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“Las batallas de la vida no siempre favorece al hombre mas fuerte o al
mas rapido, pero tarde o temprano el hombre que gana ies el hombre
que PIENSA QUE PUEDE!”



ABSTRACT

The objective of this thesis was to examine interfiber bonding and fiber segment activation as
basic phenomena: how different raw material parameters and fiber property distributions affect
bonding and activation, and in turn, how bonding and activation relate to end use properties of
paper, especially to strength, structural and hygroexpansional properties. The raw materials for
this study consisted of eucalypt fibers.

The findings of this thesis work confirm what has already been established about bonding: raw
material parameters, fiber treatments and process parameters all play a significant role in bonding
and bonding development. A new observation was the interdependence of interfiber bonding and
fiber network activation for structural and strength properties and the link observed between
hygroexpansion and fiber network activation.

Fiber size analyses were made with an optical analyzer that applies image analysis techniques on
single fibers. The effects of fiber length, fiber width, fiber wall thickness, fines content and fiber
curl distributions on the quality potential of eucalypt fibers were evaluated. The results of this
work improved the understanding of the effects of fiber property distribution characteristics on
paper technical properties.

Fiber curl and fiber wall thickness were found to be the most promising fiber parameters in the
evaluation of eucalypt fiber quality potential. In the development of parameters derived from
fiber property distributions, the variations in paper technical properties were most often explained
with fiber curl and fiber wall thickness.

In addition to metafiber properties developed during this study (wet pressed density and
activation parameter), more explicatory power was sought from the structure of fiber wall by
means of simple water retention value and fiber saturation point measurements, differential
scanning calorimetry, and by using solid-state cross-polarization/magic angle spinning (CP/MAS)
"C nuclear magnetic resonance measurements.



TIIVISTELMA

Tamén viitoskirjan tavoitteena oli tarkastella sitoutumista ja aktivaatiota paperin perusilmiona:
kuinka erilaiset raaka-aineparametrit ja raaka-aineen ominaisuusjakaumat vaikuttavat niihin ja
kuinka niiden avulla voidaan ennustaa paperin loppuominaisuuksia, erityisesti lujuus- ja
rakenneominaisuuksia sekéd paperin kosteuslaajenemaa. Kuituraaka-aineena tissd ty0ssd kdytettiin
eukalyptuskuituja.

Viitoskirjatyon tulokset vahvistavat kisityksid kuitujen sitoutumisesta: raaka-aineparametrit,
kuitujen kisittely sekd prosessimuuttujat vaikuttavat kaikki sitoutumiseen ja sen kehittymiseen.
Uutena havaintona esitettiin teoria kuitujen vélisen sitoutumisen ja kuituverkoston aktivaation
keskindiselle riippuvuussuhteelle lujuus- ja rakenneparametreille, sekd kuituverkoston aktivaation
liittiminen myds paperin kosteuslaajenemaan.

Kuidunkokoanalyysit tehtiin konendkod soveltavalla, yksittdisid kuituja mittaavalla laitteella.
Tutkimuksessa selvitettiin kuidunpituuden, kuidun leveyden, seinimédvahvuuden, hienoaineen, ja
kuidun kiharuuden jakaumien vaikutusta eukalyptuskuidusta valmistetun paperin laatuun. Tyon
tuloksena selvitettiin esimerkiksi kuidun jakaumaparametrien tuottama lisdarvo pelkkien
keskiarvotulosten tarkastelun sijaan.

Konendkdon perustuvan kuituanalysaattorin antamista tuloksista kuidun kiharuus ja kuidun
seinimédvahvuus osoittautuivat luotettavimmiksi eukalyptuksen laatupotentiaalin indikaattoreiksi.
Kuitujen sitoutumista ja kuituverkoston aktivaatiota kuvaavia parametreja kehittdessd néiden
jakaumat selittivétkin suurimman osan paperiteknisten ominaisuuksien vaihtelusta.

Tutkimuksessa  kehitettyjen =~ metakuituominaisuuksien  (mérkdpuristettu  tiheys  ja
aktivaatioparametri) lisdksi kuituseinimin rakenteesta haettiin selitysvoimaa tukeutuen kuitujen
vedenpoisto- ja saturaatiopistemittauksiin ja differentiaaliseen pyyhkéisykalorimetriaan, seka
kéayttiden kiinteédn aineen ydinmagneettisen resonanssin mittauksia.



PREFACE

This thesis work was carried out at Aalto University School of Science and Technology (TKK) in
the research group of Chemical Engineering during 2005-2009. The work was funded by Oy
Metsi-Botnia Ab.

I would like to thank all the people that have helped and supported me during my postgraduate
studies and thesis work:

Docent Juhani Aittamaa and D.Sc. (Tech.) Kari Ala-Kaila, for giving me the opportunity to work
with this fascinating subject and for their advice and encouragement in supervising the early parts
of my thesis work. Professor Ville Alopaeus supervised me through the rest of this thesis work
with youthful enthusiasm and deserves a big thank you. The instructor of my thesis, D.Sc. (Tech.)
Juha Fiskari is acknowledged for his expertise in the field of pulp industry, for his valuable
comments and advices, and for his contagious laughter. Co-author Stefan Antonsson is
acknowledged for his input on my thesis. The researchers at the Universidade Federal de Vigosa
are acknowledged for their inspiring and beautiful company during my few short but memorable
visits to Brazil, while introducing me to the world of eucalypt.

All my research colleagues and the technical personnel at the Laboratory of Chemical
Engineering: without them this work would have been much more difficult to conduct. A special
Thank You should go to all of you who think my behavior has been too unorthodox for
engineering purposes and still have managed to live through all my quirks.

The same story continues after this thesis work. All that needs to be done (wherever it may be)
will be done with the enthusiasm and creativity of a small child (unfortunately trapped in a body

that will get older). This makes me a great future candidate for upper level management positions.

Espoo, September 2010



LIST OF PUBLICATIONS

This thesis consists of a summary part and of seven individual scientific articles. The papers are
denoted with Roman numbers I-VII and are quoted accordingly in the summary part.

(1]

(]

[1II]

[1V]

[V]

[VI]

[VII]

[VIII]

Pulkkinen, I.; Ala-Kaila, K.; Aittamaa, J. (2006). Characterization of wood fibers
using fiber property distributions. Chemical Engineering and Processing 45(7): 546-554.

Pulkkinen, L.; Fiskari, J.; Aittamaa, J. (2007). The effect of refining on fiber transverse
dimension distributions of eucalyptus pulp species. O Papel 68(5):58- 66.

Pulkkinen, I.; Fiskari, J.; Joutsimo, O; Alopaeus, V. (2008b). The use of fiber wall
thickness data to predict handsheet properties of eucalypt pulp fibers. O Papel 69(10):
71-85.

Pulkkinen, I.; Fiskari, J.; Alopaeus, V. (2009a). The effect of hardwood fiber
morphology on the hygroexpansivity of paper. BioResources 4(1):126-141.

Pulkkinen, I.; Fiskari, J.; Alopaeus, V. (2009b). The effect of sample size and shape on
the hygroxpansion coefficient - A study made with advanced methods for
hygroexpansion measurement. Tappsa J. (March): 26-33.

Pulkkinen, L.; Fiskari, J.; Alopaeus, V. (2010). New model for tensile strength and

density of eucalyptus hand sheets - An activation parameter based on fiber distribution
characteristics. Holzforschung 64(2):201-209.

Pulkkinen, I.; Fiskari, J.; Alopaeus, V. (2009c). CPMAS BC NMR Analysis and
Differential Scanning Calorimetry of Fully Bleached Eucalypt Pulp Samples: Links to

hand sheet hygroexpansivity and strength properties. Journal of Applied Sciences
9(22):1-8.

Antonsson, S.; Pulkkinen, I.; Fiskari, J.; Lindstrom, M.E.; Karlstrom, K. (2010).
The relationship between hygroexpansion, tensile stiffness, and mechano—sorptive creep
in bleached hardwood kraft pulp samples. Appita J. 63(3):225,231-234.

The research papers are included as appendices in the printed version of this thesis.



AUTHOR’S CONTRIBUTION

1] The author wrote the paper, made the simulations and analysed the results.
[II] The author wrote the paper, made the simulations and analysed the results.
[III]  The author wrote the paper, made the correlations and analysed the results.
[IV]  The author wrote the paper, made the correlations and analysed the results.
[V] The author wrote the paper, made the correlations and analysed the results.
[VI] The author wrote the paper, made the simulations and analysed the results.
[VII] The author wrote the paper, made the correlations and analysed the results.
[VIII] The handling of experimental data, contribution to the results and contribution to

conclusions part of the first version. The author wrote 25% of the second version of the paper and
contributed to the analysis of the results.



1 INTRODUCGTION .....ccutieierinerrresnnsnesnsssessnsssssssssssssssssssssssssssssssssssssssssssssssssssassssssssssassasssssse 2

LI Back@roumd............oooiiiiiiiiiiiiiiee et ettt et et e e 2
1.2 ODJECLIVES. ...coeeiiiiiiiiiiee ettt ettt ee e e ettt e e e e e s ettt et eeeeessasbbebeeaeessasnsnsbeaeaesseannns 2
1.3 Structure of the thesis................ccoiiiiiiiiii e 3

2 INDIVIDUAL FIBER PROPERTIES RELATED TO BONDING .....cccccceeesuercsnnrcsssnrossasees 5
2.1 Ultrastructure of fIDErS ...............ccoooiiiiiiiiiiie e e 6
2.1.1 Cellulose 1%and TP ...........ooooioe e 7
2.1.2 CryStallinity INAEX ....veeeeeeiiieeeiiieee ettt ee e et e e et te e e et e e e e et eeeeenteeesaneeeeeeas 8
2.1.3 HEMICEIIUIOSES ...vvveiiieieiiiiiiieiie e e eeciitie et e e e e ettt e e e e e eiattbeeeeeeeeennaraeseeseessssnrssaeeesesannes 9
2.1.4 MICTOfIDIIL ANEIE....cieiiieiiieie ettt e et te e et e e e eaeee e 9
2.1.5 Fiber wall pore volume and SIIUCTUTE ...........eeeeruiieieeiiieeeiiiee et e e e 10

2.2 FIDEr defeCtS.........cooonmiiiiiiie et et e et e e e 11
2.3 Fiber dimension distributions ....................ccooiiiiiiiii e 11
2.4 Industrial processes affecting fiber properties..................ccccoooeviiiiiiin i, 12
P B ) 111 1 TSRS RPRR 12
242 WL PIESSIIIZ «ecneveieeeiiitte ittt ettt e ettt ettt e ettt e s ettt e e s sabt e e e e sabaeeeeaabaeeeseabbeeesanbaeeens 13
2.3 DIYIINE ceeeenieiteeeiitee ettt ettt ettt e ettt e ettt e e e ea bttt e ettt eeb et e e sttt e e sabaaeens 13

3 FIBER-TO-FIBER BONDING AND NETWORK PROPERTIES .......cccccceevurenennressanecnes 14
3.1 Hygroexpansivity and mechanosorptive creep................cccccoevviviiiieeeenineiiiieeeee e 14
3.2 Tensile Strength..............c.ooviiiiiiiii et et e e e s et e e e e s e eaaes 15

4 MATERIALS AND METHODS .....iiiiniinnniissnnisssancssssmsssssssssssssssssssssssssssssssassssssssssassssnss 18
4.1 Pulp samples and sample preparation................c.ccooooiiiiiiiiiiniiiiiiiiie e 18
4.2 Measurement of the ultra-structure of the fiber wall......................cc.cccoeeiiiniin e, 19
4.2.1 (CP/MAS) PCNMR......ooiioiiiiiieeieie s 19
4.2.2 STIVISCAN®......ccociiiiieeiiie e citteeette e e et ee e ettt eeseabaeeeesasaeesesnsaeeesssseaeesnssaeeennssseesensees 20

4.3 Methods to characterize fiber-water interactions ....................ccccooiiiiiiiiiiiiiniiin e, 20
4.3.1 Water retention VAIUE .........cocvviiiiiieeiiciiiieeeeeeeeeeiirereeeeeeeeittraeeeeeeessseesraseeeessssssnsssees 20
4.3.2 Fiber Saturation POINE ........cccuiieeiiieiieeetiee ettt ee e ettt e e et eeeeeeeeeeesbeeeesneeeeeeneeeeeeneees 21
4.3.3 Differential scanning Calorimetry .........c.ceieiiuuiiereiiiiieeiie et 21

4.4 FiberLab® analyzZer ..............cc.ccooooiiiiiiiiiiiiiiiiiiiee e eerrreee e e e eeiirrreee e e e ssaetareaeeeeseennenns 21
S SEM....ooiiiieiieee et ettt e et e et e et ee e taeeabeeetteennneeennaeennees 23
4.6 Hygroexpansivity Measurements ................cccvvveeeeeeeiieiirieeieeeesisiinreeeeeesssennrreeeesssssenns 24
4.6.1 OPTIDIM hygroexpansivity measurement apparatus (IV, V) .....cccccoviiiiiiniiinennnn. 24
4.6.2 Laser measurement apparatus (V, VIID)........cccoooriiiiii e, 25
4.6.3 The Creep Measurements (VIIL) ........cccoiiiiiiiiiiii e 25

S MATHEMATICAL ANALYSIS aocicoviiisiiinsnnicssencssnnssssnessssssssssssssssssssssssssssssssssssssssssssssssses 26
5.1 Calculation of distribution moments ...................ccccceeviiiiiiiiiiiiien e 26
5.2 Weighting of distributions...............ccccoooiiiiiiiiii e 26
5.3 Statistical ANALYSIS............c.cooiiiiiiiiiiiiie e e e e e e e raee s 28
5.3.1 Correlation ANALYSIS .....cccoeuurieeiiiieeeiitee et ee et e ettt ee ettt ettt e ettt e st eesabeeeens 28
5.3.2 FaCLOT ANALYSIS ....vteeiiiiiieiiitiee ettt et et ettt e sttt e et e e st e e ssbaeeens 28

5.4 The wet-pressed denSIty .............c.ooiiiiiiiiiiiiiiiiieee e e et e e e e e e e aneeeeas 28
5.5 The activation PAraMELEr ................coooiiiiiiiiiiiiieeiiiiiiiee e e eeeiiirieeee e e e seiarareeeee e s s nansreeeas 29

6 RESULTS ..oceiiiitiiiiniinsniesssncsssssssssssssssssssssssssasssssssssssssssssssssasssssssssssssssssssssssssssassssssssssssssssases 32
6.1 Changes in distributions induced by refining (II)................cccccoeviiiiiiiiiieieee e, 32
6.2 The drying shrinkage and cell wall thickness (IIL, VI)...............ccccccoovviiiiiiiiiiiiinnnnen, 34
6.3 Correlations between variables (IIL)...............cooooiiiiiiiiiiiiiiiiee e 34
6.4 Principal Component Analysis and Factor Analysis (VI).......c..ccccccovvviiiiiiiieiiiinnnnnn. 36
6.5 Parameters developed (ILL, VI) ........ccooooiiiiiiiiii e e 37

6.5.1 Wet-pressed density and paper technical properties (II1) ...........ccceereeiiiiiiiicerinneen.n. 37



6.5.2 Activation parameter and paper technical properties (VI).....cccoocceeririiiiiinieneineenen. 39

6.6 Dimensional stability (IV, V, VIIL) .......ccccooiiiiiieeee e 43
6.6.1 The effect of fiber transverse dimension distributions on hygroexpansivity (IV) ....... 43
6.6.2 Laser measurement and OPTIDIM apparatus............ccccceevvieieiniieeeeniieeeinieee e 46
6.6.3 The effect of sample size measured with the OPTIDIM apparatus............ccccceeenneee. 49

6.7 Mechanosorptive creep (VIID) ..ottt 49

6.8 Raw material and fiber network parameters affecting hygroexpansivity and

MEChANO-SOIPLIVE CT@EP ........ooviiiiiiiiiiiiiiiee ettt ettt te e e e e st reee e e e s s bbeeeeeeeseennnnes 51

6.9 Changes in fiber wall thickness distributions due to moisture ....................c..cccooee.... 52

6.10 The degree of crystallinity and handsheet properties (VII).............ccccooviiniiinnennne. 54

6.11 Pore size distribution measurements: links to hygroexpansion and activation (VII) 57

7 OPTIMAL FIBER DISTRIBUTION AND PAPER PROPERTIES (I-VIII)........cccceeuueees 60
8 CONCLUSIONS uuueiiiiinntiisiseniesssssticssenssisssssssrosssssssssssssssssssssssssssssssossssssssssssssssssssssssssnssses 62
LIST OF ABBREVIATIONS AND SYMBOLS ....cccoovuiiiiiiinnnnissnncssnnncsnnssssencssssssssssessssscsnns 64
REFERENCES ......ccovtiniiiniinnnniinsniiisssiisssisssstissssscsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 65
ERRATA ciiettcnnticcnnnttisinsticssssstscsssssisssssssnsssssssressssssasssssssesssssssessssssssessssssssssssssessssases 75



1 INTRODUCTION
1.1 Background

Wood and fiber raw material with uniform, suitable and predictable properties are very important for
competitive production of pulp and paper. More recently, chemical pulp fiber potential for commercial use
has been evaluated based on the mean values of the evaluated properties, e.g. fiber dimensions (fiber
length, fiber wall thickness etc.) or other morphological factors (micro fibril angle, internal fibrillation,
external fibrillation, fiber curl, chemical composition etc.) for both hardwoods and softwoods (Htun and
de Ruvo 1978; Mohlin and Hornatowska 2006; Paavilainen 1989, 2000; Retulainen et al. 1998; Santos et
al. 2006; Wimmer et al. 2002). These all have an affect on how paper properties develop. Single fiber
strength is considered to be very important to paper and paperboard strength (Van Den Akker et al. 1958).
Also fibers’ abilities to swell and form inter-fiber bonds are important for the strength of paper and
paperboard. There is still a lot of information, readily obtainable with the off-line fiber analysers that are
not used in full potential. Fiber property distributions with similar mean values can have other fiber
characteristics that vary considerably. This can be a major factor contributing to structural- and strength
properties of ready-made paper or packaging product.

The mechanical properties of paper, and the strength of the fiber network, have been thought to arise from
inter-fiber bonding- the strength of individual bonds and all the bonds within the fiber network—and from
the axial strength of individual papermaking fibers (Retulainen et al. 1998). The models to predict strength
of paper are normally based on both, individual fiber strength and inter-fiber bond strength. The same
applies to hygroexpansion of the paper, although in this case, the hygroexpansivity of fiber network is
mainly controlled by the transverse shrinkage of the fibers.

Nowadays the paper machines are running record speeds, requiring paper webs to be increasingly
stronger. At the same time, paper makers want their paper to have high bulk and still meet the strength
requirements. This is only possible, if the process is optimized. High bulk results in easier water removal
and good bonding ability and high network activation results in higher tensile strengths.

Because of this delicate relationship, it is crucial to understand the interactions between different pulp
fibers and the role of different factors that may have an influence on paper properties. With eucalypt
fibers, or hardwood fibers in general, fiber length does not determine the structural and strength properties
of paper. More emphasis was placed on studying the transverse dimension distributions of the fibers and
the structure of fiber wall as their importance on handsheet properties of softwoods and hardwoods have
been suggested in several studies. The geometrical shape of the fiber also has to be considered as it is an
important factor for fiber network activation.

The starting point of this study was to investigate, if analyser based information can be used to gain
additional information for quality control and provoke ideas on how to improve the on-line quality control.
The relevant information was screened by investigating fiber size and shape parameters and distribution
together with the structural features obtained with the analysis of fiber ultra-structure and sheet cross-
sections.

1.2 Objectives

This thesis work was started with a clear goal of investigating various fiber property distributions and their
links to phenomena affecting sheet structure, strength and hygroexpansion. The objective of all this was to
gain an understanding of an “optimal” fiber distributions for a given end use. As the starting point of this
Thesis work, fiber property distributions were taken as the most significant factor for the development of
tensile, hygroexpansional and structural properties. By utilizing this approach, new parameters were
sought to describe fiber bonding and network activation and which could be used to describe the effects of
fiber properties in a clear and logical way, by offering means to apply them also in the case of real paper
furnishes.



A simplified chart of the factors affecting paper properties, shown in Figure 1, was used as a starting point
for this work. It shows the paper properties concerned, including strength-, structural- and
hygroexpansional properties.

In addition to “metafiber” properties developed during this study (wet pressed density and activation
parameter), more explicatory power was sought from the structure of fiber wall by the means of simple
water retention value (WRYV), fiber saturation point (FSP) measurements and differential scanning
calorimetry (DSC) to characterise fiber-water interactions, X-ray diffractometer to determine the micro-
fibril angle (MFA), and solid-state cross-polarization/magic angle spinning (CP/MAS) "“C nuclear
magnetic resonance (NMR) measurements to determine the fiber ultrastructure.

Fines

Internal fibrillation . .

External Fibrillation Shrinkage B"“,d“‘,g Paper .

Chemistry of fibers DeYelopment of Actlvatlon mmm) properties
. drying stresses Fiber strength

Fiber defects

Crystallinity of cellulose
Fiber property distributions

Figure 1. The factors affecting paper properties. Properties studied in this work are marked as darker text.

When the objective is the optimal and homogeneous quality of the product a huge amount of information
is needed of the properties of fibers and fiber suspensions. This information is already available in the
form of the measurement results of modern fiber analysers. The most common way of expressing the
results is to use mean values, even though most of the time furnish consist of various distributions of
properties that are sometimes very heterogeneous. In this study, the fiber property distributions were
investigated and analysed in order to include all the fibers inside a given distribution. A proper analysis
of the distributions give more tools to improve the quality potential of a given pulp mixture.

Combining the information obtained with the measurements of individual fibers and fiber mixtures
including fiber dimension and shape (curl) distributions, chemical and structural features of fibers,
together with the use of proper statistical tools, give valuable information concerning raw material choices
for different end-use purposes.

1.3 Structure of the thesis

The results are reviewed critically and discussed in relation to other published papers, keeping in mind the
above hypothesis and objective.

Chapter 2 contains a short survey of what is known about the use of fiber property distributions as
predictors of paper technical properties and how activation of the paper is affected by distributions. It also
examines all the raw material variables that affect this phenomenon. Chapter 3 contains a brief
introduction to investigated raw material dependent network properties, hygroexpansion and mechano-
sorptive creep and tensile strength. Chapter 4 describes the raw materials, their treatment and the
experimental methods used in this study. The measurement of hygroexpansion is described in detail,
together with the calculation of parameters used to characterize paper technical properties.

Chapter 5 presents the mathematical distributions and tools used throughout this Thesis, including an
introduction to new parameters used to describe the bonding and activation potential.

The results of this work are presented in Chapter 6, starting from the examination of the changes in
distributions when fibers are refined (6.1). The study progress in to explaining paper technical properties
and hygroexpansion based on parameters (activation parameter and wet-pressed apparent density) created



based on FiberLLab measurement data and their distributions: fiber wall thickness as a predictor of paper
technical properties (6.5), activation coefficient as a predictor of strength properties and hand sheet density
(6.5) and the effect of fiber wall thickness on hygroexpansion (6.6). Comparison between two alternative
methods to characterize hygroexpansion used in this study was made in Chapter 6.6. Effect of fiber
parameters and hygroexpansion on mechano-sorptive creep is presented in Chapter 6.7. The
supermolecular structure of the fiber wall was characterized with (CP/MAS) BC NMR to link the
ultrastructural features of fiber wall to fiber network properties (Chapter 6.10). Chapter 6.11 discusses the
effect of pore size (measured with DSC) on fiber ultrastructure and fiber network properties. The rest of
the Thesis concentrates on summing up the properties and property distributions which are most important
in determining the quality of an end-use product (Chapter 7).



2 INDIVIDUAL FIBER PROPERTIES RELATED TO BONDING

The aim of sample characterization, whether laboratory-made un-dried E. grandis clone samples (II, V) or
mill made once-dried ECF bleached commercial grade samples (IILIV,VI-VIII) were involved was the
same. To determine the most important raw material factors affecting fiber-to-fiber bonding and network
activation. The basic analyses throughout the study were performed with FiberLab® analyzer that utilizes
measurement principles and analytics make it an excellent choice for rapid measurement of fiber property
distributions. Individual fiber structure was characterized with (CP/MAS) "*C nuclear magnetic resonance
measurements. The ultrastructure of fibers affects a range of network properties (e.g. strength and
hygroexpansion) due to the characteristics of xylan/cellulose-matrix. In this Thesis, evidence supporting a
linkage between the ultrastructural properties of fibers and fiber analyzer results was also found. This is
convincing evidence that encourage the use of fiber property distributions in handsheet property
simulations. Mechanical properties of pulps are usually evaluated by measurements on handsheets made in
a standardized way from pulps beaten to different degrees in a laboratory refiner. Most handsheet
properties depend on several factors, which complicate the evaluation of differences in fiber properties
between different pulp grades or types. In the following sections, the relations between the fiber properties
and handsheet properties are discussed.

Fiber-to-fiber bonding:

Not only fiber strength but also bonding strength between fibers is important and the mechanical
properties of fibers in a network are therefore related to inter-fiber bonds (Retulainen 1997; Retulainen et
al. 1998). Dependent of the paper property investigated, whether tensile strength or dimensional stability
of the paper under changing humidity conditions, the basic principle remains the same. During the drying
process, fibers shrink laterally, causing shear stresses in the bonded area, originating from the anisotropic
shrinkage of fibers in lateral and longitudal direction. The amount of shrinkage depends on the swelling
degree of the wet fiber wall, which in turn is affected by the internal fibrillation and chemical composition
of the fiber wall. Shrinkage stresses generate axial compressive forces on the crossing fibers and may
cause deformations in bonded fiber segments also with sheets dried in restraint.

The structure of inter-fiber bonds is influenced by refining, wet-pressing and drying. Material parameters
that influence bond structure include, for example, fiber morphology, pulping procedure and drying of the
sheets. As the specific bond strength cannot be reliably measured from paper, rapid and simple methods to
characterize fiber-to-fiber bonding have to be applied. The bonding potential of fibers was characterized
with WRYV. Effect of fiber dimensions on bonding of the eucalypt handsheets was studied with scanning
electron microscope (SEM) at varying humidity conditions. The effect of microscopic properties of fibers
on fiber-to-fiber bonding, i.e. fibrils and fibril aggregates on strength and hygroexpansional properties
were studied with (CP/MAS) "°C nuclear magnetic resonance (NMR).

Activation:

Activation is one of the relevant properties of fibers within a network. Activation means that originally
kinky, curly or otherwise deformed fiber segments, unable to carry load in the network, can be modified
into active components of the network. Activation of the network occurs during drying, when lateral
shrinkage of fibers is transmitted to axial shrinkage of the neighboring fibers at bonded areas. If drying is
restrained, the free segments dry under stress and are therefore removed of their slackness (Giertz 1964;
Giertz and Roedland 1979). The level of slackness removal depends on numerous things. For example
good inter-fiber bonding is a prerequisite for activation. The amount of drying stress needed to activate
free fiber segments depends on the morphology of the fibers (Retulainen 1997). This makes the accurate
and reliable characterization of fiber dimension distributions and fiber curl very important. In this thesis,
fiber network activation on a macro scale has been studied by using an activation coefficient model
consisting of fiber wall thickness- and fiber curl distributions (to describe the activation potential of a
given furnace), and of WRYV to describe the shrinkage potential of the fibers. The ultra structure of fibers
is also important as the activation of free segments may increase the structural order of cellulose and
hemicelluloses inside the fibrils and decrease fibril angle.



2.1 Ultrastructure of fibers

Typically eucalypt fibers used in papermaking are about 1mm long and roughly 10-30 pum wide. The
thickness of the cell wall is around 2-4 um. These dimensions are not homogeneous, and depending on the
property can vary considerably. The main constituents in a fiber wall are cellulose, hemicelluloses and
lignin. Fiber cell wall is formed by the primary and secondary wall, and the latter is divided in S1, S2 and
S3 layers (Fengel and Wegener, 1984). Secondary wall layers are composed of lamellae of spiraling
cellulose fibrils, which are surrounded by hemicelluloses and lignin. In S2-layer the spiraling angle, the
microfibrillar angle (MFA), is 10° to 30° for gymnosperms (Boyd 1980). For angiosperms (including the
genus Eucalyptus) the MFA ranges from about 5° to 20°.  This is clearly lower than for the other two
layers (S1 and S3), but as S2 layer is by far the thickest of the layers some authors have discussed the
possibility of all variation of MFA to be due to the S2 layer (Briandstrom et al. 2003). Figure 2 presents the
structural organization of the cell wall.

stribution

Figure 2. Schematic picture of the cell wall of a softwood fiber (tracheid) indicating the cellulose microfibril
angle (MFA) of the secondary wall (S2), the concentric lamellar arrangement of cellulose aggregates
interspaced by matrix lamella, the lenticular undulating structure and the variability of cellulose aggregate
sizes, as well as the arrangement of matrix components from glucomannan (non-substituted xylan in
hardwoods) closest to the cellulose microfibrils that outwards associates to a condenced type of lignin
followed by the xylan (more highly substituted xylan in hardwoods) associated to a more non-condenced
type of lignin (Salmén and Burgert, 2009).

The arrangement of chemical components and the number and size of the structural units in fibers is not
entirely known yet, even though a significant amount of research has been conducted on the topic. The
native structure of hardwoods is shown in Figure 3. Ruel et al. (2009) studied the spatio-temporal
relationships occurring between hemicelluloses, lignin and cellulose microfibrils during the secondary
wall development. Their study indicates that xylans with less substituted polymer chains would be more
directly interacting with cellulose microfibrils than those with higher substitution patterns. They also
suggest that lignin molecules of the non-condenced type have a function in bringing cohesion between the
lamellae of cellulose microfibrils. Bardage et al. (2004) determined the spacing between the undulating
aggregates with a tangential diameter between 3 and 14 nm. This is consistent with the arrangement
shown in Figure 2. In general, hardwood structure is more complex than softwood structure, and varies
considerably between species.
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Figure 3. Native hardwood fiber (Taiz and Zeiger 2002).
2.1.1 Cellulose I* and IP

Cellulose is the main structural and load bearing element in fibers. It is a linear polymer consisting of
glucose units joined together by B—1,4—glycosidic bonds (Figure 4). Cellulose possesses a high tendency
for intra-and interfibrillar hydrogen bonding, leading to formation of microfibrils. Cellulose microfibrils
exhibit excellent mechanical properties.

There are two different crystalline forms of native cellulose, cellulose 1, designated as I* and i (Atalla and
VanderHart 1984).

The next larger structural unit from single cellulose chains is microfibril, which consist of 30-40 parallel
cellulose chains. Microfibrils again aggregate into what are called fibril aggregates with the size of about
20 nm. The aggregates have also been shown to be able to take up moisture and thus change laterally their
dimensions quite substantially (Salmén and Fahlén, 2003).

Kraft cooking alters the amounts of different forms of cellulose 1* and IPand the size of the fibril
aggregates. In two NMR studies conducted by Hult. et al. (2001, 2004) it was observed that the small
initial amount of cellulose I*is converted to cellulose IP during the kraft cooking, causing a minor decrease
in cellulose crystallinity. This was also observed by Akerholm and Salmén (2002, 2004), who their two
studies using dynamic FT-IR reported the conversion of cellulose I* to cellulose 1P It is probable that this
is due to the thermodynamically more stable cellulose I’ and that a conversion from cellulose I* to
cellulose I? thus occurs at the high temperature and high alkalinity prevailing during the kraft process
(Akerholm and Salmén, 2004). In terms of this thesis work, it is interesting to recognice that hardwood
samples have a higher amount of cellulose 1? than softwood samples (Newman, 1994). The increase in
fibril aggregate dimensions during kraft cook is attributed to an increased contact between cellulose fibril
surfaces as a result of the removal of hemicellulose and lignin (Hult et al. 2001; Duchesne et al. 2001).



Figure 4. Chemical structure of cellulose and the hydrogen bonding pattern of cellulose |1* (Horton et al.
2001).

2.1.2 Crystallinity index

Various methods of assessing the crystallinity index are available, namely X-ray diffraction (Segal et al.
1959), CP/MAS "“C solid-state NMR (Atalla and VanderHart 1984), and Fourier transform IR-
spectroscopy (Nelson and O’Connor 1964). Even though results from these different techniques show a
good correlation (Evans et al. 1995), the values obtained can vary significantly depending on the
instrument and data analysis technique (Thygesen et al. 2005). The crystallinity index of native cellulose
can be lowered and changes the nature of crystalline cellulose induced by refining (Newman and
Hemmingson 1994). Also, the hydration of celluloses has been seen to increase their crystallinity indexes
by approximately 5% due to an increase in cellulose order (Park et al. 2009).

The fairly sharp signals from 86 to 92 ppm of (CP/MAS) C NMR spectrum is corresponding to C-4
carbons from crystalline forms together with para-crystalline (ordered) domains, whereas the broader
upfield resonance line from 79 to 86 ppm is assigned to C-4 carbons in the amorphous (disordered)
domain (Figure 5).
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Figure 5. Spectral fitting for the C-4 region of the CP/MAS C NMR spectrum of a birch kraft pulp sample
(unpublished data).

The crystallinity index of each pulp samples was calculated as the percentage of area of 86-92 ppm in the
C-4 signal cluster of 79-92 ppm. Spectral fitting was performed according to the model for the spectral
C4-region of the CP/MAS "“C NMR spectra of pure cellulose I fibrils consisting of seven distinct lines:
three Lorentzian lines for the signals from the crystalline cellulose I allomorph (i.e. cellulose Iy, Ig.p), and



Ip), and four Gaussian lines for the remaining signals attributed to non-crystalline cellulose forms (i.e.
para-crystalline cellulose, two accessible fibril surfaces and one inaccessible fibril surfaces) (Hult et al.
2000). In addition to the determination of the ordering of cellulose chains, CP/MAS "*C NMR can be used
to determine the amount of structured xylan in the samples (Wickholm et al. 1998). The xylan signal is
seen also in the spectrum shown in Figure 5.

2.1.3 Hemicelluloses

Hemicelluloses constitute about 15-25 % of eucalypt wood material. Hemicelluloses are polysaccharides
with a degree of polymerization (DP) of 50-300. Hemicelluloses in hardwoods are different from those
found in the softwoods. The major hardwood hemicellulose is a partially acetylated 4-O-Methylglucurono
xylan with a minor proportion of glucomannan present.

The contribution of hemicelluloses to fiber strength has been widely discussed and is not entirely clear.
Un-dried fibers with low hemicellulose contents have also seen to behave almost like dried fibers,
showing high tear strength maximum and low maximum tensile strength (Duchesne et al. 2001; Neagu et
al. 2006).

Surface hemicelluloses seem to affect significantly the formation of inter-fiber bonding. Schonberg et al.
(2001) studied the role of xylan in spruce kraft pulp fibers. The location and the charge of xylan greatly
influenced the formation of inter-fiber bonds. The amount of surface hemicelluloses and pulp handsheet
strength has also been seen to correlate (Sjoberg et al. 2004), but not with the amount of internal
hemicelluloses and handsheet tensile properties.

Swelling of the individual fibers is mainly due to the hydroxyl groups in hemicelluloses. Swelling itself is
likely to internally organize a fiber favorably, but the main effect comes when a wet fiber network is dried.
Hemicelluloses in fibers allow fibrils to flow and organize more favorably when fibers are dried (Kim et
al. 1975). This reduces fibrillar angle and straightens dislocations and other potential weak parts of the
fiber. Swollen fibers shrink during drying, and fiber transverse shrinkage at inter-fiber bonds causes an
elongation of free fiber segments (Giertz 1964; Giertz and Roedland 1979), which in turn is proportional
to the swelling ability of the fibers. This has a favorable effect on fiber network strength properties, and
the more fibers swell, the more fiber network is activated after drying.

Higher hemicellulose content of kraft pulps may also lead to a more porous surface structure of kraft pulp
fibers (Duschesne et al. 2001). Our recent study (Pulkkinen et al. 2009¢) suggests that eucalypt fibers with
higher xylan content has a larger mean pore size than fibers with low xylan content. This can be due to the
closer association of cellulose fibril surfaces for fibers with low xylan content.

The total hemicellulose content was measured with standard carbohydrate analysis (Tappi T 249-
¢m00)(III-VIII) and the ordered xylan content with (CP/MAS) °C NMR (VII).

2.1.4 Microfibril angle

Since S2-layer constitutes most of the fiber and contains the largest amount of cellulose, its microfibrillar
angle (MFA) has a great influence on the mechanical properties of the fibers. If the S1 layer is relatively
intact after pulping and subsequent operations, fibers’ mechanical properties are not solely dominated by
the S2-layer (Mark 2002). The lower the MFA, the stronger and stiffer the fiber is (Williams 1994;
Wakelin et al. 1994). When MFA is low, the cellulose chains are loaded in the axial direction. When the
MFA increases, the fibrils are loaded more in the cross-direction of the fiber that have inferior mechanical
properties compared to the chain direction. The microfibril angle is the average angle between the
direction of the helical windings of cellulose microfibrils in the secondary cell wall of fibres and tracheids
and the long axis of cell (Figure 6).



Figure 6. Microfibril angle for the S2 layer in a short section of fiber (Evans et al. 1999).

The fibrillar angle varies between fibers from the same tree. Latewood fibers usually have slightly lower
MFA than earlywood fibers (Bonham and Barnett 2001) measured for birch fibers. MFA also varies
within the growth rings (Bonham and Barnett 2001; French et al. 2000). The fibril angle was generally
higher for the inner segments close to the pith of the studied eucalypt trees (French et al. 2000), but the
differences were insignificant. Similar results were obtained for E. urograndis clones growing in four
different sites in Brazil (Lima et al. 2004). Based on these studies it seems that the fibril angle in eucalypt
had a negligible effect on fiber and sheet mechanical properties.

One could argue that it is sufficient to only look at the fiber wall thickness values, as MFA is a function of
fiber wall thickness in pulpwood. For example Pulkkinen et al. (2008b) have discussed this issue. The
opposite findings have been presented by Bergander et al. (2002) and Anagnost et al. (2000). Maceration
of softwood material has been seen to cause narrowing in the MFA distribution (Peura 2007). This has to
be considered when examining the measured MFA of the macerated eucalypt samples in this thesis work
in relation to other properties. The samples used represented the earlywood and latewood of juvenile wood
with varying density, cell wall dimensions, chemical composition and crystallite dimensions.

Studies by Uesaka and Moss (1997) and Courchene et al. (2007) have indicated that low microfibril angle
(MFA) of wood fibers is beneficial to dimensional stability, but it could be that this becomes attenuated by
the papermaking process (pulping, bleaching, beating and drying).

2.1.5 Fiber wall pore volume and structure

In wet state cellulosic fibers have porous structure (Stone and Scallan 1965; Scallan and Carles (1972).The
porosity has a large effect on fiber swelling, which is extremely important to fibers’ ability to build strong
networks. In chemical pulping material is removed from cell walls, resulting in fibers that have a more
porous structure than the native fibers. Refining of the fibers also enhances pore formation.

The fiber wall porosity can be measured for example by means of thermoporosimetry using a differential
scanning calorimeter (Maloney and Paulapuro 1998). The pore diameter is related to the temperature
depression and the pore volume is proportional to the melting point of the water inside the pores. The
amount of non-freezing water in a wet fiber can be quantified as the difference between the total water
content, given by the weight measure, and the freezing water content (Hatakeyama 1987). It is concluded
that the amount of bound water is a reflection only of the wood polymer composition of the fiber, whereas
the pore water is affected by physical change of the fiber wall. Hornification does not influence the
amount of bound water inside fiber wall (Salmén and Berthold 1997; Somwang et al. 2002).

The properties of papermaking fibers are influenced by the porous structure of the fiber wall. Initially, in
the native fibers, the void volume in the fiber wall is around 0.02 cm3/g (Stone and Scallan 1965a) and
when the fibers are liberated from wood by chemical treatment the void volume will increase to around
0.6 cm’/g at a yield of 47% (Kraft pulping), as determined by nitrogen adsorption of solvent exchanged
pulps. This change is dramatic and when the last parts of the lignin in the fiber wall are removed by
bleaching, the fiber wall will have a very open, porous structure as recently shown by Duschesne and
Daniel (1999). The changes in structure will have a large influence on the ability of the fibers to conform
towards each other during drying of the paper and hence also on the strength of papers formed from the
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fibers. Also, the swelling of fibers (due to the remaining hemicelluloses in the fiber wall) has great impact
on the softening of the fiber wall (Lindstrém 1986a).

2.2 Fiber defects

Wood fibers are submitted to very hard mechanical forces and stresses. During the cooking and bleaching
processes, alkaline conditions favor the structural disorganization of the microfibril chains in the cell wall
(Foelkel, 2007). The macropores created during the removal of wood constituents makes fiber walls more
fragile and damaged in relation to its original organization in the wood. This cell wall fragility makes
fibers more susceptible to mechanical damage.

The increase in curl, kinks and microcompression increase stretch but lowers the wet-web strength of the
paper web. The increase in fiber curl makes the water removal easier (Page et al. 1985). High fiber curl
leads to high stretch but low tensile strength (Trepanier 1998; Joutsimo et al. 2005). However, tear
strength and light scattering are increased (Mohlin and Alfredsson 1990). The curliness of the fibers
controls the extensibility of the wet-web (Trepanier 1998; Seth et al. 1984) which in turn determines the
runnability of paper-web on open-draw machines (Seth et al. 1982).

Variables describing fiber deformations are for example the kink index (Kibblewhite and Brooks 1975)
and the Jordan-Page curl index (Jordan and Page 1983). However, the fiber damage cannot always be
recognized from the measurement of kinks and curl. The damage can be present as folded fiber (curl index
value of 0.5), distorted regions of fiber wall, twist or microcompressed regions (Page et al. 1985). The
identification of which is hard with the curl and kink measurements of modern fiber analyzers. However,
fiber curl as a descriptive parameter for fiber shape is important in determining the extent of fiber network
activation potential.

However, when modeling sheet properties based on fiber properties measured from laboratory made
pulps, it is important to take into consideration that laboratory beating straightens the fibers (Mohlin
1991), whereas industrial refining does not. Considerable differences in refining responses between
laboratory beaters and industrial refiners are to be expected. The strength potential of fibers is therefore
reduced more during industrial processing than in the laboratory (MacLeod et al. 1987).

2.3 Fiber dimension distributions

End-use properties of paper products are dependent among other factors on fiber morphology and cross-
section dimensions of fibers for both softwood and hardwood fibers (Santos et al. 2006; Paavilainen 1989,
2000). Eucalypt wood density varies with geographical locations, forest silvicultural practices, and
positions within a tree (Downes et al. 2003; Evans et al. 1999a, 2000). The eucalypt fiber dimensions also
vary with age (Downes et al. 2003).

Most of the original structure of papermaking fibers is preserved in the pulping and papermaking
processes. Fiber properties will greatly determine the properties of paper. When considering the potential
furnishes for different end-uses, the delicate balance between the strength properties and the structural
properties (e.g. the bulk density) has to be considered. One of the main objectives of the genetic
improvement programs of eucalypt has been to increase pulp production per cubic meter of wood, which
is associated with the increase of wood paper density and pulp yield. The optimization efforts should also
consider fiber characteristics such as fiber wall thickness, fiber width, and fiber length. Several papers
were published recently concerning relationships between wood basic density and fiber and pulp
characteristics for eucalypt (Downes et al. 2003; Kibblewhite 2003). The paper structure depends on the
dimensions of the fibers and the mechanical properties of wet fibers. Mechanical properties of dry fibers
are influenced by the stress under which drying takes place (Retulainen et al. 1998).

The mean values of fiber properties have been used to predict paper data, whereas the effect of

heterogeneity has been studied to a lesser extent. Of the paper properties, non-uniformities in the raw
material influence the formation by making it worse (Nazhad et al. 2003). It was concluded earlier in
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studies conducted by Kirenlampi (1995, 1996) that short fibers with narrow fiber length distribution
produced sheets with good formation and good strength properties.

Numerous models have been proposed to predict paper properties in terms of fiber and network properties
(Cox 1952; Page 1969; Gurnalgul et al. 1990). Page (1969) proposed a model to predict tensile strength
from length, perimeter, density, shear tension and strength of the fibers, and relative bonded area of the
handsheets. Clark (1985) simplified this model, by reducing the number of variables and adopting
characteristics of easier evaluation.

The significant effects of cell wall thickness, length, coarseness and strength of the fiber upon paper
properties have been confirmed in both theoretical models (Gurnagul et al. 1990) and overall evaluations
of cause and effects (Seth 1990a, b; Gorres et al. 1989; Duffy and Kibblewhite 1989; Wimmer et al.
2002). The fibers with similar coarseness value can, however, differ greatly in their structural features.
Therefore a model is only applicable if the parameters of the model take into account the whole mass
distribution of the fiber furnish (Pulkkinen et al. 2008b, 2010).

Another approach, concerned with wood quality, has led to consideration of the effect of wood basic
density as a basic predictor of paper quality (Duffy et al. 1989; Gurnagul et al. 1990; Wimmer et al. 2002;
Santos et al. 2008). The results indicate that hardwoods in general (Gurnagul et al. 1990), and particularly
eucalypts (Santos et al. 2008) display good relationships between wood basic density and fiber flexibility
and conformability, which reflect on the consolidation of paper structure.

The wide natural variability of the fiber properties has to be implemented into any given model in order to
make it more accurate. For example, two pulps with the same fiber wall thickness fraction and obtained
from the same eucalypt wood raw material can have distinct fiber strength properties and paper
performance (Foelkel 2007). A combination of fiber characteristics should be provided, which may be
used to develop a model, based on parameters easy to measure and to control through breeding programs
of eucalypt fibers.

2.4 Industrial processes affecting fiber properties

Several processes affect a number of fiber related properties, most importantly fiber-to-fiber bonding and
fiber segment activation. Refining, wet pressing and drying regimens used in this study all have important
role in paper property development. These are discussed in detail in the following chapters.

2.4.1 Refining

Fiber width, thickness, wall thickness, and wall area, as well cross sectional shapes can be very different
depending on whether pulps are refined. Fibers can also respond to refining in different ways depending
on whether the fibers have thin or thick walls (Kibblewhite 1989, 1993).

Actual cross-sectional wall areas of un-dried kraft fibers normally remain practically un-changed with
increased refining whereas those of dried and rewetted fibers increase. For refined fibers, delaminated
walls are envisaged as consisting of several concentrically oriented lamellae aggregates or coarse lamellae
(wall substance + water) inter-dispersed with void space filled predominantly with water.

The distributions of fiber properties have been used little when examining the real effects of fiber furnaces
on paper technical properties (Johnson 2004). The effect of refining has not, however, been the main topic
of these studies.

The changes in fiber property distributions when fibers are refined have been mostly concentrating on the
fiber length distributions, as the measurement of fiber length has been a standardized measurement for a
long period of time (Anonymous 1991, 2000a), and is generally accepted to give reliable results
(Trepanier 1998). Also, the effect of refining on the fiber wall thickness of eucalypt fibers has been a
subject of numerous studies (Kibblewhite 1989; Hiltunen 2005; Pulkkinen et al. 2007).
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When using the FiberLab® fiber analyzer, competing effects of delamination and fiber swelling may have
an effect on the measurement results. These in turn are influenced by the hemicellulose content of the
fibers, fibers containing more hemicellulose favoring fiber swelling and, consequently, increasing fiber
dimensions. The analyzers based on polarized light (Piirainen 1985; Olson et al. 1995) are also influenced
by the cellulose content and where in the fiber wall hemicellulose is located.

2.4.2 Wet pressing

The wet pressing can be described as to contribute to the strengthening of the paper web by bringing fibers
and fiber cell walls into closer contact and by collapsing fibers, thereby enhancing the bonding potential
(Pikulik et al. 1995). The effect of wet pressing on for example paper density and tensile properties will
therefore depend upon the extent of fiber collapse. The type of furnish used will play a major role: if
mechanical pulp is the dominant component of the furnish increases in density are only moderate with
increasing wet pressing pressure. The tensile index increases with increasing wet pressing pressure
(Pikulik et al. 1997. However, the major part of eucalypt fibers are already collapsed at the beginning of
wet pressing, therefore reducing the effect of wet pressing to sheet properties.

2.4.3 Drying

The mechanical and hygroexpansional properties of fiber bonds and bonded segments are closely related
to the drying stresses that act across interfiber bonds (Giertz 1964; Giertz and Roedland 1979; Lobben
1975; Retulainen 1997; Salmén et al. 1987). The main contributor to the drying shrinkage and drying
stresses is the transverse shrinkage of fibers (Nanko et al. 1989). The shrinkage of individual fibers causes
contraction of the whole fiber network and creates internal stresses in the paper (Salmén et al. 1987). The
changes in mechanical properties caused by drying under load can be associated to two main mechanisms,
the increase in crystallite orientation and more evenly distributed stresses among fibers (Kérelampi 1995;
Retulainen 1997). Fiber network consisting of thin-walled fibers also have a narrow drying stress
distribution, especially in the case of eucalypt fiber (Mohlin and Hornatowska, 2006; Pulkkinen et al.
2010), therefore resulting in an increased elastic modulus and tensile strength (Vainio 2007; Kérenlampi
1995) when the sheet is dried. The fiber curl in freely dried sheets gives the sheet a higher shrinkage
potential than straight fibers. The effect of original curliness is believed to disappear when sheets are dried
in restraint (Salmén et al. 1987). This is due to a straightening of the free fiber segments between the fiber
crossings postulated by Giertz (1964). This is a phenomenon what is generally known as fiber network
activation. Inter-fiber bonding and shrinkage of fibers are the requisites for activation. The amount of
drying stress needed to activate fiber segments depends on the morphology of the fibers (Retulainen 1997;
Pulkkinen et al. 2010).
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3 FIBER-TO-FIBER BONDING AND NETWORK PROPERTIES
3.1 Hygroexpansivity and mechanosorptive creep

Hygroexpansivity is the most basic paper property that determines various dimensional instability
phenomena, such as curl, warp, twisting, wrinkle, cocle, surface roughening etc., in the end-use. It is often
said that reducing the degree of fiber-to-fiber bonding, for example by reducing refining energy, improves
dimensional stability. This creates a conflict with other quality requirements, because many of the paper
products require not only dimensional stability but also strength. To increase strength of fiber networks,
refining is normally applied.

The effect of fiber—to-fiber bonding on hygroexpansivity is not as straightforward as on mechanical
properties, as hygroexpansivity depends on various other factors than solely refining. Hygroexpansivity
behaves rather abruptly as a function of refining. For example, Salmén et al. (1985) showed that the beaten
long-fiber fraction has lower hygroexpansivity than the un-refined long fiber fraction. They also showed
that wet pressing did not have an effect on sheets dried in restraint. In the literature, it has been reported
that hygroexpansivity of restraint-dried sheets is not sensitive to changes in pulp types and refining
(Salmén et al. 1986; Uesaka 2002).

Fiber morphology has a significant impact on hygroexpansivity of paper (Uesaka and Moss 1997).
Increasing fiber length and decreasing fiber width have positive effects on dimensional stability. High
fiber wall thickness (relative to fiber width) and smaller MFA (Uesaka and Moss 1997; Courchene et al.
2007) are also expected to improve dimensional stability. The fiber wall thickness and the fiber length are
highly inter-correlated (Preston 1934; Dadswell 1958; Uesaka and Moss 1997; Wimmer et al. 2002;
Pulkkinen et al. 2008b), so it is logical that both high fiber wall thickness (McMillin 1973; Megraw 1997;
Pulkkinen et al. 2009a) and high fiber length (Uesaka and Moss 1997) result in a lower hygroexpansion
coefficient. According to Vainio et al. (2007a), high MFA would suggest that there would be more drying
shrinkage. However, the effects of MFA quite easily can be obscured by changes of other fiber properties
(Watson and Dadswell 1964). Thin-walled fibers are generally believed to shrink more during drying
(McIntosh 1961). The bonding ability of the fibers will determine how this translates into the
hygroexpansivity of the fiber network. Together with the hemicellulose content of the fibers (Brecht et al.
1974; George 1958) fiber dimensions and MFA are the key raw material factors that strongly affect how
your paper will behave in a chosen end-use. The fiber curl in freely dried sheets gives the sheet a higher
shrinkage potential than straight fibers and thus give sheets with a higher hygroexpansivity. The effect of
original curliness is believed to disappear when sheets are dried in restraint (Salmén et al. 1987). This may
be due to a straightening of the free fiber segments between the fiber crossings postulated by Giertz
(1964). This is a phenomenon what is generally known as fiber network activation.

The creep rate of paper is affected by moisture. The behavior of mechanical response of paper in a
variable humidity climate is quite different from that in constant relative humidity. The creep rates of most
hydrophilic materials increase greatly with moisture content. However, when these same materials are
subjected to creep loads in cyclic humidity environments, they often exhibit much higher creep rates than
in a constantly humid state. This is called accelerated creep (Byrd 1972). A mechano-sorptive effect is one
arising from the interactions of the external forces on the paper structure with the ambient relative
humidity as well as temperature.

It is important to know if furnish is more or less susceptible to moisture-accelerated creep and consequent
dimensional stability. A second important issue is the influence of fiber network structure of paper on its
response to variable relative humidity. The network structure can influence moisture-accelerated creep
through the behavior of the inter-fiber bonds. Strain in the sheet may arise from the release of
microcompressions (Haslach 2002). The pulp furnish affects the creep response of a sheet under variable
humidity. Several scientists have observed that recycled fiber paper exhibits more moisture-accelerated
creep than similar virgin fibers (Mark 2002). However, they were unable to connect it to the moisture
absorbance rate (Mark 2002). More conformable fibers might be more likely to form microcompressions
in their fiber-fiber bonds. The inter-fiber bonding is therefore important determinant in how mechano-
sorptive creep will develop. After the inter-fiber bonding is at a sufficient level, i.e. fiber dimensions
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become sufficiently small and fibers are relatively straight, fiber network activation has a bigger role in
determining the development of network properties (Pulkkinen et al. 2010). The mechanisms governing
the strength, dimensional stability and mechano-sorptive creep properties apparently are partially similar.
A part of this thesis work was dedicated to investigate this phenomenon.

Comparisons of the mechano—sorptive creep stiffness behaviour of pulps made of different raw materials
are not very common in the literature; the causes of tensile stiffness and hygroexpansion properties,
though more investigated, are still not fully understood. Anisotropic hygroexpansion, which produces
stress concentrations in fiber—fiber joints, is one factor that might explain mechano—sorptive creep
behaviour (Alfthan et al. 2002). No experimental results, however, have been found in the literature
showing a link between hygroexpansion and mechano—sorptive creep stiffness.

The results presented in the literature therefore indicate that the effects of fiber bonding, drying restraint,
activation of the fiber network and fiber orientation are all crucial for these two properties. In order to
achieve high strength, good dimensional stability and low mechano-sorptive creep of paper, the factors
affecting fiber-to-fiber bonding need to be understood in detail.

3.2 Tensile strength

According to Mohlin (2001), fiber straightness and water retention value are enough to model the tensile
strength development of commercial, dried bleached softwood kraft pulps. The same applies for
commercial, dried bleached eucalypt kraft fibers. This is backed up by the results of this study. However,
the activation model presented and used in this study to model tensile strength needs an additional
parameter in terms of fiber wall thickness distribution. This is because fiber transverse shrinkage
determines the extent of fiber straightening between free fiber segments. A requisite for this is sufficient
amount bonding (high sheet density or highly refined fibers). This criterion varies depending on if the
fibers are dried or not. Another important factor is that we get accurate enough information of the
measured properties. As later discussed in Chapters 4.2 and 6.10, a factor that produces most of the model
error is the measurement of fiber dimensions.

The strength of pulps consists of at least three components; single fiber strength, fiber-fiber bond strength
per unit area and the total fiber-fiber bonded area (Johansson et al. 2001). Individual fiber strength
properties are a direct result of the initial fiber strength in the original woodchips, and of the chemical and
mechanical treatment in the mill. Once the pulp has left the process, it is not possible to improve
individual fiber strength (Johansson et al. 2001). Furthermore, the detection of single fiber strength losses
using conventional test methods is difficult. For example, in zero-span measurement, the fiber strength has
to be calculated based on a number of assumptions, e.g. the fiber distribution, fiber network properties etc.
(Johansson et al. 2001). The other two components, the bond strength and bonded area are considered to
be less influenced by the process conditions, and these components can be influenced after the fibers have
left the process.

There are several models trying to explain the correlation between the fiber properties in pulp and the
tensile strength properties of the final paper. The Page model and the Shear-lag model are two of them
(Page 1969; Calsson and Lindstrom 2005).

According to Page’s theory (Page 1969) the tensile strength of a paper depends on the fraction of broken
fibers in the zone of rupture, which depends on both the strength of individual fibers and the strength of
the bonds between them. The model is based on two assumptions, where the first deals with the
distribution of stress in a paper strip at the moment of tensile failure. The final form of the original Page
equation is given as

1_9  124pg )
T 8Z 1,PL(RBA)
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Where the first term describes the individual fiber strength and the second term describes the strength of
the bonds in a given fiber network.

Studies have shown that fibers can be pulled out intact even if the fiber-to-fiber bonds are strong, shear
stress could be a limiting factor in paper strength properties. The Shear-lag model was developed for
composites but can also be used in prediction of paper qualities (De Ruvo et al. 1986; Carlsson and
Lindstrom 2005). A central idea in the model is the transfer of load from the matrix into the fiber. The
shear stress is assumed to be constant along the fiber length and a linear axial stress is built up in the fiber
(Figure 7). A critical fiber length is defined such that is the fibers are shorter than the critical fiber length
then the maximum normal axial stress at half the fiber length will be lower than the fiber strength and the
fiber will be pulled out causing a bond failure along the fiber-matrix interface when the composite is
strained under uniaxial tension. On the other hand if fibers are longer than the critical fiber length then the
normal axial stress at half the fiber length will exceed the fiber strength during straining and fracture due
to fiber breakage will occur.

A B

'CA o

Figure 7. Axial and shear stress diagrams for short fibers (Westerlind et al. 2007).

Carlsson and Lindstrom (2005) arrived at the following equations when applying shear-lag theory to the
paper,
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With the critical fiber length 1.; given by:
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where o and T, are axial fiber strength and fiber bond shear strength, respectively.

It is not a new idea to link WRV with tensile strength measurements, for example recently Westerlind et
al. (2007) and Shallhorn and Gurnagul (2008) used WRYV as an additional parameter in the Page equation
and in the Shear Lag model. WRV and drying stresses have been observed to obtain a linear correlation
(Mohlin 2005; Htun et al. 1987). The fiber slenderness ratio PI/A present in equations of Page and shear-
lag is calculated from the fiber wall thickness, fwt, and fiber width, fw, by assuming a circular cross
section of fiber.

PL__ fwl (5)
A fwi(fw— fwr)
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In the development of the activation coefficient presented in this Thesis, WRV was used as a parameter to
describe the swelling ability of the fibers.

In the activation model (Pulkkinen et al. 2010), fiber ultrastructure is ignored. However, the use of
activation parameter as such has many benefits. First of all, it is easy to use and as variables requires only
fiber properties that can be measured directly from the pulp suspension. Secondly, the activation
parameter is designed to characterise the bonding ability of the fibers. Individual fiber strength is not
included in the models, as it is not directly measurable with modern fiber analysers and its effect on tensile
properties is smaller than the effect of fiber-to-fiber bonding. Even though there has been studies where
fiber curl has been observed to affect zero-span strength of fibers (Mohlin and Molin 2003), it is more
likely that it does not have an effect (Joutsimo et al. 2005). Therefore, factors affecting the zero-span
strength are more closely associated to cellulose fibril and fibril aggregates.
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4 MATERIALS AND METHODS
4.1 Pulp samples and sample preparation

(ID: The four hardwood pulp samples included in reference Pulkkinen et al. (2007) were of industrial
grade, and consisted of eucalypt pulps (E. grandis/E. saligna, E. nitens/E. globulus, E. urograndis and E.
grandis/E. dunnii with different drying histories. E. grandis/E. saligna contains roughly 50/50 of each
species, E. nitens/E. globules is mostly E. nitens, and E. grandis/E. dunnii is mostly E. grandis. All pulps
were refined using a laboratory model Voith Sulzer refiner. The refining tackle used was a disk blade with
a stock concentration of 4% at a specific edge load of 0.4 J/m with refining energies of 0, 40, 80 and 120
kWh/t. Two samples of each pulp were taken. Both of these samples were machine dried and refined. One
sample was analyzed with FiberLab® analyser directly from the pulp suspension without any additional
drying. The other sample was dried in a laboratory oven (105°C) before analysing it. In this study, the
samples are referred to as once-dried and dried samples, respectively. In the second part of the study of
paper II, only once-dried pulps were used to correlate fiber wall thickness and handsheet properties.

(II1, VI): 20 Eucalyptus grandis clones (16 samples 4-year-old and 4 samples 8-year-old) were used in
this study. Kraft pulps were produced from chips representing the whole trees. Pulps were laboratory
cooked to a Kappa number of 18 + 2. Samples of the prepared pulps were beaten with a PFI refiner up to
2,500 revolutions according to standard ISO 5264-2. Hand sheets were made according to the standard
ISO 5269-1. The laboratory sheets were dried under restraint. The drying was performed in a climate
control room (23 °C and relative humidity (RH) of 50%). After drying, the handsheets were tested
according to the following standards and methods:

apparent density EN ISO 534

tensile properties EN ISO 1924-2

water retention value (WRV) SCAN-C62
air resistance EN ISO 5636-5:03

Absolute dry samples were dried for 16 hours in an oven at 105°C. Handsheet conditioning to 90% RH
was carried out with an OPTIDIM hygroexpansivity meter (Kajanto and Niskanen 1996).

Micro fibril angle was measured with SilviScan 2 measurement apparatus (Hatvani 1999). Samples were
taken from breast height, as a bark free sample (12 mm core from bark to pith (1 radius)).

Carbohydrate composition of the pulps was determined using a method; utilizing sulphuric acid
hydrolyzes at 120°C to degrade the carbohydrates into monosugars, based on Tappi standard T249-cm00.
Monosugars were then analysed by ion chromatography (Metrohm 817 Bioscan system).

For the second part of the study of paper III, dynamic sheets of an E. grandis/E. dunnii commercial pulp
were used. Dynamic sheets were made with a dynamic sheet former (Formette Dynamique), which had
been slightly altered. The wire speed was set to 1000 m/min. The jet speed was set to ~ 920 m/min (1.6
bars) and the feed concentration was 4 g/l. The grammage of dynamic sheets was ~60 g/m”. The sheets
were wet- pressed according to ISO 5269-1.

(IV-V, VII, VIII): Five commercial eucalypt pulp samples from different parts of the world, accompanied
by birch and acacia as reference samples were used. The samples were 1) E. grandis/E. dunnii (Uruguay),
2) E. globulus (Portugal), 3) E. urograndis (Brazil), 4) E. urograndis/E. grandis (South Africa), 5) E.
grandis/E. saligna (Brazil), 6) Birch (Betula pendula, Finland), and 7) Acacia magnium (Indonesia). Some
of the eucalypt pulp samples were mixtures of two species, 50%/50% for E. grandis/E. dunnii and
90%/10% for E. grandis/ E. saligna. The ratio of fibers in E. urograndis/E. grandis was unknown. The pulp
samples were obtained in mill dried form. Fibers were refined with a Voith-Sulzer disk refiner at a
consistency of 4%. Fibers were refined up to 150 kWh/tonne with a specific edge load of 0.4 J/m. The
handsheets were tested according to the following standards and methods:
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e Apparent bulk density, ISO 534
e Tensile properties, EN ISO 1924

Isotropic handsheets of grammage 60 g/m® were made in a standard laboratory handsheet former
according to the ISO 5269-1 standard. Anisotropic sheets were made with a dynamic sheet former at KCL
research center. The wire speed was set to 1000 m/min. The jet speed was set to 920 m/min (1.6 bar). The
feed concentration was 4 g/l. The grammage of anisotropic sheets was 60 g/m’. Both the isotropic sheets
and the anisotropic sheets were dried in contact with a plate to which the sheets were attached. This
affected shrinkage during drying, which was done in a climate controlled room (23°C and at a relative
humidity of 50%). The raw material for samples of different sizes in article V was E.grandis/E.dunnii
(Uruguay).

4.2 Measurement of the ultra-structure of the fiber wall
4.2.1 (CP/MAS) *C NMR

Solid state (CP/MAS) "*C NMR spectroscopy is a versatile tool for morphology studies of cellulosic
materials (Atalla and VanderHart 1999; Hult et al. 2001, 2003). The supra-molecular structures of
cellulose were investigated by using CP/MAS C NMR spectra along with non-linear spectral fitting,
which analyzes the crystalline allomorph and disordered domains (Larsson et al. 1995, 1997; Wickholm et
al. 1998; Hult et al. 2003). The line-shape spectral fitting analysis of solid state spectra allows a very
detailed comparison and characterization of cellulose supra-molecular structures, and has been extensively
used to investigate the structural characteristics of cellulose and its derivatives. The relative amounts of
different cellulose forms in complex cellulosic materials can be determined by using spectral fitting
analysis of the C4-region of (CP/MAS) “C NMR spectra. The ratio of crystalline and amorphous
cellulose can be characterized with a Crl (Newman and Hemmingson 1990; Liitid et al. 2003).

It is possible to calculate the average lateral fibril dimensions from the NMR spectra if the fibrils and the
fibril aggregates, as a simple approximation, are assumed to have square cross-sections (Hult et al. 2000).
The fraction of the signal intensity from accessible surfaces (calculation of fibril aggregate dimension) or
the fraction of the signal intensity from accessible and inaccessible surfaces (calculation of fibril
dimension) are both denoted q and are given by equation (6):

4n—4
g=8r=9 n- ) 6)
n

where n is the number of cellulose polymers perpendicular to the fibril or the assumed square fibril
aggregate cross-section. A conversion factor of 0.57 nm per cellulose polymer has been calculated as the
mean value of the repeat distance of cellulose chains in the wide and narrow surfaces (Wickholm et al.
1998). The microfibrils in bleached chemical pulp fibers consist of two regions of cellulose: crystalline
and amorphous (Bertran 1986). There is also a region between these two forms of cellulose, normally
referred as para-crystalline cellulose (Larson et al. 1997). The highly ordered cellulose fibrils are poorly
accessible to water molecules.

The solid-state (CP/MAS) “C NMR experiments (Atalla and VanderHart 1984) were performed on a
Bruker Avance-400 spectrometer operating at frequencies of 100.59 MHz for °C. All the experiments
were carried out at ambient temperature using a Bruker 4-mm MAS probe. The pulp samples (~45%
moisture) were packed in a 4 mm ZrO rotor. CP/MAS ""C NMR data was acquired with 8000 scans
accumulated per sample. The samples were analyzed at Georgia Institute of Technology, Atlanta, US.

The algorithm used in this study was not able to include Lorentzian lines for modeling the signals
originating from the highly crystalline domain in the C (4) region (Larsson and Westlund 2005), and only
Gaussian lineshapes were used. Because of this it is possible that the values for the Crystallinity Index or
the relative amount of xylan were not as accurate as those obtained with the combined use of Lorenzian
and Gaussian lines. However, all studied spectra were treated in the same manner, so obtained results are
comparable within this thesis work.
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4.2.2 SilviScan®

The basis for the measurement was SilviScan-2 X-ray diffractometer (Evans et al. 1999). The basic
measurement configuration is illustrated in Figure 8. Samples were examined with the X-ray beam in the
tangential direction of an increment core. The diffraction patterns were recorded with a CCD area detector
and the strong (002) equatorial reflection was used for MFA analysis. Although the much weaker
meridional 040 reflection can be used to obtain the microfibril orientation distribution directly, the data
collection rate would be too slow for rapid examination of large numbers of increment cores.

The theory behind the measurement of MFA on SilviScan-2 is published in a publication by Evans (1999).

Figure 8. Instrumental configuration for scanning X-ray diffractometry (Evans et al. 1999).

4.3 Methods to characterize fiber-water interactions

In the paper industry, two of the common method used to measure fiber swelling and its ability to retain
water are WRV, water retention value (SCAN-C62), and FSP, fiber saturation point (Stone and Scallan
1968). The former measures all different types of water associated with fibers and the latter measures all
water expect lumen and surface water. Differential scanning calorimetry (DSC) has also been used to
characterize a fiber-water system. Three types of water associated with cellulosic fibers have been
identified: unbound water, freezing bound water, and non-freezing bound water (Nakamura et al., 1981;
Weise et al., 1996).Bound water is considered to be located close to the fiber surface and tightly bound to
it (Maloney et al., 1998a,b; Ping et al. 2001). A nuclear magnetic resonance (NMR) method has also been
used for characterization of water in fibers (Tapgaard and S6derman, 2002). The non-freezing bound
water was characterized by experimental free-induction-decay based on the molecular dynamics of the
water molecules. These two techniques provide detailed information about the fiber-water interaction. In
this thesis, WRV, FSP and DSC were used.

4.3.1 Water retention value

The measurement of water retention by centrifuging pulp fibers was first introduced by Jayme (1944). The
WRYV is an empiric filtration drainage test based on a convention of arbitrarily chosen parameters, of
which the centrifugal field, testing time and the sample size are the most important. Several modifications
were subsequently applied to the original setup. In this study, a 1700 g/m’ fiber pad was centrifuged at
3000 g for 15 (30 s) minutes at a temperature of 23 + 1°C. The water retention value is seen as a measure
of fiber swellability, including water inside (in fiber lumens) and between the fibers and on fiber surfaces.
Thus the water determined with WRV will contain all the different types of water that the fiber may hold.

The compaction of the pad during centrifuging is dependent on pulp characteristics, on the mass of the
sample, and on the magnitude of the gravity field applied. Therefore, a good agreement between the WRV
and the FSP is only probable for centrifuging samples with extremely low basis weight (Abson and
Gilbert, 1980). The swelling water determined with solute exclusion was determined equal to the water
determined by WRYV in a study made by Scallan and Carles 1972. Maloney et al. (1999) concluded that
even though these two methods correlate well for some pulps, for some pulps it does not. Because of the
large variety between the several testing conditions, it is therefore important to take this into account,
when comparing WRYV data from different sources. It must always be clearly stated how the WRV was
obtained.
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4.3.2 Fiber saturation point

FSP was measured by solute exclusion (Stone and Scallan 1968) using a 2x10° Dalton dextran polymer
(Amersham Biosciences). In the solute exclusion method, the water-filled volume of the fiber that is
inaccessible to a probe molecule of specific size is quantified by measuring the dilution of a solution of
probe molecules when a wet pulp sample is added. With the largest polymers used, inaccessible to any
pores, the total amount of water held by the fiber is determined. This contains all the types of water,
except for lumen and surface water.

4.3.3 Differential scanning calorimetry

The thermoporosimetry measurements were carried out on a Mettler DSC 821. In the technique used in
this study, the energy absorbed when water in frozen pulp fibers is melted in a stepwise manner
approaching 0°C is measured. The melting energy is assumed to be directly proportional to the amount of
melted water. In the form of Gibbs-Thomson equation (Maloney 1998) used, it is assumed that the pores
are cylindrical. The DSC freezing and melting curves show several peaks, which depend on the size and
on the water content of the sample (Yamauchi and Murakami 1991). The water remaining without
transition, the non-freezing water, is understood as directly bonded water, the so-called “non-freezing
bound water”. The different types of water held by a wood fiber and the techniques for determining these
are schematically listed in Table 1 and Figure 9.

Table 1. Different types of water and methods for characterizing them (Salmén and Berthold 1997).

Bound"non-freezing” — DSC + weight

water

Freezing bound water — DSC + weight Solute exclusion

Pore water — ISEC WRV

Free, surface water

Surface, free

Non-freezing water

bound water

N

Pore water
COOH

H

Figure 9. Different types of water held by a wood fiber (Salmén and Berthold 1997).

4.4 FiberLab® analyzer

Major part of this work was carried out by utilizing the data obtained from the FiberLab® fiber analyser at
Metséd-Botnia mill in Kemi during the years 2005-2008. The data obtained was used as an input for
various models used to estimate paper technical properties. The starting point for any measurement is a
representative take of pictures of the fibers. These can include more information than to date has been
utilized.

The apparatus measures the fiber length according to TAPPI- and ISO-standards (Anonymous 1991,
2000). The sample is diluted to a concentration of 0.02 g/l and is then sucked to a measurement capillary
of size 0.5*%0.5 mm. During the analysis the capillary flow is observed constantly with polarized laser and
when the detector sees a fiber two 2-dimensional gray-scale pictures with a charge-coupled device (CCD)
camera are taken, one for determining the fiber length and another to determine fiber width, fiber wall
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thickness and the curl index (Figure 10). Fiber curl was calculated based on fiber length and its projected
length. The formula used to calculate the curl was the Jordan-Page formula (Page et al. 1985).

Curl = (L/L,-1)*100% (8)
where L. is the fiber length along the centreline and L, the projected length of a fiber. According to the

formula straight fiber will yield a value of zero and a double folded fiber will yield a value of 0.5. The
measurement ability values are presented in Table 2.
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Figure 10. The measurement principle (Anonymous 2006).

The FiberLab® analyser and other Kajaani fiber analysers (such as Kajaani FS-100 and 200) have
frequently been compared to other analysers in terms of pulp fiber dimensions and calculated values
(Muneri and Balodis 1997; Turunen et al. 2005), or in terms of comparing wood fiber dimensions to pulp
fiber dimensions (Richardson et al. 2003). The level of different analyser results between different
analysers being different, they nevertheless showed good linearity (Turunen et al. 2005). One major aspect
of this research project was the measurement of fiber wall thickness index. This feature is only available in
the commercial FiberLab® analyser, so comparisons between the fiber wall thickness values between
automated fiber analysers were not made.

FiberLab® results have been found to correlate well with certain paper technical properties. Fiber length
has been found to correlate well with tensile properties (Luukkonen et al. 1990). Similar trend has been
observed for fiber coarseness (and fiber wall thickness) as they correlate reasonably well with tensile- and
tear strength (Paavilainen 1991; Paavilainen 1993; Pulkkinen et al. 2008). The structural properties (for
example bulk density) also correlate with fiber wall thickness (Paavilainen 1993; Morseburg et al. 1999).

The 2D CCD camera pictures (Figure 11) used to calculate fiber wall thickness are those of fiber width.
Depending on the analysis, thousands of pictures can be obtained in one fiber analysis. Fiber width and
fiber wall thickness index was seen not to correlate in a recent study by Pulkkinen et al. 2008b. This can
be due to the assumption of circular shaped fibers with the image analysis, when fibers are “scanned” only
from one side and the level of collapse cannot be seen. The calculation of fiber wall thickness index is
illustrated in Figure 12.
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Table 2. Measurement inaccuracies given by the manufacturer (Anonymous 2006).

Measurement inaccuracy 95 % confidence interval
Fiber length
>2,.2mm +0,11
1,8-22mm 0,10
<1,0 mm +0,05
Projected fiber length
>22mm +£0,11
1,8-22mm +0,10
<1,0 mm +0,05
Fiber width
>25,0 ym +1,0
235-24,9 um 0,8
<20,0 ym +0,6
Fiber wall thickness
>5,0 um 0,5
<5,0 um +0,3
Fiber curl
>14,0 % £1,6
<14,0 % +1,8
Fiber coarseness
>0,165 mg/m +£0,014
<0,165 mg/m +0,009
Cross-sectional area (CSA)
360 — 510 um?® + 4
<280 um? +15
Volume Index
0,600 — 1,050 - 10° ym® +0,092
< 0,300 - 10° um* +0,020
Arithmetic fines content
>30 % +5,0
20-30% +38
<20 % +£2,5
Length-weighted fines content
>2% 0,5
<2% +0,4
e
Z # » e e e
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Figure 11. An example 2D-picture of a fiber cross-section as seen by the fiber analyser (Anonymous
2006).
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Figure 12. Calculation of the fiber wall thickness (FWT) value (Anonymous 2006).

4.5 SEM

Microscopic examinations of shrinkage-swelling behavior of pulp fibers and kraft hand sheets have
previously been studied, for example, by Weise (1997), Enomae and Lepoutre (1998), as well as by Moss
and Pere (2006).

Samples for SEM studies have to be dry. The dimensions of wet fibers change if the fibers are air-dried.
Freeze-drying helps in preserving the wet dimensions. The sheets dried to absolute dryness were not
freeze-dried, and were extracted to an exsiccator until embedded in epoxy resin (Struersin Epofix) prior to
the cutting of the samples. Samples were cutted perpendicularly to the fiber direction. Grinding (Struersin
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Dap-V) and polishing of the sample was done according to Reme et al. (2002). Sheet thickness was
measured within each frame at 30 different locations (interval of 5 wm applied). This should smooth out
the surface roughness effect in order to give us reliable results. The sheets were investigated at three
different moisture contents. The pictures were taken after wet pressing, after oven drying of the sheets
(~1-2% RH), and after conditioning to 50% RH and 90% RH. The corresponding moisture content (MC)
of the sheets was roughly 33%, 1%, 7%, and 15%, respectively.

In this study, for the SEM images of fractionated sheets, pulp fractions were obtained by fractionating the
pulp sample with a Bauer McNett Classifier (BMC). Isotropic handsheets with a standard laboratory hand
sheet former were prepared for testing.

4.6 Hygroexpansivity measurements
4.6.1 OPTIDIM hygroexpansivity measurement apparatus (IV, V)

Digital correlation techniques have also been applied to hygroexpansion measurements (Kajanto and
Niskanen 1996; Lif et al. 1995). A speckle pattern is created on a paper surface, either by spraying colored
particles or by using natural speckles (by utilizing surface roughness or basis weight variation). In this
study, a natural speckle pattern was used based on basis weight variations. Images are taken by a high-
resolution CCD camera and then digitized. These techniques make it possible to obtain detailed
information on two-dimensional hygrodeformation without physical contact. One disadvantage is that out-
of-plane deformations such as curl and cockle (Glynn and Jones 1959; Kajanto 1992) that occur during the
humidity change significantly deteriorate the accuracy of this technique.

OPTIDIM is an optical method for measuring the dimensional stability of paper under varying humidity
conditions. The sample, which was placed in a humidity control cabinet, and after each humidity change
and after equilibrium had been reached with the surrounding air moisture content and the moisture content
of the sample, was put between weighted glass plates to prevent any out-of-plane dimensional changes
and transilluminated with a bright light from the bottom, and a picture was taken from above with a CCD
camera (Figure 13). By placing the weight on top of the sample just before a picture is taken, the friction
between the glass and the sample was minimized. The glass weight was chosen according to ISO 8226-
2:1990 based on the grammage of the handsheets. The variations in brightness level caused by the
formation of the paper were measured. The dimensions of the samples at low relative humidity were
compared with the dimensions at higher relative humidity. The dimensional changes as a function of
relative humidity were then calculated (Kajanto et al. 1996). Six parallel square-shaped sheet samples (7 x
7 cm) were prepared for each sample. With OPTIDIM, both directions, machine and cross (MD and CD),
are measured simultaneously. Relative humidity was changed linearly from standard (50% RH) to low
(10% RH), then back to 50% RH, and to a higher humidities (70% RH and 90% RH) and back to standard
(50% RH) humidity for 4 h per cycle from one relative humidity to another at 23 °C. The samples were
also weighed at the moisture content used and thus the moisture content (%) of the paper can be
measured. The hygroexpansion coefficient (B) was determined from the gradient of the linear part of the
curves in the low-moisture range and is expressed as hygroexpansional strain divided by the change in
moisture content of the sample (Nanri 1993).

B= dimensional change (%)/MC change (%) 9

CCD CAMERA

="

LIGHT SOURCE @

Figure 13. The measurement principle of the OPTIDIM measurement apparatus used to measure the
hygroexpansivity of the sample (Kajanto and Niskanen 1996).
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4.6.2 Laser measurement apparatus (V, VIII)

A non-standardized apparatus based on laser measurement of the dimensional change in the sample length
was used to measure the hygroexpansion of paper strips. Hygroexpansion was measured based on ISO
8226-1 using paper-strips with 15 mm width and a span of 100 mm between the clamps. The
measurements were performed on the STFI Hygroexpansivity Tester, an instrument developed at STFI-
Packforsk, schematically presented in Figure 14.

It consists of pairs of rigid and freely movable clamps with a gap between the clamps of 100 mm. Even up
to thirty paper strips can be measured independently in a horizontal position. A weight was placed upon
the strips to eliminate any effects of buckling during registration of lengths. These clamps were placed in a
chamber with regulated humidity. Movement of the clamp was measured by a laser detector.

Rigid Clamp

Chamber Test piece Detector
Figure 14. Schematic figure of the laser measurement device used to measure the hygroexpansitivity of

the paper strips (Antonsson et al. 2008).

The relative humidity was changed from 50+2%RH to 22+3%RH to 33+2%RH to 66+2%RH and the
differences in lengths were measured between 33+2%RH and 66+2%RH in accordance with ISO 8226-
1:1994. The hygroexpansion coefficient, 3, was calculated according to (Nanri et al. 1993).

4.6.3 The Creep Measurements (VIII)

The creep measurements at both constant and with variations in relative humidity were performed on an
apparatus developed by Haraldsson et al. (1994). It allows measurements with a load, both in tension and
compression, during any period of time and with any humidity profile to be conducted; and the principle
construction of the apparatus is shown schematically in Figure 15. The apparatus was placed in the
humidity chamber that can generate conditions between 10 and 90% RH at 23°C.

Rigid
Possible Clamp
load
application )
: : «— Test piece

Movable

Clam)
P <4— Columns

Figure 15. Schematic figure of the creep apparatus used (Haraldsson et al 1994). The function of the
columns is to stabilise the test piece in compression mode measurements, hindering macroscopic
buckling of the material. Strain gages measure the strain obtained between the clamps (Haraldsson et al.
1994).

In this study, the samples used were dried and bleached commercial pulp samples. The samples were
cycled without load between 50% RH and 90% RH at least four times before testing to release “dried-in
stresses”. Mechano-sorptive creep tests under tension were performed by changing the relative humidity
between 50% RH and 90% RH. The cycle time was 7h, and three cycles, starting and ending at 50% RH
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were performed. By using the strain values after three cycles and the corresponding stress values, isocyclic
plots were constructed and the isocyclic creep stiffness determined, as schematically illustrated in Figure
16. It has been reported that the strain value should be limited to a maximum of 0.2% to ensure
measurements within a linear region (Panek et al. 2004).
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Figure 16. Schematic illustration of how isocyclic creep stiffness can be determined from the measured
data (Panek et al. 2004).

5 MATHEMATICAL ANALYSIS
5.1 Calculation of distribution moments

Fiber property distributions are in many cases described only by their mean value and standard deviation,
even though their shape is sometimes far from a normal distribution. To improve modeling of the tail of
the distribution, higher order statistical moments, such as skewness and kurtosis, have been advocated in
the literature (Randolph and Larson 1988). In particular, cubic (skewness) and quadratic polynomials
(kurtosis) of Weibull distributed random variables have been proposed for preserving the first four
moments of the data. It is well known that skewness and kurtosis estimated from small samples tend to be
highly biased and uncertain (Pandey 2001). On the other hand, using only the first two moments can be
inadequate for proper characterization, especially if the tail of the distribution is long.

The definition of an i order central statistical moment in terms of the density function, f(x).
#= [ F 0= x,) dx (10)
0

where X, is the mean of the distribution. The first two moments are the mean and standard deviation of the
distribution. To improve modeling, third and fourth moments are also included. The third moment
(skewness) provides a measure of the asymmetry of the density function. When distribution is skewed to the
left, the skewness has negative values. The fourth moment (kurtosis) provides a measure of the “height” of
the density function in relation to normal function. When the distribution peak is lower than for a
corresponding normal distribution fitted to the same data, kurtosis has a negative value. Both skewness and
kurtosis have a value of 0 for a normal distribution.

5.2 Weighting of distributions

Several studies have established the effect of wood fiber dimensions and morphology on certain
mechanical properties of wood fiber-based products such as paper, paper board, medium-density
fiberboard, hard board and wood- polymer constitutes (Paavilainen 1994a; Wangaard 1962; Vianna Doria
1991; Uesaka and Moss 1997; Pulkkinen et al. 2008b). Also, attempts have been made to link fiber
distributions to in-plane hygroexpansional properties (Pulkkinen et al. 2009a). Suitable mathematical
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distributions are available to accurately describe wood fiber distributions over various size regimes (Seth
et al. 1997; Neagu 2006; Wathén 2006; Pulkkinen et al. 2006; Lu et al. 2007). For example fiber wall
thickness data has been successfully modelled with Weibull distribution (Seth et al. 1997; Pulkkinen et al.
2006).

For fiber dimension determination, the general measurement methods include microscopy, projection,
screen classification (e.g., Bauer-McNett classifier) and other particle size analyser (e.g., Kajaani FS-200)
and image analysers (e.g. Kajaani FiberLab®). Particle size analysers provide the most popular automated
techniques for fiber length measurement in the pulp ad paper industry. Compared with other automated
techniques, image analysers have high accuracy, fast speed and high reliability also for determining fiber
length, fiber width and coarseness (Mark and Gillis 1983). FiberLab® fiber analyser is the only analyser
today to measure the fiber wall thickness (Anonymous 2006).

The distribution of fiber lengths was found to be approximately normal when measured with Bauer-
McNett classifier (Tasman 1972). It was also reported that fiber length distribution was approximately
log-normal (Dodson 1992; Kropholler and Sampson 2001; Lu et al. 2007).

Failure to properly characterize an underlying distribution can lead to drastic errors in both analytical and
simulation models (Law and Kelton 2000). The Weibull and lognormal families of distributions have been
used with great success to model positively skewed variables (Pulkkinen et al. 2006; Lu et al. 2007). An
example of two pulps that can have similar mean values for fiber length but significantly different fiber
length distributions is given in Figure 17.
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Figure 17. The weight-weighted fiber length distributions for a CTMP-mix (left) and TMP (right). Dots
represent the measured data, and solid lines are the fitted Weibull distribution function (Pulkkinen et al.
2006).

This kind of approach in handling pulp fiber properties can be a significant asset in controlling the
papermaking potential of pulp. When concentrating on property distributions, especially fiber dimension
distributions, the heterogeneity of papermaking material can be taken in consideration. The dimensions
and physical properties vary considerably between fibers and even inside an individual fiber. Depending
on the physical property, the weight-weighted property distribution can be significantly different from the
arithmetic or length-weighted distributions. The weight-weighted mean fiber length has been found to
relate better to sheet properties than the arithmetic mean, and is considered more realistic (Clark 1985). In
papermaking, fibers are used by weight. Therefore, it is more reasonable to use weight-weighted means
and distributions instead of arithmetic or length-weighted means (Seth et al. 1997). Mean values, problems
associated with their use and their significance in fiber physical properties are discussed for example by
Seth and Jang (2004). They assess the use of population-, length-weighted- and weight-weighted mean
values.

Weighting of fiber wall thickness data has been discussed for example by Richardson et al. (2003) and
Pulkkinen et al. (2010). It was proposed earlier that fiber wall thickness measured with FiberLab® should
be volume-weighted (Richardson et al. 2003). This was based on the better correlation with the wood
tracheid wall thickness dimensions. When correlating fiber wall thickness data with paper technical
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properties, the use of population weighted data for fiber wall thickness is recommended (Pulkkinen et al.
2010).

5.3 Statistical analysis
5.3.1 Correlation analysis

The dependencies between variables were screened with the help of simple correlation analysis. The basic
principle was to find those variables with the most explicatory power to characterize the properties of
eucalypt kraft pulp samples. The criterion was the variances between variables (R?). The origin of each
dataset was taken into consideration by grouping them depending on the laboratory which analysed the
samples and that the same analyser was used for each of the datasets.

In the stage of a project, when little is known about the problem, an overview can be obtained with
principal component analysis (PCA) (Eriksson et al. 1999). PCA produces a summary showing how the
observations are related and if there are deviating observations or groups of observations present in the
data. Principal component analysis aims to establish the number of hypothetical, independent components
that account for the majority of the total variance of the variables.

5.3.2 Factor analysis

The factor analysis differs from principal component analysis since it analyses the common variance
rather than the total variance of the data. The common variance represents the amount of variance that is
shared among a set of items that can be explained by a set of common factors. The basic principle is the
same as it tries to resolve the common variance into hypothetical common factors. Usually, the number of
common factors is the same as the number of principal components.

Common factor analysis calculates a matrix that shows the relationship between the derived common
factors and the variables. The elements of the matrix are termed “factor loadings”. The elements of a row
in the matrix can be considered as regressions coefficients relating a variable to the factors. The factors
were rotated mathematically to an orientation where they load (i.e. correlate) as strongly as possible with
certain variables, whilst minimizing their loading on others exist. In this study, a “varimax” criterion
(readily available in MATLAB) was used (Keiser 1958).

5.4 The wet-pressed density

In order to describe the extent of drying shrinkage potential of fiber mixtures, the concept of wet-pressed
apparent density is introduced. Wet pressed apparent density for the handsheets is calculated by dividing a
theoretical handsheet cross-section into rectangles of equal areas, and each grid in a sheet y-z-plane
representing one oval shaped fiber cross-section and a void space between fibers. Fibers are packed in an
orderly manner by using fiber length as the x-dimension of the grid (Figure 18). The fibers in the sheet are
thus anisotropic. The amount of bonding between fibers is not directly included. Fiber wall thickness
distribution, fiber width distribution, and fiber length distribution of un-refined fibers measured by the
FiberLab®-analyser were used in the calculation of py.. It therefore includes the whole mass distribution
of fiber material. It is calculated as

pwet =ZmFi (11)
i=1

WhereZmﬂ. is the sum of the masses of individual oval shaped fibers in an area of a cubic meter. Each
i=1

layer in a handsheet is of a thickness of two fiber wall thicknesses. A lumen volume of 10% was included

in the calculations. It is therefore assumed that most of the hardwood fibers are readily collapsed (no

visible lumen space) at the beginning of drying. This is a safe argument, since most of the softwood pulp

fibers are collapsed at the beginning of drying (Paavilainen 1994b). The estimate for the lumen volume
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was based on our previous measurements (Pulkkinen et al. 2008a), together with evidence from SEM
pictures, from where it can be seen that a major portion of eucalypt fibers are collapsed in their wet
pressed state. A cell wall material density of 1.5 g/cm’ was used to calculate the mass of the fibers. Since
we are dealing with a relative measure of fiber properties, the value we choose does not make any
difference. If the variations in the moisture content of the fibers would be included in the calculations, the
cell wall material density varies according to the amount of moisture inside fiber wall. For example, when
WRYV is 1.5 g water per 1 g dry pulp, fiber wall density is approximately the used 1.5 g/cm’. If WRV is
increased to 2.0 g water per 1 g dry pulp, fiber wall density becomes 1.9 g/cm’. This variation is not
considered in the calculations, as only parameters that can be obtained from the FiberLab®-analyser were
used. Fiber walls are assumed to be intact and there are no pores. It should be further noted that the fiber
dimensions obtained and presented are for wet fibers. This is supposed to describe the swollen state of the
fibers in their wet-pressed state.

Figure 18. Cross-section of the handsheet used in calculations.

5.5 The activation parameter

Fiber segment activation modifies originally curly or otherwise deformed fiber segments, unable to carry
the load, into active components of the network (Giertz 1964; Giertz and Roedland 1979; Lobben 1975).
Activation of fiber network occurs during drying, when lateral shrinkage of fibers is transformed into axial
shrinkage of neighbouring fibers in bonded areas. In restrained drying, the free fiber segments dry under
stress and the slackness is therefore removed (Figure 19) (Giertz 1964; Giertz and Roedland 1979; Lobben
1975). Activation leads to a phenomenon called the Jentzen effect (Jentzen, 1964) where the axial elastic
modulus in the fibers increases. This happens because the fiber is dried under axial load, it is straightened
causing dislocations and other defects to be pulled out. This should also lead to reduced fibril angle and
the rearrangement and alignment of hemicellulose and cellulose chains parallel with the external load
(Figure 20). Inter-fiber bonding and shrinkage of fibers are the requisites for activation. The amount of
drying stress needed to activate fiber segments depends on the morphology of the fibers (Retulainen
1997). By combining two important pulp fiber property distributions, fiber wall thickness and fiber curl
distributions, the activation potential of the fiber network can be characterized (Pulkkinen et al. 2010).
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Figure 19. Schematic fiber (A) before  Figure 20. Schematic representation of the probable
and (B) after restrained drying structural changes involved in the Jentzen effect (Vainio 2007).
(Giertz 1964).

In this Thesis, a great deal of effort is directed in investigating how fiber wall thickness can be linked to
drying shrinkage, and therefore to development of paper technical properties such as tensile strength and
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handsheet density. Weighting of fiber characteristic data may also be beneficial. For example, a more
sophisticated evaluation of fiber analyzer data can be applied to stress the most important fractions of a
given fiber property distribution with respect to the mechanical and structural properties, and this would
improve the prediction accuracy of the developed model. When trying to find the best weighting for the
factors of the activation coefficient model, various ways to weight fiber wall thickness has been used. The
population average of fiber length has been found unsuitable for predicting the strength properties of
sheets formed (Clark 1985) and therefore the use of either length-weighted values or preferably weight-
weighted or volume-weighted values has been suggested by several authors (Robertson et al. 1999;
Richardson et al. 2003; Jang and Seth 2004). When correlating fiber analyzer data against dimensions
measured from wood, volume weighting of the data was applied by Richardson et al. (2003). However, a
commonly accepted weighting procedure for fiber wall thickness data is not available. All fiber dimension
measurements carried out in this study were made with a FiberLab® fiber analyser (Anonymous 2006).
The correlation of volume-weighted data on fiber wall thickness and the dimensions of fibers in the wood
matrix found by Richardson et al. (2003) make it worth trying to establish a parameter including volume-
weighted fiber wall thickness. On the other hand, population weighted data emphasizes the importance of
fines and fiber wall fragments. Therefore, the consideration of both the population weighting and volume
weighting of the data is justified. Water retention value and fiber defects alone can explain majority of the
differences observed in strength and stiffness, as stated by Mohlin and Hornatowska (2006).

Other properties of interest, such as hygroexpansion and mechano-sorptive creep, are also dependent on
the inter-fiber bonding between fibers and the structural properties of the fiber network (Antonsson et al.
2010). Both, the tensile properties and the hygroexpansivity rely heavily on water retention value, i.e. the
total water inside the fibers and fiber wall.

Equations 12 — 16 have been constructed based on the parameters found to be most important to account
for fiber network. Equation (12) is based on the mean values of fiber wall thickness and curl population,
and it is calculated from fiber raw data. Equation (13) takes into consideration the distribution of these
parameters over the whole range of fiber space, i.e. individual fiber characteristics are multiplied before
dividing them into their respective classes.

Zn:(thi) ,Zl(curli)

A(n) == x = (12)
n n

Each population fraction has a value of (fwt; x curl;), and the distribution is calculated as

t. [ .
P(n) = m(fwfxcurf) 100%

Z(fwtjxcurlj) (13)
j=1

where A is the mean activation coefficient, P is the distribution function, fwt; and curl; are fiber wall
thickness and fiber curl of an individual fiber, respectively, given by the fiber analyzer, i is the fiber index,
j is the fraction index and n the number of fibers. Using equation (13) we are taking a corresponding fiber
curl index and fiber wall thickness of individual fiber, therefore focusing more on the overall effect of
fiber shape and size on handsheet properties.

To test whether fiber mass has significant influence on the tensile and structural properties, a second set of
equations was constructed, first by using the volume-weighted data of fiber wall thickness and fiber curl
mean (Equation 14), and then by utilizing the whole distributions of fiber properties by multiplying the
individual characteristics and dividing them into their respective classes (Equation 15).
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Zn:(vi X fwt,) i(vi X curl,)
A(v) ==L 5 =l (14)

n

n
Z Vi Z Vi
i=1

i=1

Each volume fraction has a value of (fwt; x curl; x v;), and the distribution is calculated as

Jwt; Xcurl; X v,

P(vi): m
Z(fwtj Xcurl; Xv))
j=1

*100% (15)

Where the volume of an individual fiber was calculated according to

v=(L Xz X fwtx(fw— fwr))/1000, um> (16)

The first four moments of equations (12)-(15) were calculated according to equation (10) and correlated
against the handsheet properties.

The water-retention value of undried eucalypt pulp samples (Pulkkinen et al. 2008b) was high for thin-
walled fibers and low for thick-walled fibers. The authors assumed that the water retention value as an
additional variable would be beneficial. Fiber wall thickness and curl have a similar behavior and
therefore it is advisable to work with the inverse of the water retention value and doing so, the effects of
fiber swelling can be emphasized. When the fiber network activation is improved, the value of activation
parameter value must decrease. At the present state, the model may be valid for eucalypt fibers only. In
the case of softwoods, fiber length can be of importance and should be added to the model.

WRYV was calculated from a linear correlation obtained from the comparison of the mean values of fiber
wall thickness against water retention values of unrefined fibers. The effect of WRV value on activity
coefficient was examined by increasing fiber wall thickness and fiber curl to the power of the inverse of
water retention value (WRV) by means of the Equations (12)-(15). For example, Equation (12) will take
the form of

- (L/WRV;) - (1/WRV;)
2wt Y (eurt, )

A(n) == X 4=L (17)
n n

There appears to be no analytical model in the literature on the role of fiber properties in the development
of fiber network activation. It is known that fiber curl and micro-compressions influences tensile strength
negatively (Page et al. 1985). Fibers with low fiber wall thickness influence tensile strength and handsheet
density positively (Paavilainen 1991, 1993). No model pulls these observations together to explain how
fiber network activation varies with changes in curl, fiber wall thickness and fiber swelling, and how to
make observations on the relative importance of inter-fiber bonding and network activation based on the
measured fiber properties at different handsheet densities.

The values of the activation parameter were used to describe the bonding and activation phenomena by
correlating them with tensile- and structural properties. The reduced strength potential of industrially
refined fibers (MacLeod et al. 1987, 2005) can be characterized using the activation coefficients
introduced. The effect of fiber straightening when fibers are refined is avoided by comparing the raw data
of unrefined fibers against the paper technical properties of PFI-refined fibers. The effect of the change in
fiber curl as a function of refining is therefore excluded.
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6 RESULTS
6.1 Changes in distributions induced by refining (II)

Low Consistency (LC) refining has long been used to improve the tensile strength of paper, but the
mechanisms creating these improvements are not yet fully understood. The primary effects of refining are
the creation of new surfaces, the creation of new particles and structural changes to the fibers (Hietanen
and Ebeling, 1990). The major changes in fiber morphology that occur in refining have been thoroughly
studied (Page 1989; Kibblewhite 1989). The refining of kraft pulp fibers affects the cross-section
dimension of the fiber, fiber length and fiber coarseness. LC refining also straightens the fibers therefore
making pulp stronger. The physical properties and the response to refining of never-dried and dried
chemical pulps differ (Scallan and Tigerstrom, 1992; Laivins and Scallan, 1996; Seth, 2001). Dried and
rewetted fibers are stiff, never-dried more flexible or conformable. Correspondingly, the walls of dried
and rewetted fibers are stiff. The difference between the refining response of dried and never-dried fibers
is mainly due to the hornification effect (Laivins and Scallan, 1996; Stone and Scallan, 1968). In this
work, hornification refers to the irreversible loss of water absorption capacity in drying.

In an attempt to characterize the uniformity and quality of fibers, it has previously been suggested, that
instead of focusing on the mean values, the heterogeneity of the fiber material should be taken into
account (Kerekes, 2005; Jang and Seth, 2004). When relying solely on the mean values, the heterogeneous
nature of the fiber property remains unclear. The dimensions, physical properties and property
distributions vary considerably between fibers. It is an interesting idea to investigate whether the width or
the shape of the distribution (second and third central moment of the distribution, respectively) can be
used to predict the technical properties of paper. In this study, refining did not change the mean of length-
weighted fiber length distributions (Table 3).

The width of once-dried eucalypt fibers either increased or remained unchanged when refining energy was
applied. The response to refining for dried and rewetted fibers deviated markedly from that of once-dried
fibers, where fiber width generally increased, rather than decreased.

The mean width of once-dried eucalypt pulps was slightly increased (Table 4). The results of the refining
process are seen more clearly when considering the whole distribution. The relative changes in the mean
values of the fiber width were minor, but changes in standard deviation and skewness were more
distinctive (Table 4).

Table 3. Effect of energy loads on the mean fiber dimensions measured with FiberLab® analyzer.

[Pulp [refining energy (kWh/t) fiber length (mm) _ width (um) [wall thickness (um) [cross-sectional area (um?) |
E.Urograndis yn-gried 0 0.82 15.9 3.3 180
40 0.82 156.7 3.4 185
80 0.82 16.0 3.5 190
120 0.81 16.0 3.5 187
E.Grandis/E.Dunnii n.dreq 0 0.81 156.9 3.4 182
40 0.82 16.2 3.6 191
80 0.82 16.0 3.7 192
120 0.82 16.3 3.7 195
E.Grandis/E.saligna yn-gried 0 0.80 16.0 3.1 174
40 0.81 16.4 3.4 185
80 0.82 16.3 3.4 188
120 0.81 16.2 3.4 187
E.Nitens/E.globulus ,.grieq 0 0.81 16.0 3.3 189
40 0.82 16.0 3.5 186
80 0.81 16.4 3.6 199
120 0.82 16.0 3.5 190
E.Urograndis gieq 0 0.83 15.4 3.3 178
40 0.81 156.3 3.3 175
80 0.81 15.2 3.2 175
120 0.80 15.2 3.2 173
E.Grandis/E.Dunnii geq 0 0.81 15.8 3.4 187
40 0.81 15.7 3.4 187
80 0.80 15.6 3.4 184
120 0.80 15.5 3.3 181
E.Grandis/E.saligna gieq 0 0.79 15.9 3.1 178
40 0.79 15.6 3.1 177
80 0.78 15.4 3.1 177
120 0.78 15.4 3.1 176
E.Nitens/E.globulus geq 0 0.82 15.6 3.3 178
40 0.82 15.6 3.3 175
80 0.80 15.6 3.3 175
120 0.80 15.5 3.4 173
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Table 4. Characteristics of discrete fiber width distributions and their relative change in refining.

before refining  Egrandis/E.saligng ey E.Nitens/E.globulus jn4ies ~ EUrograndispgieq  E.grandis/E.dunniiy, 4ies  E.grandis/E.salignagiey  Enitens/Eglobulusyiey  E.Uurograndisyes  E.grandis/E.dunniiyieq

mean (um) 16.0 16.0 159 159 159 156 154 158
variance (jtm) 6.07 7.34 766 567 7.40 727 6.36 6.46
skewness 873 1458 945 1319 10.75 16.58 885 9.40
after refining

mean (um) 162 16.0 16.0 163 154 155 152 155
variance (jtm) 593 5.77 821 6.15 5.80 6.88 6.12 6.70
skewness 9.03 9.02 13.80 11.98 11.99 10.12 9.04 3.14
A mean (%) 1.41 -0.40 0.46 239 -3.78 -047 -1.64 212
A variance (%) 244 -27.19 6.63 788 -27.70 -5.60 -3.82 350
A skewness (%) 335 -61.65 31.55 -10.06 10.36 -63.83 206 -199.75

The mean of the fiber wall thickness of the once-dried eucalypt fiber samples increased as refining energy
was applied and the distribution of wall thickness became more heterogeneous (Figure 21) when the fiber
wall swelled. As far as the relative changes in fiber characteristics are concerned, both the mean values
and the standard deviations changed moderately (Table 5). However, there was no clear pattern of how
fiber wall distributions behave. The standard deviation of once-dried fibers of E. urograndis was reduced
significantly. The decrease in skewness was high for once-dried fibers. This is probably due to the
detachment of fragments from the fiber wall to create new particles. This cannot be seen in length-
weighted fiber length distributions, since in length-weighted distribution the influence of fines and cell
fragments is compensated.

The mean of the fiber wall thickness of the dried eucalypt fibers remained practically the same. In
contrast, the distributions of cell wall thickness were affected significantly. Dried fibers are more rigid
than once-dried fibers and they are more susceptible to damage in refining (Seth, 2001). Drying closes
most of the large pores and a substantial amount of the small pores (Park et al. 2006). Even though the
pore volume of previously dried pulps can be recovered by refining (i.e., the pulp can be re-swollen),
some small pores, which are closed in drying, are not re-opened by normal levels of refining. In other
words, some of the negative effects of refining can be compensated, but refining does not completely
reverse hornification (Laivins and Scallan 1996). The relative decrease in skewness values varied between
30-250%. It seems that dried fibers delaminate more easily than once-dried fibers. The increase in
swelling of the fibers could explain the unchanged mean of fiber wall thickness.

Table 5. Characteristics of discrete fiber wall thickness distributions and their relative change in refining.

before refining  E.grandis/E.saligna, ey E.nitens/E.globulus 4oy EUrograndis , gieg  E.grandis/E.dunniiy, 40 E.grandis/E.salignayieq  E.nitens/E.globulusy;ey  E.urograndisyiey  E.grandis/E.dunniiy;e

mean (um) 3.1 33 33 34 3.1 33 33 34
variance (um) 215 222 235 207 243 226 242 230
skewness 238 216 417 1.14 4.92 4.65 6.44 327
after refining

mean (um) 34 35 35 37 3.1 34 32 33
variance (1.m) 223 225 216 214 1.96 222 208 242
skewness 173 167 126 0.61 1.44 252 1.99 232
A mean (%) 8.68 497 5.38 7.35 -1.03 1.83 24 -3.02
A variance (%) 3.74 1.40 -8.86 298 -23.87 -1.56 -16.32 4.79
A skewness (%) -37.52 -29.22 -230.14 -85.59 -241.71 -84.77 -224.07 -40.94
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Figure 21. Fiber wall thickness distributions for once-dried and dried eucalypt fibers (refined fibers shown
by dotted lines).
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6.2 The drying shrinkage and cell wall thickness (III, VI)

Figure 22 shows that in the wet pressed state of the fiber network, i.e. with the assumption that fibers are
mostly collapsed, the density is higher in a sheet containing more thick-walled fibers (associated with low
WRYV) than thin-walled fibers (associated with high WRYV) for an anisotropic tightly packed network.
When fiber network is dried, after which the handsheet density is measured, handsheets with higher
fraction of thin-walled fibers are the ones with higher density. Based on this, it can be deduced that the
difference in drying shrinkage potential is a greater force than fiber collapsibility (as the collapse degree is
similar for all of the eucalypt kraft pulp fibers) in determining how handsheet properties will develop. This
translates into smaller changes in the shape of thin-walled fibers in wet pressing. In this study, the drying
shrinkage potential is considered as a property that keeps fibers in contact.
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Figure 22. Measured density of the handsheets (triangles) and calculated py (sSquares) as a function of
WRYV.

Fiber network consisting of thin-walled fibers have narrow drying stress distribution, especially in the case
of eucalypt fibers (Mohlin and Hornatowska, 2006), therefore resulting in increased elastic modulus and
tensile strength (Vainio 2007; Kédrenlampi 1995) when the sheet is dried.

6.3 Correlations between variables (I11I)

Raw material morphological features (fiber length, fiber width, fiber wall thickness, apparent density)
were used to explain the variability of physical properties of the hand sheets (bulk, tensile index, etc.).
Table 6 shows the Pearson correlations (Milton and Arnold 1995) between the measured and calculated
pulp fiber properties and the handsheet properties in the un-refined and refined state. The sample size was
small (n=20), so the critical value for Pearson r to make results statistically significant (< 1%) was quite
high, 0.537 (the values that were not statistically significant are marked in Table 6 as n.s.). The mean
value of fiber wall thickness and calculated apparent density correlated significantly with all measured
properties at zero PFI revolutions and with all properties except light scattering at 500, 1000 and 2,500
revolutions. The standard deviation of fiber wall thickness correlated significantly with all properties
except light scattering for both un-refined and refined pulps. Fiber wall thickness characteristics and
apparent density had negative correlations with tensile index, air resistance and handsheet density, and the
single greatest values found between wet pressed apparent density and handsheet properties. However, the
correlations between fiber length and especially fiber width characteristics and paper technical properties
were not so good. Micro fibril angle (MFA) was characterized for 12 samples. It correlated well with
paper technical properties, as expected, but it also correlated well with fiber wall thickness index. This
correlation is nothing new, for example Hiller (1964) and Courchene et al. (2006) observed this
correlation between these two properties. However, the correlation was positive, as opposed to the results
of other authors mentioned above. The reason for this could be that MFA was measured for young wood
only (4-year old clones). The maceration procedure has also been seen to lower the MFA values in the S2-
layer, therefore making the variability lower (Peura 2007). The values of MFA measured in this study
(between 10-159) are realistic considering the values obtained by others with X-ray diffraction, 9-18° for
Betula pendula (Birch)(Bonham and Barnett, 2001) and 10-20° and 14-25° measured for Eucalyptus
nitens (Stuart and Evans, 1994; Evans, 1998). The MFA requires complicated measurement procedures



whereas fiber wall thickness index is simpler to measure with existing methods. For example Wimmer et
al. (2002) do not give much credit to MFA as a predictor of handsheet properties of Eucalyptus globulus.
Rather strangely, fiber width and fiber wall thickness index did not correlate. This can be due to the
assumption of circular shaped fibers with the image analysis, when fibers are “scanned” only from one
side and the level of collapse cannot be seen.

Table 6. Pearson correlation coefficients for the pulp properties fiber wall thickness (FWT) mean value
and standard deviation and apparent density and four hand sheet properties at different PFI refining
levels; coefficients are significant at p<1%, 2-tailed, n=20 (n.s.= not significant at p<1%).

Parameter Fiber lengthpean (Mm) Fiber lengthgg,, (mm) Fiber widthyea, (mm) Fiber widthgq, (mm) FWTpe,  FWTgy, app. dens. Hemicellulose ~ MFA
Fiber lengthe,, (mm) 1 0.94 0.61 n.s 0.78 0.89 0.77 n.s 0.85
Fiber lengthgg,, (mm) 0.94 1 0.61 n.s 0.85 0.84 0.84 ns. 0.74
Fiber widthe,, (Mm) 0.61 0.61 1 0.67 0.61 0.84 n.s 0.54 0.54
Fiber widthgy, (mm) n.s n.s 0.67 1 n.s n.s n.s n.s 0.42
FWT nean 0.78 0.85 0.61 n.s 1 0.88 0.97 n.s 0.84
FW gy, 0.89 0.84 0.84 n.s 0.88 1 0.87 0.54 0.86
app. dens. 0.77 0.84 n.s n.s 0.97 0.87 1 n.s 0.92
hemicellulose 0.50 n.s 0.54 n.s ns 0.54 ns 1 0.66
MFA 0.85 0.74 0.54 0.42 0.84 0.86 -0.76 0.66 1
PFI=0
Tl (Nm/g) 0.64 0.68 n.s -0.65 -0.79 -0.79 -0.83 n.s. -0.76
density (kg/m°) .66 0.65 n.s -0.65 0.83 0.75 -0.88 ns. -0.56
light scatt. (m?/kg) ns ns n.s n.s 0.77  ns. 0.72 n.s. 0.52
air res. (s) ns ns n.s n.s -0.75 -0.74 0.82 n.s. 0.72
PFI=500
Tl (Nm/g) .56 0.55 n.s n.s .76 0.78 0.79 ns. -0.80
density (kg/m®) 0.65 -0.62 n.s n.s -0.82 -0.74 -0.88 n.s. -0.61
light scatt. (m?/kg) ns ns n.s n.s n.s. n.s. n.s. n.s. n.s
air res. (s) -0.66 -0.62 n.s n.s -0.69 0.76 0.76 n.s. 0.64
PFI=1000
Tl (Nm/g) 0.58 0.61 n.s n.s 0.7 -0.70 -0.78 n.s. -0.78
density (kg/m®) 0.57 0.54 n.s n.s -0.82 -0.73 -0.87 n.s. 0.67
light scatt. (m?/kg) ns ns -0.52 n.s n.s. n.s. n.s. n.s. ns.
air res. (s) -0.65 0.61 n.s n.s -0.69 0.75 0.75 n.s. n.s
PFI=2500
Tl (Nm/g) 0.58 -0.60 n.s n.s 0.74 -0.70 0.75 n.s. -0.76
density (kg/m®) -0.55 -0.53 n.s n.s -0.81 0.74 -0.86 n.s. -0.56
light scatt. (m%/kg) n.s n.s n.s n.s n.s. n.s. n.s. n.s. n.s
air res. (s) -0.59 -0.54 n.s n.s -0.63 -0.73 -0.68 n.s. n.s
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6.4 Principal Component Analysis and Factor Analysis (VI)

A principal component analysis was performed using 8 variables at 5 different levels of
refining (PFI 0, 250, 500, 1000, 2500 revolutions). Table 7 shows that the number of
variables to describe the “metafiber” properties of eucalypt fiber network was three. Over
98% of the total variability can be accounted for by these 3 components. An additional
component would increase the proportion of accounted-for variance by only less than 1%. A
factor analysis was undertaken to characterize the physical meaning of there factors. The
variables used in the PCA are listed in Table 8.

Table 7. Principal component analysis of data for all Table 8. Rotated factor patterns for
all samples. samples.
PRINCIPAL COMPONENT ANALYSIS OF DATA FOR ALL SAMPLES Factor1 Factor2  Factor3
- - Tensile Index (Nm/g) 0.64 0.72 0.25
Proportion of Cumulative
Total Variance proportion Air Resistance (s) 0.90 0.52 0.05
COMP 1 0.810 0.810 . 3
COMP 2 P 0.933 Density (g/cm®) 0.90 0.40 0.10
COMP 3 0.051 0.984 Tensile Stiffness (kN/m) 0.68 0.67 0.19
COMP 4 0.008 0.992 Tear Index (NmZ/ ) 0.07 0.15 0.81
COMP 5 0.005 0.997 g ' ' '
COMP 6 0.003 1.000 Light Scattering (m?/kg) -0.37 -0.86 -0.25
COMP 7 0.000 1.000
COMP 8 0.000 1.000 Scott-Bond (J/m?) 0.56 0.80 0.14]
Stretch (%) 0.72 0.50 0.47]

In factor analysis, a linear relationship between variables is assumed. Therefore, some initial
manipulation of the raw data was required when air resistance was converted to logarithmic
scale. Also, the non-linear portion of the tear index data was excluded, as for some of the
samples tear index was highest at the first (250 revolutions) refining point. This was related to
fiber flexibility and the ease of refining.

The rotated factor pattern revealed that the three common factors accounted for 7.8 units of
variance out of a total of 8 units (8 standardized variables). Factor analysis calculates a matrix
that shows the relationship between the derived common factors and the variables. The
elements of a row in the matrix can be considered as regressions coefficients relating a
variable to the factors. Factor 1 accounted for almost 61% of the common variance. It is
strongly and positively correlated with strength properties (tensile index, tensile stiffness
index, Scott-Bond), density and air resistance and stretch. It has negative loading on the light
scattering coefficient. This factor was seen to represent the combined effect of inter-fiber
bonding and activation of fiber network. It reflects the underlying changes in fiber properties
during beating which increase fiber network activation potential (internal and external
fibrillation, fiber deformations etc.). Factor 2 accounted for 24.3% of the common variance
and was loaded most strongly on light scattering (-) and Scott-Bond (+), having additional
high loadings on tensile index, tensile stiffness index, and stretch. A probable interpretation
is that it corresponds to the degree of microcompressions formed in the fiber. As fiber length
was relatively constant among the samples, and considering the strong loads in tear (+) and
stretch (+), factor 3 (14.7% of the common variance) accounted for the transverse dimensions
of the fibers observed with the FiberLab® analyzer. Also, fiber curl was believed to influence
this parameter as it exhibited a moderate negative correlation with the tensile stiffness index.

Separating the unrefined samples from the refined samples gives us further confidence in
identifying the factors as stated above. As Table 9 indicates, the loadings of factor 1 on air
resistance and handsheet density are smaller for unrefined than for refined pulp, and what is
more important, the light scattering coefficient is not affected negatively by this parameter.
Factor 2 has the opposite effect (+) on the light scattering coefficient and a substantially lower
effect on Scott-Bond when the fibers were not refined. Furthermore, the effect of stretch is
lower due to the fact that more microcompressions are formed in refining.
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The effect of orientation on the determined factors was not studied, since only isotropic
handsheets were used to measure paper technical properties. The factors determined are
therefore applicable only to isotropic fiber networks. However, it can be deduced that factors
2 and 3 are likely to be more significant after refining. The transfer of stresses in the cross-
direction of the fiber network due to the alignment of fibers is more pronounced after
refining. In laboratory conditions, variations in wet-pressing pressure do not affect the
predictability of the model due to the easily collapsible structure of eucalypt fibers. The
increase in activation (~20%) due to increased wet-pressing pressure of laboratory handsheets
was observed by Vainio (2007) for spruce kraft pulp. For eucalypt fibers, a similar increase in
bonded areas and the increased number of bonds resulting in decreased free fiber segment
length might not be observed because of the short, homogeneous fiber length distribution,
initially highly collapsed fibers, and tightly packed structure.

Table 9. Rotated factor patterns for unrefined pulp samples.

Factor1  Factor2  Factor3
Tensile Index (Nm/g) 0.94 0.33 0.08]
Air Resistance (s) 0.76 0.57 0.30]
Density (g/cm®) 0.72 0.63 0.27
Tensile Stiffness (kN/m) 0.89 0.43 -0.16
Tear Index (Nm?/g) 0.00 0.12 0.71
Light Scattering (m/kg) 0.26 0.52 0.16
Scott-Bond (J/m?) 0.86 0.24 0.07
Stretch (%) 0.76 0.35 0.54

6.5 Parameters developed (111, VI)
6.5.1 Wet-pressed density and paper technical properties (I1I)

Figure 23 shows the hand sheet density for different refining levels as a function of p.. The
calculated wet-pressed density describes the pulp fibers in their swollen wet-pressed state for
a tightly packed oriented handsheet (fibers aligned in axial direction). Fibers with low wet-
pressed apparent density are thin-walled and produce dense sheets (high apparent hand sheet
density) with improved bonding and fiber segment activation (fiber straightening) that results
in higher tensile index values (Figure 24). The measured values of paper technical properties
of un-refined and refined samples were then compared against the wet-pressed density
calculated from the FiberLab® raw data results of the un-refined fibers. This was done in
order to get as reliable data for fiber dimensions as possible. The physical changes associated
with refining (internal fibrillation, external fibrillation) cannot be characterized with the
FiberLab® fiber analyzer (V.3.0). The changes that fiber dimensions undergo during refining
are relatively small and sometimes inconsistent. This makes the prediction based on refined
fiber results impractical. The dimensions of un-refined fiber, however, correlate well with
paper technical properties. Thus it seems that the original fiber structure is connected to fiber
network property development when fibers are refined. The correlations were found to be
linear. This was seen independent of the refining level of the fibers for the handsheet density
and for the tensile index. Wet-pressed density values after refining were therefore only
dependent on the original mass distribution of the un-refined fibers. Also tensile index and
handsheet density values after refining depend only on the original mass distribution of the
fibers. The previous handsheet density models (Amiri et al. 1991; Gorres et al. 1989) rely
heavily on all important fiber properties, i.e. fiber coarseness, fiber width, fiber thickness,
fiber curl, fiber length, and wet fiber flexibility and also to applied wet pressing pressure. The
latter three become insignificant when fiber length approaches that of hardwoods. The
apparent density is also dependent on average free fiber length that is a function of fiber wall
thickness. The measurement of the shape and the collapse degree of the refined fibers was out
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of the scope of our investigation. Therefore, how fiber shape was altered by the refining
procedure is not known. In refining, the swelling and conformability of the fibers is enhanced,
fines are created and bonding is improved resulting in increased density and tensile index.

Less coarse fibers are known to form more closed network structures in a sheet. Additionally,
the calculated wet-pressed apparent density is therefore expected to have strong correlation

with sheet porosity indicated by air resistance. The logarithmic air resistance correlated well
with wet-pressed density (Figure 25).
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Figure 23. Hand sheet density as a function of wet-pressed density for different PFI refining
levels.

140

120

5 R*=0.60
100
£ R®=0.65
% 80 R®=0.65
(] 2 _ .
2 o0 =070 Increasing
o 1 . .
g refining
S 40
20 4
0 T T T T
0.75 0.8 0.85 0.9 0.95 1

pr (g/cm3)
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Figure 25. Logarithmic air resistance as a function of apparent density for different levels of
refining.

The mass of the representative sample of fiber furnish as such appeared to be a useful
parameter to predict strength-and structural properties of the handsheets made of un-dried
eucalypt kraft fibers. This was enabled by the difference in the swelling behaviour of thin-
walled and thick-walled fibers that surpass the effect of fiber collapse behaviour (See Chapter
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6.2). All the properties can be measured directly from pulp fibers, so no additional
measurements of paper technical properties are needed to make the simulations.

6.5.2 Activation parameter and paper technical properties (VI)

Generally, the fiber wall thickness distribution characteristics had positive correlation (both
population weighted and weight-weighted distributions) with fiber curl, except for the
kurtosis values of fiber wall thickness (negative correlation). Moreover, for the mean values,
using the volume weighted fiber wall thickness improved the correlation with fiber curl.
Apparently fiber curl has a better correlation with thick-walled fibers than with thin-walled
fibers. The effect of beating on the increase of fiber swelling has been attributed to internal
fibrillation of the fiber wall. The increased fiber swelling increases drying stresses that are
beneficial to the tensile index and elastic modulus of the restraint dried fiber network (Htun
and de Ruvo 1978).

Population weighting of fiber wall thickness data will be further influenced by the fines
content of the samples. This is also believed to have an influence on the level of activation of
the paper (Vainio et al. 2007b). Increasing fiber coarseness increases stretch potential when
fibers are refined because thicker walled fibers may not flex elastically under mechanical
stress in the refiner but undergo compression failure giving rise to kinks and micro-
compressions (Mohlin and Hornatowska, 2006). For pulp samples refined in laboratory
conditions, thin-walled fibers normally have a more angular fold, and thick-walled fibers have
more kinks (Mohlin et al., 1996). Therefore a link between fiber wall thickness and curl index
can be expected.

It was discovered that when weighting the wall thickness data, the correlations with the
measured properties were worse than when using the population distributions. This could
indicate that the amount of fines material was significant to activation behavior. The same

trend was observed for other fiber characteristics calculated using the total distributions
(Table 10).

Figure 26 shows the fit obtained when handsheet density and tensile strength values of un-
refined and refined fibers (2,500 rev.) were plotted against the activation coefficient
calculated from the mean values of the original fiber furnish dimensions (equations (12) and
(14)). Refining modifies fiber properties in order to obtain the most desirable paper machine
runnability and product properties. In addition to fiber morphology, inter-fiber bonding is
greatly influenced by internal fibrillation introduced by refining, contributing to swelling and
flexibility of fibers. The bond formation is also promoted by external fibrillation and fines
formation (Retulainen et al. 1998).
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Figure 26. Comparison between the predictability of the apparent sheet density (left) and
tensile index (right) based on the population- (squares) and volume-weighted (diamonds)
activation coefficient for two different refining levels, PFl = 0 and 2,500 rev.
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Alternative methods of implementing fiber wall thickness in the activity coefficient were
investigated. By means of population weighted fiber wall thickness, more emphasis was
placed on the amount of fibrils and fiber fragments in the pulp. Volume weighting of the wall
thickness data underestimates the amount of small particles. Overall, activation coefficients
based on the volume weighted mean had inferior correlation with the measured properties
than did the activation coefficients derived from population weighted fiber wall thicknesses.
The activation coefficient characteristics calculated using the total distributions again proved
to be more accurate in describing the hand sheet properties (Table 10).

The inclusion of the WRV had a more pronounced impact on the correlations observed
between the activation coefficient and handsheet density than on the correlations between the
activation coefficient and tensile strength (Figure 27). In the case of handsheet density, the
influence of water retention value on inter-fiber bonding can be seen as an improved
correlation with the activation coefficient. This is understandable since thinner walled
samples retain more water than thick walled samples (Figure 28), and at the same time fiber
swelling affects fiber straightness by decreasing fiber curl.

The activity coefficient simulation results were less affected, when using volume-weighted
values. This is an indication that fiber length and fiber width/wall thickness ratio may not be
that important for the network activation coefficient of eucalypt fibers.
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Figure 28. Water retention value as a function of fiber wall thickness.

The differences found in curve shapes for handsheet density and tensile strength can be
explained by inter-fiber bonding and fiber network activation. Based on the hypothesis, the
“refining response” or “activation potential” can be explained by a combination of increased
inter-fiber bonding and a reduced number of incomplete active or “slack” fiber segments in
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the fiber network. According to the early classification by Giertz and Roedland (1979), fiber
segment activation depends on 1) fiber segment length (bond frequency), 2) fiber segment
form (straight or curved), 3) bond area, and 4) degree of swelling of a crossing fiber. As fiber
length was quite similar for all eucalypt fibers, bond frequency per fiber can be considered a
constant. Increasing inter-fiber bonding is not the only effect of refining. Fiber segment
activation is also important. This is linked to fiber morphology and fiber deformations.

As fiber wall becomes thinner and fiber curl decreases, handsheet density and tensile index
experience slightly different behavior. The tensile strength increase was linear, whereas
handsheet density hits a plateau at high densities. This is amplified when using WRYV as a
variable in the equations. Un-refined fibers experienced a slightly different behavior as highly
refined fibers, where the amount of bonding can be considered to be constant for all samples
(Page et al. 1979).

When the fiber walls became sufficiently thin, the change in sheet density was not linear,
whereas the tensile strength increased in a linear fashion. This can be explained as follows;
when the inter-fiber bonding and transverse shrinkage of the fibers is sufficient, the amount of
activation mainly depends on the morphology of the fibers. Fiber length not being an
important factor for the eucalypt pulp samples, the determining factor on how effectively the
slack segments will straighten is the bonded area (amount of fiber contact), which is higher
for thin-walled fibers. Therefore, higher shrinkage forces of thin-walled fibers will result in
improved fiber network activation as more free segments are activated.

The fiber slenderness ratio used in the Page’s equation (Page 1969) and in the shear-lag
theory is clearly the lowest for hardwood pulps, as they possess low fiber length. In particular,
eucalypt fibers have low width-wall thickness- ratio. This increases the importance of RBA
in the above mentioned equations, further supporting the importance of fiber wall thickness in
modeling of eucalypt fibers.

All of the factors contributing to the activation coefficient (fiber wall thickness, fiber curl,
WRYV) are favored by short fibers and fiber fragments. This also indicates that fiber length
may not be as crucial parameter in determining eucalypt handsheet properties. Based on the
study, the combined use of fiber characteristics, measurable with automated fiber analyzers,
can be even more productive in interpreting handsheet properties than just concentrating on
one parameter at a time.

A schematic picture (Figure 29) sums up the important elements for fiber network strength of
hardwood fibers (III, VI-VII).

Raw material properties Fiber network properties Paper properties

Fiber swelling Fiber-to-fiber

bonding strength

Fiber curl Z Tensile strength
) ) Relative bonded area
Fiber wall thickness Tear strength
Fiber length Fiber qetwork
activation ;
Crystallinity degree
of cellulose

Figure 29. Effect of raw material properties on the strength properties of short-fiber pulp
(significant influence = solid line, moderate effect = dashed line).
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Table 10. Correlation coefficients between distribution characteristics (top - population weighted, bottom
- volume weighted) and tensile index, handsheet density and air resistance.

%) DPWM (WRV) PW, stdv. (WRV) PW, skew (WRV) PW, kurt.(WRV) DPWM PW,stdv. PW, skew PW, kut. PWM PWM (WRV) Tens. Index (Nm/g) Density (kg/m?)
DPWM (WRV) 7.00
PW, stdv. (WRV) 0.97 1.00
PW, skew (WRV) 0.57 0.72 1.00
PW, kurt.(WRV) 0.09 -0.03 -0.41 1.00
DPWM 0.91 0.96 075 -0.24 1.00
PW, stdv. 0.83 0.91 0.80 -0.29 0.97 1.00
PW, skew -0.17 -0.19 -0.08 074 -0.36 -0.32 1.00
PW, kurt. 0.25 0.23 0.14 0.74 0.06 0.09 0.87 1.00
PWM 0.93 0.97 0.77 -0.19 0.99 0.95 -0.30 0.10 1.00
PWM (WRV) 0.95 0.97 0.74 -0.07 0.93 0.88 -0.20 017 0.95 1.00
Tensile Index -0.82 -0.80 -0.52 0.03 -0.84 -0.74 0.28 -0.01 -0.85 -0.85 1.00
Density -0.84 -0.80 -0.51 0.12 -0.80 -0.67 0.39 0.11 -0.83 -0.89 0.91 1.00
Air Resistance -0.87 -0.82 -0.50 0.05 -0.81 -0.69 0.35 0.04 -0.83 -0.89 0.92 0.99
CH ™) 0.28 0.39 0.46 -0.09 0.41 0.49 -0.04 0.11 0.41 0.39 -0.37 -0.17
Curl 0.55 0.62 0.55 -0.46 0.81 0.83 -0.51 -0.17 0.76 0.59 -0.64 -0.50

D) DPWM (WRV) PW, stdv. (WRV) PW, skew (WRV) PW, kurt(WRV) DPWM _PW, stdv. PW, skew PW, kurt. PWM PWM (WRV) Tens. Index (Nm/g) Density (kg/m®)
DVWM (WRV) 1.00

VW, stdv. (WRV) 0.68 1.00
VW, skew (WRV) 0.35 0.66 1.00
VW, kurt.(WRV) 0.06 -0.01 -0.31 1.00
DVWM 0.81 0.90 0.75 -0.24 1.00
VW, stdv. 0.56 0.90 0.80 -0.29 078 1.00
VW, skew 0.39 0.65 -0.08 074 0.62 073 1.00
VW, kurt 017 0.56 0.14 0.74 0.33 073 073 1.00
VWM 0.75 0.84 077 -0.19 0.90 072 0.55 0.31 1.00
VWM (WRV) 0.66 0.91 074 -0.07 0.86 072 0.62 0.39 0.81 1.00
Tensile Index -0.69 -0.74 -0.23 0.02 -0.77 -0.51 -0.35 009 -075 -0.84 1.00
Density -0.57 -0.69 -0.26 0.10 -0.68 -0.38 -0.28 003 -0.63 -0.85 0.91 1.00
Air resistance -0.59 0.72 -0.33 0.04 -0.70 -0.44 -0.29 010 -065 -0.86 0.92 0.99
C/H ™) 0.43 0.41 0.28 0.08 0.45 0.34 0.38 0.13 0.41 0.41 -0.37 -0.17
curl 0.74 0.61 0.44 -0.45 0.85 0.50 0.37 0.05 0.86 0.60 -0.64 -0.50

*) DPWM = population weighted mean activation coefficient calculated from the distributions, equation
(13), PWstav, skew and kurt = the distribution characteristics, PWM = the activation coefficient calculated
according to Equation (12), DVWM = volume-weighted mean activation coefficient calculated from the
distributions, equation (15), VWsv. skew, kurt= the distribution characteristics, VWM= the activation
coefficient calculated according to Equation (14), (WRV) = WRYV correction used to calculate the
activation coefficient.

**) C/H = the ratio between cellulose (C) and hemicelluloses (xylose, mannose and arabinose).
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6.6 Dimensional stability (IV, V, VIII)

The non-linear behaviour of the pulp samples can be seen after the first absorption stage (10%
2> 50% RH) for measurements made with OPTIDIM (Figure 30). Therefore, the
hygroexpansion coefficient throughout this study was determined as the mean value of the
gradient of the first desorption stage (from 50% —> 10 % RH) and the first absorption stage
(from 10% > 50% RH). This is the region where there was no, or at least very little, non-
linearity. The hygroexpansitivity values throughout this thesis were calculated based on the
moisture content of the sheet according to equation (9), as recommended by Uesaka (2002).
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Figure 30. An example figure of a hysteresis curve of the hygroexpansion of an anisotropic sheet in the
CD obtained with OPTIDIM apparatus.

6.6.1 The effect of fiber transverse dimension distributions on hygroexpansivity
av)

The hygroexpansivity of conventional sheets measured with OPTIDIM was generally greater
with increased refining. The values were roughly of the same order of magnitude, with the
major differences derived from fiber morphology. The same was observed for the
measurements made with laser measurement apparatus (Antonsson et al. 2010).

Figure 31 shows hygroexpansivity coefficients of anisotropic sheets as a function of refining
for samples studied in the MD and CD, respectively. As the figures illustrate, refining
generally had a small effect on the hygroexpansivity in the MD and a bigger effect on the
hygroexpansivity in the CD (Salmén et al. 1987; Uesaka and Qi 1994).

There was no general trend for hygroexpansional behavior as a function of density for
isotropic handsheets (Figure 32). This may be due to the small differences in the formation of
the pulp sheet due to fiber deformations (curl etc.). Both the isotropic and the anisotropic
sheets were dried in contact with a plate to which the sheets were attached.

In theory, a higher amount of fiber bonding with a fiber network consisting of thin-walled

fibers should result in a higher degree of fiber segment activation (straightening of free, un-
bonded fiber segments) if the same amount of restraint is applied during drying.
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Figure 31. Hygroexpansivity coefficient as a function of sheet density in the MD (left) and CD

(right) (error bars 95% confidence interval).
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Figure 32. Hygroexpansivity coefficient as a function of sheet density of isotropic handsheets

(error bars 95% confidence interval).

If we take a look at how fiber wall thickness affects the hygroexpansivity coefficient of
unrefined samples, it can be seen (Figure 33) that the mean value and standard deviation of
fiber wall thickness had negative correlations with the hygroexpansivity of anisotropic sheets.
This is in accordance to formula presented by of Uesaka (1994) for hygroexpansion of paper
derived from a micromechanics analysis that provides a general framework for considering
the effect of fiber-to-fiber bonding, drying restraint, and fiber dimensions. In the paper of
Antonsson et al. (2010), the same results for fiber wall thickness used in this study (IV) were
observed not to correlate with laser measurement apparatus hygroexpansivity measurements



of standard isotropic handsheets. In Chapter 6.6.2 reasons for the differences are discussed. In
their study of the shrinkage mechanisms of paper, Nanko and Wu (1995) reported a higher
amount of shrinkage for thick-walled fibers than for thin-walled fibers independent of the
drying method, but they did not study the effect of fiber shrinkage to sheet hygroexpansion
values. In many occasion, individual fiber hygroexpansivity has been seen to be connected to
sheet hygroexpansivity for both hardwoods and softwoods (Lyne, 1994; Nanko and Tada,
1995; Nanri and Uesaka, 1993). The outlier marked as square is the birch sample. The
difference in the hygroexpansional behavior of birch samples could be a result of its very
different chemical and structural nature and the high amount of fines present. It is also
noteworthy that birch had the highest variability in hygroexpansion measurements. The
reason behind this is unknown.
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Figure 33. Geometric mean of hygroexpansivity of un-refined anisotropic sheets as a function
of fiber wall thickness mean value (left) and standard deviation (right) (the outlying birch
indicated as a square, acacia and eucalypt samples as diamonds).

Figure 34 shows that dynamic sheet samples with narrow fiber walls exhibited a lower overall
change in sample dimensions (as the mean of CD and MD dimensional changes) than samples
with thick-walled fibers when the relative humidity was changed from 10% to 90%. At higher
relative humidities (between 70 and 90% relative humidity and even before that) samples
exhibit non-linear behaviour due to the release of “internal stresses” (Salmén 1993; Uesaka et
al. 1989; Uesaka et al. 1992) that will affect the amount of overall dimensional change
observed for the humidity range used. It can be speculated, that the amount of released dried
in stresses was higher for thick walled fibers.

Relative Humidity (RH) cycle from 10% to 90%

0.400
E
£ o300 :
= 0.380
S
7 0370 | ) ,¢
£ 0360 : 3 i
S 0350 I
= ,
2 0.340 ’; T . ;
[
£ 0330 t T
[}
g 0320
< 0.310 -
o
0.300 : : ‘ ‘ ‘
1.50 2.00 250 3.00 350 4.00 450

Fiber wall thickness (um)

Figure 34. Overall change in sample size (dynamic sheet in the CD direction) when subjected
to relative humidity between 10% to 90% as a function of fiber wall thickness (error bars 95%
confidence interval).

The use of restraint-dried sheets was done in order to mimic the effects seen in the mill
environment. However, one has to bear in mind that the conditions used (wet pressing, sheet
making, refining, drying) were far from ideal.
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For the same amount of fiber network activation potential (and the FSP values approximately
at the same level) at the beginning of drying, fiber wall thickness was responsible for the
differences seen in the dimensional changes of the in-plane sheet structure (Pulkkinen et al.
2009a). The orientation of these samples was approximately at the same level (characterized
as the MD/CD tensile stiffness ratio of the sheet samples). Recently, there have been similar
findings for isotropic handsheet hygroexpansion as well, connecting fiber wall thickness to
network activation (Pulkkinen et al. 2010).

6.6.2 Laser measurement and OPTIDIM apparatus

Figure 35 shows the correlation between all OPTIDIM hygroexpansivity measurements and
the laser measurement device. There seems to be a poor correlation between these two
measurement methods, even though the magnitude of the results was approximately the same
for a given measurement type (MD, CD, geometric mean or isotropic). The forming of
hydrogen bonds at a low moisture range (Urquhart and Eckersall, 1930; Urquhart, 1958)
which cannot be disrupted in re-swelling (Laivins and Scallan 1993) may have affected the
results as the preconditioning of the samples differed somewhat. In the measurements with
the paper strips of the laser measurement device, the samples were preconditioned at 33%
RH, whereas the OPTIDIM samples were kept at +23°C and 50% RH prior to testing. It is a
common practise to condition the paper first at a substantially lower humidity (e.g. at 30% or
lower) before it is tested in the standard conditions in order to achieve identical moisture
content at a given relative humidity (Wink, 1961).
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Figure 35. All data points from conventional sheets as well as the MD and CD of oriented
sheets. VCD*MD is the geometric mean of anisotropic sheets.

Another difference that may have affected on the observed differences between these two
measurement methods is the low humidity used in the desorption stage of OPTIDIM (10%
RH). When the relative humidity is less than 20%, the samples undergo a steep change in
moisture content with increasing relative humidity and more hydrogen bonds are formed
(Salmén 1993). The hygroexpansion coefficient was calculated from the linear part of the
curve, which was determined to be from 10 to 50% RH for OPTIDIM and from 33 to 66%
RH for the laser measurement device. For all of the samples, the dimensional changes of the
samples were linear between these intervals (Figure 36). Even though in this study we did not
have measurement points between relative humidities 10% and 50%, according to our earlier
measurements the linearity assumption holds (unpublished data). The hygroexpansion
coefficient was then calculated according to equation (9). The OPTIDIM apparatus could be
adjusted to use a cycle between 33% RH and 66% RH, but as it would require a lot of
additional work and, would yield no significant change in the results, the normal cycle of
between 10% RH and 90% RH was used.
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Figure 36. Dimensional changes of the OPTIDIM (above) and the laser measurement

samples (bottom) for oriented sheets in the CD (left) and in the MD (right) as a function of

sheet moisture content.

Figures 37 and 38 depict the hygroexpansion coefficients of isotropic handsheets as a function
of the geometric mean values of machine direction and cross direction hygroexpansion
coefficients for laser measurement device and OPTIDIM hygroexpansivity tester,
respectively. Interestingly, some of the measurements made with the laser device (Figure 37)

fall on a straight line.
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Figure 38. Comparison of the hygroexpansion of conventional and dynamic sheets with
OPTIDIM.

There is no theoretical basis that these values should correlate. The measurements (made for
sheets dried in restraint), as stated before, are mostly governed by the transverse
hygroexpansion of the fibers. In the case of isotropic handsheets, where fibers are placed
randomly to form a sheet, the hygroexpansional forces are distributed evenly in all directions
therefore activating the network equally. For anisotropic sheets, depending on the amount of
anisotropy, fiber network activation in the machine direction and cross direction is dependent
on the morphological properties of the fibers (Uesaka 1994; Uesaka and Moss 1997). The
fiber segment activation is affected by the free segment length and fiber curl, and the length
of the free segment in the MD and CD is affected by the fiber orientation. The more fibers are
aligned in the MD determine how many bonds there are in the CD (Lyne 1994). Relatively
straight fibers together with high swelling ability at the crossing sites (good fiber-to-fiber
bonding and high WRV) mean that refining has little or no effect on the hygroexpansivity of
the sheets in the MD. The amount of activation depending on the shrinking ability of the
fibers at the fiber bonding sites means that the results for isotropic sheets and anisotropic
sheets are not necessarily comparable with each other. This may explain the differences
observed for the two methods used in this thesis work and the fiber wall thickness
measurements in (IV) and (VIII).

The percentual differences between the laser measurements and the OPTIDIM tester were
approximately 20% for most of the measurements. The measurement accuracy of the used
apparatuses was not able to explain the differences observed. The possibility exists that there
could also be a significant friction force between the glass and the sample in the OPTIDIM
apparatus or between the weight and the sample in the laser measurement device. To avoid
this, Teflon sheets have been used to allow free shrinkage of the sample when, for example,
determining stress-strain curves (Batchelor and Westerlind 2001). A similar experimental set-
up could be advantageous in determining the hygroexpansivity coefficients in stress-free
conditions for a set of pulps. Teflon-coated glass plates could be useful for dimensional
change measurement with both types of apparatus.

A direct comparison between these two methods is impossible. However, a few possible
reasons emerged to explain these differences. The use of paper strips may at least be partially
responsible for the differences observed. For such a sample, local variations in thickness,
fiber orientation and fiber grammage may become important. Overall, there are a lot of things
that have to be taken into consideration when measuring the hygroexpansion of samples using
different kinds of apparatuses, especially when dealing with samples that are relatively small
in size (standard strip or smaller). It is impossible to create identical circumstances, but
further studies could be executed with identical relative humidity cycles to remove
uncertainties concerning either the low humidity range, or the high humidity range. The use
of Teflon coated weights could also be considered.
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6.6.3 The effect of sample size measured with the OPTIDIM apparatus

The samples were taken from the dynamic sheets cut both in the machine and the cross
direction. The samples sizes used in this study were 100x100 mmz, 60x100 mmz, 36x100
mm” and 15x100 mm?, so the actual number of samples of different size/orientation was eight.
The normal procedure for hygroexpansion measurements was applied to all the samples with
the exception of the 15x100 mm” samples, when the use of the glass weight was excluded.
This may have resulted in curling of the samples (Nordstrom et al. 1998), making it difficult
to get accurate readings of sample expansion. Therefore a large number of parallel
measurements were required and the results for 15x100 mm’ remain unreliable.

Table 11 shows that the difference in the shape or size of the sample was not reflected in the
hygroexpansivity of the samples when using the OPTIDIM measurement apparatus.
Increasing the moisture content of the sample will change the internal stress state of a fiber,
and, due to the Poisson effect (Perkins 2002), the moisture-induced stresses observed in one
direction will have an effect on the stresses in the other direction. Therefore, in theory, with
changing aspect ratios of the MD and CD side lengths, one should see differences in the
hygroexpansion values. The refining increases the bonding potential and internal and external
structure of the fibers, i.e. increasing the number of fiber-to-fiber interaction. Due to the
increased bonded area the paper produced is less dimensionally stable. The initial creep
effect, possibly induced by the clamping of the samples in the laser measurement apparatus,
can also be intensified when the samples from refined fibers are prepared, as refining lowers
the stiffness of the fibers.

Table 11. The effect of shape and size of the sample on the hygroexpansivity in the MD and
CD.

100mm x 15mm  100mm x 36mm  100mm x 60mm  100mm x 100mm

Longer side

cutted in MD

Bmp 0.01 0.06 0.06 0.06
Bep 0.07 0.08 0.08 0.08
Longer side

cutted in CD

Bmp 0.05 0.07 0.06 0.06
Bep 0.08 0.09 0.08 0.09

Small differences can be seen with the samples of paper strips. For such a sample, local
variations in sheet thickness, fiber orientation and fiber grammage may become important.
Such variation may result in heterogeneous sheet hygroexpansion, causing inaccuracy during
the measurement procedure when going down in sample size.

6.7 Mechanosorptive creep (VIII)

In order to isolate the effects of fiber shape and fiber distortions from the structural features of
paper, only highly refined fibers (energy level of 150 kWh/t) were used to evaluate the
mechano-sorptive creep. After refining fiber-to-fiber bonding can be considered to be
constant (Page et al. 1979).

Both, the tensile stiffness index and hygroexpansion are related to network structure, i.e.
handsheet structural density (Panek et al. 2005; Uesaka 2002). When plotting the
hygroexpansion coefficient against the isocyclic creep stiffness a statistically significant
correlation (Table 12) was found. To the best of the authors’ knowledge, this correlation has
not previously been reported in the literature. This indicates that fiber-to-fiber bonding is also
important to mechano-sorptive creep.
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Table 12. Correlation coefficients between hygroexpansion, tensile stiffness index, isocyclic
creep stiffness and fiber characteristics (2-tailed test, statistically significant (p<0.05). Level of
significance > 0.74 (7 samples).

Refined to 150 kWh/t Un-refined mean dimensions Un-refined Refined

Biso (%/%) TSl (kNm/g) ICys, (kNm/g) Wall (um) Width (um) Length (mm) Curl (%) Xylose (%) WRV (g/g) B/TSI WRVis (g9/g) B/TSlis

B 150(%/%) 1.00

TShs (kNm/g)  0.37 1.00

IC 150(kNm/g) -0.86 -0.19 1.00

Wall (um) 0.49 0.59 -0.59 1.00

Width (um) 0.15 0.75 -0.07 0.82 1.00

Length (mm) 0.14 0.70 -0.27 0.86 0.83 1.00

Curl (%) -0.74 0.03 0.82 -0.43 0.07 021 1.00

Xylose (%) 0.37 0.36 -0.10 0.43 0.58 0.12 0.10 1.00

WRV (g/g) -0.75 -0.57 057 -0.36 -0.20 -027 0.56 -0.30 1.00

prst? -0.29 -0.90 031 -0.69 -0.74 077 004 -035 049 1.00

WRV (g/g)1s0 0.91 0.59 -0.82 0.76 0.50 0.44 -0.57 0.55 069 -0.58 1.00
B/TSls,. " 0.84 -0.20 -0.79 0.18 -0.28 -0.26 -0.79 0.19 047 022 0.62 1.0

*) hygroexpansivity divided by the tensile stiffness index

Morphological factors may also account for higher hygroexpansion, as fiber wall thickness
was seen to correlate moderately with the hygroexpansion coefficient (Pulkkinen et al.
2009a). A correlation analysis was applied for strength properties, hygroexpansivity
coefficient, mechano-sorptive creep and fiber properties to investigate the correlations
between these characteristics.

Both isocyclic creep stiffness and hygroexpansivity of the handsheet were strongly connected
to fiber deformations (curl) of the original furnish, so it is obvious that fiber network
activation influences hygroexpansivity and mechano-sorptive creep. The effect of raw
material size and shape disappeared when fibers were refined (Table 13). This indicated that
fiber swelling degree (measured as WRV) determined the development of hygroexpansivity
and tensile stiffness of the handsheets. This hides the factors that surge when fiber wall is
modified through refining (including for example internal and external fibrillation).

The tensile stiffness index development was, in addition to fiber-to-fiber bonding, also
influenced by the dimensions of the original fiber furnish. When the inter-fiber bonding and
transverse shrinkage of the fibers is sufficient, the amount of activation mainly depends on the
morphology of the fibers. Fiber length not being an important factor for the eucalypt pulp
samples, the determining factor on how effectively the slack segments will straighten is the
bonded area (amount of fiber contact), which is higher for thin-walled fibers. Therefore, it can
be speculated that higher shrinkage forces of thin-walled fibers will result in improved fiber
network activation as more free segments are activated.

Table 13. Correlation coefficients between hygroexpansion, tensile stiffness index, and fiber
characteristics (2-tailed test, statistically significant (p<0.05). Level of significance > 0.43 (21
samples). )

B(%/%) TSI (kNm/g) density (kg/m®) wall (um) wallyg, (um) WRV (g/g) curl (%)

B (%/%) 1.00

TSI (kNm/g) 0.82 1.00

density (kg/m®) 0.86 0.97 1.00

wall (um) 0.22 0.25 0.17 1.00

wallggy, (um) 0.11 0.35 0.31 0.70 1.00

WRV (g/g) 0.92 0.96 0.97 0.27 0.31 1.00

curl (%) -0.24 0.00 0.08 -0.34 -0.02 -0.06 1.00

To include both, the effect of fiber-to-fiber bonding and structural properties of the
handsheets in the evaluation of mechano-sorptive creep, a ratio between the hygroexpansion
coefficient and tensile stiffness index (Figure 39) was used to describe the impact of the
swelling of fibers, fiber dimensions and fiber shape (curl) on isocyclic creep data in a
qualitative manner. This is the same Figure presented in article (VIII), except that for the
fitting of the data a third degree polynomial has been used to improve the precicion of the fit.
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The hardwood samples can be ranked in terms of their mechano—sorptive creep properties by
measuring their tensile stiffness and hygroexpansion values. The difference in
hygroexpansion between pulp samples compared at similar densities was a result of the
combined effect of fiber distortions and fiber swelling which determine the level of bonding
in a fiber network. Tensile properties of un-dried fiber networks can be seen to be more
dependent on the morphology of the fibers (Pulkkinen et al. 2010). In the case of once-dried
fibers, as were used in this study, the loss in relative bonded area when the fibers are dried
(Gurnagul et al. 2001) may interfere with the observed tensile stiffness- hygroexpansion
relationship. The nearly exponential left part of the curve in Figure 39 can be explained by the
increased activation of the samples resulting in higher tensile stiffness values (lower B/TSI-
ratio).

6.8 Raw material and fiber network parameters affecting
hygroexpansivity and mechano-sorptive creep

The tensile stiffness index of handsheets prepared from once-dried un-refined fibers (IV-V,
VII-VIII) did not correlate with the activation coefficient calculated with equation (12)
(Figure 40) that was fitted to a third degree polynomial. When fibers were refined, the
correlation improved markedly, thus implying that the improvements in bonding and changes
in fiber wall structure due to refining were the major contributors to observed increased
strength of the hand sheets. This was further backep up by a multiple regression analysis
(combined R? value of 0.92), revealing that WRV (R* of 0.8) was mostly responsible for the
goodness-of-fit. This was believed to be also partly due to the difficulty of fiber analyzers to
measure refined fibers. Both, the measurement of fiber wall thickness and the measurement of
fiber curl produce difficulties (Mohlin 2005).

Mohlin (2005) has shown that tensile strength property development in commercial, dried
bleached softwood kraft pulp samples could be explained entirely by two fiber properties:
fiber swelling and fiber straightness (curl). Based on the correlation observed in Figure 41 for
tensile stiffness index and the activation coefficient, this seems to be the case for commercial
eucalypt pulp samples as well.

In the light of observed results in Articles IV-V and VII-VIII some observations about the
behaviour of eucalypt fibers in an environment where changes in relative humidity occur can
be made. These are gathered and presented in Figure 41, that presents the most important
moisture dependent raw material parameters influencing network properties and, therefore,
eventually the hygroexpansional and creep properties of paper.
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Figure 41. Effect of raw material properties on the hygroexpansional properties of short-fiber
pulp (significant influence = solid line, moderate effect = dashed line).

6.9 Changes in fiber wall thickness distributions due to moisture

The changes in fiber wall thickness distributions were investigated based on SEM images of
100% E. grandis bleached chemical pulp isotropic handsheets. For samples of un-fractionated
pulp, changes were clearly seen in the fiber wall thickness mean values (Figure 42). However,
this is not directly a result of fiber swelling behaviour as fiber wall thickness mainly
decreased with increasing moisture. This would imply that fiber wall does not actually swell
under sheet moistures of 16% (90% RH). The phenomenon seen could be the combined result
of loss in inter-fiber bonding and structural recovery of individual fibers when fibers were
oven dried. The absence of hydrogen bonding between fibers (and therefore the absence of
inter-fiber forces mainly keeping fibers in contact) would result in recovery of fiber shape, the
extent of it depending on fiber wall thickness. According to Retulainen (1997), the main part
of fiber shrinkage takes place when the dry matter content of fibers is between 80-90%. It is,
however, also possible that the changes in fiber wall thickness were so small they cannot be
detected with SEM. The size of the pixel obtained in the image analysis was 0.14 um. This is
fairly big compared to measured fiber wall thickness values. With fiber wall thickness of 3
pm this would mean that less than 5% change in the fiber wall thickness were not detected for
individual fibers. The relative resolution in the measurement of fiber wall area, diameter and
perimeter is better than with the wall thickness measurement. Drying in situ has been seen to
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reduce fiber reswelling. This change cannot be observed for dry fibers, even though these
fibers might be solvent-exchanged or freeze-dried (Bawden and Kibblewhite 1997). This
means that the degree of reswelling may not be fully revealed when observing dry fiber cross-
sections, like for example when investigating fiber dimensional changes from SEM images
(Weise and Paulapuro 1999). However, this does not affect the comparisons made for the
fiber wall thicknesses calculated with Euclian distance map (EDM) algorithm, and by
assuming that eucalypt fiber are on average rectangular shaped (Figure 42).

Furthermore, as Figure 43 depicts, fiber wall thickness distributions calculated from the raw
data of all 1000 fibers by assuming rectangular shape and the values obtained from Euclidian
distance map (EDM) measurements were similar for fibers dried to absolute dryness and for
the wet-pressed fibers. Therefore it is quite safe to assume that fibers are on average
rectangular shaped. The underestimation of fiber wall thickness value when we use only the
un-collapsed fibers to calculate wall thickness arises from the fact that fibers seen by the
algorithm, i.e. those with visible lumen are more likely to have more round shape, and fibers
have their smallest diameter when their cross sections are circular. If eucalypt fibers are
readily collapsed after wet pressing, the collapsibility of fibers does not play a significant role
in determining the properties of the hand sheets. This we have deduced earlier (Pulkkinen et
al., 2008b) by examining the fiber wall thickness data against water retention value. It was
also a topic of conversation by Mohlin and Hornatowska (2006). In order to visualize
differences between distributions more clearly 3-parameter Weibull distributions were fitted
to data. Figure 44 presents fiber wall thickness distribution of fitted un-fractionated pulp
handsheet calculated by the algorithm and by calculating the fiber wall thickness by assuming
rectangular shape of the fibers.

The 3-parameter Weibull distribution was calculated as

f@=a B-(x—y) " exp(-a-(x=»*) (18)

where o is the scale parameter, B is the shape parameter, and 7y the location parameter. The
Weibull distribution parameters of the distributions of this study are presented in Table 14.
The results illustrate, that the mean value and spread of the distribution was relatively
unchanged for both the un-fractionated and fractionated samples. The skewness and kurtosis
values, notorius for their sensitivity towards large deviations from the mean value, were
observed (Pandey 2001).
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collapsed fibers only by EDM (left) and by assuming a rectangle shape (right). In the right
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calculated from the uncollapsed fibers only.
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Figure 44. The fitted Weibull distributions of fiber wall thickness of un-fractionated sheets in
different relative humidity conditions and at the wet pressed state.

Table 14. Distribution moments of the samples of fractionated and whole pulp sheets.

uw(um) o (um) skew kurt

+28

-abs. dry 2,71 0,77 0,32 0,98
-50% RH 2,75 0,76 0,18 1,20
-90% RH 2,68 0,73 0,21 1,14
=100 + 200

-abs. dry 2,21 0,56 0,14 1,76
-50% RH 2,17 0,58 0,26 1,30
-90% RH 2,22 0,58 0,22 1,29
whole pulp

- abs. dry 2,32 0,60 0,88 2,38
-50% RH 2,12 0,58 0,62 0,26
-90% RH 2,25 0,62 0,43 2,13
- wet pressed 2,35 0,63 0,26 1,37

6.10 The degree of crystallinity and handsheet properties (VII)

The Crystallinity Index (Crl) has been considered an important factor for monitoring the
structural features of the cellulosic substrate. The calculated Crystallinity Index (Crl) values
are presented in Table 15 along with the rest of the results of the spectral fitting. Crl was
calculated as a percentage of the sum of crystalline and para-crystalline cellulose fraction in
the C-4 signal cluster (Lennholm, 1994). The correlation between the values determined by
ion chromatography and those determined by CP/MAS "“C NMR was good (Figure 45),
implying that there is a certain fraction of xylan that is intimately associated with the
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cellulose, as has been suggested for bleached birch kraft pulp (Liitid et al. 2003). The same
has been suggested earlier by Newman et al. (1993) in a study made with pine kraft pulp.
Similar to our study, the amount of hemicelluloses was inferior when determined with NMR.
Comparison between chemical and NMR results provide implication for a distinction between
disordered hemicelluloses and hemicelluloses associated with ordered domains (observed
with NMR). The correlation between the results of carbohydrate analysis and the relative
amount of xylan observed from the spectral analysis also support the validity of using NMR
for quantitative analysis of pulp components. Recent evidence of the association between
xylan and cellulose based on dynamic FT-IR has also been presented by Dammstrom et al.
(2009).
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Figure 45. The correlation between the total xylan content and xylan measured with NMR.

Table 16 presents the results of the correlation analysis performed between the measured and
calculated pulp fiber properties, handsheet properties of un-refined fibers and the NMR data.
Table 17 shows the correlations between the NMR data and the hygroexpansivity
measurements.

Table 15. The line-fitting results of C-4 region of CP/MAS 3C NMR spectrum of pulp sample
(values are relative intensity in percent, %).

Sample Crytalline cellulose (1,1;) Para-crystalline cellulose Accessible fibril surface Inaccessible fibril surface Crl (%) Xylan (%
EBucalyptus grandis/E. duniii 15.0 315 2.6 49.0 48.5 1.8
Betula pendula/B. pubescens 132 29.3 2.6 49.6 44.5 5.4
Acacia magnivm 13.0 35.4 3.1 46.0 49.6 2.5
E. Globulus 12.8 33.6 2.6 46.8 47.0 4.1
E. Urograndis/E. grandis 13.2 34.8 2.8 45.4 47.3 3.8
E. gremdis/E. Scligna 14.3 35.6 3.3 43.1 48.5 3.4
B. Urograndis 151 40.5 3.7 378 49.4 2.9

Table 16. Correlations of NMR data, handsheet strength properties and fiber
dimensions (2-tailed test, statistically significant (p<0.05)). Level of significance > 0.74
(7 samples).

1 2 3 4 s 6 7 8 9 10 11
Crl%e 1.00
Xylan% (NMR) -0.88 1.00
Tensile stiffness index (kNm g™ ') (MD) 0.06 0.01 1.00
Tensile stiffness index (kNm g~ ) (CD) -0.76 047 047 1.00
Elastic modulus (Mpa) -0.45 0.20 0.23 0.70 1.00
Tensile index (Nm g~!) (MD) -0.05 0.14 0.94 0.58 0.40 1.00
Tensile index (Nm g~!) (CD) -0.77 0.74 0.46 0.99 0.73 0.61 1.00
Fibre wall thickness () -0.68 0.76 0.59 0.90 0.49 0.57 0.84 1.00
Fibre width (m) -0.66 0.64 0.08 0.84 0.64 0.14 0.79 0.84 1.00
Fibre length (m) -0.13 0.10 0.21 0.58 0.65 0.21 0.52 0.67 0.74 1.00
Curl (%0) -0.09 -0.12 -0.86 -0.39 -0.08 -0.88 -0.14 -0.42 0.07 -0.14 1.C

A correlation analysis on the crystallinity index and xylan content (relative amount in percent), strength properties of dynamic handsheets in machine and cro
direction and fibre characteristics (fibre length, widgth, wall thickness and fibre curl). 1: Crl%s, 2: Xylan% (NMR), 3: Tensile stiffhess index (kNm g~') (MC
4: Tensile stiffhess index (KNm g=!) (CD), 5: Elastic modulus (Mpa). 6: Tensile index (Nm g~ (MD), 7: Tensile index (Nm g~ 9, (CD), 8 Fibre w:
thickness (m), 9: Fibre width (m), 10: Fibre length (m), 11: Curl (%0)

55



Table 17. Correlations of NMR data and the hygroexpansivity measurements (2-tailed
test, statistically significant (p<0.05). Level of significance > 0.74 (7 samples).

Crl (%0) Xylan % (NMR) Isotropic handsheet Dynamic sheet, goem, mean Dynarmic sheet, CD Dynamic sheet, MD
Crl (%) 1.00
Xylan % (NMR) -0.88 1.00
Isotropic handsheet 0.77 0.90 1.00-
Dynarmnic sheet, goem, mean 0.10 0.05 -0.16 1.00
Dynarmnic sheet, CD -0.16 0.23 -0.22 0.92 1.00
Dynamic sheet, MD -0.17 0.16 -0.04 0.43 0.40 1.00
Fibre wall thickness (Lum) -0.68 0.76 -0.66 0.10 0.17 -0.57
Standard dev. (um) -0.50 0.58 -0.58 0.22 0.29 -0.41
Fibre width (pm) -0.66 0.64 -0.57 0.07 0.12 0.29
Standard dev. (uM) -0.26 0.28 -0.24 0.32 0.23 -0.08

A correlation analysis on the crystallinity index and xylan (measured with NMR in relative amount in percent), the hygroexpansional properties of
isotropic and dynamic handsheets and the mean and standard deviation of fiber width and fiber wall thickness. The hygroexpansitivities obtained from
Pulkkinen et . (2009b)

Based on Tables 16 and 17, the crystallinity index (Crl) and xylan content of the samples had
good correlations with tensile strength properties in the cross direction and moderate
correlations with the fiber wall thickness index and fiber width. With an increasing cellulose
crystallinity, tensile strength in the cross-direction decreases, probably due to the lower
amount of xylan in the cellulose-xylan matrix of fiber wall. Bergander and Salmén (2002)
have shown that hemicellulose plays a much more important role than the cellulose for
transverse properties of fibers. The crystallinity index determined may reflect all
carbohydrates associated with ordered domains, not just cellulose (Newman 1993), which
explains the strong correlation between crystallinity index and ordered xylan content. Ordered
xylan closely associated to crystallite surfaces will contribute to the diffraction signal of the
amorphous region either by broadening the peak or by increasing its intensity. The
relationship between strength properties and crystallinity has been confirmed -earlier
(Annergren et al, 1963; Kettunen et al. 1982; Kibblewhite and Bawden 1989), as samples
with a higher amount of crystalline cellulose produce sheets with lower tensile strength.

The only significant correlation observed for the hygroexpansional data and NMR results was
between the hygroexpansivity of the isotropic handsheets and the xylan content of the fiber
wall. This could have been anticipated due to the higher moisture absorbing capacity of
hemicelluloses (Salmén 2004). Corte and Kallmes (1962) provided a mathematical
description of fiber orientation in 2-D fiber networks where the average free fiber segment
length is shorter for isotropic fiber networks. Therefore the amount of fiber crossings is
higher for isotropic sheets. This can make the distinction of the hygroexpansion of isotropic
samples easier.

The moderate correlation between fiber wall thickness, fiber width, and Crl is interesting.
Based on the results obtained the crystallinity of the fiber wall decreases as the fiber wall
thickness increases (Figure 46). This implies that fiber wall thickness value may be partly
influenced by the fiber detection procedure, as earlier speculated by Jordan and O’Neill
(1994). This is consistent with the fact that only crystalline cellulose is detected with
polarized light used in fiber detection (Piirainen 1985; Olson et al. 1995). As fiber analyzer
can only detect the birefringent (double refracting) part of the fibers, i.e. cellulose (Piirainen
1985; Olson et al. 1995), the fiber wall thickness value can be partly influenced by the fiber
detection procedure (Jordan and O’Neill 1994).
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Figure 46. Fiber wall thickness as a function of the crystallinity index (Pulkkinen et al. 2009¢).

Some aspects of interest still remained untouched. For example, the effects of fiber drying-
rewetting cycle and fiber refining have in some studies, e.g. Wormald et al. (1996), seen to
affect the molecular ordering of cellulose. This has to be taken into account when considering
the possible effects of cellulose crystallinity on hygroexpansional or strength properties. The
distortions formed in the cellulose fibrils probably are not totally released, due to the presence
of fully amorphous cellulose or of a lower accessibility of some regions in the fibrils to the
water. The effect of refining on cellulose crystallinity, especially in the surface layers would
be of great scientific interest. The amount of hydrogen bonds formed between fibrils (internal
strength), and between fibers (bonding ability) affect both, the strength properties and the
hygroexpansional properties. On the other hand, Liitid et al. (2000) did not observe any
differences in the relative amount of cellulose crystallinity before and after refining for TCF
bleached spruce kraft pulps.

To conclude, the hygroexpansional behavior of the handsheets and the crystallinity index of
the cellulose in the samples were not inter-correlated. The findings of this study together with
earlier publications led us to speculate that the differences seen between the strength
properties of the unrefined samples used in this study were mainly dependent on the
crystallinity degree of the cellulose. Some implications were also seen that crystallinity index
is influenced by the structured hemicelluloses, and not solely by the structured cellulose.

6.11 Pore size distribution measurements: links to hygroexpansion
and activation (VII)

The water absorbability of pulp fibers due to the amount of amorphous regions of the fibers
was indirectly detected with the DSC. The results from the thermoporosimetry are shown in
Table 18 for the pulp samples studied. The amount of non-freezing water and micropore
water obtained with DSC should be rather similar for never-dried and dried samples (Salmén
and Berthold 1997; Maloney and Paulapuro 1999). Therefore, the differences in drying of the
pulp samples were not assumed to cause any differences in the measurements with DSC
(Salmén, 1993; Maloney and Paulapuro, 1999).

The amount of lignin and hemicelluloses varies between samples. This will affect the amount
of bound water measured with DSC (Salmén and Berthold 1997) as pore sizes develop into
larger ones as removal of lignin and hemicelluloses is processed further. As Figure 47 shows,
the mean pore size measured with DSC is a function of both the crystallinity index and the
amount of xylan measured with NMR therefore correlating with the ordered structures of
cellulose and xylan. It seems that fibers with low xylan content had slightly lower mean pore
size independent of the amount of water contained in the amorphous regions of the fiber wall
(Table 18). The same has been observed by Wan et al. (2010) with atomic force microscopy.
This is also consistent with the observations made by Duchesne et al. (2001). They observed
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that the fibril aggregates (macrofibrils) with high hemicellulose content were well organised
with porous structure. Fibril aggregates with low hemicellulose content had a smoother,
flatted and more compact surface structure. This implies that the more ordered structures and
presumably more thight organization of fibril aggregates for low xylan content samples
influences the pore size observed. The calculated fibril aggregate dimension did not, however,
back up this hypothesis, as they did not correlate with the xylan content determined. The
calculated fibril aggregate sizes were smaller (6.5-8.0 nm) than those published in the
literature (Hult et al. 2001; Wan et al. 2010). The signal from the hemicelluloses could have
affected the determination of accessible surfaces therefore making the calculated fibril
aggregate size smaller.
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Figure 47. The mean pore size as a function of the (a) Crystallinity Index (Crl) and as a
function of (b) xylan measured with the NMR (error bars present 95% confidence interval).

Table 18. Results of the DSC analysis.

Sample # Crystallinity DSC DSC DSC Average  Stdv. of
Index (% ) (NFW) (FBW) (TBW)  poresize pore size
(nm) (nm)
Eucalyptus grandis/E. dunnii 48,5 0,30 0,441 0,741 14 1
Betula pendula/B. pubescens 445 0,29 0,431 0,721 25 3
Acacia magnium 49,6 0,27 0,402 0,672 17 2
E. globulus 47 0,29 0,473 0,763 20 2
E. urograndis/E. grandis 473 0,30 0,477 0,777 20 2
E. grandis /E. saligna 48,5 0,32 0,418 0,738 18 2
E. urograndis 494 0,30 0,500 0,800 19 2

FBW: Free bound water (mL g-1), TBW: Total bound water (mL g-1)

The small average pore size probably affected the moisture absorbance of the fibers, enabling
them to absorb lots of moisture at the linear part of the hysteresis cycle resulting in high
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hygroexpansion coefficient (Pulkkinen et al. 2009a). Further evidence is given by Figure 48

that shows the hygroexpansivity of the isotropic handsheet plotted against the average pore
size.
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Figure 48. Hygroexpansivity as a function of mean pore size measured with DSC.

Forsstrom et al. (2005) studied the influence of pore structure and water retaining ability of
unbleached kraft pulp fibers on different paper strength properties. The pore structure was
determined with NMR relaxation measurements and the water retaining ability with WRV
and FSP measurements. Larger pore radii led to higher tensile index of pulp handsheets.
However, increased yield led to smaller pores and an increase in tensile index.
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7 OPTIMAL FIBER DISTRIBUTION AND PAPER PROPERTIES
(I-VIII)

For a given end-use, an optimal distribution of a given property can be totally different,
whether good bulk, tensile or hygroexpansional properties are desired. In addition, the
combination of various fiber property distributions and their inter-correlations has to be
known before any conclusions can be made of the effects of individual distributions on paper
properties.

No universally accepted distribution model has been proposed for predicting paper properties
based on various fiber characteristics. The distributions formed when the original wood is
chipped, cooked and bleached, depend on numerous processing steps that alter the
distribution of fiber properties and even the distributions inside a single fiber in terms of its
chemical and physical properties.

Changes in the fiber structure of wood fibers are not always easy to measure. Often a good
understanding is obtained when several methods are combined. In this work, CP/MAS Bc.
NMR was used to characterize the ultrastructure of fibers, differential scanning calorimetry,
water retention value, fiber saturation point measurements. Scanning electron microscopy was
used to characterize fiber swelling and dimensional changes of the fibers due to variations in
moisture content. Fiber length and other fiber dimension distribution measurements were used
to investigate changes in fiber network structural parameters and resulting strength and
hygroexpansional properties.

The results of the CP/MAS “C-NMR indicated that crystallinity of cellulose influences the
strength properties in the cross-direction negatively. This is in accordance with the earlier
findings of Bergander and Salmén (2002) where they have shown that hemicellulose plays a
much more important role than the cellulose for transverse properties of fibers. Based on the
observed correlation between the crystallinity index and fiber wall thickness measured with
FiberLab®, it is possible that the crystallinity of cellulose can also affect the fiber detection
process with fiber analysers (VII). The fiber analysers based on using polarized light detect
only crystalline cellulose. The link between crystallinity and analyzer results was first
speculated by Jordan and O’Neill (1994). This has to be remembered when dealing for
example with fibers that contain high amounts of hemicellulose.

Based on the differences observed in fiber swelling ability, indications were found that WRV
was the most important single factor contributing to fiber-to-fiber bonding potential of fibers.
This was consistent with the findings of Mohlin and Hornatowska (2006).

The packing of the sheet is important to apparent density, air resistance and tensile properties
of the sheets. Based on the study made by Pulkkinen et al. 2008b (III), by assuming a certain
collapsibility degree (the same for all fibers), an anisotropic packing of fibers to a sheet of
given grammage alone gives us reasonable results to estimate some of the most important
paper technical properties. The main uncertainty of the model probably comes from
neglecting fiber network activation (VI) which is especially seen as inaccuracy in predicting
tensile strength of the handsheets. After a certain density is achieved at sufficiently low wall
thickness values, and the inter-fiber bonding development is decaying, tensile index continues
to improve. This is caused by low fiber wall thickness and low fiber curl together with WRV
improve the fiber network activation (Pulkkinen et al. 2010)(VI). Together with fiber curl
(Joutsimo et al. 2005: Mohlin et al. 1996; Page et al. 1979) WRYV is the most important
parameter determining the amount of activation potential. The use of activation coefficient
distributions did not give any improvement over the use of mean value in the activation model
predictions. However, it was obvious that the population distribution mean values were more
sensitive to distribution width and skewness than the volume weighted distributions.
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A schematic picture (Figure 49) sums up the most important elements needed for an optimum
distribution of properties in terms of strength, structure and hygroexpansion. The effect of
fiber length distribution for short-fiber raw material properties due to its homogeneous nature
is insignificant. The differences in other dimension distributions determine the differences
observed in sheet properties. Some of the fiber properties, e.g. fiber wall thickness, affected a
range of paper properties. Where as, some fiber properties were seen to have only a minor
effect on the measured properties, e.g. hemicellulose content and crystallinity degree of
cellulose. This also means that some of the paper technical properties are more easily
influenced by a proper choice of easily measurable distribution parameters than the others.
For example, tensile strength for eucalypt is easily predictable, due to its strong dependence
on fiber wall thickness measurements, with off-line analysers.

The models developed (III, VI) can be applied directly to random fiber networks. The effect
of fiber orientation on the measured paper properties is significant. The increased amount of
fiber-to-fiber contact surfaces affect the bonding ability and therefore to hygroexpansional
properties and, via network activation to strength development.

Raw material properties Fiber network properties Paper properties

Fiber-to-fiber
bonding strength

Fiber wall thickness
distribution

Tensile strength

Relative bonded area Bulk density

Chemical structure of Fiber network Tear strength

fiber (xylan) activation
Structure of fiber
Crystallinity degree network
of cellulose
Porosity
Pore size
Dimensional
. stability
Fiber curl

Mechano-sorptive
creep stiffness

Fines material

Figure 49. Effect of raw material properties on the papermaking properties of short-fiber pulp
(significant influence = solid line, moderate effect = dashed line).
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8 CONCLUSIONS

Fiber wall thickness, fiber curl, WRV, and crystallinity of the cellulose were seen as the most
important factors connected to network strength properties of eucalypt fiber networks through
network activation and fiber-to-fiber bonding. Both, the effect of bonding and activation also
significantly affect the structure of forming fiber network through fiber property distributions.
Especially fiber wall thickness distribution influenced the packing of eucalypt fibers to a great
extent, making fiber wall thickness the most important parameter for bulk density.

Hygroexpansivity of oriented fiber network is connected to fiber dimension distributions.
Both, hygroexpansivity and mechano-sorptive creep stiffness were relatively unaffected by
activation of isotropic fiber network, and were mainly determined by the bonding potential of
the fibers. The effect of activation was seen to influence mechano-sorptive creep stiffness
only at high refining levels, where the effects of different morphological parameters were
impossible to differentiate due to the used measurement equipment.

The parameters developed during this study strongly indicate that fiber curl, fiber wall
thickness and WRYV are the most important parameters for eucalypt paper tensile strength and
structural parameters; high WRV and low curl and wall thickness enhancing these properties.
On the other hand, fiber width and fiber length had smaller impacts on measured properties
than rest of the morphological properties. Here are few properties that should be measured in
order to obtain a reliable general view of the end-use product.

The properties that should be measured are:

Hardwood chemical pulp properties in the order of importance:
- Fiber wall thickness distribution
- Fiber curl distribution
- Fiber swelling degree (WRV)
- The crystallinity degree of cellulose

The handsheet properties of the hardwood chemical pulp:

- Tensile strength and tensile stiffness
- Dimensional stability with laser measurement

The paper properties that should be measured:

- Formation
- Fiber orientation
- Density

FiberLab® analyzer gives tools to a rapid assessment of fiber properties and produce results
that correlate well with paper technical properties. Different weighting procedures were
investigated, but no method did prove to be superior. In the end, no single representation of
the particle size can be claimed to be more accurate than another. Instead, what is most
important is that the measured parameter best relates to the application being developed.

Today’s goal in fiber property development is to develop fibers with small perimeter and
relatively high fiber wall thickness. In terms of wood properties the aim is met when high
basic density is combined with low coarseness. In terms of paper technical properties the low
coarseness and high density fiber combines the advantages of high density and high amount
of fibers per gram, i.e. high bulk potential at a certain strength level, good formation and
optical properties. Low coarseness also enables fibers to have better runnability related
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properties such as drainage and tensile strength than high coarseness fibers. Through a proper
analysis of fiber analyzer data, an increasing number of observations can be made regarding
strength, structural and hygroexpansional properties. In this Thesis, common nominators were
found to model these properties by using the distributions of fiber properties.

Overall, through proper modeling of fiber properties, significant savings in laboratory
measurement costs can be obtained. The strength, structural and hygroexpansional properties
all are functions of inter-fiber bonding and fiber network activation. With the development of
modeling parameters which include the most important fiber properties, the need for
laboratory experiments can be reduced. One interesting new application field for the
developed parameters is the research and breeding programs of eucalypt clones, wherein
after maceration prosess wet fiber dimensions can be easily measured with FiberLab®
analyzer and the strength potential and structural properties estimated based on fiber
dimensions only.
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LIST OF ABBREVIATIONS AND SYMBOLS

A
A(n)

A(V)

B

BMC

CCD

CD

(CP/MAS) *C NMR
resonance

Crl

DP

DSC

FA

FSP

fw

fwt

FTIR

Kurt

MFA

P(a)

P(v)
function
PCA

q

Equation (6)
RBA

RH

SEM

Skew

Fiber cross-sectional area (umz)

Arithmetic activation coefficient mean value
Volume-weighted activation coefficient mean value
Shear bond strength per unit bonded area (MPa)

Bauer McNett Classifier

Charge-coupled device

Cross direction

Cross-polarization/magic angle spinning nuclear magnetic

Crystallinity Index (dimesionless)

Degree of polymerization

Differential scanning calorimetry

Factor analysis

Fiber saturation point (ml/g)

Fiber width (um)

Fiber wall thickness (Lm)

Fourier transform infra red

Kurtosis

Contour fiber lengh (mm)

Critical fiber length (mm)

Projected fiber length (mm)

Low consistency

Mass of fiber (g)

Moisture content (%)

Machine direction

Micro fibril angle (°)

Number of cellulose polymers in Equation (6)
Perimeter of the fiber cross-section (iLm)
Arithmetic activation coefficient distribution function
Volume-weighted activation coefficient distribution

Principal Component Analysis
Fraction of the signal intensity from accessible surfaces in

Relative Bonded Area (%)
Relative humidity (%)

Scanning Electron Microscope
Skewness (dimensionless)
Tensile index (Nm/g)

Volume of fiber (um3)

Water retention value (g/2)
Zero-Span tensile strength (Nm/g)
Coefficient of hygroexpansion (%/%)
Density of fiber wall (g/cm3)
Wet-pressed density (g/cm3)
Axial fiber strength (MPa)

Fiber bond shear strength (MPa)
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