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Abstract 
 

The subject of this project is to study spun cellulose fibers made by Spinnova Oy in 

Finland. The fibers are spun using an environmentally friendly spinning process without 

use of harsh chemicals.  

The spun filaments and the yarn based on these filaments were characterized and used 

as reinforcement in polylactic acid biopolymer (PLA) and in biobased epoxy resin. A 

comprehensive mechanical and morphological characterization of the single filaments 

and their yarn was conducted. It was found that the single filaments are flat with a large 

width/thickness ratio, they are porous especially on one side and some cellulose 

microfibril orientation is observed on the filament surface. The single filaments are stiff 

and strong if compared to commercial regenerated cellulose filaments but are difficult 

to handle as they are very small and extremely light. The yarn showed to have lower 

mechanical properties but is easier to handle during the process of composite 

manufacturing. Unidirectional fiber-reinforced composites were made using the 

Spinnova-yarn and PLA polymer applying film-stacking processing method. The 

composite mechanical properties were studied and the results showed that the 

mechanical performance of the PLA was significantly improved. The strength improved 

from 54 MPa of the neat PLA to 95 MPa and the stiffness from 3.4 to 8.6 GPa with 

addition of 22 wt% Spinnova-yarn. 

The main challenge of the project was handling the single filaments and their yarn to 

develop a suitable manufacturing process which allows to exploit the potential of them 

to obtain a homogeneous fiber “preform” and to achieve good impregnation with the 

PLA matrix.  
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1. Introduction 

1.1. General introduction  

Fibers are added to a polymer in order to enhance its mechanical properties obtaining 

a material known as fiber-reinforced composite [1]. Composites are commonly used in 

the aerospace, automotive, marine, and construction industries due to their 

characteristics as lightweight and non-corrosive materials, high specific strength and 

specific stiffness, ease of manufacture, and adaptation to different performance 

requirements [2].  

Synthetic fibers such as glass and carbon fibers have been widely used in composite 

materials because of their excellent mechanical properties [1]. Nevertheless, the 

interest in replacing synthetic fibers with environmentally sustainable fibers has gained 

more attention over the last decade due to the need to substitute conventional oil-

based materials with renewable resources and avoid the use of harmful chemicals due 

to their toxicity [1][3]. Natural fibers as reinforcement in composite materials have 

appeared as a great choice to overcome environmental problems. They are renewable, 

recyclable, biodegradable, and they have a lower cost compared to glass and carbon 

fibers. They also have excellent specific mechanical properties having great potential as 

reinforcement in lightweight materials [3]. Despite their multiples advantages, natural 

fibers are short and discontinuous, having in consequence, lower mechanical 

performance in composites [4]. The discontinuity can be solved by twisting the short 

fibers to form yarn but it has been reported that the mechanical properties decreased 

compared to non-twisted single natural fibers [4][5][6]. Continuous fibers as 

reinforcement allow to enhance the mechanical performance of the composite because 

it has been demonstrated that higher strength and stiffness are achieved with 

continuous fibers aligned in the direction of the applied load [4]. Looking for continuous 

fibers based on renewable resources, regenerated cellulose fibers such as viscose and 

lyocell fibers could be a possible solution. They are usually used in textiles, but currently, 

there is an interest to use them also as reinforcement in composites materials [7]. 

Although regenerated cellulose fibers fulfill the requirements to be continuous and are 

made from renewable sources, the processing is made using harmful and expensive 

solvents to dissolve the cellulose, being in consequence, a not eco-friendly process [8]. 

Currently, there are several ongoing research projects where continuous cellulose 

filaments are spun from cellulose nanofibers in environmentally friendly processes 

without the use of harsh solvents. The research line is based on taking benefit from the 

high stiffness and strength of the native cellulose avoiding its regeneration [9]. Spun 

filaments from cellulose nanofibers have been produced applying chemical and 

mechanical treatments to the native cellulose and subsequently spinning of the fluid. 

Iwata et al [9] reported first a new type of cellulose fiber concluding that the orientation 



of the cellulose nanofibers has a great influence on mechanical performance. Their work 

led to different research about that as developed by Walther et al [10], Håkansson et al 

[11], Hooshmand et al [12], Shen et al [13]. The fact that the fibers were all based on 

native cellulose using a simple spinning process and they have a competitive mechanical 

performance compared to regenerated cellulose fibers shows their potential for further 

development on an industrial scale.  

Recently, Spinnova Oy, a Finnish company, has developed an environmentally 

friendly spinning process for the production of textile fibers based on cellulose. These 

innovative fibers/filaments are produced using a spinning process without including 

dissolving or any other harmful and complex chemical processes. Currently, these 

fibers/filaments are cut to short stable fibers and spun to yarn and used for textile by 

fashion and home textile industries. In a previous project, the fibers were characterized 

through morphological, mechanical, and thermal properties and they were used as 

reinforcement in thermoset composites.   

 

1.2. Objectives 

The objective of this study was to characterize the single fibers/filaments and their 

yarn as well as test them as reinforcement in biocomposites. Morphological and 

mechanical properties and the adhesion of single filaments and their yarn in polymers 

were studied to predict their performance as reinforcement in polymers. Then, 

biocomposites with yarn as reinforcement were manufactured using the film-stacking 

process with poly(lactic acid) as a polymer matrix. The biggest challenge in composite 

manufacturing was to control the fiber alignment as well as the homogenous 

distribution of the fibers in the composites.  

This research project is divided into two parts: characterization of the fibers/yarn and 

application of the fibers to improve polymer properties. The project will be developed 

in the spring semester at Luleå University of Technology for 32 weeks from week 

number 4 to week number 36.   

The objectives will be achieved through five main tasks: 

I. Characterization of the fiber using: 

- Scanning electron microscope 

- BET technique  

- Water absorption 

- Single fiber tensile test 

- Fiber bundle test 

- Single fiber fragmentation test 

 

 



II. Characterization of the yarn using: 

- Scanning electron microscope 

- Water absorption 

- Single fiber tensile test 

 

III. Thermoplastic biocomposite manufacturing using yarn as reinforcement 

by film-stacking process. 

 

IV. Thermoset biocomposite manufacturing using single filaments as 

reinforcement by vacuum infusion process.  

 

V. Characterization of the biocomposites using: 

- Tensile test 

- Scanning electron microscope 

- Dynamical mechanical analysis 

 

 

  



2. Background  

2.1. Fiber as reinforcement in composite materials 

Fibers are classified into two main groups, natural fibers, and man-made fibers. 

Regenerated cellulose fibers belong to a group between natural and man-made fibers 

and can be obtained from a manufactured process by the dissolution of cellulose [14]. 

Fibers can be spun into yarns, if the length of the fiber is at least 5 mm, or made into 

fabrics by different techniques as weaving, knitting, braiding, felting, and twisting [15]. 

Fiber classification including different types of each group is shown in Figure 1.   

 

 

Figure 1. Schematic representation of fiber classification redrawn from [1].  

 

Fiber can be added to a polymer matrix in order to enhance the mechanical 

properties of the polymer forming a material called fiber-reinforced composite (FRC) [1]. 

The polymer matrix can be thermoplastic or thermosetting. The most common used 

polymers are polypropylene (PP), polyethylene (PE), and polyvinyl chloride (PVC) for 

thermoplastic matrices and phenolic, epoxy, and polyester resins for thermosetting 

matrices [3]. The role of the matrix is to keep and protect the reinforcement as a rigid 

whole, allowing the stress transfers between the fibers. Under load, the interface 

between the fibers and the matrix plays a major role in the transfer of tension between 

them. The stronger the interface, the higher stiffness, and strength of the fiber-

reinforced composite [16]. When fibers are continuous and aligned in the direction of 

the applied load, the composite material can reach the highest mechanical properties 

because fiber stress transfer is greatest in the longitudinal direction of the fiber [12].  

In automobiles and aircraft industries, man-made carbon and glass fibers are used to 

reinforce polymers in high-performance applications [2]. In the last decades, natural 

fibers have been a popular choice for composite manufacturing and have replaced man-



made fibers in many applications due to their renewability and sustainability [1]. Plant 

fibers are the most common choice of natural fibers and have been also used as 

reinforcement in composites materials in the sector of automotive, marine, and 

construction [1]. For example, flax, jute, and hemp are used in a thermoplastic polymer 

to obtain composites panels for interior panels for automotive [17]. Hemp has been also 

used in thermoset compounds in building applications [17]. Natural fibers have several 

advantages compared to man-made fibers, such as low cost, low density, and low tool 

wear [1]. Flax and ramie fibers present competitive specific mechanical properties 

compared to glass fibers, making them attractive to use as lightweight materials (Table 

1) [6].  

Table 1. Young's modulus, density, and specific Young's modulus of different types of 
fibers [17].  

Fiber type 
Density 
(g/cm3) 

Young’s modulus 
(GPa) 

Specific Young’s modulus 
(Young’s Modulus/density) 

E-glass 2.55 73 29 

Hemp 1.48 70 47 

Flax 1.4 70 45 

Jute 1.46 20 14 

 

Recently, regenerated cellulose fibers have been also tested as reinforcement in 

biocomposites [1]. For example, Reinhardt et al [18] used viscose fibers as continuous 

reinforcement in a PLA matrix to make composites for structural applications.  

Despite composite's good performance for several applications, the composite 

industry is still facing recycling issues to contribute to the sustainability of industrial 

processes. At present, recycling operations are limited due to technological and 

economic restrictions. The basic problem is the difficulty to remove fibers from the 

matrix and preserve for re-use [2][19]. Therefore, the composite life cycle usually ends 

in landfills or incineration which causes a vast environmental impact because most of 

the polymers are made from petroleum-based non-renewable resources [1]. These 

disadvantages caused the necessity to look for new alternatives that could replace the 

traditional fiber-reinforced composites with lower environmental impact materials. 

Biocomposites, a sustainable material in which the reinforcement and the matrix are 

from natural resources, appear as a suitable solution due to its environmentally-friendly 

/biodegradability character [1].  

The development of eco-friendly fibers with desirable properties to be used as 

reinforcement in composites has focused on the following approaches: filaments made 

of renewable materials to decrease consumption of synthetic oil-based materials [13] 

and/or filaments long and continuous to highly improve the mechanical properties of 

the matrix [12]. Wood-based cellulose has been considered as one of the biomaterials 



with the highest potential. Continuous fibers are made from wood-based cellulose 

which can be either dissolved using different chemicals or isolated to smaller fibrils and 

used a suspension. They have the advantages of both natural and man-made fibers. They 

not only present uniformity in morphological, mechanical, and physical properties as 

synthetic fibers but they also are biodegradable, lightweight, and CO2 neutral as natural 

fibers [1].  

 

2.2. Cellulose  

Being one of the most abundant biopolymers on earth, cellulose is found in wood, 

cotton, hemp, and other plant-based materials. It is the dominant reinforcing phase in 

plant structures. It is also synthesized by algae, tunicates, and some bacteria [20]. 

Cellulose is a linear polymer with repeating units consisting of D-glucose (Figure 2). The 

hydroxyl groups in the cellulose can form a hydrogen bond between different cellulose 

polymers, intermolecular bonds, which gives stabilization of the network and govern the 

physical properties of cellulose [21][22]. Furthermore, the hydroxyl group can form 

hydrogen bonds with the polymer itself, intramolecular bonds, which allow the linear 

polymers to form sheet structures [22]. The large amount of hydroxyl groups gives 

hydrophilic properties to cellulose [23].  

 

 

Figure 2. Repeat unit of a cellulose chain. Reproduced from [24]. 

The aggregation of multiple cellulose chains promoted by Van der Waals and 

intermolecular hydrogen bonds between hydroxyl groups and oxygen from adjacent 

molecules leads to the formation of fibrils. The fibrils have high axial stiffness and 

stability due to the existence of the intramolecular and intermolecular bonds between 

chains. The cellulose fibrils have both regions of highly ordered crystalline structure and 

regions with lower order or amorphous regions [21]. Microfibrils can be formed during 

cellulose biosynthesis with a diameter between 2 and 30 nm and length in the order of 

micrometers [22].  

Additionally, cellulose has several polymorphs: cellulose I, II, III, IV. Cellulose I is 

naturally produced by a variety of organisms, which is sometimes referred to as natural 

cellulose. The structure is thermodynamically metastable and can be converted to either 



cellulose II or III. Cellulose II is the most stable crystalline structure and can be produced 

by regeneration and mercerization [25]. The difference in the properties of cellulose I 

and II is due to changes in the crystal structure. On the other hand, cellulose III is 

amorphous and obtained by the treatment of cellulose I or II with amines. Cellulose IV 

is obtained after the treatment of cellulose III with glycerol at very high temperatures 

[24][26]. The interconversion of the polymorphs of cellulose is shown in Figure 3.  

 

Figure 3. Interconversion of the polymorphs of cellulose. Reproduced from [24]. 

 

2.3. Spinning of cellulose fibers 

Continuous fibers of indefinite length can be formed by various spinning techniques. 

The spinning process consists of extruding a fluid on continuously drawn and 

simultaneously solidified to form a continuous fiber, where the fluid is a fiber-forming 

material and a solvent. Solution spinning is one of the oldest processes to produce spun 

cellulose fibers being two main types: dry spinning and wet spinning [27]. Cellulose can 

be dissolved or dispersed in order to obtain the spinning fluid which is subsequently 

spun. Once the spinning fluid is prepared, the spinning process by itself takes place. It 

has three fundamental steps: extrusion, solidification, and deformation of the spinning 

line or filament. The difference between dry and wet spinning is how the solvent is 

removed by evaporation by heating (dry-spinning) or by coagulation in another solvent 

(wet spinning) [28].  

In the wet-spinning process, the fiber material is first dissolved in a suitable solvent. 

Then it is extruded through a spinneret into a solvent that is compatible with the 

spinning solvent but is not a solvent for the fiber material. A mutual diffusion of both 

solvents leads to the coagulation and consequently form of the fibers. The fibers are 

then washed to remove the trapped solvent and let dried using heating [28]. In the dry 



spinning process, the fluid spinning is also extruded through a spinneret but the 

solidification of the fibers is achieved by solvent evaporation through the application of 

heat. This type of solidification is faster than solidification by coagulation in another fluid 

[28]. Figure 4 shows a schematic drawing of these spinning processes. 

 

Figure 4. Schematic diagram of dry (left) and wet (right) spinning techniques. Redrawn 

from [29].  

Traditionally cellulose has been dissolved to spun into fibers. Cellulose I structure is 

regenerated to cellulose II using different solvents. Cellulose fibers obtained following 

this method are called as regenerated cellulose fibers [14]. Two well-known commercial 

fibers, viscose and lyocell, are produced by the spinning of dissolved cellulose.  

In the 1930s, the viscose process entered the fiber market to produce regenerated 

cellulose fibers [8]. Viscose is a cellulose fiber prepared by the treatment of cellulose 

with sodium hydroxide and carbon disulfide. It is an important fiber in terms of volume 

production. The use of viscose fiber has been increasing during the last years, reaching 

3.5 million tons in 2010. Despite having good mechanical properties, environmental 

issues in the process are addressed, mainly the usage and recovery of the alkali to the 

main circuit treatment of effluents and the recovery of carbon disulfide [1]. During the 

process, toxic chemicals are used which can be harmful not only for the labor forces but 

also for the environment [8].  

A new type of regenerated cellulose fiber appears in the late 1960s as an alternative 

to the viscose process in order to solve the environmental issues. Lyocell is a cellulose 

fiber produced by the dissolution of wood pulp in N-Methylmorpholine N-oxide, usually 

called NMMO [8][14]. To make the process more environmentally friendly, a technique 

that allows recycling the solvent is the last improvement. Currently, it is possible to 

recover approximately 99% of the solvent which reduces the effluent. Also, the effluent 



produced in the process is non-hazardous [1]. Nevertheless, the mix among cellulose, 

water, and NMMO can produce several side reactions and byproducts which could affect 

the mechanical properties of the fibers [8].  

In order to reduce the chemical hazards, other solvents have been investigated, such 

as ionic liquids. Recently, ionic liquids have been used as a direct cellulose solvent. In 

the process known as Ioncell fibers, a 1,5-diazabicyclo[4.3.0]non-5-ene acetate is 

applied.  Although the solvent is less harmful, these first generation of ionic liquids are 

not completely inert toward cellulose and can induce cellulose degradation at high 

temperatures (above 90°C) [8][30]. 

Recently, spinning of cellulose fibers from cellulose nanofibers (CNF) has received 

much attention in research focusing on two purposes [9][10][11][12][13]. First, as 

cellulose I has a higher stiffness than cellulose II, the purpose was to achieve the spinning 

of natural cellulose nanofibers maintaining the cellulose I structure. Second, the 

alignment of the cellulose nanofibers along the filament axis to reach high stiffness [9].  

For the first time, Iwata et al [9] successfully produced wet-spun cellulose I type fibers 

from TEMPO oxidized cellulose nanofibers (TEMPO CNF) from either wood pulp or 

tunicate cellulose. The cellulose nanofiber suspension in water was spun into an acetone 

coagulation bath. It was assumed that the viscosity of the nanofiber suspensions 

influenced the structure of the spun fibers. Furthermore, increased spinning rate 

resulted in increased alignment of the nanofibers along the fiber for both filaments.  The 

stiffness of the wood spun fibers increased with an increasing spinning rate indicating 

the relation between the mechanical properties and the orientation of the cellulose 

nanofibers.  

Walther et al [10] reported about similar approach, they used TEMPO-CNF from 

wood pulp. Spun fibers were obtained by wet extrusion into a coagulation bath of an 

organic solvent. They concluded that mechanical performance was enhanced by 

alignment of the CNF using post drawing processes. The developed process was simple 

and sustainable due to the intrinsic condition of the cellulose. The possibility to apply it 

for industrial-scale production was believed. 

Håkansson et al [11] produced strong cellulose filaments using TEMPO CNF, and a 

hydrodynamic tool which induced fibril alignment.  They made a homogeneous and 

smooth filament with aligned nanofibrils from a low concentration dispersion in water. 

They showed that CNF have to be aligned and assembled in order to obtain better 

mechanical properties.  

Hooshmand et al [12] demonstrated that continuous cellulose fibers can be prepared 

by dry-spinning of native cellulose nanofibers without use of harmful chemicals/solvents 

in the spinning processing. Different CNF concentrations in water were spun 



continuously using a capillary rheometer with different spinning rates and the resulted 

filaments with oriented nanofibers and mechanical properties were investigated.  

 Shen et al [13] produced filaments of nanofibrillated cellulose by utilizing the dry 

spinning approach. On the basis that by controlling the manufacturing conditions the 

mechanical properties can be improved, fibers were extruded onto an adhesion-

controlled surface with low friction to the dry spinning. Filaments with and without 

previous alkaline TEMPO– NaBr–NaClO oxidation were obtained.  

Different spun cellulose fibers have been obtained either by chemical or/and 

mechanical treatments of the cellulose and posterior spinning. It has been shown that 

the alignment of the nanofibers in the spinning process plays an important role in the 

mechanical properties of the filaments. The simplicity of the processes and the 

sustainable character of the cellulose makes these developments have great potential 

for industrial-scale production.  

 

2.4. Characterization and properties of the spun fibers 

In the spinning section, two types of spun fibers were mentioned depends on the 

manufacturing process. They can be divided into regenerated cellulose fibers and spun 

filaments from CNF. Hereunder, the general properties of both types will be summarized 

in order to compare with the fibers under study. Properties of flax fibers and their yarns 

are also mentioned. Fibers were characterized according to the methods explained 

below.  

In general, the characteristics of the fibers are important to be able to predict their 

suitability as reinforcement in polymers.  Therefore, their microstructure, form, surface 

area, porosity, and mechanical properties are important to analyze. 

The cross section of the single fiber/filament can be measured using a scanning 

electron microscope (SEM). Fiber can be fractured in liquid nitrogen to reveal the cross-

section for the SEM observations [1][2][9]. Another method that can be applied in order 

to not modify the cross section is to soften the fiber in warm water and after the 

softening cut with a fresh microtome blade.  

Surface characterization is an important parameter to analyze. The resulting interface 

between the reinforcement and the matrix depends on the properties of the single 

components as well as on the interfacial compatibility between the materials [31]. If the 

fibers are rough or smooth, it can influence their behavior as reinforcements [32]. 

According to Yao and Chen [32], a rough fiber surface can sustain more tensile load than 

fiber with a smooth interface if the matrix used in the composite is a thermoplastic 

polymer. Furthermore, they also found that the interface roughness can reduce the 

shear stress at the interface in thermoset matrix, resulting in improved strength of 



composites. In both cases, interface roughness will enhance effective Young’s modulus 

of composites [32]. The surface can be characterized using scanning electron microscopy 

or optical microscope [9]. The specific surface area can be measured using Brunauer-

Emmett-Teller (BET) method [31].  

Simultaneously, wetting of the fiber is an integrated step in the composite 

manufacturing process, where surface roughness and surface polarity can modify fiber 

wettability. For flat surfaces, contact angle measurements allow characterizing the 

behavior between the solid material and water [4][33]. Furthermore, water absorption 

test will give knowledge of wettability of fiber with water. Moisture content can be easily 

obtained through a gravimetric test which consists of heat the sample and weight before 

and after.   

Mechanical properties as Young’s modulus, ultimate strength, and elongation at 

break can be evaluated of data from single fiber tensile test (SFT) [12][13][34]. Knowing 

stiffness and strength of the fiber allows prediction of fiber performance in composites. 

Fiber bundle test is another way to measure stiffness and strength of the fibers. The 

advantages compared to a single fiber tensile test lies in difficulties in handle a single 

fiber and the chosen fibers are inevitability the stronger ones since the weaker fibers 

are prone to damage in the process [35].  

The interaction between the fiber and the matrix is also a key factor. Composites are 

made by combining the fibers into matrix material in various ways creating an inevitable 

interface. Both the fiber and the matrix keep their physical and chemical identities, but 

the combination of both produces higher mechanical properties that cannot be achieved 

with either of the components acting alone. In order to achieve excellent performance, 

the adhesion between the fibers and the resin in the composite must be optimal. The 

interfacial adhesion can be evaluated using two different tests: single fiber 

fragmentation test (SFFT) or impregnated fiber bundle test (IFBT). Both methods are 

used in order to evaluate the adhesion [36][37]. Applying IFBT is possible to calculate 

the fiber stiffness and strength from the composite properties. This test is less 

complicated than the single fiber fragmentation test. A disadvantage of the test is that 

its credibility depends on the micromechanical equation used to back-calculate the 

properties. Nevertheless, a reliable stiffness can be obtained when fibers with a very 

high aspect ratio are used [38]. Regarding the single fiber fragmentation test, the main 

drawback is that the failure strain of the matrix has to be significantly higher than the 

failure of the fiber in order to obtain reliable results. An optical microscope can be used 

to analyze the failure area before and after the tensile tests [36].   

 



2.4.1. Regenerated cellulose fibers 

Sixta et al [8] compared properties of Lyocell, Viscose, and Ioncell fibers. Regarding 

the morphology, they found that Lyocell and Ioncell fibers have a smooth fiber surface, 

and round cross section and both have homogenous and dense fibrillar structure. While 

the Viscose fibers present a more irregular cross section and rougher surface. The 

diameters of fibers varied between 9 and 27 µm. Lyocell fibers have the best mechanical 

properties, Young’s modulus of 30 GPa compared to Ioncell 23 GPa, and Viscose 11.5 

GPa, and the viscose showed the highest elongation at break. The mechanical properties 

are summarized in Table 2.  

Table 2. Comparison of the mechanical properties of Lyocell, Viscose, and Ioncell fibers. 

Fiber 
Diameter 

(µm) 

Young’s 

Modulus 

(GPa) 

Tensile 

strength 

(MPa) 

Elongation at 

break (%) 
Reference 

Lyocell  10.5 30.3 ± 2.2 621 ± 57 7.5 ± 1.8 [39] 

Viscose 10.5 11.5 ± 2.0 423 ± 48 19.0 ± 2.7 [39] 

Ioncell  10.6 23.4 ± 3.5 n.a. 9.4 ± 1.1 [8] 

  

2.4.2. Spun filaments from CNF  

Mechanical properties of filaments spun of cellulose nanofiber suspensions are 

summarized in Table 3.  

Iwata et al [9] reported about spun filaments from cellulose nanofibers prepared by 

TEMPO-mediated oxidation of either wood pulp or tunicate cellulose. Using wood pulp, 

the cross section of the filaments varied with the spinning rate. At higher spinning rates, 

filaments showed a tube-like cross section with a hollow structure. While using tunicate 

cellulose, the spun fibers had a cylindrical shape with a diameter of 60 µm. The cross-

section structure was not modified by the spinning rate and the surface was rough with 

creases along the fiber axis. In contrast to wood spun fibers, a porous structure 

consisting of aggregated nanofiber sheets was observed as well as a random orientation 

of the tunicate cellulose nanofibers along with the fiber axis. The higher Young’s 

modulus was achieved at the spinning rate of 100 m/min for the wood pulp and 1 m/min 

for the tunicate cellulose.  

Walther et al [10] manufactured spun filaments from TEMPO oxidized nanofibers 

isolated from wood pulp. The diameter of the filaments was approx. 200 µm and their 

circular cross section varied slightly along the filament length. They observed moderate 

orientation of the individual nanofibrils and a porosity around 10% with a pore size up 

to 25 nm. The mechanical properties of these filaments were very similar to the fibers 

reported by Iwata et al [9], shown in Table 3.  



Spun filaments from nanofibers prepared with TEMPO oxidization of cellulose pulp 

were reported by Håkansson et al [11]. The process was rather similar to the previous 

processes (Iwata et al [9] and Walther et al [10]) except that a specific hydrodynamic 

flow tool was used which resulted in better orientation of the nanofibrils along the 

filament axis and much thinner filaments. The filaments were void-free with a fairly 

constant circular cross section. The mechanical properties were much better than the 

earlier reported filament properties where similar nanofibers were used. 

Hooshmand et al [12] prepared spun filaments with a different approach. 

Mechanically isolated nanofibers were used without any change and these were spun 

with high concentration. The spun filaments had circular form and the diameter varied 

between 180 and 240 μm with a uniform cross section. Some slight flattening on one 

side was seen due to the drying process. The filaments have some porosity but less 

porosity was found with low concentrations of CNFs and high spinning speed. The 

porosity is believed to be caused by air trapped in the suspension during the feeding 

process. Regarding the surface, filaments are rough and evidence of partial alignment 

of CNF in the direction of the filament axis was confirmed. The mechanical properties 

increased with increased spinning rate and decreasing the concentration of CNFs. The 

highest mechanical properties are not as high as the filaments spun from TEMPO 

nanofibers, see Table 3.  

Fibers with a rectangular cross section were manufactured by Shen and co-workers 

[13]. They stated that the shrinking forces that pull the filament to the adhesion-

controlled surface can be responsible for the fiber’s rectangular shape. Furthermore, 

the more flattened cross section was observed in CNF treated through TEMPO-mediated 

oxidation mostly due to the higher water content present in the TEMPO reaction. The 

highest strength value achieved was 220 MPa.  

Table 3. Comparison of mechanical properties of different filaments prepared from 

cellulose nanofibers. 

Spun fiber  
Radius 

(µm) 

Young’s 

modulus 

(GPa) 

Tensile 

strength 

(MPa) 

Elongation 

at break (%) 
Reference 

Wood - 23.6 ± 2.1 321 ± 145 2.2 ± 1.2 [9] 

Tunicate 30 20.1 ± 2.9 357 ± 36 5.3 ± 1.8 [9] 

Wood 100 22.5 ± 0.4 275 ± 14.7 4 ± 0.15 [10] 

Wood 11 ± 0.2 18.0 ± 0.8 445 ± 60 8.6 ± 1.1 [11] 

Banana rachis  90 ± 7 11.2 ± 0.9 198 ± 11 3.6 ± 0.6 [12] 

Kraft  8  - 220 - [13] 

 



2.4.3. Natural fibers and their yarns  

Elementary flax fibers have been studied by several researchers. Joffe et al [34] 

studied single flax fibers with diameters ranging from 12 to 34 µm. These single fibers 

had high mechanical properties, the stiffness was reported to be between 45 and 100 

GPa, a tensile strength between 600 and 1100 MPa, and the elongation at break was 

between 1.8 and 3.2 %. Young’s modulus exhibited a large scatter and was plotted as a 

function of the diameter of the fibers showing that Young’s Modulus increases when the 

diameter decreases [34]. 

Chabba et al [7][8] tested flax yarns and found that Young’s modulus was between 

4.8 and 8.5 GPa, the tensile strength between 312 and 360 MPa, and the elongation at 

break from 4.9 to 13.0%. If comparing these values to that of Joffe et al reported, it is 

clearly seen that the stiffness is much lower compared to the single fibers.   

Furthermore, Joffe et al [34][40] studied the Weibull distribution of the flax fibers. 

Considering that the presents of defects are responsible for the variations in fiber 

strength, the Weibull distribution allows to predict the fiber strength distribution which 

is high relevant to predict their performance as reinforcement in composite materials 

[35][40]. They reported that flax fibers follow the two-parameter Weibull distribution. 

The shape and scale parameters obtained for different types of flax fibers are 

summarized in Table 4. The scatter of fiber failure strength and the effect of fiber length 

on the mentioned parameters was characterized by the combination of both mechanical 

tests, SFT and SFFT [40].  

Table 4. Weibull distribution parameters of different flax fiber strength.  

Flax fiber reference Test  Shape parameter Scale parameter  

[34] SFT 3.03 3041 MPa 

[34] SFFT 3.5 ± 0.8 209 ± 125 MPa 

[40] SFT 2.8  4.79 % 

[40] SFFT 6.9 2.42 % 

 

Later on, Joffe et al [41] studied the interfacial shear strength of flax fibers with 

different polymers using single fiber fragmentation test in order to analyze the adhesion 

between the fiber and the polymer matrix, the results are summarized in Table 5. 

Interfacial shear strength was studied for most common types of thermosets concluding 

that epoxy and flax fibers have a higher adhesion compared to vinylester and polyester.  

 

 



Table 5. Interfacial shear strength for flax fibers in a different matrix [41]. 

Matrix Average fragment length (µm) Interfacial shear strength (MPa) 

Vinylester 407 28 ± 11 

Polyester 703 13 ± 2 

Epoxy 299 33 ± 7 

 

Surface characterization of flax, hemp, and cellulose fibers have been measured 

through the BET technique by Bismarck et al [31]. Parameters obtained are summarized 

in Table 6. The values of BET surface area around 0.5 m2/g indicate small specific surface 

areas. Hemp and cellulose pore volume are similar. The BET C-value is an enthalpic 

parameter related to the difference in heat adsorption between the first layer and the 

subsequent multilayers [31].  

Table 6. BET surface area, BET C-value, and pore volume of different fibers [31]. 

Fiber 
BET surface area 

(m2/g) 
BET C-Value 

Pore volume 

(cm3/g) 

Green flax 0.31 72 0.034 

Green hemp 0.75 8 0.052 

Cellulose 0.45 36 0.050 

 

2.5. Biocomposites processing  

In this project, thermoplastic and thermoset composites were manufactured. During 

composite manufacturing process, they are several parameters to take into account. As 

the objective is to achieve promising mechanical properties, the filament alignment is 

the main challenge to confront because misalignment can cause a decrease in 

mechanical performance. Furthermore, it is desirable to obtain a composite with a 

homogeneity distribution of the filaments, to have in consequence, homogeneity in the 

properties. Last but not less important, a homogeneous thickness is also a parameter to 

accomplish not only in terms of achieving an accurate characterization but also for the 

future application of the composite.  

The vacuum infusion process (VI) is a technique based on impregnating dry performs 

with low viscosity resins. The reinforcement fibers are laid on the surface of a close 

mold. The vacuum pressure is the only driving force acting on the resin to complete 

filling and it allows achieving a good impregnation and consolidation of the composite 

which is desirable to have a better stress transfer between fibers and in consequence 

improve the mechanical properties of the composite [42][43]. This process is widely 

used to produce large components with good quality being a very clean and economical 

manufacturing method [44][45].  



A schematic drawing of the process is shown in Figure 5. The reinforcement and 

different layers are laid dry into the closed mold and the vacuum is applied before resin 

is introduced. The layers are a removable flow-enhancement medium to reduce fill time 

and a peel ply to facilitate disposal. Inlet and outlet tubes with clamps are connected to 

the resin supply and the resin trap and pump respectively. A vacuum bag sealed by 

sealant tape covers the perform with the layers [44]. Vacuum infusion process is the 

method selected to prepared thermoset biocomposites.  

 

Figure 5. Schematic drawing of the vacuum infusion process. 

 

Poly (lactic acid) PLA is a biopolymer produced by polymerization of lactic acid 

monomer from renewable agricultural sources like corn. PLA is a thermoplastic 

polyester fully biodegradable being the only natural resource produced on a large scale 

of more than 140,000 tons per year [17][46]. The high volume production involves low 

emission of gases and low amount of energy making it the most promising biopolymer 

[47]. Since the last decade, it has been used as a matrix together with natural fibers to 

produce “green composites” [17]. The combination of biopolymer PLA as matrix and 

biodegradable reinforcement as natural fibers or spun fibers from cellulose create a 

material completely based on renewable raw materials [18].  

In research, different manufacturing processes have been used to make PLA and 

natural or regenerated cellulose fiber-based biocomposites. The most common way is 

to use extrusion. Oksman and et al [46] made PLA biocomposites with flax fibers using a 

co-rotating twin-screw extruder followed by compression molding. The biocomposites 

had fiber contents between 30-40 wt%. A triacetin plasticizer was used to improve the 

elongation and impact properties due to the brittle and stiff intrinsic properties of PLA.  

The properties were compared with PP based flax fiber composites. In both types of 

composites, the Young’s modulus of the neat matrix was increased due to the 

reinforcement but the tensile strength of PLA and PP was not modified.   



Bax and Müssig [47] produced PLA/flax and PLA/Cordenka fiber composites with 

different fiber contents (10%, 20%, 30%, and 40%).  Multilayer web with random in-

plane fiber arrangement of the reinforcements and polymer in fiber form was 

fabricated. The composites were compression molded at 170°C with 18 MPa pressure 

for 5 min and the compression molded plates were pelletized and subsequently injected 

molded.  

Plackett et al [48] prepared biocomposites of PLA films and jute fibers in the form of 

a non-woven mat using a film-stacking process. The jute fiber content was 40 wt%. In 

this process, the non-woven jute fiber mat was placed between several PLA films and 

the final setup was compression molded. The process involved the following steps: 1) a 

pre-compression for 15 s at 3.3 MPa at room temperature 2) Heating and compression 

at 400 Pa for 3 or 10 min at a temperature between 180-220°C. 3) Compression and 

cooling at 3.3 MPa and 60°C for 1 min. They studied processing parameters 

(temperature and heating time) for the compression molding process and reported that 

tensile strength is dependent on the temperature during the heating stage, achieving a 

maximum in the range of 210-220°C. Regarding the time of heating, they found that the 

impregnation of the fibers was inadequate applying 3 minutes of heating at 180°C.  

In this project, film-stacking process was selected as the method to prepare 

thermoplastic biocomposites. In Figure 6, a schematic of the film stacking process is 

shown. The method consists of heating and compressing; therefore temperature, load, 

and time are the important parameters to control. Each parameter depends on the 

nature of the polymer and the reinforcement. A pre-heating can be also applied to melt 

the polymer before compressing. 

 

Figure 6. Schematic of the film stacking process redrawn from [49]. 

 

2.6. Characterization and properties of composite materials  

Once the composite is made, the characterization of the mechanical properties is 

highly interesting to see if the mechanical properties were enhanced due to the addition 

of the fiber reinforcement. Fiber content and fiber orientation are factors that affect the 



mechanical properties of the composite and they are reported in the manufacturing 

process [17]. Young’s modulus, ultimate strength, and elongation at break can be 

measured through a uniaxial tensile test [50][51]. A microscopy study of the fracture 

surface of the composites can be made after tensile test to analyze the adhesion of the 

reinforcement in the matrix. A dynamic mechanical analysis (DMA) study of composites 

allows to determine if the incorporation of the reinforcement modifies the elastic and 

viscose behavior of the polymer compared to the neat matrix [46][52]. Damping of a 

composite can also be analyzed using DMA [45].  

In research, thermoset biocomposites have been manufactured using resin transfer 

molding and vacuum infusion and thermoplastic biocomposites have been made using 

film-stacking process. In this section, the results of the characterization of some 

biocomposites are summarized.  

Reinhardt et al [18] produced continuous thermoplastic prepregs, of PLA and 

regenerated viscose fibers. They used a novel machine type for continuously processing 

thermoplastic prepregs. The material was preheated and then pressed by calender roles 

at 170°C. Biocomposite mechanical properties were tested obtaining Young’s modulus 

of 8.6 GPa, tensile strength of 134 MPa, and elongation at break of 14%. The 

reinforcement increased the mechanical properties of the neat PLA which has a Young’s 

modulus of 3.7 GPa, a tensile strength of 59 MPa, and elongation at break of 2.5 %.  

Plackett et al [48] studied biodegradable composite materials of PLA polymer as 

matrix and jute fiber mats as reinforcement. The composites reached a fiber content of 

40 wt %. Using a heating temperature of 210°C, they found that tensile strength and 

stiffness of the matrix was double by adding the jute mats. For equal applied pressure 

during manufacturing, the higher the heating temperature, the higher the mechanical 

properties, being more marked for the tensile strength than for the stiffness. The good 

mechanical performance is associated with the fact that higher temperatures reduce 

the viscosity of the polymer, enhancing flow properties and consequently improving 

fiber wetting. The maximum Young’s modulus was 9.4 ± 0.2 GPa and the tensile strength 

was 100.5 ± 0.4 MPa when heated at 210°C and subsequently pressed at 3.3 MPa. The 

tensile test results indicate a good interface between fiber and polymer but scanning 

electron microscope images of the composites after the tensile test revealed some gaps 

on the interface which can be a consequence either of the manufacturing process or the 

tensile test.  

Oksman [50] manufactured composites with unidirectional flax fiber reinforcement 

and epoxy resin using resin transfer molding processing. The mechanical properties as 

well as the fiber volume fraction are summarized in Table 7. It can be seen that the fibers 

have improved significantly the Young’s modulus of the epoxy resin and decreased the 

elongation at break. The higher the fiber volume fraction, the higher the Young’s 

modulus and tensile strength of the composites.  



Table 7. Mechanical properties and fiber volume fraction of the composites [50].  

Sample 
Fiber volume 
fraction (%) 

Young’s 
modulus (GPa) 

Tensile 
strength 

(MPa) 

Elongation at 
break (%) 

Epoxy - 3.1 - 3.2 76 7.3 

Composite 1 21 22 ± 4 193 ± 30 0.9 

Composite 2 42 35 ± 3 280 ± 15 0.9 

Composite 3 47 39 ± 6 279 ± 14 0.8 
 

Joffe et al [51] manufactured composites with flax fibers in thermoset matrix using 

resin transfer molding (RTM). Flax fiber mats were impregnated with three different 

thermoset resins: two types of vinyl esters and a modified acrylic resin. Fiber volume 

fraction was 30 vol %. Tensile testing was used to analyze the composites mechanical 

properties. The Young’s modulus and strength of the thermoset composites were 7.6 

GPa and 70 MPa using acrylic resin, 8.8 GPa and 85 MPa using one type of vinyl ester 

and 9.5 GPa and 90 MPa using another type of vinyl ester. The reinforcement increased 

the mechanical properties of the neat materials, all of which have a Young’s modulus 

around 3GPa and a tensile strength of 55, 70, and 80 MPa for the acrylic resin and the 

two types of vinylesters respectively. They proved that the rule of mixture showed an 

acceptable prediction of the composite Young’s modulus. Furthermore, they concluded 

that the strength model used to predict is more accurate when the fibers are long.  

Yuan et al [53] used film stacking method to produce biodegradable composites 

made of flax fibers and PLA. Before composite manufacturing, the flax fibers surface was 

modified using silane to improve the interfacial adhesion between the fibers and the 

PLA. They compared composites with different fiber contents as well as surface 

modification, and they also optimized the processing parameters of the compression 

moulding. The highest tensile strength was achieved for a composite with flax fiber 

content of 40 wt%, an addition of silane of 5%, and a temperature of 190°C. They also 

reported that the time of hot pressing did not affect the composite mechanical 

properties.  

  



3. Experimental 
 

3.1. Materials 

The used filaments and yarns were kindly supplied by Spinnova Oy, Jyväskylä, Finland.  

The filaments are spun from cellulose microfibrils which are dispersed in water. The 

filaments were received as long (1 m) individual filaments and used as received without 

any treatments. However, because of the difficulty to handle these extremely light-

weight filaments, Spinnova Oy also supplied a thin yarn spun from the short stable 

filaments. In Figure 7, bundles of filaments and yarns are shown.  

 

Figure 7. Spinnova single filaments (above) and yarn (bottom).  

Biobased epoxy resin, SUPER SAP® BRT, Entropy Resins, Hayward, USA) with a 21% 

bio-based carbon content was used for single filament testing and vacuum infusion 

process. SUPER SAP® INH and Super Sap® CLX hardeners were used with 100:19:19 

mixing ratio by weight. 

Biodegradable thermoplastic polyl(actic acid) (PLA) Ingeo™ 4032D, film grade, 

NatureWorks, Minnetonka, USA was used as matrix polymer for the single fiber/filament 

testing as well as manufacturing of biocomposites. PLA was received as pellets as shown 

in Figure 8. The technical information about both polymers is summarized in Table 8. 

Mechanical and processing data were obtained from the corresponding technical 

datasheets.  



Table 8. Technical information about the bio-epoxy resin SUPER SAP® BRT mixed with 
hardeners, and PLA Ingeo™ 4032D. 

Material 
Density 

(g/cm3) 

Melt. 

temp ¨ 

(°C) 

Young’s 

modulus 

(GPa) 

Tensile 

strength 

(MPa) 

Elongation 

at break 

(%) 

Pot 

life 

(min) 

Bio-epoxy 

SUPER SAP® 

BRT [54] 

1.09 - 3.1 65.5 6 75 

PLA Ingeo™ 

4032D [55] 
1.24 155-170 3.5 60 6.0 - 

 

 

Figure 8. PLA pellets as received. 

 

3.2. Composite manufacturing methods 

3.2.1. Thermoset biocomposite 

A vacuum infusion process was used to produce thermoset composites of Spinnova 

filaments. The filaments were placed in a mold and covered with a peel ply, breather 

ply, and vacuum bag. Two different tubes connect to the mold with the supply of resin 

and the pump, called inlet and outlet tube respectively. Both have their clamp to open 

and close the tube. The inlet clamp controls the supply of resin and the outlet clamp is 

connected to the pump. The final set up is shown in Figure 9. 



 

Figure 9. Experimental setup for the vacuum infusion process. 

Prior to the infusion process, the Super Sap® CLR epoxy resin and the used hardeners 

were slowly mixed to avoid air (5 min) and then degassed approx. for 10 minutes to 

remove air. The vacuum was applied and after ensuring there were no leakage and 

wrinkles, the inlet clamp was opened and the resin was allowed to impregnate the 

filaments. After approx. 45 minutes, the impregnation was completed and the outlet 

clamp was closed. Then the composite was cured under vacuum for 24 hours and post-

cured for 2 hours at 80°C. Three set of composites were made with different 

experimental parameters as shown in Table 9. 

Table 9. Experimental parameters of each thermoplastic and thermoset manufactured 
composite.  

Composite 
Fiber 

weight (g) 

Fiber 
weight 

fraction (%) 

Fiber 
volume 

fraction (%) 

Density 
(g/cm3) 

Porosity (%) 

 Epoxy resin- 
fibers 1 

6.47 
34 38 

1.06 ± 0.01  13 ± 1 

Epoxy resin- 
fibers 2 

5.71 25 42 1.00 ± 0.10 21 ± 7 

Epoxy resin- 
fibers 3 

5.90 38 46 1.04 ± 0.04 17 ± 3 

2-PLA-yarn 1 1.20 22 19 1.21 ± 0.02 6 ± 1 

2-PLA-yarn 2 2.42 22 16 1.20 ± 0.01 7 ± 1 

2-PLA-yarn 3 2.37 22 17 1.21 ± 0.04 6 ± 3 

 



3.2.2. Thermoplastic biocomposite 

Film stacking process was used to produce thermoplastic biocomposite with 

Spinnova yarn as reinforcement. Prior the composite manufacturing process, the PLA 

pellets were compression molded to films using a laboratory press, LabEcon 300 Fontijne 

(Fontijne Presses, Vlaardingen, The Netherlands). For that PLA pellets were centered on 

aluminum plate covered with Mylar film with 4 spacers of 0.4 mm thickness. The process 

involved the following steps: drying the pellets during 12 hours at 60 °C, pre-heating the 

pellets at 190°C for 2 minutes with contact, then applying 12 MPa pressure for 1 minute, 

and then cooling under pressure with a cooling rate of 33°C/min for 5 minutes. PLA films 

with 0.15 mm thickness were prepared.  In order to obtain a reference sample, a PLA 

film with a thickness of 0.25 mm was manufactured following the same steps explained. 

To produce a “preform” for the composite manufacturing, the Spinnova yarn was wound 

around a 30 x 30 cm aluminum plate (42 yarn/cm) as shown in Figure 10. This 

manufacturing process allows to make two composites in one shoot due to the 

possibility to use both sides of the wound yarn mat.  

Prior to the compression molding of the composites, PLA films were placed on and 

under the yarn mat, and 0,3 mm spacers were on the plate, see Figure 10. The film-

stacking process involved the following steps:  190°C for 4 minutes in contact heating to 

melt the PLA, then compressing with 1.25 MPa, 2 MPa, 4 MPa, 30 seconds at each step, 

and finally 2 min with 8 MPa at 190°C, and finally cooling under pressure with 28°C/min 

for 6 minutes. Table 9,  show achieved fiber contents, densities, and porosity of the 

manufactured PLA composites. Composite labels are presented indicating the number 

of PLA films used and type of reinforcement. It can be seen that the three composites 

have almost equal experimental parameters consequently they were tested as one 

single composite named “2-PLA-yarn”.  

 

Figure 10. Wound yarn around a plate (left) and setup of PLA films placed on and under 
the yarn mat with spacers on the plate (right) for the film stacking process. 



3.3. Characterization of the Spinnova filaments and yarns 

3.3.1. Microstructure  

The Spinnova filaments and yarn microstructure, cross-section, and size were studied 

using a scanning electron microscope (SEM) JEOL JCM-6000 Neo Scope (JEOL technics 

Ltd., Tokyo, Japan).  The cross-sections of fibers/yarns were prepared by cutting the wet 

fiber/yarn using a microtome blade, after cutting the fibers were left for 24 hs at room 

temperature to remove additional water added, and then glued in a sample holder 

vertically as shown in Figure 11. Samples were sputter-coated with palladium approx. 

10 nm thick layer using EM ACE 200 low vacuum coater (Leica Mikrosysteme GmbH, 

Vienna, Austria) to avoid charging, and an acceleration voltage of 15 kV was used.  

 

 

Analysis of single fiber fragmentation test samples and yarn cross section was made 

using an H600L microscope (Nikon, Tokyo, Japan). Samples were placed on a glass 

microscope slide without previous sample preparation.  

3.3.2. Specific surface area  

The specific surface area of the single fibers was determined using Brunauer-Emmett-

Teller (BET) technique Micromeritics Gemini VII surface area analyzer (Micromeritics 

Instrument Corp., Norcross, USA) with nitrogen at 77 K. The sample with the mass of 

0.019 g was dried and degassed under 75°C and vacuum pressure overnight. The 

samples were placed in a glass tube where the test takes place for 3 hours.  

3.3.3. Density and porosity  

The density of the yarn and single filaments with a length of 30 cm were calculated 

from weight and volume measurements. Samples were stored at 25.1 °C of temperature 

and 60.5% of humidity for three days before measuring. Weight was measured using a 

Mettler AT261 Delta Range analytical balance (Mettler Toledo AB, Stockholm, Sweden). 

Experimental density was calculated following eq. 1, where 𝑚𝑒𝑥𝑝  and 𝑉𝑒𝑥𝑝 are 

experimental mass and volume respectively.  

𝜌𝑒𝑥𝑝 =  
𝑚𝑒𝑥𝑝 

𝑉𝑒𝑥𝑝
          [1] 

The porosity of the yarn and single fibers was calculated as eq. 2 [56] considering that 

the theoretical density of the fibers and the yarn is 1.5 g/cm3  [57].  

∅ =  1 −
𝜌𝑒𝑥𝑝

𝜌
           [2] 

Figure 11. Schematic drawing of sample for scanning electron microscope. 



3.3.4. Water absorption  

Water absorption of the single filaments and yarn was measured by adapting the 

method for testing composites consisting of submerging the sample in water and 

weighing the sample mass [14]. The same method was applied to analyze water 

absorption of natural fibers by Symington et al [58]. A schematic drawing of the 

technique is shown in Figure 12. A bundle of single fibers/yarn was separated an 

attached around a rectangle plastic. The weight of the bundle was measured. The 

sample was submerged into water. Each hour, the sample was taken out of the water, 

left it dry, and weighted for 8 hours. The procedure was repeated at 24, 48, and 72 h.   

The difference of weight between the sample in dry conditions, 𝑤0,  and that after 

water immersion at a time, 𝑤𝑡, can be obtained as follows (eq. 3):  

%𝑤 =  
𝑤𝑡 − 𝑤0

𝑤0
. 100          [3] 

Moisture content was analyzed using an HR83 Moisture Analyzer (Mettler Toledo, 

Stockholm, Sweden).  

 

 

Figure 12. Schematic diagram of the water absorption test. 

 

3.3.5. Mechanical testing 

Tensile testing of the single filaments and yarn was performed according to the ASTM 

C1557–14: Standard test method [59]. A single filament was taken manually and aligned 

in the center of a paper frame. The ends were glued between the paper frame and the 

paper tab. Specimens with different gauge lengths, 20, 50, and 100 mm were prepared. 

A schematic drawing and a photograph of the samples is shown in Figure 13. Tensile 

tests were carried out on a universal testing machine (Instron 3366 Instron, High 

Wycombe, UK) adapted with a load cell of 5 N and pneumatic grips. The strain rate was 

2, 5, and 10 mm/min for the different lengths being 10 % of the gauge lengths.  

Specimens were clamped from the paper frame by the grips of the testing machine. 

Furthermore, frame sides were carefully cut in the middle. The fibers were tested at 19.5 

°C of temperature and 22% of relative humidity. The same method was repeated with 

the yarn. Stress-strain curves for single fiber/yarn tensile tests were obtained for each 



length. The relationship between applied stress (𝜎) and strain (휀) for every single fiber 

follows Hooke’s Law eq. 4: 

𝜎 = 𝐸휀         [4] 

System compliance was taken into account following equations 5 and 6.  

𝐶 =  
𝐿

𝐸𝐴
          [5] 

𝐶𝑟𝑒𝑎𝑙 = 𝐶 − 𝐶0          [6] 

where C is the system compliance, L the gauge length, Young’s modulus, and A the 

cross section. Young’s modulus was measured in a strain range of 0.10 – 0.5 %. The 

compliance obtained for each length was plotted. From the abscissa of origin of the 

linear regression, the value for 𝐶0 was obtained in order to calculate the real compliance 

(Creal). The real Young’s modulus is determined with equation 7. 

𝐸𝑟𝑒𝑎𝑙 =  
𝐿

𝐶𝑟𝑒𝑎𝑙𝐴
          [7] 

 

 

Figure 13. Schematic drawing (left) and photograph (right) of a sample for a yarn 

tensile test for each length. 

Besides, mechanical properties of fiber bundles were tested to compare the results 

with single fiber testing, since it is possible to back-calculate the mechanical properties 

of the single fiber from the bundle tests. Figure 14, shows a small bundle of filaments 

was aligned centrally in tabs avoiding twisting and finally, the tabs were glued. Samples 

were left to dry for 24 hours. 



 

Figure 14. Schematic drawing (left) and photograph (right) of a sample for dry bundle 

test. 

The fiber bundle test was carried out using an Instron 3366 universal testing machine 

(Instron, High Wycombe, UK) adapted with a load cell of 500 N and mechanical grips. 

The distance between the grips was fixed to 20, 50, or 100 mm, depending on bundle 

length. The strain rate was 2, 5, and 10 mm/min for the length of 20, 50, and 100 mm 

respectively. The samples were tested at 19.5 °C of temperature and 22% of relativity 

humidity.  Stress vs strain curves were obtained. Following the statistical tensile strength 

theory developed by Chou [60], the correlation between single fiber and fiber bundle 

strengths is established based upon the following assumptions: (1) the distribution of 

single fiber strength under tension follows the two-parameter Weibull distribution (eq. 

8),   

𝑃(𝜎) = 1 − exp [−𝐿 (
𝜎

𝜎0
)

𝛽

]          [8] 

where 𝑃(𝜎) is the failure probability of single fibers with a length L under applied 

stress lower than 𝜎, 𝜎0 is the scale parameter and 𝛽 is the shape parameter of the 

Weibull distribution; (2) the relationship between stress and strain for a single fiber 

follows Hooke’s Law (eq. 9): 

𝜎 = 𝐸𝐹휀          [9] 

where 𝐸𝐹 is the Young’s modulus of the fiber; (3) the applied load is distributed 

uniformly among the surviving fibers at any instant during a bundle tensile test. 

Combining equations 8 and 9, and considering the number of surviving fibers in a bundle 

related to the applied force F, the relation between stress and strain in a bundle of fibers 

is obtained (eq. 10):  

𝐹 = 𝐴𝐸𝐹휀𝐹𝑁0 exp [−𝐿 (
휀𝐹

휀0
)

𝛽

]           [10] 



where A is the cross section of a single fiber and 𝑁0 is the number of fibers in a bundle. 

The slope of the mentioned curve at 휀𝐹=0 is 𝑆0 is related to the Young’s modulus of the 

fiber (eq. 11): 

𝐸𝐹 =  
𝑆0

𝐴𝑁0
          [11] 

Additionally, the number of fibers (eq. 12) can be calculated knowing the weight W, 

and length of the bundle L, and density 𝜌, and cross section A of the fiber:  

𝑁0 =  
𝑊

𝜌𝐴𝐿
          [12] 

Combining equations 11 and 12, Young’s modulus is obtained from the experimental 

data (eq. 13):  

𝐸𝐹 =  
𝑆0𝜌𝐿

𝑊
          [13] 

The strain corresponding to the maximum load (eq. 14) on the F(휀𝐹) curve, 휀𝑚, is 

obtained from dF/d휀𝐹= 0. The parameter 휀0 is also a scale parameter related to 𝜎0 

through Hooke’s Law. Here,  휀0 is for unit fiber length ratio (i.e. L=1).  

휀𝑚 =  휀0 (
1

𝐿𝛽
)

1
𝛽

          [14] 

Finally, the shape parameter (eq. 15) is calculated with the maximum load, 𝐹𝑚𝑎𝑥, and 

the strain at that load: 

𝛽 =
1

ln (
휀𝑚𝑆0

𝐹𝑚𝑎𝑥
)

          [15] 

Equations 14 and 15 allow calculating the Weibull’s parameters from the 

experimental data [60]. In this project, this methodology of calculation will be called as 

method 1. System compliance was taken into account following equations 5 and 6 as it 

was explained for the single fiber tensile test. An average value of the cross section was 

used together with the proper length of the bundle. Additionally, the tensile load 

defined by the tangent line of the F- 휀𝐹 curve at 휀𝐹=0 is defined by equation 16. 

𝐹∗ =  𝑆0휀𝐹          [16]     

Then, the survivability of single fibers in the bundle can be determined by equation 

17 using experimental parameters.  

𝑃𝑆 =  
𝐹

𝐹∗
          [17]    



Taking into account that 𝑃𝑆 was previously defined according to equation 8, the shape 

parameter 𝛽 and slope parameter 휀0 can be obtained from the graph of vs based upon 

the following relation. This methodology of calculation will be called method 2 (eq. 18)  

ln(− ln(𝑃𝑆)) =  ln(𝐿) + 𝛽ln( 휀𝐹) − 𝛽 ln(휀0)         [18] 

According to the literature, the shape parameter gives information about the 

scattering of the strength data. The range of strength distribution is narrower for higher 

𝛽 values [60].  

3.3.6. Single fiber fragmentation test (SFFT) 

The SFFT was made with two different polymers, thermoset epoxy resin and 

thermoplastic PLA. The SFFT with thermoset resin was carried out following procedure 

developed by Joffe et al [40] and the test is not a standard test method. The single 

filaments were separated from a bundle and mounted as straight as possible on a 1-mm 

think steel frame using double-sided adhesive tape. The frame was then placed between 

two flat steel plates separated by spacers of 2 mm thickness provided with adhesive 

mirror tape. The molds were covered with a Mylar film in order to obtain a smooth 

surface. The final setup can be seen in  Figure 15.  Super Sap® CLR epoxy resin mixed 

with both hardeners was used to fill the frame. The resin with the hardeners was mixing 

slowly for five minutes and then put into a degassing for approximately ten minutes to 

remove air. The mold was filled with resin only for one side (as the arrow indicates in 

Figure 15) to avoid the displacement of the fibers into the mold. The sample was left 

cure for 24 hours and then placed in the oven for post-curing for 2 hours at 80°C. 

Samples were cut using a CMA 0604-B-A laser cut machine (Yueming Laser, Dongguan, 

China) with the dimensions shown in Figure 16. Sample sides were polished with 

sandpaper in order to avoid stress concentration points. Tabs were glued at the end with 

adhesive and left it to dry for 24 hours. Five samples were tested. Three out of five 

broken due to irregularities in the sample and were not taken into account in the 

calculation. The two samples left shown neck behavior. The saturation strain did not 

exceed 4%.  

 
 

Figure 15. Schematic drawing of single fibers on a steel frame. 



 

 

Figure 16. Sample measurements of single fiber fragmentation test. 

The SFFT with PLA was made following the procedure, where the single filaments 

were first separated from a bundle and mounted as straight as possible on a 1.5 mm 

thick steel frame using double-sided adhesive tape. The frame was filled with PLA pellets 

as shown in Figure 17. The setup was subjected to compression molding using a hot 

press machine LabEcon 300 Fontijne (Fontijne Presses, Vlaardingen, The Netherlands) 

involving a pre-heating at 190°C for 3 minutes contact, heating and compression 

applying 16 MPa for 1 minute at 190°C, and cooling under pressure with a rate of 

33°C/min for 5 minutes. Transparent samples with a clear fiber in the middle were 

obtained as shown in Figure 17. The thickness was 1.3 mm. Samples were cut using a 

CMA 0604-B-A laser cut machine (Yueming Laser, Dongguan, China) with the dimensions 

of 10 mm of width and 120 mm of length. Tabs were glued at the end with adhesive and 

left it to dry for 24 hours.  

 

Figure 17. Single fiber fragmentation test sample.  

The SFFT was carried out on an Instron 3366 tensile testing machine (Instron, High 

Wycombe, UK) with a load cell of 10 kN and pneumatic grips. All tests were displacement 

controlled with a loading rate of 0.1 mm/min. Loading was stopped if the specimen 



failed, or when the fragmentation saturation level was achieved. Three samples were 

tested at 20.4°C of temperature and 22% of relative humidity. Samples were observed 

using an H600L microscope (Nikon, Tokyo, Japan) before and after testing in order to 

see the behavior of the fiber under tension. Stress vs strain curves were obtained. 

Weibull parameters can be obtained as was explained for the dry bundle test either 

applying methodology 1 or 2. Furthermore, interfacial shear strength can be calculated 

following a stress transfer micromechanics between the matrix and the fibers [61]. The 

force (F) balance equilibrium between interfacial shear stress, 𝜏, and fiber stress, σF, with 

their respective geometric areas is (eq. 19) 

𝐹 = σ𝐹𝐴σ =  𝜏𝐴𝐹           [19] 

where 𝐴σ is the fiber cross section and 𝐴𝐹 is the fiber surface area. As in this case, 

fibers under study are flat, the cross section is characterized by width, w, and thickness, 

t. The fiber length of potential debonding at one end as the polymer strains further 

beyond the high modulus fiber is the length divided by 2, L/2. Replacing in equation 19, 

the interfacial shear strength is (eq. 20) 

𝜏 =  
σ𝐹𝑤𝑡

𝐿(𝑤 + 𝑡)
          [20] 

when the fiber achieves the saturation stage, which means that no more breaks occur 

when applying further strain to the sample, L becomes the critical fragment length LC 

defined as the distance between two fibers breaks. Then, interfacial shear strength can 

be obtained from experimental data. Shorter critical fragment length means that 

bonding between fiber and matrix is stronger. A stronger bond between fiber and matrix 

results in a shorter critical fragment length. Furthermore, the composite can be 

characterized according to the shape of the fiber breaks and debonding characteristics. 

A stronger bonding interface leads to propagate fiber cracks into the matrix and cause 

the matrix to deform around the crack. On the other hand, a weaker bonding interface 

leads to pull out the fibers. These aspects help to analyze the adhesion between the 

fiber and the matrix [61][62].  

 

3.4. Characterization of biocomposites 
 

3.4.1. Microstructure 

The biocomposites microstructure and adhesion between the matrix and Spinnova 

fibers and yarns were studied using a scanning electron microscope (SEM) JEO JCM-6000 

Neo Scope (JEOL technics Ltd., Tokyo, Japan) with an acceleration voltage of 15 kV. The 

cross-sections were prepared by breaking the immersed samples into liquid nitrogen to 

obtain a smooth surface to analyze. In order to avoid charging, sample surfaces were 

sputter-coated using EM ACE 200 low vacuum coater (Leica Microsystems GmbH, 



Vienna, Austria) with palladium approx. 10 nm thick layer. Failure cross section of tensile 

testing was also studied using a SEM.  

3.4.2. Fiber content  

The fiber volume fraction is an important parameter to measure in order to obtain 

the predicted Young’s modulus. It is defined by the following relationship (eq. 21): 

𝑉𝐹 =  
𝑉𝐶 −

(𝑀𝐶 − 𝑀𝐹)
𝜌𝑀

𝑉𝐶 
          [21]              

where 𝑉𝐶  is the composite volume, 𝑀𝐶  and 𝑀𝐹 are the weight of composite and 

fibers respectively, and 𝜌𝑀 the density of the matrix.  

Fiber weight fraction can be calculated easily with fiber weight, 𝑀𝐹 , and composite 

weight, 𝑀𝐶 ,  following the next equation (eq. 22):  

𝑤𝐹 =  
𝑀𝐹

𝑀𝐶
          [22] 

 

3.4.3. Density and porosity 

Density and void content of composites were measured following ASTM D2734-16. 

Experimental densities, 𝜌𝑒𝑥𝑝,  were calculated from weight and volume measurements 

of five rectangle samples of each composite dividing weight by volume. Theoretical 

composite density was calculated using equation 23:  

𝜌𝑇 =  
100

𝑤𝑀

𝜌𝑀
+

𝑤𝐹

𝜌𝐹

           [23] 

where 𝑤𝑃𝐿𝐴 and 𝜌𝑃𝐿𝐴 are weight fraction and density of the matrix and 𝑤𝐹 and 𝜌𝐹 

are the weight fraction and density of the fibers. Then, void content was obtained 

following equation 24:  

∅𝐶  (%) = 100
(𝜌𝑇 − 𝜌𝑒𝑥𝑝)

𝜌𝑇
           [24] 

3.4.4. Mechanical properties 

Biocomposite test samples for mechanical testing were cut in longitudinal and 

transverse directions, 0 and 90°C regarding the fibers. A laser cutting machine CMA 

0604-B-A (Yueming Laser, Dongguan, China) was used to obtain ten samples of each 

type with a width of 5 mm and a length of 50 mm for tensile testing. The gauge length 

was 20 mm. Samples were conditioned at 24.4°C of temperature and 54.1% of relative 

humidity for at least 24 hours. A tensile test was carried out on a Shimadzu Autograph 



AG-X tensile testing machine (Shimadzu, Kyoto, Japan) with a load cell of 1 kN with 

crosshead speed of 2 mm/min. The strain was recorded using a video extensometer with 

a gauge length approximately of 10 mm. Ten samples were tested until break. Stress vs 

strain curves were obtained from each test. The same procedure was applied to PLA 

reference film.  

The experimental stiffness was compared with predicted stiffness which was calculated 

using the rule of mixture (ROM) (eq. 25): 

𝐸𝐶 =  𝐸𝐹𝑉𝐹 + (1 − 𝑉𝐹)𝐸𝑀          [25]  

where 𝐸𝐶  is the composite modulus, 𝐸𝐹 fiber modulus, 𝐸𝑀 matrix modulus and 𝑉𝐹 

fiber volume fraction. The used ROM is an easy and quick way to estimate the composite 

modulus. Composite modulus can also be estimated using a modified ROM which 

includes the influence of the porosity (eq 26).  

𝐸𝐶 =  (𝐸𝐹𝑉𝐹 + (1 − 𝑉𝐹)𝐸𝑀)(1 − ∅𝐶)2          [26] 

Dynamic mechanical analysis of longitudinal and transverse composites and neat PLA 

was performed using DMA-Q800 (TA Instruments, New Castle, USA) in tensile mode and 

with 10 mm gauge length. Before testing, samples were placed overnight in an oven at 

25°C with a fan. The measurement was carried out at a constant frequency of 1 Hz, 0.1 

% strain, and using a preload force of 0.3 N. The temperature range was between 25–

120 °C, and with a heating rate of 1 °C/min. The elastic behavior is measured through 

the storage modulus while the viscous behavior is measured through the loss modulus. 

Storage, E’, and loss modulus, E’’, vs temperature curves were obtained as well as tan(δ) 

which is defined by eq. 27: 

tan 𝛿 =  
𝐸′′

𝐸′
           [27] 

 

 

 

  



4. Results and discussion  
 

4.1. Filament and yarn properties 

Microstructure and cross section of the single Spinnova filaments are shown in Figure 

18. It is seen that the fibers are flat and they are very thin and wide. This is not common 

for spun fibers. The thickness and the width of the cross section were measured from 

ten images using ImageJ software. The average values are 5.5 ± 1.3 µm and 141 ± 17 µm 

for thickness and width respectively. The numbers reveal that the ratio between 

thickness/width is incredibly high. Considering the experimental measurements of width 

and thickness, the average cross section of the fibers is 776 ± 277 µm2. Using ImageJ, 

the perimeter and cross-section area of the filaments can be directly measured and 

compared with the values obtained from thickness and width measurements. For 

instance, the filament in Figure 18a has a cross section of 706 µm2 and perimeter of 302 

µm according to the software analysis, while its area using the thickness and width 

measurements is 844 µm2 and its perimeter is 286 µm, assuming that the cross section 

can be estimated as a rectangle shape. Furthermore, the filament in Figure 18b has a 

cross section of 367 µm2 and perimeter of 228 using the software analysis and a cross 

section of 397 µm2 and perimeter of 218 µm obtained from the width and thickness 

measurements. It can be seen that the individual cross-sections are included in the 

average cross section obtained and the difference between the measurement from the 

software analysis and the width and thickness are not significant.  

Figure 19 shows a twisted fiber and it is seen that one side is smoother and it is even 

possible to see partially oriented cellulose microfibrils on this side. However, the other 

side is highly porous, showing also that inside the pores the fibers are not dense. Both 

surfaces can be seen in detail in Figure 18c and 18d. 

 

Figure 18. SEM pictures of the single filaments showing a) and b) cross section, c) 
surface with fibril orientation, and d) surface with porosity. 



 

Figure 19. SEM pictures shows the characteristics of both sides of the fiber: fibril 
orientation and porosity.  

Regarding yarn characterization, the microscopy images of the yarn show the twisting 

of the single filaments along the yarn axis and that the structure is rather loose and not 

bonded together. Furthermore, it can be seen that the yarn was made twisting Spinnova 

single filaments with thinner fibers. Analyzing micrographs from an optical microscope 

and scanning electron microscope, the cross section was assumed round as can be seen 

in Figure 20b. Measuring ten samples of yarn, it was found that the average diameter is 

299 ± 29 µm. 

 

Figure 20. SEM pictures of the yarn showing a) Spinnova fibers twisting with thinner 
fibers and b) cross section of the yarn. Optical microscope pictures showing c) and d) 

yarn structure with some fiber ends protruding out. a 

 

b

 

 a b 

d 



4.1.1. Density, porosity, and specific surface area 

The experimental density of the fiber/filament is 1.08 ± 0.13 g/cm3 and the yarn is 

0.313 ± 0.003 g/cm3. The microscopy study showed that one side of the filaments was 

more porous than the other, therefore specific surface area including porosity and pore 

size was measured. The porosity of the single filaments and the yarn is 28 and 79 % 

respectively.  A BET test was carried out to study the surface area. In Figure 21, the 

results of the quantity adsorbed against the relative pressure of the BET test is shown. 

The results showed that the specific surface area was very high more than 8 m2/g, this 

is almost comparable to freeze-dried nanocellulose aerogels [63]. Comparing the BET 

surface area, the porosity of the fiber understudy is considerably higher than natural 

fibers as flax or hemp (see Table 6).  

Table 10. Results of the specific surface area for the single fibers. 

BET specific surface area (m2/g) 8.2 

Pore volume (cm3/g) 0.008433 

Pore size (nm) 4.1 

BET C-Value 57 

 

 

Figure 21. Quantity adsorbed vs relative pressure results of the BET test.  

 

4.1.2. Water uptake and moisture content 

Moisture absorption test was carried out both for the single filaments and their yarn. 

The results of the water gained in grams versus time can be seen in Figure 22. As the 

material is almost the same, both curves show similar behavior. Fibers and yarn absorb 

almost the total amount of water at the beginning and then the quantity of water 

increases slowly. The percentage of water absorbed was calculated following equation 

4 for each measurement at each time. The values are 248 ± 18 % and 238 ± 26 % for yarn 

and filament respectively. Comparing with literature, the water absorption of lyocell and 
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flax fibers is 52.6 ± 3.7 % and 72.3 ± 0.22 % respectively [14]. It can be concluded that 

the spun fibers studied and their yarn have a great absorption of water compare to 

lyocell and flax fibers. The higher hydrophilicity of the fibers could cause a problem in 

the adhesion with some matrices. Their use as reinforcement in hydrophobic matrices 

can result in a very poor interface and poor resistance to moisture absorption [64].  

 

Figure 22. Weight gained vs time for water absorption tests of the filament and the 

yarn. 

A bundle of fibers was weighted in a moisture analyzer to measure the amount of 

moisture. The moisture content is 10.22 %. It was studied for regenerated cellulose 

fibers that increasing moisture content leads to a decrease in the strength [30]. The 

lower moisture content reported is a good indication of fiber mechanical performance.  

 

4.1.3. Mechanical properties  

Single filaments and their yarn were mechanically tested. Stress vs strain curves are 

shown in Figure 23 and Figure 24 for single filaments and yarn respectively. Regarding 

filaments, 20 samples were tested for each gauge length. For analyzing, curve number 

14 of the gauge length of 20 mm, curves number 6, 12, and 18 of the gauge length of 50 

mm, and curves number 1 and 18 of the gauge length of 100 mm were not taking into 

account to calculate the mechanical properties due to their shape does not follow the 

general behavior. Regarding the yarn, 20 samples were tested for each gauge length. As 

the behavior among samples was considerably homogenous, all the samples were taken 

into account to analyze.  

For filaments, each cross section was measured when was possible, if not average 

cross section was taken into account for the calculation. For the yarn, the cross section 

was assumed round and the average diameter was used. Compliance was taken into 

account in both cases, Appendix 1 and Appendix 2 for the single filament and the yarn 

respectively. Young’s modulus was calculated as was explained before as well as Weibull 



parameters following method 1. The results are summarized in Table 11 for the filament 

and the yarn.  

Table 11. Young's modulus, ultimate strength, elongation at break, shape, and scale 

parameter obtained from the single fiber/yarn tensile test for each gauge length. 

Gauge 

length 

(mm) 

 Young’s 

modulus 

(GPa) 

Ultimate 

strength 

(MPa)  

Elongation 

at break 

(%) 

Shape 

parameter 

β 

Scale 

parameter 

𝜺𝟎 (%) 

Scale 

parameter 

𝝈𝟎 (MPa) 

Fiber 

20 22.2 ± 4.5 272 ± 59 2.7 ± 0.7 1.7 ± 0.6 3.7 ± 0.6 780 ± 273 

50 19.1 ± 3.7 233 ± 63 1.9 ± 0.7 2.2 ± 0.7 2.6 ± 0.9 504 ± 214 

100 21.7 ± 4.5  245 ± 59 1.7 ± 0.4 2.6 ± 1.0 2.4 ± 0.5 529 ± 171 

Yarn 

20 1.2 ± 0.4 41 ± 7 7.8 ± 1.0 4.7 ± 3.7 11.0 ± 1.7 136 ± 45 

50 1.0 ± 0.2 36 ± 7 5.8 ± 0.7 3.6 ± 3.1 8.0 ± 1.3 83 ± 20 

100 1.0 ± 0.1 36 ± 9 5.4 ± 0.5 2.5 ± 0.8 7.4 ± 1.8 76 ± 19 

 

Young’s modulus, elongation at break, and ultimate strength were obtained 

successfully for both the single filaments and the yarn. Average Young’s modulus of 

different gauge lengths appears to be similar, demonstrating that the results are 

reliable. As expected, the longer the gauge length the lower the ultimate strength due 

to higher length leads to higher probabilities of having irregularities in the fiber resulting 

in an earlier break  [17][65].  

The mechanical properties of the fibers were compared with the regenerated 

cellulose fibers shown in Table 2. The fibers measured in this study had Young’s modulus 

between 19 and 22 GPa, if compared with the regenerated cellulose fibers, the stiffness 

is on the similar level as the Ioncell and Lyocell fibers [39] but better than the Viscose 

fibers. The strength of these fibers is only 1/3 of the Lyocell fibers and the elongation at 

break is lower compared to all regenerated cellulose fibers. Regarding the reported 

nanocellulose fibers either spun from TEMPO CNF or mechanically separated CNF, 

Young’s modulus of these fibers is higher than fibers obtained in different laboratories. 

The good stiffness of the filaments seems to be promising for their application in 

composite materials.  

 

 

 

 



 

 

 

Figure 23. Stress vs strain curves for the single fiber tensile test for gauge length of a) 

20, b) 50, and c) 100 mm. 

a 

b 

c 



 

 

 

Figure 24. Stress vs strain curves for the single yarn tensile test for gauge length of a) 

20, b) 50 and c) 100 mm. 

a 

b 

c 



Comparing mechanical properties between the single fiber and the yarn, it can be 

seen clearly that the stiffness of the yarn is much lower, only 1 GPa, showing that the 

yarn is very weak. Similar behavior was reported by Chabba et al [7][8] proving that 

Young’s modulus of flax fibers decreased from 60 GPa for the single fiber to 4.8 and 8.5 

GPa for the yarn, which is only 8-14% of the single fiber stiffness. The lower stiffness of 

the yarn can be due to its manufacturing where the fibers lose their continuity and they 

are also twisted as it has seen for flax fibers [64].  

Young’s modulus of the filament was plotted as a function of the filament cross 

section for each gauge length, as shown in Figure 25. Graphs show that stiffness 

increases when the cross section decreases regardless of the gauge length. Similar 

behavior was observed by Joffe and coworkers [34].  

 

 

 



 

Figure 25. Young's modulus as a function of filament cross section for single fiber 

tensile test for each gauge length. 

4.1.4. Single fiber fragmentation test (SFFT) 

An embedded single filament in epoxy resin was mechanically tested by single fiber 

fragmentation test and the obtained curves of load vs strain are shown in Figure 26. 

Weibull parameters were calculated following methods 1 and 2. In the load vs strain 

graph, experimental data, F curve, as well as F* curve are plotted. The results are 

summarized in Table 12.  

 

Figure 26. Graphs of load vs strain (left) and ln(-ln(Ps)) vs ln(strain) (right) for two 
samples. 



Table 12. Weibull parameters obtained from the single fiber fragmentation test. 

Method Shape parameter β Scale parameter 𝜺𝟎 (%) 

1 2.6 ± 0.1 4.1 ± 0.2 

2 2.4 ± 0.3 4.3 ± 0.1 

 

The embedded single fibers were studied in the optical microscope before and after 

the SFFT. Figure 27 shows micrographs with single filament embedded in epoxy before 

and after testing.  It is seen that before SFFT it is very difficult to distinguish the filament 

from the epoxy resin, this indicates good wetting and interaction. After the testing, the 

cracks are clearly visible, the critical fragment length was 123 ± 23 µm and the strength 

was 43 MPa. The interfacial shear strength was calculated to 2.1 ± 1.7 MPa in equation 

20:  

𝜏 =  
σ𝐹𝑤𝑡

𝐿(𝑤 + 𝑡)
=  

43 . ( 0.141 ± 0.017 ). (0.006 ± 0.001 )

(0.123 ± 0.023 ). (0.141 ± 0.017 + 0.006 ± 0.001)
= 2.1 ± 1.7 𝑀𝑃𝑎  

 

Regarding the SFFT with PLA polymer, the test samples were broken before fiber 

breakage due to the brittle behavior of the PLA. That is shown in Figure 28 where the 

fiber is intact. The SFFT with PLA, the fiber /filament is clearly visible even without using 

an optical microscope, as shown in Figure 17 which indicates poor interfacial adhesion 

and wetting. As the PLA cracks before the fiber breakage, interfacial shear strength 

cannot be calculated.  

 

Figure 27. Optical microscope image of the single fiber fragmentation test sample using 
PLA before (left) and after (right) tensile test. 



 

Figure 28. Optical microscope image of the single fiber fragmentation test sample using 
epoxy resin before (left) and after (right) tensile test. 

 

4.1.5. Fiber bundle test (FBT) 

Bundles of Spinnova filaments of different lengths were mechanically tested. The 

curves load vs strain obtained from the Instron machine can be found in Appendix 3.  

Curves have a bell shape and they can be used to identify parameters of Weibull strength 

distribution as well as fiber’s Young’s modulus. In the load vs strain curves, the slope 𝑆0 

was plotting in a way that the line was above the curve as can be seen in the following 

example, Figure 29.  

 

Figure 29. Example of the calculation of the parameter So. 

Following the equations explained in the methodology section according to method 

1, using the average cross section area obtained by scanning electron microscope, the 

bundle weight, and the cellulose density, 1.5 g/cm3, Young’s modulus, and Weibull 

parameters were calculated. The results are summarized in Table 13.  According to 

equations 15 and 16, the shape parameter does not have units and the scale parameter 

has displacement measurement units. Scale parameter in units of pressure can be 

obtained using Hooke’s law and experimental Young’s modulus. Compliance was taking 



into account. The graph of compliance as a function of gauge length can be found in 

Appendix 4.  

Table 13. Young's modulus, shape, and scale parameter obtained from the fiber bundle 

test for each gauge length. 

Gauge 

length (mm) 

Young’s modulus 

(GPa) 

Shape 

parameter β 

Scale 

parameter 𝜺𝟎 

(%) 

Scale 

parameter 

𝝈𝟎 (MPa) 

20 8.6 ± 1.2 2.9 ± 0.6 4.0 ± 0.4 343 ± 23 

50 11.8 ± 4.3 2.8 ± 0.8 2.8 ± 0.4 326 ± 115 

100 9.7 ± 1.8  3.4 ± 0.6 2.4 ± 0.63 226 ± 42 

 

Regarding the Young’s modulus, these experimental values are lower compared to 

the Young’s modulus obtained in the single fiber tensile test, with a decrease between 

47 % - 55 %. The difference could be due to those fibers in a bundle can be twisted and, 

in consequence, not completely aligned in the direction of the load, having in 

consequence, a lower mechanical performance. Joffe and coworkers tested a bundle of 

regenerated Cordenka cellulose fibers, and according to their results Young’s modulus 

of a twisted bundle decreased almost 40 %, from 24 to 16 GPa while elongation at break 

and ultimate strength kept similar values [66]. Nevertheless, their load-displacement 

curves do not have a bell-like shape contrary to the fiber under study.   

It is believed that Young’s modulus obtained from the single fiber tensile test is more 

reliable compared to the fiber bundle test. Even though at the beginning of the single 

fiber test the fiber could be not fully straight in the sample, the load applied first helps 

to reach the alignment and then to stretch. This mentioned behavior was seen in the 

shape of the stress vs strain curves which at the beginning were flat with a constant load 

while the strain increased. Furthermore, in Joffe and coworker’s research, stiffness was 

not affected for fiber twisting in the single fiber tensile test, achieving a Young’s modulus 

of 21 and 22 GPa for twisted and without twist Cordenka fiber respectively [66].  

Regarding Weibull parameters, shape and scale parameters were obtained by three 

different mechanical tests: single fiber tensile test, fiber bundle test, and single fiber 

fragmentation test. The scattering among the methods is quite small giving an average 

value of 2.6 ± 0.6 of shape parameter and 3.3 ± 0.5 % of the scale parameter. The flax 

fiber shape parameter was found between 2.7 and 4.3 [34].  

 

4.2. Biocomposite properties 

Two different biocomposites were prepared and tested. First, thermoset 

biocomposites with epoxy resin as a matrix and single filaments as reinforcement were 



made using vacuum infusion process. The composite sample is shown in Figure 30a. It 

was observed that the filaments are not completely stretched and the thickness of the 

sample is variable. Second, fiber-reinforced thermoplastic biocomposites were 

successfully made using PLA as a matrix and a yarn as reinforcement. Composites 

samples are shown in Figure 30b, 30c, and 30d. The challenges faced during the 

manufacturing process were the alignment, stretching, and homogeneous distribution 

of the yarn, as well as the control of the polymer movement under heat and pressure. 

Different ideas were analyzed in order to overcome the issues mentioned before. The 

yarn can be wound it around a support which allows to solve alignment, stretching, and 

distribution of the reinforcement. First, a close steel frame with dimensions of 90 x 140 

x 1.5 mm of width, length, and thickness respectively was used to wind the yarn on it. A 

stretched “perform” with the yarn unidirectionally oriented was achieved but the closed 

frame was affecting the thermal polymer behavior. In the film-stacking process, the 

polymer first melts due to the rise in the temperature above its melting point, and its 

volume increases. When pressure is applied keeping the same temperature, the polymer 

shrinks decreasing its volume. If the final sample thickness is lower than the thickness of 

the frame, the composite inside the frame will not receive the total pressure applied. In 

conclusion, the use of the close frame presented two drawbacks: limitation of the space 

of the polymer to expand and decrease of the real pressure applied in the composite. 

Because of these reasons, the use of a close frame was discarded and composite was 

manufactured using an open mold with the spacers needed for the film-stacking 

process. Regarding process parameters, the temperature as well as the time of heating 

were setting to be sure that the polymer is completely melted. A progressive 

compression by steps was selected to have smooth changes of polymer volume. The 

good results obtained show that parameters were selected properly. 

In Figure 31a and 31b, the microscopy study of the thermoset composite 

microstructure shows good adhesion between the filaments and the matrix. SEM 

pictures of the thermoplastic composite in Figure 31c and 31d reveals that yarn was 

impregnated with PLA and it is believed that the polymer even filled the yarn porosity. 

Because of that, a predicted Young’s modulus of the yarn without porosity, 25 GPa, was 

calculated to use it to obtain predicted Young’s modulus of the composite.  

 



 

Figure 30. Pictures of a) thermoset and b-c-d) thermoplastic composites made. 

A tensile test was carried out to analyze the mechanical properties of the thermoset 

composite. Stress vs strain curves obtained are found in Appendix 6. Young’s modulus, 

elongation at break, and ultimate strength are presented in Table 14. The reinforcement 

improved the mechanical performance of the neat epoxy resin but experimental Young’s 

modulus was considerably lower compared to the predicted Young’s modulus obtained 

by the rule of mixture. The difficulty of handling the filaments during the manufacturing 

process caused a heterogeneous distribution of the reinforcement as well as loss of 

alignment and stretching of them. It is believed that these parameters can be 

responsible for the lower Young’s modulus achieved. Even though single filaments seem 

to have a promising mechanical performance and a good impregnation in epoxy resin, 

it is completely necessary to find a way to manufacture a composite with them in order 

to benefit from all their potential. Fibers are quite difficult to handle them making their 

alignment, stretching, and homogenous distribution in a matrix the three main 

drawbacks found during the manufacturing process. Due to that reason, the yarn was 

used as reinforcement in the thermoplastic composite instead of the single filaments.  

Samples of neat PLA were tested and the values obtained agree with the technical 

data provided for the supplier (compare Table 14 with Table 8). Composites obtained 

were mechanically tested applying load in the longitudinal and transverse direction. In 

Appendix 7 and Appendix 8, stress vs strain curves from the stroke and the 

extensometer can be found.  As can be seen in Table 14, the composite presents good 

mechanical properties when the load is applied in the direction of the reinforcement. It 

was possible to almost double the strength and more than double the stiffness of the 



polymer by incorporating the yarn. Composites also present a higher elongation at break 

compared with the neat PLA. It is concluded that the Spinnova yarn improved 

significantly the mechanical properties of the PLA polymer. When the load is applied 

transversal, the mechanical performance of the composite decreased considerably 

supporting the fact that the stress can be transferred better when the reinforcement is 

in the direction of the applied load. Micrographs of tensile fracture cross section, Figure 

31f, reveals a significant fiber pull-out on the thermoplastic composite. 

 

Figure 31. SEM showing the cross section at two different magnifications of a-b) 
thermoset composite, c-d) thermoplastic composite, and tensile fracture cross section 

of e) thermoset composite and f) thermoplastic composite. 



Table 14. Experimental and predicted Young's modulus, elongation at break, and 
ultimate strength obtained for thermoset and thermoplastic biocomposites. 

Composite 

Young’s 

modulus 

(GPa) 

Predicted 

Young’s modulus 

(GPa) 

Elongation 

at break 

(%) 

Ultimate 

strength 

(MPa) 

Neat epoxy resin [54]   3.1 - 4.1 59 

Epoxy resin – fiber 1 7.9 ± 0.6 11.7 1.4 ± 0.6 72 ± 8 

Epoxy resin – fiber 2 5.9 ± 0.8 11.0 1.4 ± 0.4 57 ± 17 

Epoxy resin – fiber 3 8.2 ± 0.3 13.6 1.4 ± 0.7 69 ± 19 

Neat PLA [55] 3.4 ± 0.5 - 5.1 ± 0.6 54 ± 2 

2-PLA-0°-yarn  8.6 ± 0.8 7.4 / 6.7* 6.9 ± 1.0 95 ± 5 

2-PLA-90°-yarn  3.7 ± 0.6 - 1.5 ± 0.1 25 ± 1 

*The second value corresponds to the predicted Young’s modulus considering porosity 

calculated by equation 26. 

Composites properties were studied as a function of the temperature through a 

dynamic mechanical test. Curves of storage modulus and tan(δ) of thermoplastic 

composites in the longitudinal and transversal fiber direction and neat PLA are shown in 

Figure 32. In Figure 32a, it is seen that the thermal properties of neat PLA are increased 

with the incorporation of the yarn. The storage modulus is higher for the sample tested 

in the longitudinal direction at each temperature, having a storage modulus of 

approximately 6 GPa at room temperature, while the sample in the transversal fiber 

direction has a storage modulus of 3 GPa and neat PLA of 2.6 GPa at room temperature. 

The softening temperature of neat PLA and the composite of PLA-yarn 90° is found at 

around 55°C while for the composite of PLA-yarn 0° is 60°C. The storage modulus 

increased after 80°C in all the samples indicating a cold crystallization. The effect of cold 

crystallization is pronounced for the neat PLA and the PLA-yarn 90° but it is slight for 

PLA-yarn 0°. This proves that the yarn in the longitudinal direction considerably affects 

the thermal properties of the PLA.  

Tan(δ) is defined dividing loss modulus by storage modulus, the difference of peak 

intensity in each sample is because the transversal sample and the neat PLA have a lower 

storage modulus which increases significantly the value of tan(δ). The curves are related 

to the relaxation of the polymer. The peak temperature of neat PLA and PLA-yarn 90° 

are similar and around 68°C, indicating that the addition of yarn in the transversal 

direction does not affect the movement of the molecules. In the longitudinal sample, 

two peaks can be distinct. The temperature of the first peak is similar to the neat PLA 

while the temperature of the second peak is 70°C. The increase of temperature means 

that the composite needs more energy to be able to reach relaxation due to the yarn 

make more difficult polymer movement.   



 

 

Figure 32. DMA runs for neat PLA and PLA-yarn composite in the longitudinal (0°) and 
the transversal fiber direction (90°C): a) Storage modulus and b) tan(δ).  

  

a 

b 



5. Conclusions  

The objective of this study was to characterize Spinnova filaments and its yarn and 

to use them as reinforcement in thermoplastic and thermoset composites. The 

mechanical and morphological properties of spun cellulose filaments and their yarn 

were analyzed. The microstructure study showed that the single filaments have a flat 

cross section, a more porous surface on one side, and an orientated fibril structure on 

the other side. However, the filaments showed good mechanical properties compared 

to commercial regenerated cellulose fibers, such as Viscose and Lyocell. It was also 

shown that the mechanical properties of the Spinnova yarn were much lower than the 

single filaments.  

Both materials were tested as reinforcement, filaments in biobased epoxy 

thermoset resin and yarn in polylactic acid thermoplastic resin. Alignment, stretching, 

and homogenous distribution of the filaments/yarn were the challenges faced during 

both manufacturing processes. In the vacuum infusion approach, it was noticed that is 

was difficult to handle the single filaments due to their extremely light-weight and sticky 

intrinsic condition. Results from tensile testing showed that the addition of single 

filaments to the epoxy resin increases its modulus and ultimate strength while the 

elongation at break decreased. Nevertheless, the experimental Young’s modulus was 

lower than the predicted one which might be because of partially misaligned filaments. 

Microscopy study showed that the impregnation with epoxy resin is promising. PLA 

biocomposites with Spinnova yarn were prepared using the film-stacking approach. The 

results were very promising.  The neat PLA had a Young’s Modulus of 3.4 GPa, a strength 

of 54 MPa and an elongation at break of 5.1 % while with the addition of Spinnova yarn 

(22 wt%) a Young’s Modulus of 8.6 GPa, a strength of 95 MPa and an elongation at break 

of 6.5 % were achieved. The reinforcement improved significantly the mechanical 

properties of the neat PLA.  

It is concluded that these spun continuous cellulose-based fibers prepared in an 

environmentally friendly process have a great potential to be used in the composite 

industry.   

  

  



 

6. Future work  

The filaments and yarn supplied for Spinnova Oy have great potential as 

reinforcement in composites. A comprehensive characterization for the filaments and 

yarn has been conducted which can be continued to complete the analysis of the 

material. An impregnated fiber bundle test using the filaments/yarn, for example, is an 

interesting method commonly used by carbon and glass fibers to determine the 

mechanical properties of the fibers. This test will support the results found by the single 

fiber/yarn tensile test.  

It was observed that the fibers have a great impregnation in epoxy resin. A single 

fiber fragmentation test can be done for the yarn in epoxy resin. It is suggested to dye 

the filaments before preparing the samples in order to clearly see them through an 

optical microscope.  

In previous work, a vacuum infusion process was carried out using epoxy resin as a 

matrix and single filaments as reinforcement obtaining good results. Manufacturing of 

the composites using the yarn and epoxy resin by vacuum infusion can be an interesting 

subject to analyze due to the ease to handle the yarn.  

 

 

  



7. References 

[1] S. K. Ramamoorthy, M. Skrifvars, and A. Persson, “A review of natural fibers used in 
biocomposites: Plant, animal and regenerated cellulose fibers,” Polym. Rev., vol. 55, no. 
1, pp. 107–162, 2015. 

[2] Masuelli. M., “Introduction of Fibre-Reinforced Polymers − Polymers and Composites: 
Concepts, Properties and Processes,” in Fiber Reinforced Polymers - The Technology 
Applied for Concrete Repair composites, Masuelli. M., Ed. 2016, pp. 1–39. 

[3] S. M. Sapuan, K. F. Tamrin, Y. Nukman, Y. A. El-Shekeil, M. S. A. Hussin, and S. N. A. Aziz, 
“Natural Fiber-Reinforced Composites: Types, Development, Manufacturing Process, 
and Measurement,” in Comprehensive Materials Finishing, vol. 1, M. Hashmi, Ed. 
Elsevier Ltd., 2017, pp. 203–230. 

[4] S. Hooshmand, Y. Aitomäki, L. Berglund, A. P. Mathew, and K. Oksman, “Enhanced 
alignment and mechanical properties through the use of hydroxyethyl cellulose in 
solvent-free native cellulose spun filaments,” Compos. Sci. Technol., vol. 150, pp. 79–86, 
2017. 

[5] S. Chabba, G. F. Matthews, and A. N. Netravali, “‘Green’ composites using cross-linked 
soy flour and flax yarns,” Green Chem., vol. 7, no. 8, pp. 576–581, 2005. 

[6] S. Chabba and A. N. Netravali, “‘Green’ composites part 2: Characterization of flax yarn 
and glutaraldehyde/poly(vinyl alcohol) modified soy protein concentrate composites,” 
J. Mater. Sci., vol. 40, no. 23, pp. 6275–6282, 2005. 

[7] C. Clemons, U. F. Service, O. Gifford, and P. Drive, “Nanocellulose in Spun Continuous 
Fibers : A Review and Future Outlook,” J. Renew. Mater., vol. 4, no. 5, pp. 327–339, 
2016. 

[8] A. Michud et al., “Ioncell-F : ionic liquid-based cellulosic textile fibers as an alternative 
to viscose and Lyocell,” Text. Res. J., vol. 86, pp. 543–552, 2016. 

[9] S. Iwamoto, A. Isogai, and T. Iwata, “Structure and Mechanical Properties of Wet-Spun 
Fibers Made from Natural Cellulose Nanofibers,” Biomacromolecules, vol. 12, pp. 831–
836, 2011. 

[10] A. Walther, J. V. I. Timonen, I. Díez, A. Laukkanen, and O. Ikkala, “Multifunctional High-
Performance Biofi bers Based on Wet-Extrusion of Renewable Native Cellulose Nanofi 
brils,” Adv. Mater., vol. 23, pp. 2924–2928, 2011. 

[11] K. M. O. Håkansson et al., “Hydrodynamic alignment and assembly of nanofibrils 
resulting in strong cellulose filaments,” Nat. Commun., vol. 5, pp. 1–10, 2014. 

[12] S. Hooshmand, Y. Aitomäki, N. Norberg, A. P. Mathew, and K. Oksman, “Dry-Spun 
Single-Filament Fibers Comprising Solely Cellulose Nanofibers from Bioresidue,” ACS 
Appl. Mater. Interfaces, vol. 7, no. 23, pp. 13022–13028, 2015. 

[13] Y. Shen et al., “High velocity dry spinning of nanofibrillated cellulose (CNF) filaments on 
an adhesion controlled surface with low friction,” Cellulose, vol. 23, no. 6, pp. 3393–
3398, 2016. 

[14] F. Carrillo, X. Colom, and X. Cañavate, “Properties of regenerated cellulose lyocell fiber-
reinforced composites,” J. Reinf. Plast. Compos., vol. 29, no. 3, pp. 359–371, 2010. 

[15] Y. Qin, “A brief description of textile fibers,” in Medical Textile Materials, Y. Qin, Ed. 



Woodhead Publishing, 2016, pp. 23–42. 

[16] Y. Gowayed, “Types of fiber and fiber arrangement in fiber-reinforced polymer (FRP) 
composites,” in Developments in Fiber-Reinforced Polymer (FRP) Composites for Civil 
Engineering, N. Uddin, Ed. Woodhead Publishing, 2013, pp. 3–17. 

[17] T. Mukherjee and N. Kao, “PLA Based Biopolymer Reinforced with Natural Fibre: A 
Review,” J. Polym. Environ., vol. 19, no. 3, pp. 714–725, 2011. 

[18] M. Reinhardt, J. Kaufmann, M. Kausch, and L. Kroll, “PLA-Viscose-Composites with 
Continuous Fibre Reinforcement for Structural Applications,” Procedia Mater. Sci., vol. 
2, no. Carus 2008, pp. 137–143, 2013. 

[19] Y. Yang, R. Boom, B. Irion, D. J. van Heerden, P. Kuiper, and H. de Wit, “Recycling of 
composite materials,” Chem. Eng. Process. Process Intensif., vol. 51, pp. 53–68, 2012. 

[20] I. Siró and D. Plackett, “Microfibrillated cellulose and new nanocomposite materials: A 
review,” Cellulose, vol. 17, no. 3, pp. 459–494, 2010. 

[21] M. Poletto, V. Pistor, and A. J. Zattera, “Structural Characteristics and Thermal 
Properties of Native Cellulose Chapter,” in Cellulose - Fundamental Aspects and Current 
Trends, T. Van de Ven and G. L, Eds. InTech, 2013, pp. 45–65. 

[22] M. Börjesson and G. Westman, “Crystalline Nanocelullose - Preparation, Modification, 
and Properties.,” in Cellulose - Fundamental Aspects and Current Trends, M. Poletto, Ed. 
2015, pp. 159–191. 

[23] X. Li, L. G. Tabil, and S. Panigrahi, “Chemical treatments of natural fiber for use in 
natural fiber-reinforced composites: A review,” J. Polym. Environ., vol. 15, no. 1, pp. 25–
33, 2007. 

[24] A. C. O’sullvian, “Cellulose: the structure slowly unravels,” Cellulose, vol. 4, no. 3, pp. 
173–207, 1997. 

[25] J. H. Kim et al., “Review of nanocellulose for sustainable future materials,” Int. J. Precis. 
Eng. Manuf. - Green Technol., vol. 2, no. 2, pp. 197–213, 2015. 

[26] R. C. R. Nunes, “Rubber nanocomposites with nanocellulose,” in Progress in Rubber 
Nanocomposites, no. 1, S. Thomas and H. Maria, Eds. Woodhead Publishing, 2016, pp. 
463–494. 

[27] V. B. Gupta and Y. C. Bhuvanesh, “Basic principles of fluid flow during fibre spinning,” in 
Manufactured Fibre Technology, V. B. Gupta and V. K. Kothari, Eds. 1997, pp. 31–34. 

[28] V. B. Gupta, “Solution-spinning processes,” in Manufactured Fibre Technology, V. B. 
Gupta and V. K. Kothari, Eds. Dordrecht: Springer Netherlands, 1997, pp. 124–138. 

[29] B. Ozipek and H. Karakas, “Wet spinning of synthetic polymer fibers,” in Advances in 
filament yarn spinning of textiles and polymers, Woodhead P., D. Zhang, Ed. Woodhead 
Publishing Limited, 2014, pp. 174–186. 

[30] H. Sixta et al., “Ioncell-F : A High-strength regenerated cellulose fibre,” Nord. Pulp Pap. 
Res., vol. 30, no. 1, pp. 43–57, 2015. 

[31] A. Bismarck, I. Aranbefwi-askargorta, T. U. Berlin, T. Lampkfc, B. Wielage, and R. 
Unwersit, “Surface Characterization of Flax, Hemp and Cellulose Fibers; Surface 
Properties and the Water Uptake Behavior.,” Polym. Compos., vol. 23, no. 5, pp. 872–
894, 2002. 



[32] Y. Yao and S. Chen, “The effects of fiber ’ s surface roughness on the mechanical 
properties of fiber-reinforced polymer composites,” J. Compos. Mater., vol. 47, no. 23, 
pp. 2909–2923, 2012. 

[33] K. Van De Velde and P. Kiekens, “Wettability of natural fibres used as reinforcement for 
composites,” Angew. Makromol. Chemie, vol. 272, no. 4761, pp. 87–93, 1999. 

[34] R. Joffe, J. A. Andersons, and L. Wallström, “Strength and adhesion characteristics of 
elementary flax fibres with different surface treatments,” Compos. Part A Appl. Sci. 
Manuf., vol. 34, pp. 603–612, 2003. 

[35] Z. Chi, T. W. Chou, and G. Shen, “Determination of single fibre strength distribution 
from fibre bundle testings,” J. Mater. Sci., vol. 19, no. 10, pp. 3319–3324, 1984. 

[36] J. Andersons and R. Joffe, “Evaluation of interfacial shear strength by tensile tests of 
impregnated flax fiber yarns,” J. Compos. Mater., vol. 46, no. 3, pp. 351–357, 2011. 

[37] S. R. Hadfield and M. Street, “Review Single fibre fragmentation test for assessing 
adhesion in fibre reinforced composites,” J. Mater. Sci., vol. 33, pp. 1–16, 1998. 

[38] N. Graupner et al., “Impregnated fibre bundle test for natural fibres used in 
composites,” Reinf. Plast. Compos., vol. 36, no. 13, pp. 942–957, 2017. 

[39] W. Gindl et al., “Anisotropy of the modulus of elasticity in regenerated cellulose fibres 
related to molecular orientation,” Polymer (Guildf)., vol. 49, no. 3, pp. 792–799, 2008. 

[40] J. Andersons, E. Sparnins, R. Joffe, and L. Wallström, “Science and strength distribution 
of elementary flax fibres,” Compos. Sci. Technol., vol. 65, pp. 693–702, 2005. 

[41] R. Joffe, J. Andersons, and L. Wallström, “Interfacial shear strength of flax fiber / 
thermoset polymers estimated by fiber fragmentation tests,” J. Mater. Sci., vol. 40, pp. 
2721–2722, 2005. 

[42] K.-T. Hsiao and D. Heider, “Vacuum assisted resin transfer molding (VARTM) in polymer 
matrix composites,” in Manufacturing Techniques for Polymer Matrix Composites 
(PMCs), Woodhead Publishing Limited, 2012, pp. 310–347. 

[43] A. Hammami and B. R. Gebart, “Analysis of the vacuum infusion molding process,” 
Polym. Compos., vol. 21, no. 1, pp. 28–40, 2000. 

[44] N. C. Correia, F. Robitaille, A. C. Long, C. D. Rudd, P. Šimáček, and S. G. Advani, “Analysis 
of the vacuum infusion moulding process: I. Analytical formulation,” Compos. Part A 
Appl. Sci. Manuf., vol. 36, no. 12, pp. 1645–1656, 2005. 

[45] A. O’Donnell, M. A. Dweib, and R. P. Wool, “Natural fiber composites with plant oil-
based resin,” Compos. Sci. Technol., vol. 64, no. 9, pp. 1135–1145, 2004. 

[46] K. Oksman, M. Skrifvars, and J. F. Selin, “Natural fibres as reinforcement in polylactic 
acid (PLA) composites,” Compos. Sci. Technol., vol. 63, no. 9, pp. 1317–1324, 2003. 

[47] B. Bax and J. Müssig, “Impact and tensile properties of PLA/Cordenka and PLA/flax 
composites,” Compos. Sci. Technol., vol. 68, no. 7–8, pp. 1601–1607, 2008. 

[48] D. Plackett, T. L. Andersen, W. B. Pedersen, and L. Nielsen, “Biodegradable composites 
based on L-polylactide and jute fibres,” Compos. Sci. Technol., vol. 63, no. 9, pp. 1287–
1296, 2003. 

[49] P. Ouagne, L. Bizet, C. Baley, and J. Bréard, “Analysis of the Film-stacking Processing 
Parameters for PLLA / Flax Fiber Biocomposites,” J. Compos. Mater., vol. 44, no. 10, pp. 



1201–1215, 2010. 

[50] K. Oksman, “High quality flax fibre composites manufactured by the resin transfer 
moulding process,” J. Reinf. Plast. Compos., vol. 20, no. 7, pp. 621–627, 2001. 

[51] R. Andersons, J, Sparnins E., Joffe, “Stiffness and Strength of Flax Fiber/Polymer Matrix 
Composites,” Polym. Compos., vol. 37, no. 1, pp. 221–229, 2006. 

[52] V. K. Thakur and M. K. Thakur, “Processing and characterization of natural cellulose 
fibers/thermoset polymer composites,” Carbohydrate Polymers, vol. 109. pp. 102–117, 
2014. 

[53] Y. Yuan, M. Guo, and Y. Wang, “Flax Fibers as Reinforcement in Poly ( Lactic Acid ) 
Biodegradable Composites,” in Intelligent Computing and Information Science, 2011, 
pp. 547–553. 

[54] “Technical Data Sheet,” vol. 44, no. 0, p. 521111, 2018. 

[55] NatureWorks, “Ingeo TM Biopolymer 4032D Technical Data Sheet Extrusion Grade for 
Higher Heat Products,” pp. 1–4. 

[56] J. Wei, S. Geng, J. Hedlund, and K. Oksman, “Lightweight, flexible, and multifunctional 
anisotropic nanocellulose-based aerogels for CO2 adsorption,” Cellulose, vol. 27, no. 5, 
pp. 2695–2707, 2020. 

[57] C. Clemons, “Raw materials for wood-polymer composites CCLEMONS,” in Wood - 
polymer composites, Woodhead P., K. Oksman and M. Sain, Eds. 2008, p. 16. 

[58] M. C. Symington, W. M. Banks, O. D. West, and R. A. Pethrick, “Tensile testing of 
cellulose based natural fibers for structural composite applications,” J. Compos. Mater., 
vol. 43, no. 9, pp. 1083–1108, 2009. 

[59] American Society for Testing and Materials, “Standard Test Method for Tensile Strength 
and Young’s Modulus of Fibers,” Astm C1557-14, pp. 1–10, 2014. 

[60] T. W. Chou, “Statistical tensile strength theories,” in Microstructure design of fiber 
composite, Cambridge University Press, 1992, pp. 98–115. 

[61] R. C. Petersen, J. E. Lemons, and M. S. McCracken, “Stress-Transfer Micromechanics For 
Fiber Length with a Photocure Vinyl Ester Composite,” Polym. Compos., vol. 27, pp. 
153–169, 2006. 

[62] S. Feih, K. Wonsyld, D. Minzari, P. Westermann, and H. Lilholt, “Testing procedure for 
the single fiber fragmentation test,” Denmark, 2004. 

[63] T. Nissilä, S. S. Karhula, S. Saarakkala, and K. Oksman, “Cellulose nanofiber aerogels 
impregnated with bio-based epoxy using vacuum infusion: Structure, orientation and 
mechanical properties,” Compos. Sci. Technol., vol. 155, pp. 64–71, 2018. 

[64] S. Goutianos, T. Peijs, B. Nystrom, and M. Skrifvars, “Development of flax fibre based 
textile reinforcements for composite applications,” Appl. Compos. Mater., vol. 13, no. 4, 
pp. 199–215, 2006. 

[65] A. K. Bledzki and J. Gassan, “Composites reinforced with cellulose based fibres,” Prog. 
Polym. Sci., vol. 24, no. 2, pp. 221–274, 1999. 

[66] L. Rozite, R. Joffe, J. Varna, and B. Nyström, “Characterization and modeling of 
performance of polymer composites reinforced with highly non-linear cellulosic fibers,” 
IOP Conf. Ser. Mater. Sci. Eng., vol. 31, 2012. 



8. Appendix 
 

8.1. Single fiber tensile test 

 

Appendix 1. Compliance vs gauge length of the single fiber tensile test. 

8.2. Single yarn tensile test 

 

Appendix 2. Compliance vs gauge length of the single yarn tensile test. 



8.3. Fiber bundle test 

The load vs strain curves obtained from the fiber bundle test are presented hereunder. 

For analyzing, curve number 3 of the gauge length of 20 mm, curve number 1 of the 

gauge length of 50 mm, and curve number 2 of the gauge length of 100 mm were not 

taking into account to calculate the mechanical properties due to their shape does not 

follow the general behavior.  

 

 

a 
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Appendix 3. Load vs strain curves for the fiber bundle test for gauge length of a) 20, b) 
50 and c) 100 mm. 

 

Appendix 4. Compliance vs gauge length of the fiber bundle test. 

 

8.4. Tensile testing PLA  

Stress vs strain curves of nine out of ten tested samples are presented hereunder. 

Young’s modulus was calculated from the extensometer curves while elongation at 

break and ultimate strength were calculated from the stroke. Extensometer allows to 

obtain an accurate value of the elastic modulus. As the load can be not homogeneously 

distributed throughout the sample, maximum strain and stress are considered from the 

stroke curve.  
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Appendix 5. Stress vs strain curves of PLA samples obtaining from a) stroke and b) 
extensometer. 

 

8.5. Tensile testing biocomposites 

8.5.1. Vacuum infusion process 

Three samples of each thermoset composite were tested. Appendix 6 shows stress vs strain 

graphs for each composite. In Appendix 6A and B, it could be seen that sample number 2.2 of 

the composite 2 and sample number 3.3 of the composite 3 have lower ultimate strength. 

Nevertheless, a notable internal crack had been seen in the sample which is responsible for the 

earlier break. Furthermore, it can be seen that in each composite, there are differences in the 

ultimate strength among them. The polish of the edges of each sample could be responsible for 

that difference. An incomplete polish can be the cause of the initiation of the crack because the 

imperfections can act as stress concentration points.  
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Appendix 6. Stress vs strain curves obtained for each thermoset composite. 
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8.5.2. Film-stacking process 

Samples were tested in the longitudinal and transverse composite direction. Stress vs 

strain curves are shown hereunder. Young’s modulus was calculated from the 

extensometer curves while elongation at break and ultimate strength were calculated 

from the stroke. Extensometer allows to obtain an accurate value of the elastic modulus. 

As the load can be not homogeneously distributed throughout the sample, maximum 

strain and stress are considered from the stroke curve. 

 

 

 

Appendix 7. Stress vs strain curves of thermoplastic composite tested in the longitudinal 
direction from a) stroke and b) extensometer. 
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Appendix 8. Stress vs strain curves of thermoplastic composite tested in the transverse 
direction from a) stroke and b) extensometer. 
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