on mean fiber length as compared to rest of 

the drafting parameters. In case of roller pressure, lower drafting pressure (-1) has a positive 

effect on the fiber length. It is because of lower drafting pressure insert less surface pressure 

on inherently brittle carbon fibers during drafting process. Consequently, fibers bundles are 

sliding with relatively smooth manner in the drafting process and fiber damage decreased.   

 

Figure 5.16: Influence of drafting parameters on mean fibre length 

The effect of total draft (𝑥𝑔𝑣), break draft (𝑥𝑣𝑣) and drafting gauge (𝑥𝑤𝑎) on mean carbon 

fiber length is presented in the Figure 5.16(b). The results revealed that carbon fiber length 

is relatively more effected by total draft value. It can be correlated with frictional forces of 

fibers. The lower draft value (-1) deals higher number of fibers in the drafting zone that is 
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responsible for higher frictional forces among the hybrid fibers. As a result, brittle carbon 

fibers relatively damaged in the drafting zone. In contrast, higher draft deals less number of 

fibers in the drafting zone and carbon fiber exposed to lower frictional forces. This 

phenomena has a positive impact on fiber length [95]. As a result, mean length of carbon 

fibers is slightly improved. In contrast, break draft and roller gauge has not significant effect 

on the length of carbon fiber. It is concluded from the results that carbon fiber length is 

significantly affected by drafting pressure and total draft.  

5.5.7.2 Testing of thermo-fixation parameters  

The quality of thermal treatment represents the fixation intensity and can be measured in 

terms of fixation time. The fixation time depends on the dimensions of the IR chamber, IR 

intensity and production speed of the tape forming process. With constant IR intensity and 

dimension of the IR chamber, the fixation time is directly proportional to the production 

speed of tape forming. Figure 5.17 represents the fixation time versus production speed of 

the tape forming process. The relationship discloses that the fixation time decreases with 

increasing the production speed of tape forming under fixed IR intensity and dimension of 

the chamber. With a 10 m/min speed, the fixation time is approximately 2 sec, which exactly 

matches the response time of the Heraeus carbon infrared emitters employed in this research. 

Therefore, 10 m/min speed was recommended for the efficient thermal treatment of 

unidirectional recycled carbon fiber tape structure.   

 

Figure 5.17. Fixation time versus production speed of tape forming 
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5.5.7.3 Testing of parameters affecting tape areal density  

The areal density of the tape structure depends on the infeed sliver linear density, the number 

of doublings and the machine draft. The relationship between these variables and areal tape 

density is presented in the Figure 5.18(a-b). The results show that the prototype tape forming 

process developed a recycled carbon fiber tape structure with an areal density ranging from 

50 to 350 g/m2. The selection of sliver linear density, amount of doubling and machine draft 

for the desired areal density can be extracted from the Figure 5.18.  

  

Figure 5.18. Tape areal density (a) influence of sliver linear density and machine draft with 

constant (10) doublings (b) influence of sliver doubling and machine draft with constant (6 

ktex) linear density of sliver 

5.5.8 Development of unidirectional recycled carbon fiber tapes  

Based on the concept, primarily design and technological construction and implementations, 

a prototype tape forming process based on a draw frame was utilized to develop a 

unidirectional recycled carbon fiber tape structure, as shown in Figure 5.19. Table 5.4 

compares the current prototype with the tape-forming process based on lap former. The 

comparison indicates that the prototype tape forming setup developed in the spinning plant 

of the Die Spinnerei Neuhof GmbH & Co. KG has equally capable in terms of tape 

uniformity, orientation, and tensile force as the prototype tape forming process developed in 

the laboratory of ITM. However, the tape forming setup based on lap former developed a 

wider unidirectional recycled carbon fiber tape structure with higher areal density. It is 

attributed to the doubling capacity and draft range as compared to the prototype process.   
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Figure 5.19: Unidirectional recycled carbon fibre tapes  

Table 5.4. Evaluation of tape forming prototype 

Process capacity 

Tape forming prototype 

Based on lap former Based on draw frame 

ITM Die Spinnerei Neuhof 

Sliver feeding capacity 14-28 8-10 

Drafting range  1.1-2.8 3.2-11.0 

Drafting rollers (type) Topocrom coating Topocrom coating 

Drafting roller pressure (daN) 10 10 

Drafting gauge range (mm/mm) 60/70 65/70 

IR Intensity 15 15 

Compaction roller pressure (N) 80 80 

Tape uniformity (CV-1m %) 2-4 2-4.5 

Orientation in tape (index) 88-93 88-93 

Tape tensile force (N) 500-1500 300-1200 

Tape width (mm) 20-320 20-150 

Tape areal density (g/m2) 50-350 20-250 

Production speed (m/min) 3-10 3-15 

Package capacity (m) 10-50 10-50 

5.6 Summary of the technological developments 

Based on the technological developments, the process chain consists of fiber opening, 

carding, drawing and an innovative tape forming process was developed in the laboratory of 

ITM to process recycled carbon and polyamide fibers as shown in Figure 5.20.  
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Figure 5.20: Technological developments for unidirectional recycled carbon fiber tape  

Subsequently, this process chain was utilized to develop unidirectional recycled carbon fiber 

tape structures for further investigations. For this purpose, multiple material combinations 

were processed on fiber opening, carding and drawing processes to develop a homogeneous, 

uniform and highly oriented sliver. Finally, the prototype tape forming process was 

employed for continuous, uniform and defect-free unidirectional recycled carbon fiber tape 

structure. The list of the developed tape structure based on different material combinations 

is given in Appendix VIII.  

 

Figure 5.21: Unidirectional recycled carbon fiber tapes (a) UD tape structure (b) 

microscopic view  



Chapter 5: Technological developments of tape forming process 

 

81 

 

The developed unidirectional recycled carbon fiber tape structures, as shown in Figure 5.21, 

seem like a conventional continuous carbon fiber tape structure. The microscopic view 

confirms that the designed tape structure has a unidirectional orientation. The results of these 

technological developments were published in national and international journals and 

conferences [108-119]. 

Table 5.5: Technological comparison of different processing technologies 

Technological 

characteristics 

Processing technologies 

Nonwoven Hybrid yarn UD Tape UD Tape 

Drylaid Flyer Lap former Draw frame 

Process flow -- 

Opening 

Carding 

Cross lapping 

Bonding 

 

Opening 

Carding 

Drawing 

Spinning 

Weaving 

Opening 

Carding 

Drawing 

Tape 

forming 

Opening 

Carding 

Tape forming 

Process 

ability 
mm 20-100 20-100 20-100 20-100 

Homogeneity -- + +++ +++ +++ 

Uniformity CV%-1m + ++ +++ +++ 

Orientation Index + ++ +++ +++ 

Structure 

fineness 
g/m2 20-400 50-300 50-400 20-250 

Specific 

energy 

consumption 

kWh/kg 5.6-6.8 -- 4.01* 3.78* 

Specific CO2 

emission 

kg Co2 

eq./kg 
2.2-2.6 -- 1.51* 1.42* 

Composite 

strength 
MPa + ++ +++ +++ 

+, ++, +++ representing poor, moderate and improved properties respectively 

* See Appendix VIII tape forming process 
 

In the end, a technological evaluation has been conducted that identifies the developed 

technology's potential, capability, acceptability, integration and market relevance. This 

evaluation also provides a foundation for commercializing the unidirectional recycled carbon 

fiber tape structure. Table 5.5 compares technological aspects of the tape development 

technology with nonwovens and hybrid yarn technologies. The comparison shows that 

technology developed for the fabrication of unidirectional recycled carbon fiber tape 

structure has a shorter process flow than nonwoven and hybrid yarn technologies. In contrast, 
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the ability to process different lengths of recycled carbon fiber is similar to nonwoven and 

hybrid yarn technologies.  

In addition, the developed tape technology also enables textile structure with improved 

homogeneity, uniformity and orientation compared to existing technologies. Therefore, it 

can be deduced from the result that composites based on unidirectional recycled carbon fiber 

tape structure can deliver higher mechanical properties compared to composites based on 

nonwovens and hybrid yarn. Furthermore, the specific energy consumption and CO2 

emission results are very low and comparable with dry-laid nonwoven technology. In 

conclusion, aforementioned comparison discloses that tape development technology is an 

innovative, sustainable and eco-friendly solution for the processing of recycled carbon fiber. 
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Chapter 6  

Technology-Structure-Property relationship in the tape 

development technology, unidirectional recycled carbon 

fiber tape structure and composite properties  

 

The performance of fiber-reinforced plastics is significantly influenced by structural 

parameters e.g. fiber orientation, fiber length, fiber volume content, uniformity, and 

homogeneity. In case of recycled carbon fiber, these structural parameters depends on 

processing technology and its associated technical parameters. Therefore, an attempt is 

carried out to establish technology-structure-property relationship in tape development 

technology, unidirectional recycled carbon fiber tapes and tensile properties of high 

performance composites in this chapter. For this purpose, different combinations of recycled 

carbon and polyamide fibers were processed on the developed tape technology and the 

influence of technical parameters on tape structure is measured in terms of fiber orientation, 

fiber length, fiber damage and uniformity. The results of this study reveals that material and 

technological parameters of tape development technology significantly influenced the 

parameters of the tape and composite structure that play a decisive role in the tensile 

properties of unidirectional recycle carbon fiber tapes and high performance composites.       

6.1 Introduction 

Technology-structure-property relationship is an important aspect with respect to composite 

design, development and its performance. This relationship also helps to establish new 

guidelines and principles for composite materials with tailored made properties. 

Furthermore, it offers new possibilities in material science and engineering that develop state 

of the art composite products with outstanding properties [120]. Therefore, establish 

technology-structure-property relationship becomes an important aspect for new products 

utilized for the fabrication of recycled carbon fiber-reinforced plastics.  
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The technology-structure-property relationship of virgin carbon fiber and carbon fiber 

reinforced plastics particularly in reference to mechanical properties is established and 

reported in the literature [16, 18]. For instance, carbon fiber possess exceptional mechanical, 

chemical, electrical and thermal properties can be tailored during its processing. The 

processing steps of carbon fibers consists of polymerization, spinning, drawing and 

carbonization processes. The technological parameters including material and process 

variables (e.g. precursors, temperature etc.) governs the structure of the carbon fiber that 

ultimately defines the properties of the carbon fiber e.g., carbonization parameters defines 

the mechanical and electrical properties.  

Similarly, structure of fiber reinforced plastics developed from virgin carbon fibers and 

polymeric matrix has significantly affect the mechanical properties. The structural 

parameters of the fiber-reinforced plastics are fiber orientation, lay up configuration, 

interlinear interface, curing pressure, temperature, fiber volume content and matrix and 

fillers type. The optimum combinations of these structural parameters deliver desired 

composite properties. For example, unidirectional orientation, [0]s ply configuration, higher 

fiber volume content deliver composites with highest mechanical properties [120, 121].   

In contrast, reutilization of recycled carbon fiber and its integration into high performance 

composites is an emerging new concept. In this context, multiple technologies has developed 

and modified in the past few years to transform discontinues and randomly oriented recycled 

carbon into high performance composites as reported in Chapter 2. These aforementioned 

technologies develop high performance composite with different structural parameters e.g. 

fiber orientation, fiber length, fiber volume content and uniformity. These structural 

parameters are governs by processing technologies and their technical parameters [112]. In 

short, relationships exist between technological parameters, fibrous structure, composite 

structure and its mechanical properties helps to understand hidden potential of recycled 

carbon fibers.  

The aim of this study is to establish relationship that exist between technological parameters 

of the developed tape technology, tape structure, composite structure and their tensile 

properties. This study helps to explore the hidden potential of recycle carbon fiber and their 

associated composites. For this purpose, different combinations of recycled carbon and 
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polyamide fibers were processed on tape development technology to develop unidirectional 

recycle carbon fiber tapes and the influence of these parameters on the tape structure is 

measured in terms of fiber orientation, fiber length, fiber damage and uniformity. Finally, 

these structure parameters are correlated with tensile properties of the unidirectional 

composites.  

6.2 Material, processing and development of unidirectional composites   

The different material combination based on fiber fineness, fiber lengths (carbon, 

polyamide) and fiber volume content were used in this research. For instance, C40P40V45 or 

T40E40V45. Here, C40, T40 presents 40 mm SGL (C) and Teijin (T) carbon fiber; P40, E40 

denotes 40 mm Barnet (P) and EMS (E) polyamide fibers and V45 express the 45 % fiber 

volume content. Innovative tape development technology comprises of fiber opening, 

carding, drawing and tape-forming processes was utilized to develop unidirectional recycled 

carbon fiber tapes as reported in Chapter 4 and Chapter 5. Subsequently, multiple layers of 

unidirectional tapes were stacked in [0]s direction and consolidation was carried out by 

utilizing a laboratory scale press machine (P 300 PV from Dr. Collin GmbH, Germany) to 

develop a unidirectional thermoplastic composite as shown in the Figure 6.1. 

 

Figure 6.1: Production of unidirectional recycled carbon fibre composites 

6.3 Technology-Structure-property relationship 

In order to establish relationship, different characterization were utilized to assess the fiber, 

tapes and composite properties. The description of these techniques is given in the Appendix 

I.  
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6.3.1 Tape development technology versus fiber length   

The fiber length has a decisive influence on the properties of fiber structures and composites 

based on them. Therefore, the shortening of the mean fiber length during each step of the 

tape manufacturing was investigated. In this paper, length of recycled carbon fibers was 

measured after each process step during tape production. Figure 6.2(a) represents the mean 

fiber length of recycled carbon fibers after carding, drawing and tape forming processes. The 

results revealed that mean fiber length of recycled carbon fibers decreases from carding to 

drawing process while the tape forming process hardly causes any fiber damage. The damage 

of carbon fibers in carding process is considerably higher than during drawing and tape 

forming processes. This finding is correlated to the carding mechanism that performs point-

of-tooth to point-of-tooth action between finisher cylinder and worker, finisher cylinder and 

doffer. Besides this, back-of-tooth action between finisher cylinder and stripper also perform 

shearing and striping action. The carding and shearing actions are the root cause of fiber 

damage.  

   

Figure 6.2: Influence of the steps of the process chain on mean length of carbon fibres  

(a) C40-100 P40-60V45 (b) C80 P60V45-65 

It can be seen from Figure 6.2(a) that carbon fibers with a length of 80-100 mm are more 

severe damaged during carding process compared to carbon fibers with a length of 40-60 

mm. This can be attributed to the buckling coefficient of fibers that defines the bending 

tendency of fibers [92]. The buckling coefficient strongly depends on the fiber properties, 

e.g. length, strength, modulus and fineness. Keeping a constant fiber modulus, fineness and 

strength, carbon fibers with a length of 100 mm have 96 times higher buckling coefficient 



Chapter 6: Technology structure property relationship in the tape development technology, 

unidirectional recycled carbon fiber tape structure and composite properties 

 

87 

 

compared to carbon fibers with a length of 40-60 mm. It shows that longer fibers have a 

much higher tendency of entanglement in carding process. Therefore, carbon fibers with a 

length of 80-100 mm bend more frequently in the carding process that intensify the fiber 

damage. It can be concluded from the results that carbon fibers longer than 60 mm are 

susceptible to higher damage in the carding process. 

Figure 6.2(b) highlights the influence of fiber volume content on carbon fiber length. The 

results show that the mean fiber length decreases slightly with the increasing proportion of 

carbon fiber content. It can be correlated with the inter-fiber friction among the carbon and 

polyamide fibers that determines the interactive behavior [122]. In case of higher fiber 

volume content, inter-fiber friction has decreased due to crimp less surface of carbon fibers. 

As a result, reduction in interactive forces causes random fiber movement during the carding 

process. This random fiber movement enhances contact with metallic wires during carding 

and intensifies fiber damage in hybrid slivers. 

6.3.2  Tape development technology versus short fiber content   

Short fibers play a significant role in the quality of fibrous structures and they affect the 

mechanical behavior of conventional fibrous structures, e.g. yarn, fabric, etc. Therefore, the 

determination of short fiber content was additionally assessed. Figure 6.3(a) represents the 

amount of short fiber content (less than 12 mm fiber length) in hybrid drawn slivers. It is 

clearly seen from Figure 6.3(a) that hybrid drawn sliver composed of carbon fibers with a 

length of 80-100 mm contain considerably higher amount of short fibers compared to drawn 

sliver composed of carbon fibers with a length of 40-60 mm. 

This can also be attributed to the buckling coefficient of fibers. Further analysis presented in 

Figure 6.3(b) show that the amount of short fibers is also affected by the composition of the 

hybrid sliver. The higher content of carbon fibers enhances fiber degradation in hybrid 

slivers. It can also be correlated with the lacking in inter fiber friction among the crimp free 

recycled carbon fibers that affects the interactive forces. Consequently, fiber damage in 

hybrid slivers increased enormously. 
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Figure 6.3: Short fibre content in hybrid drawn sliver (a) C40-100 P40-60V45 (b) C80 P60V45-65  

6.3.3 Tape development technology versus fiber orientation  

The fiber orientation also plays an important role in mechanical properties of composites. 

Therefore, hybrid materials processed on carding, drawing and tape forming processes were 

subjected to Lindsley method to measure the orientation index in card and drawn slivers. In 

order to measure orientation index in tape, hybrid fibrous assembly was collected without 

thermal fixation process. Figure 6.4(a-b) shows the fiber orientation index after carding, 

drawing and tape forming processes. Fiber orientation index refers to the amount of longer 

fibers (> 12 mm) aligned in machine direction. This quantity based on fibers weight was 

measured in terms of index rather than angle.  

  

Figure 6.4: Influence of the steps of the process chain on fiber orientation (a) C40-100 P40-

60V45 (b) C80 P60V45-65   
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Results reveal that there is a significant increase in orientation index after carding and 

drawing processes. The reason lies in the optimum carding and drawing parameters that yield 

hybrid drawn sliver with fiber orientation index up to 93%. Results also shows that tape-

forming process transforms orientated fibrous assemblies into tape structures without 

distortion. Subsequently, such fiber orientation is embedded in the composite through 

consolidation. Figure 6.4(b) presents that fiber orientation index is significantly affected by 

composition of the sliver. Tapes with 45% fiber volume content possess slightly higher 

orientation index compared to tapes with 65% fiber volume content. This can be attributed 

to the lower inter-fiber friction that creates processing difficulties in the carding and drawing 

processes. 

6.3.4  Tape development technology versus uniformity   

Uniformity of different fibrous structures including, card slivers, drawn slivers and areal 

density of tapes was measured in terms of coefficient of variation (CV %). Figure 6.5 shows 

a dramatic improvement in the sliver uniformity after drawing process. It can be associated 

with the doubling and auto levelling operations of draw frame [92, 111]. The results also 

reveal that hybrid materials (slivers and tapes) composed of carbon fiber with a length of 80-

100 mm have higher mass variation per unit length as compared to hybrid material 

containing carbon fiber with a length of 40-60 mm.  

    

Figure 6.5: Influence of the steps of the process chain on uniformity (C40-100 P60V45) 
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This can be correlated to the amount of short fiber present in the hybrid sliver. In drafting 

zones of drawing and tape-forming processes, roller gauges are adjusted according to highest 

fiber length. Following short fibers behave like floating fibers in drafting operation and 

generate drafting waves in the drafted assembly. As a result, a higher initial fiber length of 

carbon fibers leads to a higher mass irregularity in hybrid sliver.  It is because processing of 

longer fibers leads to higher fiber damage and subsequent higher short fiber content. A 

similar trend in mass irregularity is also seen in tape structures.  

6.3.5 Tape development technology versus tape tensile properties  

The tensile properties of the unidirectional recycled carbon fiber tapes is function of degree 

of thermal fixation that is affected by IR intensity, production speed, drafting ratio and 

composition of the tape structure. Therefore, following investigations were carried out to 

study the impact of these influencing parameters on the tensile properties of the tape 

structure.  

6.3.5.1 Infrared intensity versus tensile force of the tape structure 

In tape-forming process, thermal fixation tapes takes place by melting the polyamide fibers 

and it also impart mechanical stability in tapes. This mechanical stability depends on the 

intensity of infrared radiations.  

 

Figure 6.6: Influence of infrared intensity on tensile force of unidirectional tapes (C80 

P60V45)  
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Figure 6.6 represents the tensile properties of the thermally stable unidirectional tapes. It 

shows that the intensity of the thermal fixation affect the tensile properties. The tensile force 

of the unidirectional tapes rises from 500 to 1500 N when IR intensity varies from 15% to 

30%. The reason behind is higher infrared intensity intensively melt the polyamide fibers 

that develop intense bonded structure.  

6.3.5.2 Drafting process versus tensile force of the tape structure 

The function of total draft is to attenuate the fibrous assembly and control the final areal 

density of the unidirectional tape. Furthermore, the total draft also affects the fiber 

orientation and fiber length that play a significant role in the quality of the composites. Figure 

6.7 shows that draft has a decreasing trend against tensile properties of the tapes. It can be 

attributed to the fact that change in draft affects the areal density of the unidirectional tape 

[92]. Lower draft deliver unidirectional tape with greater areal density. Consequently, the 

tensile force of the tape structure increases with decreasing the draft during tape forming 

process.  

 

Figure 6.7: Influence of machine draft on tensile force of unidirectional tapes (C80 

P60V45)  

6.3.5.3 Production speed versus tensile force of the tape structure 

The production speed of the tape forming technology also affect the tensile properties of the 

unidirectional tapes. Figure 6.8 express the tensile behavior of unidirectional tapes versus 

production speed. The results shows a decreasing trend with respect to delivery speed under 
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constant draft and infrared intensity. The lower production speed affect the duration of 

thermal fixation (fixation time) that enhances the degree of pre consolidation in 

unidirectional tapes. As a consequent, intense pre-consolidation deliver unidirectional tape 

with higher tensile properties.    

 

Figure 6.8: Influence of production speed on tensile force of unidirectional tapes (C80 

P60V45)  

 

Figure 6.9: Influence of infeed fiber length on tensile force of unidirectional tapes 

(C40-100 P40-60V45 with 15% heating intensity) 

6.3.5.4 Length of carbon fiber versus tensile force of the tape structure 

The influence of carbon fiber length on the tensile properties is also shown in the Figure 6.9. 

It is obvious from figure that tensile force of tape decreases from 800 to 580 N under constant 

infrared intensity with increasing the length of carbon fiber. It can be correlated with the 
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mass irregularity and short fiber content in the fibrous structure that depend on the length of 

carbon fiber. Hybrid sliver composed of carbon fiber with a length of 80-100 mm has higher 

mass irregularity and short fiber content compared to hybrid sliver made from carbon fiber 

with a length of 40-60 mm. Therefore, such factors lead to uneven thermal fixation and cause 

a decline in tape strength. 

6.3.5.5 Fiber volume content versus tensile force of the tape structure 

With increasing fiber volume content, a decreasing trend in tensile force of the tape is 

observed as shown in Figure 6.10. This can also be associated with the inter-fiber friction, 

short fiber content and mass variation in the hybrid sliver. When fiber volume content in 

hybrid sliver increases from 45 to 65%, friction decreases among the carbon fibers. This lack 

of inter-fiber friction creates processing difficulties that affect the tape integrity and mass 

variation of hybrid sliver. In addition to this, short fiber content increases with higher carbon 

fiber content and leads to higher mass variation in the tape structure. Consequently, higher 

mass variation deliver non-uniform thermal fixation in tape structure that affect the tape 

strength. 

 

Figure 6.10: Influence of fibre volume content on tensile force of unidirectional tapes 

(C80 P60V45-65 at 15% heating intensity) 
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6.3.6 Tape development technology versus composite tensile properties  

6.3.6.1 Infrared intensity versus composite properties  

Figure 6.11 represents the influence of thermal fixation and consolidation pressure on the 

mechanical properties of the composites. The results reveal that infrared intensity under 

constant consolidation pressure has a significant influence on the composite tensile 

properties. The composite tensile strength decreases from 850 MPa to 650 MPa when 

infrared intensity increases from 20 to 30 %. It can be correlated with the crystallinity in 

polyamide fibers [123]. In the tape structure, higher degree of thermal fixation affects the 

crystalline region of polyamide fibers that diminish the tensile strength and modulus of the 

matrix. Subsequently, further consolidation process incorporate this effect into composites. 

As a result, tensile properties of composites including strength and modulus decreased down 

to 650 MPa and 70 GPa respectively.  

 

Figure 6.11: Composite properties vs heating intensity (C80P60V50)  

6.3.6.2 Consolidation pressure versus composite properties 

Figure 6.12 shows that tensile modulus of the composite is significantly affected by 

consolidation pressure. Increasing consolidation pressure from 3 to 7 MPa has changed 

composite modulus from 62 to 86 GPa. As the composite structure is fabricated by stacking 

of multiple layers of the tapes therefore, higher pressure during consolidation enforce better 

cohesion among the layers and yield to composites with higher tensile modulus.  
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Figure 6.12: Composite properties vs consolidation pressure (C80P60V50) 

In contrast, 7 MPa consolidation pressure is unsuitable with respect to composite strength. 

The optimum consolidation pressure that deliver highest composite strength is 5 MPa. It can 

be associated with the breakage of fibers under high consolidation pressure. This 

investigation also concluded that optimum parameters that determine composite strength and 

modulus are different with each other.  

6.3.6.3 Carding configuration versus composite properties    

The impact of machine configuration on the composite tensile properties is an important 

aspect with respect to technological point of view. In this study, two types of machine 

configuration optimized vs non-optimized carding configurations were utilized. The 

summary of these configurations and their influence on composite tensile properties are 

given in the Figure 6.13. In order to do so, hybrid material was processed on carding machine 

with optimized and non-optimized configuration followed by constant drawing, tape forming 

and consolidation settings. The results revealed that composite processed with optimized 

configuration of carding favor the gentle processing of carbon fibers and deliver hybrid sliver 

with better fiber length and orientation as compared to non-optimized configurations of 

carding. As a result, the composite tensile strength reached up to 930 MPa. In contrast, non-

optimized configurations of carding damage the carbon fibers and enhance short fiber 

content in the hybrid sliver. These short fibers act like a floating fibers in the further drafting 

operation. As a consequent, unidirectional orientation is declined in the tape structure as well 
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as in composite. These results also emphasized that gentle processing of carding is more 

important than intense or conventional carding. 

Optimized configuration 

𝑋𝑒: 0.24 m/min, 𝑋𝑣: 140 m/min 

𝑋𝑎: 8 m/min, 𝑋𝑡: 240 m/min 

𝑋𝑎: 15 m/min, 𝑋𝑑: 8 m/min 

 𝑋𝑡−𝑎: 1 mm 

  

Non-optimized configuration 

𝑋𝑒: 0.24 m/min, 𝑋𝑣: 95 m/min 

𝑋𝑎: 16 m/min, 𝑋𝑡: 200 m/min 

𝑋𝑎: 30 m/min, 𝑋𝑑: 8 m/min 

𝑋𝑡−𝑎: 0.5 mm 

Figure 6.13: Tensile properties vs optimized and non-optimized configuration 

of carding process (C80P60V50) 

6.3.6.4 Fiber volume content versus composite properties  

Figure 6.14(a) presents the relationship between tensile properties and fiber volume content 

in composites. The value of composite modulus increases from 80 GPa to 91 GPa when fiber 

volume content increases from 45 % to 65 % as the modulus increases with the increase of 

fiber content in composite [81]. Following this logic, the tensile strength of composite 

manufactured from tapes with carbon fiber volume content of 55-65 % was expected to be 

higher than that of 45 %. However, the results reveal that composite strength decreases with 

increased fiber volume content. The maximum composite strength is achieved at 45-50 % 

fiber volume content. Further increase in the fiber volume content leads to a decrease in 

tensile strength. It can be associated with multiple structure parameters such as fiber length, 

short fiber content, fiber orientation and mass variation in the tape structure. It is already 

mentioned that unidirectional tapes fabricated with 55-65 % fiber volume content have 

higher fiber damage, high short fiber content, lower fiber orientation and poor uniformity as 

compared to 45-50 % fiber volume content in tapes. In case of 55-65 % fiber volume content, 

void content remarkably increases in the composite structure as shown in the Figure 6.14(b) 

because of non-uniform distribution of matrix and causes significant reduction in the tensile 

strength.  
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Figure 6.14: Composite properties (a) tensile properties of C60P60V45-65 (b) void content of 

C60P60V45-65  

6.3.6.5 Length of carbon fiber versus composite properties  

Figure 6.15 shows the tensile properties of composites over the length of carbon fiber. The 

composite properties are decreasing function with increasing length of carbon fiber. This can 

be associated with structural parameters such as fiber damage, fiber orientation and higher 

mass variation in tapes. In case of 40-60 mm, it is reported earlier that hybrid fibrous 

structure (slivers and tapes) contains negligible short fiber content. In addition to this, the 

value of orientation index and uniformity in hybrid fibrous structure is also higher. 

Therefore, composites developed with 40-60 mm carbon fibers reach up to 1000 MPa 

strength.  

 

Figure 6.15: Composite tensile properties verses carbon fiber length (C40-100P40-60V45) 
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Besides this, hybrid structures developed from carbon fibers with a length of 80-100 mm 

show increasing trend in short fiber content. These short fiber content behave like floating 

fibers in the further drafting operations and originates drafting waves that enhance mass 

irregularity in hybrid fibrous structure [95]. In addition to this, orientation of such short fibers 

is difficult to control in the drafting operations. Consequently, poorly oriented short fibers 

do not contribute in the composite strength causes significantly reduction in the composite 

strength. 

6.3.6.6 Polyamide fineness versus composite properties  

In order to study the influence of polyamide fineness on composite properties, polyamide 

fibers with 1.5 dtex and 4.1 dtex fineness were used to develop unidirectional tapes. Later 

on, these tapes were used to produce thermoplastic composite through consolidation. Figure 

6.16 represents the influence of polyamide fineness on the mechanical properties of the 

composites.  

 

Figure 6.16: Composite tensile properties vs Polyamide fineness (C40-60E40-60V45, C40-

60P40-60V45) 

It is clearly seen from the Figure 6.16 that composite developed from finer polyamide (1.5 

dtex) have higher tensile strength compared to composite developed from 4.1 dtex 

polyamide. It can be correlated with the number of fibers present per unit cross section of 

the hybrid sliver. Polyamide fiber with lower fiber diameter provides homogeneous matrix 
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distribution in the sliver cross section. As a result, homogeneous polyamide distribution 

improves the processing of hybrid material in carding and drawing and minimize the fiber 

damage. Furthermore, a homogeneous fiber distribution ensures relatively better bonding 

properties in composites. As a result, composite strength improves and strength of C40E40V45 

composite reached up to 1150 MPa.   

6.3.6.7 Fineness of carbon fiber versus composite properties  

In order to investigate the influence of the carbon fiber fineness on the composite properties, 

unidirectional composites with different carbon fineness (0.45 and 0.7 dtex) were developed 

by using novel tape development technology with optimum tape parameters. Results 

presented in the Figure 6.17 reveal that composites developed with finer carbon and 

polyamide fibers comprise substantially higher tensile strength. The tensile strength of the 

thermoplastic composite has reached up to 1350 ± 28 MPa. The reason lies in the fact that 

finer carbon fibers (0.45 dtex) have a higher surface area to volume as compared to carbon 

fiber with 0.7 dtex fineness. Therefore, carbon fiber with lower fineness has improved 

bonding properties. As a rule, composites manufactured from finer carbon and finer 

polyamide fibers lead to higher tensile strength because of better processing behavior and 

therefore better tape structure.  

 

Figure 6.17: Composite tensile properties (T40-100E40-60V45, C40-100E40-60V45) 
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6.3.6.8 Draft of tape forming versus composite properties  

In this investigation, unidirectional recycled carbon fiber tapes were developed with different 

levels of total draft (1.4, 1.7 and 2.1) of the tape forming process. Subsequently, these tapes 

were transformed into thermoplastic composites through constant thermo-fixation and 

consolidation parameters. The results of composites based on unidirectional recycled carbon 

fiber tapes processed with different draft are given in Figure 6.18. The results show that 

tensile strength of composites developed with 1.4 draft is 1350 ± 28 MPa. The results also 

confirm that the tensile strength of composites decreases with increasing the total draft of 

tape forming process. It can be associated with the irregularities and orientation in tape 

structure that depends on the amount of draft. The higher draft is responsible for higher 

irregularities and lower orientation in tape structure.  

 

Figure 6.18: Composite tensile properties versus tape forming draft (T40E40V45) 

Furthermore, the areal density of the unidirectional tapes decreases with an increasing draft. 

The draft controls the thickness of the unidirectional tape structure by attenuating the fibers. 

Therefore, unidirectional tape with lower areal density is intensively consolidated under 

constant thermo-fixation parameters as compared to tape with higher areal density. 

Moreover, unidirectional tapes having lower areal density required more number of tape 

layers to develop a composite with similar thickness. It enhances the chances of composite 

delamination during tensile loading. Consequently, lack of fiber orientation, higher 

irregularities, intense degree of thermo-fixation, and proximity of delamination cause a 
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decline in the composite strength. In contrast, the tensile modulus of the composites is 

remains in the similar range due to constant composition of the recycled carbon fibers. 

Current investigations disclose that optimum combination of technological and material 

parameters of novel tape development technology develop composites with outstanding 

tensile properties. This can be associated with relatively better bonding properties between 

matrix and reinforcement. In order to investigate this, microscopic images of this hybrid 

sliver, tape and composite structures are presented in the Figure 6.19(a-c). The microscopic 

images show that optimum combination deliver uniform and homogeneous fiber distribution 

in hybrid sliver, which provides outstanding bonding properties in tape and composite 

structures. The microscopy images of the fracture zone shown in the Figure 6.19 (d-e) 

confirm that carbon fiber are well oriented in the composite structure. These microscopic 

images also shows that majority of the carbon fibers are broken in the composite rather than 

showing fiber pull out behavior. 

 

  

Figure 6.19: Microscopy image of T40E40V45 material (a) hybrid sliver (b) thermally stable 

tape (c) composite (d-e) fracture zone of composite 
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6.4 Summary 

The results of this study confirm that tape development technology is an innovative 

technique that enables the manufacturing of tape structure with unidirectional fiber 

orientation. Further analysis disclose that content of short carbon fibers affect the fiber length 

distribution, orientation and uniformity in unidirectional tapes and composites. This study 

also establish the relationships of different technological and material combinations such as 

carding configurations, tape forming draft, fiber volume content, fiber length and fineness 

of carbon and polyamide fibers with tensile properties of the composites. The results reveal 

that combination contain optimum carding and drafting configurations, similar fiber lengths 

(carbon and polyamide), lower fineness and 45-50% fiber volume content develops 

composite with tensile strength up to 1350 ± 28 MPa 
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Chapter 7  

Modeling of tensile properties of high performance 

thermoplastic composites developed from innovative 

unidirectional recycled carbon fiber tapes  

 

The aim of this chapter is to conduct theoretical and finite element modeling of tensile 

properties of recycled carbon fiber reinforced plastics developed from novel unidirectional 

recycled carbon fiber tape structure. For this purpose, a review on current theoretical and 

finite element modeling of tensile properties of unidirectional composites is presented. 

Subsequently, current models are modified according to the structural parameters of the 

composite based on novel unidirectional tape structure. The modified theoretical models of 

the tensile properties of unidirectional composites comprise of fiber length, fiber orientation, 

fiber volume content and short fiber content. Furthermore, micro and macro finite element 

modeling are also developed to estimate the elastic and tensile properties of the composites. 

The results of this study reveal that proposed theoretical and finite element models are in 

good agreement with experimental results.    

7.1 Introduction 

Composite tensile properties play a critical role in component design and its application for 

multiple engineering fields including aerospace, automotive and wind energy sectors [124-

126]. Generally, the tensile properties of composites are assessed by using experimental 

technique based on standard tensile test methods. In addition, theoretical and finite element 

models are also widely used to estimate the composite tensile properties. It is well established 

in the literatures that theoretical and finite elements modeling show good approximation for 

unidirectional composites based on continuous fibers. It is because unidirectional composites 

based on continuous fibers have homogeneous, uniform and repeatable periodic 

representative volume elements [127-129].  
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Besides this, recycled carbon fiber are discontinuous in nature and fiber orientation in 

composite structure is influenced by the processing technology and its associated 

technological parameters. For instance, composite structure based on injection molding, 

nonwovens and hybrid yarn techniques possess random, partial and angled orientation rather 

than unidirectional orientation. In addition to this, fiber length distribution and fiber volume 

content in composite structure is also non-uniform [12, 112, 130, 131]. Therefore, 

composites based on discontinuous recycled carbon fibers possess heterogeneous, non-

uniform and non-repeating representative volume elements. Consequently, estimation of 

tensile properties of recycled carbon fiber composites through theoretical and finite element 

modeling is a challenging task.     

In this research, unidirectional composites based on recycled carbon fibers were fabricated 

by using innovative unidirectional recycled carbon fiber tape structure as reported in Chapter 

6. The technology-structure-property relationship established that optimum combinations of 

technological, structural and consolidation parameters deliver composite structure with 

outstanding composite tensile properties. Further analysis reveals that fiber length, fiber 

orientation and short fiber content have a significant relation with the composite tensile 

properties. Generally, fiber length, fiber orientation, fiber volume content and tensile 

properties of individual constituent  are the established factors as reported in the literature to 

estimate the composite tensile properties. While the origination of short carbon fibers and its 

behavior during processing is an emerging concern that affect the composite tensile 

properties by disturbing the fiber orientation and uniformity in the structure. Therefore, there 

is strong need to modify existing models to estimate the composite tensile properties by 

considering short fibers content as an additional factor. 

The present chapter aims to develop theoretical and finite element models that precisely 

predict the tensile properties of the recycled carbon fiber reinforced plastics fabricated 

through novel tape development technology. For this purpose, existing theoretical and finite 

element models are reviewed and a modified model is developed that predicts the composite 

tensile properties fabricated from unidirectional recycled carbon fiber tapes. The following 

section presents an overview of current theoretical and finite element modeling utilized for 

the tensile properties of unidirectional composites.   
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7.2 Theoretical modeling of unidirectional composites 

Unidirectional composites are a transversely isotropic material where all fibers are oriented 

in loading direction. In order to predict the tensile modulus and strength of the continuous 

and discontinuous unidirectional fiber reinforced composites, multiple theoretical models 

were reported in the literature [127, 129]. An overview of important theoretical modeling of 

tensile properties of unidirectional composites is presented in this section.   

Rule of Mixture (ROM) known as Voight and Reuss model is one of the simplest 

micromechanical models used to determine the tensile strength and modulus of composites 

[132]. The equations of the respective model are as follows:  

𝐸11=  𝑉𝑓. 𝐸11
𝑓 +  𝑉𝑚. 𝐸

𝑚
        7.1 (a) 

𝜎11=  𝑉𝑓. 𝜎11
𝑓 +  𝑉𝑚. 𝜎

𝑚
        7.1 (b) 

Here, 𝐸11
𝑓

 and 𝐸𝑚 refer to fiber modulus and matrix modulus, while 𝑉𝑓, 𝜎11
𝑓

  and 𝜎𝑚 represent 

the fiber volume content, fiber strength and matrix strength respectively. 

This model mainly considers the fiber volume content to determine the tensile modulus (𝐸11) 

and strength (𝜎11) of the composite. It is well established that fiber orientation and fiber 

length are also the important parameters that determine the mechanical properties of 

discontinuous fiber reinforced plastics. Therefore, ROM model is modified by introducing 

the fiber orientation factor 𝜂𝑜 (Mod. ROM) as shown in Equation 7.2.  

𝐸11=  𝜂𝑜 .𝑉𝑓. 𝐸11
𝑓 +  𝑉𝑚. 𝐸

𝑚
       7.2 (a) 

𝜎11=   𝜂𝑜 . 𝑉𝑓. 𝜎11
𝑓 +  𝑉𝑚. 𝜎

𝑚
       7.2 (b) 

Theoretical model that considers fiber length as a factor to predict the tensile modulus and 

strength of composites is Cox model [44, 132] as given in Equation 7.3:  

𝐸11=  𝜂𝑙.𝑉𝑓. 𝐸11
𝑓

+  𝑉𝑚. 𝐸
𝑚

       7.3 (a) 

𝜎11=   𝜂𝑙 . 𝑉𝑓. 𝜎11
𝑓

+  𝑉𝑚. 𝜎
𝑚

       7.3 (b) 
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In Cox model, 𝜂l indicates fiber length factor that can be measured by shear lag theory 

presented by Cox et al. [133] while the rest of the terminologies are similar in this equation 

as reported by ROM. In this model, 𝜂l can be estimated by using following equation:   

𝜂𝑙 = 1 −
tanh (𝑛𝑠)

𝑛𝑠
                     7.3 (c) 

Here, “s” represents the fiber aspect ratio and “n” represents a constant that can be calculated 

by using following expression: 

𝑛 = √ 
2𝐸𝑚   

𝐸11
𝑓
(1+𝑣𝑚)𝑙𝑛 (1/𝑉𝑓)

      7.4 (d) 

Later on, Cox model is modified by introducing the fiber orientation factor in the equation. 

This modified model is termed as modified Cox (Mod. Cox) model as shown in Equation 

7.4.  

𝐸11=  𝜂𝑜. (1 − 
tanh (𝑛𝑠)

𝑛𝑠
) .𝑉𝑓. 𝐸11

𝑓
+  𝑉𝑚. 𝐸

𝑚
     7.4 (a) 

𝜎11=   𝜂𝑜 . (1 − 
tanh (𝑛𝑠)

𝑛𝑠
) . 𝑉𝑓. 𝜎11

𝑓
+  𝑉𝑚. 𝜎

𝑚
     7.4 (b) 

Kelly and Tyson present the relationship between the fiber length embedded in the matrix, 

fiber strength, fiber diameter and interfacial shear strength as given in Equation 7.5: 

𝑙𝑐 =
𝜎11
𝑓
.𝐷

2𝜏
            7.5 

Based on this relationship, stress transfer from fiber to matrix in composites depends on the 

critical fiber length. The critical fiber length is defined as the fiber length, at which stress 

can reach the tensile strength of the fiber. In the case fiber length is higher than the critical 

fiber length, the stress is transferred from fiber to matrix and composite properties linearly 

follow the strength of the fibers in tensile loading. 

Based on Kelly and Tyson theory, theoretical model K-T [128] is developed by introducing 

critical length relationship in ROM as given in  

𝐸11=  (1 −
𝑙𝑐

2𝐿
) . 𝑉𝑓. 𝐸11

𝑓
+  𝑉𝑚. 𝐸

𝑚
      7.6 (a) 

𝜎11=   (1 −
𝑙𝑐

2𝐿
) . 𝑉𝑓. 𝜎11

𝑓
+  𝑉𝑚. 𝜎

𝑚
      7.6 (b) 
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In this model, 𝑙𝑐 is the critical fiber length that can be calculated from Equation 7.5 and the 

term L represents the mean fiber length in the composite. The rest of the parameters are 

similar as reported in ROM model. 

Further, Kelly and Tyson model was also modified (Mod. K-T) by introducing fiber 

orientation factor as in  

𝐸11= 𝜂𝑜 . (1 −
𝑙𝑐

2𝐿
) . 𝑉𝑓. 𝐸11

𝑓
+  𝑉𝑚. 𝐸

𝑚
      7.7 (a) 

𝜎11=   𝜂𝑜 . (1 −
𝑙𝑐

2𝐿
) . 𝑉𝑓. 𝜎11

𝑓
+  𝑉𝑚. 𝜎

𝑚
      7.7 (b) 

A semi empirical model, known as Halpin-Tsai model (H-T), also accounts for fiber length 

to predict the modulus and strength of discontinuous fiber reinforced plastics [128, 134]. The 

equations of this model are as follows:  

𝐸11 = 𝐸
𝑚 (

1+𝜁.𝜂∗.𝑉𝑓

1−𝜂∗.𝑉𝑓
)       7.8 (a) 

𝜎11 = 𝜎𝑚 (
1+𝜁.𝜂.𝑉𝑓

1−𝜂.𝑉𝑓
)        7.8 (a) 

In these equations, ζ, η, 𝜂∗ are the correction or shape fitting parameters. These parameters 

can be determined by using following expressions. Here, L represents the fiber length in 

composites and D represents the diameters of the fiber. 

𝜂 =

𝜎11
𝑓

𝜎𝑚
−1

𝜎11
𝑓

𝜎𝑚
+𝜁

           7.8 (c) 

𝜂∗ =

𝐸11
𝑓

𝐸𝑚
−1

𝐸11
𝑓

𝐸𝑚
+𝜁

         7.8 (d) 

𝜁 =
2𝐿

D
          7.8 (e) 
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Halpin-Tsai model was also modified (Mod. H-T) by introducing the fiber arrangements 

factor [128]. In this case, composite tensile properties are calculated by using Equation 9. 

The value of fiber arrangements factor (𝜓) is taken as 0.82. 

𝐸11 = 𝐸
𝑚 (

1+𝜁.𝜂∗.𝑉𝑓

1−𝜂∗.𝜓.𝑉𝑓
)       7.9 (a) 

𝜎11 = 𝜎𝑚 (
1+𝜁.𝜂.𝑉𝑓

1−𝜂.𝜓.𝑉𝑓
)        7.9 (b) 

Bridging model [127, 135] is a homogenized model that estimates the tensile properties of 

the unidirectional composite. This model is based on a strength theory, in which a composite 

is considered to fail when any constituent of the composite (fiber or matrix) reaches its 

ultimate strength. This model estimates the tensile modulus by using the ROM model while 

the ultimate strength of the composite can be estimated by using following equation:   

𝜎11  = 𝑚𝑖𝑛 { 
 𝜎𝑢
𝑓
−(𝛼𝑒1

𝑓
− 𝛼𝑝1

𝑓
)  𝜎1

0

𝛼𝑝1
𝑓  ,

 𝜎𝑢
𝑚−(𝛼𝑒1

𝑚− 𝛼𝑝1
𝑚 )  𝜎1

0

𝛼𝑝1
𝑚  }    7.10 (a) 

In this model, 𝜎𝑓 and 𝜎𝑚 represent the ultimate tensile strength of the fiber and matrix while 

the rest of the parameters can be calculated by using following equations:  

 𝜎1
0  = { 

 𝜎𝑦
𝑚

𝛼𝑒1
𝑚  ,

 𝜎𝑢
𝑓

𝛼𝑒1
𝑓  }         7.10 (b) 

𝛼𝑒1
𝑓
=

𝐸11
𝑓

𝑉𝑓𝐸11
𝑓
(1−𝑉𝑓)𝐸

𝑚
        7.10 (c) 

𝛼𝑒1
𝑚 =

𝐸𝑚

𝑉𝑓𝐸11
𝑓
(1−𝑉𝑓)𝐸

𝑚
        7.10 (d) 

𝛼𝑝1
𝑓
=

𝐸11
𝑓

𝑉𝑓𝐸11
𝑓
(1−𝑉𝑓)𝐸𝑇

𝑚
        7.10 (e) 

𝛼𝑝1
𝑚 =

𝐸𝑇
𝑚

𝑉𝑓𝐸11
𝑓
(1−𝑉𝑓)𝐸𝑇

𝑚
        7.10 (f) 
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7.3 Finite element modeling of unidirectional composites 

Finite element (FE) modeling is an alternative, reliable and accurate technique as compared 

to theoretical modeling and widely used to predict tensile properties of unidirectional 

composites. FE modeling of unidirectional composites can be conducted at macro-, meso- 

and micro-scale. Generally, macro-scale modeling of unidirectional composites is well 

established and widely used to estimate tensile properties. At macro-scale, laminate 

structures with unidirectional orientation are used to estimate tensile strength and modulus 

[127, 136, 137].   

At micro-scale, representative volume elements (RVE) based on different fiber arrangements 

(continuous or discontinuous), distributions (uniform and random) and compositions 

(volume content) are utilized with damage models to predict tensile properties of composite. 

Furthermore, micro-scale modeling enables determining elastic properties such as 

longitudinal Young’s modulus (E1), transverse Young’s modulus (E2), longitudinal shear 

modulus (G13), transverse shear modulus (G23), major poisson ratio (v12) and minor poisson 

ratio (v23). These elastic properties help to understand the behavior of composites and its 

constituents. Furthermore, these predicted properties can be used in macro-scale modeling. 

The main issues associated with micro-scale modeling are that it requires advanced CPUs, 

higher computer memories and high computational time [136].   

The arrangement of fibers in the RVE for micro-scale modeling depends on the fiber aspect 

ratio, which is defined as ratio of fiber length to its diameter. In case of continuous fibers 

composites, where the fiber aspect ratio reaches infinity, RVE represents the composite 

structure shown in Figure 7.1 [138, 139]. This 3D RVE based on continuous unidirectional 

fibers can also be used to predict the complete composite elastic properties [140, 141]. In 

contrast, discontinuous fiber reinforced plastics can be categorized into short and long fiber 

composites. With short carbon fibers reinforced plastics exhibiting an aspect ratio of 500-

800 are represented by a RVE consisting of discontinuous fibers, as shown in Figure 1c and 

1d, respectively. Such RVE are widely used to predict tensile properties of fiber reinforced 

plastics developed from injection molding composites [142-147]. In addition, attempts have 

also been reported to assess elastic properties of short fiber reinforced composites [148-151]. 
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These studies concluded that RVE structure depends on the fiber length and fiber aspect 

ratio. 

 

Figure 7.1: 2D and 3D RVE of (a-b) continuous fiber reinforced plastics, and (c-d) 

short fibre reinforced plastics. 

7.4 Material  

The mechanical properties of the individual constituent of high performance composites 

developed in this study are given in the Table 7.1. The development of composites based on 

unidirectional recycled carbon fiber tape structures are reported in Chapter 6. 

Table 7.1: Mechanical properties of recycled carbon and polyamide (PA-6) material  

Material 
L 𝐸11 𝐸22 𝑣12 𝐺12 𝐺23 σ11 ε11 

mm GPa GPa -- GPa GPa MPa % 

Carbon T40-100 220* 22.5** 0.20** 24** 7** 3400* 1.7* 

PA-6***  E40-80 2.62 2.62 0.35 1.15 1.15 40 70 

*Measured with FAVIMAT single fiber tensile tester  

** taken from supplier 

***composite tensile test 
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7.5 Modeling of high performance composites based on unidirectional 

recycled carbon fiber tape structure 

The aforementioned theoretical and FE models estimate the tensile modulus and strength of 

composites by considering material properties (modulus and strength), composition (fiber 

volume content), and structural parameters (fiber orientation and fiber length). In contrast, 

structure-property-relationship identifies the influence of short fiber content (SFC) on tensile 

properties of composites. Therefore, further development of theoretical and FE models is 

presented in this section.  

7.5.1 Development of theoretical model 

The process chain utilized for the development of unidirectional recycled carbon fiber 

composites  comprises of fiber opening, carding, drawing, tape forming and consolidation 

processes. The carding, shearing and stripping actions of inherently brittle, non-crimped and 

shear sensitive fibers causes damage to the carbon fibers and originates short carbon fibers 

(less than 12mm). Subsequently, these short fibers act like floating fibers in the drafting 

zones of drawing and tape forming processes and introduce an unpredictable motion that 

disturbs fiber orientation and fiber length distribution in the tape structure 

Investigations show that amount of short fiber increases with increased infeed length of 

carbon fiber. The reason is the bending tendency of staple fibers that enhance fiber 

entanglement during carding. Ultimately, short fibers possess random orientation also 

become a part of the tape and composite structure. In addition to this, short fibers introduce 

non-uniform distribution of short fibers in the structure due to floating phenomena. This non-

uniform distribution nucleates void content in the composite structure and it plays a critical 

role for the composite tensile properties [109]. In addition to this, broken ends of the short 

fibers introduce non-uniform fiber aspect ratio in the composite. This non-uniform 

distribution nucleates void content in the composite structure and it plays a critical role for 

the composite tensile properties [152]. Therefore, the new function short fibers (𝜂𝑠𝑓𝑐) is 

introduced and implemented into Rule of Mixture, Cox and K-T models. These modified 

models are referred to as ROM-SFC, Cox-SFC and K-T-SFC models. The equations are 

given as follows.  
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Modified ROM-SFC model 

𝐸11=  𝜂𝑜 . 𝜂𝑙 . 𝜂𝑠𝑓𝑐.𝑉𝑓. 𝐸11
𝑓

+  𝑉𝑚. 𝐸
𝑚

      7.11 (a) 

𝜎11=   𝜂𝑜 . 𝜂𝑙 . 𝜂𝑠𝑓𝑐 . 𝑉𝑓. 𝜎11
𝑓

+  𝑉𝑚. 𝜎
𝑚

      7.11 (b) 

Modified Cox-SFC model 

𝐸11=  𝜂𝑜. (1 − 
tanh (𝑛𝑠)

𝑛𝑠
) . 𝜂𝑠𝑓𝑐 .𝑉𝑓. 𝐸11

𝑓
+  𝑉𝑚. 𝐸

𝑚
    7.12 (a) 

𝜎11=   𝜂𝑜 . (1 − 
tanh (𝑛𝑠)

𝑛𝑠
) . 𝜂𝑠𝑓𝑐 . 𝑉𝑓. 𝜎11

𝑓
+  𝑉𝑚. 𝜎

𝑚
    7.12 (b) 

Modified K-T-SFC Model 

𝐸11= 𝜂𝑜 . (1 −
𝑙𝑐

2𝐿
) . 𝜂𝑠𝑓𝑐 . 𝑉𝑓. 𝐸11

𝑓
+  𝑉𝑚. 𝐸

𝑚
     7.13 (a) 

𝜎11=   𝜂𝑜 . (1 −
𝑙𝑐

2𝐿
) . 𝜂𝑠𝑓𝑐 . 𝑉𝑓. 𝜎11

𝑓
+  𝑉𝑚. 𝜎

𝑚
     7.12 (b) 

 

Figure 7. 2: Measurement of short carbon fiber content (a) beard preparation process 

(b) fiber beard of short carbon fibers (c) staple diagram of short carbon fibers 
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Here, 𝜂sfc  denotes the short fiber function. It refers as percentage of short fiber content (SFC) 

present in the tape structure. It can be estimated by the taking the ratio of weight of combed 

fibers eliminated during the beard preparation process to the total weight of the fiber beard 

as shown in the Figure 7. 2(a). These combed fibers were further subjected to image analysis 

method to determine the mean fiber length of the fibers as shown in the Figure 7. 2(b-c). The 

staple diagram of the short carbon fibers confirms that the mean length of the carbon fiber is 

12.7 mm. 

The equation of the short fiber function is  

𝜂
𝑠𝑓𝑐 = 1 − tanh (SFC)           7.14 

Short fiber content for the modulus and strength are calculated by using  

SFC = 
100 − % age of short fibers

100
  and SFC =

100−(2× % age of short fibers)

100
 , respectively.  

7.5.2 Development of FE Model  

In case of composite developed from unidirectional recycled carbon fiber tape, the infeed 

fiber aspect ratio is within the range of 5000 to 20000, which shows that fiber length is much 

higher than the critical fiber aspect ratio. In addition to this, unidirectional recycled carbon 

fiber reinforced plastics developed with negligible short fiber content have uniform fiber 

distribution in the structure. Theoretically, the 3D RVE composed of continuous carbon 

fibers realistically represents such composites. Besides this, composite composed of 

notifiable short carbon fibers content have non-uniform fiber distribution in the structure due 

to fibers floating phenomena. Such composites material must contain different fibers 

arrangements in the respective RVE. It requires more in depth analysis regarding orientation 

of short carbon fibers and their distribution in the structure. It can be concluded from the 

discussion that structure of recycled carbon fiber reinforced plastics developed with 

negligible short fiber content realistically resembled as continuous carbon fiber reinforced 

plastics. Keeping this aspect in mind, 3D RVE model consisting of continuous fibers with 

unidirectional orientation as shown in the Figure 7.3 is developed for the analysis.  
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Figure 7.3: 3D RVE for composite developed with uniform fiber aspect ratio 

In the RVE, fiber volume content is controlled through fiber spacing and the elastic 

properties of the composite, i.e. E1, E2, G13, G23, v12 and v23, are measured thorough 

homogenization [153, 154]. The elastic properties of the unidirectional composite are 

represented in the form of the stiffness matrix as shown in Equation 7.15. Based on this 

tensor, composite elastic properties can be calculated by using Equations 7.16 (a-e).  
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𝐸11 = 𝐶11 −
2𝐶12

2

𝐶22+ 𝐶23
           7.16 (a) 

𝜐12 =
𝐶12

𝐶22+ 𝐶23
            7.16 (b) 

𝐸22 =
[𝐶11(𝐶22+ 𝐶23)−2𝐶12

2 ](𝐶22− 𝐶23)

(𝐶11.𝐶22+ 𝐶12
2 )

       7.16 (c) 

𝐺23 = 𝐶44 = 
𝐶22−𝐶23

2
            7.16 (d) 

𝐺12 = 𝐶66             7.16 (e) 
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Furthermore, 8-node solid elements with reduced integration (C3D8R) are used for the 

meshing of fibers and matrix in Abaqus. The RVE is subjected to boundary conditions as 

shown in Table 7.2. Furthermore, the elastic properties are compared with Halpin-Tsai (H-

T) and finite element models based on periodic boundary conditions (EasyPBC) [155]. 

Table 7.2: Boundary conditions for 3D RVE 

Load 1 2 3 

Front Back Side-1 Side-2 Top Base 

𝐿𝑜𝑎𝑑11 U1 = 𝑎1 U1, R2, 

R3=0 

U2, R1, 

R3=0 

U2, R1, 

R3=0 

U3, R1, 

R2=0 

U3, R1, 

R2=0 

𝐿𝑜𝑎𝑑22 U1, R2, 

R3=0 

U1, R2, 

R3=0 

U2 = 𝑎2 U2, R1, 

R3=0 

U3, R1, 

R2=0 

U3, R1, 

R2=0 

𝐿𝑜𝑎𝑑33 U1, R2, 

R3=0 

U1, R2, 

R3=0 

U2, R1, 

R3=0 

U2, R1, 

R3=0 

U3 = 𝑎3 U3, R1, 

R2=0 

𝐿𝑜𝑎𝑑12 -- -- 
U2, R1, 

R3=0 

U2, R1, 

R3=0 

U2 = 0 

U3 = 𝑎3 

U2 = 0 

U3 = 0 

Halpin-Tsai (H-T) is a semi empirical model [129] as reported earlier and used to estimate 

the elastic properties of the composite. Equation 7.9 (a) given in the previous section express 

the Young’s modulus of the composite. While the rest of the parameters can be estimated by 

using Equations 7.17 (a-d).   

𝑣12=  𝑉𝑓. 𝑣11
𝑓 +  𝑉𝑚. 𝑣

𝑚
           7.17 (a) 

𝐸22 = 𝐸
𝑚 (

1+𝜁.𝜂.𝑉𝑓

1−𝜂.𝑉𝑓
)      7.17 (b) 

𝐺12 = 𝐺
𝑚 (

1+𝜁.𝜂.𝑉𝑓

1−𝜂.𝑉𝑓
)           7.17 (c) 

𝐺23 = 𝐺
𝑚 (

1+𝜁.𝜂.𝑉𝑓

1−𝜂.𝑉𝑓
)      7.17 (d) 

For 𝐸22, 𝐺12𝑎𝑛𝑑 𝐺23 estimation, η can be calculated from 𝜂 =

𝐸22
𝑓

𝐸𝑚
−1

𝐸22
𝑓

𝐸𝑚
+𝜁

, 𝜂 =

𝐺12
𝑓

𝐺𝑚
−1

𝐺12
𝑓

𝐺𝑚
+𝜁

, 𝜂 =

𝐺23
𝑓

𝐺𝑚
−1

𝐺23
𝑓

𝐺𝑚
+𝜁

 

expressions respectively. In these expressions, 𝜁 is referred to as correction factor for 

𝐸22, 𝐺12𝑎𝑛𝑑 𝐺23. 
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In order to estimate the tensile properties of composite, a macro-scale model based on DIN 

EN ISO 527-5 test method is developed in Abaqus software. The model is developed from 

2D deformable shell structure with dimension of 250×25×1 mm3 and [0]8 composite layup. 

This composite structure is meshed by using S4R shell elements and is subjected to static 

tensile loading (Table 7.3). The lamina properties were taken from the RVEs developed in 

this study and Hashin damage criteria [156] was used to initiate damage in the composites. 

The parameters of damage criteria are given in the Table 7.3.  

Table 7.3: Macro-scale model and material data 

7.6 Results and Discussion  

The result of tensile properties of the recycled carbon fiber reinforced plastics based on 

unidirectional tape structure show that the tensile strength of composites depends on the fiber 

orientation, fiber length, fiber volume content and percentage of short fibers present in the 

structure [109]. Table 7.4 presents the status of fiber orientation, fiber length and short fiber 

content present in tape structure with 45% fiber volume content. The tabulated results shows 

that recycled fiber reinforced plastics developed with 40 mm carbon fiber length contain 

highest fiber orientation and minimum fiber damage. In case of composite composed of 60-

100 mm fiber length, fiber orientation decreases while the short fiber content increases. 

 

 

 

E1, E2, v12 ,G12, G13, and  G23 3D RVE model 

Density g/cm3 1440 

Longitudinal tensile strength (𝑋𝑇) MPa 1440 

Longitudinal compressive strength (𝑋𝐶) MPa 1050 

Transverse tensile strength (𝑌𝑇) MPa 25 

Transverse compressive strength (𝑌𝐶) MPa 100 

Longitudinal shear strength (𝑆𝐿) MPa 50 

Transverse shear strength (𝑆𝑇) MPa 50 
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Table 7.4. Structural and tensile properties of the composites 

Composite 

Experimental Results  

𝐿 𝜂0 𝑆𝐹𝐶 𝐸11 𝜎11 

mm Index % GPa MPa 

T40E40V45 38 ± 2.4 0.93 ± 1.5 -- 85 ± 6.3 1350 ± 28 

T60E60V45 54 ± 3.4 0.90 ± 1.6 6 ± 1.3 80 ± 7.4 1180 ± 73 

T80E80V45 60 ± 1.8 0.88 ± 2.5 11 ± 1.8 81 ± 8.3 980 ± 90 

T100E80V45 78 ± 2.6 0.85 ± 2.4 16 ± 2.1 78 ± 8.9 890 ± 92 

*CFRP45 continuous  1 n/a 102 ± 8.4 1480 ± 99 

*Reference composite, -- refers the negligible amount (SFC ≤ 1) 

n/a reflect “not applicable” 

Based on the tabulated data, theoretical models are employed to estimate the tensile modulus 

and strength of composites and a comparison is carried out with experimental results. Figure 

7.4 presents the composite tensile modulus versus fiber length in the unidirectional 

composites. The comparison shows that composite tensile modulus estimated from ROM, 

Cox, K-T, H-T, Bridging and Mod. H-T models is much higher than the experimental results. 

The range of modulus estimated from these theoretical models is 97-101 GPa. In these 

models, Cox, K-T and H-T models are based on the fiber length; Bridging model is based 

on homogenization technique while the H-T and Mod. H-T models are semi empirical 

models. The estimated results with these models suggest that fiber length in composites 

fabricated from 40-100 mm unidirectional discontinuous carbon fibers has a slightly positive 

effect on tensile modulus. The estimated value of the composite modulus increases from 97 

to 101 GPa with varying the fiber length in composites.    

Furthermore, modulus of unidirectional composite estimated from modified models 

containing fiber orientation and fiber length functions such as Mod. ROM, Mod. Cox and 

Mod. K-T models show decreasing trend. This can be attributed to the decreasing fiber 

orientation as compared to fiber length in tape structures. These results also show that 

aforementioned theoretical models overestimated the modulus of the composite especially 

for composites fabricated from 60-100 mm fibers. Therefore, these models are further 

modified by introducing a short fiber content factor. The results show that composite 

modulus estimated from modified models contain fiber length, fiber orientation and short 

fiber factors (ROM-SFC, Cox-SFC and K-T-SFC models) predict the values ranging from 
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89 to 73 GPa, In fact, experimental results also lie in the same range. From the analysis, it 

can be concluded that theoretical models, which include the factors of fiber orientation, fiber 

length and short fiber content accurately predict the tensile properties of the unidirectional 

composite. It is also concluded from the analysis that short fiber content in composite is as 

important as fiber length and fiber orientation.  

 

Figure 7.4: Theoretical and experimental analysis of composite tensile modulus          

(T40-100 E40-80V45) 

Figure 7.5 presents the composite tensile strength versus fiber length in the unidirectional 

composites. Results show that ROM, Cox, K-T, H-T, bridging and Mod. H-T models 

overestimate the composite tensile strength as compared to experimental findings. The 

composite tensile strength predicted from these five models lies in the similar range. It is 

because these models measured the composite strength by considering the fiber length and 

unidirectional fiber orientation. In contrast, the maximum orientation in composites is 

around 92 % and it has a decreasing trend with respect to fiber length embedded in the 

composite. Therefore, these models are unable to predict the composite tensile properties 

accurately. Furthermore, modified models including fiber length and actual fiber orientation 

data has been exercised to predict the composite strength. Curves show that Mod. ROM, 
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Mod. Cox and Mod. K-T models also overestimate composite tensile strength especially for 

composites fabricated with 60-100 mm long carbon fibers. This is because of the random 

fiber orientation of the short carbon fibers present in the recycled carbon fiber reinforced 

plastics. In contrast, composites fabricated with 40 mm carbon fibers contain very low 

amount of short carbon fibers and models show adequate approximation with respect to 

experimental results.  

 

Figure 7.5: Theoretical and experimental analysis of tensile strength of composites 

(T40-100 E40-80V45) 

Theoretical model developed in this study by introducing an additional factor of short fiber 

content i.e. ROM-SFC, Cox-SFC and K-T-SFC are also utilized to predict the composite 

tensile properties. The respective curves shown in the Figure 7.5 indicate that proposed 

model show good approximation as compared to experimental results. Analysis reveals that 

tensile strength of the recycled carbon fiber reinforced plastics depends on the fiber 

orientation, fiber length and percentage of short carbon fibers present in the composite. The 

results also emphasized that gentle processing of recycled carbon fibers is much more 

important as compared to conventional processing and prevention of fiber damage helps to 

sustain the composite tensile properties. Theoretical and experimental analysis confirm that 
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tensile response of a high performance composite containing low percentage of short fibers 

(T40E40V45) is comparable with reference composite (CFRP45).  

Furthermore, fiber aspect ratio and orientation in unidirectional composites remain uniform 

throughout the structure. Based on this analysis, RVE with continuous fiber arrangement and 

unidirectional orientation can be a good representation of recycled carbon fiber reinforced 

plastics. Therefore, 3D RVE micro-scale model as shown in the Figure 7.3 is used to estimate 

the elastic properties. The elastic properties of the unidirectional composites with 45 % fiber 

volume content are tabulated in Table 7.5. Furthermore, the elastic properties are compared 

with different analytical and finite element techniques.  

Table 7.5: Elastic properties versus analytical and finite element techniques 

Model 
𝐸11 𝐸22 𝜐12 𝐺23 𝐺12 

GPa GPa -- GPa GPa 

Experimental 102.3* 6.7** -- -- 2.4*** 

H-T 100.4 6.36 0.28 2.29 2.46 

FE-EasyPBC  99.0 8.08 0.27 1.87 2.49 

FE-micro model 100.4 8.88 0.28 3.14 2.47 

    *Measured, ** [157], *** [158]. 

The results show that semi empirical H-T model, FE model based on periodic boundary 

conditions (EasyPBC) and FE technique employed in this study (micro-scale model) show 

good agreement with the experimental results. The analytical and FE techniques precisely 

estimate the longitudinal Young’s modulus (E1), poisson ratio (v12) and longitudinal shear 

modulus (G13). In contrast, a slight variation in transverse Young’s modulus (E2) and 

transverse shear modulus (G23) is observed. The elastic properties estimated from the 3D 

RVE modeling provide a foundation to assess the tensile properties with the macro-scale 

model.  

In macro-scale modeling, composite specimen based on DIN EN ISO 527-5 tensile test is 

developed, meshed and subjected to static tensile loading. Furthermore, elastic properties 

estimated from the micro-scale modeling and Hashin damage initiation criteria is used to 

estimate the composite properties. Figure 7.6 presents the successful simulation of the tensile 

test. 
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Figure 7.6: Distribution of elongation and stress in macro model 

Table 7.6: Experimental and simulated results of recycled and carbon fiber reinforced 

plastics 

Composite 
𝐸11(GPa) 𝜎11(MPa) 

Exp. Sim. Error Exp. Sim. Error 

  *CFRP45 102 ± 8.4 100.4 2.0 1480 ± 99 1440 2.7 

**T40E40V45 85 ± 6.3 100.4 14.9 1350 ± 28 1440 6.2 

*Reference composite fabricated with endless CF filaments and staple polyamide  

** Composite fabricated with UD recycled carbon fiber tape structure  

The experimental and simulated results of reference composite (CFRP45) and recycled 

carbon fiber reinforced plastics (T40E40V45) fabricated through a novel unidirectional tape 

structure are tabulated in Table 7.6. The results show that tensile modulus and strength of 

CFRP45 composite are similar to simulated composite results. However, a slight error can be 

observed in experimental results. It can be correlated with the processing difficulty 

associated with fabricating carbon fiber-reinforced plastics with staple polyamide fibers at a 

laboratory scale. In the case of recycled carbon fiber reinforced plastics (T40E40V45), 

experimental tensile strength is lower than the simulated strength. It can be correlated with 

the fiber orientation, which is limited to 93 % in the structure.  

In contrast, experimental results of the tensile modulus of the T40E40V45 composite show 

higher variation than the simulated data. The tabulated results also disclose that deviation in 

T40E40V45 composite properties (strength and modulus) is very low compared to the 
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reference CFRP45 composite. It can be correlated with the technological developments in the 

drawing process that significantly improved the structure's homogeneity, uniformity and 

orientation. In conclusion, this research succeeded in developing T40E40V45 composite with 

1350 ± 28 MPa tensile properties, which is 92% of the reference composite. This research 

also provides a foundation for higher composite values from hybrid yarn. 

7.7 Summary 

In this chapter, modified theoretical and finite element models were utilized to estimate the 

composite tensile properties developed from innovative unidirectional recycled carbon fiber 

tape structure. The results show that modified theoretical models agree well with 

experimental results. In reference to the finite element analysis, 3D RVE composed of 

unidirectional continuous fibers is a good representation of the composite fabricated through 

optimum technological, consolidation and structural parameters. Therefore, elastic 

properties of the recycled carbon fiber reinforced plastics were estimated and further utilized 

for macro-scale analysis. The macro-scale finite element analysis confirms that tensile 

behavior of carbon fiber reinforced polyamide is comparable with experimental results.   
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Chapter 8  

Summary and Outlook  

 

The present research aim is to develop an innovative unidirectional tape structure based on 

recycled carbon and polyamide fibers for high-performance thermoplastics composites with 

the highest mechanical properties. Therefore, a comprehensive literature review on the 

technologies employed for the processing of recycled carbon fibers was conducted. The 

analysis suggests that the transformation of recycled carbon fibers into a high-performance 

composite with the highest mechanical properties demands homogeneity, uniformity, and 

unidirectional orientation in the structure.  

In first part of this research focuses on the technological developments that transform 

recycled carbon and polyamide fibers into recycled carbon fiber tapes with improved 

homogeneity, uniformity and unidirectional orientation. For this purpose, the concept of a 

novel tape development technology comprising fiber opening, carding, drawing and tape 

forming processes for developing unidirectional recycled carbon fiber tape structure was 

presented. In this concept, the objective of the first three processes is to develop a hybrid 

sliver based on recycled carbon and polyamide fibers with improved homogeneity, 

uniformity and unidirectional orientation. It was observed during experimentation that 

inherently brittle, crimp-free and transversely sensitive recycled carbon fiber demands 

special treatment rather than the conventional approach. Therefore, technological 

developments, modifications and optimization of fiber opening, carding and drawing 

processes was performed to impart homogeneity, uniformity and unidirectional orientation 

in hybrid sliver with minimum fiber damage.  

The investigations suggested that the mechanical opening mechanism delivered mixing with 

relatively improved homogeneity as compared to the air currents mechanism. Furthermore, 

systematic optimization of carding mechanism helps to screen out the essential parameters 

that ensure gentle processing and impart homogeneity and fiber orientation in hybrid sliver 

with minimum fiber damage. This optimization also depicts the fundaments, kinematics, and 
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behavior of recycled carbon fiber on the carding machine. The results of this investigation 

suggest that carding of recycled carbon fiber is entirely different compared to the traditional 

carding approach, i.e., cotton and polyester. The higher speeds of breaker and finisher 

cylinder and workers deliver hybrid sliver with higher fiber length (lower damage) and fiber 

orientation while narrow rollers gauges provide hybrid sliver with higher orientation and 

lower fiber length (greater damage). Therefore, a strategy was adopted to prevent the damage 

of recycled carbon fiber during carding process. The results of this research confirm that 

damage of recycled carbon fiber was reduced from 60 % to 20 % during carding process; 

however, a high degree of variation in card sliver (8 % to 13 %) was still a challenge. 

In the next step, the aim was to impart uniformity in the hybrid sliver through modifying the 

auto levelling system of the drawing process. Unfortunately, existing auto levelling system 

exert very high pressure on the fibers and damage the inherently brittle recycled carbon fibers 

in the sliver. As a result, avoiding auto levelling system results a higher variation in the 

composite properties. Therefore, modifications were carried out to process hybrid slivers 

comprising transversely sensitive recycled carbon fiber. It was observed that hybrid slivers 

produced with recommended auto levelling parameters (lower scanning roller load and 

pressure) delivered slivers with improved uniformity. Based on the technological 

developments, modifications and optimization, hybrid sliver with outstanding fiber 

orientation, uniformity and homogeneity was ready for the development of unidirectional 

recycled carbon fiber tapes.    

In the final phase of tape development technology, the conception, design, preliminary 

developments, construction and implementation of an innovative tape forming process were 

performed. Subsequently, the prototype process based on lap former and draw frame 

machines combines the hybrid slivers and transforms them into a thermally stable 

unidirectional recycled carbon fiber tape structure. The results disclose that both porotype 

processes successfully develop tape structure with 92-94 % fiber orientation in the machine 

direction with reproducible quality. Furthermore, technical evaluation confirms that the tape 

development technology is a sustainable, eco-friendly, innovative technology that 

transforms recycled carbon fiber into an innovative unidirectional recycled carbon fiber tape 

structure.  
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In the next part of this research, the unidirectional recycled carbon fiber tape structure was 

integrated into high-performance composite through the consolidation process. 

Subsequently, the technology-structure-property relationship among the tape development 

technology, unidirectional recycled carbon fiber and tensile properties of high-performance 

composites was established. The relationship confirms that technological, consolidation and 

structural parameters determine the tape and composite tensile properties. Therefore, 

optimum combinations were utilized to develop unidirectional recycled carbon fiber tapes 

and unidirectional composites. The optimum combinations that develop composites with 

outstanding tensile properties (Modulus: 85 ± 6.3 GPa, Strength: 1350 ± 28 MPa) were 

optimum configurations of carding, drafting and tape forming processes, 40 mm carbon and 

polyamide fiber lengths, lower fiber fineness, 45 % fiber volume content and 5 MPa 

consolidation pressure. This study also discloses that the origination of short fiber content 

during tape manufacturing has a significant correlation with fiber orientation and fiber length 

and composite tensile properties.  

Based on this experimental data, theoretical and FE element models were developed to 

validate the tensile properties of recycled carbon fiber reinforced plastics. The modified 

theoretical models were based on fiber orientation, fiber length and short fiber content, while 

the FE model was based on the macro scale model. It was inferred from the analysis that 

composite developed from unidirectional recycled carbon fiber tapes have 92% similar 

tensile properties as compared to reference composite.  

The results of this thesis have demonstrated that technological developments carried out in 

this research can develop innovative recycled carbon fiber tape structures with unidirectional 

configuration. This unidirectional configuration is significantly affected by the technological 

parameters and origination of short fiber content. It could be beneficial to conduct further 

developments in the feeding section (feed rollers and breaker cylinder) of the carding 

process. Currently, the technological limit of feeding operation in carding is 6 mm. It could 

be valuable to conduct technological developments to process longer fibers (60-100 mm). It 

can reduce the origination of short carbon fibers in the hybrid sliver that play a significant 

role in the composite structure composed of longer fibers.  
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The findings of this thesis have disclosed that polyamide fineness also plays a significant 

role in the tensile properties. It could be more effective to use micro polyamide fibers in the 

future to develop composite with 60 mm to 100 mm carbon fiber lengths and 50 % to 65 % 

fiber volume content. Micro polyamide fibers could improve the homogeneity and micro-

scale bonding in fibers and matrix, enhancing the composite tensile properties. Furthermore, 

it could also reduce the void content in the composite structure, which is a major concern in 

the reduction of composite tensile properties.  

In reference to the orientation of the short carbon fibers, further investigations could help to 

understand the movement and behavior of the recycled carbon under drafting circumstances. 

It could help the researchers to develop a more realistic micro scale model for the FE analysis 

of composite. Finally, the prototype tape forming process could be developed further for the 

industry to improve productivity, efficiency and cost reduction. Furthermore, this tape-

forming technology could be valuable in developing structures from different high-

performance discontinuous and recycled fibers with unidirectional orientation.  
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Appendices 

Appendix I: Characterization of fibers  

Assessment of surface morphology: The surface morphology of the recycled carbon fibers 

was measured by using scanning electron microscopy Quanta SEM from Thermo Fisher 

Scientific Inc., USA.  

Measurement of tensile properties of fibers: The tensile properties of fibers, e.g., fiber 

strength fiber modulus and fiber elongation of carbon and polyamide fibers, were measured 

using a Favimat single fiber tensile testing machine from Textechno Herbert Stein GmbH & 

Co. KG, Germany.  

Assessment of thermal analysis: The thermal analysis of the polyamide fibers was 

performed on Differential scanning calorimetry Q2000 from TA Instruments (Dallas, TX, 

USA). 

Appendix II: Characterization of mixing  

Assessment of degree of fiber opening: The degree of opening of recycled carbon fibers 

was determined by measuring the weight of fiber bundles. The fibers bundles of recycled 

carbon fibers were picked from the mixing, and the weight was recorded in milligrams.  

Measurement of fiber length: The mean fiber length of the recycled carbon and polyamide 

fibers was measured according to the DIN 53808-1 standard test method.  

Appendix III: Characterization of hybrid sliver 

Assessment of fiber orientation: The fiber orientation in the hybrid sliver was measured 

employing the Lindsley method [97, 98, 159]. This method comprises three metallic plates, 

one bottom plate termed a working plate, and two top plates termed a clapping plate, in 

addition to a cutting plate. The step-by-step procedure is described as follows [110]. 

Firstly, the hybrid sliver was clamped under the plates. The fibers were cut from the edge of 

the cutting plate with the help of the cutter or blade. Secondly, cutting plate was removed, 
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and the fibers clamped under the cutting plate were combed. Thirdly, the cutting plate was 

fixed again, and protruding fibers resulting from combing were cut from the edge of the 

cutting plate. The extended part of these fibers was weighted and termed “extended fibers” 

(E). In the end, the cutting plate was removed again, and the combed fibers left under the 

cutting plate were cut from the edge of the clamping plate. The weight of these fibers cut 

from the clamping plate was termed “Normal fibers” (N). The procedure was repeated five 

times in a forward direction to determine the average weight of extended fibers and normal 

fibers. Finally, the orientation index was calculated from the following expression. 

𝑂𝑟𝑖𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 𝐼𝑛𝑑𝑒𝑥 = (1 −
𝐸

𝑁
) × 100                                 

Determination of fiber length: The length of the recycled carbon fibers in a hybrid sliver 

was measured based on the image analysis method by [160, 161]. This system was 

specifically selected to measure carbon fiber length since it cannot be conducted through 

conventional methods, e.g., Fibrograph and HVI, due to its conductive nature. For the 

method used in this research paper, a card sliver composed of carbon and polyamide fibers 

was used for the measurement of fiber length. The detailed procedure for the performed fiber 

length measurement is described below [111]. 

Firstly, a card sliver ranging from 0.8-0.9 grams was taken and clamped side by side in a 

clamping device. The width of the clamping device was 14 cm. Secondly, clamped fibers 

were combed and brushed to align the fibers in the longitudinal direction. Thirdly, the 

prepared fiber beard weighting 150 ± 20 milligrams was scanned, and the generated image 

was converted into grayscale. Finally, the image was processed by Matlab software to 

determine the scanning properties (grayscale densities) of carbon fibers with different class 

lengths. These grayscale densities of different class lengths were used to draw a staple length 

diagram. The mean length of carbon fibers was calculated from the staple diagram. 

Subsequently, this procedure was repeated five times to determine the mean fiber length. 

Determination of short fiber content: In order to quantify short fiber content in hybrid 

sliver, combed fibers eliminated during the beard preparation process were subjected to 

manual screening to segregate recycled carbon fibers lower than 12 mm. Then, the short 

fiber content in the hybrid sliver was measured by using the following equation.  
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𝑆ℎ𝑜𝑟𝑡 𝑓𝑖𝑏𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡(%) =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠ℎ𝑜𝑟𝑡 𝑓𝑖𝑏𝑒𝑟𝑠 (𝑔𝑟𝑎𝑚)

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑖𝑏𝑒𝑟 𝑏𝑒𝑎𝑟𝑑 (𝑔𝑟𝑎𝑚)
× 100 

Measurement of sliver linear density: The linear density of the hybrid drawn sliver was 

measured by the weight method [162]. In this method, a specific length of the drawn sliver 

was weighted, and following equation was used to calculate the sliver linear density. 

𝐿𝑖𝑛𝑒𝑎𝑟 𝑑𝑒𝑠𝑛𝑖𝑡𝑦 (𝑘𝑡𝑒𝑥) =
𝑠𝑙𝑖𝑣𝑒𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔𝑟𝑎𝑚)

𝑠𝑙𝑖𝑣𝑒𝑟 𝑙𝑒𝑛𝑔𝑡ℎ (𝑚𝑒𝑡𝑒𝑟)
 

Measurement of sliver uniformity: The uniformity is expressed in mass per unit length of 

hybrid drawn sliver. It was measured by using the cut and weight method [162]. The sliver 

of twenty-five meters consecutive sliver was cut into pieces of one meter and variation in 

mass per unit length is represented by the coefficient of variation (CV %).  

Appendix IV: Characterization of UD Tape 

Assessment of areal density: The areal density of pre-consolidated unidirectional RCFT 

was also measured using the cut and weight method [162]. Thus, five pre-consolidated tape 

samples were cut into specific dimensions that depended on the tool size. Consequently, each 

tape was weighted, and areal density in grams per square meter (GSM) was measured. 

Assessment of fiber length: The fiber length in unidirectional tapes was also assessed using 

the Image analysis method described in the previous section for the hybrid sliver. In order to 

measure fiber length, tape samples were taken without thermal fixation, and the mean length 

and upper half mean in the tape structure were evaluated. 

Assessment of fiber orientation: The fiber orientation in unidirectional tapes was also 

assessed using the Lindsley method described in the previous section for the hybrid sliver. 

For this purpose, tape samples were picked after the drafting unit, and the orientation index 

was assessed in tape structure.  

Determination of tensile strength: The tensile tests of the thermally stable unidirectional 

tapes were carried out on Zwick type Z 100 (Zwick GmbH and Co., Germany) testing 
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machine. For this purpose, tape of 150 mm × 110 mm size was subjected to tensile testing at 

a 50 mm/min rate. The gauge length employed during the tensile test was 100 mm. 

Appendix V: Characterization of UD composites 

Determination of tensile properties: The tensile behavior of high-performance 

thermoplastic composite is determined by DIN EN ISO 527-5 standard test method on Zwick 

type Z 100 (Zwick GmbH and Co., Germany) testing machine. The specification of the tested 

composite is 250×15×1 (mm3).  

Analysis of fiber volume content: The fiber volume content in the UD thermoplastic 

composite is measured by a standard test method (DIN EN ISO 1172-1998). For this 

purpose, composite specimens with the dimensions of 40×15×2 (mm3) were treated in a 

muffle furnace (Nabertherm Controller B170) at 450 °C for one hour. The polyamide is 

completed burn off in the furnace, and the rest of the carbon fiber is utilized to measure the 

fiber volume content.  

 Microscopic analysis: The cross-section of the composite developed from UD tapes was 

assessed using an optical microscope Axio Imager M1m from Carl Zeiss, Germany. Thus, 

composite specimens were embedded in epoxy resin, followed by curing, polishing, and 

surface cleaning processes. Finally, images were recorded by using optical microscopy.       

Fracture analysis of the composite: The broken part of the composite developed from 

unidirectional RCFT was measured using scanning electron microscopy Quanta SEM from 

Thermo Fisher Scientific Inc., USA.  
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Appendix VI: Carding 

Appendix VI-I: Results of influence of breaker zone rollers speeds on carbon fibre 

Card 

Sliver 

Parameters Fiber Orientation 

Index 

Mean Fiber Length 

(mm) 

 Xe Xv Xa 

1 0.09 50 16 89.5 ± 2.5 57.1 ± 2.1 

2 0.24 50 16 90.9 ± 2.4 52.3 ± 1.5 

3 0.09 140 16 86.9 ± 2.5 57.9 ± 2.3 

4 0.24 140 16 89.7 ± 0.8 72.7 ± 2.6 

5 0.09 95 8 89.5 ± 1.5 60.2 ± 1.8 

6 0.24 95 8 89.8 ± 2.5 68.2 ± 2.3 

7 0.09 95 24 83.8 ± 1.0 65.9 ± 2.5 

8 0.24 95 24 88.7 ± 2.2 67.0 ± 3.2 

9 0.16 50 8 85.7 ± 2.1 59.1 ± 1.6 

10 0.16 140 8 89.4 ± 2.2 64.8 ± 1.4 

11 0.16 50 24 82.0 ± 1.9 68.2 ± 1.9 

12 0.16 140 24 85.5 ± 0.8 61.3 ±2.1 

13 0.16 95 16 84.9 ± 2.2 62.5 ± 1.6 

14 0.16 95 16 84.4 ± 2.5 59.1 ± 2.2 

15 0.16 95 16 84.2 ± 1.9 59.1 ± 1.8 
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Appendix VI-II: Results of influence of finisher zone rollers speeds on carbon fiber 

Card 

Sliver 

Parameters Fiber Orientation 

Index 

Mean Fiber Length 

(mm) 

 Xt Xd Xa 

1 160 8 30 80.0 ± 2.5 59.4 ± 2.1 

2 240 8 30 82.3 ± 1.6 65.7 ± 3.1 

3 160 12 30 86.4 ±3.2 55.8 ± 1.9 

4 240 12 30 89.0 ± 2.5 59.4 ± 1.2 

5 160 10 15 81.7 ± 2.6 54.9 ± 2.5 

6 240 10 15 86.1 ± 3.1 63.0 ± 1.7 

7 160 10 45 83.7 ± 2.7 61.2 ± 2.5 

8 240 10 45 88.3 ± 2.8 65.7 ± 2.8 

9 200 8 15 81.7 ± 2.4 60.3 ± 2.2 

10 200 12 15 84.0 ± 1.1 59.0 ± 3.1 

11 200 8 45 85.0 ±2.1 64.1 ± 3.6 

12 200 12 45 85.3 ± 2.9 54.0 ± 2.2 

13 200 10 30 83.3 ± 1.8 54.0 ± 1.7 

14 200 10 30 82.3 ± 2.1 56.7 ± 2.6 

15 200 10 30 83.5 ± 2.2 49.5 ± 1.8 

Appendix VI-IIIAppendix VI: Carding: Results of influence of finisher zone gauges on 

carbon fibre  

Card 

Sliver 

Parameters Fiber Orientation 

Index 

Mean Fiber Length 

(mm) 

 Xt-a1 Xt-a2 Xt-a3 

1 0.5 0.5 1 85.6 ± 2.5 44.4 ± 3.1 

2 1.5 0.5 1 83.1 ± 2.1 52.3 ± 2.9 

3 0.5 1.5 1 85.9 ± 2.3 50.0 ± 1.9 

4 1.5 1.5 1 80.6 ± 1.2 54.4 ± 1.2 

5 0.5 1 0.5 80.8 ±2.5 51.1 ± 1.6 

6 1.5 1 0.5 82.6 ±2.6 52.2 ± 1.5 

7 0.5 1 1.5 80.4 ±1.3 59.9 ± 3.8 

8 1.5 1 1.5 78.0 ± 1.5 46.6 ± 1.2 

9 1 0.5 0.5 81.5 ± 1.2 62.2 ± 2.7 

10 1 1.5 0.5 82.0 ±1.0 57.7 ± 2.7 

11 1 0.5 1.5 83.2 ± 0.8 57.8 ± 1.6 

12 1 1.5 1.5 82.2 ± 0.6 54.4 ± 2.4 

13 1 1 1 81.2 ± 1.6 55.5 ± 1.6 

14 1 1 1 81.3 ±1.2 53.3 ± 2.2 

15 1 1 1 80.8 ± 1.3 58.8 ± 2.9 
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Appendix VI-IV: Development of hybrid card sliver with different material combinations 

 

 

 

 

 

 

 

 

 

 

 

 

Material 
Mean fiber length (ML) Fiber orientation (Index) CV1m 

Opening Carding Diff Opening Carding Diff Carding 

C40P40V45 40 37.2 ± 1.8 -7.0 random 86.2 ± 2.3 +86 8.8 

C60P60V45 60 52.3 ± 2.6 -12.8 random 85.3 ± 2.5 +85 9.0 

C80P60V45 80 62.3 ±2.4 -22.1 random 86.4 ± 2.4 +86 11.4 

C100P60V45 100 63.5 ± 2.0 -36.5 random 85.7 ± 1.8 +85 13.4 

C40P40V50 40 38.1 ± 2.2 -4.75 random 86.9 ± 1.9 +86 9.0 

C60P60V50 60 50.0 ± 1.8 -16.6 random 84.6 ± 1.6 +84 9.8 

C80P60V50 80 62.4 ± 2.4 -22.0 random 86.6 ± 1.5 +86 11.2 

C100P60V50 100 62.2 ± 2.6 -37.8 random 86.8 ± 2.0 +86 12.8 

C60P60V55 60 51.2 ± 1.3 -14.6 random 86.0 ± 2.3 +86 9.8 

C60P60V60 60 48.8 ± 2.4 -18.6 random 84.2 ± 2.1 +84 10.9 

C60P60V65 60 47.2 ± 1.8 -21.3 random 83.2 ± 2.1 +83 11.2 

C40E40V45 40 37.6 ± 1.6 -6.0 random 86.3 ±1.8 +86 8.8 

C60E60V45 60 53.2 ± 2.2 -11.3 random 85.9 ± 2.3 +85 9.5 

C80E60V45 80 61.4 ± 2.1 -23.2 random 86.2 ± 2.0 +86 11.4 

C100E60V45 100 72.6 ± 2.6 -27.4 random 86.5 ± 2.6 +86 13.3 

T40E40V45 40 38.1 ± 2.6 -4.7 random 86.4 ± 1.5 +86 9.4 

T60E60V45 60 55.6 ± 3.1 -7.3 random 86.6 ± 1.6 +86 9.8 

T80E60V45 80 63.4 ± 2.8 -21.0 random 85.1 ± 2.1 +85 12.4 

T100E60V45 100 80.7 ± 3.4 -19.3 random 83.6 ± 1.9 +84 10.3 
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Appendix VII: Drawing 

Appendix VII-I: Development of hybrid drawn sliver with different material combinations 

 

 

 

 

 

 

 

 

 

 

Material 
Mean fiber length (ML) Fiber orientation (Index) Uniformity (CV1m) 

Card Drawn Diff Card Drawn Diff Card Drawn Diff 

C40P40V45 37.2 ± 1.8 37.0 ± 1.4 -0.5 86.2 ± 2.3 92.3 ± 2.2 +7.0 8.8 1.9 +78 

C60P60V45 52.3 ± 2.6 51.8 ± 1.9 -0.9 85.3 ± 2.5 92.1 ± 2.4 +7.9 9.0 2.7 +70 

C80P60V45 62.3 ±2.4 57.1 ± 2.4 -6.5 86.4 ± 2.4 91.8 ± 1.8 +6.2 11.4 2.8 +75 

C100P60V45 63.5 ± 2.0 61.8 ± 2.0 -1.7 85.7 ± 1.8 90.8 ± 2.5 +5.9 13.4 3.2 +76 

C40P40V50 38.1 ± 2.2 37.2 ± 1.6 -2.3 86.9 ± 1.9 92.5 ± 1.8 +6.4 9.0 2.0 +78 

C60P60V50 50.6 ± 1.8 50.4 ± 2.6 -1.0 84.6 ± 1.6 91.7 ± 1.7 +8.3 9.8 2.8 +71 

C80P60V50 62.1 ± 2.4 59.0 ± 1.5 -3.8 86.6 ± 1.5 88 ± 2.2 +2.3 11.2 3.1 +72 

C100P60V50 62.2 ± 2.6 60.3 ± 2.3 -1.9 86.8 ± 2.0 90.2 ± 1.8 +3.9 12.8 2.9 +77 

C60P60V55 51.2 ± 1.3 51.0 ± 2.5 -0.4 86.0 ± 2.3 91.3 ± 3.8 +6.1 9.8 2.6 +73 

C60P60V60 48.8 ± 2.4 45.5 ± 2.8 -3.83 84.2 ± 2.1 89.3 ± 1.4 +6.0 10.9 2.5 +77 

C60P60V65 47.2 ± 1.8 43.6 ± 2.4 -2.7 83.2 ± 2.1 85.5 ± 1.9 +2.7 11.2 2.8 +75 

C40E40V45 37.6 ± 1.6 36.4 ± 2.1 -3.0 86.3 ±1.8 91.8 ± 2.5 +6.3 8.8 2.0 +77 

C60E60V45 53.2 ± 2.2 52.3 ± 2.6 -1.5 85.9 ± 2.3 90.2 ±1.6 +5.0 9.5 2.7 +72 

C80E60V45 61.4 ± 2.1 59.8 ± 1.8 -2.0 86.2 ± 2.0 89.1 ± 2.4 +3.3 11.4 3.6 +68 

C100E60V45 72.6 ± 2.6 68.8 ± 2.2 -3.8 86.5 ± 2.6 87.3 ± 3.8 +1.0 13.3 3.5 +74 

T40E40V45 38.1 ± 2.6 38.3 ± 2.4 -0.5 86.4 ± 1.5 92.7 ± 1.5 +6.7 9.4 2.4 +74 

T60E60V45 55.6 ± 3.1 53.7 ± 3.4 -3.1 86.6 ± 1.6 89.3 ± 1.6 +3.1 9.8 2.6 +73 

T80E60V45 63.4 ± 2.8 60.1 ± 1.8 -4.1 85.1 ± 2.1 88.6 ± 2.5 +4.4 12.4 2.8 +77 

T100E60V45 80.7 ± 3.4 78.2 ± 2.6 -4.5 83.6 ± 1.9 85.1 ± 2.4 +1.8 10.3 2.8 +73 
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Appendix VIII: Tape forming  

Appendix VIII-I: Development of UD tape structure with different material combinations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

UD Tape Areal Density (g/m2) CV-% 

C40P40V45 104 2.07 

C60P60V45 98 3.7 

C80P60V45 94 4.4 

C100P60V45 86 4.6 

C40P40V50 110 2.4 

C60P60V50 103 2.5 

C80P60V50 86 4.0 

C100P60V50 95 5.3 

C60P60V55 109 3.7 

C60P60V60 101 1.9 

C60P60V65 98 3.8 

C40E40V45 100 2.2 

C60E60V45 85 3.1 

C80E60V45 95 3.9 

C100E60V45 84 4.5 

T40E40V45 110 2.8 

T60E60V45 98 3.1 

T80E60V45 105 3.1 

T100E60V45 105 3.4 
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Appendix VIII-II: Specific energy consumption and Co2 emission of tape development 

processes based on lap former 

Process 
Load Time Energy Prod.**  

Co2 Emission 

(kWh×0.375)* 

kW hour kWh kg kg 

Fiber opener 3.01 4.0 12.04 

13.0 

4.52 

Carding 3.15 4.0 12.60 4.73 

Filtration  1.43 4.0 5.72 2.15 

Drawing  3.10 1.0 3.10 13.0  1.16 

Tape process 5.24 1.0 5.24 

13.0 

1.97 

Lighting 1.40 4.0 5.60 2.10 

Compressor 2.00 4.0 8.00 3.00 

Total  52.30 13.0 19.61 

Specific energy consumption (kWh/kg) 4.01 

Co2 emission in kg eq./kg of tape 1.51 

* Source: Emission Factor in Germany according to Umwelt Bundesmat, 2020: 0.375 Kg/kWh   

**Calculated Production: 10 m/min with 6.0 ktex at carding, 50 m/min with 5.5 ktex at drawing and 10 m/min 

with 200 mm wider tape at tape forming process 

 

Appendix VIII-III: Specific energy consumption and Co2 emission of tape development 

processes based on draw frame 

Process 
Load Time Energy Prod.**  

Co2 Emission 

(kWh×0.375)* 

kW hour kWh kg kg 

Fiber opener 3.01 4.0 12.04 

13.0 

4.52 

Carding 3.15 4.0 12.60 4.73 

Filtration  1.43 4.0 5.72 2.15 

Tape process 5.24 1.0 5.24 

13.0 

1.97 

Lighting 1.40 4.0 5.60 2.10 

Compressor 2.00 4.0 8.00 3.00 

Total  49.2 13.0 18.45 

Specific energy consumption (kWh/kg) 3.78 

Co2 emission in kg eq./kg of tape 1.42 

* Source: Emission Factor in Germany according to Umwelt Bundesmat, 2020: 0.375 Kg/kWh   

**Calculated Production: 10 m/min with 6.0 ktex at carding, 50 m/min with 5.5 ktex at drawing and 10 m/min 

with 200 mm wider tape at tape forming process 
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