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Abstract 

High mechanical performance applications often rely on fibre-reinforced composites using continuous 

synthetic fibres and petrochemical-based polymers. A shift towards bio-derived fibres and bio-derived 

polymers can reduce the reliance on non-sustainable materials. Long/continuous high-strength bio-

derived fibres, such as flax and viscose, offer the potential to achieve mechanical properties similar to 

synthetic fibre composites. Polylactic acid (PLA), a sustainable bio-derived thermoplastic polymer 

known for its relatively high strength and stiffness compared to other polymers, is a promising 

alternative to petrochemical-derived counterparts. This study used long flax fibres and continuous 

viscose fibres in yarn form to reinforce PLA matrices, resulting in high-performance composite 

filaments. These filaments are designed for a recently developed and evolving manufacturing method, 

Fused Deposition Modelling (FDM) 3D printing, for which product performance has been limited by 

the commercially available filaments. Achieving high-performance FDM filaments requires addressing 

challenges related to fibre wetting and uniform fibre/polymer distribution, which this study addresses 

through impregnation and consolidation techniques. The research covers comprehensive experimental 

investigations into the physical, mechanical, and thermal properties of viscose, flax fibres, and PLA 

matrices. Successful outcomes include the development of long/continuous bio-derived fibre-reinforced 

composite filaments by employing two impregnation methods: solution and emulsion impregnation. 

Analysis covers the morphology, porosity, fibre weight fraction, and mechanical and thermal properties 

of the composite filaments and 3D printed composites. 

Composite filaments were produced using three reinforcement yarns in their as-received form: viscose, 

two types of flax ï standard flax and bleached flax. Viscose fibres were purchased in the form of fully 

continuous bio-derived fibres, while flax fibres were long and discontinuous, twisted into continuous 

yarns. Two PLA grades, PLA 2003D (in the form of granules) and PL 1005 (in the form of a PLA/water 

emulsion), were employed for solution and emulsion impregnation, respectively. Tensile testing of 

single fibres and matrices yielded results consistent with literature values. Bleached flax fibres exhibited 

the highest tensile strength (921.6 MPa), standard flax fibres displayed the highest Youngôs modulus 

(31.8 GPa), and viscose fibres demonstrated the highest elongation at break (13.2%). PLA 2003D 

exhibited the highest tensile properties of the two PLA grades. Thermal stability, as assessed by TGA, 

demonstrated stability of both bio-derived reinforcements and matrices up to 250 oC. DSC analysis 

confirmed the semi-crystalline nature of PLA 2003D and the amorphous nature of PL 1005. 

An impregnation and consolidation methodology was developed to produce composite filaments using 

both PLA solution and emulsion. Initially employing a single impregnation bath, it was later upgraded 

to dual baths in tandem for enhanced efficiency. A yarn spooler directed the fibre into the impregnation 

bath with squeezing rollers, followed by excess resin removal through a nozzle. The impregnated 

filament was collected on a winding mandrel and passed through a heated consolidation die. Various 
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formulations with different impregnation cycles were tested for solution and emulsion impregnation 

methods. Polymer uptake depended on the affinity between the fibre and impregnating liquid, while 

yarn twist influenced polymer distribution. Emulsion impregnated composites exhibited higher polymer 

uptake due to better affinity between water and bio-derived fibres. However, solution impregnated 

composites showed better polymer distribution, particularly for twisted flax-reinforced filaments, 

relating to the efficient impregnation of PLA/DCM solution. For both impregnation methods, standard 

flax and bleached flax reinforced composites exhibited improved interfacial adhesion compared to 

viscose, attributed to mechanical interlocking between the rough surface of flax fibres and PLA in 

contrast to smooth viscose fibres. For PLA/viscose composites, emulsion impregnation resulted in 

higher tensile strength (254.7 MPa) and Youngôs modulus (9.1 GPa), surpassing reported values in the 

literature. On the other hand, for PLA/standard flax and PLA/bleached flax, solution impregnation 

yielded superior tensile properties. Solution impregnated PLA/bleached flax, for the 7wt% x 3 

formulation, had the highest tensile strength (356.1 MPa), while the 7wt% x2 tandem formulation 

showed the highest Youngôs modulus (17.6 GPa) of all composites. The achieved tensile strength for 

PLA/bleached flax in this study also exceeded values reported in existing literature for PLA/flax 

composites. 

The highest-performing formulations for each reinforcement, employing both solution and emulsion 

impregnation, were chosen to produce 3D printing filaments. A Makergear® FDM 3D printer, 

compatible with filament diameters of 1.4 to 2 mm, was utilized. Three filaments were pultruded 

together into one using a consolidation die to achieve the required filament diameter. PLA/viscose and 

PLA/bleached flax were selected for 3D printing in both solution and emulsion impregnation 

formulations, following an analysis of morphology, porosity, fibre weight fraction, and tensile 

properties of the multiple consolidated filaments. To further optimize diameter and enhance printability, 

the multiple consolidated filaments underwent melt-impregnation with additional polymer, resulting in 

1.45±0.5 mm diameter filaments. Characterization of the 3D printing filaments revealed a reduction in 

tensile strength and Young's modulus due to increased polymer content. 

Optical microscopy and porosity analysis of the 3D printed composites revealed increased porosity in 

the printed specimens compared to the filaments due to voids between the printed layers and pulling of 

the fibres onto the surface of the printed part because of the nozzle's drag force exerted during the 

printing process. Emulsion impregnated PLA/viscose exhibited lower porosity and printing defects 

compared to other composites relating to better affinity between PLA emulsion and viscose as 

mentioned earlier. Tensile strength and Youngôs modulus values of the 3D printed composites 

decreased compared to the filaments due to printing induced defects mentioned previously. The highest 

tensile and flexural properties were obtained for emulsion impregnated PLA/viscose composites, 

demonstrating the significance of efficient impregnation. The 3D printed emulsion impregnated 
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PLA/viscose composites displayed an impact strength greater than 127KJ/m2, which is higher than what 

has been reported in the literature for any PLA biocomposite. 
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Symbols and Abbreviations 

Symbols 

”  Density of the composite 

ὓ   Mass of the composite in air 

ὓ  Mass of the printed sample in water 

 ”  Density of water 

” Density of fibre  

”  Density of matrix 

ὠ  Volume fraction of fibre  

ὠ   Volume fraction of matrix 

ůl  Tensile strength in the longitudinal direction 

ům Tensile stress in the matrix at fibre failure 

ůf  Ultimate tensile strength of the fibre 

El Youngôs modulus in the longitudinal direction 

Em Youngôs modulus of the matrix 

Ef Youngôs modulus of the fibre 

Abbreviations 

PLA Polylactic acid 

DCM Dichloromethane 

FDM Fused Deposition Modelling 

IM Injection Moulding 

CM Compression Moulding 

NMMO  N-methyl morpholine-oxide 

PHA Polyhydroxyalkanoates 

Bio PE Bio-derived polyethylene 

PEF Poly(ethylene-2,5-furandicarboxylate) 

Bio PC Bio-derived polycarbonate 

PA  Polyamide 
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IFSS Interfacial shear strength 

AM Additive manufacturing. 

ISO international organization for standardisation 

ASTM American Society for testing and materials 

UV Ultraviolet 

SSF Single fibre fragmentation 

UD Unidirectional 

SEM Scanning electron microscopy 

TEMPO 2,2,6,6-Tetramethylpiperidin-1-yloxy 

PP Polypropylene 

ROP Ring opening polymerisation 

PLLA Poly (L-lactide) 

PDLA Poly (D-lactide) 

LA Lactic acid 

FFF Fused filament fabrication. 

CAD Computer-aided design 

SCBF Sugarcane bagasse fibre 

MA Maleic anhydride 

BP Bamboo powder 

MCC Microcrystalline cellulose 

MFC Micro fibrillated cellulose 

CNF Cellulose nano fibres 

CNC Cellulose nanocrystals 

BC Bacterial nano cellulose 

PEG Polyethylene glycol 

DSC Differential scanning calorimetry 

TGA Thermogravimetric analysis 

LMW Low molecular weight 
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TMTA Trimethylolpropane triacrylate 

TAIC Trially isocyanurate 

LF Lemongrass fibre 

GSM Grams per square metre 

UTM Universal testing machine 

NA Not available 

DTG Derivative thermogravimetric 
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Glossary 

This thesis frequently uses the terms additive manufacturing, bioderived materials, reinforcement, fibre, 

yarn, composites, and filaments. A list of terms and definitions has been given below to enable readers 

to understand the components of the research in the way they have been presented throughout this 

document.  

Additive manufacturing (or) 3D printing  

Additive manufacturing refers to the manufacturing method in which material is added in the form of 

layers to create three-dimensional objects based on a computer design ï thereby also known as 3D 

printing. Additive manufacturing processes have different approaches to layering materials to create 

objects, including, but not limited to, the deposition of layers of material in a bottom-up approach [1].  

Biodegradable materials 

Biodegradability is the ability to undergo physical and chemical changes and decompose by the action 

of biological organisms [2]. Biodegradable materials can be derived from natural or synthetic sources 

[3]. 

Bio-derived materials 

Bio-derived materials are defined as materials that are obtained from living matter or biomass. These 

materials can be naturally occurring or can be synthesised from biological starting materials (e.g., sugar, 

starch, plant oil, etc.). Bio-derived only refers to what involves the production of a material. Bio-derived 

materials can be biodegradable or non-biodegradable [4].  

Reinforcement 

Reinforcement is considered the principal component in a composite system, with the primary function 

of improving the mechanical properties of the composite [5]. In this thesis, reinforcement has been 

defined as the component that at least improves Young's modulus of the resulting composite when 

added to the polymer. 

Fibre 

Fibre is an individual element with characteristic longitudinal and cross-sectional shapes and 

characteristic chemical composition. For example, human-made glass fibre is a silica fibre with silicic 

acid and metal oxides as its amorphous contents. On the other hand, a flax fibre consists of cellulose, a 

linear polysaccharide consisting of ɓ(1-4) linked D-glucose units [6]. In the case of plant fibres, the 

term fibre strictly refers to the smallest intact element in a plant [7]. 
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Tow/Yarn 

A tow/yarn is an assembly of fibres laid or twisted together to form a continuous strand [8]. Yarn can 

be made of staple fibres such as cotton and wool or continuous human-made fibres such as regenerated 

cellulose and polyester. Yarn can be made of a single type of fibre or blended fibres [9]. Yarns are 

usually classified using "yarn count", which refers to the linear density or thickness of the yarn. The 

unit "tex" is used to measure the yarn count in terms of mass per unit length [10]. 

Filament 

The filament is the feedstock used for the fused deposition modelling (FDM) 3D printing technique. 

FDM filaments are made of thermoplastics and their composites. The efficiency of FDM printing and 

the properties of the printed parts largely depend on the properties of the filament [11]. 
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Chapter 1: Introduction  

1.1 Research Background 

Growing awareness of the need for increased sustainability is driving interest in bio-derived fibre-

reinforced composites as eco-friendly, cost-effective alternatives to synthetic fibre-reinforced 

composites. In addition to their environmental benefits, bio-derived fibre-reinforced composites are also 

favoured for their affordability, low density, high specific strength, and low-hazard manufacturability 

[12]. However, compared to synthetic fibre-reinforced composites, some main disadvantages of these 

composites are lower tensile and impact strength, high property variability, and poor chemical 

compatibility with matrices.   

A significant amount of research in the past decade focused on overcoming these disadvantages and 

achieving high mechanical properties. A combination of manufacturing process, matrix, and fibre 

define the end properties of a fibre-reinforced composite, and it is essential to select suitable materials 

and processes to achieve desired properties. Moulding and extrusion are the two manufacturing methods 

used to produce fibre-reinforced composites. Moulding involves shaping a composite using a mould, 

while extrusion forms the composite by pushing it through a die. While moulding requires significant 

upfront costs related to mould design and tool fabrication and is generally preferred for high-precision, 

large-scale manufacturing of complex parts, extrusion is cost-effective to setup and preferred for high-

speed production [13ï15].  

Fused deposition modelling (FDM), an extrusion-based 3D printing method, has gained popularity as a 

manufacturing method for polymers and polymer composites because of its ease of setup, ability to 3D 

print complex geometries, and potential for reduced material waste compared to traditional 

manufacturing methods like injection moulding (IM) and compression moulding (CM) [16ï18]. FDM 

3D printing is primarily compatible with thermoplastic polymer filaments as the working principle of 

FDM is based on material melting and solidification. Thermosetting polymers undergo irreversible 

curing and are not conventionally used in FDM. However, a recent study explored a modified FDM 

process for printing with thermoset polymer composites [19]. Bio-derived thermoplastics and their 

composites have been extensively studied for FDM applications to combine the advantages of bio-

derived materials and FDM technology. However, a research gap exists in achieving mechanical 

properties comparable to or higher than traditional manufacturing methods like IM and CM [20ï22]. 

The factors influencing the properties of FDM 3D printed bio-derived composites are fibre and matrix 

selection, fibre-matrix interfacial strength, fibre orientation, and fibre distribution. In a composite, 

generally, the fibres provide stiffness and strength to carry the applied loads, while the matrix binds the 

fibres together, transmits the loads through the interface to the fibres, and shields the fibres from 

mechanical damage and environmental factors [23].  
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A wide range of bio-derived fibres are available to be used as reinforcements. Bio-derived fibres can 

be broadly classified into natural and synthetic. Natural fibres can be classified into plant, animal, and 

mineral [24]. Plant fibres are further classified into six types of fibres, including bast, wood, leaf, straw, 

grass, and seed fibres. Animal fibres constitute protein and are classified into hair and silk. Mineral 

fibres are in the asbestos group of minerals and are not preferred due to their carcinogenic nature. Bast 

fibres such as flax, hemp, and ramie have the highest tensile strength and modulus amongst all the bio-

derived fibres. Animal fibres have low mechanical properties compared to other bio-derived fibres 

except for silk. However, silk is expensive and has a lower stiffness than other fibres [23]. Man-made 

or regenerated cellulose fibres are classified into lyocell, viscose, and modal [25].  

Similar to bio-derived fibres, a wide range of bio-derived matrices are also available. Poly (lactic acid) 

(PLA) is a bio-derived and biodegradable thermoplastic polymer that is the most used for FDM 3D 

printing because it has the highest tensile and flexural strengths compared to other bio-derived 

thermoplastics and is more readily available [12,26]. PLA composites with bio-derived reinforcements 

such as flax, hemp, jute, bamboo, and other natural fibres have been widely researched for FDM 3D 

printing to enhance mechanical properties, reduce material and production costs, and improve the 

sustainability of manufactured products [27,28]. 

Interfacial bonding between fibre and matrix is crucial for achieving optimal stress transfer and high 

mechanical properties in bio-derived fibre-reinforced composites. The fibre/matrix interface is 

influenced by factors such as the compatibility of reinforcement and matrix materials, fibre surface, and 

fibre wettability by the matrix [6]. Successful interfacial bonding occurs when the matrix adequately 

wets the fibre. This bonding can occur through mechanical interlocking, chemical bonding, or inter-

diffusion bonding in bio-derived fibre-reinforced composites. Mechanical interlocking happens when 

the fibre surface is rough, allowing the matrix to penetrate and flow around the fibres, creating 

interlocking sites. Chemical bonding requires a reaction between chemical groups on the fibre surface 

and the matrix, often facilitated by surface treatments, compatibilisers, or coupling agents. 

Interdiffusion bonding occurs through the mutual exchange or diffusion of polymer chains across the 

fibre-matrix interface. Different bonding mechanisms may be observed at the interface in bio-derived 

fibre-reinforced composites [23]. 

High-performance bio-derived fibre-reinforced composites are associated with the alignment of fibres 

parallel to the load direction, longer fibres, and a homogeneous distribution of fibres in the matrix. 

Aligned fibres enhance load-bearing capacity and impact resistance by creating an effective load 

transfer path from the matrix to the fibres compared to randomly oriented fibres. The length of 

reinforcing fibres influences interfacial shear strength (IFSS), with longer fibres generally improving 

IFSS due to increased surface area for interaction with the matrix. Homogeneous fibre dispersion helps 

reduce voids and ensures the fibres are surrounded by the matrix [23]. However, achieving proper fibre 
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alignment and distribution poses challenges during manufacturing. Long fibres are easier to align than 

short fibres due to reduced entanglement chances and less influence of polymer flow. Natural fibres 

spun into yarns or continuous human-made bio-derived fibres offer high fibre alignment, but achieving 

homogeneous distribution becomes challenging due to yarn twist. Manufacturing processes also impact 

fibre alignment; for instance, incorporating long/continuous fibres in injection moulding (IM) is 

challenging. Compression moulding allows fibre alignment using prepregs or layup processes. Some 

alignment is possible for short fibre-reinforced composites during FDM 3D printing, where shear forces 

in the nozzle align fibres along the flow direction. Integrating long/continuous bio-derived fibres in 

FDM 3D printing as yarns presents challenges in achieving good fibre wetting and homogeneous 

distribution due to the twisted nature of yarns [29].  

1.2 Research Rationale 

Incorporating long/continuous fibres has proven efficient in significantly improving the mechanical 

properties of bio-derived composites. Therefore, developing long/continuous fibre-reinforced materials 

represents a critical step forward in achieving high-performance 3D printed composites. Literature 

shows that fibres such as flax, ramie, and jute have already been used to develop high-performance 

FDM 3D printed composites [30ï33]. However, the mechanical properties of these composites are still 

not comparable to traditional long/continuous fibre composites produced by compression moulding 

techniques [34]. A weak fibre matrix interface between the hydrophilic bio-derived fibres and the 

hydrophobic thermoplastic matrix and poor interlayer adhesion from the FDM method are the main 

contributors to the low mechanical properties of these composites [23].  

The present research focuses on developing high-performance composite materials reinforced with 

long/continuous bio-derived fibres while improving fibre wettability. Flax (standard and bleached 

variants) and viscose yarns were selected as reinforcements, and PLA was selected as the matrix based 

on mechanical properties and commercial availability. Most of the literature on FDM 3D printing with 

long/continuous reinforcements focuses on improving the FDM process to achieve better performance 

[30,32,35,36]. Some studies have been conducted to modify the fibre surface to improve interfacial 

bonding. However, existing studies on fibre modification of long/continuous fibres have not shown 

much improvement in composite properties [37]. A gap in the existing literature can be observed where 

there has been no reported literature on improving the FDM filament production process to enhance 

interfacial bonding using impregnation methods, which have been proven successful for techniques like 

compression moulding [38,39].  

This study employed two impregnation methodologies ï solution impregnation and emulsion 

impregnation- for fibre wetting by PLA. The impregnation bath was designed to facilitate thorough 

wetting of fibres and uniform matrix distribution. The impregnation processes were compared, and 

efforts were made to optimise the production. The filaments produced from the impregnation process 
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were further consolidated and used to produce 3D printing filament with optimised fibre content suitable 

for available FDM machines. FDM printing parameters were adjusted to enable printing with high fibre 

content and fewer voids. 

1.3 Research Objectives 

This study aims to improve the mechanical properties of FDM 3D printed bio-derived composites by 

incorporating flax and viscose yarns as reinforcements in the PLA matrix. The specific objectives of 

this research are specified as follows: 

1. To study the properties of flax and viscose fibres as suitable reinforcements for PLA-based 

composite filaments. 

2. To develop impregnation processes and methodology to achieve optimum impregnation of PLA 

into long/continuous bio-derived fibres. 

3. To assess the effect of impregnation processes on the mechanical properties of composites 

produced and to compare the obtained properties with theoretical composite mechanical 

properties. 

4. To produce composite filaments suitable for FDM 3D printing using the impregnated 

composites and assess the mechanical properties of the 3D printing filaments. 

5. To produce 3D printed composites from the filaments, assess the mechanical properties of 3D 

printed composites, and evaluate the effects of the printing process and parameters. 

1.4 Thesis Structure 

This thesis is organised in 7 chapters. The purpose of each chapter is as follows. 

Chapter 1: Introduction to the research topic with research background, research rationale, and an 

outline of the thesis. 

Chapter 2: A literature review of the research topic. A complete review of bio-derived fibres and 

matrices, factors influencing the performance of bio-derived fibre-reinforced composites, FDM 3D 

printing, and current state of the art of FDM 3D printing of bio-derived composites. 

Chapter 3: Characterisation of viscose, standard flax, bleached flax reinforcements and PLA matrix. 

Chapter 4: Solution impregnation methodology and characterisation of consolidated filaments. 

Chapter 5: Emulsion impregnation methodology and characterisation of consolidated filaments. 

Comparison of solution and emulsion impregnated filaments. 

Chapter 6: Production and characterisation of 3D printing filaments, 3D printing methodology, and 

characterisation of 3D printed composites. 

Chapter 7: Recommendations and future work based on the current findings. 
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Chapter 2: Literature Review 

2.1 Introduction  

The review starts with an introduction to 3D printing and the significance of bio-derived fibre reinforced 

composites for 3D printing. A detailed literature review of the reinforcements and matrices used in this 

study is presented. Following that, a current state of the art of FDM 3D printed biocomposites is given. 

The review ends with a literature survey of existing methods to develop and enhance the properties of 

3D printed bio-derived fibre reinforced composites. 

2.1.1 3D Printing 

Additive manufacturing (AM), also known as 3D printing, enables the fabrication of complex 

geometries, consolidation of sophisticated assemblies, customisation of products, and reduction of 

material waste [40]. These advantages have supported massive growth in the 3D printing market in the 

past few years. There has also been a significant increase in the number of publications related to 3D 

printing in the two decades (Figure 1), with a total of 109,711 documents. 

 

Figure 1 Number of publications in the Scopus database between 2005 and 2024 with the keywords: 

"3D printing" OR "additive manufacturing". 

3D printing is an additive process in which a three-dimensional object is created from a digital model 

by adding material, typically in successive layers. 3D printing can be contrasted with traditional 

manufacturing processes that use subtractive approaches such as machining, grinding, and casting, 

where molten material is filled in a mould to create a product [41]. Some of the most commonly used 

3D printing methods, classified according to ISO/ASTM 52900:2015, are material extrusion, vat 

photopolymerisation, powder bed fusion, and binder jetting [42ï44]. Although most 3D printing 
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methods use a layer-by-layer manufacturing method, an innovative method named 3D freeform printing 

has been used to build complex geometries in open space with a robotic arm that houses an extrusion 

chamber. The robotic arm extrudes and places the material where required in a three-dimensional place 

to produce the final object [45,46].  

 

A comparison of the number of publications in the last two decades for these 3D printing methods is 

shown in Figure 2, where fused deposition modelling (FDM), a material extrusion process, has the 

highest number of publications with a total of 5,183 documents. A variety of materials, including metals, 

polymers, resins, and powders, are used for 3D printing [47]. Polymers are the most commonly used 

materials, including thermoplastics, thermosets, hydrogels, functional polymers, and polymer-based 

composites [48,49].  

 

 

Figure 2 Number of publications in the Scopus database between 2005 and 2024 with the keywords: 

"3D printing" AND "fused deposition modelling"; "3D printing" AND "stereolithography", "3D 

printing" AND "selective laser sintering", and "3D printing" AND "selective laser melting". 

Applications of 3D printing technologies include architecture, medicine, food, automotive, and various 

other industries [11,15]. A novel application of 3D printing technology is 4D printing, which involves 

manufacturing objects engineered to react to an external stimulus in a useful way [40]. 4D printing 

utilises smart materials programmed to exhibit changes in one or more properties in a controlled manner 

on the application of an external stimulus [50], such as heat, light, water, or UV light [51]. 
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2.1.2 Bio-derived materials in 3D Printing 

There is increasing awareness in the 3D printing industry regarding sustainable alternatives to current 

materials [12]. According to statistics [52], thermoplastics are the most commonly used materials for 

3D printing [53], and FDM is the most used technology [52][54]. However, extensive use of 

petrochemical-based thermoplastics does not align well with achieving a circular economy. 

Consequently, there has been a significant interest in incorporating bio-derived polymers and their 

composites as alternatives for conventional oil-based polymers to make the additive manufacturing 

industry more sustainable [55].  

As mentioned earlier, the use of bio-derived fibre reinforced composites as a replacement for synthetic 

materials comes with many advantages, including low environmental impact, favourable strength-to-

weight ratio, and cost-efficiency. The main disadvantages include lower mechanical properties, 

moisture sensitivity, and low durability. Improving these properties can help broaden the application of 

3D printed bio-derived composites to more structural applications that have high load-bearing 

requirements. Some of the current applications for 3D printed bio-derived composites include non-

structural automotive elements, interior aerospace components, architectural models, medical devices, 

and shape memory applications [56].  

2.2 Bio-Derived Fibre Reinforcements 

Reinforcement is considered the principal component in a composite system, with the primary function 

of improving the mechanical properties of the composite [5]. In this work, reinforcement is defined as 

the component that at least improves Youngôs modulus of the resulting composite when added to the 

polymer. Bio-derived reinforcements used in composite production can be classified into micro (100 

ɛm to 100 nm diameter) and nano (100 nm to 1 nm) reinforcements, which are further classified into 

fibre and particle reinforcements based on their shape and size, as shown in Figure 3. Fibres are 

elongated structures with a diameter of nm and high aspect ratios, whereas particles are often spherical 

rod-shaped with smaller aspect ratios. This classification is based on the forms of reinforcement used 

from a material processing perspective. Bio-derived micro fibre reinforcement forms are further 

classified into discontinuous and continuous, where single fibres and chopped fibre bundles are 

discontinuous reinforcement forms and yarns are continuous reinforcement forms [57]. It is worth 

noting that plant fibres such as flax are not continuous in nature. A continuous fibre is characterised by 

an unbroken, single strand extending long lengths without interruption. In contrast, natural fibres like 

flax are naturally limited to a few centimetres in length. So, these fibres are fabricated into yarns 

typically composed of individual fibres twisted or spun together to be used as continuous 

reinforcements. Within the bio-derived fibres, human-made regenerated cellulose fibres such as viscose 
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and lyocell are available in a continuous fibre form. Nano reinforcements are classified into nano fibre 

and nanoparticle reinforcements [58].  

 

Figure 3 Types of bio-derived reinforcements used in FDM composites. 

Bio-derived micro fibres are the most commonly used reinforcements, and their sources can be natural 

and human-made, as shown in Figure 4. A list of properties of bio-derived fibres is given in Table 1. 

Production of regenerated cellulose fibres typically involves pre-treatment of cellulose with a solvent 

to swell the cellulose molecules and induce chain relaxation, followed by a spinning process. The 

viscose process is the oldest method to produce regenerated cellulose fibres, where derivatizing is used 

to modify cellulose, followed by dissolution and spinning. The traditional viscose process results in a 

fibre with a skin and core-layer structure where the skin layer has a higher crystallinity than the core 

[59]. The process for obtaining modal fibres is similar to viscose, except the fibres undergo treatment 

after the spinning process to improve the molecular alignment thereby increasing the strength of the 

fibres [60]. Recently, commercial viscose fibres such as Cordenka® with all skin have been developed 

to have higher tensile properties than the modal fibres [61]. Lyocell fibres, on the other hand, are 

produced by a direct dissolution of cellulose using ionic liquids or N-methylmorpholine-oxide 

(NMMO). The Lyocell process is relatively new and is considered environmentally friendly compared 

to viscose and modal processes due to the ability to recover more than 90% of the solvents used [62]. 

Various natural fibre reinforcements, including flax, hemp, jute, and harakeke, have been widely used 

for FDM 3D printing [63ï67]. Human-made fibres such as lyocell and viscose have only been recently 

explored for FDM applications [68] [69,70,70ï73].  
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Figure 4 Classification of bio-derived fibres 

Table 1 Properties of bio-derived fibres [23,74ï77]. 

Fibre Density 

(g/cm3) 

Length  

(mm) 

Tensile 

strength 

(MPa) 

Young's 

modulus 

(GPa) 

Failure 

strain 

(%) 

Ramie 1.5 900ï1200 400-938 44-128 2-3.8 

Flax 1.5 5-900 345-1830 27-80 1.2-3.2 

Hemp 1.5 5-55 550-1110 58-70 1.6 

Jute 1.3-1.5 1.5-120 392-800 10-55 1.5-1.8 

Harakeke 1.3 4-5 440-990 14-33 4.2-5.8 

Sisal 1.3-1.5 900 507-855 9.4-28 2.0-2.5 

Alfa 1.4 350 188-308 18-25 1.5-2.4 

Cotton 1.5-1.6 10-60 287-800 5.5-13 3.0-1.0 

Coir  1.2 20-150 131-200 4-6 15-30 

Curaua 1.1-1.4 1000-1500 700-1100 30-40 3.3-3.9 

Silk 1.3 Continuous 100-1500 5-25 15-60 

Feather 0.9 10-30 100-203 03-10 6.9 
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Wool 1.3 38-152 50-315 2.3-5 13.2-35 

Viscose 1.32 Continuous 308-833 11-20 17-25 

Modal 1.5 Continuous 515 - 570 14-16 11-13.2 

Lyocell 1.5 Continuous 552-1019 4.7-13.36 8-9.4 

 

As mentioned in section 1.2, flax and viscose fibre yarns were selected as reinforcements in the present 

work. The following sections provide a detailed overview of the structure, composition, and properties 

of these fibres. 

2.2.2 Flax Fibre  

Flax (Linum usitatissimum) is one of the most used bast fibres across various industries, including 

textile, packaging, construction, consumer goods, and composites [78].  Production and utilisation of 

flax have increased significantly in the last few decades as the focus towards sustainable materials 

increased. Most of the worldôs flax is produced in Canada, France, Belgium, and the Netherlands [79].  

Flax fibre production begins by planting flax plants, which are later harvested when the leaves turn 

yellow. After harvest, the flax goes through retting, a biological process that separates the fibres from 

the straw using water, possibly as dew. After retting, the fibres are beaten to remove impurities such as 

residual straw, scutched, and hackled to straighten them. Finally, the processed flax fibres can be spun 

into yarns and used for textiles, composites, or other applications, as shown in Figure 5 [80]. Processed 

flax fibres can be used as reinforcements in different forms, such as short chopped fibres, twisted yarns, 

rovings, woven and non-woven fabrics, and unidirectional tapes, depending on the manufacturing 

method and desired properties [81]. 
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Figure 5 Flax fibre production process 

Structure 

Flax fibres, derived from the stem of the flax plant, exhibit a hierarchical structure characterised by 

intricate layers of cellulose microfibrils, hemicellulose, and lignin. Figure 6 shows the multi-scale 

schematic of flax fibres from the stem to the cellulosic fibril level. Flax fibre bundles have an average 

length of 90 mm, and a single fibre has an average diameter of 12 ɛm to 16 ɛm [82,83].  

At a macroscopic level, a progression from the outermost to the inward structure of the flax stem 

typically comprises the bark, phloem, xylem, and, at its core, a central void. Several fibres linked with 

pectin and hemicellulose can be observed from the cross-sectional view. At the microscopic level, each 

elementary flax fibre comprises concentric cell walls of varying thickness and arrangement. The central 

lumen aids in water uptake, as shown in Figure 6. The primary cell wall, only 0.2 ɛm thick, coats the 

thicker secondary cell wall responsible for fibre strength. The bulk of the fibre comprises the S2 layer 

(Figure 7) in the secondary cell wall, containing crystalline cellulose micro-fibrils and amorphous 

hemicellulose oriented at 10° to the fibre axis, imparting high tensile strength [82]. 

 

Figure 6 Structure of flax from stem to microscopic level [82] 
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Figure 7 Microstructure of the flax fibre [82] 

At the nanoscale, each microfibril can be considered a composite consisting of crystalline cellulose 

chains within an amorphous matrix of pectin and hemicellulose and amorphous cellulose. These 

microfibrils, forming approximately 70% of the fibre's weight, likely serve as its reinforcing material. 

The orientation angle of these micro-fibrils with respect to the fibre axis can impact the fibre's strength, 

with a spiral orientation contributing to greater ductility [82,83]. 

Chemical Composition 

Constituents of flax include cellulose, hemicellulose, lignin, pectin, and wax in varying proportions. 

Cellulose, representing 65 to 75% of flax fibre weight, is the strongest and stiffest, characterized by its 

semi-crystalline structure with abundant hydroxyl groups, making the fibre hydrophilic. Cellulose exists 

in four polymorphs ï cellulose I, II, III, and IV [84,85]. Plant fibres like flax have naturally occurring 

cellulose called cellulose I, which exists in parallel strands without intersheet hydrogen bonding. 

Repeating b-D-glucopyranosyl building blocks that are covalently linked by b-1,4-glycosidic bonds 

between the hydroxyl groups of C4 and the C1 carbons, as shown in Figure 8. Cellulose I is 

distinguished by its hydrophilic nature, crystalline structure, and its capacity for chemical modification 

owing to the abundant hydroxyl groups it contains. These hydroxyl groups serve as the foundation for 

an extensive network of hydrogen bonds, resulting in a highly rigid and well-ordered molecular 

structure of cellulose [86]. 



35 
 

 

Figure 8 Chemical structure of Cellulose I present in flax fibres [86].  

Hemicellulose makes up 20 to 30% of the fibre weight, plays a role in binding fibres, and contributes 

to flexibility. Lignin contributes 5 to 10% and adds rigidity and resistance to decay. Other minor 

components, such as pectin and wax, contribute 1 to 2% of the fibre weight. Lignin and pectin primarily 

serve as bonding agents, with lignin being an amorphous, complex, mainly aromatic polymer. Lignin 

exhibits the lowest water absorption among natural fibre components. Waxy substances in flax fibres 

negatively influence fibre wettability and adhesion characteristics. The variation in the proportions of 

flax fibre constituents depends on factors such as plant species, variety, soil quality, weather conditions, 

plant maturity, retting process, and measurement conditions [79,82,87,88]. 

Tensile Properties 

Similar to the chemical composition, the tensile properties of flax fibres also vary highly. Data from 

various publications gives average values as tensile strength of 600 to 2000 MPa, stiffness of 12 to 85 

GPa, and elongation at break 1 to 4% [87ï89]. The tensile properties of single flax fibres are mostly 

recorded using the  Single fibre fragmentation (SFF) test according to the ASTM D3379 standard [90]. 

The variation in the reported tensile properties is subject to loading conditions, environmental factors, 

and factors such as variety, growth conditions, and defects introduced during stages from retting to 

reinforcement preparation. One of the main challenges in using current methods to determine the 

mechanical properties of single fibres is calculating the fibre diameter. Flax fibres are non-circular and 

have a lumen running through their cross-section. However, without complete 3D characterization, the 

effective cross-sectional area is estimated using the apparent diameter, defined as the width observed 

under a microscope. Gauge length and diameter also influence the properties of flax fibres. Flax fibres 

are brittle and have been observed to follow Griffith's weakest link theory. This theory states that the 

presence of critical flaws limits strength, with longer or larger objects likely containing more defects 

and thus exhibiting lower strength, predictable by a Weibull distribution [83,91].  

Tensile properties of flax fibres have also been observed to correlate with the fibre's chemical 

composition.  Higher cellulose content relates to higher mechanical properties because of reduced 

interfibrillar distance with more cellulose. A negative correlation between the microfibril angle and 

Young's modulus was observed. Fibres with a smaller microfibril angle have microfibrils oriented more 
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closely to the fibre's longitudinal axis. This alignment contributes to higher stiffness because the 

microfibrils offer greater resistance to deformation [90]. 

The tensile behaviour of a single flax fibre can be understood from a typical stress-strain curve shown 

in Figure 9. The tensile stress-strain curve exhibits three distinct regions: an initial linear region (0% to 

0.3%), representing global loading through cell wall deformation; a subsequent non-linear region (0.3ï

1.5%) attributed to elasto-visco-plastic deformation, particularly in the thickest cell wall (S2), due to 

micro-fibril alignment and re-arrangement of amorphous components; and a final linear region (1.5% 

to failure) corresponding to the elastic response of aligned micro-fibrils to applied tensile strain [82]. 

 

Figure 9 Example of a stress-strain curve of a single flax fibre [92] 

Factors Influencing the Reinforced Composite Properties 

Apart from the structure, composition, and mechanical properties of a reinforcing fibre, the choice of 

reinforcement architecture (yarn/short fibre/mat), manufacturing process, matrix material, and surface 

treatment also significantly influence the resulting composite properties. Flax fibre architecture usually 

depends on the application and properties desired. Table 2 lists commonly used forms of flax fibres as 

reinforcements and their applications. This table provides processes related to flax fibres reinforced 

with thermoplastic matrices only, and the data is in a generalised context without considering the factors 

of fibre weight percentage, fibre matrix adhesion, and processing conditions.  

High mechanical properties were observed in composites reinforced with UD flax tapes compared to 

other forms due to the alignment of fibres in the direction of load. A high fibre content and less 

fibre/fibre and fibre/matrix friction are also the advantages of using UD tapes [38][93,94]. Rovings are 

similar to UD tapes but do not have a flat and highly aligned structure, making them more challenging 

to handle for composite production. Yarns also have the alignment of fibres, but a major disadvantage 

of using yarns is their twisted nature, which contributes to high fibre/fibre friction and complicates the 
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uniform matrix distribution around the fibres [95,96]. However, yarn-reinforced composites offer 

improved impact resistance due to their ability to absorb and distribute energy effectively [97]. Chopped 

fibres and non-woven mats have short-length fibres with random orientations, due to which the load-

bearing capacity of the composite reduces and the possibility of fibre agglomeration increases 

[83,94,98,99]. 

Table 2 Commonly used types of flax reinforcements with different manufacturing processes.  

Flax Architecture 
Manufacturing 

process 

Tensile strength of 

the reinforced 

composite 

Reference 

Unidirectional (UD) Flax 

Tapes 
CM, Sheet lamination High (>350 MPa) [38][93,94] 

Woven Flax Fabrics CM, Sheet lamination 
Moderate to high 

(250 to 350 MPa) 
[99ï102] 

Non-Woven Flax Mats CM 
Low to moderate 

(<200 MPa) 
[83,94,98,99] 

Short Flax Fibres IM, 3D Printing, CM 
Low to moderate 

(<200 MPa) 
[82,103,104] 

Yarns 
3D Printing, Tape 

laying 

Moderate 

(200>TS<250 MPa) 
[38][103] 

Roving 
 

CM, Tape laying 
Moderate to high 

(250 to 350 MPa) 
[94,99,101] 

 

Flax fibre surface also plays a significant role in the resulting composite properties. Without any 

treatment, the interfacial bonding of the hydrophilic flax fibres with the hydrophobic matrices is limited. 

Fibre surface treatments can be physical, like plasma treatment, chemical, like alkaline treatment, or 

biological, like enzyme treatment. Table 3 summarises some commonly used surface treatments, their 

mechanisms, and their effects on composites. 
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Table 3 Flax fibre surface treatments and their effects on composites 

Surface 

treatment 
Mechanism Effects on composite References 

Alkali 

Treatment 

(Chemical) 

Removal of lignin and hemicellulose 

for increased surface roughness and 

hydroxyl group concentration using 

sodium hydroxide (NaOH) 

Reduced water absorption, 

enhanced fibre-matrix 

adhesion 

[105ï107] 

Silane 

Coupling 

Agents 

(Chemical) 

Silanes (mostly trialkoxysilanes) 

form chemical bonds between the 

fibre surface and polymer matrix. 

Enhanced fibre-matrix 

adhesion, improved 

mechanical properties 

[97] 

Acetylation 

(Chemical) 

Introduction of acetyl functional 

group (CH3COOī) into an organic 

compound, reduction of fibre 

hydrophilicity 

Reduced water absorption, 

improved compatibility with 

hydrophobic polymer 

matrices 

[108] 

Plasma 

Treatment 

(Physical) 

Modifying surface polarity by 

exposing fibres to ionised gas, 

creating highly reactive species 

Enhanced fibre-matrix 

adhesion, better fibre 

dispersion 

[109,110] 

Grafting  

(Chemical) 

Addition of specific functional 

groups for enhanced interaction. 

Maleic anhydride grafting is most 

commonly used for flax. 

Improved fibre-matrix 

adhesion and mechanical 

properties 

[111,112] 

Isocyanate 

Treatment 

(Chemical) 

Introduction of isocyanate functional 

groups that form covalent bonds with 

the polymer matrix 

Reduced stress 

concentrations, improved 

mechanical properties 

[113,114] 

Enzyme 

Treatment 

(Biological) 

Enzymatic modification of fibre 

surfaces with enzymes such as 

cellulase to selectively remove the 

amorphous regions of the fibre 

surface 

Enhanced fibre-matrix 

adhesion, improved 

mechanical properties 

[115ï117] 

 

 2.2.3 Viscose Fibre 

Viscose fibre, a regenerated cellulose material with a long history in the textile industry, is gaining 

attention as a reinforcement for composite materials. Viscose fibre, which can be manufactured as 

continuous fibres, presents an attractive option as continuous bio-derived fibre reinforcement in 

composites compared to plant fibres, which are typically not readily available in continuous form. 
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Regenerated cellulose fibres like viscose and lyocell have high tensile strength and elongation at break, 

which can be beneficial for developing high-performance bio-derived composites. Lyocell fibres have 

slightly higher mechanical properties than viscose fibres, as seen in Table 1. However, unlike viscose 

fibres, they are not commercially available in the form of continuous fibre yarns to be used in composite 

production. 

The production of viscose fibres started in 1891, and the process was patented in 1893 [118]. The 

viscose production cycle is shown in Figure 10. The process starts with a suspension of wood pulp in 

NaOH. Followed by shredding and ageing, where the viscosity of the pulp depends on ageing time. 

Treatment with carbon disulfide (CS2) forms cellulose xanthate, which is dissolved in lower 

concentration NaOH, initiating viscose formation via xanthogenation. The obtained polymer is 

precipitated in acid, allowing for simultaneous neutralization and cellulose regeneration using wet-

spinning equipment. Subsequent washing and drawing steps yield pure regenerated cellulose fibre. 

Carbon disulfide used in viscose production can be recycled up to 70%, with the remainder converted 

into recoverable sulfuric acid (H2SO4) [118]. 

 

Figure 10 Viscose production process [119] 

Structure 

The structure of the viscose fibres develops during the manufacturing process. At the macro scale, 

viscose fibre appears as a long, flexible, slender strand with a smooth and cylindrical shape. At the 
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micro-scale, viscose fibres display an uneven surface structure and an irregular cross-sectional shape, 

as seen in Figure 11. This shape is a result of the production process. The stretching process can yield 

non-uniform cross-sectional shapes in the fibres as the viscose solution passes through spinnerets and 

encounters an acidic bath. Various factors, including spinneret design, coagulation conditions, and 

production parameters, can further influence the cross-sectional shape [62].  

 

Figure 11 SEM image of the cross-section of viscose fibres [120] 

Chemical Composition 

The primary component of viscose fibres is cellulose. Some trace elements, such as cellulose xanthate 

and NaOH from the regeneration process, could also be found in viscose fibres. Cellulose in viscose is 

in the form of its polymorph cellulose II, composed of glucose units linked together by ɓ-1,4-glycosidic 

bonds, as shown in Figure 12 (b)  [121]. Cellulose II is formed from the chemical modification of 

cellulose I (Figure 12 (a)) during the introduction of xanthate groups in the viscose process and exists 

in anti-parallel cellulose chains to form a monoclinic unit cell with intersheet hydrogen bonding [120]. 
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Figure 12 Chemical structure of (a) Cellulose I and (b) Cellulose II  (The orientation of the 

hydroxymethyl groups is highlighted, denoted tg in cellulose I, and gt in cellulose II) [122] 

Viscose fibres with cellulose II structure exhibit reduced tensile strength, reduced stiffness, and 

increased elongation at break as compared to natural fibres with cellulose I structure. The crystallinity 

of cellulose I (60% to 90%) [123] was measured to be higher than cellulose II (50% to 75%) [124], 

which could explain the high strength and stiffness in cellulose I fibres. The difference in mechanical 

properties could also be due to the differences in intramolecular and intermolecular hydrogen bonding, 

as seen in Figure 12. Cellulose I has two intra-molecular bonds ((O) 5-(OH) 31 and (OH) 2-(O) 61) and 

one intermolecular bond ((O) 6- (O) 311), whereas cellulose II has one intra molecular bond ((OH)3-

(O)51) and two intermolecular bonds ((OH)6-(O)211 for corner chains and (OH)6-(O)311 for centre 

chains). It has been reported that the intramolecular bonds contribute to the axial stiffness of cellulose. 

The number of intramolecular hydrogen bonds running parallel to the cellulose chains has been 

observed to influence the elastic moduli at the molecular level, where Cellulose I was observed to have 

higher moduli and higher resistance to stretching of crystalline regions in the fibre direction compared 

to Cellulose II [125,126]. The strength and stiffness of cellulose I and II also depend on different factors 

unique to each polymorph. The mechanical properties of Cellulose I improve with increasing cellulose 

content, increasing crystallinity, and decreasing microfibrillar angle, whereas the mechanical properties 

of cellulose II increase with smaller crystal size, increasing crystal alignment, and increasing 

crystallinity [119,120]. 

Tensile Properties 
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Viscose fibres are reported to have an average tensile strength of 308-833 MPa, Youngôs modulus of 

11 to 20 GPa, and elongation at break of 17 to 25% [103]. Viscose fibres display an interesting stress-

strain curve with significantly higher elongation capacity than natural fibres. A typical stress-strain 

curve of a viscose fibre can be seen in Figure 13 [127]. The stress-strain curve of viscose has two phases 

- initial linear elasticity up to the yield point, followed by a nearly linear phase leading to fracture [128].  

 

Figure 13 Stress-strain curve of viscose fibre [127]. 

Only a few researchers have studied the failure mechanism of viscose in the literature. Some researchers 

have mentioned that the failure mechanism of viscose fibre is not strictly brittle due to a large plastic 

deformation observed in the tensile behaviour [127,129]. However, it would be more accurate to 

distinguish that the viscose fibres display an increase in strength with an increase in elongation and a 

brittle or defect-driven failure. This is apparent from the fracture surface of the viscose fibre (Figure 

14), which does not display any attributes of ductile failure, such as necking or striations from 

significant plastic deformation.  

 

Figure 14 SEM of the fracture surface of viscose fibre 

Attempts have been made to better understand the tensile behaviour of viscose fibres [94] [130] [127]. 

Weibull model was used to predict the distribution of tensile strengths of viscose fibres. Weibull model 

is a mathematical model usually used for brittle materials that follow Griffith's weakest link theory, 
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which states that the strength of the fibre is limited by the presence of critical flaws or defects, and the 

fibre will fail at the weakest point along its length. The Weibull distribution showed a good 

representation of experimental data for viscose fibres, and the results also agreed with the literature 

[127]. A study attributed the increase in strength in viscose fibres in the plastic deformation phase to 

the irreversible reorientation of cellulose crystallites in the longitudinal fibre direction [130].   

Factors Influencing Reinforced Composite Properties 

Similar to flax, the properties of viscose-reinforced composites also depend on fibre architecture, 

manufacturing process, selection of matrix, and fibre surface treatment. Viscose has a non-uniform 

cross-section, as mentioned before. This property of viscose was shown to be favourable for fibre/matrix 

adhesion as compared to a more uniform cross-section of lyocell, which is also a regenerated cellulose 

fibre. A comparative study of chopped viscose and lyocell as reinforcements for the PP matrix showed 

that viscose/PP composites exhibited improved strength and modulus compared to lyocell/PP 

composites. However, viscose/PP composites exhibited fibre/matrix adhesion issues, such as fibre pull-

outs and clean fibre surfaces, which could be improved using MAPP as a coupling agent  [131]. 

Only a few studies have explored the use of continuous viscose fibres as reinforcements so far. 

However, increased mechanical properties have established a clear potential for further research [132] 

[133] [134]. With the introduction of innovative high-strength fibres like Cordenka into the composites 

industry, the use of viscose as a reinforcement has increased. Composites produced with Cordenka fibre 

as reinforcement displayed higher impact strength than flax-reinforced composites. The impact strength 

of PLA/Cordenka (72 KJ/m2) [135] was the highest compared to all other short bio-derived fibre-

reinforced composites reported in the literature that used Charpy impact testing [136,137]. Continuous 

viscose (Cordenka) fibre reinforced composites have been recently explored for FDM 3D printing, and 

there was a significant increase in mechanical properties compared to neat polymer, proving the 

potential of these fibres [73].  

2.3 Bio-Derived Polymer Matri ces 

Bio-derived polymers used for 3D printing include PLA, PHA (polyhydroxyalkanoates) [138] [139], 

Bio PE (bio-derived polyethylene)[140], PEF (poly(ethylene-2,5-furandicarboxylate))[141], Bio PC 

(bio-derived polycarbonate)[142], and Bio PA 11 (Polyamide 11) [143] as shown in Table 4. PLA is 

the most used and has the highest tensile and flexural strengths compared to other bio-derived 

thermoplastics used for 3D printing and is also preferred as it is more readily available [144].  
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Table 4 Mechanical properties of commonly used bio-derived thermoplastics. 

Biopolymer 

Tensile 

strength 

(MPa) 

Young's 

modulus 

(GPa) 

Elongation 

at break 

(%) 

Flexural 

strength 

(MPa) 

Flexural 

modulus 

(GPa) 

Biodegradabil

ity  

Refere

nce 

PLA 50 - 89.1 3 - 4 2 - 9 120-150 3.5 - 5 Biodegradable [145] 

PHA 15 - 40 1 - 2 1-15 17 - 61 1.4 - 3.2 Biodegradable 
[138] 

[139] 

Bio PE 
18.4 ï 

17.9 
1.4 ï 1.9 5 - 7 18.7 - 19.8 0.8 - 1.01 

Non-

biodegradable 

[146] 

[147] 

PEF 67 - 77 2.7 - 2.9 2 - 4 - - 
Non-

biodegradable 
[148] 

Bio PC 
70.23 ï 

75.13 
2.3 ï 2.5 

16.48 ï 

93.84 
- - 

Non-

biodegradable 

[149][1

50] 

Bio PA 11 52 ï 54 1.7 ï 1.8 28 - - 
Non-

biodegradable 
[143] 

 

2.3.1 PLA 

PLA is a bio-derived thermoplastic polymer synthesised from lactic acid obtained from corn, sugarcane, 

and other biomass. It is also a 100% biodegradable polymer with high tensile strength and modulus. 

PLA can be recycled up to 8 times and is compostable at the end of life [151]. The life cycle of PLA is 

shown in Figure 15. 
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Figure 15 Life cycle of PLA. 

PLA is synthesised from lactic acid in three ways ï direct polycondensation of lactic acid (LA), 

azeotropic dehydrative condensation, and ring-opening polymerisation (ROP) of lactide (Figure 16). 

ROP is the most commonly used method as it yields high molecular weight PLA and requires low 

temperatures and short reaction times [152,153]. First, low molecular weight oligomers are produced 

by the continuous condensation reaction of aqueous lactic acid. Following this, the oligomer or 

prepolymer is catalytically converted into cyclic lactide. This cyclic lactide production results in three 

forms: D,D-lactide (D-lactide), L,L-lactide (L-lactide) and L,D- or D,L-lactide (meso lactide) as shown 

in Figure 17 [154]. The next step is distillation, where impurities are removed, and meso-lactide is 

separated. The final step involves the ROP of lactides to obtain different grades of PLA.  

The stereochemical structure of PLA can be controlled by controlling the mixture of L- or D- isomers 

to obtain different proportions of crystalline and amorphous phases. The polymerisation of L-lactide 

produces poly (L-lactide) (PLLA), D-lactide produces poly (D-lactide) (PDLA), and racemic (50% L- 

and 50% D-) produces poly (DL-lactide) (PDLLA). PLLA and PDLA are optically pure polylactides 

and are crystalline, whereas PDLLA is amorphous. PLA can be degraded by simple hydrolysis without 

the use of enzymes to catalyse the hydrolysis [152]. 
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Figure 16 Methods of synthesising PLA from lactic acid [155] Reproduced with permission from 

Elsevier, license number 5124211449068. 

 

Figure 17 Stereoisomers of lactide [156] 

The thermal, mechanical, and biodegradation properties of PLA depend on the distribution of the 

stereoisomers in the polymer chains. PLA with greater than 90% content of PLLA is highly crystalline, 

and a lower percentage of PLLA yields more amorphous PLA. The melting temperature (Tm) and glass 

transition temperature (Tg) of PLA increase with the increase of L-isomer content and decrease of D-

isomer content [154]. 
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Biodegradability of PLA 

The degradation process of PLA begins with hydrolysis. In this process, water molecules break up the 

ester bonds along the chain of the polymer into smaller fragments of lower molecular weight; this is a 

process that depends both on temperature and pH, that is, at higher temperatures and acidic conditions, 

these reactions are faster [157]. After hydrolysis, fragments hydrolysed are broken down by 

microorganisms such as bacteria and fungi. These microorganisms secrete enzymes like proteases and 

lipases to break the polymer into lactic acid monomers. The microorganisms then break down the lactic 

acid monomers to form water, carbon dioxide, and biomass [158].  

Degradation in Different Environments 

Compost: PLA degrades efficiently in industrial composting installations. The temperatures of this 

process are about 58 °C ï 60 °C and provide optimal hydrolysis conditions, with high microbial activity 

that leads to complete biodegradation within a few months. Home composting degrades PLA at a slower 

rate, ranging from several months up to years [159]. 

Soil: PLA degrades much more slowly in soil environments than in composting conditions since the 

temperatures are generally lower and microbial activity varies. Thus, even in optimal soil conditions, it 

may take some months, but it could also take several years for PLA to significantly degrade [158]. 

Marine Environment: PLA degrades very slowly in a marine environment compared to compost and 

soil. Low oxygen availability and, more importantly, the low concentration of microorganisms in 

seawater significantly lower the mechanism of hydrolysis and microbial activity. It is reported that PLA 

could remain intact for several years in the marine environment without any desirable type of 

degradation [160]. 

2.4 FDM 3D Printing  

FDM, also referred to as fused filament fabrication (FFF) or material extrusion, is a 3D printing 

technique with various advantages, including low cost, moderate operating conditions, and large build 

volume capacity [16ï18]. On the other hand, it has disadvantages such as limited accuracy, slow 

printing speeds, and shrinkage due to temperature changes [17].  

The FDM process (Figure 18) begins by digitally slicing the 3D CAD model into layers, and the data, 

converted to a G-code (Geometric code for computer numerical control), is transferred to the 3D 

printing machine, which constructs the part layer by layer. Next, both the support material and the 

thermoplastic filaments, generally with diameters of 1.75 or 3 mm, are fed into the heated chamber and 

melted. The molten material is then extruded through nozzles in a layer-by-layer structure. Finally, the 
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finished part is removed from the build platform, and if necessary, the support material is removed 

[161]. 

 

Figure 18 Schematic representation of fused deposition modelling method. Reproduced with 

permission from Elsevier, license number 5170280890406 [162].  

Many studies have focused on the effects of FDM printing parameters on the performance of the 3D 

printed parts [16,163ï166].  The parameters that affect an FDM printed part's quality include build 

orientation, raster angle, layer thickness, infill density, and extrusion temperature, as shown in Table 5 

[167].  

Table 5 Important printing parameters in FDM (adapted from [167ï169]). Extrusion temperature: 

Reproduced with permission from Elsevier, license number 5166990649229; Infill  density: 

Reproduced with permission from Elsevier, 5166991182219. 

Parameters Description Graphical representation 

Build 

orientation 

Orientation of 

the component 

with respect to 

the build 

platform. 
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Raster angle 

The angle 

between the 

path of material 

deposition and 

the x-axis of the 

build platform.  

Layer 

thickness 

A measure of 

the layer height 

deposited by the 

nozzle. 

 

Infill density  

Material 

percentage 

filling the 

internal 

structure of the 

printed 

component. 

 

Extrusion 

temperature 

The temperature 

inside the 

nozzle before 

the material is 

extruded. 

 

 

Build orientation is one of the most influential structural parameters in terms of the mechanical 

properties of FDM parts. Compared to parts printed in a perpendicular direction to the build platform, 

FDM parts printed in horizontal or vertical directions have a substantial decrease in mechanical 

properties [170ï172]. Raster angle also influences the mechanical properties of FDM printed samples. 

Studies show that samples printed with a raster angle of 0° have the highest tensile properties, followed 

by 0°/90°, 45°/45°, and 90° [173ï176]. Layer thickness and infill percentage are also important 
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parameters that influence the quality and mechanical properties of FDM printed objects. Increasing 

layer thickness improves print time but reduces surface finishing. A layer thickness between 0.1 to 0.4 

is considered optimum for most FDM applications [174,177,178]. An increase in infill percentage 

improves the tensile properties in FDM printed parts. Hence, most studies on improving the mechanical 

performance of FDM parts select an infill percentage of 100%  [16,163,179]. However, low infill 

percentages are preferred for reducing time and cost.  

Besides the effect of geometry-related parameters, extrusion temperature and printing speed also 

influence the properties of FDM printed parts. Higher temperatures have been shown to improve 

bonding between the layers; at high temperatures, the melt flow of the polymer is higher, which 

increases the interfacial area between the layers, leading to a decrease in voids and an increase in 

mechanical performance. However, high temperatures also affect dimensional accuracy and cause 

shrinkage in some polymers [16]. The optimum printing speed in FDM is dependent on the material 

selected. In the studies related to the effects of printing speed on FDM parts, it has been observed that 

interlayer bonding between the filaments reduces with an increase in printing speed, which is attributed 

to lack of time for the polymer plasticisation [178,180ï182] 

2.5 FDM 3D Printing of PLA Composites with Bio-derived Fibre Reinforcements 

2.5.1 Discontinuous bio-derived micro fibre reinforcements 

Biocomposite filaments reinforced with discontinuous natural fibres for FDM are produced by mixing 

polymers, fibres, and, in some cases, additives through melt compounding followed by extrusion. 

Natural fibres, including hemp, harakeke, bamboo, flax, and others, have been researched for producing 

PLA biocomposite filaments [57]. 

Figure 19 compares tensile strength and Young's modulus of discontinuous bio-derived fibre 

reinforcement/PLA composites manufactured by FDM, injection moulding (IM), and compression 

moulding (CM). The mechanical properties of FDM printed biocomposites are comparatively lower 

than conventionally manufactured composites [167]. Numerous factors contribute to this, including 

weak interlayer adhesion, the low fibre content in FDM filaments, the low aspect ratio of bio-derived 

fibres, and the printed products' porosity [57].  Table 6 summarises the main findings of FDM 3D 

printed PLA composites with bio-derived discontinuous fibre reinforcements. Values presented in the 

table are selected based on the composition of reinforcement and PLA that showed the best results in 

each research work. 
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Figure 19 Tensile strength vs Young's modulus of discontinuous bio-derived fibre reinforcement/PLA 

composites [28] [72,8,73ï77,78][63ï67] [183] [188] [189] [190ï193]. 

Where: FC ï fibre content. 

 

Table 6 Summary of main findings of FDM 3D printed PLA composites with bio-derived discontinuous 

fibre reinforcements. 

Reinfor

cement 

Reinfo

rceme

nt 

(wt%)  

Treatments 
Specim

en type 

Tensile 

strength 

(MPa) 

Young's 

modulus 

(GPa) 

Observations Ref. 

Hemp 10 

Alkali fibre 

treatment 

with 5% 

NaOH 

Printed 

sample 
37 3.5 

Improvement in 

tensile 

properties. The 

use of plasticiser 

was suggested 

to improve 

inter-layer 

adhesion and 

surface quality. 

[183] 
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Harake

ke 
20 

Alkali fibre 

treatment 

with 5% 

NaOH+ 2% 

sodium 

sulphite 

Printed 

sample 
36 4.2 

42.3% and 5.4% 

increase in 

Young's 

modulus and 

tensile strength, 

respectively. 

[183] 

Flax 15 

PLA was 

compounded 

with two 

types of 

plasticizers. 

Filamen

t 

 

33 2.7 

Filaments with 

only up to 4% 

voids were 

produced. 

[188] 

Bambo

o fibre 

(BF) 

13 

PLA was 

compounded 

with two 

types of 

plasticizers. 

Filamen

t 

 

30 2.4 

BFs with a 

length of 

2.14mm 

displayed an 

improvement of 

215% in 

Youngôs 

modulus. 

[188] 

Sugar 

cane 

bagasse 

fibre 

(SCBF) 

6 

Raw 

sugarcane 

bagasse was 

treated with 

7.5 wt% 

NaOH 

solution to 

obtain SCBF 

Printed 

sample 

 

57.1 - 

The highest 

mechanical 

properties were 

observed for the 

samples printed 

in the parallel 

direction to the 

build plate.  

[189] 

Lyocell 

fibre 
30 

Lyocell 

fibres were 

subjected to 

fibrillation. 

PLA matrix 

was 

modified 

Printed 

sample 
85 7.2 

This study 

reported the 

highest 

mechanical 

tensile strength 

for short fibre 

reinforced 

[68] 
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using Maleic 

anhydride 

(MA) 

through an 

in-situ 

modification

. After 3D 

printing, the 

specimens 

were heat 

treated at 

105 Ñ 2 ÁC 

composites. A 

combination of 

fibre 

modification, 

the use of a 

coupling agent, 

and a post-

printing heat 

treatment 

produced the 

best-performing 

composite. 

Lyocell 

fibre 
30 None 

Printed 

sample 
55.8 5.1 

Heat treatment 

improved PLA 

crystallinity, 

resulting in 

improved 

thermo-

mechanical 

stability. 

[71] 

Harake

ke fibre 
30 

Fibres were 

subjected to 

alkaline 

treatment 

using 10% 

NaOH and 

2% Na2SO3 

following 

which the 

fibres were 

bleached 

using 

hydrogen 

peroxide.  

Printed 

sample 
79.3 8.7 

Fibre treatments 

resulted in well-

dispersed fibres 

and improved 

interfacial 

bonding, and 

ultrasonication 

enhanced 

thermo-

mechanical 

stability. 

[191] 
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Fibre content has been shown to have the highest effect on the mechanical properties of discontinuous 

fibre reinforced composites. The tensile strength of FDM printed PLA biocomposites has been observed 

to increase with an increase in fibre content, but composites with fibre contents higher than 20 wt% are 

usually highly viscous, making extrusion non-uniform and causing clogging of the extruder die or 

printer nozzle [76,77]. For example, by using 20 wt% harakeke fibres as reinforcement for PLA, an 

increase of 42.5% and 5.4% in Young's modulus and tensile strength, respectively, were achieved 

compared to neat PLA. However, increasing fibre wt% above 20% caused uneven surface and poor 

interlayer adhesion. Fibre pull-out was observed in fractured samples showing weak fibre/matrix 

adhesion [183].  

It has also been observed that porosity in a 3D printed sample increases with the increase in fibre 

content. Some of the proposed solutions to decrease porosity in 3D printed biocomposites include 

vacuum drying of the fibres, controlling humidity and temperature throughout the printing process, and 

using plasticisers [188,196]. Applying vacuum at the end of extrusion and adequate drying of the 

composite filaments has resulted in reduced porosity in FDM printed PLA composites reinforced with 

discontinuous flax and bamboo fibres [188]. For example, PLA was compounded with two types of 

plasticisers (provided by Proviron Industries NV) and then reinforced with bamboo and flax fibres 

individually. A vacuum pump was used at the end of the compounding line to reduce porosity, and 3D 

printing filaments with up to 4% voids were produced. It was observed that high extrusion speeds 

resulted in filaments with smoother surfaces. The highest improvement in Young's modulus was 

recorded for bamboo fibres, with a 230% improvement compared to PLA compounded with a 

plasticiser. Although the aspect ratio of flax fibres was higher than bamboo fibres, a higher increase in 

stiffness was not observed due to loss of orientation in the compounding process [188].  

2.5.2 Long/Continuous bio-derived micro fibre reinforcements 

Using long/continuous natural fibre reinforcements could provide an opportunity to achieve higher 

mechanical properties. Most commercially available FDM 3D printing filaments with continuous 

reinforcements use continuous carbon fibre and kevlar fibre. Recently, researchers have developed 

customised methods to produce composite filaments with long/continuous natural fibre yarns  [197ï

200]. Studies show that composites with long/continuous reinforcements, such as jute and flax, have 

exceeded the mechanical properties of composites with discontinuous reinforcements [57]. FDM 3D 

printers used to fabricate composites with continuous reinforcements are modified to include two 

material supplies ï the thermoplastic polymer and the continuous fibre.  Examples of two different 

printers with single and dual nozzle systems are shown in Figure 20. In a single nozzle printer (see 

Figure 20 (a)), thermoplastic polymer and continuous reinforcement are passed through the heated 

nozzle. The temperature of the nozzle is set according to the melting temperature of the thermoplastic 

matrix. The matrix and fibre fuse together and are deposited layer by layer [201].  
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Figure 20 FDM 3D printing process for continuous fibre composites with a) single nozzle [202] 

Reproduced with permission from Elsevier, license number  5170290431014 b) dual nozzle 

Reproduced with permission from Elsevier, license number 5124221090291  [203]. 

Figure 20 (b) shows the working mechanism of the dual nozzle printer. This printer uses two different 

nozzles to deposit the matrix and continuous fibres separately. One nozzle stops while the other moves, 

and the continuous reinforcement is sized to the thermoplastic polymer to adhere to the previous layer. 

This dual nozzle printer allows customised fabrication and minimises cost [204]. So far, studies 

involving PLA/continuous natural fibre reinforcements have mostly used single nozzle type FDM 

printers [32,205]. Some studies also involved direct FDM 3D printing of PLA impregnated natural fibre 

yarns [198,206]. 

Results from current studies show the potential for achieving mechanical properties of 3D printed 

continuous natural fibre reinforcement/PLA composites comparable to that of continuous carbon 

fibre/PLA composites [207]. Reinforcement type, fibre content, production method, and tensile 

properties of 3D printed PLA composites reinforced with long/continuous bio-derived fibres are 

summarised in Table 7.
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Table 7 Production and properties of FDM 3D printed PLA/long/continuous bio-derived fibre 

reinforced composites. 

Reinforcement Fibre 

Content 

Production of composite 

filament and 3D printing 

Tensile 

Strength 

(MPa) 

Young's 

modulus 

(GPa) 

Ref. 

Flax fibre  

yarn 

20.4 wt% for 

maximum 

tensile 

strength, 36.7 

wt% for 

maximum 

Young's 

modulus 

Molten PLA was squeezed 

through the crosshead extrusion 

die of a single-screw extruder. 

Flax yarn was introduced 

through the vertical opening of 

the die and coated by PLA. The 

filament was collected, and a 

five-axis FDM 3D printer was 

then used to print the composite 

filaments. 

89 2.9 [198] 

Flax fibre  

yarn 

30.4 wt% Flax yarn was coated with PLA 

using a single screw extruder. 

Flax yarn of 68 tex was used, and 

the extrusion temperature was set 

to 180°C. FDM printer modified 

to incorporate a custom 1.8mm 

nozzle was used for 3D printing. 

254 23 [215]  

Pineapple   

leaf fibre yarn 

- A single nozzle type 3D printer 

was used. The pineapple leaf 

fibre yarn and the PLA filament 

were blended in the extruder with 

a 1:4 volume fraction and were 

consolidated at the hot end to 

form a composite. The composite 

filament was extruded through 

the nozzle in a layer-by-layer 

fashion to form a 3D printed part. 

96.8 - [205] 
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Jute fibre  

yarn 

6.1% volume 

fraction (Vf) 

A single-nozzle 3D printer using 

PLA filament driven by gears 

and a stepping motor was 

developed. Jute yarn is 

automatically fed to the printer 

head, merging with molten PLA 

to create a composite filament 

extruded layer by layer onto a 

heated plate. 

57.1 5.11 [32] 

Ramie fibre 

yarn 

- A single nozzle type 3D printer, 

Combot-200, was used to fabric 

PLA/ramie composites using an 

in-situ impregnation method. 

86.4 0.6 [30] 

Flax fibre 

yarn 

25 wt% Flax yarns were pre-treated using 

silane coupling agents to enhance 

compatibility with PLA. Melt 

extrusion was used to combine 

flax and PLA directly during the 

3D printing process. 

170 9 [216] 

Flax fibre 

yarn 

44 wt% Flax yarns were pre-treated using 

silane coupling agents to enhance 

compatibility with PLA. An 

impregnation block was used to 

infiltrate PLA into the flax yarns 

to produce filaments which were 

3D printed. 

293 24.7 [217] 

Flax fibre 

yarn 

33.4 wt% Rotational vibration processing 

was used to facilitate the 

untwisting of the flax yarns, and 

a coaxial extrusion mould was 

used for melt impregnation. 

244 20.7 [218] 

 

It is essential to optimise processing parameters to produce continuously reinforced PLA 3D printed 

composites with maximum interfacial adhesion to avoid failure due to defects. Figure 21 shows SEM 
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images of longitudinal and transverse fracture surfaces of 3D printed flax yarn reinforced PLA 

composites. SEM images show that the failure involved pulling out of several flax fibres from the yarn. 

This shows that the flax yarn had weak cohesion because of the highly twisted structure and incomplete 

impregnation of PLA into the flax fibre [215]. Due to poor interfacial adhesion, a similar pull-out of 

fibres was observed in jute yarn/PLA FDM 3D printed composites. This was attributed to the 

incomplete wetting of jute yarn by PLA, and fibre surface treatment was suggested to improve the 

fibre/matrix adhesion [32]. 

 

Figure 21 SEM images of fracture surfaces of FDM 3D printed flax yarn/PLA 3D printed composites 

a) longitudinal, transverse fracture b) transverse fracture [215]. 

The filament diameter also affects the interlayer adhesion and tensile properties of jute/PLA composites. 

For instance, flax yarn was coated with PLA to obtain continuously reinforced FDM filaments of 

different diameters. The filament with the lowest diameter (0.8mm) showed the worst tensile properties 

due to the non-uniform coating of PLA on the flax yarn, and as the diameter increased, a more uniform 

coating was achieved, as shown in Figure 22 [198]. 

 

 

Figure 22 SEM images of the flax yarn/PLA composite filaments with diameters of (a) 0.8 mm, (b) 1.0 

mm, and (c) 1.2 mm  [198]. 

Future possibilities to improve the mechanical performance of long/continuous bio-derived 

reinforcements/PLA composites include developing customised filament production methods, 

optimising printing parameters, using low-twist yarns, and exploring more reinforcement options [57]. 

 



59 
 

2.5.3 Particulate reinforcements 

Bio-derived particle reinforcements in composites provide less effective reinforcement than fibres and 

are generally used in polymer matrices to improve Youngôs modulus [219]. Most commercially 

available PLA FDM filaments with bio-derived particles are based on wood powder [220,221]. 

Although many bio-derived particles have been extensively studied for 3D printability [219,222ï231], 

only a few materials, including MCCs,  hemp powder, and bamboo powder, have displayed a 

reinforcing effect when combined with PLA for FDM 3D printing, as shown in Table 8. Values 

presented in the table are selected based on the composition of reinforcement and PLA that showed the 

best results in each research work.  

 

Figure 23 Optical micrographs of wood/PLA filament(left), surface (middle), and edge (right) [232]. 

Reproduced with permission from Elsevier, license number 5167000723403. 
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Table 8 Summary of main findings of FDM 3D printed PLA composites with bio-derived particle 

reinforcements. 

Reinfor

cement 

Reinfor

cement

content 

Modifica

tion/treat

ment 

Tensile 

strength 

(MPa) 

Young's 

moduli 

(GPa) 

Elongat

ion at 

break 

(%) 

Observations Ref. 

Hemp 

powder 

5wt% 

Hemp 

Untreated - 3.1 - An increase in 

storage modulus with 

increased hemp 

volume fraction was 

observed. Only 

composites with 5 

wt% Hemp displayed 

better storage 

modulus than neat 

PLA. 

[233] 

Bambo

o 

powder 

(BP) 

 

 

20wt% 

BP 

The 

bamboo 

powder 

was 

treated 

with 

CaCO3 

51 

 

- - CaCO3 treated BP 

composites 

demonstrated the best 

results, with an 

increase of 40.33% in 

tensile strength. 

[234] 

MCC 

 

 

5wt% 

MCC 

Joncryl® 

ADR-

4368C is 

used as an 

epoxy-

based 

chain 

extender 

45 3.2 - Improvement in 

mechanical 

properties. Lower 

density samples due 

to the presence of 

voids. 

[235] 
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Bio-derived particle reinforced 3D printing filaments are produced by compounding PLA with particle 

reinforcements by batch mixing with twin-screw extruders. For extrusion, filament diameter and 

dimensional tolerances play a significant role in determining the particle size [236,237]. Most benchtop 

FDM printers require mechanical refining or ball milling of reinforcements to avoid nozzle clogging 

during extrusion. The most commonly used particles are wood flour produced by ball milling and 

microcrystalline cellulose. PLA and bio-derived particles need to meet the requirement of less than 

0.1% moisture content to avoid the reaction of PLA with water at high temperatures, which excises 

chains and reduces the properties of the 3D printed composite [230]. An increase in particle content 

leads to inconsistent flow and variation in diameter and reduces the mechanical properties of the 

filament. An example of the formation of voids and pores with increasing particle content can be seen 

in Figure 23 [232]. Various approaches to overcome these issues and improve the properties of PLA 

reinforced with bio-derived materials will be discussed in further sections. 

2.5.4 Nano reinforcements 

Bio-derived nano reinforcements used in FDM 3D printing PLA are all different types of nano 

celluloses and are categorised into cellulose nanocrystals (CNCs), nano fibrillated cellulose (NFC), and 

bacterial nanocellulose (BC) [238].  Nano celluloses have low density, ultra-fine structure, and high 

mechanical properties, making them potential candidates for reinforcement of thermoplastics. CNC is 

obtained from acid hydrolysis of cellulose and contains 100% cellulose, and its shape is rod-like with a 

diameter of 2-20nm and length of 100-500nm.  NFC, also known as cellulose nanofibril (CNF), can be 

obtained by mechanically refining cellulose fibrils and has a composition of 100% cellulose with both 

amorphous and crystalline regions. NFC has a square cross-section with a 1-100nm diameter and a 

length of 500-2000nm [239]. Bacterial cellulose is obtained from microfibrils secreted from various 

bacteria separated from bacterial bodies and growth mediums. The morphology of BCs depends on their 

sources, and they usually have a square or rectangular cross-section. For example, Acetobacter 

microfibrils have a rectangular cross-section of 6ï10 nm by 30ï50 nm [25]. 

Table 9 summarises the main findings in FDM 3D printed PLA composites reinforced with CNCs, 

NFC, and BC. Values presented in the table are selected based on the composition of reinforcement and 

PLA that showed the best results in each research work.  
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Table 9 Summary of main findings of FDM 3D printed PLA composites with bio-derived nano 

reinforcements. 

Materi

als 

Reinfor

cement 

content 

Modificatio

ns/ 

treatments 

Tensile 

strengt

h (MPa) 

Young's 

modulu

s (GPa) 

Elongat

ion at 

break 

(%) 

Observations Ref. 

CNF 2.5 

wt.%  

PEG600 

was used as 

a plasticizer. 

To obtain 

CNF, 

enzymatic 

hydrolysis 

of MCC was 

performed.  

57.5 - 8.5 CNF filled PLA 

biocomposite 

filament showed an 

increase of 33% in 

tensile strength and 

19% in elongation 

at break.  

[184] 

CNF 3 wt%   

 

PLA grafted 

CNFs (PLA-

g-CNF) was 

obtained by 

grafting L-

lactide 

monomers 

onto CNFs 

45.2 3.5 - Tensile testing of 

filaments showed a 

66% increase in 

tensile strength and 

28% in stiffness. 

[240] 

Nanoce

llulose 

1 wt%  Nanocellulo

se was 

obtained by 

ultra-

sonication 

of 

microcellulo

se 

41.5 2.6 5.5 Tensile tests 

showed the highest 

improvement in 

stiffness and stress 

at the break with 1% 

nano cellulose in 

PLA.  

[241] 

PHB/ 1wt% Dicumyl 

peroxide 

 -  -  - Improvement in 

interfacial adhesion 

[242] 
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CNC (DCP) is 

used as a 

cross-

linking 

agent 

and thermal 

stability. 

TEMP

O-

oxidize

d BC - 

(TOBC

) 

 1.5wt

%  

 BC was 

subjected to 

a TEMPO 

mediated 

oxidation 

 32 3.7 -  Improvement in 

crystallinity, 

mechanical 

strength, and 

toughness. 

[243] 

CNF 30wt%  Untreated 80 7.1 1.5 Improvement in 

tensile strength and 

Youngôs modulus 

by 45% and 130%, 

respectively. A 

decrease in 

elongation and 

toughness was 

observed. 

Significant 

improvement in 

storage modulus 

was achieved. 

[244] 

Sisal 

CNF 

1 wt%  Untreated 52.14 3.7 2.39 Tensile strength and 

Youngôs modulus 

increased by 84% 

and 63%, 

respectively, with 

1wt% CNF. Adding 

CNF also improved 

crystallisation and 

decreased voids. 

[245] 
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CNF 10 wt% The CNF 

fibres were 

grafted 

using L-

Lactide. 

Post-

printing heat 

treatment 

was also 

used 

72.2 5.4 1.6 Heat treatment 

effectively 

increased tensile 

strength and 

Youngôs modulus 

by 10 % and 18 % 

higher, 

respectively, than 

the printed samples 

and 14 % and 66 % 

higher than neat 

PLA. 

[246] 

 

One of the main challenges in using nano cellulose as reinforcement in PLA is that the hydrophilic 

cellulose tends to aggregate in a hydrophobic PLA matrix, and thus, chemical/physical treatments have 

been used to improve dispersion [247]. Esterification/acetylation, silylation, TEMPO mediated 

oxidation, and grafting of molecules or macromolecular groups to nanocellulose are the widely used 

approaches for surface modification of nanocellulose [248].  

CNFs have been grafted with L-lactide monomer to form PLA grafted CNFs (PLA-g-CNFs). A post 

extrusion annealing treatment was performed on the FDM filaments, which resulted in a 66% increase 

in tensile strength and 28% in stiffness with 3% of PLA- g-CNF [240]. The Pickering emulsion method 

was used to add TEMPO (2,2,6,6-Tetramethylpiperidin-1-yloxy) oxidised bacterial cellulose (BC) to 

PLA, resulting in an improvement in the dispersion of nanocellulose in the PLA matrix and enhanced 

mechanical properties [243].  

In all the FDM 3D printing studies done so far, the best mechanical properties have been achieved for 

30wt% CNF reinforced composites. To avoid agglomeration of CNFs at high loadings, chopped and 

freeze-dried CNF networks that act as microsponges were used that allowed PLA to flow into them 

during melt processing by creating mechanical interlocking. The high interfacial adhesion between 

CNFs and PLA was attributed to the low packing density of CNFs combined with the low viscosity of 

PLA in the molten state [244]. CNFs also tend to have better reinforcement than CNCs efficiency 

because of their higher aspect ratio. CNFs have an aspect ratio of 25-500 compared to 10-100 for CNCs. 

CNFs have a large surface area and length that is beneficial to bridge the gap between printed layers 

and improve interlayer adhesion, whereas CNCs have shorter lengths that are not sufficient to entangle 
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between two layers. Increased entanglement in CNFs leads to better stress distribution and stronger 

composites, as shown in Figure 24 [249]. 

 

Figure 24 Fracture mechanisms in CNC and CNF composites 1) before mechanical stress 2) during 

mechanical stress 3) after mechanical stress [249]. 

2.5.5 Enhancing properties of FDM 3D printed PLA biocomposites. 

Overall enhancement of properties of FDM 3D printed biocomposites can be achieved by introducing 

modifications at three different stages. The first stage is before 3D printing, where modifications can 

be introduced on a material level that helps improve interfacial bonding between PLA and bio-derived 

reinforcements. The second stage is 3D printing, where optimising printing parameters can help achieve 

efficient printing and improved properties. The third stage is post 3D printing, where enhancement of 

properties is achieved by reducing defects using post-processing methods. A detailed overview of 

processes followed for these three different stages to enhance FDM 3D printed PLA properties is 

presented here. 

Pre-3D Printing Stage 

PLA used for FDM is semi-crystalline, and molecular chains of PLA exhibit imperfect molecular 

symmetry, affecting the diffusion ability and crystallinity of PLA, mainly within the limited window of 

time in the FDM printing, leading to low mechanical properties and weak bonding between the printed 

layers [153ï157]. Studies show that adding plasticisers such as polyethylene glycol (PEG) improved 

the crystallinity and tensile properties of PLA. On the other hand, more than 10 wt% of PEG was shown 

to depreciate PLA properties as a PEG crystallisation peak occurred in DSC, which shows the separate 

existence of PEG [250ï252]. As mentioned earlier, the addition of plasticisers also helped in decreasing 

the porosity of FDM 3D printed PLA composites [188]. 
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Cross-linking degree of molecular chains of PLA was improved by adding synthetic low molecular 

weight (LMW) PLA components to commercial PLA. It was observed that LMW PLA diffuses more 

quickly across the inter-filament interface during the deposition of layers, improving the interlayer bond 

[253]. However, filaments extruded through the nozzle during the FDM process stay in the molecular 

diffusion and crystallisation temperature for a short time. To overcome this issue, researchers have 

added radiation-sensitive materials to PLA filaments before 3D printing and then irradiated the printed 

parts by electron beam, ɔ-ray, or microwave. Upon irradiation, free radicals are generated in the primary 

or side chain of PLA, allowing further cross-linking [163]. Similarly, in another experiment, PLA was 

blended with ɔ-ray sensitive trimethylolpropane triacrylate (TMPTA) and trially isocyanurate (TAIC) 

and 3D printed by FDM. The 3D printed part was then radiated by ɔ-ray, and the temperature was set 

to near Tg. This experiment showed an improvement in the tensile properties of radiated PLA compared 

to the non-radiated one [254]. 

 

IFSS directly affects the efficiency of load transfer between fibre and matrix, thereby determining the 

mechanical performance of discontinuous fibre reinforced composites [25,167,255ï258]. One of the 

main challenges to achieving good interfacial bonding is creating surface-chemical compatibility 

between the hydrophilic bio-derived reinforcements and the hydrophobic PLA matrix [259,260]. 

Several physical, chemical, and biological treatments have been proposed to reduce the hydrophilicity 

of the reinforcement surface and improve reinforcement/matrix adhesion [28]. Surface modification 

and compatibilisation of the matrix are the most used methods to improve interfacial adhesion [259]. 

Tables 10 and 11 summarise recent research on surface modification and PLA matrix compatibilisation, 

respectively. 

Table 10 Recent works involving surface modification to improve interfacial adhesion in PLA 

composites with bio-derived reinforcements. 

Composite Modifier  

 

Effects on composite properties Ref. 

PLA/Unidirecti

onal Flax fibres 

Lignin and Tannin Tannin showed better results. A 17% 

and 29% increase in ultimate flexural 

strength and interlaminar shear 

strength, respectively, was observed. 

[261] 

PLA/Coir 

fibres/ 

Alkali treatment with 6% 

NaOH solution 

Improvement of 128% and 112% was 

observed in tensile strength and 

Youngôs modulus, respectively. 

[262] 
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Pineapple leaf 

fibres 

PLA/ Poplar 

Fibre 

Maleic Anhydride and 

KH550 

Tensile strength for 0.5% MA and 2% 

KH550 improved by 17% and 23%, 

respectively.  

[263] 

PLA/ Kenaf/ 

Montmorillonit

e (MMT) clay 

Kenaf fibres were treated 

with 6% NaOH solution 

Increase in impact, flexural and tensile 

strengths by 11%, 46% and 6%, 

respectively. 

[264] 

PLA/ Pineapple 

leaf fibre yarn 

PLA/ sisal fibre 

yarn 

Alkali treatment with 5 

wt% NaOH solution 

Improvement in thermal stability and 

tensile properties. 

[265] 

PLA/Bacterial 

cellulose (BC) 

BC was subjected to a 

TEMPO mediated 

oxidation 

Improvement in crystallinity, 

mechanical strength, and toughness. 

[243] 

PLA/CNF CNFs were grafted with 

L-lactide monomer to 

form PLA grafted CNFs 

(PLA-g-CNFs) 

66% increase in tensile strength and 

28% in stiffness with 3% of PLA- g-

CNF 

[240] 

PLA/CNF CNFs were grafted with 

L-lactide monomer to 

form PLA-g-CNFs 

Increase in tensile strength, Youngôs 

modulus, elongation at break, and 

impact strength by 20%, 31.8%, 12%, 

and 27.9%, respectively, compared to 

PLA/CNF composite. 

[266] 

PLA/CNC Immobilised Lipase was 

used to catalyse the 

formation of laurate ester 

groups 

on the CNC surface 

66% increase in tensile strength, 61% 

increase in elongation at break, and 

improvement in crystallinity. 

[267] 
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PLA/CNC Acetic anhydride was 

used for surface 

modification of CNC. 

Dropwise acetylation 

was performed by using 

3g CNC, 4.5g pyridine, 

and 114g acetic 

anhydride 

Improvement in barrier properties, 

interfacial compatibility, and 

mechanical properties. 

[268] 

 

Table 11 Recent works involving matrix compatibilisation to improve interfacial adhesion in PLA 

composites with bio-derived reinforcements. 

Composite Compatibilizer  Effects on composite properties Ref. 

PLA/Lemo

ngrass 

fibre (LF)  

PLA grafted 

with maleic 

anhydride (PLA-

g-MAH)  

Improvement of tensile strength, impact strength, 

and flexural strength. 

[269] 

PLA/ 

Microcryst

alline 

cellulose 

(MCC) 

Maleic 

anhydride-

grafted PLA 

(PLA-g-

AMS/MAH) 

The compatibilisation effect was seen to increase 

with an increase in Dg (grafting degree) of PLA-g-

AMS/MAH.  

[270] 

PLA/ 

Tannin 

Methylene 

diphenyl 

diisocyanate(p-

MDI)  

An increase in the tensile strength of the composite 

by 19.1% was recorded. Moreover, there was an 

improvement in melting temperature and thermal 

degradation onset temperature. 

[271] 

PLA/Sisal 

PLA/Flax 

Maleic 

anhydride-

modified PLA 

(MA-PLA) 

Improvement in tensile strength was achieved. In 

comparison, the tensile properties of flax fibre 

composites were superior to sisal fibre composites. 

[272] 
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PLA/ 

Wood 

fibres 

Maleic 

anhydride-

modified PLA  

Good interfacial adhesion at higher wood fibre 

loadings (up to 80%).  

[273] 

 

3D Printing Stage 

Various factors, including build orientation, printing temperature, and raster angle, affect the 

mechanical properties of a 3D printed polymer composite [164]. However, studies on the influence of 

printing parameters on the properties of FDM printed PLA biocomposites are limited and have only 

recently been reported [274]. Higher extrusion temperatures have been shown to improve adhesion 

between matrix and fibre and improve tensile properties. 3D printing PLA/PHA wood filaments and 

PLA/hemp filaments by increasing printing temperatures from 210°C to 230°C resulted in an 

improvement in tensile strength. However, increasing the printing temperature above 230°C led to a 

decline in tensile properties due to thermal degradation of bio-derived fibres [223,275]. Effects of 

printing orientation on PLA/sugarcane bagasse fibre (SCBF) composites were studied, and it was found 

that longitudinal orientation (0°) displayed the best tensile properties with a tensile strength of 57.1 

MPa compared to 42.6 MPa in vertical (90°) direction [189]. However, in another research, PLA/agave 

fibre composites were studied to understand the effect of raster angle. It was found that tensile and 

flexural properties were not impacted significantly by the raster angle, but morphology was directly 

impacted, and absorption values and impact strength slightly increased at -45°/45° [276].  

Along with printing parameters, interlayer adhesion of deposited filaments also significantly impacts 

the mechanical properties of FDM 3D printed PLA parts. The main reason for weak interlayer bonding 

is that PLA cannot maintain enough time at melting temperature. In the FDM process, the temperature 

of PLA drops quickly after the filament is extruded. As a result, molecular chains on the interface of 

PLA are not diffused completely, and these filaments cannot be fused with the newly extruded filaments 

effectively. This effect results in anisotropic material behaviour and reduced strength caused by voids 

formed during printing [277].  

The cooling rate parameter plays a crucial role in improving interlayer bonding. If the cooling speed is 

too slow, PLA parts have poor surface quality and may also result in deformed shapes. If the cooling 

speed is too high,  molecular diffusion on the surface decreases, and the interface bond between layers 

becomes weak [278]. Researchers have studied and implemented heating of the pre-deposition layer as 

a solution to resolve the anisotropy problem caused by interface bonding between layers in FDM printed 

PLA parts [279]. 
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A synchronous and local laser heating system was proposed to heat the layered zone of PLA near the 

nozzle, as shown in Figure 25. The temperature at the interface was raised to exceed the Tg. Results 

showed that the interface diffusion of PLA molecules increased, improving the interface bond between 

layers. More than 60% improvement in strength and 100% improvement in elasticity was recorded 

[279,280]. A similar method was employed using an infrared lamp to increase the temperature at the 

interface of PLA layers. Three different experimental conditions were set, as shown in Figure 26 (a). A 

comparison of average mechanical properties is shown in Figure 26 (b). Conditions 1 and 2 show a 

significant improvement in fracture energy, whereas condition 3 shows a decline in properties. This was 

explained by the use of infrared radiation of 1 kW, which led to the degradation of the mechanical 

properties of PLA [281].  

 

Figure 25 Concept diagram of laser local pre-deposition heating method to improve interface bond of 

PLA layers in FDM 3D printing [280]. Reproduced with permission from Elsevier, license number 

5124230169886. 

The local laser pre-deposition heating and infrared preheating use external heating sources to control 

the local printing temperature, which improves the interface bonding of printed layers. This results in 

improved mechanical properties of FDM 3D printed PLA as there are low residual stresses during 

controlled cooling. However, it is essential to consider cost and complexity factors while employing 

these technologies for FDM. 
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Figure 26 a) Infrared preheating experimental setup b) variation of fracture energy for various 

preheating conditions [281]. Reproduced with permission from Elsevier, license number 

5124230347232. 

Post 3D Printing Stage  

Defects in 3D printed natural fibre-reinforced PLA composites that affect the mechanical strength are 

due to residual stresses, uneven fibre distribution, and poor bonding between fibre and matrix [57]. 

Annealing is used as a post-processing method to reduce residual stress and improve the crystallinity 

of FDM-printed PLA components. In FDM 3D printing, the polymer undergoes heating during 

extrusion from the nozzle, followed by rapid cooling, resulting in different tensile and compressive 

forces building up in the polymer structure. Annealing is a process where the material is reheated and 

held above or near its Tg and then allowed to cool slowly. This heating and prolonged cooling 

redistribute the stresses and increase the crystallinity, improving strength and stiffness [282,283]. A 

study showed that the best results in improved tensile strength were obtained when PLA was annealed 

at 80°C. However, annealing also causes deformation, leading to changes in the dimensions of the PLA 

parts depending on the grade of PLA used. To achieve accurate dimensions, deformation is a significant 

factor to be considered [284]. 
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Chapter 3: Fibre and Matrix Characterisation  

3.1 Introduction 

This chapter focuses on the characterisation of fibres (viscose, standard flax, bleached flax) and the 

PLA matrix used in this research. Two different grades of PLA were selected for two impregnation 

methods ï solution and emulsion impregnation implemented in this work. Solution impregnation 

involves dissolving PLA in an organic solvent, and PLA 2003D grade was selected for its high 

molecular weight (18,000g/mol) and mechanical properties (Tensile strength ï 60 MPa, Youngôs 

modulus ï 3.5 GPa). PL1005 grade was selected for emulsion impregnation as it was readily available 

as a water-based emulsion and could be an alternative to the toxic solvent-based impregnation method. 

Single fibre tensile testing was performed to evaluate the mechanical properties of viscose, standard 

flax, and bleached flax, to be later used to predict composite properties. Mechanical properties of PLA 

2003D and PL 1005 were also evaluated using tensile testing of filaments produced from these grades. 

TGA and DSC of both fibres and matrices were performed to understand processing temperatures and 

thermal stability. 

3.2 Materials and Methodology 

3.2.1 Materials 

Viscose (regenerated cellulose) yarns were kindly provided by Cordenka GmbH (Germany). These 

fibres have a nominal yarn count of 2440 dTex (linear density of 4.1 Nm), zero twist, and a density of 

1.5 g cmï3. Standard flax and bleached flax yarns were purchased from Jos Vanneste (Belgium) with a 

yarn count of 2083 dTex (linear density of 4.8 Nm) and a density of 1.3 g cm-3 to 1.4 g cm-3. PLA 

2003D with a specific gravity of 1.24 g cm-3 was purchased from NatureWorks®, Minnesota, USA. 

PL1005 grade emulsion, with 40 wt% PLA/water, with a nominal particle size of 5 ɛm, was provided 

by Miyoshi Oil & Fat Co., ltd, Japan. 

3.2.2 Single fibre tensile testing  

Viscose is a continuous bio-derived fibre, whereas flax is a plant fibre. The main difference between 

these fibres is that viscose is a solid fibre throughout its cross-section, and flax fibre comprises a solid 

region and the lumen, a hollow structure in the middle [285]. Flax fibres are assumed to be solid 

throughout the cross-section, and both flax and viscose fibres are assumed to have circular cross-

sections for this experiment. These assumptions enable comparison with most existing literature for 

mechanical testing of single fibres [286,287]. 

Tensile properties of viscose, standard flax, and bleached flax fibres were obtained using the single 

fibre tensile test method according to ASTM D3379 standard [288]. Single fibres were separated from 

yarns and mounted on 350 GSM paper tabs using gauge lengths of 2mm, 5mm, 7mm, and 10mm, 
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respectively. 15 samples were tested for each gauge length. Epoxy was used to mount the fibres to the 

paper tabs, and the samples were subsequently cured for 4 hours at room temperature, followed by 

conditioning in a climatic chamber at 23°C and relative humidity of 50% for 48 hours. The diameters 

of the fibres were measured using an Olympus BX60F5 (Tokyo, Japan) optical microscope. The 

diameter of each fibre was measured at five different points, and the average value was used for testing 

and calculations. Instron® 5982 UTM (universal testing machine) (Massachusetts, USA) was used to 

perform the tensile test after cutting the supporting sides of the tabs, as shown in Figure 27. A crosshead 

displacement rate of 2mm/min and a load cell of 10N was used. 

 

Figure 27 Schematic of single fibre tensile testing 

Determination of Youngôs modulus 

The determination of Young's modulus of a single fibre from tensile test data requires correction of 

displacement using the compliance correction method. The load cell of the tensile tester measures the 

load applied onto the specimen; most commonly, an extensometer or strain gauge is used to measure 

displacement. However, these tools cannot be applied to single fibres because their diameters are too 

small. Instead, displacement is read directly from the crosshead movement of the tensile testing 

machine, which includes fibre elongation and the deformations in the crosshead. The actual 

displacement of the fibres due to the compliance of the testing system can be calculated by using a 

correction factor. 

The system compliance or the correction factor (Cs) was found by choosing the viscose fibre as the 

material with known Youngôs modulus (19 GPa). The apparent compliance Ca was calculated for each 

length of single fibres tested by inverting the gradient obtained from the force vs displacement curves. 

The value obtained for Ca was extrapolated to gauge the length of zero, as shown in Figure 28, to obtain 

system compliance Cs.  
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Figure 28 System compliance of the tensile testing 

The true compliance C was then calculated as  

ὅ ὅ ὅ                                                                                                                                       (1) 

The Youngôs modulus was calculated using the equation, 

Ὁ                                                                                                                                                (2) 

where L is the specimen gauge length, C is the true compliance, and A is the average fibre cross-

sectional area. 

3.2.3 Tensile testing of matrix  

Filaments were produced from PLA 2003D and PL1005 grades for tensile testing. PLA 2003D is 

available in the form of granules which were fed to the Filabot EX2 (Vermont, USA) single screw 

extruder, and a filament of diameter 1.75 ± 0.5 mm was extruded at a temperature of 180°C. PL 1005 

is a commercial water-based emulsion which consists of PLA particles (diameter of 5ɛm) dispersed in 

water, as shown in Figure 29 (a). The emulsion was air-dried in the fume hood for 48 hours. The PLA 

powder obtained (Figure 29 (b)) was then dried in the vacuum oven for 24 hours at 30  and 3 hours at 

50. A moisture analysis was done using KERN and Sohn GmbH moisture analyser (Balingen, 

Germany) to ensure the moisture was removed entirely from the PLA powder. The analysis protocol 

involved measuring the weight loss in the powder at a temperature of 102  with an accuracy of 0.01%. 

The Filabot single-screw extruder was then used to produce the filament with an extrusion temperature 

of 190 and a diameter of 1.75 ± 1 mm. The filaments were further granulated to produce pellets of 
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4mm length using a Moretto GR knife mill (Mercer County, PA, USA). The pellets were used to 

perform a second extrusion to improve the filament diameter tolerance, as shown in Figure 29. 

Filaments produced from the second extrusion had a diameter with a tolerance of 1.75 ± 0.5 mm. Tensile 

testing of the filaments was done using an Instron® 5982 tensile tester (Massachusetts, USA) with a 5 

kN load cell using a 10 mm extensometer at a crosshead displacement of 5 mm/min. A gauge length of 

30 mm was used for filament testing. Six repeats for each material were tested, and the samples were 

conditioned in a climatic chamber at 23°C and relative humidity of 50% for 48 hours before testing. 

 

Figure 29 (a)Optical microscopy of PL 1005 emulsion (b) Production of PL 1005 filament 

3.2.4 Scanning electron microscopy (SEM) and Stereomicroscopy 

A Hitachi S-4000 field emission scanning electron microscope (Hibaraki, Japan), operated at 3 kV, was 

used to inspect the surface morphology and fracture behaviour of the fibres. The pre-dried samples were 

mounted on aluminium tabs with carbon tape and sputtered with platinum before the observation. 

3.2.4 Thermogravimetric analysis (TGA) 

Thermal properties of the reinforcements and matrix were analysed using a Perkin Elmer STA8000 

(Connecticut, USA) thermogravimetric analyser from 30 oC to 600 oC at a heating rate of 10 oC/min 

under an argon flow of 40 mL/min. 

3.2.5 Differential scanning calorimetry (DSC) 

The calorimetric measurements of PLA were recorded using a Netzsch DSC3500 Sirius differential 

scanning calorimeter (Bavaria, Germany) using aluminium crucibles from 20-200 oC at 10 oC/min with 
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a Nitrogen flow of 60 mL/min. The glass transition (Tg), melting (Tm), and cold crystallisation (Tcc) 

temperatures were obtained from the DSC scans. 

3.3 Results and Discussion 

3.3.1 Fibre Morphology 

Images of viscose, standard flax, and bleached flax are shown in Figure 30. The key distinction between 

viscose and flax yarns was that the viscose yarn had no twist, and the flax yarns were twisted. Viscose 

yarn also exhibited a characteristic smooth and uniform texture resulting from the viscose 

manufacturing process, which involves the dissolution and extrusion of cellulose [122]. Bleached flax 

was lighter in colour compared to the standard flax yarn because bleaching generally involves the use 

of chemical agents to break down and remove natural colourants, such as lignin and hemicellulose, 

present in unbleached flax fibres [289,290]. 

 

Figure 30 Images of reinforcement yarns a) Viscose b) Standard flax c) Bleached flax 

SEM images of yarns and single fibres of viscose, standard flax, and bleached flax reinforcements are 

shown in Figure 31. Viscose yarn and fibre presented a smooth, homogenous surface similar to the 

lower magnification images. Standard flax yarn and fibre displayed the presence of non-cellulosic 

substances such as pectin, lignin, and hemicellulose that hold the flax fibres together in the yarn [291ï

293]. In contrast, the bleached flax yarn and fibre images exhibit considerably lower amounts of these 

non-cellulosic materials. The bleached flax yarn also has separation between the fibres without fibre 

junctions compared to the standard flax yarn [294].  
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Figure 31 SEM images of reinforcement yarns and single fibres a) Viscose b) Standard flax c) Bleached 

flax 

3.3.2 Single Fibre Tensile Properties 

Table 12 summarises the tensile strength, Young's modulus, and elongation at the break of viscose, 

standard flax, and bleached flax fibres. The stress-strain curves of the single fibres are shown in Figure 

32. The highest tensile strength (921.6 ± 30.7) was observed for bleached flax fibres, the highest 

Young's modulus (31.8 ± 10.7) was obtained for standard flax fibres, and the highest elongation at break 

(13.2 ± 4.2) was achieved for the viscose fibres. The single fibre properties obtained in this study were 

similar to those reported in the literature for these fibres, as seen in Table 1. The Young's modulus 

observed for the flax fibres compared to literature values was slightly lower, which can be attributed to 

regional and processing variations. Differences in soil, climate, and agricultural practices affect fibre 

properties, and specific processing methods such as retting and scutching also impact the mechanical 

performance [295]. 

 As mentioned earlier in the literature review (chapter 2), viscose fibres have a cellulose II structure 

compared to the cellulose I structure of flax fibres. The main difference between these two structures is 

that cellulose I contains parallel chains without intersheet hydrogen bonding, and cellulose II contains 

anti-parallel chains with intersheet hydrogen bonding, which affects the degree of polymerisation and 
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crystallinity of these fibres [124,125,296,297]. The degree of polymerisation of cellulose II is only 400-

700 compared to 5000-10000 for cellulose I. Longer polymer chains provide a more continuous and 

stronger structure, contributing to better load-bearing capabilities, and this is one of the reasons standard 

flax and bleached flax have higher tensile strength and modulus compared to viscose [297]. A higher 

degree of polymerisation often leads to increased crystallinity, high tensile strength and low elongation 

at break in cellulose fibres. This is because high crystallinity means the inter-chain hydrogen bonding 

is more significant, and the polymer chains are closer together, increasing the force required for 

Brownian motion [298]. Viscose has lower crystallinity [299] than other regenerated cellulose fibres 

and plant fibres, which explains the higher elongation at break but lower tensile strength for these fibres 

[300ï302].   

Table 12 Tensile properties of single fibres 

Fibre Tensile 

Strength (MPa) 

Young's 

Modulus 

(GPa) 

Elongation at 

break (%) 

Viscose 724.2±187.8 22.8±5.9 13.2±4.2 

Standard Flax 821.3±287.6 31.8±10.8 2.8±1 

Bleached Flax 921.6±320.2 30.7±12.2 3.3±1.6 

 

 

Figure 32 Stress vs strain curves of viscose, standard flax, and bleached flax single fibres. 

Mechanical properties of cellulose fibres such as viscose and flax can vary significantly due to the 

higher probability for weaker parts as the length of fibre sections tested increases [303]. As explained 

earlier, this size-dependent behaviour of brittle materials can be explained using Griffith's weakest link 

theory [303]. As the gauge length increases, the number of areas with thinner places in the fibre 
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increases, and it has been shown in the literature that fibre failures tend to occur at the position of 

minimum diameter [304]. Figures 33,34, and 35 show box plots to highlight the tensile properties 

obtained for each gauge length tested and a decrease in tensile properties was observed with an increase 

in gauge length for all the fibres. Weibull's statistics is a commonly used method for statistical size 

effects. Bast fibres such as flax are often analysed using Weibull statistics, and an apparent decrease in 

tensile properties was observed with an increase in fibre volume in multiple studies [305ï308]. 

Regenerated cellulose fibres such as viscose have also been analysed using Weibull statistics by 

multiple authors in the recent past [309ï311]. It was observed that a fair agreement between Weibull 

strength and experimental data was found at higher sample numbers [311]. A Weibull statistical analysis 

has not been done on the results obtained in this experiment, as a small sample size was used. The 

current goal was to understand the relationship between the structure and properties of reinforcements 

and predict the influence of reinforcements on PLA biocomposites.  
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Figure 33 Box plot of tensile properties of viscose single fibres a) Tensile strength b) Young's modulus              

c) Elongation at break 
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Figure 34 Box plot of tensile properties of standard flax single fibres a) Tensile strength b) Young's 

modulus c) Elongation at break 
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Figure 35 Box plot of tensile properties of bleached flax single fibres a) Tensile strength b) Young's 

modulus c) Elongation at break 
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3.3.3 Tensile Properties of Matrix  

A comparison of experimental and supplier-provided tensile properties [312,313] of PLA 2003D and 

PL1005 is given in Table 13. The values from the supplier-provided data sheets are highlighted in 

parentheses. The experimental properties obtained for PLA 2003D were similar to the supplier-provided 

values. The experimental tensile strength obtained for PL1005 was significantly higher than the 

supplier-provided value. This is because of the difference in material processing and testing. According 

to the technical data sheet, the tensile strength of PL1005 was obtained by testing a PLA sheet obtained 

from drying the emulsion at 180°C. The experimental tensile strength of PL1005 was obtained in this 

research after extracting the PLA powder from the emulsion, producing filaments, and performing the 

tensile strength. Although the tensile strength of PL1005 obtained experimentally differed from the 

supplier-provided value, it was similar to the experimentally obtained value in the literature [314].  

Table 13 Properties of PLA 2003D and PL1005 (supplier-provided values are highlighted in 

parentheses; NA ï not available) 

Material  Tensile strength 

(MPa) 

Young's modulus 

(GPa) 

Elongation at 

break (%) 

PLA 2003D  59.8±3.1 (60) 3.7±0.8 (3.5) 3.9±0.6 (6) 

PL1005 49.2±4.4 (10) 2.9±0.2 (NA) 3.5±0.9 (NA) 

 

3.3.4 Fracture Surface Analysis of Single Fibres and Matrix 

SEM images of fracture surfaces of tensile-tested single viscose, standard flax, and bleached flax fibres 

are shown in Figures 36 (a), 36 (b), and 36 (c), respectively. SEM image of viscose fibre revealed a 

brittle fracture surface without any signs of necking or pulling, similar to what was observed in the 

literature [311]. SEM fracture surface images of standard flax and bleached flax fibres show a complex 

failure mechanism at the microscale. Firstly, on the outer surface, the fibres tend to break in a brittle 

manner across the width (transverse failure). Secondly, within the fibres, splitting occurs along the 

length of microfibrils. Literature suggests that this type of failure mechanism in flax fibres is governed 

by both surface and internal defects [90,315].  
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Figure 36 SEM images of fracture surfaces of single fibres a) viscose b) standard flax c) bleached flax 

SEM images of fracture surfaces of PLA 2003D and PL 1005 are shown in Figures 37 (a) and 37 (b), 

respectively. The fracture surface of PLA 2003D shows a smooth and brittle type of failure, resembling 

the findings reported in the literature [316ï319]. PL 1005, on the other hand, displayed porosity along 

with the typical brittle fracture associated with PLA. PL 1005 was obtained as an emulsion, which was 

dried to get the powder and further melted and extruded into pellets, from which filament extrusion was 

done, as explained in section 3.2.3. The porous nature of PL 1005 could be due to the release of air or 

trapped residual elements released during the extrusion of the filament [320]. The rate of extrusion and 

cooling could also influence the porosity of the filament. A slower extrusion rate has been proven to 

reduce voids in the literature. However, degradation of the polymer was observed at slower extrusion 

rates, due to which it could not be reduced after a certain extent [321,322].  
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Figure 37 SEM images of fracture surfaces of a) PLA 2003D b) PL1005 

3.3.5 Thermal Properties of Matrix and Reinforcements 

The TGA and DTG plots of viscose, standard flax, and bleached flax can be seen in Figures 38 (a) and 

38 (b). The thermal decomposition behaviour of these bio-derived fibres is characterised by two stages 

ï slow pyrolysis and fast pyrolysis [323]. The slow pyrolysis stage is associated with moisture release 

and is observed between 50 oC to 250 oC. The fast pyrolysis stage occurs from 250 oC to 350 oC and is 

associated with the decomposition of cellulose. 

 

Figure 38 (a) TGA and (b) DTG of standard flax, bleached flax, and viscose fibres 

The differences in decomposition profiles and thermal stability between flax and viscose are apparent 

from the TGA and DTG curves. The cellulose I structure of flax has higher intermolecular bonding and 

crystallite size compared to the cellulose II structure of viscose. Therefore, flax has higher thermal 

stability than viscose due to more ordered and packed cellulose regions [324]. The onset temperature 

for the standard and bleached flax fibres was 334 oC and 276 oC for the viscose fibres. The values for 

all the reinforcements were similar to those presented in the literature [325,326]. Although not seen 

here,  treated flax fibres have been seen to display slightly improved thermal stability, considered to be 

due to increased crystallinity [326ï328]. The absence of improvement in thermal stability could be due 

to the process followed by the manufacturer to bleach the fibres. Hydrogen peroxide and chlorine 
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bleaching are the most commonly used bleaching methods for flax fibres  [329ï332]. Commercial 

bleaching methods like these primarily focus on achieving lighter colours and improving the 

crystallinity of flax fibres. While no changes may be observed in the thermal stability of flax following 

the bleaching process, an improvement in tensile properties was observed, as mentioned earlier, and an 

increase in crystallinity and surface roughness has also been mentioned as the effects of bleaching in 

the literature [330ï333].  

Figures 39 (a) and 39 (b) show the TGA and DTG curves of PLA 2003D and PL1005. The onset and 

decomposition temperatures of both PLA grades are given in Table 14. PL 1005 displays a higher 

decomposition temperature than PLA 2003D. PL 1005 also displays higher residue content than PLA 

2003D, which could be due to some residual chemicals from the production of PL1005 emulsion. The 

thermal degradation behaviour of PLA usually depends on the molecular weight and crystallinity [334]. 

The molecular weight of both PLA grades, as obtained from the manufacturers, is almost similar 

(around 180000 g/mol), so the crystallinity of these PLA grades needs to be studied further using DSC 

to understand the differences in behaviour. However, TGA results support that both the PLA grades 

should be stable in the intended processing temperature range of 190 oC to 220 oC. 

Table 14 Onset and decomposition temperatures of PLA 2003D and PL1005 

Material  Tonset (oC) Tdecomp (oC) 

PLA 2003D 295.0 347.5 

PL1005 286.2 372.4 

DSC thermograms of PLA 2003D and PL 1005 are shown in Figure 39 (c). Tg, Tm, Tcc, and degree of 

crystallinity Xc are given in Table 15. Crystallisation occurred in the PLA 2003D sample between 106 

oC and 137 oC, with a peak temperature of 123 oC. Crystallisation enthalpy æHc was calculated as -

21.61J/g based on the exotherm heat flow. The degree of crystallinity Xc was calculated to be 0.48% 

using 93J/g as the melting enthalpy of PLA of infinite crystal size. The DSC results of PLA 2003D 

were similar to what has been reported in the literature [335]. There was no melting or crystallisation 

peak observed for PL1005, indicating its amorphous nature. The DSC thermogram of PL1005 is similar 

to those reported for fully amorphous PLA grades with more than 10ï12% D-isomer contents [336,337]. 

Amorphous PLA tends to have lower strength and higher elongation at break than semi-crystalline PLA, 

which also agrees with the tensile test results. 
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Figure 39 a) TGA of PLA 2003D and PL1005 b) DTG of PLA 2003D and PL1005 c) DSC of neat PLA 

2003D and PL1005 

Table 15 Summary of DSC results for neat PLA 

Material  Tg (oC) Tm (oC) Tcc (oC) Xc (%) 

PLA 2003D 63.1 151.2 123.3 0.48 

PL1005 64.2 - - - 

 

3.4 Conclusions 

The raw materials used to develop bio-derived fibre-reinforced composites were characterised in this 

chapter. Tensile test results of single fibres of standard flax, bleached flax, and viscose fibres fitted 

within the expected range compared to literature values. Viscose fibres demonstrated an average tensile 

strength of 724.2 MPa, a Young's Modulus of 22.8 GPa, and an elongation at break of 13.2%. Standard 

flax fibres exhibited an average tensile strength of 821.3 MPa, a Young's Modulus of 31.8 GPa, and an 

elongation at break of 2.8%. Bleached flax fibres displayed the highest average tensile strength at 921.6 
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MPa, a Young's Modulus of 30.7 GPa, and an elongation at break of 3.3%. The data indicates that 

bleached flax possesses the highest tensile strength among the tested fibres, while viscose exhibits the 

highest elongation at break. Out of the two grades of PLA tested, the semi-crystalline PLA 2003D grade 

displayed better tensile properties than the amorphous PL1005. TGA of fibres and matrices was done 

to obtain stable temperature ranges for processing the materials. Both bio-derived reinforcement and 

matrix were stable up to 250 oC. DSC of PLA 2003D and PL1005 revealed their semi-crystalline and 

amorphous natures, respectively. 
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Chapter 4: Long/Continuous Bio-Derived Fibre Reinforced PLA 

Composite Filaments Produced by Solution Impregnation 

4.1 Introduction  

In this chapter, the process of solution impregnation and the resulting properties are detailed. As 

mentioned earlier, achieving good interfacial adhesion is crucial to producing high-performance 

composites. The impregnation process was optimised to achieve the best possible fibre wetting to 

support interfacial adhesion. The solution impregnation process development, effect of impregnation 

parameters, resulting mechanical properties, and SEM of fracture surfaces are included in detail. 

4.2 Materials 

Viscose, flax, and bleached flax fibre yarns mentioned in Chapter 3 were used as reinforcements. PLA 

2003D grade was used for preparing the PLA solution. Dichloromethane (DCM) supplied by Sigma 

Aldrich (New Zealand) was used as a solvent. 

4.3 Methods 

4.3.1 Solution Impregnation and Consolidation 

Impregnation: The process started with vacuum drying PLA at 45 oC for four hours and the yarns at 

100 oC for 24 hours. The next step was to prepare PLA solution by dissolving the desired concentration 

of PLA in DCM for at least 4 hours. Initially, a single impregnation bath was used, as shown in Figure 

40, which was later updated to have two baths in tandem, as shown in Figure 41. Two different 

concentrations of PLA solution were used for six different formulations, including single and tandem 

impregnation systems, as summarised in Table 16.  

A yarn spooler was used to feed the yarn directly to the impregnation bath (manufactured at the 

University of Waikato, New Zealand), which consisted of squeezing rollers. Wing nuts were used to 

adjust the squeezing rollers in the impregnation bath, ensuring the gap was just wide enough for the 

impregnated yarn to pass through. The solution in the impregnation bath is kept agitated using a 

magnetic stirrer. Rollers in the impregnation bath enable the splaying of fibres, thereby increasing the 

chances of wetting through the thickness of the yarn. The excess resin is removed by passing through a 

1mm diameter nozzle at the exit of the impregnation bath. The impregnated filament passes through the 

solvent evaporation zone and is collected onto the winding mandrel. The solvent was evaporated by 

using heated air from two blow dryers. If the SEM results show that the matrix was homogeneously 

dispersed within the yarn, the filament is approved for consolidation. If the matrix dispersion in the yarn 

is poor or limited to the edges, another impregnation cycle is run, and the process is repeated until the 
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desired impregnation is achieved or no further improvement is observed after a certain number of 

cycles.  

 

 

Figure 40 Solution impregnation process with a single impregnation bath 

 

Figure 41 Solution impregnation process with two impregnation baths in tandem. 

 

Table 16 Solution impregnation formulations 

Serial No Solution Impregnation Formulation  

1 10wt% x1 ï Single impregnation cycle with 10wt% PLA/DCM solution 

2 10wt% x2 ï two single impregnation cycles with 10wt% PLA/DCM solution 

3 7wt% x2 ï two single impregnation cycles with 7wt% PLA/DCM solution 

4 7wt% x3 ï three single impregnation cycles with 7wt% PLA/DCM solution 

5 7wt% x1 (tandem) ï one tandem impregnation cycle with 7wt% PLA/DCM solution 
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6 7wt% x2 (tandem) ï two tandem impregnation cycles with 7wt% PLA/DCM solution 

 

Consolidation: The impregnated yarn undergoes consolidation to enhance the bonding between the 

matrix and fibre and eliminate voids. The impregnated filament is dried at 80°C in a vacuum oven for 

six hours and passed through a heated consolidation die. The dimensions of the consolidation die, and 

the calculation of the exit nozzle area are shown in Figure 42. The entrance and exit of the die are 

tapered to prevent void formation, and the temperature of the die is between 210 oC to 215 oC. 

 

Figure 42 Consolidation process of impregnated filaments 

4.3.2 Optical Microscopy 

Optical microscopy images of cross-sections of consolidated filaments after each impregnation 

formulation were captured using an Olympus BX53 microscope. The samples for microscopy were 

prepared by manually mounting the samples in a silicon mould and pouring the epoxy resin into the 

mould. Specimens were removed from the mould after 24 hours of curing at room temperature and then 

ground and polished to reveal the cross-sections of the filaments. The embedded composite filaments 

can be seen in Figure 43. A series of rough and fine abrasive papers starting from 320 followed by 500, 

1000, 2000 and 4000 grit were used for grinding. Polishing was performed using a Tegramin-25 auto-

polishing machine and OP-U oxide polishing suspension supplied by Struers. 
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Figure 43 Composite filaments mounted in epoxy resin for optical microscopy. 

4.3.3 Porosity and Reinforcement Weight Percentage Analysis 

The porosity of the composite filaments was estimated using ASTM D792 standard. In this method, 

experimental and theoretical densities of the composite filament are used to determine the porosity. The 

experimental density of the composite filament can be found by using Archimedesô principle given by 

equation 1[338]. 

” ”z                                                                                                       (1) 

”  is the experimental density of the composite filament sample. ὓ  is the mass of the composite 

filament in air, ὓ  is the mass of the composite filament in water, ”  is the density of water. 

Theoretical calculation of the density of the composite filament can be done using the rule of mixtures 

given by equation 2 [339]. 

”  ”ὠ ”ὠ                                                                                                       (2) 

”  is the theoretical density of the composite sample. ”ȟ”  are the densities of fibre and matrix, 

respectively, and ὠȟὠ  are the volume fractions of fibre and matrix, respectively. The theoretical 

density of the PLA matrix (1.24 g/cm3) and viscose fibres (1.5 g/cm3) was provided by the supplier, 

whereas the densities of the flax fibres (1.4 g/cm3) [340] were obtained from literature because the 

supplier data did not include the information. 

Using the theoretical and experimental values of composite density, the porosity percentage can be 

evaluated using equation 3 [341]. 

Ϸ ὴέὶέίὭὸώ  ” ɀ ”   ”   ρππϷ                                                                                (3) 
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A weight analysis was performed to evaluate the amount of PLA impregnated into the yarns. Five 

sections of 1 metre each were selected for each reinforcement and impregnation method to perform this 

analysis. Each section was individually weighed in a dry state before and after impregnation. The 

recorded weights were used to calculate reinforcement percentages. 

4.3.4 Tensile Testing 

The tensile properties of the composite were evaluated both theoretically and experimentally.  

Theoretical calculation of tensile strength and Youngôs modulus in the longitudinal direction of the 

composite will be calculated using the rule of mixtures equations below: 

ůl = ům(1-Vf) + ůfVf                                                                                                                                                      (4) 

Where ůl is the tensile strength in the longitudinal direction, ůmô is the stress in the matrix at fibre failure, 

ůf is the ultimate tensile strength of the fibre, and Vf is the fibre volume fraction. 

El = Em(1-Vf) + EfVf                                                                                                                                                      (5) 

El is Youngôs modulus in the longitudinal direction, Em is Youngôs modulus of the matrix, Ef is Youngôs 

modulus of the fibre, and Vf is the fibre volume fraction [342]. 

Experimental tensile testing of the composite filaments was conducted by mounting the composite 

filaments in 3D printed tabs. These tabs were designed to have a groove with a diameter of 0.5 mm, as 

shown in Figure 44 (a). A commercial neat PLA filament was used for 3D printing of the tabs. The 

composite filament was placed in the groove, and epoxy was used to seal two tabs together with the 

filament in the centre. An adhesive tape was used to hold the tabs together until the epoxy was cured, 

as shown in Figure 44 (b). The specimens were cured for 24 hours under a pressure of 0.5 tons using a 

hydraulic press at room temperature. The cured samples were conditioned in a climatic chamber (Binder 

GmbH, Model KMF 115, Tuttlingen, DE) for 48 h at 23 ÜC and 50% relative humidity before testing. 

An Instron® (model 5982) universal testing machine with a 500 N load cell was used. The diameters 

of the filaments were measured using an Olympus BX60F5 optical microscope. The diameter of each 

filament was measured at five different points, and the average value was used for testing and 

calculations. All the samples were tested at a 5 mm/min crosshead displacement rate and a gauge length 

of 30 ± 2 mm.  
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Figure 44 a) Dimensions of the tensile testing tab b) Mounting of composite filament using 3D printed 

tabs. 

4.3.5 SEM of Fracture Surfaces 

A Hitachi S-4000 field emission scanning electron microscope, operated at 3 kV, was used to inspect 

the cryofracture surfaces of impregnated and consolidated filaments and the fracture behaviour of the 

composite filaments. The samples were mounted on aluminium tabs with the help of carbon tape and 

sputtered with platinum before the observation, similar to the method described in section 3.2.4. 

4.4 Results and Discussion  

4.4.1 Assessment of Impregnation and Consolidation Process 

The impregnation process is aimed at achieving the wetting of fibres in the yarn by PLA. A 

homogeneous filling of the yarn is essential to achieve wetting of all the fibres in the yarn. Multiple 

formulations were tested to find the optimum impregnation parameters. The first impregnation cycle 

was performed using a 10wt% PLA/DCM solution. PLA/viscose filaments displayed a homogenous 

distribution of polymer when compared to the PLA/standard flax and PLA/bleached flax filaments, 

which displayed pooling of polymer at the edges of the filament and little to no polymer at the centre, 

as shown in Figure 45. The twisted nature of flax yarns could be the reason for the lack of polymer 

reaching the centre of the filament. However, mechanical interlocking between the polymer and the 

fibre appeared higher for PLA/standard flax and PLA/bleached flax filaments than for the PLA/viscose 

filament, as highlighted by yellow arrows in Figure 46. This could be due to the rougher surface of the 

flax fibres creating more sites for mechanical interlocking compared to the smooth viscose fibres. 

Polymer content within the filament was noticeably low in all three filaments, which created empty 

spaces or voids within the filament.  



95 
 

 

Figure 45 SEM images of cryofracture surfaces of impregnated and consolidated filaments using 

10wt%x1 formulation a) PLA/viscose b) PLA/standard flax c) PLA/bleached flax. 

 

Figure 46 SEM images of cryofracture surfaces depicting mechanical interlocking between PLA and 

fibres a) PLA/viscose b) PLA/bleached flax as an example of solution impregnation. 
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A second impregnation cycle was performed using the same parameters to improve the uptake of 

polymer into the yarns and promote further wetting. A slight increase in polymer content was observed 

for all three filaments, but a significant improvement could not be seen in polymer distribution within 

the PLA/standard flax and PLA/bleached flax filaments.  

The viscosity of the PLA/DCM solution was reduced to 7wt% to help the polymer reach the centre and 

improve fibre wetting. The formulation with two impregnation cycles performed with 7 wt% PLA/DCM 

solution improved wetting central fibres for PLA/standard flax and PLA/bleached flax filaments. 

However, voids were still prominent in all three filaments due to lower polymer content (SEM images 

of cryofracture surfaces of all formulations after impregnation and consolidation are given in Appendix 

1). So, a third cycle was performed to enhance the polymer uptake. While a noticeable difference could 

not be observed for PLA/viscose filaments, PLA/standard flax and PLA/bleached flax filaments 

displayed an improvement in polymer penetration to the centre of the yarn and reduction in voids, 

especially after consolidation, as shown in Figure 47.  

 

Figure 47 SEM images of cryofracture surfaces of impregnated and consolidated filaments using 

7wt%x3 formulation a) PLA/viscose b) PLA/standard flax c) PLA/bleached flax. 

Further, a tandem impregnation method was implemented where two impregnation baths were used in 

tandem. Samples were prepared with 7 wt% PLA/DCM solution at one and two tandem impregnation 
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cycles. It was observed that the samples with three single impregnation cycles (7wt%x3) and two 

tandem impregnation cycles (7wt%x2 (tandem)) had the highest polymer content and homogeneous 

polymer distribution compared to all the other formulations.  

Optical microscope images of consolidated filaments of all solution impregnation formulations of 

PLA/viscose, PLA/standard flax, and PLA/bleached flax can be seen in Figures 48, 49, and 50, 

respectively. The cross-sectional views of the filaments display an irregular shape and porosity due to 

voids. These voids are classified into impregnation, interface, and fibre porosity, as highlighted in 

Figure 51 [343]. Voids caused by impregnation porosity appear dominantly in all the filaments in the 

form of cracks. Insufficient polymer impregnation is the cause of these crack-like voids. Interface 

porosity, on the other hand, is caused due to poor interfacial adhesion and was observed to be more 

dominant in PLA/viscose filaments [343]. Fibre porosity is related to the porosity due to the lumen of 

the bio-derived fibre. Since viscose fibres do not have a lumen, this is observed only for standard flax 

and bleached flax reinforced filaments. 

 

Figure 48 Optical microscope images of consolidated filaments for different formulations ï 

PLA/viscose 
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Figure 49 Optical microscope images of consolidated filaments for different formulations - 

PLA/standard flax 

 

Figure 50 Optical microscope images of consolidated filaments for different formulations - 

PLA/bleached flax 
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Figure 51 Types of porosities observed in optical microscope images of consolidated filaments. 

Impregnation and interface porosity in the PLA/viscose filaments did not change significantly with 

multiple cycles. In contrast, PLA/standard flax and PLA/bleached flax filaments display a reduction in 

impregnation porosity and improvement in polymer distribution with an increasing number of 

impregnation cycles and a reduction in viscosity. In literature, impregnation and interface porosity were 

reported in flax yarn reinforced filaments produced from melt and solution impregnation techniques 

[37,217,344][206]. An increase in consolidation pressure (>1.5 MPa) using compression moulding 

displayed a reduction in porosity and an improvement in tensile strength and modulus in solution-

impregnated flax composites [345,346].  

The irregular shape of the filaments is assumed to be related to the low polymer content in the filaments. 

During the consolidation process, a circular-shaped nozzle is used. However, in the filaments with less 

polymer content, the shape of the filament could be affected by the absence of enough polymer to form 

the circular shape. It can be observed from the optical microscope images that the filaments with 

multiple impregnation cycles develop a more circular shape due to higher polymer content. 

4.4.2 Porosity and Reinforcement Weight Percentage Analysis 

The percentage of reinforcement by weight and porosity for all the formulations of solution 

impregnation are given in Table 17. The results agreed with the microscope image analysis, where the 

amount of polymer in the filament has increased with an increase in the number of impregnation cycles. 

The porosity percentage was higher than 15% in formulations with lower than 25% polymer content. 

The lowest porosity values were recorded for 7wt%x2 (tandem) formulation with 8.0±3.2 % for 
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PLA/Viscose, 7.2±2.1 for PLA/standard flax, and 6.2±3.1 for PLA/bleached flax composite filaments. 

A significant difference was not observed for single impregnation and tandem formulations, as seen in 

Table 17 for 7wt%x2 and 7wt%x1(tandem) formulations where average reinforcement and porosity 

percentages were similar.  The general trend observed was that the porosity percentage decreased as the 

polymer content increased, similar to what was reported in the literature. An increase in porosity (> 

6.8%) in flax yarn reinforced composites with a high fibre content (>50 wt%) was reported in the 

literature [347,348]. An experimental model based on unidirectional flax composites showed that 

porosity content in flax fibre/thermoplastic composites increases significantly above a fibre wt % of 

61%, and the optimum combination of low porosity and high fibre wt% is around 61% [343].  

Table 17 Fibre and polymer weight percentage and porosity percentage of composite filaments 

produced using solution impregnation and consolidation method. 

Solution 

impregnation 

formulation  

Composite 

Filament 

Weight % of 

Reinforcement 

Weight % of 

Polymer 
Porosity (%) 

10wt%x1 

PLA/Viscose 76.8±0.2 23.2 ± 0.2 19.8±1.8 

PLA/Standard flax 82.1±1.5 17.9 ± 1.5 17.9±3.7 

PLA/Bleached Flax 77.8±0.2 22.2 ± 0.2 14.5±4.6 

  

10wt%x2 

PLA/Viscose 63.2±0.9 36.8 ± 0.9 20.2±2.4 

PLA/Standard flax 73.80±0.2 26.20 ± 0.2 15.0±4.5 

PLA/Bleached Flax 72.2±1.2 27.8 ± 1.2 14.9±4.2 

   

7wt%x2 

PLA/Viscose 65.5±2.0 34.5 ± 2.0 14.2±4.5 

PLA/Standard flax 74.20±0.2 25.80 ± 0.2 19±3.5 

PLA/Bleached Flax 74.80±1.4 25.20 ± 1.4 12.8±9.3 

  

7wt%x3 PLA/Viscose 68.1±0.6 31.9 ± 0.6 9.5±3.6 
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PLA/Standard flax 66.7±0.3 33.3 ± 0.3 8.0±2.4 

PLA/Bleached Flax 64.3±0.1 35.7 ± 0.1 6.5±3.7 

  

7wt%x1 (tandem) 

PLA/Viscose 70.8±0.6 29.2 ± 0.6 14.7±2.6 

PLA/Standard flax 72.2±0.4 27.8 ± 0.4 16.6±3.5 

PLA/Bleached Flax 69.2±0.2 30.8 ± 0.2 13.3±8.4 

  

7wt%x2 

(tandem) 

PLA/Viscose 64.3±1.0 35.7 ± 1.0 8.0±3.2 

PLA/Standard flax 62.1±0.3 37.9 ± 0.3 7.2±2.1 

PLA/Bleached Flax 60±0.2 40 ± 0.2 6.2±3.1 

 

4.4.3 Tensile Properties of Composite Filaments 

A summary of experimental and theoretical tensile properties of composite filaments produced from 

different formulations of solution impregnation and consolidation is given in Table 18. The theoretical 

tensile properties calculated using the rule of mixtures formulae are highlighted in parentheses for 

comparison. Theoretically, the tensile properties of a composite increase with the increasing fibre 

content because the reinforcing fibres typically have higher properties than the matrix, and the 

calculations assume that there are no defects or voids within the composite. The experimentally 

obtained tensile properties for PLA/standard flax and PLA/bleached flax varied significantly from the 

theoretical values. This could be attributed to the high linear density of bleached flax yarns, which leads 

to a high twist and reduced mechanical properties in the composite. The linear density of bleached flax 

yarns used in the present study is 2083 dtex, corresponding to an approximate twist angle of  17º 

according to the mathematical model for the effect of increasing yarn linear density (tex) on yarn 

structure presented by Darshil et al. The study also reported a decrease of composite tensile strength by 

approximately 50% at a twist angle of 17º for flax yarn reinforced composites, which aligns with the 

results obtained in the current study [349]. Interestingly, the experimental properties obtained for 

PLA/standard flax and PLA/bleached flax composites with low polymer content formulations 

(10wt%x1, 10wt%2, 7wt%x2) were similar to the literature values reported for tensile properties of flax 

yarns. This is because the tested specimen behaved like the textile yarn rather than the composite, which 
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points towards inadequate wetting and poor interfacial adhesion [315,350,351]. For PLA/standard flax 

and PLA/bleached flax filaments, as the polymer content increased, an increase in experimental tensile 

properties was observed until an optimum point was reached for 7wt%x3 and 7wt%x2 (tandem) 

formulations, where a further reduction in fibre content started to have a negative effect on the 

properties. On the other hand, PLA/viscose composites did not display significant differences in 

polymer content or tensile properties with an increase in the number of impregnation cycles and changes 

in solution viscosity. This was because the viscose yarn does not have any twist and, therefore, does not 

require additional cycles to push the polymer into the centre of the yarn. 

The experimental results were consistent with the porosity analysis, where the formulations with lower 

porosity exhibited higher tensile properties, especially for PLA/standard flax and PLA/bleached flax. 

Increasing the number of impregnation cycles resulted in increased polymer content in the filament and 

increased possible sites of mechanical interlocking. Among the formulations, the highest tensile 

strength is observed in the 7wt%x3 formulation with PLA/bleached flax (356.1±6.8 MPa), the highest 

Youngôs modulus was obtained for the 7wt%x2 (tandem) formulation with PLA/bleached flax 

(17.6±0.8 GPa), and the highest elongation at break was obtained for the 10wt%x2 formulation with 

PLA/viscose (15.6±3.2) as can be seen in Table 18. The stress-strain curves of these filaments are shown 

in Figure 52. The elongation at break of PLA/viscose filaments is noticeably higher than the single 

viscose fibres, and the reason for this could be the sliding of fibres within the filament due to separation 

caused by reduced fibre diameter during tensile testing. Viscose fibres tend to reduce more in diameter 

than flax fibres upon tensile testing, which can cause separation and sliding of fibres, resulting in higher 

elongation at break values. Figure 53 shows the difference between the diameters of standard flax and 

viscose single fibres before and after the tensile test to highlight the viscose fibre diameter reduction. 

 

Figure 52 Stress-strain curves of composite filaments produced using solution impregnation. 
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Figure 53 Analysis of percentage reduction in (a) viscose and (b) bleached flax fibre diameters. 

Table 18 Tensile properties of composite filaments produced from solution impregnation and 

consolidation method. The values highlighted in parentheses are theoretically calculated using the rule 

of mixtures. 

Solution 

impregnation 

formulation  

Composite 

Filament Weight % of 

Reinforcement 

Tensile 

Strength (MPa) 

Youngôs 

Modulus 

(GPa) 

Elongation 

at break (%) 

10wt%x1  PLA/Viscose 

76.8±0.2 

230.6±16.1 

(546.4) 

6.7±0.4 

(17.7) 

10.7±1.6 

PLA/Standard 

flax 82.1±1.5 

219.6±19.9 

(665.9) 

6.5±1.4 

(26.1) 

4.0±1.2 

PLA/Bleached 

Flax 77.80±0.2 

215.9±12.8 

(706.2) 

7.3±3.2 (24) 4.2±1.4 

 

10wt%x2 PLA/Viscose 

63.2±0.9 

235.3±10.1 

(449.8) 

7.2±1.7 

(14.9) 

15.6±3.2 
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PLA/Standard 

flax 73.80±0.2 

211.1±14.2 

(598.2) 

9.6±1.1 

(23.6) 

3.4±0.7 

PLA/Bleached 

Flax 72.2±1.2 

219.6±28.1 

(654.5) 

8.5±2.1 

(22.3) 

4.1±0.4 

  

7wt%x2 PLA/Viscose 

65.5±2.0 

230.8±24.6 

(483.7) 

7.9±1.5 

(15.9) 

15.4±2.5 

PLA/Standard 

flax 74.20±0.2 

270.5±20.8 

(601.2) 

11.0±2.0 

(23.7) 

2.7±0.1 

PLA/Bleached 

Flax 74.80±1.4 

293.1±28.0 

(677.8) 

10.6±1.2 

(23.1) 

4.1±0.6 

 

7wt%x3 PLA/Viscose 

63.1±0.6 

233.8±16.2 

(444.5) 

7.5±1.2 

(14.8) 

12.4±2.3 

PLA/Standard 

flax 66.7±0.3 

351.7±21.6 

(540.3) 

12.3±1.3 

(21.4) 

3.5±0.2 

PLA/Bleached 

Flax 64.3±0.1 

356.1±6.8 

(582.1) 

11.6±1.8 

(20.1) 

4.2±0.4 

 

7wt%x1 

(tandem) 

PLA/Viscose 

70.8±0.6 

245.1±7.6 

(502.9) 

6.9±1.5 

(16.4) 

12.9±1.8 

PLA/Standard 

flax 72.2±0.4 

298.1±13.8 

(584.5) 

11.8±2.2 

(23.1) 

3.4±0.2 

PLA/Bleached 

Flax 69.2±0.2 

302.7±11.3 

(626.9) 

10.4±2.8 

(21.5) 

3.8±0.3 
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7wt%x2 

(tandem) 

PLA/Viscose 

64.3±1.0 

233.0±8.1 

(457.1) 

7.3±1.0 

(15.1) 

14.8±1.2 

PLA/Standard 

flax 62.1±0.3 

344.8±9.2 

(503.8) 

15.3±2.6 

(20.1) 

3.2±0.4 

PLA/Bleached 

Flax 60±0.2 

326.1±15.5 

(544.2) 

17.6±0.8 

(18.9) 

3.2±0.3 

 

Multiple studies have reported the 3D printed composite properties, but the characterisation of the 

filament has not been focused on widely, and only two studies in the literature have reported filament 

characterisation for long/continuous bio-derived fibre reinforced composites [352][198]. However, as 

a composite, the highest tensile strength obtained in this study (356.1±6.8 MPa with 64.3 fibre wt% for 

PLA/bleached flax) is the highest reported tensile strength for PLA/flax composites when compared to 

the existing literature [29,57][217]. As mentioned earlier, the highest Youngôs modulus obtained in the 

current study was for 7wt%x2 (tandem) formulation for PLA/bleached flax composite with a value of 

17.6±0.8 GPa. Higher Youngôs modulus values have been reported in the literature (Table 7) for lower 

reinforcement percentages than in the present study, which could be due to the negative effect of high 

twist, as explained earlier. A common trend of using a low-twist flax yarn was also emphasised in recent 

works that reported high Youngôs modulus values [198,206].  The highest tensile strength (245.0±7.6 

MPa with 64.3 wt% fibre for 7wt%x1 (tandem) formulation) and Youngôs modulus (7.9±1.5 MPa with 

71.5 wt% fibre for 7wt%x2 formulation) obtained for PLA/Viscose composites in this study are also 

the highest reported values compared to all the PLA/viscose fibre reinforced composites in literature 

[73,135,349,353ï358] [73] [135,353,354] [355ï357] [358]. 

4.4.4 Fracture Surface Analysis of Composite Filaments 

Cross-sectional views were not available for PLA/viscose samples as the failure occurred due to the 

separation and pull-out of fibres with some of the filament intact, as shown in Figure 54. So, the SEM 

images of the failure surface were captured instead of the cross-sectional view, as shown in Figure 55. 

SEM images of fracture surfaces of PLA/standard flax and PLA/bleached flax filaments are shown in 

Figures 56 and 57, respectively. Similar to the trend in tensile properties for PLA/viscose filaments, a 

significant difference was not observed in the failure surfaces. The 7wt%x2 (tandem) formulation 

displayed slightly higher polymer content than the others. All the PLA/viscose failure surfaces showed 

a combination of debonding and fibre pullout. The areas of polymer debonding and the presence of 

polymer in the form of strings have been highlighted by yellow arrows in the SEM images. 
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Figure 54 Failure of tensile-tested PLA/viscose composite filaments 

 

Figure 55 SEM of fracture surfaces of PLA/viscose composite filaments produced using solution 

impregnation. Yellow arrows highlight the regions of fibre debonding. 

The failure surfaces of PLA/standard flax and PLA/bleached flax were similar. The fracture surfaces of 

10wt%x1, 10wt%x2, 7wt%x2, and 7wt%x1 (tandem) formulations displayed a high amount of fibre 

pull-outs corresponding to debonding between the fibre and matrix [206,212]. On the other hand, 

7wt%x3 and 7wt%2 (tandem) formulations displayed fewer fibre pull-outs and more fibre breakage, 

demonstrating strong interfacial bonding between the reinforcement and matrix [359]. Examples of 

fibre pull-out and fibre breakage regions are highlighted in yellow in Figure 56. This behaviour agrees 

with the tensile test results, as the highest tensile properties were obtained for the 7wt%x3 and 7wt%x2 
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(tandem) formulations. Another significant observation from the SEM images of fracture surfaces was 

the flax yarnôs twist, which led to insufficient polymer impregnation and fibre pull-outs. 

 

Figure 56 SEM of fracture surfaces of PLA/standard flax composite filaments produced from solution 

impregnation. 

 

Figure 57 SEM of fracture surfaces of PLA/bleached flax composite filaments produced from solution 

impregnation. 

 






























































































































































































































