
 



 

Abstract 
The innovative technology behind production of strong biofilaments involves the process of spinning             
filaments from nanoparticles extracted from wood. These nanoparticles are called cellulose nanofibrils            
(CNFs). The spun filaments can have high mechanical properties, rivaling many other plant based              
materials, and could be an environmentally friendly replacement for many materials in the future such               
as fabrics and composites. Before mass production might be possible, the optimal dispersion             
properties must be determined for the intended use, with regard to concentration, method of oxidation               
(TEMPO-oxidation or carboxymethylation) and pretreatment through sonication and centrifugation. 
 
In this bachelor’s thesis attributes of spun filaments were investigated in order to find a correlation                
between mechanical properties and the effects of concentration, method of oxidation as well as              
sonication and centrifugation of the dispersions. The mechanical properties were also compared to the              
fibrils’ ability to entangle and align during flow-focusing. A variety of analytical methods: flow-stop,              
tensile testing, scanning electron microscopy (SEM) and wide angle X-ray scattering (WAXS) were             
implemented for the dispersions and filaments. 
 
The results from this study show that flow-stop analysis could be used to determine which CNF                
dispersions are spinnable and which are non-spinnable, along with which spinnable dispersion would             
yield the strongest filament. It was also concluded that crystallinity of fibrils affects the mechanical               
properties of filaments and that TCNFs are generally more crystalline than CMCs. Pretreatment             
through sonication and centrifugation seems to have a negative impact on spinnability and sonication              
in combination with low concentration seems to lead to non-spinnable conditions. On the other hand,               
sonicated dispersions seem to yield a greater number of samples without aggregates than             
non-sonicated ones. Aggregates, however, seem to only affect ultimate stress out of the measured              
mechanical properties. Furthermore, concentration and viscosity affect spinnability and CMC          
dispersions seem to yield thicker filaments than TCNF dispersions. However, due to lack of              
statistically validated data any definitive conclusions could not be drawn.  
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1. Introduction 
The aim of this study is to investigate and compare the mechanical properties of filaments spun from                 
different types of nanocellulose dispersions. These dispersions contain cellulose nanofibrils (CNFs),           
that can also sometimes be referred to as nanocellulose fibrils (NFCs) or cellulose microfibrils              
(CMFs). This study compares CNF filaments spun from dispersions of TEMPO-oxidized CNFs            
(TCNFs) and carboxymethylated CNFs (CMCs), of different concentrations as well as different            
combinations of pretreatment through sonication and centrifugation. By using different types of            
analytical instruments the alignment, crystallinity and mechanical properties of the filaments are            
investigated. ​Furthermore, results from a new form of analytical instrument, called flow-stop, are             
analyzed and potential connections to spinnability are investigated. 
 
The overall aim of this study is to investigate possible connections between the internal filament               
structures and the mechanical properties of the filaments.  
 
Sub-questions to help reach conclusions on the study are listed below.  
 

● Which conditions led to spinnable dispersions? 
● Which conditions led to higher degree of alignment of fibrils inside the filaments? 
● Can obvious differences in filament surface structure depending on treatment be determined? 
● How did the internal structure of cellulose inside fibrils change with treatment? 
● Which conditions yielded filaments with highest values of mechanical properties? 
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2. Theoretical background 

2.1 Cellulose and nanocellulose 

Cellulose is a chain polymer built of (1→4)-β-glucose monomers. Cellulose nanofibril (CNF) consists             
of cellulose chains packed parallel to each other in a specific manner and are linked through van der                  
Waals forces and hydrogen bonds. (Ek et. al., 2011) ​The crystallinity of the CNF is dependant on the                  
amassed interface of the fibrils and the degree of order of single chains. A non-crystalline region                
forms in between fibrils and is made of amorph, unaligned cellulose. (Daicho ​et. al.,​ 2018) 
 
Derivatization, substitution of at least one hydroxyl group into another functional group, changes the              
features of the cellulose. As the functional groups are changed, the force of the intermolecular bonds                
also changes through derivatization. (Ek ​et. al.​, 2011) 
 
Through high-pressure homogenization of pulp, wood based CNFs can be produced, as pulp in              
general has a high weight percentage (wt%) of cellulose. At the same time mechanical extraction of                
CNFs from wood pulp may result in a significant decrease of cellulose crystallinity. In order to                
decrease clogging, which often occurs in this process and preserves native cellulose crystallinity,             
hydrophilic cellulose polymers and other swelling agents ​can be added to pulp prior to treatment or                
charged groups can be introduced within the wood fibers by chemical pre-treatments. (Klemm ​et. al.​,               
2011) 

2.1.1 TEMPO-oxidized Cellulose (TCNF) 

When oxidizing cellulose with 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO), various        
systems can be used. For the TEMPO/NaClO/NaBr system under alkaline conditions, the primary             
hydroxyl of C​6 is selectively converted into a carboxylate group. TEMPO and NaBr act as catalysts                
while NaClO acts as an oxidant. The mechanism is illustrated in Fig.1 below. Further, selective               
reduction of aldehyde groups that have not been converted into carboxylates can be done using               
NaBH​4​. (Saito ​et. al.​, 2006) 
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Figure 1. Illustration of mechanism for TEMPO/NaClO/NaBr system oxidation adapted from Saito ​et. al.              
(2006). 
 
It has been found that using a higher concentration of NaClO during oxidation results in CNFs with                 
higher fibrillation yield and increased carboxylate content. The reason for the higher fibrillation yield              
is, among others, the high content of carboxylate. Carboxylates cause the CNFs to repel each other,                
through electrostatic repulsion. It has also been observed that usage of higher concentrations of              
NaClO result in stronger networks of CNFs as it increases the specific area of the cellulose which                 
results in entanglements of CNF. (Bettaieb ​et. al.​, 2015)  
 
TEMPO-oxidation does not affect the crystallinity of the cellulose as the substitution of functional              
groups does not occur inside the cellulose crystallites but rather on the surface of them. (Saito ​et. al.​,                  
2006) 

2.1.2 Carboxymethylated Cellulose (CMC) 

Under alkaline conditions, cellulose dispersed with NaOH in an organic liquid, the hydroxyl groups of               
cellulose can undergo etherfication with monochloroacetic acid (C2H3ClO2) or sodium          
monocholoacetic acid (SMAC) as described below. This process can be repeated with the product of               
the foregoing step. (Aguir ​et. al.​, 2005) 
 

ellONa C2H3ClO2 ellOCH COONaC +  → C 2  
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Several carboxymethyl groups can be substituted onto the alkaline cellulose depending on the the              
conditions of the reaction. The determining factors of the degree of substitution (DS) are reagent               
concentrations, type of solvent and amount of times carboxymethylation has occurred. (Aguir ​et. al.​,              
2005) DS defines how many functional groups per repeating unit that are substituted within a               
polymer. (No author, 2011) For the reagent concentrations, the amounts of NaOH and C2H3ClO2 are               
relevant. An optimum DS can be reached with increasing concentration of NaOH and the higher the                
concentration of C2H3ClO2 the higher the DS. For the solvent, the DS increases with decreasing               
polarity of the organic solvent. The more times that the carboxymethylation is done, the higher the                
DS. (Aguir ​et. al.​, 2005) 
 
When NaOH is introduced during carboxymethylation, it affects the crystallinity of the cellulose as it               
reacts in the amorphous regions of it. The reactions between NaOH and cellulose results in               
cellulose-II replacing some of the cellulose-I. It has been found that the overall crystallinity increases               
when increasing the amount of NaOH used. (Bhandari ​et. al.,​ 2011) 

2.2 Rheology of CNF Dispersions 

Viscosity of CNF dispersions are in direct correlation to shear rate, which is the propagation of                
movement through a liquid. (Naderi et. al., 2016) A CNF dispersion is a shear thinning liquid,                
meaning it is non-Newtonian and the viscosity of the liquid decreases during shear strain. (Meng et.                
al., 2016) The CNF dispersions typically obtain some elastic properties above a certain overlap              
concentration, typically around 0.01-0.05 wt%, due to increasing fibril-fibril interactions. (Geng et.            
al., 2018) The overlap concentration thus signifies the critical concentration separating the semi-dilute             
and dilute regions of the dispersion. (Onyianta et. al., 2017) A semi-dilute CNF dispersion is also                
known to be thixotropic, meaning that the viscosity is not only dependent on the instantaneous shear                
rate, but also on the shear history, for example if dispersion has been pre-sheared or not. (Naderi et.                  
al., 2016) At higher concentration, such as 0.3 wt% for a dispersion of 980 μmol/g charge, the                 
connectivity between nanofibrils is so high that the dispersion transitions to a volume-spanning             
arrested gel-like state. (Geng et. al., 2018)  
 
It has been proven that for CMC an increase of the system’s ionic strength leads to a decrease in                   
viscosity as well as gel stiffness. (Naderi ​et. al., 2016) The viscosity of TCNF follows the same trend.                  
(Moberg ​et. al.​, 2017)  

2.3 Sonication and centrifugation  
Sonication and centrifugation are two processes that can be used to homogenize dispersions. The              
sonication process disrupts aggregates in a dispersion by applying high energy ultrasonic frequencies             
through a liquid sample. The process agitates the nanofibrils through rapid compression and disturbs              
clotting. (Thanu ​et. al., 2019) A probe is inserted in the sample and emits focused acoustic energy                 
evenly throughout the sample. (Covaris, 2020) Centrifugation can, in turn, be performed to separate              
fibrils of different lengths and aggregates to prevent abnormally big objects from entering the              
machinery or threads, and thereby causing clogging or defects within filaments, respectively. (Yang,             
et. al., ​2019) 
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2.4 Flow-focusing 

Cellulose nanofibrils (CNFs) can be organized and spun into strong macroscale fibers by ensuring              
fibril alignment in the structure, which can be achieved using a method called flow-focusing spinning.               
(Mittal ​et. al.​, 2018)  

Flow-focusing spinning is performed using a double flow-focusing channel geometry, which consists            
of six different channels: one for the CNF dispersion (marked by 1 in Fig.2), two each for deionized                  
water (marked by 2 in Fig.2) and acid at low pH (marked by 3 in Fig.2), and one that serves as outlet                      
(marked by 4 in Fig.2). The CNF dispersion is injected in the core flow channel, while sheath flows of                   
water and acid are injected in channels perpendicular to the flow of the CNF dispersion. The principle                 
for the double flow-focusing spinning method is shown in Fig.2. (Mittal ​et. al.​, 2018)  

Figure 2. ​Illustration of the principle structure of a double flow-focusing channel that is used in order to align cellulose                    
nanofibrils (CNFs) into macroscale fibers. A CNF dispersion is injected in the core flow (marked by 1), while deionized                   
water (marked by 2) and acid at low pH (marked by 3) are injected perpendicular to the CNF dispersion flow. This figure is                       
adapted from Mittal ​et. al.​, 2018 

When the nanocellulose dispersion comes in contact with the sheath flows of water (marked by 2 in                 
Fig.2), hydrodynamically induced fibril alignment is obtained in the direction of the flow. (Håkansson              
et. al.​, 2014) As a direct effect of introducing acid at low pH, the alignment is then locked in, what is                     
described by Mittal ​et. al. ​(2018) as, a metastable colloidal glass structure. When the nanocellulose               
dispersion comes in contact with the acid, the carboxylate (COO​-​) groups become protonated and the               
electrostatic repulsions are reduced and overcome by van der Waals and hydrophobic forces. The              
resulting metastable structure prevents loss of alignment, that would otherwise occur due to Brownian              
motion. (Mittal ​et. al.​, 2018)  
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The deionized water flowing along the walls of the flow-focusing channel prevents transition of the               
CNF dispersion into the glass state in contact with the walls, which could otherwise lead to clogging                 
of the cell. (Mittal ​et. al.​, 2018) 

2.5 Analytical methods 

2.5.1 Flow-stop 

A similar flow-focusing setup to the one explained in section 2.4 above can be combined with a                 
flow-stop procedure, in order to measure birefringence in cellulose nanofibril (CNF) dispersions and             
thereby provide information on the fibril alignment in relation to Brownian motion. The single              
flow-focusing setup is in this case consisting of four main channels as can be seen in Fig.3. The CNF                   
dispersion ​is injected in the core channel and deionized water is injected in the two sheath flow                 
channels perpendicular to the flow of CNF. The fourth channel serves as an outlet. This setup ensures                 
an extensional flow of the CNF dispersion, which causes the CNFs to align in the direction of the                  
flow. The flow cell ​is mounted in between two cross polarizers, and a high-speed camera is installed                 
to measure red laser light passing through the setup. The birefringence properties of the CNF               
dispersions allow for measuring fibril alignment in the system by observing changes in birefringence              
of the red laser light. Once the flows of CNF dispersion and deionized water reach a steady state, the                   
flows are rapidly stopped by closing the valves (marked with V in Fig.3) connected to the pumps.                 
Brownian motion then causes the system to de-align, which can be observed as a decay of                
birefringence. The collected data is compared to a reference, whereupon comparisons can be made              
between different dispersions. (Brouzet ​et. al.​, 2019) 

 

Figure 3. ​Illustration of the setup used for flow-stop analysis of CNF dispersions, where a flow cell with a single                    
flow-focusing geometry is mounted in between two cross polarizers. The CNF dispersion (grey) flows in the center channel                  
of the cell, while deionized water (blue) flows in the two channels perpendicular to the flow of CNF. The stopping of the                      
flows is controlled by three-way valves, marked by V. This figure is adapted from Brouzet ​et. al.​, 2019 (Supporting                   
information).  
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The definition for birefringence used when performing flow-stop analysis is presented in equation 1              
below.  

irefringence  B =  √ I
texp

(1) 

 
where is the intensity of the collected red laser light and is the exposure time used when I            texp        
performing the analysis. 

2.5.2 Tensile test 
To examine the mechanical properties, attributes and, by extension, the real-world applications of             
finished filaments stress-strain (tensile) testing can be performed. Stress-strain testing is the procedure             
of dislocating two points of a sample’s length from each other to the point of full fracture. The main                   
values sought are the overall load withstood before fracture, ultimate stress, and the force withstood               
without altering the filament geometry. In addition, the extruded force for a deformation to occur may                
be relevant, if noticeably high for a sample, depending on the filaments intended use, and should be                 
taken into account. Tensile testing plots the Engineering Stress (𝜎​e​) with respect to the Engineering               
Strain (𝜀​e​). The implemented equations are listed below (equations 2 and 3), along with their               
completions. (Tu, S. ​et. al.​, 2020) 
 
Engineering Strain (𝜀​e​), displacement of the sample ( ) over the original length of the sample (L​0​), is       δ           
calculated as seen in equation 2. 
 

εe = δ
L0

 (2) 

 
Engineering Stress (𝜎​e​), which is load applied divided by the original cross-section area is seen below                
in equation 3.  
 

σe = P
A0

(3) 

 
Where P is load applied by the machine and A​0​ is the original cross-section area of the sample.  
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An example of the final graph provided can be seen below in Fig.4. 
 

 
 
Figure 4.​ A typical stress-strain test curve that could be seen from tensile testing of  a filament thread. 
 
At lower loads applied, the filament thread will act according to Hooke’s law, as a brittle, elastic                 
material, which is reflected in the linear part of the graph in Fig.4, referred to as the elastic modulus                   
(​E​). At higher loads however, the sample takes on a ductile property, irreversibly stretching with the                
displacement until fracturing. The strain required for fracture is referred as strain at break. The elastic                
modulus is the constant proportionality between strain and stress at lower loads and can be calculated                
as follows in equation 4. (Roylance, 2001)  
 

ε  σe = E e (4) 
 
The area below the graph represent the total energy requirement for fracture, namely, the toughness of                
the sample. (Roylance, 2001) 
 
Chemical cross-linking has proven to be a, to some degree, replication of the natural cross-linking               
between cellulose and lignin/hemicellulose by introducing bonds between fibrils. This leads to an             
improvement in connectivity and stress transfer. (Mittal ​et. al., ​2018) 

2.5.3 Scanning electron Microscopy 
In order to assess the topography and alignment of individual filaments, scanning electron microscopy              
(SEM) can be utilized. This method allows for analysis of the electron patterns emitted of microscopic                
regions on a sample when focusing an electron beam on it. The microscope can determine so called                 
secondary, back-scattered, electrons diffracted in a thin specimen such as nanocellulose filament.            
These electron-diffractions along with emitted X-rays show dislocations, defects, interfaces and           
second phase particles in the sample. (Clarke ​et. al.​, 2002) 
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2.5.4 Wide-angle X-ray scattering 
Wide-angle X-ray scattering (WAXS) is a method that could be used to analyze the structure of a                 
filament, as well as the alignment and crystallinity of the fibrils inside the filament. (Clarkson ​et. al.​,                 
2018) Alignment refers to the orientation of crystalline regions, amorphous regions or both. (Bunsell,              
et. al.​, 2018) Crystallinity refers to the periodic ordering of the cellulose chains inside the fibrils.                
(Fahlman, 2018) The process involves scattering of a sample. First an X-ray beam is fired towards the                 
sample. A collimator narrows the beam further towards the sample in several layers to parallelize the                
beam of the X-rays while removing the excess X-rays. Any and all density irregularities of the                
sample, including the sample in its entirety will scatter the primary beam away from its source. The                 
detector then picks up the scattered X-rays while a physical object, called beamstop, between the               
sample and detector prevents the unscattered parts of the primary beam from damaging the detector.               
(Pauw, 2007) This characterization method can reveal information on crystallinity, orientation and            
alignment. (Clarkson​ et. al.​, 2018) 
 

 
Figure 5. ​Illustration of WAXS analysis. Figure a.) shows a schematic of the basics for WAXS analysis and b.)                   
shows a WAXS analysis instrument. 
 
The scattering intensity, ​I​, is analyzed at various scattering vectors, ​q​, defined as follows in equation                
5. (Björn, 2018) 
 

 in(θ) q = λ
4π · s (5) 

 
where ​2θ is the scattering angle between primary beam and scattered X-rays, see Fig. 5 a.), and λ is                   
the wavelength of the X-ray beam. (Björn, 2018) 
 
The scattering intensity at a given ​q​, is reflecting the degree of periodic ordering at a certain length                  
scale, ​d​, which is defined in equation 6. (Björn, 2018) 
 
d = q 

2π (6) 

 
where ​q​ is the scattering vector. (Björn, 2018) 
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Furthermore, if the scattering intensity pattern is displaying ordered properties it may be seen as               
dependant of the Azimuthal angle χ, see Fig. 5 a.). (Björn, 2018) 

2.5.4.1 WAXS analysis of CNF filaments  

A crystalline material or region can be represented by viewing it as a lattice of atoms intersected by its                   
crystal planes and corresponding Miller indices. The indices represent the geometric orientation of the              
crystal planes by three numbers, correlating to the axis coordinates intersected by the plane and the                
amount of planes per crystal facete. (Björn, 2018)  
 
Three Miller indices for cellulose are (1 0), (110), and (200) which translate to angles where ​q is      1            
approximately 1.02 nm​-1​, 1.16 nm​-1 and 1.59 nm​-1​, respectively. These numbers correlate to known              
crystal planes for cellulose. (Han ​et. al. ​2013) 

2.5.4.2 Equations for WAXS analysis 

From the data given through WAXS analysis of a sample a crystallinity index and an orientation index                 
can be calculated. The crystallinity index is calculated using the intensity data calculated as a function                
of the scattering vector, ​q​, and gives an idea of the crystallinity of a sample. Crystallinity indices can                  
be used to compare the crystallinity of different samples, providing that the crystallinity index is               
computed the same way for all of them. A crystallinity index of one hundred percent indicates                
complete crystallinity of the sample, while a crystallinity index of zero percent indicates that the               
structure is completely amorphous. In this report equation 7 below is used as the definition for                
crystallinity index.  
 

00   [%]C = 1 · I200

I  − I200 non−cr
(7) 

 
where denotes the crystallinity index, is the maximum intensity of the peak corresponding to C      I200          
the crystal plane in the sample with the Miller indices 200 and is the intensity of the valley            Inon−cr        
between the peaks, which represents the intensity of diffraction of the non-crystalline material.             
(Terinte ​et. al.​, 2011) 
 
The orientation index of a sample is calculated using the intensity data calculated as a function of the                  
azimuthal angle, and provides a measurement for the degree of alignment in the samples. Orientation               
indices of different samples can be compared to each other in order to get an idea of the difference in                    
alignment. An orientation index of one indicates that there is full alignment in the sample, while an                 
orientation index of zero indicates that the structure of the sample is completely random. The               
definition used for orientation index in this report is provided in equation 8 below.  
 

f c = 180°
180 −fwhm°

 (8) 

 
where stands for orientation index and represents the full width at half-maximum of the f c      whmf          
peak. (Mittal ​et. al.​, 2018) 
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3. Experimental setup 
The experimental setup used for spinning filaments from nanocellulose dispersions consisted of a             
flow-focusing cell, a flowing water bath, rollers, pumps, syringes and tubes. Two 20 ml syringes were                
filled with deionized water, another two 20 ml syringes were filled with hydrochloric acid at pH 2 and                  
one 5 ml syringe was filled with CNF dispersion. The syringes were then placed on pumps and                 
connected to the cell. The flow-focusing cell was mounted so that the outlet was in contact with the                  
flowing water bath. This allowed for spun filaments to be ejected into the flowing water, whereupon                
they could be extracted manually and put on a turning roller. The speed of the water flow, as well as                    
the speed of the roller, was adjusted to match the rate of the filament ejection.  
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4. Method 

4.1 Dispersions tested for spinning 
Different dispersions with different conditions were tested for spinning, all seven of which are              
presented in table 1 below. Note that at sample preparation, all dispersions originally had the same                
concentration and these were adjusted by diluting with deionized water.  
 
Table 1. ​The table presents the dispersions that were  tested for spinning. 

Assigned name Dispersion type 
and weight conc. 

Sonicated Centrifuged Charge (µmoles/g) 

TCNF(0.2 wt%) TCNF 0.2 wt% No No 1000 

TCNF​sc​(0.2 wt%) TCNF 0.2 wt% Yes Yes 1000 

TCNF​sc​(0.27 wt%) TCNF 0.27 wt% Yes Yes 1000 

TCNF​sc​(0.3 wt%) TCNF 0.3 wt% Yes Yes 1000 

CMC​sc​(0.3 wt%) CMC 0.3 wt% Yes Yes 1600 

CMC(0.3 wt%) CMC 0.3 wt% No No 1600 

CMC(0.2 wt%) CMC 0.2 wt% No No 1600 

 
It was intended to spin CMC​sc of varying concentrations as done with CMC, however due to shortage                 
of time that was not done. 

4.2 Spinning 
The pre-made CNF-dispersion was placed on the magnetic stirrer for 20 minutes to remove eventual               
aggregates which could form due to self-assembling nature of cellulose after long storage. Bubbles              
were removed through sonication bath, vacuum suction or centrifugation. It depended on what was              
accessible. During the stirring the cell was mounted and attached to the set up. The rest of the                  
apparatus was prepared by filling the water bath with deionized water and the pump was turned on to                  
fill the water channel. Syringes were filled with deionized water, 0.01M hydrochloric acid (pH 2) and                
the CNF-dispersion. Two large syringes (20 ml) were filled with deionized water and hydrochloric              
acid respectively and a small syringe (5 ml) was filled with the CNF-dispersion. The syringes were                
mounted on the pumps and the rates of the pumps were adjusted to the values shown in table 2. These                    
flow-rates were identical to previous work performed by Håkansson ​et. al. ​(2014). 
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Table 2. ​Flow rates for specified channels of the cell. 

Liquid Rate ​[ml/h] 

Deionized water 4.4 

Hydrochloric acid (pH 2) 24.6 

CNF-dispersion 4.1 

  
The tubes were attached to the flow-focusing cell and the liquids were pushed through the cell in the                  
right order to avoid clogging. Water was first pushed through, then CNF-dispersion, water again, then               
acid and at last water again. If CNF-dispersion and acid were pumped through directly after one                
another, clogging would occur. When there were no bubbles in the channel the cell was lowered into                 
the flowing water and the pumps were turned on. The filament was ejected into the flowing water                 
bath, where it was picked up by hand with a tweezer and placed on a roller. The filaments were then                    
left to dry. Each dried filament was then taped on to a sample holder of paper with a squared U-shape                    
(outer dimensions 2 x 2 cm​2 and inner dimensions 1 x 1 cm​2​). Around 60 samples per dispersion were                   
prepared for microscopy and tensile tests for more statistically validated results. One sample per              
dispersion was prepared for WAXS tests by taping approximately 20 filaments on the diagonal of a                
sample holder of paper with the shape of a hollow square (outer dimensions 1 x 1 cm​2 and inner                   
dimensions 0.5 x 0.5 cm​2​). The samples were placed in Petri dishes marked with necessary               
information.  
 
If there were particles in the CNF-dispersion before spinning it needed to be homogenized with a                
Polytron/Thurrax at 5300/10000 rpm for 3 min. If the particles were not dispersed enough a               
centrifugation of the dispersion was performed to remove the largest particles, while still preserving              
the CNFs, at 4000 rpm for 15 min. The concentration was determined again by weighing and drying                 
three cups containing approximately 2 ml respectively. The concentration was then calculated. If the              
concentration was too low it needed to be top concentrated using an Ultrafiltration setup (Ultracel®               
100 kDa filter). After the dispersion was dewatered it was mixed again with the Polytron/Thurrax and                
bubbles were removed with a vacuum desiccator. If there were only bubbles in the CNF-dispersion               
the vacuum desiccator was sufficient.  
 
If it was not possible to spin filaments from a dispersion the concentration was increased by                
dewatering it using Ultrafiltration setup (Ultracel® 100 kDa filter) and continuing with the same              
procedure described in the section above.  

4.2 Optical Microscopy 
Samples were carefully moved from the Petri dish to a small glass-plate which was placed under the                 
optical microscope. The programme ​Streambasic was opened and the focus of the microscope was              
adjusted. An approximate value of the minimum width of the filaments was determined. Images of the                
thinnest part of the filaments and eventual aggregates or deformations were saved in a folder. The                
thinnest widths were examined in order to see if there was a correlation between width and breakage. 
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To estimate filament lengths, samples were placed under a USB-microscope connected to a computer.              
The programme ​Dino capture ​was opened and the microscope was calibrated and the focus was               
adjusted. The length of the filament was measured and noted.  

4.3 Flow stop 
The flow stop analysis was conducted by supervisors. Two syringes were filled with deionized water               
and one with CNF dispersion and mounted on the flow cell. The pumps were started and flow stop                  
analysis was initiated by turning on the camera. The flow was then stopped by redirecting it to not go                   
through the flow cell and decrease of alignment was documented. This was performed 5 times each on                 
every dispersion, including the non-spinnable ones.  

4.4 Tensile testing 
The samples were inserted into an ElectroPuls 1000 Instron® tensile tester paired with the              
corresponding program, WaveMatrix. The samples were clamped to the base of the machine and to               
the pulling arm, at that point the paper frame for the filament was cut so that the anchor points on the                     
machine were the only things keeping the filament sample in place. The machine was reset and the                 
algorithms were initiated to start the test. All samples were displaced, with the deformation rate 3                
mm/min, until fracture.  
 
The data was imported into MatLab, whereupon graphs were constructed and used to calculate values               
for E-modulus, strain at break, ultimate stress and toughness.  
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5. Difficulties resulting from COVID-19 
Unfortunately due to the pressing pandemic caused by the 2020 COVID-19 outbreak a significant              
number of cancellations or delays occurred during the experimental phase of this project. As the labs                
were closed off to prevent spreading the virus, many tests including SEM, WAXS and flow-stop were                
not able to be performed directly by us but were performed by our supervisors. Other dispersion                
variants that would otherwise have been analyzed had to be abandoned, since the laboratories were               
closed due to health and safety concerns. 
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6. Results 

6.1 Spinning 
During the spinning process some dispersion were spinnable and some were not. The table below               
shows which were and which were not. 
 
Table 3. ​List of dispersions and their spinnability. 

Dispersion Spinnable (Yes/No) 

TCNF(0.2 wt%) Yes 

TCNF​sc​(0.2 wt%) No 

TCNF​sc​(0.27 wt%) No 

TCNF​sc​(0.3 wt%) Yes 

CMC​sc​(0.3 wt%) No 

CMC(0.3 wt%) Yes 

CMC(0.2 wt%) Yes 

 
For all four spinnable dispersions, all intended analytical methods were performed and data was              
collected, except for CMC(0.2 wt%). There was no time to make a WAXS-sample for CMC(0.2 wt%)                
and therefore, this sample has no WAXS-analysis data. 
 
The TCNF​sc​(0.3 wt%) dispersion in table 3 was a more recent version of another previous dispersion                
(TCNF​sc​(0.3 wt%)*). The older dispersion did not seem fit for spinning as it showed signs of                
contamination or faulty pretreatment, and it was therefore chosen to spin the more recently prepared               
dispersion instead. 

6.2 WAXS-analysis 
The WAXS analysis resulted in raw data that could be combined into a mean value detector image for                  
each sample. These images are shown below in Fig.6, where the first image to the left corresponds to                  
analysis of TCNF(0.2 wt%), the image in the middle corresponds to analysis of TCNF​sc​(0.3 wt%) and                
the image to the right corresponds to analysis of CMC(0.3 wt%). Each image shows areas of higher                 
and lower light intensities, where the areas of higher intensities correspond to crystal planes in the                
nanocellulose structures. The area of highest intensity in each image in Fig.6 (seen in the upper right                 
of each image) corresponds to the crystal plane (200), whereas the other intensity peak directly               
adjacent to it corresponds to the two crystal planes (110) and (1 0). This connection can be made by           1        
studying the q-values for each of the intensity peaks seen in Fig.6 and comparing them to the values                  
for the crystal planes provided in section 2.5.4. 
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Figure 6. ​Mean value of detector images from WAXS analysis. The image to the left corresponds to ​analysis of                   
TCNF(0.2 wt%), the one in the middle TCNF​sc​(0.3 wt%) and the one to the right CMC(0.3 wt%).  
 
The raw data for radial intensity has been processed and the mean value has been calculated as a                  
function of the scattering vector, ​q​, for each sample. The averaged graphs are presented in Fig.7                
below, where the red graph corresponds to the analysis of CMC(0.3 wt%), the green graph               
corresponds to TCNF(0.2 wt%) and the blue graph corresponds to TCNF​sc​(0.3 wt%). The highest              
peak of each graph represents the crystal plane (200), while the lower peak of each graph corresponds                 
to both of the crystal planes (110) and (1 0).1    

22 



 

 

 
Figure 7. Illustration of an average of radial intensity as a function of the scattering vector, calculated from raw                   
data received during WAXS analysis of the samples. The green graph corresponds to analysis of TCNF(0.2                
wt%), while the blue graph corresponds to analysis of TCNF​sc​(0.3 wt%) and the red graph corresponds to                 
CMC(0.3 wt%). 
 
Crystallinity indices of each sample were calculated according to equation 7 in the theoretical              
background, section 2.5.4.2. The full calculations can be found in appendix, section 10.1.1, and the               
resulting indices are presented in table 4 below. 

 
Table 4. ​The table presents the calculated crystallinity indices of the samples. 

Sample TCNF(0.2 wt%) TCNF​sc​(0.3 wt%) CMC(0.3 wt%) 

Crystallinity index, CI 6.4%  5  3.4%  5  5.3%  4  

 
An average of the intensity as a function of the azimuthal angle is illustrated in Fig.10 below, where                  
the red graph corresponds to the analysis of CMC(0.3 wt%), the green graph corresponds to               
TCNF(0.2 wt%) and the blue graph corresponds to TCNF​sc​(0.3 wt%). The averages were calculated              
from raw data received during WAXS-analysis.  
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Figure 8. Illustration of an average of the intensity as a function of the azimuthal angle, calculated from raw                   
data received during WAXS analysis of the samples. The green graph corresponds to analysis of TCNF(0.2                
wt%), while the blue graph corresponds to analysis of TCNF​sc​(0.3 wt%) and the red graph corresponds to                 
CMC(0.3 wt%). 
 
Orientation indices were calculated for each of the samples according to equation 8 in the theoretical                
background, section 2.5.4. The full calculations can be found in appendix, section 10.1.2, and the               
resulting values are presented in table 5 below. 
 
Table 5. ​The tables present the calculated orientation indices of the samples. 

Sample TCNF(0.2 wt%) TCNF​sc​(0.3 wt%) CMC(0.3 wt%) 

Orientation index 0.832 0.806 0.823 

6.3 SEM 
Filaments from all four of the spinnable dispersions were analysed with scanning electron microscopy              
(SEM). The results from analysis of the TCNF​sc​(0.3 wt%) dispersion are presented in Fig.9. In               
Fig.9.a) a zoomed in image of the filament is shown, and the width of the filament is marked. In                   
Fig.9.b) an image of a bigger portion of the sample is displayed.  
 
 

24 



 

a)  b)  
Figure 9. Results from scanning electron microscopy on TCNF​sc​(0.3 wt%). In a) is a zoomed in image of the                   
sample and in b) is an image of a bigger portion of the sample. 
 
In Fig.10 the results from SEM-analysis of TCNF(0.2 wt%) are presented. An image of the whole                
sample and the width of it is displayed in Fig.10.a). In Fig.10.b) is a zoomed in picture of the surface                    
of the filament. The individual fibrils are not visible, only the rough surface of the filament. In                 
Fig.10.c) is an image of the cross section of the filament presented, along with the width of it.   
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a)  b)  

 c)  
Figure 10. ​Results from scanning electron microscopy on TCNF(0.2 wt%). In a) is a zoomed in image of the                   
sample. In b) an image of a bigger part of the sample is displayed. The width of the sample is marked. In c) a                        
cross section of the filament is presented. The width of the cross section is marked.  
 
The results from SEM analysis of filaments spun from the two CMC dispersions are presented in                
Fig.11. Filament spun from CMC(0.3 wt%) is displayed in Fig.11.a) and filament spun from CMC(0.2               
wt%) in Fig.11.b). The approximate width of the filaments can be derived from the length scale at the                  
bottom of the images.  
 

a)    b)  
Figure 11. Results from SEM analysis of filaments spun from CMC dispersion. In a) CMC(0.3 wt%) and in b)                   
CMC(0.2 wt%).  
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6.4 Flow-stop 
Flow-stop analysis was performed on all but one of the dispersions tested for spinning and a few more                  
that were not tested for spinning. 
 
By using MatLab to analyze the collected data, images illustrating certain properties were collected.              
One of these images shows how fast the decay in birefringence was at different parts of the                 
flow-focusing channel, during the first 50 ms after stopping the flow through the channel. This decay,                
during the first 50 ms, was given the variable name ​D​r,fast ​and has the unit [rad​2​/s]. Another image                   
shows where the decay in birefringence was slowest, this was done by creating an image of the                 
slowest measurable decrease in alignment. This decay was given the variable name ​D​r,slow ​and has the                
unit [rad​2​/s]. A third image was collected, showing the birefringence of the dispersion throughout the               
channel. The birefringence was calculated from the intensity of the red laser light collected by the                
detector, according to the definition presented in equation 1, in section 2.5.1. 
 
Five experiments were performed on each dispersion and mean value images were collected for ​D​r,fast​,               
D​r,slow and birefringence, along with mean value intensity profiles for each of the mentioned variables,               
calculated along the flow-focusing channel centerline. The resulting images and graphs are all             
presented in appendix, section 10.2.1, and an example is given in Fig.12 below. The example figure                
shows the results of analysis performed on TCNF(0.2 wt%), which was tested for spinning, where the                
mean value images are shown on the left and the corresponding intensity profiles are shown on the                 
right. The mean value images and the mean value intensity profiles both follow the same order, where                 
the results for ​D​r,fast ​are presented on top, the results for ​D​r,slow are presented in the middle and the                   
results for birefringence are shown on the bottom. The colour legend to the right of the images shows                  
that a red colour represents a high value and a blue colour represents a low value. In the images for                    
D​r,fast and ​D​r,slow this refers to the rate of dealignment and in the birefringence image it refers to how                   
much birefringence there is at different parts along the channel.   

27 



 

 

 
Figure 12. The figure shows an example of the resulting images and graphs given by flow-stop analyses of the                   
dispersions, where these particular results are those given by analysis of TCNF(0.2 wt%), which was tested for                 
spinning. The left side of the figure shows mean value images for ​D​r,fast​, ​D​r,slow and birefringence, where the first                   
mentioned image is shown at the top of the figure, the second in the middle and the last on the bottom. On the                       
right side of the figure mean value intensity profiles for the middle of the flow-focusing channel are presented,                  
for each of the mentioned variables, where the order of the graphs follows that of the images to the left. 
 
The mean value intensity profiles for the 6 dispersions tested for spinning, calculated along the               
flow-focusing channel centerline, are presented again in Fig.13 through 17 below, where the intensity              
profiles for the different dispersions are presented in the same figures. A legend illustrating which               
graph belongs to which sample is shown in the top right corner of each figure. The dispersions                 
represented by solid lines are the ones that proved spinnable and the dispersions marked with dotted                
lines are the ones that were not spinnable. In Fig.13 below, the intensity profiles regarding ​D​r,fast are                  
presented for the 6 analyzed dispersions that were tested for spinning. 
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Figure 13. Illustration of the intensity profiles given for ​D​r,fast along the flow-focusing channel centerline, for                
the 6 dispersions analyzed that were tested for spinning. A legend illustrating which graph belongs to which                 
dispersion is shown in the top right corner of the figure. The dispersions represented by solid lines were                  
spinnable and the dispersions marked with dotted lines were not spinnable. 
 
Fig.14 below shows the intensity profiles regarding ​D​r,slow​, for the 6 dispersions that were tested for                
spinning, both on a linear scale, in Fig.14.a), and on a logarithmic scale, in Fig.14.b). The conversion                 
from the linear scale to the logarithmic scale was made to allow for easier analysis of the graphs, later                   
performed in section 7.4.  
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a.) 

b.) 
 
Figure 14. ​In the figure intensity profiles given for ​D​r,slow along the flow-focusing channel centerline are                
presented, for each of the 6 analyzed dispersions that were tested for spinning. In Fig.14.a) the intensity profiles                  
are presented on a linear scale, while the intensity profiles are presented on a logarithmic scale in Fig.14.b). A                   
legend illustrating which graph belongs to which dispersion is shown in the top right corner of each figure. The                   
dispersions represented by solid lines were spinnable and the dispersions marked with dotted lines were not                
spinnable. 
 
In Fig.15 below the intensity profiles regarding birefringence are presented, for the 6 dispersions that               
were tested for spinning. 
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Figure 15. The figure shows the resulting intensity profiles for birefringence along the flow-focusing channel               
centerline, for the 6 dispersions analyzed that were tested for spinning. A legend illustrating which graph                
belongs to which dispersion is shown in the top right corner of the figure. The dispersions represented by solid                   
lines were spinnable and the dispersions marked with dotted lines were not spinnable. 
 
By using MatLab, key values were extracted for the properties investigated with flow-stop analysis,              
for each of the 6 dispersions that were tested for spinning. The key values are maximum rate of decay                   
in birefringence, that is max(​D​r,fast​), minimum rate of decay in birefringence, that is min(​D​r,slow​), and               
maximum birefringence. The values are presented in table 6 below. 
 
Table 6. ​In the table key values for the properties investigated with flow-stop analysis are presented for the 6                   
analyzed dispersions that were tested for spinning. The key values listed are maximum rate of decay in                 
birefringence, seen as max(​D​r,fast ​), minimum rate of decay in birefringence, seen as min(​D​r,slow​), and maximum               
birefringence.  

Dispersion name max(​D​r,fast​) min(​D​r,slow​) Maximum birefringence 

TCNF​sc​(0.3 wt%) 1.39 0.0278 69.1 

CMC​sc​(0.3 wt%) 1.75 0.559 19.0 

CMC(0.3 wt%) 1.32 0.0206 34.8  

TCNF(0.2 wt%) 1.25 0.0605 35.3 

CMC(0.2 wt%) 1.23 0.191 17.8 

TCNF​sc​(0.2 wt%) Non-measurable Non-measurable 13.0 

 
Figures showing the intensity profiles for the 4 dispersions analyzed with flow-stop that were not               
tested for spinning, were also created. These figures are presented below in Fig.16 through 20, where                
the intensity profiles for the 4 mentioned dispersions are presented. A legend illustrating which graph               
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belongs to which sample is shown in the top right corner of each figure. The star following a                  
dispersion name marks that the dispersion in question was not tested for spinning. In Fig.16 below,                
the intensity profiles regarding ​D​r,fast are presented for the 4 analyzed dispersions that were not tested                 
for spinning.  
 

 
 
Figure 16. ​Illustration of the intensity profiles given for ​D​r,fast along the flow-focusing channel centerline, for                
the 4 dispersions analyzed that were not tested for spinning. A legend illustrating which graph belongs to which                  
dispersion is shown in the top right corner of the figure. The star following a dispersion name marks that the                    
dispersion in question was not tested for spinning.  
 
Fig.17 below shows the intensity profiles regarding ​D​r,slow​, for the 4 dispersions that were not tested                
for spinning, both on a linear scale, in Fig.17.a), and on a logarithmic scale, in Fig.17.b). As for                  
Fig.14, the conversion from the linear scale to the logarithmic scale was made to allow for easier                 
analysis of the graphs, later performed in section 7.4.  
 

32 



 

a.) 

b.) 
 
Figure 17. ​In the figure intensity profiles given for ​D​r,slow along the flow-focusing channel centerline are                
presented, for each of the 4 analyzed dispersions that were not tested for spinning. In Fig.17.a) the intensity                  
profiles are presented on a linear scale, while the intensity profiles are presented on a logarithmic scale in                  
Fig.17.b). A legend illustrating which graph belongs to which dispersion is shown in the top right corner of each                   
figure. The star following a dispersion name marks that the dispersion in question was not tested for spinning.  
 
In Fig.18 below, the intensity profiles regarding birefringence are presented for the 4 analyzed              
dispersions that were not tested for spinning. 
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Figure 18. ​The figure shows the resulting intensity profiles for birefringence along the flow-focusing channel               
centerline, for the 4 dispersions analyzed that were not tested for spinning. A legend illustrating which graph                 
belongs to which dispersion is shown in the top right corner of the figure. The star following a dispersion name                    
marks that the dispersion in question was not tested for spinning.  
 
As for the dispersions tested for spinning, MatLab was used to extract key values for the properties                 
investigated with flow-stop analysis, for each of the 4 dispersions that were not tested for spinning.                
The key values are maximum rate of decay in birefringence, that is max(​D​r,fast​), minimum rate of                
decay in birefringence, that is min(​D​r,slow​), and maximum birefringence. The values are presented in              
table 7 below, where the stars following the dispersion names mark that the dispersions were not                
tested for spinning.  
 
Table 7. In the table key values for the properties investigated with flow-stop analysis are presented for the 4                   
analyzed dispersions that were not tested for spinning. The key values listed are maximum rate of decay in                  
birefringence, seen as max(​D​r,fast ​), minimum rate of decay in birefringence, seen as min(​D​r,slow​), and maximum               
birefringence. The stars following the dispersion names mark that the dispersions were not tested for spinning.  

Dispersion name max(​D​r,fast​) min(​D​r,slow​) Maximum birefringence 

CMC​sc​(0.4 wt%)* 1.79 0.154 30.6 

TCNF​sc​(0.3 wt%)* 1.77 0.408 33.4 

CMC​sc​(0.2 wt%)* Non-measurable Non-measurable 7.57 

TCNF(0.3 wt%)* 1.40 0.0098 60.1 
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6.5 Tensile testing and microscopy 
All filaments were analyzed with optical microscopy, both to find the thinnest width of each sample                
and to find possible aggregates and contaminations on them. The collection of samples that did not                
have any contaminants or aggregates are referred to as clean. The width of the thinnest part of each                  
sample is presented in tabl​es AI through AIV in appendix, section 10.3. 
 
When calculating the statistical data, the samples included in the calculations had to fulfill certain               
requirements. All samples that had broken at the grip were excluded, as their breakage could depend                
on the stickiness of the tape rather than the filaments mechanical properties. All values that were not                 
in the interval of the highest and lowest value of the clean filaments were also excluded. Calculations                 
were done firstly on the clean samples and secondly on the clean ones together with the ones that had                   
aggregates and fulfilled the requirements stated above. Table 8 describes how many samples were              
included for each calculation of each dispersion.  
 
Table 8. ​Amounts of data points used in statistical calculation for each dispersion, where clean refers to samples 
without aggregates or contaminations on the filaments and mix refers to a mix of clean and non-clean samples. 

Dispersion Amount of data 
clean 

Amount of data 
mix 

Amount of 
samples tested 

Percentage of 
clean [%] 

TCNF(0.2 wt%) 10 24 64 15.6 

TCNF​sc​(0.3 wt%) 18 32 60 30.0 

CMC(0.3 wt%) 11 21 56 19.6 

CMC(0.2 wt%) 1 16 34 2.94 

  
The mean values, standard deviations and standard deviations in percent of the minimum widths of               
the filaments for each dispersion are presented in the table 9 below. 
 
Table 9.​ Statistical values of minimum widths of filaments of each dispersion. 

Dispersion Mean value 
of clean 
[µm] 

Stdav of 
clean [µm] 

Stdav of 
clean [%] 

Mean 
value of 
mix [µm] 

Stdav of 
mix [µm] 

Stdav of 
mix[%] 

TCNF​sc​(0.3 wt%) 8.3 1.6 19.8 9.1 2.1 22.6 

TCNF(0.2 wt%) 7.7 2.0 26.1 8.1 2.8 34.8 

CMC(0.3 wt%) 8.7 1.5 17.7 9.6 2.5 25.6 

CMC(0.2 wt%) -- -- -- 9.3 2.3 24.8 

 
Tensile testing was executed on filaments spun from all four spinnable dispersions. MatLab was used               
to analyse and visualize collected data. The received diagrams are presented in section 10.2.2 in               
appendix.  
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The mean values and standard deviations of elastic modulus, toughness and ultimate stress for each               
dispersion was calculated using excel. The values were calculated for all clean samples of each               
dispersion and for all clean together with some aggregated samples, the values are shown in the tables                 
9 through 12 below. 
 
In tables 10 through 12 below, “clean” indicates that the value calculated only includes clean samples                
and “mix” indicates that the value calculated includes clean samples and samples containing             
aggregates that fulfill the requirements written in section 4.4. Table 10 shows the calculated mean               
values, standard deviations and standard deviations in percent of the E-modulus, ultimate stress, strain              
at break and toughness in the indicated units for samples spun from dispersion TCNF​sc​(0.3 wt%).  
 
Table 10. ​The mean values and standard deviations (SDs) for TCNF​sc​(0.3 wt%). 

Value Mean of 
clean 

SD of clean SD [%] of 
clean 

Mean of 
mix 

SD of mix SD [%] of 
mix 

E-modulus 
[GPa] 

26 8.0 30.7 26 6.8 26.5 

Ultimate 
stress 
[MPa] 

427 91.2 21.3 405 78.7 19.4 

Strain at 
break [%] 

5.9 1.6 26.6 5.8 1.7 29.1 

Toughness 
[MJ/m​3​] 

17.8 5.70 32.1 16.6 4.73 28.4 

 
Table 11 shows the calculated mean values, standard deviations and standard deviations in percent of               
the E-modulus, ultimate stress, strain at break and toughness in the indicated units for samples spun                
fråm dispersion TCNF(0.2 wt%).  
 
Table 11. ​The mean values and standard deviations (SDs) for TCNF(0.2 wt%). 

Value Mean of 
clean 

SD of clean SD [%] of 
clean 

Mean of 
mix 

SD of mix SD [%] of 
mix 

E-modulus 
[GPa] 

22 4.4 20.6 22.6 4.8 21.3 

Ultimate 
stress 
[MPa] 

323 73.9 22.9 354 71.9 20.3 

Strain at 
break [%] 

4.4 1.6 35.3 4.5 1.3 29.2 

Toughness 
[MJ/m​3​] 

10.3 5.19 50.4 11.8 4.29 38.4 
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Table 12 shows the calculated mean values, standard deviations and standard deviations in percent of               
the E-modulus, ultimate stress, strain at break and toughness in the indicated units for samples spun                
fråm dispersion CMC(0.3 wt%). 
 
Table 12.​The mean values and standard deviations (SDs) for CMC(0.3 wt%). 

Value Mean of 
clean 

SD of clean SD [%] of 
clean 

Mean of 
mix 

SD of mix SD [%] of 
mix 

E-modulus 
[GPa] 

21 3.5 16.6 21 3.4 16.0 

Ultimate 
stress 
[MPa] 

392 77.5 19.8 386 68.1 17.7 

Strain at 
break [%] 

7.4 1.4 18.5 7.3 1.4 18.4 

Toughness 
[MJ/m​3​] 

20.6 7.16 34.7 20.4 6.70 32.9 

 
For dispersion CMC 0.2wt% there was only one clean sample and therefore no mean values or                
standard deviations could be calculated. The values for the clean sample were: 
 

● E-modulus [GPa]: 31 
● Ultimate stress [MPa]: 534 
● Strain at break [%]: 6.2 
● Toughness [MJ/m​3​]: 24 

 
Table 13 shows the mean values of and standard deviations for the results of the tensile test for the                   
mixed samples, that is the clean sample along with the ones containing aggregates, for the samples                
spun from dispersion CMC(0.2 wt%). 
 
Table 13.​The mean values and standard deviations (SDs) for CMC(0.2 wt%). 

Value Mean of mix SD of mix SD [%] of mix 

E-modulus [GPa] 22 4.1 18.3 

Ultimate stress [MPa] 417 68.3 16.4 

Strain at break [%] 7.3 2.3 31.3 

Toughness [MJ/m​3​] 21.7 7.76 35.7 
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6.6 Combined results  
All relevant key characteristics that could be quantitatively determined are presented in table 14. The               
SEM results could not be quantitatively determined and are therefore not included. It is presented in                
the table whether the dispersion was spinnable. From WAXS analysis, crystallinity index (CI) and              
orientation index are included. From flow-stop analysis the values for maximum and minimum rate of               
decay in birefringence along with maximum birefringence are included, where the maximum has been              
named max(​D​r,fast​) [rad​2​/s] and the minimum min(​D​r,slow​) [rad​2​/s]. The mean values of minimum width              
for clean and mix sample collections are presented as a result from optical microscopy. Values for                
E-modulus, ultimate stress, strain at break and toughness of the clean and mix collections of data are                 
presented as results from tensile testing.  
 
Table 14​. Summary of the results from WAXS analysis, Flow stop, optical microscopy and tensile testing for                 
each dispersion. All relevant key characteristics are listed. The spinnable dispersions are sorted by values for                
ultimate stress where CMC(0.2 wt%) has the highest value. The non-spinnable dispersion have been sorted by                
amount of data collected, where TCNF​sc​(0.27 wt%) has the least amount of data. CI stands for crystallinity                 
index, max(D​r,fast​) [rad​2​/s] stands for maximum rate of decay in birefringence and min(D​r,fast​) [rad​2​/s] for               
minimum rate of decay in birefringence. The values for mechanical properties and minimum widths are               
presented as mix/clean, where clean refers to samples without aggregates or contaminations on the filaments and                
mix refers to a mix of clean and non-clean samples. 

Dispersion/ 
Key characteristics  

CMC 
(0.2 wt%) 

TCNFsc 
(0.3 wt%) 

CMC 
(0.3 wt%) 

TCNF 
(0.2 wt%) 

CMCsc 
(0.3 wt%) 

TCNFsc 
(0.2 wt%) 

TCNFsc 
(0.27 wt%) 

Spinnability Yes Yes Yes Yes No No No 

CI [%] -- 53.4 45.3 56.4 -- -- -- 

Orientation index  -- 0.81 0.82 0.83 -- -- -- 

max(​D​r,fast​) [rad​2​/s] 1.23 1.39 1.32 1.25 1.75 Non- 
measurable 

-- 

min(​D​r,slow​) [rad​2​/s] 0.191   0.0278 0.0206  0.0605 0.559  Non- 
measurable 

-- 

Maximum 
birefringence [a.u.] 

17.8   69.1 34.8  35.3 19.0 13.0 -- 

Mean minimum 
width [µm] 

9.3/-- 8.1/8.3 9.6/8.7 9.1/7.7 -- -- -- 

E-Modulus [GPa] 22/31 26/26 21/21 23/22 -- -- -- 

Ultimate stress 
[MPa] 

417/534 405/427 386/392 354/323 -- -- -- 

Strain at break [%]  7.3/6.2 5.8/5.9 7.3/7.4 4.5/4.4 -- -- -- 

Toughness [MJ/m​3​]  21.7/24 16.6/17.8 20.4/20.6 11.8/10.3 -- -- -- 
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7. Discussion 

7.1 Spinning 
There were several restricting factors of the laboratory work that, in some way and to varying extent                 
inhibited the spinning of filaments. To begin with, it was not possible to spin filaments from                
dispersions containing bubbles or visible particles. If there were bubbles in the dispersion used for               
spinning an inconsistent inflow was obtained, which would cause inconsistencies in the resulting             
filaments. Too big particles in the dispersion would result in difficulties during alignment of fibrils in                
the flow-focusing channel and could also contribute to clogging in the cell. In the beginning of the                 
project an ultrasonic bath was used to remove bubbles from dispersions. However, it was later               
revealed that this resulted in the fibrils being merged into bigger particles, which is why only a                 
vacuum desiccator was later used to remove bubbles. Contaminants could also affect the quality of the                
dispersions.  
 
One of the most frequent problems occuring during spinning was clogging in the flow cell. One main                 
reason for this happening was that the different liquids were pushed through the channel-geometry in               
the wrong order, so that the acid came in contact with the CNF dispersion before spinning started.                 
However, this was carefully avoided as much as possible and mainly happened when the water pump                
was not started properly, so that no water entered the channel-geometry. Another reason for clogging               
was inadequate cleaning of the flow cell, which could mean that contaminants or dispersion remains,               
from earlier spinning sessions, were left in the channels, creating blockage.  
 
In some cases it seemed like spinning was not possible due to the concentration of the dispersions                 
being too low and viscosity being too low. The low viscosity affected the spinning in such a way that                   
the fibrils in the dispersions could not bond to each other due to lack of contact points between CNFs.                   
The filaments could not be retrieved from the water bath. In other cases the dispersion seemed to be                  
too charged for the spun filaments to stick to the roller and thereby being collected. Another problem                 
noticed with these dispersions was that the filaments were attracted by the plexiglass wall of the water                 
bath and the plate of the roller, so that the filaments constantly broke instead of being rolled up. In                   
conclusion, in order to spin filaments dispersions with high enough concentration and a charge that               
allowed the filaments to be collected as samples, were needed.  

7.2 WAXS 
WAXS analysis provided data that can be correlated to structures of the nanocellulose fibrils. The               
structure refers to two main factors, the first being how the cellulose chains inside the fibrils are                 
organized in relation to each other. This provides information on the crystallinity of the fibrils. The                
second factor is the alignment of the cellulose chains in the filament, which also reveals information                
on alignment of the fibrils in the filaments, since the alignment of the cellulose chains is proportional                 
to the alignment of the fibrils.  

7.2.1 Crystallinity 
In Fig.7, in section 6.2, it is visualised that the two TCNF samples have higher crystallinity than the                  
CMC(0.3 wt%) sample, since they have more defined, thinner peaks. The figure was used to calculate                
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the crystallinity index of each of the three samples, which can be seen in table 4, section 6.2. As                   
earlier mentioned, the crystallinity indices describe the crystallinity of the fibrils. Table 4 shows that               
the crystallinity indices between the samples do not largely differ. However, there are differences. The               
TCNF samples have higher crystallinity indices and can therefore be assumed to have higher              
crystallinity than the CMC sample. This agrees with the theories for the two oxidation methods, found                
in section 2.1.1. Furthermore, the sonicated and centrifuged TCNF sample has a somewhat lower              
crystallinity than the non-treated TCNF sample. The reason for this might be that sonication is a pretty                 
drastic treatment, it not only breaks aggregates but also the cellulose itself, decreasing its crystallinity.               
However, the fact that the difference in crystallinity between the treated and non-treated samples was               
small shows that such breakage is insignificant in comparison to the amount of preserved crystalline               
cellulose.  
 
In general, we can conclude that TCNFs seem to be more crystalline than CMC fibrils and that                 
pretreatment through sonication and centrifugation seems to lower the crystallinity of the CNFs. 
 
However, sources of error might have had an impact on the results. Examples of sources of error                 
might be contamination of dispersions and/or filaments, aggregates on filaments and instrument            
failures during WAXS analysis. In order to minimize the effects of error sources, certain measures               
have been taken:  

● When selecting filaments for WAXS sampling, the thinnest, most even ones were chosen.  
● When applying the filaments on sample holder, a USB-microscope was used in order to be               

able to place them on top of each other with as much precision as possible. 
 
In order to draw a more statistically validated conclusion every experiment and minimize the effects               
of error sources even further we would need to: 

● Perform every experiment several times. 
● Prepare dispersions with different conditions with regard to oxidation method, pretreatment           

and orginiating batch, and analyze filaments from these. 
● More samples should be prepared so that a representative mean value could be obtained.  
● Multiple dispersions of the same sort should be prepared in order to minimize the risk for                

contamination of dispersions affecting the final results.  
 
In future analyses, it would be interesting to further investigate the impact of the following               
correlations: 

1. Crystallinity and pretreatment (sonication and centrifugation). 
2. Crystallinity and type of oxidation of the CNF dispersions. 
3. Crystallinity and combinations of the factors named in case 1 and 2. 

7.2.2 Alignment 
Fig.8, section 6.2, was used to calculate orientation indices of the three samples. The orientation               
indices, presented in table 5 in section 6.2, provide information on the alignment of the cellulose                
chains in the filaments, which in turn provides information on the alignment of the fibrils within the                 
filaments. In the table it can be seen that the filaments from the three dispersions have approximately                 
the same orientation index, which means that their degrees of alignment are also approximately the               
same. 
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A comparison between the results for the TCNFs shows that pretreatment through sonication and              
centrifugation does not seem to have an impact on alignment. Sonication and centrifugation are              
performed in order to remove aggregates from the dispersions, but since both of the TCNF samples                
have approximately the same orientation index (TCNF​sc​(0.3 wt%) even has a slightly lower value) the               
pretreatments do not seem to have an impact on the alignment. The results demonstrate that the                
amount of mis-oriented aggregates is not significant in comparison to the amount of aligned CNFs.               
The results for CMC also show that the majority of the crystalline parts of CMC are aligned, which                  
suggests that the spinning was efficient in aligning the fibrils in the direction of the flow. 
 
However, in order to draw a more statistically validated conclusion, more statistically supported             
results would have been needed. In order to gain these type of results, additional studies would need to                  
be performed as described in section 6.2.1 above.  
 
An additional source of error, not mentioned in section 6.2.1, that only affects alignment, and not                
crystallinity, is uneven mounting of filaments on WAXS sample holders. For future studies this source               
of error would need to be minimized along with the previous mentioned ones. 

7.3 SEM  
The scanning electron microscopy images offers some insight to the differing appearances of the              
filaments when oxidized through TEMPO or CMC. Comparing Fig.9.a) and Fig.11.b) it is evident that               
the grooves on the filament vary in thickness. CMC filaments have a smoother surface than their                
counterpart, TCNF filaments. The cause of this could be a myriad of factors, most likely it is                 
dissolved cellulose filling the grooves due to the high degree of substitution from CMC treatment               
where some of the cellulose breaks down to its monomer, lacks crystallinity and coats the filament.  
 
Furthermore, looking at the different concentrations of the dispersions in Fig.11.a) and 13.b) it is               
evident that a concentration of 0.2 wt% yields a much more sleek surface as opposed to the same                  
treatment at a concentration of 0.3wt%. This could be because of the varying shear rate and the fact                  
that when a higher concentrated dispersion is spun, less hydrochloric acid is able to protonize the                
fibrils to bond them together. The correlation applies to both oxidizing treatments tested.  
 
To summarize, not enough data were readily available to make a definitive conclusion. The most one                
can gather is that the lower concentration leads to a sleeker surface of the filament and that CMC will                   
dissolve some parts of the filament into free cellulose molecules. What this means mechanically is yet                
to be investigated.  

7.4 Flow-stop 
When studying the images Fig.AIII through AXII in appendix, section 10.2.1.1 and 10.2.1.2, it is               
visible that the decay in birefringence is always slowest in the same spot, namely where the                
extensional flow begins after water is injected in the channel. In the images this is visible from the fact                   
that that spot is always a colour that represents a lower value, on the colour scale to the right of the                     
images, than other parts of the channel.  
 
As discussed by Rosén ​et. al. (2020), the desired property when performing flow-stop is primarily to                
have a dispersion with long fibrils with high degree of entanglement, leading to a slow decay in                 
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birefringence, shown by low values of ​D​r,fast and ​D​r,slow​. As also mentioned by Rosén ​et. al. (2020), the                  
value of D​r,fast represent the effective length of the shortest (primarily non-entangled) fibrils in the               
dispersion, and the value of D​r,slow represent the longest fibrils and their degree of entanglement.               
Furthermore, slow decay in birefringence typically leads to a high degree of alignment, which is               
represented by high values of birefringence. However, the concentration of the dispersions also have              
an effect on the birefringence, in such a way that higher concentration brings higher values for                
birefringence. Another factor affecting the birefringence is the degree of crystallinity in the fibrils in               
the dispersions, since crystalline regions cause birefringence to a greater extent than amorphous             
regions. Hence, birefringence can not be directly correlated to the degree of alignment. 
 
To start off, the flow-stop results for the dispersions that were tested for spinning are discussed. The                 
results for ​D​r,fast ​(the rate of decay in birefringence during the first 50 ms after stopping the flow                  
through the flow-focusing channel), provided in [rad​2​/s], are illustrated in Fig.13, section 6.4, for the 6                
dispersions tested for spinning. Regarding the values for maximum rate of decay in birefringence,              
given by max(​D​r,fast​) and presented in table 6, section 6.4, all dispersions tested for spinning show                
similar results except for CMC​sc​(0.2 wt%) and TCNF​sc​(0.2 wt%). The CMC​sc​(0.3 wt%) dispersion             
gave the highest value and the value for TCNF​sc​(0.2 wt%) was non-measurable, meaning that the rate                
of decay in birefringence was to fast to be measured. The results for ​D​r,slow ​(the slowest measurable                 
rate of decay in birefringence), provided in [rad​2​/s], are illustrated in Fig.14, section 6.4, for the 6                 
dispersions tested for spinning. Regarding the minimum rate of decay in birefringence, given by              
min(​D​r,slow​) and presented in table 6, section 6.4, the dispersions TCNF​sc​(0.3 wt%), CMC(0.3 wt%)              
and TNCF(0.2 wt%) all show values below 0.1 rad​2​/s, representing a slow decay in birefringence. The                
CMC​sc​(0.3 wt%) and CMC(0.2 wt%) dispersions both gave minimum values higher than 0.1 rad​2​/s,              
but CMC(0.2 wt%) had a lower value than CMC​sc​(0.3 wt%). The value for TCNF​sc​(0.2 wt%) was                
non-measurable, for the same reason as mentioned for ​D​r,fast​. The results for birefringence of the 6                
dispersions tested for spinning are presented in Fig.15, section 6.4. Regarding the maximum values              
for birefringence, presented in table 6, section 6.4, the TCNF​sc​(0.3 wt%) has the highest value by far, a                  
value almost double that of the dispersion with the second highest value. Reasons for this value being                 
so high, apart from a high degree of alignment, could be that the concentration is relatively high and                  
that the crystallinity might be high as well. Apart from the TCNF​sc​(0.2 wt%) dispersion, the TCNF                
dispersions gave higher values than the CMC dispersions. However, the TCNF​sc​(0.2 wt%) mentioned             
gave the lowest values for maximum birefringence. This can be correlated to the fact that ​D​r,fast and                 
D​r,slow for this dispersion were too fast to measure, as can be seen for the key values in table 6 and the                      
in Fig.AVIII in appendix, section 10.2.1.1, where the data for ​D​r,fast and ​D​r,slow is shown as straight                 
lines at 0 rad​2​/s.  
 
To continue, the flow-stop results for the dispersions that were not tested for spinning are discussed.                
In Fig.16, section 6.4, the results for ​D​r,fast (the rate of decay in birefringence during the first 50 ms                   
after stopping the flow through the flow-focusing channel), provided in [rad​2​/s], are presented. The              
values for maximum rate of decay in birefringence, given by max(​D​r,fast​), are presented in table 7,                
section 6.4. It can there be seen that TCNF(0.3 wt%)* has the lowest value and that the value for                   
CMC​sc​(0.2 wt%)* was non-measurable. The TCNF​sc​(0.3 wt%)* and CMC​sc​(0.4 wt%)* gave very            
similar values. The results for ​D​r,slow (the slowest measurable rate of decay in birefringence), provided               
in [rad​2​/s], are presented in Fig.17, section 6.4. The values for minimum rate of decay in                
birefringence, given by min(​D​r,slow​), are presented in table 7, section 6.4. It can there be seen that the                  
TCNF(0.3 wt%)* gave the lowest value of all dispersions analyzed with flow-stop, including the ones               
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that were tested for spinning. This dispersion gave a value lower than 0.01 rad​2​/s, indicating a very                 
slow decrease in alignment. The highest value was measured for TCNF​sc​(0.3 wt%)* and the value for                
CMC​sc​(0.2 wt%)* was non-measurable. The results for birefringence of the dispersions not tested for              
spinning are presented in Fig.18, section 6.4. The maximum values for birefringence of the different               
dispersions are presented in table 7. In table it can be found that the TCNF(0.3 wt%)* dispersion has                  
the second highest value of all dispersions analyzed with flow-stop, including the ones that were               
tested for spinning. The CMC​sc​(0.2 wt%)* dispersion gave the absolute lowest maximum value of              
birefringence out of all the dispersions analyzed. This can be correlated to the fact that the values for                  
D​r,fast and ​D​r,slow were too fast to measure, as can be seen for the key values in table 7, section 6.4, and                      
the in Fig.XI in appendix, section 10.2.1.2, where the data for ​D​r,fast and ​D​r,slow is shown as straight                  
lines at 0 rad​2​/s. 
 
When comparing the flow-stop results for two sonicated and centrifuged TCNF dispersions of 0.3              
wt%, that is TCNF​sc​(0.3 wt%) and TCNF​sc​(0.3 wt%)*, it can be seen that their results are very                 
different. While TCNF​sc​(0.3 wt%) gave relatively low values for ​D​r,fast and ​D​r,slow​, TCNF​sc​(0.3 wt%)*              
gave significantly higher values, especially for ​D​r,slow​. The results for birefringence are also differing,              
where TCNF​sc​(0.3 wt%) gave the highest value of all dispersion tested with flow-stop and              
TCNF​sc​(0.3 wt%)* gave a value about half that size. That these two dispersions that supposedly are                
the same gave such differing results in flow-stop, probably means that the TCNF​sc​(0.3 wt%)*              
dispersion was indeed contaminated and it was therefore a good choice spin TCNF​sc​(0.3 wt%) instead,               
as was reasoned in section 6.1. 
 
When comparing the values of D​r,slow and D​r,fast for dispersions with the same concentrations and that                
have been oxidized in the same manner, listed in table 6 and 7 in section 6.4, a correlation between                   
pretreatment and dealignment rate can be found. The values for the dispersions that were not               
pretreated with sonication and centrifugation yield lower values for D​r,slow and D​r,fast than their              
pretreated counterparts every time. This suggests that pretreatment of dispersions results in a more              
rapid loss of alignment. This could be due to the shortening of fibrils during the pretreatment                
processes which might lead to less entanglement and therefore faster dealignment. 

7.5 Tensile testing and microscopy 
When looking at table 9 in section 6.5, it can be observed that the TCNF dispersions yield thinner                  
threads than CMC dispersions, both when observing clean and aggregated samples. This might             
depend on the higher charge of the CMC dispersions since the structure will keep more water within.                 
Another option is that CMC is more branched compared to TCNF. This due to the less selective type                  
of oxidation, which drops CNF crystallinity creating branched and disordered regions, making            
bending of CNF more probable. These factors might result in less dense packing of CNFs within a                 
filament upon drying. A comparison between filaments spun from dispersions of the same oxidation              
method, shows that a higher concentration yields thicker filaments. This might be because, higher              
concentration leads to more fibrils being next to each other while alining, leading to thicker filaments.                
However, all mean values of the thinnest widths exceeded the expected values by almost double,               
which suggests that the samples studied consist of two or more filaments that have adhered to one                 
another. Furthermore, the optical microscopy analysis revealed that spinning of the pretreated            
dispersion TCNF​sc​(0.3 wt%) yielded the greatest percentage of clean samples out of the spun              
dispersions. These results are presented in table 8. Centrifugation separates fibrils of different lengths,              
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stated in section 2.3, while sonication agitates the fibrils through oscillations. It seems like sonication               
removes aggregates and that sonicated dispersions thereby yield a larger number of clean samples              
than non-sonicated ones.  
 
In this study the desired filaments are the strongest ones, that are the ones with highest values in the                   
tensile testing, with regard to E-modulus, ultimate stress, strain at break and toughness. The values in                
tables 9 through 12 were extracted, as described in section 6.5, from the graphs in Fig.AXIII through                 
AXVI in appendix, section 10.2.2, as well as in Fig.16 in section 6.5. 
 
When comparing the mean values and standard deviations of the clean samples with the              
corresponding values of the mixed samples it is revealed that the values do not differ largely, except                 
for the values of ultimate stress. Therefore it can be said that the aggregates can be neglected when                  
observing E-modulus, strain at break and toughness. However, the comparison between the values for              
clean and mix cannot be performed for the CMC(0.2 wt%) samples as only one clean sample of this                  
dispersion was available to test. 
 
When comparing the results of tensile testing for all the different samples of the different dispersions                
it can be seen that: 
 

● E-modulus: TCNF filaments show higher values than CMC filaments. 
● Toughness and Strain at break: CMC filaments show higher values than TCNF filaments. 
● Ultimate stress: Similar for filaments from all dispersions except for TCNF(0.2 wt%), which             

stands out with its low value. 
 

The values for the mechanical properties for filaments spun from dispersions with the same oxidation               
method are similar, the values do not differ largely. Ultimate stress is an exception for this since these                  
values vary more widely between the filaments of different dispersions. As earlier mentioned, ultimate              
stress is the only property where the values significantly vary between clean and mix of each                
dispersion. Therefore, it could be said that aggregates have a greater impact on the ultimate stress than                 
on the other measured properties. This indicates that the tensile tests of non-clean samples have               
measured the aggregates’ effect on the filaments, rather than how much stress the filaments actually               
can withstand before breaking. Because of this it is assumed that the filaments break at the aggregates,                 
which is why the values for ultimate stress are uncertain to a greater extent than the values for the rest                    
of the properties. For this reason the values for clean samples are taken into account when discussing                 
ultimate stress.  
 
It can also be said that the TCNF dispersions seem to yield stiffer filaments than CMC dispersions, as                  
the E-modulus for TCNF filaments are higher while strain at break and toughness are lower than for                 
CMC filaments. This will be further discussed in section 7.6.  
 
Furthermore, the statistical data of this study might be a great source of error as the amount of samples                   
tested and included in calculations for each dispersion varies. The reasons being either that not enough                
filaments were spun due to lack of time, samples were broken before tested or results of tests did not                   
fulfill requirements to be included. 
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7.6 Combined discussion 
All quantitative results discussing in this section are presented in table 14, section 6.6. To start off, the                  
combined results for each individual dispersion will be discussed.  
 

● The CMC(0.2 wt%) dispersion was spinnable. However, this dispersion was the most difficult             
to spin out of the spinnable ones, which can be distinguished by the fact that fewer samples                 
were made for this dispersion. This coincides with the fact that the minimum rate of decay in                 
birefringence (min(​D​r,slow​)) was higher than for the other spinnable dispersions, meaning that            
the loss of alignment was faster for this dispersion. The fact that this dispersion was               
spinnable, yet hard to spin and had a value for min(​D​r,slow​) that was more than double those for                  
the other spinnable dispersions, implies that it can be counted as an outlier. This is why we do                  
not consider this dispersion when drawing our conclusions. In the flow-stop results it can also               
be seen that the maximum value for birefringence is relatively low, suggesting a lower degree               
of alignment. However, this low value might also depend on the relatively low concentration              
and the fact that CMC dispersions have lower crystallinity than TCNF dispersions, as             
discussed in section 7.2.1. WAXS analysis was never performed on samples from this             
dispersions, so the degree of crystallinity cannot be definitely determined. However, that this             
dispersion has a lower crystallinity than the TCNF dispersions is strengthened by the fact that               
the values for strain at break and toughness are higher, and the E-modulus is lower. This                
means that the CMC filaments from this dispersion are less stiff, which indicated that they are                
less crystalline. For ultimate stress no reliable value was obtained since only one clean sample               
was obtained.  
 

● The TCNF​sc​(0.3 wt%) dispersion was also spinnable. This coincides with the results from             
flow-stop analysis, which shows that the dispersion has a relatively low value for minimum              
rate of decay in birefringence (min(​D​r,slow​)), and therefore a slow loss of alignment. The              
maximum value for birefringence is very high, suggesting a high degree of alignment.             
However, this might also depend on the fact that this dispersion has a relatively high               
concentration as well as crystallinity. The fact that the crystallinity is relatively high is shown               
by the crystallinity index from WAXS analysis. The results from tensile testing indicates that              
the filaments from this dispersion are relatively stiff (as discussed in section 7.5), since the               
E-modulus is relatively high and toughness and strain at break gave relatively low values.              
This corresponds to the results from WAXS analysis. A mean value for ultimate stress was               
obtained. However, as discussed in section 7.5, no conclusions can be drawn from this. 
 

● The CMC(0.3 wt%) was another spinnable dispersion. This seems to agree with the results              
from flow-stop analysis, as the values for minimum rate of decay in birefringence             
(min(​D​r,slow​)) are the lowest out of all dispersions tested for spinning. The maximum             
birefringence value was rather average. A reason for this value being lower than that of               
TCNF​sc​(0.3 wt%), which has the same concentration, might be that the degree of crystallinity              
is lower, indicated by the crystallinity index obtained from WAXS analysis. As for the              
CMC(0.2 wt%) dispersion, the results from tensile testing seem to agree with the fact that               
CMC dispersions are not as stiff as TCNF dispersions. This also coincides with the results               
from WAXS analysis.  
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● The TCNF(0.2 wt%) was also spinnable, which agrees with the results from flow-stop             

analysis where min(​D​r,slow​) was relatively low, suggesting a slow enough decrease in            
alignment for spinning to be enabled. The value for maximum birefringence is the second              
highest, but still half as high as that of TCNF​sc​(0.3 wt%). This could be due to the                 
concentration being lower, since the crystallinity index is actually higher than for samples             
from the other TCNF dispersion. The results from tensile testing show that the mean values               
from this dispersion gave the second highest E-modulus and the absolute lowest values for              
strain at break and toughness, indicating that samples from this dispersion are very stiff. This               
is confirmed once again by WAXS analysis.  
 

● The CMC​sc​(0.3 wt%) was non-spinnable, which coincides with the fact that min(​D​r,slow​) from             
flow-stop analysis gave the highest value of the measurable ones, suggesting a relatively fast              
loss of alignment. The value for maximum birefringence is the third lowest, in the same range                
as CMC(0.2 wt%). One reason for this value being low might be that the fibrils in the                 
dispersion are not very crystalline.  
  

● The TCNF​sc​(0.2 wt%) was also non-spinnable. This was confirmed by the fact that values for               
neither min(​D​r,fast​) or min(​D​r,slow​) was measurable due to a very rapid decrease of alignment.              
This dispersion also gave the lowest value for maximum birefringence, which suggest that it              
was difficult to obtain alignment during flow-focusing.  
 

● The TCNF​sc​(0.27 wt%) was not spinnable. No other analyses were performed on this             
dispersion, hence no other results were obtained.  

 
In general, TCNFs are more crystalline than CMC fibrils. This has an affect on the mechanical                
properties tested with tensile testing, in such a way that E-modulus is higher, due to the fact that more                   
energy is required to deform it, and strain at break and toughness give lower values, for the reason that                   
filaments from more crystalline CNFs can absorb less energy before breaking. A reason for filaments               
spun from CMC dispersions being less stiff than filaments spun from TCNF dispersions might be that                
the CNFs in the filaments spun from CMC dispersions have a greater contact surface and are more                 
cross-linked. This, as described in section 2.5.2, improves the connectivity and stress transfer. More              
efficient distribution of mechanical impact over the filament postpones the breakage of the filament              
and will allow it to absorb more energy resulting in higher ultimate stress and toughness. This might                 
be due to the CMC dispersions containing dissolved cellulose molecules which can function as              
binders between the CNFs and increase the contact surface. 
 
As earlier discussed in section 7.4, dispersions pretreated through sonication and centrifugation yield             
flow-stop results that suggest that they are less spinnable than their not pretreated counterparts. This               
agrees with the results of spinning, section 6.1, where the pretreated dispersions were not spinnable               
while their not pretreated counterparts were. Since centrifugation only separates fibrils of different             
lengths from aggregates, stated in section 2.3, it can be reasoned that the reason for the dispersions                 
being less spinnable is sonication, which through oscillations of the dispersions agitates the fibrils              
themselves, see section 2.3. The difficulties during spinning of sonicated dispersions seemed to be a               
result of the fibrils in the dispersion being too short, see section 7.4. This made the dispersions more                  
difficult to spin since it was more difficult to obtain alignment during flow-focusing, and since the                
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dealignment seemed to be very rapid as a result of brownian motion. Therefore, it seems like                
non-sonicated dispersions are to prefer when spinning. Two examples of where sonication seems to              
have had this effect is for the CMC​sc​(0.3 wt%) and TCNF​sc​(0.2 wt%) dispersions, which were not                
spinnable. The first names dispersion gave high values for D​r,fast and D​r,slow​, while the second               
mentioned gave non-measurable values, from flow-stop analysis. This indicates that the fibrils in both              
cases were highly susceptible to brownian motion. This, in turn, indicates that the fibrils in these two                 
dispersions were shorter than in other dispersions. In addition, shorter particles also have fewer              
contact points, which means that dispersions containing these fibrils will turn into a gel-like structure,               
and thereby be spinnable, at higher concentrations than dispersions containing longer fibrils. Since the              
CMC​sc​(0.3 wt%) dispersion has a higher concentration than the TCNF​sc​(0.2 wt%) dispersion it seems              
like the CMC dispersion contains even shorter fibrils than the TCNF one, suggesting that the CMC                
fibrils were shorter to start with, even before sonication. This is supported by the fact that the CMC                  
dispersion had a higher charge than the TCNF one, and that carboxymethylation is less selective than                
TEMPO oxidation.  
 
From the flow-stop results of the dispersions that were not tested for spinning, provided in table 7, an                  
initial prediction about their spinnability might be made. The TCNF(0.3 wt%)* gave the lowest value               
for min(​D​r,slow​) of all dispersions tested through flow-stop analysis, which indicates that it would be               
easy to spin since the loss of alignment is slow. The birefringence for this dispersion is also very high,                   
which indicates that alignment of this dispersion through flow-focusing would be efficient. From             
these results it seems like spinning of this dispersion would be very successful. However, a prediction                
about mechanical properties cannot be made. These factors would be interesting to investigate in              
further analyses. The CMC​sc​(0.2 wt%)* dispersion gave non-measurable values for both ​D​r,fast and             
D​r,slow​, suggesting a very rapid loss of alignment. The low value for maximum birefringence in turn,                
suggests that the degree of alignment was not very high to start with, which indicates that alignment                 
through flow-focusing is not very efficient for this dispersion. Therefore this dispersion is assumed to               
be non-spinnable, something that would be interesting to test in further analyses. A prediction on the                
spinnability of CMC​sc​(0.4 wt%)* dispersion is slightly more difficult to make since the values given               
by flow-stop analysis did not stand out in either direction. However, the value for min(​D​r,slow​) is                
similar, even slightly lower, to that of the spinnable dispersion CMC(0.2 wt%) and a hypothesis               
would therefore be that even this one is spinnable. This contrasts the results given for the CMC​sc​(0.3                 
wt%) dispersion, which was not spinnable. This is probably due to the higher concentration of 0.4                
wt%, which allows for more contact points between the fibrils and thereby enables the creation of the                 
gel-like structure needed for spinning.  
 
As discussed in section 7.4, flow-stop could be used to see a difference between the two sonicated and                  
centrifuged TCNF dispersions of 0.3 wt%, TCNF​sc​(0.3 wt%) and TCNF​sc​(0.3 wt%)*, even though             
they are supposedly the same. The differing results suggest that something happened to the one               
dispersion making it different than the other one. The fact that this can be seen with flow-stop analysis                  
suggest that this new characterisation method can be used for easy prediction on the spinnability of                
different dispersions, rather than using a method of trial and error to determine spinnability. 
 
When studying the resulting values for min(​D​r,slow​) from flow-stop analysis of the spinnable             
dispersions and excluding the data for the outlier CMC(0.2 wt%), it can be seen that the two                 
dispersions with the lowest values for min(​D​r,slow​) are the two dispersions with best performing              
samples in tensile testing with regard to ultimate stress, where both dispersions gave an average of                
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about 400 MPa. It can also be seen that the dispersion with the highest measurable min(​D​r,slow​), out of                  
the three dispersions included in this discussion, gave the samples with the lowest values for ultimate                
stress, an average of about 350 MPa. This indicates that ​D​r,slow might be used to predict mechanical                 
properties of filaments spun from different dispersions.  
 
In the SEM analysis it is seen that the CMC filaments had a smoother surface than TCNFs. The cause                   
of this could be the high degree of substitution from CMC dissolving some cellulose chains to its                 
monomers. This would then coat the filaments with non-crystalline cellulose and smoothing the             
surface. The WAXS analysis reaches the same conclusion as TCNF had a higher degree of               
crystallinity due to the lack of the amorphous cellulose monomers. 
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8. Conclusions 
When combining all different factors that were studied through WAXS, flow-stop, tensile testing and              
observations during spinning, the following conclusions can be drawn: 
 

● The results from this study show that flow-stop analysis could be used to determine which               
CNF dispersions are spinnable and which are non-spinnable. 
 

● The slowest measurable decrease in alignment, D​r,slow​, from the flow-stop analysis seems to be              
a good indicator to determine which of the CNF dispersions are spinnable and which of the                
spinnable dispersions would lead to good mechanical properties of the filaments.  
 

● High crystallinity of fibrils in a filament yields high E-modulus and low values for strain at                
break and toughness for the filament. 
 

● Low crystallinity of fibrils in a filament yields low E-modulus and high values for strain at                
break and toughness for the filaments.  
 

● TCNFs are generally more crystalline than CMC fibrils.  
 

● Dispersions pretreated through sonication and centrifugation seem to yield less spinnable           
dispersions than their not pretreated counterparts. 
 

● Sonication in combination with low concentration seems to lead to non-spinnable conditions. 
 

● Sonication of dispersions seems to result in spinning of more filaments without aggregates.  
 

● Aggregates have a greater impact on the ultimate stress than on the other measured              
mechanical properties.  
 

● Concentration and viscosity of the dispersions seem to have an affect on their spinnability, in               
such a way that a too low concentration and a too low viscosity seem to yield non-spinnable                 
conditions. 
 

● CMC dispersions appear to yield thicker samples than those spun from TCNF. 
 

Due to a lack of statistically validated data all of the above named conclusions are somewhat                
uncertain and more extensive investigations would be required for more definitive conclusions.  
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10. Appendix 

10.1 Calculations 

10.1.1 Calculation of crystallinity index  
The intensities I​200 and I​non-cr for each sample were read from the graphs in Fig.7, in section 6.2, as                   
illustrated in Fig.AI below and used in equation 7 (written below) from section 2.4.2 in order to                 
calculate the crystallinity indices. 
  

00   [%]C = 1 · I200

I  − I200 non−cr  

   
I​200​(TCNF(0.2 wt%)) = 7.05*10​-3 

I​200​(TCNFsc(0.3 wt%)) = 7.30 *10​-3 
I​200​(CMC(0.3 wt%)) =7.40*10​-3 
 
I​non-cr​(TCNF 0.2 wt%) = 3.075*10​-3 
I​non-cr​(TCNFsc(0.3 wt%)) = 3.40*10​-3 
I​non-cr​(CMC(0.3 wt%)) = 4.05*10​-3 

 

I(T CNF (0.2 wt%)) 00% 6.4%  C = 7.05
7.05−3.073 · 1 = 5  

I(T CNF sc(0.3 wt%)) 00% 3.4%  C = 7.3
7.3−3.40 · 1 = 5  

I(CMC(0.3 wt%)) 00% 53.%  C = 7.4
7.4−4.05 · 1 = 4  
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Figure AI. ​Shows what values have been used for calculating the crystallinity indices. 
 

10.1.2 Calculation of orientation index 
The widths of the graphs at half maximum (fwhm) for each graph was read from Fig.10, in section                  
6.2, as illustrated in Fig.AII below. These values were used in equation 8, written below) from section                 
2.4.2 in order to calculate the orientation indices. 
 

, f​c​ = orientation index, fwhm = full width at half-maximumf c = 180°
180 −fwhm°
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Figure AII.​ Shows what values that have been used to calculate the orientation indices. 
 

whm(T CNF ( 0.2 wt%)) 0.30 nm  f = 3 −1  
whm(T CNF sc( 0.3 wt%)) 4.85 nm  f = 3 −1  
whm(CMC( 0.3 wt%)) 31.82 nm  f =  −1  

 
(T CNF (0.2 wt%)) .832f c = 180°

180 −30.30° = 0  
(T CNF sc(0.3 wt%)) .806f c = 180°

180 −34.85° = 0  
(CMC(0.3 wt%)) .823f c = 180°

180 −31.82° = 0  
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10.2 Figures 

10.2.1 Flow-stop results 
The data collected through flow-stop analysis of 6 of the dispersions tested for spinning, as well as an                  
additional 4 dispersions not tested for spinning, was analyzed in MatLab in order to construct mean                
value images and mean value intensity profiles for ​D​r,fast​, ​D​r,slow and birefringence, respectively. The              
meanings of ​D​r,fast and ​D​r,slow are presented in section 6.4 and the definition for birefringence is given                 
in equation 1 in section 2.5.1. The mean value intensity profiles correspond to the results along the                 
centerline of the flow-focusing channel used during flow-stop analysis. The resulting images and             
graphs for the dispersions tested for spinning are presented in section 10.2.1.1 below, and the resulting                
images and graphs for the dispersions not tested for spinning are presented in section 10.2.1.2. 
 

10.2.1.1 Flow-stop results for dispersions tested for spinning 

The resulting images and graphs for each of the analyzed dispersions that were tested for spinning are                 
presented in Fig.AIII through AVIII below, where the results for ​D​r,fast are shown on the top of each                  
figure, the results for ​D​r,slow are shown in the middle and the results for birefringence are shown on the                   
bottom of each figure. The colour legend to the right of the images shows that a red colour represents                   
a high value and a blue colour represents a low value. In the images for ​D​r,fast and ​D​r,slow this refers to                     
the rate of dealignment and in the birefringence image it refers how much birefringence there is at                 
different parts along the channel.  
 

 
Figure AIII. ​The figure shows the resulting images and graphs given by flow-stop analysis of TCNF​sc​(0.3                
wt%), which was tested for spinning. The left side of the figure shows mean value images for ​D​r,fast ​, ​D​r,slow and                    
birefringence, and the right side shows mean value intensity profiles for the middle of the flow-focusing                
channel, for each of the mentioned variables. The images and graphs follow the same order, where the results                  
for ​D​r,fast are shown on top, the results for ​D​r,slow are shown in the middle and the results for birefringence are                     
shown on the bottom.  
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Figure AIV. ​The figure shows the resulting images and graphs given by flow-stop analysis of CMC​sc​(0.3 wt%),                 
which was tested for spinning. The left side of the figure shows mean value images for ​D​r,fast​, ​D​r,slow and                   
birefringence, and the right side shows mean value intensity profiles for the middle of the flow-focusing                
channel, for each of the mentioned variables. The images and graphs follow the same order, where the results                  
for ​D​r,fast are shown on top, the results for ​D​r,slow are shown in the middle and the results for birefringence are                     
shown on the bottom.  
 
 

 
Figure AV. ​The figure shows the resulting images and graphs given by flow-stop analysis of CMC(0.3 wt%),                 
which was tested for spinning. The left side of the figure shows mean value images for ​D​r,fast​, ​D​r,slow and                   
birefringence, and the right side shows mean value intensity profiles for the middle of the flow-focusing                
channel, for each of the mentioned variables. The images and graphs follow the same order, where the results                  
for ​D​r,fast are shown on top, the results for ​D​r,slow are shown in the middle and the results for birefringence are                     
shown on the bottom.  
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Figure AVI. ​The figure shows the resulting images and graphs given by flow-stop analysis of TCNF(0.2 wt%),                 
which was tested for spinning. The left side of the figure shows mean value images for ​D​r,fast​, ​D​r,slow and                   
birefringence, and the right side shows mean value intensity profiles for the middle of the flow-focusing                
channel, for each of the mentioned variables. The images and graphs follow the same order, where the results                  
for ​D​r,fast are shown on top, the results for ​D​r,slow are shown in the middle and the results for birefringence are                     
shown on the bottom.  
 
 

 
Figure AVII. ​The figure shows the resulting images and graphs given by flow-stop analysis of CMC(0.2 wt%),                 
which was tested for spinning. The left side of the figure shows mean value images for ​D​r,fast​, ​D​r,slow and                   
birefringence, and the right side shows mean value intensity profiles for the middle of the flow-focusing                
channel, for each of the mentioned variables. The images and graphs follow the same order, where the results                  
for ​D​r,fast are shown on top, the results for ​D​r,slow are shown in the middle and the results for birefringence are                     
shown on the bottom.  
 

58 



 

 
Figure AVIII. ​The figure shows the resulting images and graphs given by flow-stop analysis of TCNF​sc​(0.2                
wt%), which was tested for spinning. The left side of the figure shows mean value images for ​D​r,fast ​, ​D​r,slow and                    
birefringence, and the right side shows mean value intensity profiles for the middle of the flow-focusing                
channel, for each of the mentioned variables. The images and graphs follow the same order, where the results                  
for ​D​r,fast are shown on top, the results for ​D​r,slow are shown in the middle and the results for birefringence are                     
shown on the bottom.  

10.2.1.2 Flow-stop results for dispersions not tested for spinning 

The resulting images and graphs for the analyzed dispersions that were not tested for spinning are                
presented in Fig.AIX through AXII below, where the results for ​D​r,fast are shown on the top of each                  
figure, the results for ​D​r,slow are shown in the middle and the results for birefringence are shown on the                   
bottom of each figure. The colour legend to the right of the images shows that a red colour represents                   
a high value and a blue colour represents a low value. In the images for ​D​r,fast and ​D​r,slow this refers to                     
the rate of dealignment and in the birefringence image it refers how much birefringence there is at                 
different parts along the channel. The star following a dispersion name marks that the dispersion in                
question was not tested for spinning. 
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Figure AIX. ​The figure shows the resulting images and graphs given by flow-stop analysis of CMC​sc​(0.4                
wt%)*, where the star is marking that the dispersion was not tested for spinning. The left side of the figure                    
shows mean value images for ​D​r,fast ​, ​D​r,slow and birefringence, and the right side shows mean value intensity                 
profiles for the middle of the flow-focusing channel, for each of the mentioned variables. The images and graphs                  
follow the same order, where the results for ​D​r,fast are shown on top, the results for ​D​r,slow are shown in the                     
middle and the results for birefringence are shown on the bottom.  
 
 
 

 
Figure AX. ​The figure shows the resulting images and graphs given by flow-stop analysis of TCNF​sc​(0.3                
wt%)*, where the star is marking that the dispersion was not tested for spinning. The left side of the figure                    
shows mean value images for ​D​r,fast ​, ​D​r,slow and birefringence, and the right side shows mean value intensity                 
profiles for the middle of the flow-focusing channel, for each of the mentioned variables. The images and graphs                  
follow the same order, where the results for ​D​r,fast are shown on top, the results for ​D​r,slow are shown in the                     
middle and the results for birefringence are shown on the bottom.  

60 



 

 

 
Figure AXI. ​The figure shows the resulting images and graphs given by flow-stop analysis of CMC​sc​(0.2                
wt%)*, where the star is marking that the dispersion was not tested for spinning. The left side of the figure                    
shows mean value images for ​D​r,fast ​, ​D​r,slow and birefringence, and the right side shows mean value intensity                 
profiles for the middle of the flow-focusing channel, for each of the mentioned variables. The images and graphs                  
follow the same order, where the results for ​D​r,fast are shown on top, the results for ​D​r,slow are shown in the                     
middle and the results for birefringence are shown on the bottom.  
 
 

Figure AXII. ​The figure shows the resulting images and graphs given by flow-stop analysis of TCNF(0.3                
wt%)*, where the star is marking that the dispersion was not tested for spinning. The left side of the figure                    
shows mean value images for ​D​r,fast ​, ​D​r,slow and birefringence, and the right side shows mean value intensity                 
profiles for the middle of the flow-focusing channel, for each of the mentioned variables. The images and graphs                  
follow the same order, where the results for ​D​r,fast are shown on top, the results for ​D​r,slow are shown in the                     
middle and the results for birefringence are shown on the bottom.  
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10.2.2 Tensile results 
The figures below, Fig.AXIII-AXVI, are the results of the MatLab processed data from the tensile               
tests of each sample of the different dispersions. Were the slope of the linear parts of the graphs are                   
used to calculate the E-modulus, which is the samples’ ability of reversible deformation. The              
end-point, the point with highest stress-strain value, determines the ultimate stress. Toughness of a              
sample is determined through the integral of the graph. All information of each value and sample is                 
illustrated in the legends of the graphs. 
 
The first, steeper part of the slopes in the graphs were determined to receive values representing the                 
elastic modulus of the samples, namely the samples’ ability to be reversibly deformed. The slope of                
the graphs changes distinctly when the deformation of the samples is large enough for it to be                 
irreversible. The breaking point is where the graphs end. A breaking point at a higher stress-strain                
value indicates that the sample can withstand higher stress before breaking. In this case the ultimate                
stress of the samples coincide with the breaking points since both of them are at the highest point of                   
the curves. The toughness of the samples was determined by calculating the area under the graphs.  
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a) 
 

b) 
Figure AXIII.​ Results from tensile testing of filaments spun from TCNF​sc​(0.3 wt%). The minimum width, the 
length, the elastic modulus, the toughness and the ultimate stress of each filament is presented in order in the 
legend. Figure a) shows the results for the first half of the filament samples and figure b) shows the results for 
the second half. 
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a) 

 
b) 
Figure AXIV.​ Results from tensile testing of filaments spun from TCNF(0.2 wt%). The minimum width, the 
length, the elastic modulus, the toughness and the ultimate stress of each filament is presented in order in the 
legend. Figure a) shows the results for the first half of the filament samples and figure b) shows the results for 
the second half. 
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a)

 
b) 
Figure AXV. Results from tensile testing of filaments spun from CMC(0.3 wt%). The minimum width, the                
length, the elastic modulus, the toughness and the ultimate stress of each filament is presented in order in the                   
legend.  
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Figure AXVI. Results from tensile testing of filaments spun from CMC(0.2 wt%). The minimum width, the                
length, the elastic modulus, the toughness and the ultimate stress of each filament is presented in order in the                   
legend.  
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10.3 Tables 
The tables AI through AIV below show the data for the spun filaments samples that has been collected                  
through tensile testing and optical microscopy. Comments have been written both in english and              
swedish. The rows marked in red indicate samples discarded in calculations as they have not fulfilled                
requirements mentioned in section 6.5. Rows that are blue contain samples that have been sent to                
another laboratory for further testing and therefore, tensile testing was not performed on them. 
 
Table AI. ​The data gathered from tensile testing and optical microscopy for TCNF​sc​(0.3 wt%). 
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Table AII.​ The data gathered from tensile testing and optical microscopy for TCNF(0.2 wt%).  
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For table AIII the light yellow marking indicates clean samples, while red marking indicates discarded               
samples. 
 
Table AIII.​ The data gathered from tensile testing and optical microscopy for CMC(0.3 wt%). 
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For table AIV the red marks mean discarded samples and the yellow mark indicates the only clean                 
samples obtained.  
 
Table AIV.​ The data gathered from tensile testing and optical microscopy for CMC(0.2 wt%). 
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