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Sammanfattning 

Den här studien har undersökt den kombinerade effekten av malning och styrkemedel på 

styvheten och styrkan i en pappersstruktur. Materialen som användes i arbetet bestod av sex 

olika kobinationer av malning och styrketillsatsmedel. Studien delades upp i två huvuddelar som 

bestod av en experimentell del och en numerisk del.  

Den experimentella delen genomfördes för att samla så mycket information som möjligt från de 

olika arken. Experiment som genomfördes var densitetsmätning, dragprov, retentionsmätningar 

och karakterisering av fines. Från mätningarna kunde man se att arkens tjocklek minskade med 

ökande malningsgrad. Anledningen till tjockleksminskningen vid ökande malningsgrad kan 

förklaras av den strukturella förändringen som fibrerna genomgår vid malning, som i sin tur 

leder till att fibrerna kan arrangera sig närmre varandra, som sin tur leder till en densitetsökning. 

Från dragprovsexperimenten kunde man se att styrkan för arken ökande när styrkemedel 

tillsattes, men ingen skillnad i styvhet kunde observeras. När man däremot tillsatte styrkemedel 

till de ark som hade behandlats med malning, så ökade både styrkan och styvheten för arken.  

De experiment som gjordes för att analysera mängden kvarvarande styrkemedel mellan de olika 

malningsgraderna visade att skillnaden mellan retentionen i arken varierade inte avsevärt och 

kan inte förklara skillnaderna som observerades i dragprovsresultaten. Den toppmoderna 

utrustningen som användes för att studera hur malning påverkar fiberdimensionerna visade ingen 

signifikant ändring mellan de olika malningsgraderna. De individuella fiberegenskaperna 

karateriserades med hjälp av mikro datortomografi. En stor fördel med att använda mikro 

datortomografi är att man lättfattligt kan följa fiberorienteringen med hjälp av den 3D modell 

som används i metoden. En annan stor fördel med den här tekniken är att man analysera en 

enorm mängd med fibrer, där man mäter tillexempel fibrernas väggtjocklek, bredd och höjden på 

fibertvärsnittet, längden och antal kontaktpunkter för alla fibrerna. Möjligheten att kunna följa 

fiberorienteringen leder till att en god tillförlitlighet om fiberegenskaperna. I det här arbetet så 

utvecklades en rutin som kombinerad med mikro datortomografin kunde räkna ut förhållandet 

mellan bredd och höjden (width-to-height ratio) för alla fibertvärsnitt för alla fibrer där det 

ansågs vara fria, d.v.s. inte i kontakt med andra fibrer.  

 

Den numeriska delen genomfördes för att förstå de obesvarade frågorna från den experimentella 

delen vilket gjordes med hjälp av mikromekaniska simuleringar. Simuleringarna delades upp i 

två parameterstudier, där den första behandlade densitetsändringen i arken och den andra 

behandlade olika fines– eller fibrillparametrar. Den första parameterstudien visade att 

densitetsändringen på egen hand inte kunde besvara de betraktade frågorna kring den 

kombinerade effekten av malning och styrkemedel. Den andra parameterstudien gjorde för att 

testa inverkan hos de fines-parametrar som kunde identifieras i experimenten. Från den andra 

parameterstudien visade det sig att den parameter som har störst inverkan på arken är fraktionen 

fines. Simuleringarna också att den fraktion av fines har störst inverkan på styvhet och styrka i 

nätverket är av den storlek som inte kan identifieras av experimentell utrustning. Den andra 

parameterstudien visade också att de smalaste fibrillerna gav den bäst förstärkande effekt och att 

betydelsen av fibriller minskar med ökande densitet.  
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Abstract 

The presented study has investigated the combined influence of refining and strength additives 

on stiffness and strength in a paper network. The material used in the study included six different 

combinations of refining and strength additives. The study was divided into two main parts, one 

experimental part and one numerical part.  

The experimental part was done in order to extract as much information as possible from the 

different combinations, which was done by calculating the densities, tensile testing, retention of 

strength additives measurement and fines characterization. It was seen that the thickness of the 

handsheets decreased with increasing refining revolution, which could be explained by the 

structural change of the fiber dimensions due to refining, which enables the fibers to come closer 

to each other, resulted in denser handsheets. From the tensile testing it was seen when adding 

strength additives to the paper pulp only contributed to an increase in strength and no change in 

stiffness. However, when strength additives were added to the refined handsheets, there was a 

significant increase in both stiffness and strength of the whole handsheet.  

 

Experiments were performed in order to test if the retention of strength additives was affected by 

refining, and found no significant alteration. A state-of-the-art characterization tools were used 

to study the effect of refining on the pulp. They showed no significant difference between the 

pulps at different degree refining. The individual fiber properties were characterized using Micro 

Computed Tomography (µCT), which enables the user to capture every fiber in a network with 

the help of a 3D model obtained with x-ray images. With the help of µCT, a large number of 

fibers were processed, which gave a reliable estimation of the fiber properties such as wall 

thickness, width and height of cross-section, fiber length and number of contacts for every fiber 

in the network. In the work a routine was developed in order to calculate the width-to-height 

ratio of the free fiber segments of all fibers in the network. The results showed that densification 

upon refining happened exclusively due to changes in the bond regions.  

 

The numerical part of this study was done by using micromechanical simulations in order to 

answer questions that could not be the explained with experiments. The first set of simulations 

was performed in order to single out the effect of density, which showed that the density alone 

could not explain the changes seen in the experiments. The second part of the simulations was 

performed in order to test fines parameters in ranges below detectable by the characterization 

tools. From the this parameter study, it was found that the most important factor is the number of 

fines, and the most important fines fraction with the given total fines fraction is below detectable 

range. The increased number of slender fines achieves the best reinforcing effect. At the same 

time, the efficiency of fines gradually diminishes with increased density.  
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1 INTRODUCTION 

The forest industry is one of the most important industries in Sweden, with significant influence 

on the Swedish economy. This is mainly due to the assets of fine forest raw material which 

enables export of forest based materials such as wood, paper and packaging materials just to 

mention a few. The dominating export product is the paper and pulp, and the export is estimated 

to be 85 % in 2011 [1], which makes the export of paper and pulp from Sweden a great demand 

globally. 

 

The paper industry aims to lower both production costs as well as environmental stresses. An 

important factor for achieving these goals is the usage of raw material during paper making. 

However, as the usage of raw material is decreasing, the paper properties need to be improved in 

order to obtain the same mechanical properties when using less raw materials.  

 

The mechanical properties are a crucial aspect when regarding both the paper making process 

and the usage of paper. Improving the mechanical properties of paper material will in turn 

contribute to development of the papermaking process and making it more efficient and more 

profitable and the development of more qualitative products. 

 

In order develop the paper making process, with respect to the improvement of the mechanical 

properties of paper materials, the utilization of optimized fibers needs to be investigated. This 

can be evaluated by first understanding the paper making process, and then how to improve the 

process in order to obtain paper material with better mechanical properties, which is the 

underlying primary objective of this work.   

 

The papermaking process, for wood-based paper material, starts by disintegrating the wood into 

small wooden chips. Thereafter the wooden chips are further disintegrated into fibers, which can 

be done either mechanically or chemically, in order to prepare the paper pulp which is the raw 

material used for papermaking. The mechanical pulp is obtained by grinding the wood between 

two rotating steel plates, and the chemical pulp is obtained by mixing the wooden chips with 

chemicals under high pressure. There are several of variations of making the mechanical pulp, 

thermomechanical pulp (TMP) and chemi-thermomechanical pulp (CTMP) for example. The 

material used in this study is CTMP, and is made by using a combination of sodium sulfate and 

heath. When the pulp is obtained, the process can be further treated with a mechanical process 

called refining or a chemical process where strength additives are added to the pulp [2]. The aim 

of this study was to investigate the combined effect of refining and strength additives in paper.  
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2 Project schematics 

The main goal with the following study has been to examine the influence of refining and 

strength additives on stiffness and strength in a paper structure. This was done experimentally 

and numerically, where the experimental part consisted of characterization of the handsheets and 

individual fibers, and the numerical part consisted of network generation and Finite Element 

simulations. 

 

The experimental part was done by first characterizing the handsheet properties such as stiffness, 

tensile strength, strain at break and density. The second experimental part was done by the 

combined study consisted of fiber morphology and processing Micro Computed Tomography 

(μCT) images, which was done in order to characterize the individual fiber properties such as 

wall thickness, width and height of fiber cross-section, etc. Two other experiments were 

performed in order to analyze individual fiber morphology, strength additive retention and fines 

characterization.  

 

The numerical part consisted of network generation, network parameter calculation and 

parameter study.  

 

This study is summarized in the following steps: 

1. Experimental characterization of the handsheets.  

2. Fiber characterization and µCT studies to obtain the individual fiber properties in the 

network.  

3. Generating networks for all combinations of refining and strength additives.  

4. Performing the Finite Element simulations of the 3D network.  

5. Performing two parameter studies, one in order to investigate the influence of network 

density and the second to investigate the effect of various properties of the fines.  
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3 Background 

This report is a presentation of a master thesis carried out on the department of Solid Mechanics 

at the Royal Institute of Technology in Stockholm, Sweden. The study was done in collaboration 

with Stora-Enso Research Center in Karlstad, Sweden. The following chapter will describe the 

theory, previous works, goals, purposes and limitations of the study. 

 

The tensile properties of paper, such as stiffness, strength and strain at break, are main features in 

the paper-making process when regarding the machine productivity and manufacturing 

efficiency. The paper industry is aiming to develop material that obtains the same mechanical 

properties by decreasing the usage of raw material, in order to reduce production costs. The 

improvement can be done by using a mechanical approach or a chemical approach, and is 

handled in this following subchapter which will give a brief overview of the two different 

methods separately and combined. The following subchapter will also handle the fiber 

characterization including the theory regarding µCT. 

 

3.1 Strength Additives  

When regarding the tensile properties of a paper structure, it was discovered that the fiber bonds 

had one of the greatest influence [3]. It was found that addition of strength additives would 

improve the bonding between the fibers, and hence the tensile properties of the paper. The 

effects of using strength additives, results in an increase in strength, strain at break, and 

sometimes density. It was also shown that using strength additives does not usually affect the 

stiffness of the paper. One type of strength additive that is commonly used in papermaking is 

cationic starch, which primarily contributes to a stronger fiber bonding and hence improves the 

dry strength of the paper [4]. The main advantage of using cationic starch is low cost, when 

comparing to the cost of energy during refining, and the fact that it does not change the fiber 

dimensions. Another advantage of using cationic starch, when comparing to other starches, is the 

retention of cationic starch which is much more efficient at the end of a paper machine [5]. It 

was found that the reason that cationic starch improved the strength of the paper was because of 

the increased relative bonded area (RBA). Larger bonded area between the fibers results in 

greater strength of the whole network.   

 

The bonding between fibers was investigated in a previous study carried out at the department of 

Solid Mechanics by Azizoglu [6]. In the study, Azizoglu investigated how the effect of strength 

additives affects the bonding in a 3D network structure. The study was divided into two main 

parts, one experimental and FE simulation part. The experimental part consisted of mechanical 

testing, analyze of Scanning Electron Microscope (SEM) images and Atomic Force Microscope 

(AFM) measurements. The mechanical experiments were tensile testing and measurement of 

thickness and weight in order to investigate the influence of strength additives on material 

properties for the whole network. The SEM image analysis was used to investigate fiber 

dimension such as diameter, wall thickness and length. The AFM analysis was used in order to 

obtain the contact modulus, between two fibers, in both normal and tangential direction. The 

results from the experimental part were used as input parameters for the Finite Element 

simulations.  The Finite Element simulation part was further divided into two subparts, one fiber 

bond model to investigate the bond stiffness, and the second part was to develop a 3D fiber 

model for the whole network.  
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The main conclusion from this study was that strength additives mostly improves the bond 

strength.  

 

 

Figure 1: Experimental tensile tests [6]. 

 

Although the results of the simulations were conclusive, the direct comparison of the simulated 

results with experiments showed that the modelling consistently overestimated the hardening 

region, as seen in Figure 2. This fact was attributed at that time to the poorly defined fiber 

properties and was something that was put forward to investigate in this current work.  

 

 

Figure 2: Stress-strain relation for simulation compared to experimental data [6]. 
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3.2 Refining  

Another way of improving the tensile properties of paper is treating the pulp mechanically by 

using a process called refining. During refining, paper pulp goes through different zones were 

the pulp is exposed to compressive and shear forces several times [7]. During the refining 

process, there occurs a structural change of the fibers that can be divided into: internal 

fibrillation, external fibrillation and formation of fines.  

 

During internal fibrillation the fiber wall is partly delaminating, which leads to increased 

flexibility of the fibers. The increased flexibility of the fibers increases the bonding between the 

fibers, since a large flexibility enables greater alignment between the fibers which in turn 

increases the bonding area between fibers [8].  

 

The external fibrillation is defined as delamination of the fiber surface, in such way that fibrils 

are created as small strips on the surface. The fibrils contribute to an increase in both 

consolidation and bonding between the fibers [8]. Another effect of external fibrillation is the 

formation of fines, which are defined as small fiber fragments that are delaminated of the fiber 

wall. The content of fines contributes to the paper structure in such way that the paper becomes 

more uniform, which allegedly to a more even distribution of the stresses when the network is 

subjected to load [2]. The most commonly used refining process in laboratory experiments is the 

PFI mill, which results in a more uniform treatment when compared to industrial refining. When 

using the PFI mill, the fibers are primarily exposed to compressive forces, which results in a 

greater amount of internal fibrillation rather than external fibrillation [9]. 

 

The effect of fines was investigated in a previous work carried out at the department of Solid 

Mechanics by Sandin that performed a micromechanical study of the effect of refining on the 

mechanical properties of the middle ply of a paperboard [9]. The study was divided into two 

parts, experimental and fiber network simulations. The material used in the study had three 

different grades of refining, 0 PFI mills, 1000 PFI mills and 2000 PFI mills.  

 

The experimental work was divided into two parts, image analysis and mechanical testing. The 

image analysis included comparison of images obtained from microscopy and Scanning Electron 

Microscopy (SEM). From the analysis it was shown that the network consisted of both fibers and 

fines, where fines are defined as small lamellas from the outer fiber wall. The mechanical testing 

included tensile testing and measurements of thickness and weight.  

 

The fiber network simulation was done by first generating a fiber network. The next step was to 

calculate the parameters that control the network thickness, width-to-height ratio and interface 

angle. After the network was generated, the network was imported to ANSYS in order to define 

material parameters, boundary conditions and generating fines. The fines were modeled as link 

elements with constant dimensions and material parameters according to Sundberg and 

Holmbom [10].  
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The main conclusion from that study was that increasing level of refining will increase the 

stiffness and strength, as seen in Figure 3, and could be explained by the increases in amount of 

fines.  

 

Figure 3: Experimental tensile test results [9]. 

 

 

3.3 Micro Computed Tomography  

In this current study μCT was used to analyze the complex internal microstructure of the fiber 

network. This was done by using a routine [11]that was developed using commercial software 

MATLAB, and was developed at Uppsala University in Uppsala, Sweden. By using a graphical 

user interface, the user enables a manually selection of the individual fibers and the routine is 

computing the fiber properties for all fibers in the network. The properties that can be evaluated 

are fiber wall thickness, length, number of contacts, free fibril length, width and height of fiber 

cross-section.  

The method used was developed due to the limited methods available in order to analyze the 

complexity of fiber network structure such as collapsed fibers, presences of fines and fiber 

curvature [11]. The methods available prior the development of this method was either manual or 

automatic procedure and was considered to be inefficient methods in order to characterize the 

individual fibers properties in a representative way, which resulted in the development of a semi-

automatic method that was used in this current study. This means that the user manually selects a 

single fiber, and then follows an automatic procedure that is calculating the measurements of the 

identified fiber. The 3D model, as seen in Figure 4, was obtained by aligning three dimensional 

x-ray images for all layers along the coordinate axis [12]. The 3D images enable the distinction 

between fiber and air, with a resolution of 1 µm, which is done with the help of x-ray coefficient.   
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4 Experiments  

The following chapter will describe the experimental part of this study, which material and 

strength additives was used, how the experiments were performed in order to characterize the 

material and the individual fibers. The first part of the chapter handles the handsheet, and the 

second part handles the fibers.  

 

4.1 Material  

The material used for this study was chemi-thermomechanical pulp (CTMP), which is a variant 

of mechanical pulp, where chemicals are added to the manufacturing process. The chemicals 

added to the pulp are sodium sulfate, which in turn is added to the wooden chips before the 

refining process. In this study, the material has six different combinations of refining and 

strength additives. The material was provided by Stora Enso and can be seen in Table 1. The 

strength additives used in the material for this work was Avebe Amlofax HS which is potato 

based cationic starch with degree of substitution DS 0.045 – 0.049 mol/mol.  

 

Table 1: Defines the materials used in this study. 

Material Refining [PFI mills] Strength additives [kg/t] 

Material 1 0 0 

Material 2 0 25 

Material 3 1000 0 

Material 4 1000 25 

Material 5 2000 0 

Material 6 2000 25 

Figure 4: Micro Computed Tomography orthogonal images (left), 3D reconstruction of 

the network (right). 

0.4 mm  
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4.2 Handsheet characterization  

In order to characterize the different combination of refining and strength additives, handsheet 

characterization and tensile tests were performed at Innventia AB. The handsheet 

characterization was done by measuring the thickness and grammage of the different sheets. The 

following sections will describe the experimental setup, procedure and obtained data in a slightly 

brief way [9].  

 

4.2.1 Measurement of thickness and grammage 

The diameter of every handsheets was measured to 15.9 cm, and the thickness of the handsheets 

was measured using “STFI Thickness Tester M201”. The equipment calculates the mean 

thickness, standard deviation and coefficient of variance as seen in Table 2 and Table 3. 

  

The weight was measured using “Sartorius BP110 S” and from this, the grammage was 

calculated by dividing the weight with the area of the handsheet for all six combinations refining 

and strength additives is seen in Table 2 and Table 3.  
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4.2.2 Tensile test 

The tensile tests were performed using an “Alwetron TH1 by Lorentzen & Wettre”, according to 

standards for specimen without notch. According to standards, the specimens should be tested in 

a climate controlled environment, 23
o
C with 50% relative humidity. The dimensions for the 

specimens were 100 mm x 15 mm for every material. The tensile test included testing of 10 

specimens for each material, i.e. 60 specimens were tested in total. 

 

After the experiments were performed, the data was post-processed in commercial software 

MATLAB. The units for the obtained data were force [N] and displacement [mm], which was 

recalculated into stress [MPa] and strain [%] by dividing the force with the cross-section area for 

the specimens and dividing the displacement with the original length respectively. One should 

note that the recalculation is an approximate method, due the plastic deformation of the material. 

Since the change in thickness of the specimen is negligible, the assumption that the cross-section 

does not change is a good approximation. The data obtained from the “Alwetron TH1 by 

Lorentzen & Wettre” resulted in some undesired scatter in the initial part of the plots. The initial 

part was removed and compensated by using a linear interpolation. The next step was to move all 

curves so that they initiate in the origin. This was done in order to compensate for the machine 

compliance in the y-direction and the slippage between specimen and clamps in the x-direction.  

The final step before calculating the stress-strain curves was to use a cubic fit in order to 

calculate the mean values for each material. The stress-strain curves are seen in Figure 5.  

4.2.3 Experimental results and discussion  

From the stress-strain curve, one could obtain the mean values for tensile stiffness and ultimate 

tensile strength, which were plotted as a function of both refining and strength additives as seen 

in Figure 6. 

 

The first part of mechanical testing was to measure thickness and weight of all handsheets. 10 

measurements were made on all handsheets for thickness and weight. In Table 2 and Table 3, the 

mean values for the obtained results can be seen as well as the calculated mean grammage and 

mean density.  

Table 2: Obtained mean values of results from thickness and weight measurements for the 

handsheets with no strength additives. 

 

Nomenclature 

 

PFI revolutions with 

0 kg/t starch 

 

Thickness 

mean [μm] 

 

Grammage mean 

[g/m
2
] 

 

Density mean  

[kg/m
3
] 

Material 1 0 521.27 151.24 290.14  

Material 3 1000 443.74 153.19 345.22 

Material 5 2000 377.04 148.43 393.67 
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Table 3: Obtained mean values of results from thickness and weight measurements for the 

handsheets with strength additives. 

 

Nomenclature 

 

PFI revolutions with 

25 kg/t starch 

 

Thickness 

mean[μm] 

 

Grammage 

mean [g/m
2
] 

 

Density mean 

[kg/m
3
] 

Material 2 0 547.41 156.06 285.08 

Material 4 1000 423.32 153.55 362.72 

Material 6 2000 349.10 144.53 414.01 

From Table 2 and Table 3 it can be seen that the thickness decreases with increasing PFI mill 

revolutions. The reason for this behavior could be described by recalling the change in fiber 

properties with refining, such as the increasing flexibility of fibers with increasing refining 

revolution which enables more closely packed network of fibers and hence a decreased 

thickness. When regarding the grammage, it can be seen that the grammage does not change 

sufficiently when comparing the handsheets, the same grammage for all handsheets was 

considered. The density of the handsheets was calculated by dividing the grammage with the 

thickness and the following trend of increasing density with decreasing thickness seen in column 

5 in Table 2 and Table 3 was expected. 

  

The results from the tensile tests are seen in Figure 5, which shows the stress-strain curve of the 

mean value for all materials respectively. In order to obtain a sense of how the tensile stiffness 

and strength depend on both refining and strength additives, a 3D plot was made as seen in 

Figure 6. From the figures one can see that the tensile stiffness increases more rapidly when the 

material is exposed to refining than with addition of strength additives. Another observation 

based on previous study was that the stiffness for material 1 and material 2 is the same. 

However, by comparing material 3 and material 5 which have same refining revolution, but 

strength additives were added to material 5, which resulted in an increase in both tensile stiffness 

and strength. The difference between these two comparisons was something that needed to be 

further investigated. 
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Figure 6: Refining and strength additives as a function of tensile strength (left) and tensile stiffness 

(right).  

 

Figure 5: Mean stress-strain curves from tensile tests.  

 

By evaluate the network strength it can be seen that increasing the amount of refining from 

material 1 to material 3 will approximately give the same increased difference of tensile strength, 

as comparing material 3 with material 5. However, by comparing the curves for the material with 

combined strength additives and refining it can be seen that the difference in tensile strength 

increased nearly two folded when increasing the amount of refining from 0 PFI mills to 1000 PFI 

mills than increasing the amount from 1000 PFI mills to 2000 PFI mills  
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In a paper structure, the mechanical properties are strongly dependent on the fiber bonding. The 

resulting effect of increasing the refining revolutions was larger contact area between the fibers 

due to the increased fiber flexibility, increased amount of fines and increasing density of the 

structure. The increased amount of contacts will contribute to a stronger network structure as 

seen by comparing materials 1, 3 and 5 in the Figure 5. The additives will increase the bonding 

compliance and hence the strength of the network.  

 

One important parameter to consider when discussing the mechanical properties is the tensile 

stiffness of paper. As seen in Figure 5, one can see that the tensile stiffness increases with 

increasing PFI mill. This can be explained by considering two things, the increased density of the 

sheet and the increased number contacts. The density increases with increasing PFI mills, which 

can be explained by the change in fiber properties such as fiber curl, length and the increased 

amount of fines. The increase in tensile stiffness seen in Figure 5 can be explained by the 

increased amount of fines that occurs when increasing the refining revolutions, due to an 

increased number of contacts. This will result in a more close packed fiber structure which 

distributes the force more evenly. The tensile strength will be affected by the amount of fines in 

the same manner as the stiffness, i.e. an increased strength with increased amount of fines.   
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4.3 Fiber characterization  

The following part of the experiments was the fiber morphology, which was done by testing 

retention of strength additives, fines characterization and µCT. Previous works carried out at the 

Department of Solid Mechanics were using SEM for the fiber characterization. However, since 

the SEM images are obtained as 2D images, the fiber length, curvature, diameter and thickness is 

not representative since the orientation of the fibers is unknown. Therefore, µCT was the method 

chosen for fiber characterization in order to get more representative fiber dimensions. For a more 

detailed description of the procedure of this semi-automatic method using µCT, see Appendix A.  

 

4.3.1 Fiber morphology  

In order to understand the interaction of refining and strength additives, the retention of strength 

additives and the fines in the handsheets were analyzed. This was done since the amount of fines 

increases with increasing level of refining, which leads to a densification of the handsheets 

which in turn complicates the drainage of water and in order to understand how much the 

strength additives are affected by the water drainage. Another effect of refining is the length of 

the fibers and fines, which is decreased with increasing level of refining, and was also 

investigated in this subchapter.  

 

The retention of strength additives were tested at MoRe Research Örnsköldsvik AB. The 

material used for this analysis was material 2, 4 and 6, which are the materials with 25 kg/t 

amount of strength additives and 0 PFI, 1000 PFI and 2000 PFI mills respectively. The obtained 

results of the retention of strength additives are seen in Table 4. 

 

Table 4: Retention of strength additives for three levels of refining.  

Handsheet with 25 kg/t strength additives and refining Starch retention [%] 

0 PFI 44.0 

1000 PFI 44.8 

2000 PFI 48.4 

 

As seen in Table 4 increase in retention is negligible, which concluded that the retention of 

strength additives could not explain the interaction between refining and strength additives, 

which in turn, further developed the study to test the influence of fines in the handsheets. 

    

The fiber and fines properties were tested at Graz University of Technology using an “L&W 

Fiber Tester Plus”. The materials used for this analysis was material 1, 3 and 5, which are the 

handsheets that does not contain strength additives, and the results are seen in Figure 7. 
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Figure 7: Length distribution of fines length  

Two observations can be made from Figure 7. Firstly, the difference in distribution between the 

pulps was negligible. Secondly, the equipment used for fiber and fines characterization does not 

take in to account fines with a length smaller than 7 µm, i.e. the tolerance for fines detection was 

not able to capture all particles. This was to be considered when the Finite Element simulations 

were developed.  

 

4.3.2 Micro Computed Tomography  

Micro Computed Tomography (μCT) was used to analyze the complex internal microstructure of 

the fiber network. This was done by using routine that was developed using commercial software 

MATLAB, and was developed at Uppsala University in Uppsala, Sweden. By using a graphical 

user interface, the user is enabled a manually selection of the individual fibers and the routine 

was computing the fiber dimensions for all fibers in the network. The properties that can be 

evaluated are fiber wall thickness, diameter, length, number of contacts and free fibril length.  

The method was developed due to the limited methods available in order to analyze the 

complexity of fiber network structure such as collapsed fibers, presences of fines and fiber 

curvature [11]. The methods available prior the development of this method was either manual or 

automatic procedure and was considered to be inefficient methods in order to characterize the 

individual fibers properties in a representative way, which resulted in development of a semi-

automatic method that was used in this current study. This means that the user manually selects 

an individual fiber, and then follows an automatic procedure that is calculating the measurements 

of the selected fibers. The 3D model, seen in Figure 8, was obtained by aligning x-ray images for 

all layers along the rotation axis [12]. The 3D model enables the distinction between fiber and 

air, with a resolution of 1 µm, which is done with the help of x-ray coefficient. 
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Figure 8: Micro Computed Tomography orthogonal images (left), 3D reconstruction of the 

network (right). 

 

The manual identification of fibers was done by first choosing the XY- view in the graphical 

user interface as seen in Figure 9 (left), using the slide function (“Slide mode”) until one 

considered fiber was visible. The next step was to choose the marker function and selecting the 

visible considered fiber with the yellow marks as seen in Figure 9. An important note is that the 

considered fiber could be seen in different layers of the model, i.e. the user has to be observant 

when using the slide function in the XY- view when scrolling between the layers in order to 

capture the whole fiber.  

 

The following step was to select ZT- view, in Figure 9 (left), and once again mark the considered 

Figure 9: Graphical User Interface (left), µCT image of x-y view of the network (right). 

0.4 mm  
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fiber with red dots as seen in Figure 10 (right). In this part it is important to choose the red 

marking in such way that the markings were approximately in the middle of the fiber, in order to 

extract valid data from the fiber. This was controlled by moving the blue slider, seen in Figure 10 

(right), simultaneously observing the intersection of the two perpendicular lines seen in Figure 

10 (left) which should be located approximately in the middle of the fiber cross-section in order 

to capture the consider fiber in a proper way. 

 

Figure 10: Cross-view of the selected layer (left), ZT- view of the selected layer showed in Figure 4 

(right). 
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The final step was to save the fiber data, which was done when the marking of the considered 

fiber was confirmed to be approximately in the middle, the fiber data could be saved, and one 

can continue with remaining fibers. This process was repeated until all fibers in the whole 

network are selected and saved. Thereafter, one can extract the statistics of the fiber properties of 

the network. The procedure of the fiber characterization process can be seen in Figure 11. 

 

 

The main advantage when using µCT is of the obtained 3D model that enables the user to 

capture the whole curvature of the individual fibers, which in turn gives a good estimation of the 

fiber dimensions as seen in Table 5. 

Table 5: Results obtained from µCT. 

PFI Mill 

revolutions 

Analyzed cross-

sections 

Width ± std 

[µm] 

Height ± std 

[µm] 

Wall thickness 

[µm] 

0 195 000 27.5 ± 9.0 11.8 ± 4.5 3.3  ± 1.3 

  

Start:  
Graphical User 
Interface 

Select: XY 

Select: ZT 

     Save 

Are all fibers 
selected? 

No 

Yes 

Statistics 

Figure 11: Algorithm used for fiber characterization.  
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Figure 12: Network generation algorithm from [6]. 

5 Numerical studies 

The numerical part of this study consisted of network generation and FE simulations. The FE 

simulations are a great tool to answer questions that could not be explained with experimental 

work. The procedure of recreate the handsheets and performing tensile tests with Finite Element 

simulations will be described in the following chapter. 

 

5.1 Network generation  

The first part of simulating the fiber network was to generate the considered networks. This was 

done by network generation technique, developed by Kulachenko and Uesaka [13] and 

Motamedian [14]. The procedure of the algorithm can be seen in Figure 12 obtained from 

Azizoglu [6].  

 

 

 

 

The network was obtained by first generating a single fiber placed at a random location with a 

random rotation. The curvature of the fiber can be set to a polynomial, trigonometric function or 

a combination of them both. The curvature of the fibers was chosen to have a polynomial of 

second order for computational efficiency. The process of generating a single fiber and 

distribution on a random location was repeated until a 2D network was obtained. The next step 
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was to distribute fibers on previously laying fibers in order to obtain a 3D network. The process 

of distribution on previously laying fibers was repeated until the required thickness was 

obtained. The thickness of the simulated network, which is the same as the handsheet 

thicknesses, was obtained by using two parameters as follows.  

5.2 Network parameters 

The measurements showed that the grammage did not vary sufficiently and the mean value was 

calculated to 151.4 g/m
2
 and was used for all networks. The distribution of fibers was repeated 

until the target thickness of the individual sheets was obtained. The target thickness of simulated 

network, which was the same thickness of the paper sheets as seen in Table 2 and Table 3 was 

controlled by two parameters, WH-ratio and interface angle. These parameters were calculated in 

order to obtain the target thickness for the simulations as for the handsheets.  

 

5.2.1 Width-to-height ratio 

The width –to-height ratio, also known as WH-ratio, is the relationship between width and height 

of a fiber cross-section as seen in Fel! Hittar inte referenskälla.. In previous studies by 

Azizoglu [6] and Sandin [9], this parameter was estimated by generating networks and keeping 

all parameters constant accept the WH-ratio. However, in this study, with the help of μCT, the 

WH-ratio could be determined very carefully with respect to reality and one could eliminate the 

dependency of one variable.  

 

In order to find the WH-ratio using Micro Computed Tomography (µCT), a routine was 

developed in MATLAB and implemented into the µCT routine. The routine finds how the fibers 

are rotated by fitting a rectangle to the fiber cross-section in order to find the relation between 

width and height for every fiber cross-section of every fiber in the network. An important note is 

the definition of collapsed fibers, which was defined as if the calculated wall thickness was equal 

or larger than half of the fiber height the fiber was considered to be collapsed, i.e. no wall 

thickness. As seen in Figure 13Fel! Hittar inte referenskälla. the fitted rectangles on the fiber 

cross-section was calculated in such way that the area from the original fiber cross-section area 

were preserved seen in Figure 13.  
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The algorithm for calculating the WH-ratio was carried out in following steps  

1. Find the cross-section area. This could only be done for a cross-section that was not 

bonded, i.e. not in contact with another fiber.  

2. Calculate the center of gravity. 

3. Calculate the coordinates of the pixels in the cross-section with respect to the center of 

gravity.  

4. Calculate the moment of inertia with respect to x-and y-axis. 

5. Calculate the ratio between the moments of inertia.  

6. Find the plane where the ratio 
yy

xx

I

I
 was minimized, i.e. the rotation of the local coordinate 

with respect to the global coordinate system.  

7. Find the rotation of the cross-section.  

8. Calculate the WH-ratio.  

 

From the results it was seen that the WH-ratio did not vary sufficiently and the mean value used 

in the simulations was calculated to a value of 2.67.  

 

In order to verify this, all handsheets without strength additives, i.e. material 1, 3 and 5 were 

analyzed using the µCT. The WH-ratios of the fibers from the handsheets of different density 

Figure 13: (a) Image of fiber cross–section, (b) Image of collapsed fiber cross-section,(c) fitted rectangle on 

cross-section in (a), (d) fitted rectangle on cross-section in (b). 
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were calculated from the measurements and can be seen in Figure 14. About 300 fibers were 

processed in every sheet extracting the average WH ratio for the individual fibers, which resulted 

in an increase in amount of fibers with a factor 2.5 when compared to previous works [6], [9]. 

 

 

Figure 14: WH-ratio for handsheets with three different levels of refining.  

 

Figure 14 shows that the mean values of WH-ratio does not vary significantly between the free 

segments in the handsheets, which means that the observed densification happens due to changes 

in the contact regions. 

5.2.2 Interface angle 

The second parameter that controls the network thickness is the interface angle, which is defined 

as the angle that forms between two overlaying fibers. As mentioned, increasing level of refining 

will increase the flexibility of the fiber which results in a larger interface angle. 

 

The interface angles for this study was chosen by generating 11 different networks, and keeping 

all parameters constant except the interface angle, which was varied from 6º - 30º. From the 

obtained results, the obtained network thicknesses were plotted with the varied interface angles 

as seen in Figure 15.  
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Figure 15: Interface angles as a function of network thickness.  

 

From the Figure 15, the interface angles were obtained with the help of the measured handsheet 

thicknesses as seen in Table 6.From the experimental work it was seen that material 1 and 

material 2 were very similar in thickness, which led to removal of material 2 since no further 

information could be extracted and for computation efficiency. The nomenclature used in FE 

simulations is seen in Table 6. 

 

Table 6: Obtained interface angles with the measured handsheet thicknesses.  

Material Handsheet thickness [µm] Obtained interface angle [º] 

Material 1 521.27 11.24 

Material 2 443.74 13.88 

Material 3 423.32 14.79 

Material 4 377.04 17.27 

Material 5 349.10 19.11 
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5.3 Finite Element simulations   

After the network generation, FE simulations were used to evaluate the questions that could not 

be answered with experiments by using two parameter studies. The main goal of the first 

parameter study was to analyze the single effect of network densities. The second parameter 

study regarded different fines parameters such as fines diameter, stiffness, tensile strength, strain 

at break and the amount of the fines.  

5.3.1 Fiber network model 

The generated 3D fiber networks were imported to FE solver FibNet, which was integrated into 

commercial software ANSYS for pre- and post-processing. The fibers were modeled as 

rectangular hollow quadrilateral Timoshenko beams, seen in Figure 16. The beam elements have 

six degrees of freedom, three translational and three rotational, at each node. The contact 

between the fibers was modeled as beam-to-beam contact. The material properties for the fibers 

and fines were defined according to Donaldson [15] and Josefsson et al. [16]. Since the fines are 

delaminated fiber particles, the assumption that both the fibers and the fines have the same 

density and was set to 1427 kg/m
3
. 

 

 

 

 

 

 

The constitutive law that describes the fibers was with bilinear isotropic plasticity material 

model, and the constitutive law that describes the fines was chosen to be perfect plasticity 

material model as seen in Figure 17. 
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Figure 17: Constitutive relations describing the fibers (left) and the fines (right). 

 

The fines were modeled as link elements, seen in Figure 18, and have three translational degrees 

of freedom at each node and can only transfer load through tension. The element that describes 

the fines was generated when one random node on the beam was chosen in the network and the 

second random node inside the enclosing sphere, as seen Figure 18. When the selected two 

random nodes were coupled, the element was created.  Since there are no new nodes created, no 

additional degree of freedoms will be added to the system, and is computational efficient.  

  

Figure 18: Corner of Finite Element network with beams and link element seen in blue under transparent fibers 

(left), and how the link elements attached between two fibers (right). 
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5.3.2 Debonding model  

The contact was modeled as beam-to-beam contact. In order to model the separation in an 

accurate way, a valid debonding model was developed which was based on previous studies by 

Azizoglu [6] and Sandin [9]. In the previous works, the parameters for the debonding model 

were obtained using a finer model for the individual bond. In the study, the debonding model 

was described in both tangent and transversal direction based on the stiffness results obtained 

from the FE model of an individual fiber bond. 

 

The new debonding model was enhanced to account for nonlinearities, which was captured by a 

parabolic shape until the maximum bond strength, Fbs, was reached and a linear shape until 

failure, where ds – df is the separation distance. The new debonding model, seen in Figure 19, 

enables to capture the behavior of the bond better as compared to the bilinear bond model used in 

earlier studies. 

 

 

Figure 19: Schematic representation of debonding model.  

 

In the previous works done by Azizoglu [6] and Sandin [9] the debonding model had a bilinear 

shape. In order to investigate the influence of the initial shape of the debonding model, a 

comparison of the bilinear and nonlinear debonding model was made for the same network as 

can be seen in Figure 20. 
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Figure 20: Comparison of bilinear and nonlinear debonding case.  

 

From Figure 20 it can be seen that the two curves are overlapping, the only noticeable difference 

that can be observed is a small deviation in the plastic region and that the nonlinear debonding 

model has a slightly larger strength. From the figure one can conclude that the debonding model 

does not have a significant impact on the overall results, i.e. the shape of the cohesive behavior 

does not affect the plastic hardening of the networks.  
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5.3.3 Boundary conditions  

In order to compare the simulations with the experimental results, the boundary conditions that 

were applied on the network model had to match the tensile tests in order to obtain comparable 

results. This was done by applying a constraint  0x y zu u u     on the left most end, boundary 

A, and applying a prescribed uniaxial displacement  , 0x y zu u u      on the right most end, 

boundary B, as seen in Figure 21. The dimensions of the simulated network were 5 mm x 3 mm, 

and the thickness, in z-direction, varies according to the thickness seen in Table 2 and Table 3.    

 

 

Figure 21: Boundary conditions of simulated network with dimensions 5 mm x 3 mm. 

 

5.4 Parameter study  

The main advantage of using FE simulations is the ability to study the influence of parameters 

that cannot be accurately evaluated experimentally. In this study, two parameter studies were 

performed, where the first study was done in order to study the influence of the network 

densities, and the second to study the effect of different fines parameters. The reason for 

choosing these two different parameter studies was because of the unanswered questions from 

previous works. The simulations were performed on all handsheets accept material 2, no refining 

and 25 kg/t strength additives, since the results did not contribute to further understanding in 

order to explain the interaction between refining and strength additives since the properties were 

very similar to material 1.  

 

The first parameter study was carried out in order to investigate the influence of density in the 

network, which was done in order to explain unanswered question from the study carried out by 

Sandin [9]. In order to study the effect of density, the simulations were performed without fines 

and compared with the experimental results as seen in Figure 22.  
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The second parameter study was considering the fines, and was done as a continuation of the 

study carried out by Sandin [9], since the fines parameters used in the work were constant with 

values obtained from Sundberg and Holmbom [10] and to test the influence of the undetectable 

fines particles. The fines parameters that were evaluated in this current study were fines radius, 

length, tensile stiffness, failure strain and the fraction of fines. The simulations were done by 

isolating one parameter and study the influence on the stress-strain relationship for the whole 

network. The fines parameters that were kept constant were used as reference parameters seen in 

Table 7. The materials used for the parameter study were material 1 and material 5, where 

material 1 is the reference network and material 5 is the material with 2000 PFI mills and 25 

kg/tone strength additives. The reason for choosing these two extreme cases was to get a clear 

difference of the influence of fines parameters in the two handsheets.  

 

Table 7: Reference data used for fines parameters in Finite Element simulations. 

Case Radius 

[µm] 

Length 

[µm] 

Tensile stiffness 

[GPa] 

Failure strain 

[%] 

Fines content 

[%] 

Reference  1.5 50 70 0.03 3 
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5.4.1 Effect of density  

The first parameter that was studied was the effect of the density on the handsheets. This was 

already studied by Azizoglu [6] and Sandin [9]. As mentioned, the model used for the input data 

was improved in the current study, with µCT analysis as well as the new debonding model. 

Therefore, it was instructive to revisit the density and to compare the obtained results from the 

experimental results as seen in Figure 22.  

 

Figure 22: Comparison between experimental and simulated tensile tests.  

 

As seen in Figure 22, similar to earlier studies of the effect of the increased density alone did not 

result in the comparable increase in strength and stiffness. However, the experimental curve for 

material 1 (unrefined reference pulp), was captured very well with the new bond model. A good 

agreement was predominately due to the increased number of fibers which was the result of the 

improved estimation of fiber properties.  
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Since the densification could not explain the phenomenon, lead to the conclusion that the 

addition of fines was essential to capture the degree of increased mechanical properties. The 

fines parameter study was improved in the current study, compared to previous studies, by 

considering: 

1. The minimum detectible size (length and width) of the fines by the fiber morphology tool 

was 7 µm. With this in mind, the size of the fines was varied from 14 µm and below in 

order to study how the sizes affect the results.  

2. As stated earlier, the strength additives can be used in order to improve the bonding 

between the fibers. The debonding of the individual fines could not be described by the 

modelling approach. However, the damage of the fines could be studied by varying the 

yield stress for the fines. The variation of the yield stress will implicitly represent the 

mechanism the effect of strength additives.  

3. From previous studies, it was shown that the effect of density lead to some unanswered 

question. This was considered, with the new developed modelling approach, and put 

forward to investigate by introducing fines in the sparsest and densest networks.   

5.4.2 Effect of fines radius 

The second parameter study was done since the tools used to investigate fines with a length in 

the range of 7 mm and smaller were undetectable and could not be evaluated, as seen in Figure 7. 

The fines radius was the first fines parameter that was evaluated, as seen in Table 8. The target 

mass fraction of the fines in this numerical study was set to 3 %, and as the radius decreased, 

naturally resulted in increased number of fines (link elements) required to match the target 

fraction as can be seen in Table 8.  

 

Table 8: Radius of fines and the number link elements of link elements required to match the 

target fraction of 3 %. 

Radius of the fines [µm] Number of link elements 

r1= 0.3 3377164 

r2 = 1.5 135087 

r3= 3.0 33772 

r4= 7.0 6203 

 

Figure 23 shows the effect of varied radius of the fines for the sparsest network in the study with 

the constant mass fraction of 3 %. This can be explained by the fact that fines may be distributed 

better and thus more effectively contributed to the increased stiffness. When the fines radius 

reaches the ranges observable by the characterization tools, the effect of increasing stiffness and 

strength diminishes. This can explain why, despite no observable differences in the measured 

morphology of furnishes, there is a clear difference in mechanical properties.  
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The results obtained for the densest material are similar although the effect is lower as will be 

discussed later on.  

 

Figure 23: Stress-strain curves for the simulated network of material 1as a function of fines 

radius. 

 

As the strength increases with decreasing radius, it could be argued that a network without fines 

would yield in even greater strength than the strength obtained with the smallest radius. 

However, by comparing the tensile strength for the reference material in Figure 22 it is seen that 

the strength is lower than the strength for the network with a radius smaller than 3.5 µm in 

Figure 23, which emphasizes the impact of particles that are undefined in Figure 7 lead to further 

development of the fines parameter study.  
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5.4.3 Effect of fines length 

The fines length was varied by changing the maximum distance at which the nodes can be 

linked, as seen in Figure 18. This means that changing the maximum length of the fines will also 

change the mean value for the length in the same manner. When the fines length was increased 

resulted in lower number of link elements with the constant fines radius and mass fraction, as 

seen in Table 9.  

Table 9: Maximum length of fines and number of link elements required to match target 

fraction of 3 %. 

Maximum length of fines [µm]  Number of link elements 

LMax = 20  337717 

LMax = 50 135087 

LMax = 100 67544 

 

Figure 24 shows that the effect of the length is rather non-trivial. The smallest length gave the 

highest strength and strain at break, which is a result of the created link elements that are 

confined near the fiber bonds. The small link elements contribute to an effect which can be 

regarded as reinforcement of the bonds but is in fact the basic mechanism of the fines.  

 

Figure 24: Stress-strain curves for the simulated network of material 6 as a function of fines 

length. 
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The results obtained are consisted with the results from the fines radius, i.e. when increasing the 

number of fines will effectively reinforce more bonds. At the same time, as the length is 

increased the connection between two fibers will be located at a larger distance from the fiber 

bond, which in turn results in an immobilization of the fibers as illustrated in Figure 25. This is 

reflected in somewhat increased stiffness of the network upon increased fines length, particularly 

the tangent stiffness in the plastic region. Increasing the fines length decreases the impact as the 

number of fines decreases for the given mass fraction.  

 

Figure 25: Representative picture of two fibers in contact with link element with a length of 10 

µm (left) and 20 µm (right). 
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5.4.4 Effect of fines elastic modulus 

The elastic properties of the fines are a disputable topic as they depend on the origin and 

chemical composition of the fiber. With all the fines parameters (radius, length, failure strain and 

the fraction of fines) kept constant, the Young´s modulus of the fines were varied as seen in 

Table 10. 

Table 10: Young´s modulus of the fines. 

Elastic modulus of fines [GPa]  

EFines = 30  

EFines = 70  

EFines = 100  

 

Figure 26 shows that the stiffness and strength of the network increases when the Young´s 

modulus was increased. The stiffer fines can store more elastic energy before they fail, with a 

given failure strain, where the greatest difference can be seen in the plastic region.  
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One interesting observation is when the Young´s modulus of the fines reaches the same elastic 

properties as the fibers, the effect strength will decrease. However, these results are not intuitive 

as they were obtained with a given failure strain, which means that the stiffer fines are capable to 

store more energy prior failure.  

5.4.5 Effect of failure strain of fines  

One of the effects from the combined action refining and strength additives could be an 

increased bonding between fines and fibers in the network. However, the debonding of fines 

from the fibers was not modeled in this study. This debonding was captured by simulating the 

failure of the fines themselves by specifying the failure strain. When the failure strain was 

reached, the fines did not provide incremental resistance upon increased strain since the fines 

were assumed to behave ideally plastically. The values for the failure strain can be seen in Table 

11.  

 

Table 11: Strain at break for the fines.  

Failure Strain  

εFines  = 0.01 

εFines  = 0.03 

εFines  = 0.05 

 

Figure 27 shows that the changes of failure strain are similar to the variation of elastic modulus 

Figure 26: Stress-strain curves for the simulated network of material 1 as a function of elastic modulus. 
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seen in Figure 26. 

In both cases, when increasing the elastic modulus of strain to failure, the yield stress for the 

fines, will effectively increase the amount of energy that can be stored in the fines fraction. One 

could also observe two interesting facts from the figure. First, when increasing the failure strain 

from 0.01 to 0.03 is the interval that will contribute to the most significant change for the stress-

strain relation of the whole network. Once the strain to failure reaches a certain value, which 

occurs when increasing the failure strain from 0.03 to 0.05 in this simulation, the increased 

failure strain cannot longer contribute to an increase in strength for the whole network.  

The results suggest that if the strength additives reinforce the connection, the effect should be 

more pronounced in strength than in stiffness. This was evaluated by using the experimental 

results as follows. Figure 28 and Figure 29 show two series of results, for stiffness and strength 

respectively, as a function of density. The first series shown with blue lines is for the refined 

material without strength additive and the red line is for the refined material with strength 

additives. It is clear the strength additive has greater effect on the strength as two series of curves 

are distinctly apart from each other, which is consistent with the numerical results.  

 

 

Figure 28: Comparison of density influence on network stiffness.  

Figure 27: Stress-strain curves for the simulated network of material 6 as a function of failure strain. 
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Figure 29: Comparison of density influence on network strength. 

5.4.6 Effect of fines fraction  

In order to determine the influence of the fines to characterize the effect of refining, the fraction 

of fines is considered to be the most important parameter to investigate. If one recalls the 

assumption regarding the density of fibers and fines, which were assumed to the equal, the mass 

fraction of fines varied in the simulations and the corresponding number of link elements can be 

seen in Table 12.  

 

Table 12: Fraction of fines used in Finite Element simulations 

Fraction of fines Number of link elements 

fFines = 1 % 45029 

fFines = 3 % 135087 

fFines = 5 % 225145 

fFines = 10 % 450289 

 

As seen in Figure 30 when the fraction of fines was increased, the stiffness, strength and strain at 

break for the whole network is increased effectively.  
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The trend seen in Figure 30 can be explained by the amount of fines that contribute to more 

contacts with increasing number of link elements, as seen in Table 12, which results in greater 

distribution of forces in the network and more load bearing elements in the network. 

 

In order to study how the density affects the efficiency of the fines, the identical fraction was 

added was to the sparsest and densest networks according to Table 12. The result was interpreted 

by comparing the influence of fines fraction on the strength for both networks as seen in Figure 

31.   

 

 

Figure 31: Comparison of the effect of fines fraction on network strength for the most sparse and 

densest network.  

Figure 30: Stress-strain curves for the simulated network of material 1 as a function of fines content. 
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By first observing the reference material, which is defined as the green bar plots Figure 31, it is 

seen that increasing the fraction of fines from 0 % to 10 % will predictably increase the strength 

of the network. However, the strength of the sparest network was almost tripled when 10 % of 

active fines were added, as compared to the densest network were the strength barely doubled 

when 10 % active fines were added. This means that the efficiency of the fines addition drops 

with increased density.  

 

 

Figure 32: Comparison of the effect of fines fraction on network tensile stiffness for the most 

sparse and densest network.  

 

Another way of emphasizing the importance of fines fraction is to discuss the elastic energy in 

the system. This was done by comparing the stored elastic energy for the simulated reference 

material with and without fines as can be seen in Figure 33.  

 

 

 

 

From Figure 33 it can be seen that the elastic energy that is stored in the system does not change 

the elastic energy of the bending and the contact significantly, but increases the elongation with 

Figure 33: Comparison of the stored elastic energy of simulated reference network without fines 

(left), and with fines (right). 
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approximately a factor two when the fines are added to the network. This can be concluded with 

the argument that addition of fines makes the network stiffer, and hence more elastic energy can 

be stored.  

8 Conclusions 

The main goal of this study was to investigate the combined influence of refining and strength 

additives on strength and stiffness in paper. The study was divided into two main part 

experimental and simulation part.  

 

The experimental part consisted of mechanical testing, fiber and fines characterization and starch 

retention.  

 

From the mechanical testing it was concluded that: 

1. Refining maximizes the effect of the strength additives on both strength and stiffness. 

 

2. Strength additives lead to the additional densification and increased stiffness when added 

to the refined pulp, which is not observed after adding strength additives to the unrefined 

pulp.  

 

3. Refining insignificantly changes the retention of strength additives.  

 

4. Results from fiber characterization analysis in µCT imaging are capable to provide 

accurate results about the fiber dimension inside the sheet, which makes the method more 

reliable describing reality compared to SEM analysis. Earlier reported results [6], [9] 

from SEM analysis considerably deviated from those obtained in this study for the same 

material. In addition, dimensions of the fiber cross-section, width-to-height ratio of the 

fibers, were enabled to be extracted. It was shown that the calculated WH-ratio calculated 

along the free fiber segments did not vary significantly between the handsheets of 

different refining levels, which means that most of the changes behind densification 

occurred in the contact region.  

 

5. The modern analysis tools for furnish are incapable of capturing important differences 

between the different level of refining. In fact, they showed essentially no significantly 

difference between the reference and refined pulps. This is probably due to the optical 

limitations of the methods, meaning that no particle having the width below 7 µm could 

be detected by the methods. 
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In the simulation part, two parameter studies were performed, one in order to study the effect of 

densification of the handsheets and the second in order to study the of fines parameters which 

included fraction of fines, length, diameter, elastic modulus and strain to failure. From the 

numerical tests it was concluded that: 

 

6. Better estimation of the fiber cross-sectional properties are required to match the 

experimental stress-strain curves with numerical results. At the same time, similar to the 

previous studies, we found that densification alone cannot explain the effect of refining. 

The changes observed due to densification (mainly because of increased number of 

contacts) were smaller than those seen in the experiments. 

 

7. Radius of fines has a significant effect with a given mass-fraction of the fines. The lower 

the radius the large the number of fines required for the given mass fraction. The 

combined action of the fines contributes as reinforcement all over the network. Smaller 

fines although being smaller individually give more uniform distribution combined. As 

the radius of the fines approaches the observable limit of the characterization tools, the 

effect becomes less pronounced. This explains why, despite no difference in measured 

morphology, an observable difference in mechanical properties could be seen. 

 

8. Maximum length of the fines affected the tangent slope of the plastic region. With shorter 

fines, one can achieve the greatest strain to failure of the network. Making the length 

greater, improved first the tangent slope of the plastic region through immobilizing the 

fibers but then decreased the strength as the total number of fines decreased. 

 

9. Improving the elastic properties of the fines and strain at break had similar effects. Both 

did not drastically change the stiffness of the network and improved the strength only 

until certain degree after which, no additional improvement was observed. 

The mass fraction of fines has the most significant effect on stiffness, strength and strain 

to failure, assuming that all of the fines can be retained and engaged into the deformation 

inside the network. At the same time, the effect of fines becomes less pronounced with 

increased density percentage-wise. With increased density, less energy is stored in the 

fines and more in the longitudinal deformation of the fibers. 
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9 FUTURE WORK 

The following chapter will contain suggestions in order to improve the work in this report.  

 

1. Use more combinations of refining and strength additives in order to evaluate the 

optimal combination with an economical point of view.  

2. Develop a routine to calculate the interface angle, in the same manner as for the WH-

ratio, in order to decrease the number of dependent variables and obtain accurate 

values.  

3. Develop a routine that calculates the interpenetration depth between the fibers, since the 

fiber cross section in this work have only evaluated free fiber segments.  
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 APPENDIX A: Micro Computed Tomography 

The following chapter will describe how the routine for fiber characterization described in 4.3.1 

micro Computed Tomography.  

1. Start MATLAB.  

2. Type “main” in the command window.  

3. Choose the .dat-file to be evaluated.  

4. A Graphical User Interface will appear as seen in Figure 34.   

 

Figure 34: Graphical User Interface for fiber characterization. The red numbers shows which 

step that the buttons are to be used.  

 

5. Select the button noted as “XY: show´n…”, and a window for the x-y view of the fiber 

network will appear ass seen in Figure 35.  
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Figure 35: x-y view of one layer in the fiber network.  

 

6. In the x-y view, choose sliding mode in order to visualize one fiber. The sliding mode is 

obtained by pressing key “1” on the keyboard.  

7. When a visual fiber is seen, switch from sliding mode to marking mode by pressing key 

“2” in keyboard, and select the considered fiber by marking the fiber with mouse click as 

seen in Figure 36. 

 

Figure 36: x-y view of one layer in the fiber network with marking of one considered fiber.  
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8. When the considered fiber is marked, press the button as “ZT:show´n…”. Two figures 

will appear, one figure will show the considered fiber in the normal direction and the 

second will show the orthogonal direction of the fiber as seen in Figure 37.  

 

 

 

9. Select the considered fiber in the normal direction by marking the fiber with red marking 

as seen in Figure 37. The blue vertical line seen in the figure shows the location on the 

considered fiber. The blue vertical line is correlated with the red dot seen in Figure 36. 

An important note is that the intersection between the two orthogonal red lines seen in 

Figure 37 (right) should be located approximately in the middle of the cross-section of 

the considered fiber.  

10. When the fiber is selected in the normal direction and the intersection of the red lines in 

the cross-view is approximately in the middle of the, select “save” seen in Figure 34.  

11. Repeat the steps 5- 10 until all fibers in the network are selected.  

12. Extract fiber statistics from the selected fibers by selecting “statistics” in Figure 34 or by 

typing “FibreStatistcs” in the command window in MATLAB.  

 

Figure 37: Normal view of the considered fiber (left), cross-section viev of 

the considered fiber (right). 
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