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”ceiiinosssttu”
Descriptions of Helioscopes, last page and 3rd item where the author listed ”a

thousandth of the inventions I intend to publish...”

Robert Hooke, 1676

”About two years since I printed this Theory in an Anagram at the end of
my Book of the Descriptions of Helioscopes, viz. ceiinosssttuu, that is Ut
tensio sic vis; That is, The Power of any Spring is in the same proportion

with the Tension thereof: That is, if one power stretch of bend it one
space, two will bend it two, and three will bend it three, and so forward.
Now as the Theory is very short, so the way of trying it is very easie”

Robert Hooke, 1678





Abstract

The load carrying capacity of interfibre joints are one of the key entities for build-up of strength in

paper materials. In order to gain insight in how to tailor the macroscopic properties of such materials

by chemical and/or mechanical treatments at a microscopic level, direct measurement of individual

fibre–fibre crosses are typically performed. However, the state of loading in the interfibre joint, in

testing of individual fibre–fibre crosses, is in general very complex and an increased understanding

for how to evaluate the mechanical properties of interfibre joints is desirable. In Paper A, a

method for manufacturing and measuring the strength of isolated interfibre joints is presented. The

method is applied to investigate the strength of fibre–fibre crosses at two different modes of loading.

Also, an investigation on the manufacturing conditions is presented. The strength distribution of

individually prepared fibre–fibre crosses is characterized and it was found that the median strength

in a peeling type of loading was about 20% compared to samples tested in the conventional shearing

type of loading. In Paper B, a procedure for evaluating interfibre joint strength measurements

in terms of resultant forces and moments in the interfibre joint region is presented. The method

is applied to investigate the state of loading in fibre–fibre crosses tested in peeling and shearing,

respectively. It is shown that for a typical interfibre joint strength test, the load components other

than shear, cannot in general be neglected and is strongly dependent on the structural geometry of

the fibre–fibre crosses. In Paper C, four distinctly different load cases; peeling, shearing, tearing

and a biaxial type of loading was tested mechanically and evaluated numerically in order to gain

more information on how interfibre joints behave in different modes of loading. In Paper D, the

influence of a chemical additive on the interfibre joint strength is investigated on the microscopic

(joint) scale and correlated to the effect previously observed on the macroscopic (sheet) scale. X-

ray microtomography and image analysis was used to understand structural changes in the fibrous

network in terms of the number of interfibre joints as well as the average interfibre joint contact area.

The results showed that the median interfibre joint strength increased by 18% upon adsorption, and

that the polyelectrolyte increased the number of contacts between the fibres as well as an increased

area of contact. In Paper E, the damage behaviour of individual interfibre joints is analyzed. From

an extensive number of mechanical tests, the typical damage behaviour is identified and a failure

criterion is used to study the influence of failure properties to give indications on how to tailor the

material to optimize the joint strength.
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Sammanfattning

En av de viktigaste mekanismerna för den lastbärande förm̊agan hos pappersmaterial är brottegen-

skaperna hos fiberfogarna. För att effektivt skräddarsy s̊adana materials egenskaper genom kemisk

och/eller mekanisk behandling samt för att först̊a hur s̊adana modifieringar p̊averkar egenskaperna

p̊a en mikroskopisk niv̊a är provning av individuella fiber-fiber-kors en allmänt använd metod. Be-

lastningen i en fiberfog vid s̊adan provning är dock generellt komplicerad och ytterligare kunskap

om hur fiberfogars mekaniska egenskaper skall utvärderas är önskvärd. I Artikel A, presenteras

en metod för tillverkning samt mekanisk provning av isolerade fiber-kors vid tv̊a olika typer av

belastning. Vidare undersöks hur torktrycket, torkmetoden samt graden av malning inverkar p̊a

fogstyrkan. Resultaten visar att brottlasten för en globalt fläkande belastning var omkring 20 % av

brottlasten för prov utförda med den konventionella skjuvande belastningen samt att styrkan hos

individuellt tillverkade fiberkors är fördelade enligt en Weibull fördelning. I Artikel B, presenteras

en numerisk metod för utvärdering av fogstyrke-mätningar med avseende p̊a kraft- och moment-

resultanterna i gränsytan mellan fibrerna. Metoden används för att studera belastningsmoden hos

fiber-kors i tv̊a principiellt olika lastfall. Resultaten visar att för ett typiskt fiberfogsprov, kan in-

te lastkomponenterna, vid sidan av skjuvning, generellt försummas d̊a de är starkt beroende av

fiber-korsets geometri. I Artikel C, jämförs fogstyrkemätningar under fyra principiellt olika last-

fall; fläkande, skjuvande, rivande samt biaxiellt. De experimentella last-förskjutningskurvorna, samt

de beräknade lastmoderna används för att undersöka vilket tillskott p̊a information de föreslagna

lastfallen kan ge i hänsyn till fogstyrkan hos massafibrer. I Artikel D, undersöks en polymers (som

absorberats p̊a fiberytorna) inverkan p̊a s̊aväl fiberniv̊a som p̊a nätverksniv̊a. Fiberfogstyrkan mäts

experimentellt och effekten av den kemiska tillsatsen jämförs p̊a mikroskopisk niv̊a (fiber-kors) med

tidigare uppmätt effekt p̊a makroskopisk niv̊a (ark). Röntgentomografi och bildanalys används för

att undersöka de strukturella skillnaderna som uppst̊ar i de fibrösa nätverken vid absorption av en

polyamin och resultaten visar att antalet fiberfogar per fiberlängdenhet samt att medelkontaktarean

ökade. Resultaten visar ocks̊a att medianen av fiberfogsstyrkan ökade med 18 %. Dessa effekter sam-

mantaget är anledningen till varför polyaminer, s̊asom PAH, är s̊a effektiva för att öka torrstyrkan

hos pappersmaterial. I Artikel E, karakteriseras skadebeteendet hos individuella fiberfogar fr̊an

ett omfattande antal mätningar. Ett brottkriterium införs i den numeriska utvärderingsmetoden för

att studera skadebeteendet. Känslighetsanalys och inverkan av brottparametrarna studeras ocks̊a

för att ge indikationer p̊a hur egenskaperna kan skräddarsys för att optimera fiberfogstyrkan.
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me the opportunity to work on this challenging topic. Without your guidance, encouragement and

our fruitful discussions, this thesis would not have been possible.

A special thanks goes also to my co-supervisors Mikael Nyg̊ards and Prof. Lars Wågberg for
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Interfibre Joint Strength under Mixed Modes of Loading

Introduction

Background

The forest industry in Sweden accounts for 10–12% of the total employment, turnover and export

value of the Swedish industry. Sweden is also the second largest exporter overall of paper, pulp

and sawn timber in the world and the paper production in Sweden is about 12 million tonne per

year (2012) [1]. Wood as a raw material is a renewable and environmental friendly resource with

a negative carbon footprint [2], which makes it an important link in maintaining and achieving a

sustainable society.

Wood as a base material in paper and board is prepared by chipping and subsequently separating

the fibres by mechanical treatments (typically refining or grinding) and/or by chemical treatments

(most common today is the Kraft process [3]) that dissolves the lignin and thereby separates the

fibres from each other. The aim of the pulping process is to separate the fibres while maintaining

the mechanical properties of the fibre material. When paper and board is manufactured, the pulp

(the separated fibres suspended in water) is sprayed onto a draining screen called a wire and forms

a wet fibre network structure which is subsequently pressed and dried in several stages under high

temperature. As the wet fibre network is pressed; the distance between the fibres become short

enough in order for capillary forces from the water and attractive Van der Waals forces on the

fibre surfaces to pull the fibres closer together, while repulsive electrostatic forces from the negative

surface charges are balancing the attractive forces [4]. During drying the capillary radius become

smaller and thus the fibres become so close that new chemical bonds develops between the surfaces

of the cellulosic fibres in a number of different mechanisms, and those mechanisms together is what

constitutes the interfibre joint. This material is, thus, in a sense self-binding and there are several

bonding mechanisms that can be attributed to the interfibre joint, some of these are: mechanical

interlocking due to surface roughness, interdiffusion of molecules that migrates to the opposite fibre

surface, hydrogen bonding in the hydroxyl-groups of the cellulose molecule, electrostatic interaction,

induced dipoles and covalent bonding. Which of these mechanisms that are governing the strength

of a paper sheet and their relative contributions are still debated in the literature. For details of

the chemical nature of the fibre bonding and an overview of the subject, the interested reader is

referred to [5] or [6].

The interfibre joints are key entities for the strength of such self-binding fibrous network ma-
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terials. In a sense, the fibre network material behaves like a composite, however, since there is no

load carrying matrix, it is the interfibre joint that transfers the load between the fibres, and thus

governs the load carrying capacity of the material. In order to better tailor the properties of paper

and board, it is essential to understand how the properties of the interfibre joints affect the mac-

roscopic behaviour of the material. For example, the application of pulp fibre based materials is in

several converting operations and end-uses affected by the relatively low strain at failure compared

to plastics, and this limits the application window of paper and board as a competitive mater-

ial. Therefore, there is a large interest to develop new pulp fibre based materials with enhanced

deformation properties. There are three obvious approaches to modify the properties of fibrous

materials on a fibre level: by changing the properties of the fibres, by modifying the fibre surface

or by changing the properties of the interfibre joint e.g. through chemical strength additives. It is

today possible to modify the fibre wall and the fibre surface independently and thereby influence

the properties of the interfibre joint as well as the loading of the joined regions [7].

In order to gain in the understanding of the influence of chemical modifications to the microscopic

deformation and damage behaviour of self-binding materials, there is a need for methods that give

detailed information on the failure behaviour of interfibre joints, e.g. existing investigations and

methods do not in general take the mode of loading into account, and thereby do not separate the

measured strength values into shear and normal components.

The objectives of this thesis are:

1. An improved method for testing of the interfibre joint strength with increased success rate

and in different modes of loading.

2. An evaluation procedure for the analysis of interfibre joint strength experiments with the load

in the interface separated into normal and shear components and to investigate how the global

mode of loading (of the test sample) is affecting the local mode of loading (at the interfibre

joint).

3. To apply the methods in order to gain knowledge on how to tailor the properties of the

interfibre joints or the constituent fibres for an increase in load carrying capacity.

Material Fibrous materials such as paper and board are hierarchical and show complex mechan-

ical behaviour at several length scales. Paper as an engineering material is almost two-dimensional

with a typical thickness of about a tenth of a mm with high tensile stiffness (about 8 GPa in the

machine direction) and low density (about 1200 kg/m3, [8]). However, the material may also be

manufactured as a laminate (board) with properties chosen for different layers to optimize the de-

sired property in a specific application such as bending stiffness, or as higher density materials such

as fiberboard, which is heavily used in industry, e.g. in furniture or automotive. The engineered

material on such macroscopic scale is typically modelled using continuum mechanics (where the

fibres and interfibre joints are only implicitly represented) with varying complexities depending on

its application. The material behaviour may be elastic-plastic, inhomogeneous, rate-dependent or

2
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Figure 1: Illustration of the typical fibre representation with cell wall layers and their average
fraction of the total thickness, t, indicated for each cell wall layer.

temperature and moisture sensitive, which has challenged the paper physicist in the last 2000 years

or so. The structure of a medium or low density sheet, however, are often well represented by a

porous network structure. Here, the distribution and properties of the fibres and, especially, the

interfibre joints governs the strength of the material hence statistic distributions of more or less

random fibre networks are modelled numerically.

The pulp fibres are made up of a hierarchical structure composed of cellulosic micro-fibrils

that may vary greatly in orientation from fibre to fibre. These cellulose micro-fibrils are very stiff

(reported to be 93 GPa in [9]) and are aggregated in a matrix of hemicelluloses (typically 2–8

GPa, as reported in [10]) and lignin (reported between 3.1–6.7 GPa in [11]) and wounded helically

around the fibre axis at different inclination angles (called microfibril angles) depending on the

cell wall layer, as illustrated in Fig. 1. Since the stiffness of cellulose is almost two orders of

magnitude higher than the stiffness of the other material constituents, it can be expected that the

elastic properties of the fibre scales well with the cellulose content. Moreover, since the thickness

of the S2-layer typically comprises between 80–95% of the cell wall [12], the microfibril angle of

the S2-layer becomes the most significant for the mechanical behaviour of the fibre. There are,

however, large variations between fibres and between fibre species in both the cellulose content and

the microfibril angle [13], and thereby also in the axial stiffness and the tensile strength, [14, 15].

Other features such as micro compressions and crimps as well as drying history may also contribute

to variations in the mechanical properties of fibres, [16, 17, 18]. As a consequence, the measured

properties of a single fibre generally experience large scatter and in some cases the scatter of the

measured property within one type of fibre could be even larger than the difference of the average

properties between different types of fibres.
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Interfibre joint strength and their measurement There are typically two types of methods

employed when measuring the interfibre joint strength. The first, which measures the strength of

interfibre joints indirectly by mechanical testing of whole sheets [19], has the advantage that several

joints are measured simultaneously and thereby an average result of the sheet is obtained. Also

the joints measured are in a state which is natural for joints in a paper, and, the method can be

conducted on a sheet which is manufactured at the same or similar conditions as the end product.

The result of these measurements, however, relies on the irreversible work done when straining the

sheets, but the energy dissipation observed are also affected by intra-fibre breakage, straining and

friction of the fibre segments between the joints. The change in the scattering of light is then used

to extrapolate the joint strength from the measurement data. These indirect methods, however,

cannot easily be applied for comparisons of joint properties between different types of modified

pulps since the influence of properties other than the joint strength cannot be decoupled. There

are also controversies in the results obtained from such methods, such as the effect of beating [20]

or that the joint strength values are two or three orders higher than the work that theoretically

are required to break molecular bonds [21]. Other indirect methods include, peel tests such as

Skowronski [22] where the delamination energy of paper in a peeling mode is measured, Clark’s

cohesiveness [23], which evaluate the strength per apparent sheet density, short span tensile tests

for sheets weakened by gas exposure [24], or the Scott bond testing method [25], to mention a few.

The other types of interfibre joint strength measurements are the direct methods which have

been around since the 1960s, [26, 27, 28]. In these methods the fibres are dried to another fibre,

to a shive, [29] or to a model surface such as a cellophane strip [21], in a cross-like or a lap-joint

[30] configuration. In the case of a fibre–fibre cross, one fibre (hereafter called the crossed fibre)

is fixed into the testing frame at both ends while the other (hereafter called the loaded fibre) has

one end fixed to a piston (or similar) and is subjected to a motion relative to the testing frame.

Typically, the direction of loading is the direction of the fibre axis of the loaded fibre, which in this

thesis will be referred to as the conventional shearing mode of loading. It is often assumed that the

force at rupture of the tested fibre–fibre cross is equal to the ultimate shear force of the interfibre

joint which transfers the load between the fibres. However, the ”direct” methods are testing a

structure where the interfibre joint is just a component of the fibre–fibre cross. The measured load–

displacement curve of the fibre–fibre cross (hereafter called the structural response) is therefore not

only a measure of the interface properties, but of the whole structure. Thus, the measured strength

values will depend on both the geometry and the material properties of the two fibres as well as

of the interfibre joint strength. For example, depending on the experimental set-up and of the

geometry of the fibres, the fibres may twist during deformation and the normal forces that develop

in the fibre–fibre interface could influence the results. Although the shear forces may dominate if

the fixation of the crossed fibre, shive or film is close enough to the interfibre joint, the cross section

of the fibre may still deform and thus give rise to a mixed mode of loading, and thus, pure modes

of loading are in practice very difficult to achieve. It should also be accentuated that the properties

determined during interfibre joint testing do not necessarily resemble the properties encountered

in sheets, since these properties will also be affected by sheet manufacturing parameters, such as
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dried in strains due to anisotropic shrinkage of the sheet. Also, the properties of low density sheets

(where fibre segments are long) and high density sheets (where fibre segments are shorter) have, in

general, very different behaviour.

Sample preparation Several similar methods for making fibre–fibre crosses suitable for interfibre

joint strength testing are described in literature. In [26] a few hundreds of fibres are deposited onto

a wire from a very dilute suspension and subsequently dried in a manner similar to regular hand

sheets. In this way distinct fibre–fibre cross samples are manufactured instead of a sheet. In [27]

and [21] two individual fibres are placed perpendicular to each other between two foil-wrapped

glass slides with a drop of water in the contact zone. The samples are then subjected to a dead

weight of a couple of hundred grams and a temperature of around 100 ◦C overnight resulting in

nominal drying pressures of typically 0.5–2 kPa. In [28], wet fibres are instead placed between two

Polytetrafluoroethylene (PTFE) coated discs with a drop of water at the overlap and a pressure

applied using a screw press. The samples are them allowed to dry in a climate controlled room

with a relative humidity (RH) of 50% and a temperature of 23 ◦C. The screw press results in very

high drying pressures, approximately 500 kPa (measured by a compression spring). Recently, new

methods for making and manipulating fibre–fibre crosses using a micro-robotic grip system have

been presented [31] where preparation of fibre–fibre crosses are made in a more controlled manner

in terms of crossing angle or shape factor.

Analysis Detailed mechanical analysis of interfibre joint strength are very limited in literature.

In [30], finite element analysis and linear fracture mechanics is used to analyze cellophane lap

joint experiments and it is concluded that the nominal axial stress is a better measurement than

the joint stress for characterizing the strength of interfibre joints in such configurations. The

results also indicates that the joint length (the dimension across the overlap area in the direction

of loading) is inversely proportional to the joint strength. The influence of the dimensions of the

overlap area is therefore studied for the application of fibre–fibre crosses in Paper A. Moreover,

in [32], the influence of the contact region is analyzed and it is found that the distribution of

actual bonding within the contact zone has a negligible influence on the structural response of a

fibre–fibre cross. However, the stress distribution in the fibre–fibre interface and thereby the local

stress concentrations are affected within the joint. The properties of the mechanical behaviour

of the interfibre joint, modelled using a cohesive zone approach, is also revisited in Paper E. In

another study, [29], an analytical expression of the stress-strain field between a fibre and a shive

was analyzed using plate theory. In that study, a speckle analysis technique was used during testing

to determine the strain field on the fibre surface to compute a spring force constant (load per unit

elongation of the overlap area). The model indicated that the stresses are concentrated at the

edges of the bonded region, yielding a nonuniform stress distribution. The results are similar to

those obtained in Paper B, but the analytical model is highly limited to ideal model surfaces for

representing the material. Also, new methods for testing fibre–fibre crosses in load directions other

than shear have been introduced recently. In [33] joints are tested in a biaxial type of loading and
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[34] report on joints tested in a Mode I type of loading, using atomic force microscopy. In this

thesis, the behaviour of fibre–fibre crosses tested in Mode I–III, as well as in a biaxial mode of

loading is studied in combination to numerical modelling to gain further insight into interfibre joint

strength testing using direct methods.

Methods

To experimentally measure the mechanical properties of individual interfibre joints is not straight-

forward and is prone to several difficulties: the statistical significance of the observed strength due

to high amount of scatter (discussed in Paper A), the actual local mode of loading at the time

of failure or at damage initialization (discussed in Paper B), the microscopic nature of the joint

strength, the influence of external parameters such as climate or drying history and lastly, the ap-

plicability of extrapolating the results to the material application of interest. Despite the obvious

issues of heterogeneity of the joint itself, which is due to the unknown amount of the overlap area

that are chemically bonded [35, 36, 37, 38, 39, 40], scatter in the results may also be due to varying

strength of the bonded regions. Moreover, there are also practical problems of measuring such weak

and small joints experimentally. The typical interfibre joint has a force of rupture in the range of

0–20 mN and the dimensions of the overlapping regions are in the range of tenth of µm. Handling

of such weak and small joints is extremely difficult, and thus often fail already during mounting in

a testing device. The conventional method to experimentally measure the interfibre joint strength

is to prepare isolated fibre–fibre crosses, where the joint is a component of the cross structure. The

interfibre joint strength tests are then performed on fibre–fibre cross structures were the fibre seg-

ments are long (and thereby have a low flexural rigidity) enough so that the cross could be handled

using tweezers with little or no damage is accumulated during handling. Thus, due to finite rota-

tions of the interface during testing, the experimentalist is prone to testing a structure where the

joint will be subjected to a mixed mode of loading (discussed in Paper B). Thus, the strength

measurements available are all mixed in the mode of loading, i.e. no strength tests in pure failure

modes are available experimentally, which certainly contributes to the scatter in the results. In

this thesis a model is constructed for each fibre–fibre cross tested, using the finite element method,

to account for the complex geometry in order to better estimate the local mode of loading at the

region of interest (the interfibre joint). This thesis discusses interfibre joint strength tests under

different loading conditions and investigates the scatter and amount of information that could be

obtained using such experimental setups.

Experimental evaluation

In Paper A a development of the interfibre joints strength test is presented with a higher rate

of successful measurements than previously reported in the literature. In the proposed method,

fibre–fibre crosses suitable for strength testing were prepared by suspending a few pulp fibres in

small droplets of deionized water on a Teflon coated steel surface using antistatic tweezers. It is

6



Interfibre Joint Strength under Mixed Modes of Loading

important that the press surface has a very low roughness in order to avoid indentation of the

fibres at asperities of the press surface. Another such steel surface was guided onto the first by

two steel bars running through the press in order to minimize premature shearing of the samples.

The press was then subjected to a static load, by adding a dead weight, and dried for 2 hours

and at 110 ◦C. The drying time is chosen to be about 50% longer than drying times for which

vapor was observed on the press surfaces. After drying, the samples were allowed to condition in a

climate controlled room for another hour, 23 ◦C and 50% RH. After conditioning, the overlapping

fibres that had formed interfibre joints were selected. The fibre–fibre crosses where then placed on

specially designed sample holders resting presumable stress free. These samples where then fixed

by gluing the crossing fibre at the edges of the sample holder, using liquid adhesive. During this

procedure, it is convenient to use a microscope with high depth of field since careful manipulation

of the fibre–fibre cross is needed. Also, oblique lightning enables monitoring of the liquid adhesives

so that it does not flow onto the fibres, which could be seen as a change in light reflection using a

strong light source. In the studies in this thesis, a cyanoacrylate based adhesive was used, which is

sufficiently viscous so that it flows to the sample holder boundary, but not as viscous that it flow

on or absorbs into the fibres (observed using oblique lightning). It should be noted that recent

research has shown that some adhesives forms a film on the surface of the fibres [41], their influence

on the force at rupture was however only 15% (estimated using the reported arithmetic mean), and

the coefficient of variation was between 0.50 and 0.68. At this stage, the weak sample attached to

the sample holder could be handled safely since only the crossed fibre is fixed on the rigid (steel)

sample holder. The only possible stress subjected to the interfibre joint is through vibrations and

the flow of air when moving the sample holder, which marks the lower boundary of joints strengths

that could be measured using this method. It should also be noted that some experience of the

laboratory technician is required, obviously. Now, nondestructive microscopy analysis of the fibre–

fibre cross was performed and the sample holder was subsequently attached onto the tensile stage

(a commercial Instron tensile tester). It is advised to use a tensile stage that is able to achieve

very small displacement increments and a high resolution miniature load cell in the range of mN in

order to resolve the structural response (the load–displacement curve) of the cross. In the studies

in this thesis, the load cell used was also designed to be unsensitive to off-axis loading since reaction

forces (other than in the load direction) may develop during testing. Another drop of adhesive was

put onto the other part of the grip system (attached to the load cell) and the fibre–fibre cross was

adjusted vertically by moving the piston of the machine so that one end the loaded fibre penetrated

the adhesive droplet which was subsequently allowed to cure. After curing, the piston of the tensile

stage was subjected to a constant displacement rate of 0.02 µm/s and if a load was detected in

the structural response, the sample was tested until rupture. However, penetration of the glue

droplet is only barely detectable by the eye, hence if no load was detected, the previous step was

simply iterated using a new adhesive droplet until the recorded load and displacement indicated

attachment. This procedure was able to greatly reduce the failure rate of the mounting process

compared to methods in which both fibres are attached to sample holders with bridges (which are

cut or soldered off prior to testing) which possible subjects the structure to high temperatures from
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the soldering device or premature deformation of the sample (such as release of residual stresses in

the sample holder). Also, an advantage of using liquid adhesives is that the fibres is undeformed

when the boundary points are enveloped in adhesive.

When a fibre–fibre cross was successfully ruptured, both fibres were analyzed again in a mi-

croscope and a transmission ellipsometry was typically performed to estimate the wall thickness

and the microfibril angles of the fibres. Since numerical analysis, such as in Paper B or Paper

C, are performed only after this stage, more detailed analysis of the constituent fibres could be

performed, and, if the yield strength of the fibres were significantly higher than the interfibre joint

strength, mechanical single fibre testing of the fibres could be performed. However, such studies

will limit the amount of samples that could be tested in a given time. Now, the desired analysis

of the parameter of interest, such as strength distribution or median force at rupture, could be

performed from the experimental results. The method is utilized in Paper D for an investigation

on how a chemical additive influences the strength distribution of isolated fibre–fibre crosses tested

in peeling and shearing type of loading.

In this thesis the interfibre joint strength, σoverlap, will typically refer to the force at rupture,

Pmax, of the fibre–fibre cross, normalized to the overlap area, A, of the specific sample. It should

be noted that there are methods available to obtain (at least) the optically bonded area, but again,

which limits the amount of samples that could be tested in a given time, the interested reader is

referred to the overviews in [5] or [36]. In this thesis, the overlap area is typically used to normalize

the force at rupture and four experimental set-ups are used to measure the interfibre joint strength

directly. The boundary conditions and load directions are illustrated in Fig. 2 and are typically

referred to as global modes of loading since the local mode of loading at the interfibre joint is

generally mixed.

Numerical evaluation

In Paper B a procedure is presented, that takes into account the geometry of each individual

sample to allow for an approximation of the loads in the bonded region at failure. The procedure

is used to evaluate the local loading conditions that prevail in the joint when tested in a cross-like

structure and for a qualitative comparison between the global peeling and shearing type of loading.

The measured dimensions and a geometric mapping of the fibre–fibre cross prior to testing was

used as input parameters for analysis of a generic structural model based on the finite element

method. The amount of anisotropy, based on micromechanical homogenization results [42], is also

used to estimate the amount of anisotropy in terms of a transversely isotropic material description.

In Paper C, the natural twists are also implemented in the model and a global tearing as well as

a biaxial type of loading are analyzed. In Paper E the individual cell wall layers, with different

material stiffness and microfibril angles are also taken into account and the failure is modelled using

a cohesive zone approach.

Since the objective of the studies in this thesis is to study the interfibre joint strength, and

since experimental characterization of each fibre would significantly increase the evaluation time
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Figure 2: Illustration of the different global modes of loading, a) Peeling, b) Shearing, c) Tearing
and d) biaxial are illustrated with the corresponding approximate displacement mode.

of a fibre–fibre cross a balance between a quantitative and qualitative method is chosen. The

average mechanical behaviour (e.g. the amount of anisotropy), the nonlinear geometry (e.g. the

curvature of the fibres), cell wall thickness and the microfibril angle of the dominant S2-layer is

typically taken into account and the experimental load–displacement curve is used to calibrate a

model that has been generated for each specific sample. The models were discretized using ”thick”

finite strain shell elements (allowing for transverse shear deformation) and was run repeatedly, with

reduced element sizes until the size of the elements had negligible effect on parameter of interest

(typically the force at rupture or the resultant forces and moments at the interface). The model

response and the experimental response was then compared, and if the residuals (in terms of work

of deformation and force at rupture) were above 2%, a stiffness scaling parameter was adjusted in

an update scheme.

Results

Interfibre joint strength distribution The methods presented in this thesis are intended to

provide input data to meso-scale (network) modelling of paper materials by providing insights

on the mechanical behaviour at the micro-scale (individual fibre–fibre crosses), as well as tools

for the evaluation of interfibre joint strength using direct methods. The experimental procedure

presented in Paper A, was applied to investigate the strength distribution of isolated fibre–fibre
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Probability density function α± std /MPa β ± std

Exponential 3.4 ± 0.35 1
Weibull 3.5 ± 0.35 1.08 ± 0.08

Table 1: Fitting parameters for the strength distribution of fibre–fibre crosses tested in shearing
type of loading.

crosses manufactured using the procedure presented. Since the method allows for the testing of very

weak joints, information in the low strength regime could be obtained. The results indicated that

the strength, σoverlap, of isolated fibre–fibre crosses are approximately exponentially distributed

according to the probability density function

fe(σoverlap)/MPa =
1

α
exp

(
−σoverlap

α

)
. (1)

In Paper D, where the influence of the strength properties following adsorption of polyamines

was investigated, it was shown that the median strength increased while the number of weak joints

decreased. For the purpose of quantifying these changes a two parameter Weibull distribution

according to the probability density function

fw(σoverlap)/MPa =
β

α

(σoverlap
α

)β−1

exp

(
−
(σoverlap

α

)β)
, (2)

is fitted using a maximum likelihood estimation. It should be noted that for β = 1 the distribution

functions Eq. (1) and (2) are identical. Typical scale parameter, α and shape parameter, β, of

the distribution functions in Eq. (1) and (2) as well as the corresponding standard deviation (of

the estimated parameters), std, estimated for 158 fibre–fibre crosses of the same pulp are shown in

Table. 1. An important feature of the empirical result is that the distribution function is positively

skewed, i.e. there are more weak interfibre joints than strong ones. Thus, it is advised that the

median is used as a measure of the central tendency of interfibre joint strength, which becomes

σ̂w = αln(2)
1/β

, (3)

for a Weibull distrubution, Eq. (2) or

σ̂e = αln(2), (4)

for an exponential distribution, Eq. (1).

Influence of manufacturing conditions Following the investigations in Paper A, the results

did not indicate any significant influence of the strength distribution for fibre–fibre crosses manu-

factured under different nominal drying pressures (the pressure on the press surface) ranging from

0.7–15 kPa. This indicates that even at small nominal pressures, the capillary pressure is dominat-

ing the interfibre joint formation when prepared under these conditions (note that the conditions is
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vastly different when a dense network is dried in a paper machine). There were, however, a small

indication of a decreased median strength for the highest pressure of 15 kPa, similar to the what

was reported in [28], which could indicate that the pressure was so high, locally, that the fibre wall

starts to accumulate damage during the pressing stage. It should be noted that the pressure on the

fibres are much higher than the nominal drying pressure and it may be argued that the rigidity of

the steel–to–steel press assembly results in an uneven distribution of pressure. Therefore, another

study (also presented in Paper A), was performed using a rubber–to–steel assembly. The results

indicated no difference between the two press assemblies at the given nominal pressure. However,

comparing the interfibre joint strength for pulps undergone different amount of beating (50 and 125

kWh/t), a large increase in strength was observed (about twice as high for the highly beaten pulp),

which is in agreement with previous studies on the influence of beating.

Normalization of force at rupture During testing of interfibre joint strength (using fibre–

fibre crosses) the load transferred between the fibres will result in stress distributions similar to a

shear lap joint. An analytical description (approximated using plate theory) can be found in [29].

However, this assumptions only hold if a pure Mode II loading is achieved and since long fibre

segments will have low flexural and bending resistances, the interfibre joint will re-orient/rotate

during measurement, and prior to rupture. In a shear lap joint and in a peeling test, (which are

similar to a fibre–fibre cross) typically the width and length dimensions of the joints have a large

influence on the behaviour. The force at rupture is therefore (in Paper A) scaled in terms of

different geometric parameters; nominal overlap area, length and width of the joint region and

the results indicated that neither of the methods of scaling unambiguously reduced the coefficient

of variation of the strength, which indicated that the interfibre joint strength is varying or that

other structural parameters, such as material properties, the geometry of the cross structure are

dominating the influence of the mode of loading and thereby the measured strength of interfibre

joints.

Interfibre joint strength under different types of loading In Paper A the median strength

for fibre–fibre crosses tested in a peeling type of loading was estimated to about 20% of the ones

tested in the conventional shearing type of loading.

In Paper B, the force and moment resultants at the centroid of the overlap area are estimated

for samples tested in either a global peeling or a global shearing mode of loading and in tearing and

biaxial loading in Paper C. The results showed that the mode of loading at rupture is indeed mixed

locally, however, the reaction force at the attachment point of the loaded fibre and in direction of

the displacement (which is typically what is measured by the load cell) was very close to the largest

shear force resultant in the interfibre joint. Moreover, the opening moment resultant was generally

larger for samples tested in peeling type of loading but significant amount of shear develops in such

experiments (note however that the force at rupture is about a fifth compared to samples tested

in a shearing type of loading). The ratio between the resultant forces and the ratio between the

resultant moments was also used to characterize the state of loading in the interfibre joints tested in
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different loading situations and the typical structural response (the load–displacement curve of the

cross) was shown to be clearly distinguishable for the different load cases. In these analysis, with

the geometry taken into account and under the assumption that the interfibre joints fail in brittle

manner, the estimation of the load state indicated that the interfibre joints varied in strength, i.e.

the strength distribution of fibre–fibre crosses measured experimentally is not due to the mode of

loading alone. Also the normal and shear resultants could be used to distinguish the different types

of loading, which indicates that even though the fibres generally have a very complex geometry and

material behaviour, the global mode of loading is governing the mode mixity at the interfibre joint.

In Paper E a statistical analysis also indicated differences between the shearing and peeling

mode of loading in terms of features in the structural response. Small drops in force during meas-

urement was quantified for a large number of strength tests and it was found that these were more

common for fibre–fibre crosses tested in the global peeling mode of loading compared to samples

tested in the shearing mode of loading. Also a typical ”knee” (a reduction in the structural stiff-

ness) prior to rupture was more common for samples tested in global shear, indicating that some

fibre–fibre crosses were subjected to a gradual loss of loading carrying capacity.

By implementing a failure criterion, using a cohesive zone approach, the failure behaviour and

the assumptions and parameters of such a model was investigated. It was concluded that, for

the sample tested in the global peeling mode of loading the traction at which damage starts to

accumulate in the normal direction needed to be of the same order of magnitude as in the shear

direction in order for the interfibre joint to fail due to local peeling. Also, for the sample tested in the

global shearing mode of loading the traction at initiation of damage in the normal direction needed

to be about half of the traction at initiation in the shearing direction in order for the structure to

fail in local peeling. The results indicate, again and not surprisingly, that the fibre–fibre crosses are

weaker in the direction normal to the interface. In the study in Paper E, two failure criteria was

investigated and found to give similar results. Moreover, the load carrying capacity was shown to be,

not surprisingly, generally governed by the cohesive energy, however, the shape of the cohesive law

(the traction–separation law) had a limited influence on the predicted failure load for high fracture

energies. This indicates that either the rate of damage evolution or the maximum separation of the

interfaces should be investigated further for a physical representation of the damage mechanism.

Influence of chemical modification In Paper D, a statistical analysis of the influence of

polyamines adsorbed to the surface of fibres showed about 17% increase in median strength for

interfibre joint tested in both the peeling and the shearing modes of loading. The results also

indicated a shift in the strength distribution, increasing the density of strong joints as well as

decreasing the amount of weak ones for fibre–fibre crosses tested in both peeling and in shearing

modes of loading. Through X-ray microtomography, it was also found that both the number

of joints formed and the contact area increased (while keeping the density constant) for sheets

where polyamine was added. It is, thus, suggested that it is this combined effect that explains the

effectiveness in increase of tensile strength of papers following addition of polyelectrolytes, such as

polyamine.
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Based on the results of Paper E, several mechanisms for increasing the load carrying capacity of

isolated fibre–fibre crosses was proposed. In general, increase of the strength in the normal direction

has a large effect on the load carrying capacity, assuming the strength in that direction is, initially,

considerable lower than in shear (as is indicated both experimentally in Paper A and numerically

in Paper E). However, as the strength in the normal direction increased, the failure mode in shear

became more significant and, thus, to achieve further load carrying capacity, the strength in the

shearing direction needed also to be increased. The cohesive separation, in particular, had a very

large impact on the load carrying capacity. Also, the results indicated that only a limited increase

in load carrying capacity could be gained by increasing the stiffness of either the interfibre joint or

the outermost part of the fibre cell wall layer.

Discussion

The numerical methods presented in this thesis takes into account a number of geometric and

material properties as well as the force at rupture and the work of deformation measured on the

fibre–fibre cross samples. Although it may be argued that other features may be of significance,

the aim of these studies was to incorporate measures which was relatively fast to obtain in order

to allow for a larger number of samples to be tested using these methods. As is seen in the papers,

not every measured structural response is perfectly captured but the general behaviour is to a

good degree predicted by the models proposed and they are believed to provide good estimations

of the properties studied and a relatively fast and reliable way to obtain results. If, more detailed

estimations is needed, more degrees of freedom may need to be introduced. The aim here, was to

base every assumption on reasonable and physically interpretable parameters. As an example, only

one parameter was introduced to phenomenologically calibrate the structural response (the load–

displacement curve of the cross) since the true axial stiffness of the fibres were not known. However,

by accounting for the difference in stiffness between the fibres in the cross, a better representation

of the response may be found. But, it is the authors belief that such a material behaviour should be

measured experimentally and that the amount of ”fitting parameters” should be kept to a minimum

in order to increase the understanding of the underlying mechanisms, instead of retracting to curve

fitting.

The results in this study show that the strength distribution of fibre–fibre crosses are positively

skewed. Therefore, an overestimation of the central tendency of interfibre joint strength test is

found if defined as the arithmetic mean. Assuming the Weibull distribution in Eq. (2), the relative

difference, η, between the arithmetic mean and the median could be determined as

η = 1 − ln(2)
−1/β

Γ

(
1 + β

β

)
, (5)

were Γ is the gamma function. The relative difference, for β estimated between 1 (assuming

exponentially distributed) and 1.39 (for the chemically modified pulp presented in Paper D) ranges

from 19% to 44% which should be noted when comparing results in the literature were the arithmetic
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mean is typically assumed.

The observed load carrying capacity in direct interfibre joint strength testing is nondetermin-

istic and the actual measured load carrying capacity is evidently spread about the expected value.

However, the results in this thesis indicates that a relative small amount of measurements is needed

to characterize the observed data mathematically by a distribution function. Moreover, the stat-

istical variability of the interfibre joint strength can be attributed to one or more explanations.

First, the onset of damage may be a statistical event, and thus its occurrence could be described

by probability laws. However, from a continuum mechanical view point, such an event is described

solely by a failure criterion and should be governed by the mode of loading at initiation, especially

since finite deformations allows for rotation of the interface until a weak orientation is achieved

and the onset of damage is initiated. Indications of the difference in strength between the shear

and normal direction have also been presented in this thesis both experimentally and numerically.

Second, the test pieces tested in a similar mode of loading are also inherently different e.g., they

contain a number of features of different magnitude of influence (to the observed load carrying

capacity), which lower the observed load carrying capacity. The results in Paper E indicated also

that some samples did not fail in a brittle manner, which means that even if the most severe of

those features initiated the onset of damage, it did not necessarily determine the strength of the

structure. A more detailed description of the interfibre joint may be needed to better estimate the

strength of such samples.

Conclusion

In this thesis, methods for the manufacturing and testing fibre–fibre cross samples has been de-

veloped that significantly reduces the number of failed measurements and allows for testing in

different loading directions. The results of the applied method suggests that the interfibre joint

strength distribution is independent on the nominal drying pressure in the range of 0.7–15 KPa.

The strength distribution of samples manufactured and tested using the methods presented are

skewed and can be described by exponential or Weibull distributions.

Fibre–fibre crosses that were loaded in the out–of–plane direction had a load carrying capacity

of 20% compared to samples loaded in the in–plane direction (in terms of both maximum force and

force normalized to the overlap area).

A method for the evaluation of the local stress-state in an interfibre joint strength test was

developed which takes into account: the force at rupture, the work of deformation in the load–

displacement response, initial geometry, micro-fibril angle, cell wall thickness as well as large rota-

tions. The state of loading at the fibre–fibre interface centroid then served as an approximation of

the state of loading in the interfibre joint.

Qualitative examples was used to evaluate how the geometry as well as the applied type of

loading affects the mode of loading in the interfibre joints, as well as indications of the order of

magnitude of the errors introduced when the initial geometry or large rotations are neglected in an

evaluation of the interfibre joint strengths using direct methods. It was shown that the conventional
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failure criterion (for samples tested in Mode II) which assumes that the force at rupture (of the

cross) is equal to the shear strength of the interfibre joint, only differed up to 23% from the largest

shear force resultant in the interfibre joint. It was also shown that the magnitude of the twisting

moments that arise in the fibre–fibre interface is typically of the same order of magnitude as the

peeling moment when tested in a Mode I type of loading.

The results also indicate that there was a significant difference in the local state of loading

between the fibre–fibre crosses tested in four different global modes of loading. However, it should be

emphasized that even though the individual nonlinear geometry and anisotropic material behaviour

of each sample was taken into account, there was still scatter in the results, mainly due to the

differences in geometry between samples, but also due to variations in strength.

The thesis also discusses the influence of the adsorption of PAH onto the surface of pulp fibres

in terms of interfibre joint strength as well as the number of interfibre joints. The results indicate

that the interfibre joint strength distribution was shifted towards stronger joints upon adding the

polyelectrolyte. It was also shown that the number of interfibre joints and their average overlap

area increased. The combination of these effects is suggested to explain why PAH is an efficient

dry strength additive for paper strength.

A statistical analysis indicated that small drops in force during direct interfibre joint strength

measurements, indicating damage development, were more common for fibre–fibre crosses tested

in the global peeling mode of loading than in the shearing mode of loading. A typical ”knee” (a

reduction in the structural stiffness) prior to rupture was also more common for samples tested in

global shear and the amount of reduction varied greatly.

Moreover, it was concluded that, for the sample tested in global peeling, the initiation traction

in the normal direction needed to be of the same order of magnitude as in the shear direction in

order to fail in peeling mode of loading. Also, for the sample tested in the global shearing mode

of loading, the initiation traction in the normal direction needed to be about half of the initiation

traction in the shearing direction in order for the structure to fail due to local peel. Furthermore, it

was found that the load carrying capacity was, not surprisingly, generally governed by the fracture

energy. The results in this study contributes to the understanding of how failure parameters, using

a cohesive zone approach, influences the behaviour of the fibre–fibre cross which is fundamental for

ascribing a failure criteria to interfibre joints.

Based on the results in this thesis, several mechanisms for increasing the load carrying capacity

of isolated fibre–fibre crosses could be proposed. In general, increase of the strength in the normal

direction has the largest effect on the load carrying capacity, assuming the strength in that direction

is, initially, considerable lower than in shear. However, as the strength in the normal direction

increased, the failure mode in shear became more significant and, thus, to achieve further load

carrying capacity the strength in the shearing direction needed also to be increased. The cohesive

separation in particular, had a very large impact on the load carrying capacity. Also, the results

indicated that only a limited increase in load carrying capacity could be gained by increasing the

stiffness of either the interfibre joint or the outermost part of the fibre cell wall layer.

Finally, even though the local state of loading in direct interfibre joint strength testing are mixed
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due to the structural geometry as well the material behaviour of the fibres, the proposed methods

can be used to achieve results previously unavailable for estimating a failure criterion for interfibre

joints. Such a result is of high importance and would provide knowledge in building network models

that aims to bridge the multi-scale nature of the mechanical behaviour of paper materials. The

results presented could be used to improve the methods used for testing interfibre joints to obtain

more information on the strength components that are important for the build-up of strength in

fibrous materials.
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[7] A. Torgnysdotter and L. Wågberg, 2003, Study of the joint strength between regenerated cel-

lulose fibres and its influence on the sheet strength, Nordic Pulp and Paper Research journal,

18:455–459

[8] K. Niskanen Ed., 2012, Mechanics of paper products, De Gruyter

[9] Q. Cheng and S. Wang, 2008, A method for testing the elastic modulus of single cellulose fibrils

via atomic force microscopy, Composites: Part A 39:1838–1843

[10] W. J. Cousins, 1978, Young’s modulus of hemicellulose as related to moisture content, Wood

Science and Technology, 12(3):161–167

[11] W. J. Cousins, 1976, Elastic modulus of lignin as related to moisture content, Wood Science

and Technology, 10(1):9–17

[12] D. H. Page, 1969, A theory for the tensile strength of paper. Tappi J., 52:674–681

17



Mikael S. Magnusson

[13] D. H. Page, 1969, A method for determining the fibrillar angle in wood tracheids, J. of micro-

scopy, 90(2):137–143

[14] B. A. Jayne, 1959, Mechanical Properties of Wood Fibers, Tappi, 42(6):461–467

[15] F. El-Hosseiny and D. H. Page, 1975, The Mechanical Properties of Single Wood Pulp Fibres:

Theories of Strength, Fibre Science and Technology, 8

[16] D. H. Page, F. El-Hosseiny, K. Winkler and A. P. S. Lancaster, 1977, Elastic modulus of single

wood pulp fibers, Tappi, 60(4):114–117

[17] C. Y. Kim, D. H. Page, F. El-Hosseiny and A. P. S. Lancaster, 1975, The Mechanical Properties

of Single Wood Pulp Fibers. III. The Effect of Drying Stress on Strength, J. of Applied Polymer

Science, 19:1549-1561

[18] D. H. Page and F. El-Hoseeeiny, 1976, The mechanical properties of single wood pulp fibers -

Part 4. The influence of defects, Svensk Papperstidning, 14:471-474

[19] L.S. Nordman, 1957, Bonding in paper sheets, in Fundamentals of Papermaking Fibres, Trans-

actions of the Cambridge Symposium

[20] E. Retulainen and K. Ebeling, 1993, Fibre-fibre bonding and ways of characterizing bond

strength, Appita, 46(4):282–288

[21] U. Mohlin, 1974, Cellulose Fibre Bonding, Svensk Papperstidning, 4:131–137

[22] J. Skowronski, 1991, Fibre-to-Fibre Bonds in Paper. Part II: Measurment of the Breaking

Energy of Fibre-to-Fibre Bonds, Journal of Pulp and Paper Science, vol. 17, no. 6, pp. 217-222

[23] J. d’A Clark, 1978, Pulp Technology and Treatment for Paper. San Francisco, USA: Miller

Freeman publications

[24] K. Joshi, W. Batchelor and K. A. Rasid, 2001, Investigation of the effect of drying and refining

on the fiber–fiber shear bond strength measured using tensile fracture line analysis of sheets

weakened by acid gas exposure, Cellulose 18:1407–1421

[25] TAPPI Test Method T 541 om-89, Internal bond strength of paperboard (z-directional tensile).

Atlanta: TAPPI PRESS

[26] C. H. Mayhood, O. J. Kallmes and M. M. Cauley, 1962, The mechanical properties of paper –

part II: measured shear strength of individual fiber to fiber contacts, Tappi J., 45(1):69–73

[27] D. C. McIntosh, 1963, Tensile and Bonding Strengths of Loblolly Pine Kraft Fibers Cooked to

Different Yields, Tappi J., 46(5):273–277

[28] A. P. Schniewind, L. J. Nemeth and D. L. Brink, 1964, Fiber and Pulp Properties - 1. Shear

Strength of Single–Fiber Crossings, Tappi J., 47(4):244–248

18



Interfibre Joint Strength under Mixed Modes of Loading

[29] J. L. Thorpe, R. E. Mark, A. R. K. Esufzai and R. W. Perkins, 1976, Mechanical properties

of fiber bonds, Tappi Journal, 59(5):96–100

[30] A. F. Button, 1979, Fiber-Fiber Bond Strength - A Study of a Linear Elastic Model Structure,

The Institue of Paper Science and Technology, Atlanta, Georgia, Doctoral Thesis

[31] P. Saketi, M. Von Essen, M. Mikczinski, S. Heinemann, S. Fatikow and P. Kallio, 2011, A flex-

ible microrobotic platform for handling microscale specimens of fibrous materials for microscopic

studies, Microscopy, 248(2):163–171

[32] A. Torgnysdotter, A. Kulachenko, P. Gradin and L. Wågberg, 2007, Fiber/Fiber Crosses:
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Summary of appended papers

Paper A: Experimental evaluation of the interfibre joint strength of papermaking fibres in terms

of manufacturing parameters and in two different loading directions.

In this paper, an experimental procedure for the manufacturing and testing of interfibre joint

strength at two principally different modes of loading is presented. An investigation on the influ-

ence of drying pressure, the drying method as well as a comparison of pulp fibres from two different

degrees of refining is also presented. Moreover, the force at rupture is scaled in terms of different

geometric parameters; nominal overlap area, length and width of the joint region and it is shown

that neither of the methods of scaling unambiguously reduced the coefficient of variation of the

strength. Finally it is presented that the force at rupture in a peeling type of loading was about

20% of the ones tested in the conventional shearing type of loading and that the strength of indi-

vidually prepared fibre–fibre crosses are approximately Weibull distributed.

Paper B: Numerical evaluation of interfibre joint strength measurements in terms of three–dimensional

resultant forces and moments .

In this paper, a procedure for evaluating interfibre joint strength measurements in terms of result-

ant forces and moments at rupture is presented. The centerline geometry of the fibres, microfibril

angles as well as the wall thickness of each individual test piece was used to model each experiment

using the finite element method. The method is applied to investigate the state of loading at the

centroid of fibre–fibre crosses tested in two principally different modes of loading. It is shown that

for a typical interfibre joint test, the load components other than shear, cannot in general be neg-

lected and are strongly dependent on the structural geometry of the fibre–fibre crosses. Also, the

stress state in the interface centroid was estimated in order to quantify how the mode of loading

influences the amount of normal stresses that develop in relation to the amount of shear stresses in

the interfibre joint.

Paper C: Interfibre joint strength under peeling, shearing and tearing types of loading

In this paper, isolated fibre–fibre crosses is tested mechanically using four distinctly different load

cases; peeling, shearing, tearing and a biaxial type of loading, in order to gain more information

on how interfibre joints behave in different modes of loading. The model (presented in Paper B)

was further developed to account for the initial twists of the fibres, and was used to model each

experiment using the finite element method. From the simulation results, the local state of loading

in the interfibre joints at failure was obtained for each specific experiment. The force–displacement

curve for the experiments as well as the estimated local state of loading was also used to compare

the different load cases and to evaluate the information on the strength properties of interfibre

joints that can be obtained using these load cases.
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Paper D: New insights into the mechanisms behind the strengthening of ligno-cellulosic fibrous

networks with polyamines

In this paper, a specific chemical modification that have been used extensively in the papermaking

industry is studied on both the fibre scale as well as on the network scale. The increase in strength

upon adsorption of polyallylamine hydrochloride onto the surface of pulp fibres is investigated and

correlated to the effect previously observed on the paper sheet scale. X-ray microtomography as

well as image analysis was used to understand structural changes in the fibrous network follow-

ing the adsorption of a polyamine. It is shown that the number of interfibre contacts per unit

length of fibre as well as the average interfibre joint contact area were both increased and that the

median interfibre joint strength increased by 18% upon adsorption of PAH. This combined effect

indicates why polyamines such as PAH is such an efficient dry-strength additive for paper materials.

Paper E: Failure behaviour of interfibre joints using cohesive zone modelling and how to tailor

their properties for strength

In this paper, the damage behaviour of isolated fibre–fibre crosses is analyzed by a statistical ana-

lysis of an extensive number of interfibre joint strength tests. Also a failure criterion is used in

simulations, using a cohesive zone model approach, to capture the behaviour and mechanisms seen

in interfibre joint strength tests. Also, the sensitivity and the effect of the failure properties are

studied to give indications on how to tailor them for optimizing the joint strength.
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