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Kurzfassung

Das Ziel dieser Masterarbeit ist die Untersuchung der Mahlung und deren Auswirkun-

gen auf Faser- und Papiereigenschaften. Der Schwerpunkt liegt dabei auf dem Festigkeit-

szuwachs durch den Einfluss der sekundären Feinstoffe, die in einer PFI Mühle und einem

Scheibenrefiner generiert wurden. Damit der genaue Einfluss von Feinstoffen analysiert

werden kann, wird der Feinstoffanteil mit einem Labordrucksortierer abgetrennt. Zusät-

zlich wird der Aspekt von Nasspressen untersucht, das auch Einflüsse auf Verdichtung

und Festigkeit ausübt. Laborblätter in verschiedenen Konfigurationen wurden hergestellt

und anschließend analysiert.

Der lineare Zusammenhang von Dichte und Reißlänge stimmt mit der Literatur überein,

wobei sich der Zusammenhang durch Nasspressen verändert. Das Nasspressen hat dur-

chaus positive Effekte auf Verdichtung und Festigkeit, wenn auch diese nicht direkt mit

Verdichtungseffekten von Feinstoff und Faserflexibilisierung vergleichbar sind.

Die Hauptaufgabe dieser Arbeit war den Festigkeitsgewinn durch sekundäre Feinstoffe

beziehungsweise interner und externer Fibrillierung zu quantifizieren. Die Ergebnisse

zeigen, dass im Scheibenrefiner mehr sekundäre Feinstoffe generiert werden und die

PFI Mühle mehr Fibrillierung und Flexibilisierung der Faser bewirkt. Die Faserlängen-

verteilung bestätigt ebenfalls, dass im Refiner viel mehr Faserkürzung auftritt.

Die Qualität der Feinstoffe hängt vom Produktionsprozess ab. Die produzierten Feinstoffe

im Scheibenrefiner tragen deutlich mehr zum Reißlängengewinn bei als sekundäre Fein-

stoffe der PFI Mühle.
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Abstract

The aim of this master thesis is to present the findings of the investigation of refining

and its effects on pulp and paper properties. This thesis mainly focuses on the breaking

length gain due to effects of secondary fines generated in a PFI-mill and a pilot plant disc

refiner. In order to analyze their exact influence, fines were separated from pulp using a

lab pressure screen. Additionally, the aspect of wet-pressing was investigated which also

affected densification and strengthening behaviour. Handsheets in different configurations

were prepared and afterwards analyzed.

The linear correlation between density and breaking length corresponds with literature

whereas the correlation is affected by wet-pressing. Wet-pressing had positive effects on

densification and strengthening. Nonetheless, it cannot be compared directly concerning

densification effects by fines and flexibilization.

The main task of this thesis was to quantify the strengthening gain caused by secondary

fines respectively internal and external fibrillation. Results show that the disc refiner gen-

erates more secondary fines, while in a PFI-mill more fibrillation and flexibilization of the

fiber occured. The fiber length distribution also confirmed, that in a refiner more fiber

shortening occured.

The quality of the fines depends on the production process, whereas fines from a disc

refiner contributed more to breaking length gain than secondary fines from a PFI-mill.
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Chapter 1
Introduction

1.1 Motivation

Beating is one of the most important procedures to enhance paper properties. Especially

the improvement of fiber-fiber bonding and sheet formation, as well as, improved physical

properties of the final product occur because of refining. Besides modification of the fiber

itself, such as internal and external fibrillation and flexibilization, another notable process

occurs during refining: Secondary fines are generated. In addition to primary fines, which

are already available traceable in pulp, secondary fines also have essential functions. They

tend to improve strengthening behaviour.

A still unexplored field in the research of secondary fines is the quantification of the effect

on tensile strength gain. Therefore, various settings are used to achieve a better under-

standing of these mechanisms.

1.2 Overview

The present thesis deals with the effects of refining on pulp and paper properties and espe-

cially focuses on the influence of generated fines, as well as, fibrillation and flexibilization.

Additionally, the aspect of wet-pressing will be presented.

The theoretical background discussed in Chapter 2 is subdivided in various sections. First,

fibers in general are described, including information on the origin of fibers, cell wall struc-

ture, as well as, their composition. Different fiber types and the processing of pulping will
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Chapter 1 Introduction

be explained. Furthermore, in the second section, the term "fines" will be introduced and

explained. Afterwards, pulp refining will be explained including all proceeding actions.

Also common refining aggregates and key figures in refining will be presented. Subse-

quently, the impacts of fines and wet pressing will be discussed.

In Chapter 3 all examined procedures will be described, including refining with a industrial

refiner and a PFI-mill, as well as, the use of the lab pressure screen at Institute of Bioprod-

ucts and Paper Technology. Afterwards, handsheets will be prepared and analyzed with

different methods. Moreover, all applied analytical methods will be described.

The knowledge and gained results from laboratory experiments will be illustrated and

discussed in Chapter 4. The thesis will conclude with a summary of all findings.
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Chapter 2
Theoretical Background

2.1 Fibers

Fibers are the base material in the paper manufacturing processes. There are also other

fiber sources, for example, annual plants and cotton. Dependening on the raw material,

paper properties vary. As the focus in this thesis lies on fibers gained from wood, only this

material is explained in detail. [1] Literature distinguishes between primary and secondary

fibers: Whereas primary fibers are made from wood and annual plants, secondary fibers

are obtained from waste paper. [1]

2.1.1 Material Origin

Primary fibers are the main constituent of wood. The structure of a tree trunk consists of

three main sections: bark, bast and cambium. The function of the bark is to protect the

tree from dangers. The bast provides the tree with nutrients. The cambium is the so-called

living part of the trunk. Every year, it generates new outer bast and inner bork by cellular

division. [1]

2.1.2 Cell Wall Structure

The cell wall structure of a tree is illustrated in Figure 2.1. Fibers consist of multilayered

cell walls which are arranged around the hollow lumen. In some cases, there is a layer

containing lignin "warts", which connects the cell wall to the lumen. This layer is called

3



Chapter 2 Theoretical Background

tertiary wart layer. The outermost layer of a fiber structure of a softwood is called middle

lamella, which is followed by the primary wall and a three-layered secondary wall (S1-S3).

The three layers of the seconday wall differ in density and the orientation of the microfibrils.

Since the S2 layer has the greatest wall thickness, the orientation of microfibrils is the most

significant. The orientation is crucial for the direction of fiber swelling, as well as, the

physical properties of the fiber. The fibers are enclosed in a matrix of lignin which are kept

together by the middle lamella. [1–4]

Figure 2.1 Fiber structure of softwood [5]

2.1.3 Chemical Composition

The three main chemical constituents of wood are cellulose, lignin and hemicellulose. These

components are differently distributed in the fiber wall. Additionally, their composition is

different throughout the fiber section. The molecular structure of cellulose is linear, lignin

is cross-linked and hemicellulose is branched [6].

Besides the three main constituents, there is an additional small number of biopolymers

such as resins, greases and wax. Lignin and hemicellulose are amorphic fillers that act

as a kit substance. Figure 2.2 shows that the middle lamella consists mainly of lignin

(60 − 80 %). The primary wall is very thin and can therefore be neglected. The secondary

4



Chapter 2 Theoretical Background

wall S2 generally consists of cellulose and hemicellulose. The percentage of lignin in the

S2 layer is just 22 %. [1–3]

Figure 2.2 Chemical composition of the cell wall layers [7]

2.1.4 Types of Fiber

Due to differences of fiber structures and configurations, wood can be classified as soft-

wood or hardwood. Fibers fulfill various functions which differ in the different kind of

woods. In this thesis, an unbleached softwood kraft pulp was investigated.

Softwood

Softwood has a simple and homogenous structure and consists of tracheids, wood

parenchyma cells and ray parenchyma cells. The greatest part of the structure are tracheids,

making up 90 % of softwood. A distinction is made between earlywood and latewood

tracheids. Earlywood tracheids transport water and nutrients, while latewood tracheids

are important in the papermaking process because of their strengthening properties. The

5



Chapter 2 Theoretical Background

parenchyma cells transport and store nutrients. Tracheids are oriented in longitudinal di-

rection and have a length of 1.4 - 6.0 mm and a diameter of 20 - 50 µm. Due to their fiber

structure, the tracheids are called long fibers. [1, 2]

Hardwood

Unlike softwood, the structure of hardwood is more complex. Hardwood provides a

broader variety of different cell types, such as fibers, pores (vessels) and parenchyma cells.

However, fibers like libriform cells, sclerenchyma, hard cells and wood cells are respon-

sible for the strength of the tree. Special vessels or pores transport liquid, whereas the

parenchyma cells store food supplies.

Altough, hardwood fibers are orientated in longitudinal way to the trunk (similar to soft-

wood cells) but they are much shorter than softwood cells. That is the reason why they are

called short fibers. The libriform cells amount 40 - 75 % of the wood material. They have

a length of 0.4 to 1.6 mm and diameters of 10 to 40 µm. Hardwood fibers are not suitable

for papermaking, as their pore diameters (300 µm) are larger than the short fibers. [1, 2]

2.1.5 Pulping

In section 2.1.4 the structures of important fibers for papermaking were described. It was

shown that lignin in wood fulfills the function of a matrix. Revealing and making these

fibers accessible is called pulping. There are two types of pulping: mechanical and chemical

pulping. In this thesis, mechanical pulping will not be described in detail, as the main focus

lies on chemical pulping.

In chemical pulping fibers are liberated from the wood matrix while lignin is dissolved

from the middle lamella. The advantage of chemical pulping is, that the fibers are not

damaged by mechanical impact. Depending on the used chemicals, the sulfate process or

the sulfite process is applied. The product of both processes is called chemical pulp. For

this thesis, a sulfate pulp is used. [2]

The sulfate process, also called kraft process, is a prevailing procedure in chemical pulping

worldwide. The advantage of the kraft process is, that it can be applied in a wide range

of wood species. Additionally, sulfate pulp features a higher strength compared to sulfite

pulp. However, a disadvantage of kraft pulp is that it is harder to bleach than sulfite pulp.

[2]

6



Chapter 2 Theoretical Background

The sulfite process was the predominate process until the 1950s before it was replaced

with the kraft process. This was due to the fact that new bleaching methods (especially

the application of chlorine dioxide) were discovered. Therefore, efficient bleaching of kraft

pulp was possible. A fully bleached kraft paper is much stronger than paper made of

bleached sulfite pulp. Summarizing, sulfite pulping is not a very common method anymore

and is only suitable for trees that are low in resin and low silica, such as spruce and birch.

However, it still has advantages over the sulfate process. Sulfite pulp has a higher initial

brightness and is easier to bleach. [2]

2.2 Morphology

As a consequence of extraction of fibers and their further processing, very small particles

are formed. These particles are called fines. There is a distinction between primary and

secondary fines. Both of them can be found in the final paper product.

2.2.1 Definition of Fines Material

Fines are the smallest components of fibers. Although there is no uniform definition, they

are usually specified by their size. According to optical measurement methods, the content

of fines in a fiber suspension is determined by particles which have a maximum length

of 200 µm (ISO 16065-2) [8]. According to another common definition, fibers are labelled

as fines if they are able to pass separation devices which include a metal plate that is

equipped with 76 µm pore diameter holes. This metal plate corresponds to a 200 mesh

screen [8, 9]. Fines influence final paper properties, depending on whether they originated

from mechanical or chemical pulping [10].

2.2.2 Characterization of Fines Material

In this section different kind of fines are presented. Due to difference because of their shape

and various properties, they are categorized in different groups.

Primary Fines

Primary fines can be traced after pulping and bleaching. Fibers which are generated by

mechanical pulping are called ’Mehlstoff’ (’flour stuff’) and ’Schleimstoff’ (’slime stuff’)

7



Chapter 2 Theoretical Background

[10]. The proportion of primary fines in mechanical pulp can amount up to 35 % [11].

Because chemical pulp is used in this thesis, mechanical pulp is not further elaborated.

Primary fines from chemical pulp reach an average up to 2 % of fiber material. These fines

mainly consist of granular material such as ray cells, parenchyma cells, little fragments of

primary wall, middle lamella and only a small amount of fibrils [10, 12].

Secondary Fines

Secondary fines can be traced after mechanical forces such as refining have been applied.

They consist of plane shreds of cell wall and fiber fragments such as fibrils. Fibrils are the

main components in secondary fines. Due to the fibrillar structure, secondary fines have a

higher bonding ability than primary fines [12].

In Figure 2.3 microscopy pictures of primary and secondary fines are shown. The different

forms can clearly be seen. While the primary fines consist of granular particles, secondary

fines contain fibrillar material.

Figure 2.3 Microscopy pictures of fines of an UBSK; (a) flake-like fines; (b) fibrillar fines [13]

Both types of fines have different effects on the final paper properties. Whereas pri-

mary fines are important for optical properties, secondary fines have a strong influence

on strength properties. [12]

Figure 2.4 shows the cell wall structure of fibers which was described in 2.1.2. Furthermore,

the difference of fibrillar and flake-like fines are displayed.

8



Chapter 2 Theoretical Background

Figure 2.4 Cell wall structure and illustration of fibers and derived fines from these structures;
adapted from [10]

2.3 Pulp Refining

From point of view of process engineering, pulp refining belongs to the most important

unit operations. It is a grinding process in which properties of fibers are modified. The

purpose of refining is to improve the strength of the fiber network and the quality of the

paper surface. Another reason for refining might be to control air permeability or optical

properties which could result in an extreme example of transparent paper qualities. In

refining, fibers are stressed by mechanical forces between the refining plates. Depending

on plate geometry and used process parameters, a certain extent of internal and external

fibrillation, as well as, fiber shortening occurs. [14]

Internal Fibrillation

In internal fibrillation (Figure 2.5 left), delamination of fiber cell wall and swelling of amor-

phous cell wall parts occur. Therefore, inner bonds between cellulose, hemicellulose and

lignin break. Water enters the pores of the cell wall and soft, flexible fibers are formed.

Fiber flexibilization has a great influence on physical and optical parameters. Flexible

fibers enhance mechanical properties such as tensile strength and lead to denser hand-

sheets. Such dense handsheets have a greater relative bounded area (RBA). [14, 15]

9



Chapter 2 Theoretical Background

External Fibrillation

External fibrillation (Figure 2.5 right) means roughening the fiber surface by shear strain

during refining. Consequently, fibrils get torn out of the fiber wall. Due to this effect, the

relative bonded area increases. Further, tensile strength and Scott Bond strength also rise,

which enhance mechanical paper properties. External fibrils which liberate from fibers are

defined as secondary fines. [15, 16]

Figure 2.5 Internal (left) and external (right) fibrillation of fibers after refining [15]

Fiber Shortening

Cutting and shortening of fibers can occur during refining, especially axial tensile strain

and shear action are used. This has a positive effect on the paper formation of fibers.

Furthermore, shorter fibers are causing reduced flocculation effects. However, if the fiber

fragments of the respectively generated fines are very small, they tend to clog pores of

paper network and, consequently, hinder dewatering. [15]

Change of Substance Properties

Figure 2.6 shows the effects of refining on fiber properties plotted on the specific refining

energy. Fibers are shortened due to beating. The amount of long fibers (’Faserlangstoff’)

10
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sinks to nearly 0 % if beating is executed for a long time (80 - 85 SR). The amount of short

fibers (’Faserkurzstoff’) and generated fines (’Feinstoff’) rises by beating. Furthermore,

the dewatering resistance (’Schopper-Riegler’) rises with the specific refining energy. On

the one hand, this occurs because of fiber flexibilization, and on the other hand, due to

generated secondary fines, as well as, shortened fibers. As a result of external fibrillation

and detaching of fiber fragments, the fines content (’Feinstoff’) starts to increase linearly at

a certain point through gaining refining energy. [17]

Figure 2.6 Fiber properties depending on specific refining energy of an unbleached spruce sulfite
pulp [17]

Change of Paper Properties

As a result of changes in pulp properties, changes in physical properties of paper occur.

These changes are shown in Figure 2.7. The breaking length (’Reißlänge’) and the bursting

strength (’Berstdruck’) rise with the specific refining energy increases. Due to internal

fibrillation and flexibilization, the strength of the fiber network increase [17]. While the

breaking length and the bursting strength rise, the tear growth resistance (’Fortreißarbeit’)

11
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decreases rapidly in the beginning because of fiber shortening and decrease of long fiber

pulp [17]. This is uncommon because usually tear growth resistance initially increases,

after that it decreases.

Furthermore, the degree of brightness (’Weißegrad’) is also affected. A higher fines content,

as well as, a denser fiber network influence the quantity of bonded area in the sheet of

paper. As a result, there is less scattering, which means that more light is transmitted

through a sheet of paper and therefore reflected less. [17]

Figure 2.7 Fiber properties depending on specific refining energy of an unbleached spruce sulfite
pulp [17]

2.3.1 Refining Aggregates

Modern refining aggregates operate with plates with bars, where one set acts as stator and

the other set as rotor. Stator and rotor stand opposing of each other. Blechschmidt [1]

described three zones, which are illustrated in Figure 2.8. Zone 1 represents the area of the

groove. In this section the transport of the fibers and fines occurs. Fiber networks are split

because of the generated turbulences. In this process 40 - 90 % energy demand is required.

In zone 2 the edges of the bars come into contact with each other. Due to radial shear strain

fiber shortening occurs, fibrillation is rare. As a result, the consistency begins to rise. In
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Chapter 2 Theoretical Background

zone 3 the maximum of the consistency increase is reached. Fibrillation of the fiber occurs.

Depending on the distance of the bars, destruction of fiber can happen. [1]

In refining aggregates, it is distinguished between laboratory and industrial scale. [1]

Figure 2.8 Illustration of the operating principle of a refiner [18]

2.3.2 Refining in Laboratory Scale

Common refining tools in lab scale are the PFI-mill, the Valley Beater and the Jokro mill.

They are used to refine small pulp samples, however their working principles are different

from industrial refining. In the present thesis only a PFI-mill was used, therefore, only this

mill will be described in detail. The Valley Beater and the Jokro mill will also be explained

but merely due to coherency. [19]

PFI-Mill

The PFI-mill is the laboratory refining tool that is most often used. Using this tool, the

refining process occurs between the grinding media which is a roll with 33 bars and a

rotating disc with a smooth inside wall. Both components rotate in the same direction but

at a different peripheral speed. A beating force of 33.3 N/cm guarantees that the pulp is

refined under standardized conditions. A sample weight of 30 g with a stock consistency

of 10 % is put inside the housing and refined at 25 ± 5 ◦C [17, 20]. In Figure 2.9 the

dimensions of a PFI-mill are illustrated.

Refining with a PFI-mill leads to a better retained fiber length because of a squeezing

method while an industrial refiner uses a cutting method [21]. The intensity of impacts of
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the PFI-mill was calculated by Welch and Kerekes and was found to make 1.5 - 15 % in a

disc or conical refiner. [22]

PFI-beated material results in higher tensile strength and more regular handsheets struc-

tures in comparison to the Valley Beater [23]. It is observed that the main effect of PFI-

refining is higher internal fibrillation and lower external fibrillation and fiber shortening

[21].

Figure 2.9 Operating mode of the PFI-mill [18]

Valley Beater

The Valley Beater is a stainless-steel device fixed upon a stainless steel construction. The

vessel holds a volume of 23 liters, therefore, it is possible to beat 360 g of pulp within

one process. The rolls including the blade have a width of 152 mm and a diameter of

190 − 194 mm. The bed knife is composed of seven 3.2 mm thick stainless steelblades.

The bed and bars of the beater are jacketed by a tank cover to ensure safe handling of the

apparatus. The refining process starts after fixing a weight of 5.5 kg on the loading arm.

The Valley Beater tends to result in higher fiber cutting and fine formation. Since a bigger

number of samples is needed, the time for refining takes longer. [19, 24]

Jokro Mill

The Jokro mill uses the principle of centrifugal force. The mill consists of a horizontal

running plate on which six beater housings with grinding rolls inside are placed. The

housings revolve like planets around their own axis. The beating process of the pulp takes
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place between the inner wall of the grinding vessel and the cylindrical roll. This method

enables an extremly constant force application. [25]

In comparison to other beating aggregates, an advantage of the Jokro mill is that just 64 g

are needed for four required beating points, whereas the Valley Beater needs 360 g. [17]

2.3.3 Industrial Refining

There are different construction types of industrial refiners. They differ mostly in their

geometry. The range includes from conical to disc refiners. [1]

Disc refiners, coming in several types of construction, are the most common apparati in the

refining process. Disc refiners are the only type of refiners which can be used in both, the

range of low consistency (LC), as well as, in range of high consistency (HC). Other refiner

types can only be used in LC range. Low consistency refining means a pulp consistency of

3.5 - 6 %. [14]

Disc Refiner

Disc refiners have high flow rate and refining power. The milling material is mechanically

treated between two discs. The stock enters the center and passes the grinding disc from

the inside to the outside. The peripheral speed of the rotor in disc refiners amounts to

1500 min−1. [26, 27]

Modern disc refiners are classified into two types: single disc and double disc refiners.

Double disc refiners are more common than single disc refiners. Single disc refiners are

used in HC and laboratory refining because of their smaller capacity. [14]

While a single disc refiner has one stationary and one rotating disc, in double disc refin-

ers, the pulp flow is separated through two zones which are formed on each side of the

rotating disc between two stationary discs. The discs are equipped with bars made of

high-strength steel and various profiles which are compressed hydraulically. The refiner

gap has a significant impact on the stock quality. Further, the refiner gap is defined as the

distance between the refining discs of the refining aggregate. LC refiners have a refiner gap

range of 20 - 100 µm. The gap cannot be set directly, instead it depends on the strain of the

set. In order to achieve a constant specific work, the strain is regulated by variable stock

consistency and a respectively flow rate. [1, 14]
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It is observed that fibers have a less collapsed but a more heavily curved form when using

a disc refiner. Furthermore, the fibers show a higher external fibrillation. [28]

Conical Refiner

In conical refiners the pulp enters the center of the engine through the hollow center shaft.

The refining process takes place in its horizontal path. The stock leaves at two outlet pipes.

The gap between stator and rotor is adapted by cone-shaped means. Besides, it controlls

the refining energy. [26]

In is distinguished between flat-angle (20 - 35◦) and high-angle (about 60◦) conical refiners.

Such refiners reach a peripheral speed of 900 - 1020 min−1. [27]

2.3.4 Refining Parameters

There are various parameters which make it possible to evaluate the refining process. In

this section, all relevant parameters are described.

Specific Energy Consumption

The specific energy consumption (SEC) in kWh/t represents the transferred power from the

throughput of the refiner system to the grinding stock. This is calculated by the effective

refining power Peff in kW and the refiner capacity ṁ in t/h. The relation is shown in

Equation (2.1). [29]

SEC =
Pe f f

ṁ
(2.1)

Peff cannot be measured directly. Therefore, the refiner is operated with pure water which

is declared as no-load power P0 in kW. In this case, the electric power of the motor Pel in

kW is equal to the no-load power. After this step in the process, Pel can be measured at

standard operation. The effective refining power can now be calculated by the difference of

Pel and P0 which is shown in Equation (2.2). The electrical losses of the motor are cancelled

out because they are equal. [1]

Pe f f = Pel − P0 (2.2)
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The no-load power must be estimated separately. It consists of two components which are

shown in Equation (2.3). The first term Pfric represents the friction loss of a disc refiner

which is generated by the law of fluid dynamics. Equation (2.4) shows that the friction

loss depends on a constant Kd which is valid in a wide range of disc diameters. The

rotational speed n and disc diameter D to the power of three or five have to be considered.

The second term Pp represents the loss by impact of the pump (Equation (2.5)). This

impact occurs during the acceleration of the fluid from the inlet to the outlet. The constant

Kp includes the density of the fluid and the gravity constant. Rotational speed and disc

diameter increase quadratically. The loss by the pump is depending on the flow rate V̇.

[1, 14, 29]

P0 = Pf ric + Pp (2.3)

Pf ric = Kd · n3 · D5 (2.4)

Pp = Kp · V̇ · n2 · D2 (2.5)

Specific Edge Load

The most common method to controll a mill refiner is the specific edge load (SEL) in

Ws/m. It is a theoretical technical evaluation introduced by Brecht and Sievert [14]. This

value represents the load of a bar edge length which is calculated by the effective refining

power Peff related to the cutting speed Ls in km/s (Equation (2.6)). [14, 17]

SEL =
Peff

Ls
(2.6)

The principle of this theory is that the edge of the set takes the main part of the refining

process. The area of the bars is only involved marginally. The higher SEL the more fibers

are shortened. SR increases and the refiner gap decreases. Ls is computed from number of

rotor bars zR and stator bars zSt, as well as, from length of bars l and the rotational speed

n (Equation (2.7)). [14]

17



Chapter 2 Theoretical Background

Ls = zR · zSt ·
l

1000
· n

60
(2.7)

The longer the length of the whole bars, the higher the whole amount of fibrage becomes.

This is further resulting in the amount of refining aggregate can be loaded. [14]

Specific Surface Load

Lumiainen [30] developed the refining theory drawing upon Brecht and Sievert who only

included the bar egde length. Therefore, the specific surface load theory additionally in-

cludes the bar width and cutting angle. Furthermore, Lumiainen classified the bar-to-bar

contact of stator and rotor bar into different phases which are shown in Figure 2.10. The

position of rotor and stator bars play an important role for calculation of specific surface

load (SSL). After the confrontation of the bar edges of rotor and stator, the edge-to-edge

phase is over. It continues with the edge-to-surface phase. For a short period of time,

the bar surfaces are standing totally against each other. After this moment, the rotor bar

moves on and the trailing edges of rotor and stator bars are separated. If the bar edges are

confronted against each other, that is called impact length (IL) in mm. [14, 30]

Figure 2.10 Different phases of bar-to-bar contact of SSL theory [14]

The impact length depends on the width of rotor bars WR in mm, stator bars WSt in mm

and the average intersecting angle γ. It is computed from the bar crossing. The calculation

of IL is shown in Equation (2.8). [14]
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IL =
WR + WSt

2 · cos(γ/2)
(2.8)

The impact length increases at broader bars and higher intersecting angles. Figure 2.11

shows an illustration of IL. With the impact length, it is possible to determine the SSL in

Ws/m2 which is shown in Equation (2.9). [14]

SSL =
SEL · 1000

IL
=

Pe f f · 1000
Ls · IL

(2.9)

The disadvantage of the SSL theory is, that either the bar surface roughness or the bar

edge rounding is not considered. The real impact length is affected by the bar edge round-

ing. Lumiainen also raised the point that the bar surface smoothness also needs to be

considered. [14, 30]

A high SSL indicates a high strain of fiber surface which results in a heavy intensity of

beating process. The higher the impact length, the longer the residence time amounts

between the bars. Thereby, more refining energy is consumed between the bars and less

energy is consumed at the bar edges. [14]

Figure 2.11 Impact length measured from bar crossing, adapted from [14]
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2.4 Influence of Refining and Fines on Pulp and Paper Properties

As mentioned in section 2.2, fines generated during the refining process which are called

secondary fines, affect pulp properties and final paper properties. Moreover, the sheet

consolidation changes. Secondary fines feature a more fibrillar characteristic than primary

fines. [8] While secondary fines influence strength properties positively, primary fines have

a negative impact on strain-to-failure. Nevertheless, they affect optical properties like light

scattering positively [12, 31].

The reason for enhanced strengthening properties of secondary fines is the larger hydro-

nomic surface, which leads to a higher densification of the paper sheet. Besides the effect

on strength properties, the impact of fines on dewatering is very strong [32]. The dewater-

ing resistance is increased because fines feature a higher swelling ability. On the contrary,

studys have proven that the air permeability is reduced. The impact of fines on strength

properties increases the higher the content of fibrills and the swelling ability become [8].

In general, fines influence sheet properties like higher tensile strength and z-strength. Den-

sity also increases if fines are added. In sheets containing fines higher surface area and

higher bonded area, as well as, a better stress distribution are found. It is still unclear how

fines influence detailed properties of pulp and paper. [8]

Secondary fines have an higher impact on paper properties than chemical pulp primary

fines [33]. Dependent on different wood sources and processes in pulping, there are differ-

ences found in swelling, specific surface area, and the extractive content regarding strength

development [8]. The fractionation of chemical pulp fines shows that these fines fractions

have a different effect on tensile strength because of differing chemical and morphological

composition [34]. Using different refining aggregates, also changes in quantity and quality

have been observed [35].

Many different methods are used to quantify the impact of fines on sheet properties.

Whereas the impact of mechanical pulp fines on sheet properties like swelling, fibrillar

and fines content is described in detail, the effect of chemical pulp fines on sheet properties

cannot be described by neither their origin or their quantity. [8]

Particularly secondary chemical pulp fines have a heterogeneous character concerning mor-

phology and chemical composition. Therefore, Mayr et al. [8] investigated the effect of

primary and secondary fines on their size, fibrillar character, and aspect ratio. Handsheets
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were formed with and without fines in different setups. Softwood bleached kraft pulp, as

well as, softwood bleached sulfite pulp were used. An industrial single disc refiner acted

as refining aggregate. The content of fines was varied using different refining settings. [8]

In general, results show that secondary fines have a more beneficial effect on paper prop-

erties than primary fines, which was also proven in literature. The water retention value

of fines increases with a higher amount on secondary fines. The microscope method also

showed an expected increase of fibrillar material with a higher amount of secondary fines.

Additionally, mechanical properties such as tensile index were investigated. The tensile

index rose with increasing secondary fines fraction as secondary fines are more fibrillar

and therefore have a greater bonding effect than primary fines. These findings were also

discussed in literature. The comparison of sulfite and kraft pulp showed that the sulfite

pulp reached a lower increase in terms of WRV and tensile index than kraft pulp.

The study of Mayr et al. argues that a more suitable experimental setup would lead to

a better understanding of the effect of fines quality on final paper properties. This was

not possible to realize with the present setup of standard testing. Furthermore, a direct

comparison between the effect of primary and secondary fines cannot be actualized because

secondary fines show different properties concerning size, fibrillar character and swelling

ability. Nonetheless, it can be revealed that strength properties are affected by fibrillar

material and swelling ability. [8]

Htun et al. [36] also tested the influence of primary and secondary fines on paper proper-

ties. Two different never-dried UBSK mixtures of pine and spruce were used. The pulps

had kappa numbers of 45 and 90 and were refined in an Escher-Wyss conical refiner. The

fractionation was executed with a Celleco laboratory filter (100 µm mesh size). Handsheets

were formed and analyzed from the following settings:

• original pulp with primary fines

• unrefined fibers without primary fines

• primary fines removed from unrefined pulp

• refined fibers with secondary fines

• secondary fines
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Results show that there are differences between primary and secondary fines. The differ-

ences of the swelling degree was measured using the water retention value WRV, which is

illustrated in Figure 2.12. Fines have a significantly higher WRV than fibers. The WRV im-

proves with increasing refining because of internal fibrillation, a widening of small internal

pores and delaminations. Additionally, secondary fines have a higher water retention value

than primary fines. The original pulp and the fiber fractions have similar WRV values.

Figure 2.12 WRV of the different fractions [36]

Furthermore, mechanical properties such as the tensile index, the burst index, the tensile

energy absoprtion, and the stretch-to-break were investigated. Since the focus in this thesis

lies on tensile index, only this key figure will be displayed and interpreted.

Figure 2.13 shows that the increase of tensile index is related to the fines content. The

increase is higher if secondary fines are added. The addition of 10 % secondary fines

provides an enhancement of up to 30 %, while primary fines only achieve an improvement

of 15 %.

Figure 2.13 Increase of tensile index if primary or secondary fines are added. Adapted from [36]
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In Figure 2.14 the tensile index, depending on given density, is displayed. It becomes

obvious that the enhancement of tensile index is caused by the addition of fines, which ac-

companies an increase in density. There is no clear distinction observed between primary

and secondary fines referred to the correlation of tensile index and density. The improve-

ment of paper properties is attributed to the consolidation as a result of greater capillary

forces between fiber and fines surfaces. Fines increase the potentiality for fiber-to-fiber

contact areas and work as a bridge between fibers.

Figure 2.14 Tensile index related to density if primary or secondary fines are added [36]

2.5 Wet-Pressing

In papermaking processes, wet-pressing leads to a consolidated fiber network and a re-

moval of water from the paper [37]. As a consequence of wet-pressing, fibers are forced

into close contact with each other and hydrogen bonding occurs. Due to removal of water,

a strengthening of the paper web is established through closer contact of fiber and fiber cell

walls. It is further supported by the collaps of chemical pulp fibers [38, 39]. Wet-pressing

leads to a denser sheet structure, which has a positive effect on interfiber bonding and

also increases the density [37, 39]. There are differences in wet-pressing due to the use of

mechanical pulp and chemical pulp. While the density of mechanical pulp only increases

a little, chemical pulp presents a comprehensive increase in density [37]. As a result of

more contacts between fibers and larger bonded areas, the tensile strength of paper also

increases [38].

Interfiber-bonding has a crucial effect on sheet strength. In addition to mechanical proper-
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ties, optical and electrical properties are also affected by fiber bonds. Processes as refining,

pressing and drying influence the structure of interfiber bonds [40]. Drying further acti-

vates the fiber network. The swelling ability of pulp fibers also affects this activation of

the fiber network. While restrained drying, it was analyzed that mechanical properties of

dried paper show a correlation between final drying stress [41]. Otherwise, if strain during

drying was applied, drying strain was the crucial variable [42].

The most important parameters in wet-pressing are the in-plane mechanical properties

tensile stiffness, or tensile strength and elastic modulus. The tensile strength states how

much a paper can be loaded. The elastic modulus is important for two reasons: Firstly, the

elastic modulus controls the small tension of a running web. Secondly, it also controls the

bending stiffness, as well as, the structural rigidity of paper. All mechanical properties of

paper refer to the bonding degree of fiber network. [43]

Finally, and most importantly, a high E-modulus improves the stress transfer within the

sheet, thus inhibiting strain localisation which leads to sheet failure. Therefore, a strong

correlation between E-modulus and tensile strength is found in paper.

Elastic modulus and density are influenced by beating, wet-pressing and the mixing of

various pulp components. Figure 2.15 displays the case in which the beating degree is

varied. Figure 2.16 displays the fact if wet-pressing is the controlled variable.

Figure 2.15 Elastic modulus versus density if
beating varies. Each line links the data of one
wood species, pulp type and a fixed wet-pressing
level. [44]

Figure 2.16 Elastic modulus versus density if
wet-pressing varies. Each line links the data of
one wood species, pulp type and a fixed beating
level. [44, 45]

Niskanen et al. [46] researched the correlations between elastic modulus and density. The

experimental observations are illustrated in Figure 2.17. In their interpretation, the density
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increases linearly in dependency on the elastic modulus. Both beating and wet-pressing

have influence on the densification. Nonetheless, beating has a stronger positive effect. The

plot is not applicable on poorly bonded sheets with a density ρ ≥ 300 kg/m3.

Figure 2.17 Correlation of density and elastic modulus affected by beating and wet-pressing [43]

Nordström [47] found that mechanical properties such as compression strength, tensile

strength and tensile stiffnes are affected by densification, refining or wet-pressing. This

study provides an insight into the effects of low-consistency refining and wet-pressing.

Two different studies are examined using industrial never-dried softwood kraft pulp with

kappa numbers of 80 - 90. One study discussed densification with an Escher-Wyss refiner

versus wetpressing of non-refined pulp. The other study analyzed the impact of varying

wet-pressing pressure (from 400 - 1600 kPa) over the beating curve, using an industrial

conical refiner. Free and restrained drying were used. Handsheets were prepared with the

grammage of 140 g/m2 according to ISO 5269-3.

Sheet densification occured when wet-pressing was confronted with refining by Escher-

Wyss. This is illustrated in Figure 2.18. The figure shows the increase of tensile strength

by refining and wet-pressing using restrained drying. Wet-pressing is operated at 400 kPa.

At high densities, the densification by wet-pressing results in a higher tensile strength

compared to refining.

Figure 2.19 shows results of the second study. A beating curve, using an industrial conical

refiner, is generated applying two different wet-pressing pressures. The graph demon-

strated that the increased wet-pressing pressure causes a shift of the curves to greater

densities. Therefore, higher maximum values of tensile strength were achieved.

Considering densities with values of up to approximately 750 kg/m3, higher tensile
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Figure 2.18 Tensile index depending on appar-
ent sheet density in case of restrained drying, in-
cluding refining or wet-pressing. [47]

Figure 2.19 Tensile index versus apparent sheet
densitiy of industrial refined pulp. Restrained
drying is used. [47]

strength for densification by wet-pressing and refining were observed, using restrained

drying. This procedure is explained considering the activation effect, as well as, with the

effect of a higher bond strength in favor of tensile strength and stiffness. However, fiber

curl and fiber shortening increased avoiding further rise in tensile stregth with increas-

ing refining. A growth in both of these characteristics (above the maximum of the beating

curve) needed an increased wet-pressing pressure and restrained drying. As a result of this

effect on properties, the increased wet-pressing pressure allowed an enhanced combination

of tensile strength and stiffness, as well as, compression strength for both restrained and

free drying. The relevant graphs were included in Nordström’s study [47].

Kulachenko et al. [48] also prove that fines influence density, bonding behavior, and tensile

strength of sheets in a positive way. Additionally, the effect of wet-pressing was tested

to compare it to the impacts of beating. In order to verify their numerical simulation

of fiber networks, experimental measurements on handsheets were formed using Rapid-

Köthen (ISO 5269-2:2004). A chemithermomechanical pulp (CTMP) was refined using a

PFI-mill with 1000 and 2000 revolutions per minute and was compared to unrefined pulp.

Before drying, the handsheets were pressed. For comparison, handsheets with and without

strength additives were prepared.

It was observed that strength additives only improved strength properties if the pulp was

refined before. Furthermore, it was proven that wet-pressing also causes densification.

The elastic modulus of handsheets densified by wet-pressing increased linearly with den-

sity similar to the densification by refining. Still, there are differences in affecting paper

strength. It was observed that densification of handsheets caused by beating led to a higher
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strength at a certain density level. This effect can be traced back to an improved bonding

strength and is closely related to the addition of fines. Actually, densification and improved

strengthening can be caused by the addition of fines [46]. In fact, it is not easy to differen-

tiate between the effects originated from the increased bonding and strengthening by fines

experimentally.

As expected, higher levels of refining lead to improved strength and stiffness. This ef-

fects occured simultaneously with the densification of the handsheets. Both refining and,

therefore, an addition of fibrillar material have the same impact on mechanical properties.

Microscopy images were used to observe the characteristics of fines. The intention was to

compare the shape and the amount of fines from refined and unrefined pulp. The differ-

ences of the pulp are illustrated in Figure 2.20. It can be seen that refining increased the

percentage of fines and fibrillar material at higher refining levels.

Figure 2.20 Microscopy images of unbeaten and differently refined pulps [48]

As mentioned before, fines affect strength and stiffness of fiber networks. While the stiff-

ness of fines are dependent on their type, strength is reliant on the bond between fibers and

fines. The results of model development with fiber network models are shown in Figure

2.21. It can clearly be seen that fines influence strength properties.

Figure 2.21 Correlation of elastic modulus of fines and stiffness (a) and strength on networks [48]
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Seth and Page [49] observed that strengthening can be improved by wet-pressing but this

is not necessary the case. These differences can be seen in Figure 2.22 and Figure 2.23. In

both cases, never-dried, unbleached kraft pulp of black spruce was researched. It can be

seen that the variation of wet-pressing levels lead to different results. In this case, higher

wet-pressing pressures led to higher strenghtening.

Figure 2.22 Wet-pressing with small effect on
strengthening [49]

Figure 2.23 Wet-pressing with significant effect
on strengthening [49]

In comparison to wet-pressing, beating always improves strengthening behaviour. While

in Figure 2.24 a never-dried, unbleached kraft pulp of Douglas fir is tested, a never-dried,

unbleached kraft pulp of southern U.S. pine is evaluated in Figure 2.25. In both cases, a

significant increase can be observed.

Figure 2.24 Beating effect on strengthening by
using a Douglas fir [49]

Figure 2.25 Beating effect on strengthening by
using a southern U.S. pine [49]
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Chapter 3
Materials and Methods

This section of the thesis provides an insight into used materials and also to applied an-

alytical and experimental methods. Pulp properties, as well as, physical paper properties

are analyzed after preparation of handsheets. Used methods for analyzis are explained

beginning at section 3.5.

3.1 Fiber Material and Preparation

In this work a once-dried unbleached softwood kraft pulp (UBSK) with a kappa number of

42 was used. The average amount of primary fines was 5 %.

3.2 Experimental Design

In Table 3.1 an overview of the experimental parameters is given. Experiments were per-

formed with and without fines, as well as, with and without wet-pressing. Refining was

conducted using a PFI-mill and a pilot plant single disc refiner with varying refining en-

ergy. An unrefined pulp was used as a reference. Moreover, a pressure screen was used to

remove fines from unrefined and refined pulp. Rapid-Köthen handsheets were prepared

and analyzed. By comparing the handsheet properties of the differently refined pulps with

and without fines, the effect of fines on the development of paper properties in refining of

pulp could be quantified.
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Table 3.1 Overiew of experimental design

Abbreviation Fines Wet-Pressing
Refining intensity PFI
[rotations per minute]

Refining intensity disc refiner
[kWh/t]

A no no 0, 4000, 7000, 10000 100, 250
B no yes 0, 4000, 7000, 10000 100, 250
C yes no 0, 4000, 7000, 10000 100, 250
D yes yes 0, 4000, 7000, 10000 100, 250

3.3 Refining

3.3.1 PFI-Mill

The first refining was carried out with a PFI-mill. Refining with the PFI-mill was performed

according to ISO 5264-2. Different refining intensities of 4000, 7000 and 10000 rpm were

realized. For each refining trial 30 g of ovendry (od) pulp was used. Before pulp could be

used, pulp was immersed in deionized water for 4 hours. After swelling, the pulp had to

be treated with a L&W Pulp disintegrator 10 minutes before refining.

3.3.2 Disc Refiner

For comparison purpose, another refining aggregate was used. A 12-inch single disc refiner

in pilot scale was used. Two different refining intensities were performed: 100 kWh/t and

250 kWh/t. The process was run with 62 kg od pulp mod with a consistency C of 3.9 %.

Before refining, the pulp was deflaked for 15 minutes with open refining gap. In Figure

3.1 the principle of the disc refiner is shown. The process was operated in closed loop

operation between the stirred vessel and the refiner.

In a first attempt, 10 % of the vessel was used for sampling. (Equation (3.1)). The remaining

pulp mpulp in kg was used for beating.

mpulp = mod − 10% · mod (3.1)

Using the refiner capacity ṁ in kg/s and the amount of mpulp, it was possible to calculate

the cycle time tcycle in min (Equation (3.2)).
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Figure 3.1 Process scheme of the disc refiner

tcycle[min] =
mpulp[kg]

ṁ · 1
3.6·60 [kg/min]

(3.2)

Sampling was done at defined time steps. With a calculated tcycle of 7.5 min and spe-

cific refining energy of 22.5 kWh/t, it was achievable to determine sample-taking for both

configurations 100 kWh/t and 250 kWh/t (see Table 3.2).

Table 3.2 Determination of sampling

kWh/t min

22.5 7.5
45 15
100 28.8
250 78.8

In Table 3.3 all relevant parameters (given and calculated) of the disc refiner are displayed.

Table 3.3 Given and calculated parameters of disc refiner

Parameters Unit Values

Peff kW 10
V̇ l/min 190
C % 3.9
ṁ t/h 0.4446
mpulp kg 55.8
SEC kWh/t 22.5
Ls km/s 33.8
SEL Ws/m 0.3
IL m 0.003
SSL Ws/m2 98.62
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3.4 Fines Separation

For fractionation of fines from fibers, unrefinend and refined pulps were separated using

a laboratory scale pressure screen, which was built within the FLIPPR2 on the Institute of

Bioproducts and Paper Technology. It was equipped with a screen, implemented as a plate

with 150 µm diameter holes. In Figure 3.2, the principle of the pressure screen is shown.

The pulp suspension was fed with 20 l/min and separated at 1 % dry content using the

pressure screen. Material which was able to pass the screen was defined as fines fraction

and was discarded. Additionally, a dilution flow was supplied to the pressure screen which

was varied depenent on the accept. The accept flow rate amounted up to 60 %.

Since the removal of all the fines material was not realizable in a single step, the pulp

suspension was recirculated until the remaining fines content was below 1 %. This was

measured with the BDDJ method which is explained in section 3.5.5. The termination

criterion was the turbidity of the accept. Approximately 20 runs were needed to achieve

this result. If the residual fines content below 1 % was not reached, it was recirculated

again. After the circulation, the water was separated from the pulp without fines using a

centrifuge.

Figure 3.2 Process scheme of laboratory pressure screen

3.5 Pulp Analytics

3.5.1 Consistency and Dry Content

While the consistency was determined according to EN 4119, the dry content was deter-

mined by using DIN EN 20638. In both applications, the ratio of the wet mass mw in g and
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the dried mass md in g, resulted in the dry content or the consistency, respectively. [1] The

calculation is shown in Equation (3.3).

DC =
md

mw
(3.3)

3.5.2 Fiber Length Distribution

The fiber length distribution was determined using a L&W Fiber Tester+ (Figure 3.3). For

the determination, an amount of 0.1 g pulp was diluted in 300 ml deionized water. Images

were taken by the device to identify parameters such as the length and width of fibers, as

well as, the presence of other particles.

Figure 3.3 L&W Fiber Tester+ [18]

In order to determine the fiber length distribution, three measurements of each data point

were examined. The device measures a minimum number of 5000 fibers. All information

about the fiber length distribution were length-weighted according to Equation (3.4). While

the term ni means the number of fibers of class i, the term li represents the fiber length of

class i.

LL =
∑ ni · l2

i

∑ ni · li
(3.4)

3.5.3 Dewatering Resistance

The drainability was determined using the Schopper-Riegler (SR) method (EN ISO 5267-1).

SR was calculated with the difference between 1000 ml and the amount of running out
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liquid z divided by 10. It was proved that the higher the SR values, the poorer was the

drainability of the pulp. The range of SR covers values from 14 to 90 ◦SR. Before executing,

the pulp was disintegrated as well. [17]

SR =
1000ml − z

10
[◦SR] (3.5)

3.5.4 Water Retention Value

The water retention value (WRV) is a measurement using a centrifugation method based on

the standard ISO (23714:2014). It reveals the degree of swelling of pulp. Before conducting

the experiment, the pulp must be disintegrated. After the usage of centrifugal forces was

defined under specific conditions retained water in a fiber pad was determined. Therefore,

the wet mass mw in g and the ovendried mass md in g of the same sample were used to

determine WRV. The calculation of WRV is shown in Equation (3.6).

WRV =
mw − md

mw
· 100[%] (3.6)

3.5.5 Fines Content with BDDJ

A Britt Dynamic Drainage Jar (BDDJ) according to SCAN-CM 66-05 was used to determine

the fines content of the unrefined and the refined pulp. Before executing, the pulp was

treated in a L&W Pulp disintegrater. Afterwards, 5 g pulp and 5 l deionized water were

mixed and washed out using a 200 µm mesh screen. As a result, a fiber-filter cake remained.

Both fibers and fines in the filtrate were vacuumed, dried and weighed in. The fines content

was calulcated with the Equation (3.7).

FC =
m f ines

m f ines + m f ibers
· 100[%] (3.7)

3.5.6 Microscopy Method

To see the effects of refining, unrefined and refined pulps were reviewd using transmitted

light microscopy introduced by Mayr et al. Firstly, 0.01 g crude tall oil was mixed with

deionized water (5 g) in a test tube. The compounds were emulsified at a temperature of
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80◦C in an ultracsonic bath for 30 minutes. In another test tube a 0.01 % pulp suspen-

sion was prepared. The 0.06 g tall oil and water emulsion was added to 5 g of the pulp

suspension and homogenized through powerful shaking. Three droplets of this pulp sus-

pension were positioned on a microscope slide (76x26 mm), fixed in place with a cover glass

(60x24 mm) and dried on a hot plate. A standard transmission light microscope (Leica 301-

371.010), equipped with a conventional CCD camera (Jai AM-200GE/AB-200GE) and an

automatized stage control (Märzhauser Multicontrol 2000), were applied for maping the

samples. 700-800 images were automatically captured per microscope slide. The results

showed 1600x1200 pixels per image, an image area of 1380x1035 µm2 and a resolution of

0.86 µmm/pixel. The stage control and the camera were operated with ImageJ.

3.6 Handsheet Preparation

Handsheets of 80 g/m2 were prepared on a Rapid-Köthen handsheet former (Figure 3.4)

using white water recirculation (ISO 5269-3). Before preparation, the pulp was disinte-

grated. Handsheets which were formed with Rapid-Köthen featured an area of 0.0317m2.

To ensure a stable fines content, the first four sheets were discarded [15]. Handsheets were

formed with two different methods: with and without wet-pressing.

Figure 3.4 Rapid-Köthen Handsheet former equipped with a white water recirculation system [15]

Wet-Pressing

The handsheets were directly wet-pressed after preparation. The wet-pressing was exam-

ined under the following conditions: The handsheets were positioned between the two
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pressing plates. Addtionally, there were two press felts cut into the size of specimen to

absorb the excess water during the process. The handsheets were pressed for 120 seconds

at 150 bar. Using the hydraulic area of the cylinder Ac in m2 and the pressure p in bar

made it possible to calculate the force of the cylinder Fc in N acting on the pressing plate

(Equation (3.8)).

Fc = p · Ac (3.8)

Now it was feasible to calculate the distributed load s in kN/m2, acting on the area of the

handsheets Ah in m2.

s =
Fc

Ah
(3.9)

Table 3.4 shows the calculated force acting on cylinder and the distributed load that acts

on the handsheets.

Table 3.4 Calculated parameters of wet-pressing

Parameters Unit Values

Fc kN 95.43
s kN/m2 3010.28

3.7 Measurement of Handsheet Properties

After a storage for at least 24 hours in a climate room of 23 ◦C and with 50 % relative

humidity, the handsheets were tested.

3.7.1 General Properties

Grammage

The grammage in g/m2 (Equation (3.10)) is defined according to DIN EN ISO 536, as the

ratio of the mass m of the paper related to the area A of the handsheet. As mentioned

before, the area of handsheets which are formed with Rapid-Köthen average to 0.0317 m2.

The grammage is one of the most relevant properties of paper.
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Grammage =
m
A

(3.10)

Thickness

Besides grammage, the thickness d in µm is also a fundamental key component in paper

characteristics. The sheets were tested according to EN ISO 534. For each handsheet, three

positions were measured.

Density

The density ρ in g/cm3 was calculated using the grammage and the sheet thickness ac-

cording to Equation (3.11).

ρ =
Grammage

d
(3.11)

3.7.2 Mechanical Properties

Air Permeability by Gurley

The air permeability by Gurley was measured according to ISO 5636-5. During testing, an

in-oil swimming cylinder with a defined mass pushes air through a fixed paper sample. In

dependence of the air permeability of the paper, the cylinder sinks downwards. The results

of testing show the time and length of the path of the cylinder. The unit is measured in

Gurley seconds which is the time required to push a certain amount of air in ml through

the paper sample.

Roughness by Bendtsen

The roughness by Bendtsen was measured accoring to DIN 53108. The ring-shaped gaug-

ing head rests on the sample with its tare weight. The flow rate of the air in ml/min is the

result of the measurement. It is pressed out of the holes between the paper surface and

the ring of the gauging head. Considering rougher surfaces, more air can evade, and thus

leads to a higher flow rate.

37



Chapter 3 Materials and Methods

Tensile Strength

The tensile strength of a paper is determined by the strength of fiber-fiber-bonds and the

strength of single fibers in strongly bound sheets. Fiber connections fail because of exter-

nally applied forces which are transferred from fiber to fiber by shear forces.

The tensile test, according to DIN EN ISO 1924-2, provides results concerning breaking

strength, breaking strain, and E-modulus. Using breaking strength, other relevant param-

eters such as tensile index and breaking length can be calculated. It must be ensured that

the free clamping length of the test strip is sufficiently large enough to measure. Due to

the heterogenity of the paper, the longer the length of the test strip is, the lower the tensile

strength. Furthermore, the tensile testing speed has also influence on measured tensile

strength because of viscoelastic behavior.

Z-Strength

The measurement of z-strength is basically a tensile test. In internal bond tests (z-tensile

test), the bond strength of layers among each other are tested according to TAPPI T541. In

this test, the strength of the paper in thickness direction is evaluated. The sample is fixed

with double-sided adhesive tape. The measured value is tensile strength, which is related

to sample area. The result is the tensile strain. [50]

3.7.3 Optical Properties

Opacity

Opacity is the opaqueness of a paper. According to DIN 53146 the reflexion of a single-

sheet over a defined black standard R0 and on a pack R∞ are measured. The calculation of

opacity is shown in Equation (3.12). [51]

Opacity =
R0

R∞ · 100[%] (3.12)

The Kubelka-Munk theory is based on the assumption that in a homogenous sheet of

paper with an amount of random spreaded particles, light is scattered and absorbed. For

simplification, rays of light are recieved as one-dimensional. [51]
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Light Scattering and Absorption Coefficient

The light scattering coefficient S in m2/kg and absorption coefficient K in m2/kg are

strongly dependent on the papermaking conditions. These include the origin of pulp,

beating, as well as, the influence of filler. By means of R0 and R∞ it is possible to calculate

S in Equation (3.13), as well as, K from Equation (3.14). [51]

S =
1

Grammage
· 1

1
R∞ − R∞ · ln

(
1 − R0 · R∞

1 − R0
R∞

)
(3.13)

K =
(1 − R∞)2

2 · R∞ · S (3.14)
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In the following part the results of the experiments will be presented and discussed. The

results will be presented in 8 sections. In the first section, the intention of this thesis

investigating the influences of fines and modifications of fibers on pulp and paper will be

presented. Besides that, the aspect of wet-pressing will be demonstrated. Both refining

aggregates will be compared and differences in regard to strengthening properties such

as breaking length will be influenced by secondary fines produced during beating process

will be shown. Furthermore, results will be compared to findings from literature. Besides

mechanical properties, also optical properties will be examined.

4.1 Specific Impacts by Refining on Pulp and Paper

Figure 4.1 shows the clear correlation between density and breaking length. This connec-

tion is often discussed in literature [8, 48]. In both cases it can be seen that densification

by refining or refining with wet-pressing is necessary to achieve higher breaking length.

Observing both setups, a distinctive trend was identified, regarding beating (light blue

and dark blue colouring) and beating with wet-pressing (orange and red colouring). Both

configurations beating, as well as, beating with wet-pressing, showed a steady increase in

breaking length.

It was noticable that the slope of beating with wet-pressing was much steeper than beating

only. Therefore, densification by beating resulted in a different outcome than densification

by beating with wet-pressing. Therefore, it can be concluded that in wet-pressing other
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interactions must occur due to densification. Due to that, these mechanisms have to be

considered separately. Although pore volume was decreasing, it seems that not too much

fiber-fiber bonding area was created. With reference to the roughness (Figure 4.14) it can

be seen, that densification by wet-pressing actually generated density and not smoothness.

The roughness will be further discussed in section 4.8.

Figure 4.1 Correlation of density and breaking length; dark blue: pulp including fines; light blue:
pulp without fines; red: wet-pressed pulp including fines; orange: wet-pressed pulp without fines

In summary it can be stated that both beating and beating with wet-pressing generate

higher density and breaking length. Nonetheless, densification by wet-pressing leads to

different results because of other interactions. Wet-pressing has a positive effect on the

strengthening behaviour but the precise way of how wet-pressing exactly affects densifica-

tion has not become apparent and will require further research.

Comparing these results to literature [47] it could be seen that the trend of wet-pressing

and beating can be compared to the findings in Figure 2.18. Beating reached higher tensile

values faster, while wet-pressing featured a higher tensile strength at higher densities.

Different factors like primary and secondary fines, absence of fines, internal and external

fibrillation, as well as, flexibilization have to be considered beside wet-pressing due to

densification. All of these aspects influence densification to a certain percentage. In the

next section, all aspects will be examined and it will be discussed how they influence pulp

and paper properties.
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4.2 Influence of Fines on Breaking Length

In this section, the influence of various beating intensities respectively resulting fines con-

tent on breaking length is shown. Figure 4.2 illustrates the correlation of the fines content

wfines in % and the breaking length (BL) in km of all experimental settings. Data points

without fines (light blue colouring) and without wet-pressing (orange colouring) were cre-

ated to see the actual effect of fines and wet-pressing. Fines separation was examined

using a lab scale pressure screen. It became apparent that fines contribute to the strength-

ening behaviour which was raised in literature [8, 36]. In addition, wet-pressing noticeably

increases breaking length which was stated in literature [37–39].

Comparing both diagrams (Figure 4.2 and Figure 4.3), it could be seen that wet-pressing

contributed to a higher breaking length. That can be explained because of the fact that

wet-pressing leads to a denser fiber network and sheet structure which in turn leads to

higher strength.

Figure 4.2 Correlation of fines content and breaking length of all samples; dark blue: pulp includ-
ing fines; light blue: pulp without fines; red: wet-pressed pulp including fines; orange: wet-pressed
pulp without fines

For simplification Figure 4.3 (samples without wet-pressing) will be applied to explain the

following equations, which are used to determine the gain induced by secondary fines.

Of course, the calculations are also valid for wet-pressing. Using the reference pulp, the

calculation of the breaking length gain caused by primary fines ∆BLprim in km is shown in

Equation (4.1). Equation (4.2) referes to the total gain of breaking length ∆BLtot in km of
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each refined sample. Using the difference of refined samples including fines and refined

samples without fines ∆BLfines in km, the gain caused by fines is calculated according to

Equation (4.3). Furthermore, the achieved breaking length gain by secondary fines that is

generated during refining ∆BL Gainsec in % was calculated using Equation (4.4).

Figure 4.3 Correlation of fines content and breaking length of not-pressed samples; dark blue: pulp
including fines; light blue: pulp without fines

∆BLprim = BLre f ,with f ines − BLre f ,without f ines (4.1)

∆BLtot = BLbeating,with f ines − BLre f ,with f ines (4.2)

∆BL f ines = BLbeating,with f ines − BLbeating,without f ines (4.3)

∆BL Gainsec =
∆BL f ines − ∆BLprim

∆BLtot
· 100 [%] (4.4)

4.2.1 Evalution of Gain of Fines on Breaking Length

In this section the effects of fines on the breaking length will be discussed. Figure 4.4

and Figure 4.5 show the breaking length gain caused by secondary fines generated during
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the refining process. While Figure 4.4 represents the not-pressed pulp (blue), Figure 4.5

represents the wet-pressed pulp (red). Additionally, linear regressions are generated to

show the process of the PFI-mill and the disc refiner in a more clear way. The PFI-mill is

illustrated as a broken line while the disc refiner is illustrated as a solid line.

Figure 4.4 shows that approximately 6 to 25 % of breaking length gain is reached using

secondary fines. The rest of the strength increase is generated due to internal and exter-

nal fibrillation. The increase of the disc refiner is noticeably steeper than of the PFI-mill.

Examing 250 kWh/t in the disc refiner, about 25 % of strength increase, is due to fines

production. The rest contributes to internal and external fibrillation which leads to flexibi-

lization in turn. In contrast, the amount of flexibilization and fibrillation after 10000 rpm

in the PFI-mill is nearly 90 %. These results are in good accordance to results published in

literature stating that the PFI-mill is known to feature higher internal fibrillation and flexi-

bilization than disc refiners [28]. Therefore, the present results suggest that fines contribute

less to strengthening gain in case of the PFI-mill.

Figure 4.4 Gain breaking length generated by secondary fines of not-pressed samples

Examing wet-pressing (Figure 4.5), secondary fines contribute 11 to 23 % in breaking length

gain. It could be seen that the combination of refining with the PFI-mill and wet-pressing

leads to higher breaking length than the maximum breaking length without wet-pressing.

It was also observed that the gain from secondary fines created by the disc refiner decreased

using wet-pressing. Furthermore, it was noticed that the straight line of the PFI-mill ap-

proached the disc refiner straight line using wet-pressing.
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Figure 4.5 Gain breaking length generated by secondary fines of wet-pressed samples

It became apparent in both cases that higher refining intensity leads to higher amount of

secondary fines but they get produced in a higher extent in a disc refiner. This correlates

with literature [21, 28]. In case of wet-pressing, secondary fines generated in the disc refiner

contributed less to strength than in the case of beating only. As mentioned before, the PFI-

mill features internal fibrillation especially in comparison to the disc refiner that features

more fiber shortening and external fibrillation.

4.2.2 Impact of Fines on Breaking Length and Density

In the following passage, the total fines content, including primary and secondary fines,

will be considered to analyze the impact on breaking length BL Impactfines in km/%.

Therefore, the relation of fines content with fines wwith fines in % and without fines

wwithout fines in %, as well as, the relation of breaking length with fines BLwith fines in km

and without fines BLwithout fines in km. Figure 4.3 will be used to calculate the slope be-

tween corresponding datapoints of same refining intensity with and without fines (Equa-

tion 4.5).

BL Impact f ines =
BLwith f ines − BLwithout f ines

wwith f ines − wwithout f ines
[km/%] (4.5)

The impact on breaking length leads to a rise of breaking length per weight percentage

fines in pulp. Figure 4.6 and Figure 4.7 show the fines’ impact on breaking length. It can
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be seen that the fines’ impact influences the tensile properties for an increased breaking

length. This observation applies to both refining aggregates.

In both cases, the increase of breaking length might be explained by the improvement of

sheet density and the structure of pores. Samples with a lower tensile strength feature a

more bulky structure including larger pores. Therefore, fines may not be able to close these

pores. In other cases, concerning denser sheets, fines are capable to close smaller voids.

The influence on RBA may be greater in case of already denser sheets which also influence

tensile strength to a greater extent.

Observing not-pressed samples in Figure 4.6, the increase of disc refiner is distinctly higher

than of the PFI-mill. Regarding 250 kWh/t in the disc refiner, up to 220 m of additional

breaking length are created by an additional weight percent of fines. Looking at the PFI-

mill, just 120 m of breaking length per weight percent of fines were reached using 10000

rpm intensity, because high density had already been generated through flexibilization.

Figure 4.6 Impact of fines on breaking length of not-pressed samples

Considering wet-pressing in Figure 4.7, the increase of the disc refiner regression was rel-

atively similar to the disc refiner regression without wet-pressing. In the opposite, the in-

crease of the PFI-mill regression including wet-pressing was much steeper and approached

the disc refiner straight line again. Therefore, wet-pressing must interact with other mech-

anisms. It can be seen in the case of the PFI-mill that the impact of fines decreases with

higher beating intensity. While the disc refiner reaches approximately 230 m of breaking
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length per weight percent, the PFI-mill just reaches up to 160 m of breaking length per

weight percent with sinking tendency.

Figure 4.7 Impact of fines on breaking length of wet-pressed samples

It can be concluded that the quality of generated fines of the disc refiner and the PFI-mill

is different. Both plots show that the same amount of fines leads to various impact on each

kilometer breaking length. The impact of secondary fines generated in a disc refiner on

breaking length is much stronger than the impact of secondary fines produced in a PFI-

mill. Therefore, secondary fines from a disc refiner contributes more to breaking length

while fibrillation and flexibilization occur more often while beating with a PFI-mill.

Additionally, the fines impact on breaking length is plotted over densitiy for both config-

urations which is illustrated in Figure 4.8 and Figure 4.9. Comparing both plots, it can

be seen that the effect of fines is decreased by wet-pressing in case of industrial refining.

Using a PFI-mill, the effect of fines by wet-pressing is higher. The PFI-mill straight line also

increases after wet-pressing and reaches the disc refiner straight line.
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Figure 4.8 Impact of fines on density of not-pressed samples

Figure 4.9 Impact of fines on density of wet-pressed samples

4.3 Further Mechanical Properties

Literature [51] shows that the correlation of elastic modulus and density reflects changes

in RBA. At a fixed grammage, elastic modulus and density depend on wet-pressing and

beating. The correlation of density and elastic modulus is shown in Figure 4.10. It can

be seen that the slopes of both, beating and beating with wetpressing, are higher than in

literature.
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Regarding beating, the trend is relatively linear and the correlation between density and

E-modulus is appropiate. However, a closer look reveals that the correlation in case of wet-

pressed samples is lower than compared to without wet-pressing. Looking at both straight

lines, the disc refiner datapoints are rather located above the straight lines, whereas the

PFI-mill datapoints are rather located below the straight lines. Consequently, the PFI-mill

tends to lower elastic modulus at certain density levels in comparison to the disc refiner.

A reason for that might be that fiber properties directly influence this behaviour. Due to

different beating aggregates, the fibers are differently strained.

Considering the combination of beating and wet-pressing, as expected, at higher densities,

the elastic modulus is higher due to densification after wet-pressing. It was observed that

the increase at higher densities is steeper. Comparing the present result with findings from

literature [44–46] it can be seen that there is no linear correlation given in wet-pressing.

Both configurations create two straight lines which can intersect if the pulp endures higher

beating.

Figure 4.10 Correlation of density and E-modulus of all samples

In Figure 4.11 breaking length and elastic modulus are displayed. The well established

correlation between E-modulus, representing the networks ability for stress transfer, and

tensile strength is applicable to the PFI-refined pulps. In the case of the industrially refined

pulps, equal E-modulus may lead to strong differences in the tensile strength, indicating

that other mechanisms than stress transfer might become more relevant for network failure.

Figure 4.12 shows the breaking strain of all configurations. It is clearly evident that break-
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Figure 4.11 Correlation of E-modulus and breaking length of all samples

ing strain increases with higher beating intensities. The PFI-mill achieves higher elongation

values than disc refiner. As a result, samples beaten with a PFI-mill tend to elongate more

than in disc refiner. These findings correspond to results from elastic modulus. The higher

the breaking strain the lower the elastic modulus.

Figure 4.12 Breaking strain values of all samples

In Figure 4.13 the z-strength is plotted over density. Comparing both configurations, wet-

pressing reaches significantly higher density values. At the same density level (6.5 · 104

g/cm3) various z-strengths are present. As a result, wet-pressing contributes to z-strength.
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Configuration "B" beaten with the PFI-mill shows that at a certain density level higher

beating cannot reach higher results in z-strength anymore. Comparing the disc refiner

and the PFI-mill samples, the PFI-mill generates more z-strength. A reason might be that

during beating with a PFI-mill more fibrillation and fiber flexibilization develop.

The plot shows that not all samples could be measured using the existent tools. A reason

might be that samples are too compressed to analyze due to higher beating intensities and

increasing fines content. In these cases, it was not possible to detach the double-sided tape

from the samples. Therefore, the z-strength of not measurable samples was presumed to

be 80 N/cm2. That was done to see the trend of density. The real z-strength is unknown

but might be much higher. These samples are circled and marked with an arrow.

From these findings, we can conclude that an increase in paper density does not necessarily

increase the z-strength, particularly, if it is obtained by wet pressing. The type of refining

process plays an important role here. Interestingly, industrial refining, which leads to a

stronger external fibrillation, is showing lower z-strength at equivalent density. This was

unexpected as external fibrillation is known to be beneficial for fiber-fiber bonding.

Figure 4.13 Correlation of density and z-strength of all samples

Figure 4.14 shows the correlation of roughness and density of all configurations. It is appar-

ent, that wet-pressing does not increase smoothness, on the contrary it decreases. Density

increases using wet-pressing. As already mentioned, actual densification is generated, not

smoothness.
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Figure 4.14 Roughness plotted over density of all samples

4.4 Fiber Length Distribution

In Figure 4.15 the fiber length distribution of reference and beaten pulp with and without

fines is shown. For simplification, reference pulp is characterized in black, pulp beaten

with the industrial refiner in purple and pulp beaten with the PFI-mill is portrayed in

green. The intenser the color, the higher the beating intensitiy is displayed. Pulp including

fines is shown as a solid line, pulp without fines is represented as a broken line.

The distribution was measured with the L&W Fiber Tester+. This plot was used to under-

stand processes better during beating at different intensities. It can be seen that especially

in disc refiner at 250 kWh/t most fiber shortening occurs when many little fibers and

secondary fines are produced. The figure displays that approximately at 800 µm fiber

shortening happens. Observing 10000 rpm of the PFI-mill, fiber shortening does not occur

in that intensity compared to the disc refiner. It is also observed that a disc refiner at 100

kWh/t generates more fines than beating at 4000 and 7000 rpm with the PFI-mill. There-

fore, the thesis that in a disc refiner more fines are generated and more fiber shortening

occurs than in a PFI-mill can be confirmed [28].

Additionally, the fiber length distribution is observed from another perspective which is

illustrated in Figure 4.16. In this case, fines and fiber fragments up to 1000 µm are neglected

to see the actual fiber shortening. The most fiber shortening can clearly be seen at 250
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Figure 4.15 Fiber Length Distribution measured with L&W Fiber Tester+

kWh/t of the disc refiner. In other words, all PFI-curves overlay nearly exactly at the same

point. Therefore, the thesis that in a disc refiner fiber shortening happens and in a PFI-mill

rather occurs flexibilization is proven again.

Figure 4.16 Fiber Length Distribution without fines measured with L&W Fiber Tester+
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4.5 Microscopy

In the following microscopical images, pulp with and without fines are displayed. Refer-

ence pulp is compared to 10000 rpm beaten pulp by the PFI-mill. Comparing the reference

pulp with and without fines, fiber fragments or fines can clearly be seen in Figure 4.18.

After using the pressure screen, no fines can be found in Figure 4.17. Looking at Figure

4.19 and Figure 4.20, fibrillation by beating is evident. Furthermore, fines and fiber frag-

ments after beating can clearly be made out. This amount is significantly higher due to

high refining intensity. It is also evident that fibers are obviously kinked and the fiber wall

is broken up.

Figure 4.17 Microscopy image of reference pulp
without fines

Figure 4.18 Microscopy image of reference pulp
with fines

Figure 4.19 Microscopy image of 10 000 rpm
pulp using PFI-mill without fines

Figure 4.20 Microscopy image of 10 000 rpm
pulp using PFI-mill with fines
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4.6 Light Scattering

In Figure 4.21 the light scattering coefficent S over density is plotted. The big confidence

intervals might be explained because it was calculated using three parameters (Equation

3.13) with a certain variance each. Therefore, error propagation leads in very pessimistic

calculated variance for the parameter S. As stated in literature [51], the light scattering co-

efficient decreases because of the reduction of free surface due to beating and wet-pressing.

In case of wet-pressing, light scattering is even further decreased. It was also observed that

beating with the PFI-mill generates less light scattering than with the disc refiner. It was

found that in case of wet-pressing, the correlation between density and the light scatter-

ing coefficient stays linear. Therefore, it seems that wet-pressing leads to densification due

to air removal from the fiber network. Densification as a result of wet-pressing generates

additional RBA, but not in the same extent as fiber flexibilization and fines.

Figure 4.21 Correlation of light scattering coefficient and density of all samples

4.7 Dewatering Resistence

In Figure 4.22, Schopper-Riegler over breaking length of all settings are plotted. It can be

seen that the development of the disc refiner proceeded lower than of the PFI-mill. Also,

the disc refiner reached higher Schopper-Riegler values at lower breaking length. A rea-

son might be because in disc refiners more secondary fines are produced. It is obvious
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that fines contribute to strengthening behaviour. Due to fines content, also dewatering

resistance increases because of a "fines mat", which is formed by the produced fines. Com-

paring not-pressed and wetpressed samples, it becomes apparent that the curve is shifted

upwards. Schopper-Riegler values are nearly the same, but the breaking length is slightly

increased. It can be concluded that disc refiners reach a different strength potentials than

PFI-mills which represent the optimum of ideal strength. Nonetheless, Schopper-Riegler is

inappropriate to predict the strength increase due to refining.

Figure 4.22 Correlation of Schopper-Riegler and breaking length of all samples

The correlation of Schopper-Riegler and fines content is shown in Figure 4.23. In this

plot, the theory of increasing fines content is leading to higher dewatering resistance is

confirmed. It can be seen that Schopper-Riegler rises higher because of higher fibrillation

and flexibilization by PFI-mill. Despite higher fiber length, the PFI-mill features higher

Schopper-Riegler values.

In Figure 4.24 the correlation of the water retention value and Schopper-Riegler is exam-

ined. The reference pulp and the 10000 rpm pulp refined by the PFI-mill, both with and

without fines are compared. It is apparent that the WRV increases with higher Schopper-

Riegler, due to higher fines content by beating. Pores in beaten fibers become more clogged

due to the increased amount of fines. As a result, pores can absorb more fines and fiber

fragments. Therefore, the dewatering resistance increases.
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Figure 4.23 Correlation of fines content and Schopper-Riegler

Figure 4.24 Correlation of WRV and Schopper-Riegler of reference pulp and 10000 rpm PFI pulp

4.8 Porosity

In Figure 4.25 the correlation of air permeability and breaking length is illustrated. It was

noticed that the PFI-mill reaches higher breaking length, than disc refiner, at equivalent

air resistance (Gurley). By removing fines, the air permeability rises drastically, while

tensile properties are not harmed in a high extent. Therefore, the breaking length increases

massively at a certain level of air permeability, just by removing fines. However, it needs
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to be taken into account that the maximum tensile strength is limited in absence of fines

material. This can be traced in wet-pressed and not wet-pressed samples. In case of high

refining intensities, it is shown that wet-pressing impairs the air permeability at a very high

extent.

Figure 4.25 Correlation of air permeability and breaking length of all samples
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Chapter 5
Conclusion

In this master thesis, the effects of refining on pulp and paper properties were investigated.

The focus lay on the effect of secondary fines, which were generated in a PFI-mill and an

industrial disc refiner in pilot scale. In order to research the exact impact of fines, fines were

separated using a lab pressure screen. Additionally, wet-pressing was applied to evaluate

the effects on densification.

For this purpose handsheets were prepared and analyzed. The results showed significant

differences in the strengthening behaviour between different configurations.

First, the correlation of breaking length and density as discussed in literature, showed dif-

ferences in wet-pressed paper compared to samples which were not wet-pressed. For each

of these two configurations, the correlation was strongly linear. However, it was shown

through the differences in slope and absolute values, that the wet-pressing induced den-

sification does not cause the same increase of tensile strength, compared to internal and

external fibrillation of fibers and fines material. The assumption was that densification by

wet-pressing was not creating more relative bonded area, compared to other processes that

cause a higher density. This theory was confirmed due to the light scattering measure-

ments, as wet-pressing showed that the phase boundaries were barely reduced. Besides

the differences resulting from wet-pressing, the correlation of breaking length and density

was not affected by the refining aggregate.

The main aim of this thesis was to quantify the gain on breaking length by either secondary

fines and internal and external fibrillation due to refining. It could be shown that the impact

of secondary fines on strength gain is up to 25 % depending on the used aggregate and

59



Chapter 5 Conclusion

beating intensity. While the PFI-mill generates more internal fibrillation and flexibilization,

the disc refiner tended to produce more secondary fines. Therefore, the effect of fines was

approximately four times higher in the case of a disc refiner, compared to the PFI-mill. In

addition, the fiber length distribution confirmed that in a disc refiner fiber shortening and

fines production occured while in the PFI-mill flexibilization was rather prevalent.

The quality of generated fines are also different, depending on the refining aggregate.

Secondary fines produced in a PFI-mill generated less breaking length at a certain fines

content compared to the disc refiner. It could also be observed that in a PFI-mill the fiber

network was already too dense that the impact of fines decreased.

The dewatering resistance, in terms of Schopper-Riegler measurements, increased with in-

creasing fines content. However, this measurement made no statement about the strength-

ening behaviour or the degree of beating.
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