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Abstract

Paper is composed of individual fibers, which interact with each other, thus leading to
the formation of a complex network. The property which is of great importance is the
strength of this network. In order to get a better understanding of the strength of the
paper network it is of utmost importance to understand the mechanical properties of
the single fibers, fiber to fiber joints as well as their behavior during loading. Within
the framework of this thesis a novel device for mechanical testing of individual fibers
and fiber to fiber joints is developed. Besides the determination of the single fiber
strength and the shear strength of single fiber crossings, this method also enables the
determination of the bending stiffness of single fibers, the deformation during loading
as well as the mode III strength of single fiber crossings. Furthermore, the bonding
energy and the influence of biaxial loading on the breaking load of individual fiber to
fiber joints can be examined. For a more precise description of the mechanisms taking
place during the mechanical testing and to learn more about the impact of structural
properties on the strength of fiber crossings, the formerly bonded area is investigated
by means of the low-voltage scanning electron microscopy. Furthermore, the influence
of different types of adhesives, used for fixation of the fibers, is investigated with this
method. The combination of these tests will contribute to a better understanding of
paper strength.

Keywords: fiber crossing, fiber to fiber joint, joint strength, shear strength, specific
bonding strength, fiber strength, bending stiffness, bonding energy, mode III loading.
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Kurzfassung

Papier besteht aus Einzelfasern welche miteinander interagieren und ein komplexes
Netzwerk bilden. Eine der wesentlichsten Eigenschaften ist die Festigkeit dieses Net-
zwerkes. Um ein besseres Verständnis über die Gesamtfestigkeit des Fasernetzw-
erkes zu erlangen, ist es von grundlegender Bedeutung die mechanischen Eigen-
schaften der Einzelfasern, der Faser-Faser Bindungen sowie deren Verhalten unter
Last zu untersuchen. Im Rahmen dieser Arbeit wurde ein neuartiges Messgerät
zur Untersuchung von Einzelfasern sowie Faserbindungen entwickelt. Neben der
Bestimmung der Einzelfaserfestigkeit und der Scherfestigkeit einzelner Bindungen,
ermöglicht diese neuartige Methode auch die Bestimmung der Biegesteifigkeit von
Einzelfasern, des Verformungsverhaltens unter Last sowie der Mode III Festigkeit von
Faserkreuzungen. Des Weiteren besteht auch die Möglichkeit die Bindungsenergie,
sowie den Einfluss einer biaxialen Belastung auf die Bruchkraft einzelner Bindungen
zu untersuchen. Um die Vorgänge die während den Bruchversuchen ablaufen besser
beschreiben zu können und um mehr über den Einfluss von strukturellen Eigen-
schaften auf die Bindungsfestigkeit zu lernen, wird die vormals gebunden Fläche
mit der sogenannten "low-voltage" Rasterelektronenmikrokopie untersucht. Weiters
wird die Auswirkung von verschiedenen Klebstoffen die zur Faserfixierung verwen-
det wurden, mit dieser Methode untersucht. Die Kombination dieser Tests trägt zu
einem besseren Verständnis der Gesamtpapierfestigkeit bei.

Schlagwörter: Faserkreuzung, Faser-Faser Bindung, Bindekraft, Scherfestigkeit, spez-
ifische Bindekraft, Faserfestigkeit, Biegesteifigkeit, Bindungsenergie, Mode III Belas-
tung.
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Chapter 1
Introduction

1.1 Scope of the thesis

Paper strength mainly depends on the strength of single fibers and the strength of
individual fiber to fiber joints (Page [1969], Torgnysdotter and Wågberg [2003]). For
a more precise description of the strength of the paper network it is of utmost impor-
tance to investigate the mechanical properties of fibers and fiber crossings as well as
their behavior during loading. This thesis is concerned with the determination of:

• the breaking load of single fibers (single fiber tensile strength)

• the force that is needed to break a single fiber to fiber joint (breaking load)

• the breaking load per unit bonded area (specific bonding strength)

• the energy needed to break individual fiber crossings (bonding energy)

Other topics of interest are the analysis of the fiber deformation during mechanical
testing and the determination of the bending stiffness of single fibers which is of high
importance in the formation of fiber to fiber joints (Forsström et al. [2005]). Further-
more, the influence of the three different modes of loading (mode I, II and III loading)
on the strength of single fiber crossings is an important issue. For this a novel direct
method for mechanical testing of single fibers and fiber to fiber joints is developed.
The results of all of these tests will lead to a better understanding of fiber and joint
failure mechanisms. These tests provide knowledge regarding fiber and joint pa-
rameters which can be used for network modeling (Kulachenko and Uesaka [2012],
Magnusson [2013], Borodulina et al. [2012]). The models in turn contribute to a better
understanding of paper fracture mechanics.

A combination of the results of all these tests will help to get a better understand-
ing of the mechanical properties of paper as well as its behavior during mechanical

1



1. Introduction CD-Laboratory for Paper Strength 1.2

testing. Also the effect of fiber production, stock preparation and chemical additives
on mechanical paper, fiber and joint strength can be studied.

1.2 CD-Laboratory for Paper Strength

This PhD thesis was carried out within the frame of the CD-Laboratory for Surface
Chemical and Physical Fundamentals of Paper Strength which was funded in 2007.
This research project is a collaboration between two university institutes from Graz
University of Technology (Institute of Solid State Physics, Institute for Paper, Pulp
and Fiber Technology), one from the Montanuniversität Leoben (Institute of Physics)
as well as the industrial partners (Mondi Frantschach GmbH, Kelheim Fibres GmbH
and Lenzing AG). Figure 1.1 gives an overview of the contributions of each group as
well as the main object of this research project.

Figure 1.1 Working groups of the CD-laboratory for Surface Chemical and Physical Funda-
mentals of Paper Strength

The surface and bulk chemistry of the fibers is analyzed at the Institute of Solid State
Physics using Attenuated Total Reflection Fourier Transform Infra Red Spectroscopy
(ATR - FTIR). At the Institute of Physics in Leoben, the fiber surface as well as the
bonding region is examined using Atomic Force Microscopy (AFM). Furthermore, the
breaking load of individual fiber to fiber joints in z-direction is determined with an
AFM based method. Research at the Institute for Paper, Pulp and Fiber Technology
focuses on the investigation of the morphology of the bonding region and the determi-
nation of the size of the bonded area. Also the shear strength of single fiber crossings
is measured. The industrial partners use and apply the knowledge developed in the
CD-Laboratory to enhance the mechanical properties of their products.
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The main goal of the CD-Laboratory for Surface Chemical and Physical Funda-
mentals of Paper Strength is to learn more about the properties of single fibers, fiber
to fiber joints as well as the various bonding mechanisms in order to get a deeper
understanding regarding the factors leading to the strength of the paper network.

1.3 Outline of this thesis

After this introduction chapter, the present thesis is divided into the following five
chapters:

Chapter 2 "Determination of fiber and joint properties" gives an overview of the fun-
damental parts of a micro tensile tester as the concept of the device developed within
the framework of this thesis is based on that for single fiber testing. An overview
of different direct and indirect methods for measuring the strength of single fiber to
fiber joints as well as the determination of the bending stiffness of single fibers is pre-
sented. Also the principles of the three possible modes of loading which are acting
on the joint during testing are discussed.

In Chapter 3 "A novel micro bond tester for mechanical testing of single fibers and fiber
to fiber joints" the development as well as the most important parts of the micro bond
tester are discussed in detail. It also covers an in-depth evaluation of the presented
measurement system. Other topics of this chapter are the preparation of the individ-
ual fiber crossings, the test methods as well as the testing procedures for this novel
testing device.

Chapter 4 "Analysis of the bonding region" describes the investigation of the for-
merly bonded area of fiber to fiber joints as well as the fiber surface by using the
so-called low-voltage scanning electron microscopy. The influence of different types
of adhesives is analyzed with this method and initial results of in-situ ultramicrotome
investigations of a fiber crossing are presented.

In Chapter 5 "Results and Discussion" the results of the different test methods are
presented and compared with those of other studies. The different strength measure-
ments are compared with each other and possible explanations for the difference are
discussed. Furthermore, initial results of simulations demonstrate the influence of the
different loading modes.

In Chapter 6 "Conclusions and Outlook" the most important results obtained in this
thesis are briefly discussed and an outlook on future work is given.
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1. Magnusson, M.S., Fischer, W.J., Östlund, S. and Hirn, U. (2013). Interfibre Joint
Strength under Peeling, Shearing and Tearing Types of Loading. In prepara-
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Contribution to conference proceedings
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dividual fiber-fiber joints under biaxial load and simultaneous analysis of defor-
mation. In International Paper Physics Conference, June 10-14, 2012, Stockholm,
Sweden.

2. Kappel, L., Schmied, F., Hirn, U., Fischer, W.J. and Schennach, R. (2010). An In-
terdisciplinary View on the Strength of a Fiber-Fiber Bond in Paper. In Seminar
on Fiber Testing, October 13, 2010, KTH Stockholm, Sweden.

Posters

1. Fischer, W.J., Kappel, L., Hirn, U., Bauer, W. and Schennach, R. (2010). Polar-
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Chapter 2
Determination of fiber and joint properties

Paper consists of single fibers, which interact with each other, leading to the formation
of a complex network. These fibers consist of cellulose, hemicellulose and lignin. Cel-
lulose is a linear polymer glucan with a uniform chain structure (Fengel and Wegener
[2003]). The degree of polymerization ranges from 7000 to 15000. Hemicellulose, also
called polyose, is a heteropolysaccharide and has a degree of polymerization ranging
from 100 to 200 (Alén [2000]). The main differences compared to cellulose is that it is
made up of several sugar moieties (pentoses, hexoses, heuronic acid, deoxy-hexoses)
which are mostly branched (Sixta [2006]). Another difference is its alkaline solubility
(Alén [2000]). Lignin is an amorphus substance which can be found in the middle
lamella and in the secondary walls of a fiber, it is a complex macromolecule based on
phenylpropane and other units (Fengel and Wegener [2003]).

Another characteristic of wood fibers is that they are built-up of different walls (see
figure 2.1) which in turn are composed of microfibrils. These are the primary wall P,

Figure 2.1 Structure of a fiber cell wall, middle lamella - ML, primary wall - P, secondary
wall 1 - S1, secondary wall 2 - S2, secondary wall 3 - S3 (Sirviö [2008])
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2. Fiber and joint properties

the secondary wall S1, S2 and S3. The middle lamella ML between the primary walls
is holding the fibers together (Clark, J. d’A. [1985]). The S2 wall which is the thickest
one (see table 2.1) has the biggest influence on the mechanical properties of single
fibers. But not only the thickness of this layer is of great importance for the strength
of single fibers, also the fibril angle α of the S2 wall (see figure 2.1) significantly
influences the tensile behavior of the fibers (Page et al. [1972]). The deviation of the
fibril angle from the fiber axis in the S2 wall is much lower than that of the P, S1 and
S3 (see table 2.1). The lower the fibril angle in the S2 wall, the higher the strength of
individual fibers. From table 2.1 it is also apparent that the thickness as well as the

fiber wall mean fibril angle [◦] fiber wall thickness [µm]
primary wall P 0.05 to 0.1
secondary wall S1 50 to 70 0.1 to 0.3
secondary wall S2 5 to 30 1.0 to 8.0

latewood 5 to 10 3.0 to 8.0
earlywood 20 to 30 1.0 to 4.0

secondary wall S3 60 to 90 < 0.1

Table 2.1 Microfibril angles of the different fiber walls (Alén [2000])

microfibril angle depends on whether the fiber is an early- or latewood fiber.
As mentioned above, paper is made of wood fibers and these fibers interact with

each other, leading to the formation of a complex network. The strength of paper
mainly depends on two factors. These factors are the strength of a single fiber and
the strength and number of fiber to fiber joints (Page [1969]; Schniewind et al. [1964];
McIntosh [1963]; Torgnysdotter and Wågberg [2003]). The formation of joints be-
tween individual fibers occurs due to five different bonding mechanisms (Lindström
et al. [2005]). These mechanisms are shown in figure 2.2. Mechanical interlocking

Figure 2.2 Bonding mechanisms (Lindström et al. [2005])
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is caused by the roughness of the fiber surface as well as the entanglement of fibrils
on the surface of the fibers. The migration of molecules from one fiber surface into
another is referred to as interdiffusion. Another bonding mechanism is the forma-
tion of hydrogen bonds between the hydroxyl groups of cellulose and hemicellulose.
Interactions between the negatively charged surface of a fiber and positively charged
components on another fiber lead to electrostatic bonding (electrostatic interaction).
Van der Waals interactions (induced dipoles) can be divided into three types (Aske-
land et al. [2011])

• London forces
Fluctuations in the electron distribution cause weak dipoles which in turn in-
duce transient dipoles in neighboring molecules and thus attraction.

• Debye forces
Interaction between the permanent dipole of a molecule and the induced dipole
of a neighboring molecule.

• Keesom forces
Interaction between molecules that both have permanent dipoles.

Investigating the properties of individual fiber-fiber joints as well the properties of
single fibers leads to a better understanding of fiber and joint failure mechanisms. In
these tests, information about the material parameters are obtained. Such parameters
are for example the E-modulus, the breaking load of single fibers and fiber crossings,
the breaking energy of fibers and joints, the size and the shape of the fiber cross
section, the stresses acting on the cross section of single fibers, the fiber elongation,
the bending stiffness of single fibers, the area moment of inertia as well as the specific
bonding strength (SBS). All of these material properties can be used to model and
simulate the behavior of single joints as well as paper networks. This in turn will
contribute to a better understanding of paper fracture mechanics.

2.1 Mechanical testing of single fibers

Single fiber testing is tedious and time consuming. This is due to the fibers small size
which complicates manipulation. Several concepts and methods have been developed
for determining the tensile strength of individual pulp fibers. They can be divided
into the following three groups (Wathén [2006]):

• micro tensile tester (main topic of this section)

• single fiber fragmentation test (SFFT)
In the single fiber fragmentation test the probability of a fiber breakage at a
certain fiber length and degree of strain is given. Before the fibers can be tested,
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they are embedded (parallel to loading direction) in vinyl ester (see figure 2.3a).
After the matrix cured, the sample is fixed in a tensile tester (see figure 2.3b
and 2.3c). Straining is carried out gradually in order to enable calculation of
the number of fiber breaks per unit of length as a function of strain (Andersson
et al. [2002]). A problem of this method is the introduction of stresses at the

(a) specimen SFFT (b) testing device (c) specimen mounted in
testing device

Figure 2.3 Specimen and testing device used in the single fiber fragmentation test (Feih et al.
[2004])

interface between the fiber and the vinyl ester. Theses stresses lead to premature
failure of the fibers. Furthermore, the fiber and the embedding agent have a
different modulus of elasticity and due to this fact it is difficult to find out what
is measured (contribution of fibers not known).

• zero span tensile strength
The procedure of the zero span tensile test (ZSTT) is similar to the one of a
common tensile test. The main difference of this kind of test is that the distance
between the edges of the jaws, in which the paper sheet is fixed, is zero. This
fact offers the possibility to clamp single fibers and thus to introduce the load
into these fibers (Boucai [1971]). The principle of the zero span tensile test is
shown in figure 2.4. Due to the complex loading situation of the zero span

Figure 2.4 Principle of zero span tensile testing (Hägglund et al. [2004])
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tensile test, which is the result of the three-dimensional stress distribution in
the paper sample, it is impossible to extract the pure fiber strength. Another
problem is that curled fibers, containing crimps and kinks, do not contribute to
force transmission until these fibers are straightened (Seth [2001]) which in turn
reduces the zero span strength.

This thesis focuses only on the so-called micro tensile testers. Until the present day
various types of these kind of testers have been developed. Some of these instruments
can be ordered directly from manufacturers. In some cases they are modified versions
of devices which are used for conventional tensile tests. Conn and Batchelor [1999],
Yu et al. [2011a], Page et al. [1972] and Hu et al. [2010] for example used an Instron
tensile tester in order to determine the breaking load of different types of fibers. Other
scientist developed their own testing devices. Figure 2.5 shows examples of modified
as well as custom-built tensile testers.

(a) custom-built tensile tester (Kom-
pella and Lambros [2002])

(b) modified Instron tester (Yu et al. [2011b])

Figure 2.5 Examples of devices used for mechanical testing of single fibers

All these devices no matter whether they are standard, modified or custom-built
instruments, consist of the same fundamental parts. These parts are a system for
fixing the individual fibers, an equipment for force transmission and a force measure-
ment system.

2.1.1 Fiber fixation

Before testing, the cellulose fibers have to be fixed on specially designed holders. The
design of this part is of great importance. A possible consequence of a poor design is
the misalignment of the samples which leads to stress concentrations within the fibers
and therefore to premature failure of the samples (i.e. before testing). Basically this
means that without a well planned design a correct measurement is not possible.

The fixation of the fibers must be carried out carefully. The individual fibers
need to be fixed on a sample holder or in a specially designed clamping system
without damaging them. Induced defects lead to premature failure of the fibers and
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therefore to wrong measurement results. Conventional methods commonly used for
fiber fixation are:

• mechanical clamping

• fixation with glue

• ball and socket system

Mechanical clamping

In conventional tensile tests, the samples are clamped in jaws. A logical conclusion
would be to adopt this procedure to single fiber testing. An example of such a me-
chanical clamping device used for determining the breaking load of single fibers is
shown in figure 2.6. The main problems when using mechanical clamps are the fol-

Figure 2.6 Mechanical clamping of a single fiber used by Jayne [1959]

lowing

• fragile nature of fibers
Often, more than 50% of the fibers break in the region of clamping. The reason
for this is the compression of the cell wall within the clamped region of the fibers
(Groom et al. [2002]). This means that clamping induces additional defects.

• small sample dimension
For fixing the fibers within the jaws, they must have a certain length (Hardacker
[1962]). If they are too short it is not possible to grip both fiber ends.

• slippage of fibers during loading (Groom et al. [2002])
In order to avoid slipping of the fibers, sufficient friction in the region of clamp-
ing is needed.
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An advantage of this methods is that if the fibers have a certain length they can be
fixed quickly. The advantages and disadvantages of mechanical clamping are sum-
marized in table 2.2.

advantages disadvantages
- fast fiber fixation - introduction of defects in
- no dead time (no hardening of glue) clamping region

- slipping of fibers if load is applied
- certain length of fiber required

Table 2.2 Pros and cons of mechanical clamping

Fixation with glue

Another possible method for fiber fixation is to use glue. In many cases the fibers
are glued onto a special designed sample holder by using cyanoacrylate glue (Burgert
et al. [2003], Kompella and Lambros [2002]), epoxy resin (Conn and Batchelor [1999],
Page et al. [1972], Adusumalli et al. [2006]) or Duco cement which is a nitrocellulose
solution (Leopold and McIntosh [1961], Van Den Akker et al. [1958]). For this kind of
fiber fixation the properties of the sample holder are of utmost importance. Figure 2.7
shows examples of such sample holders. The sample holders are either made of paper

(a) Burgert et al. [2003] (b) Van Den Akker et al. [1958]

Figure 2.7 Sample holder used for single fiber testing

or plastic. The main problem in using paper is that if the bridges, which are keeping
together the individual parts of the sample holder, are cut through, vibration could
be induced. Due to this fact, additional defects are generated which may already
lead to premature failure of the fiber before it can be tested. If plastic is used as
carrier material for the individual fibers this problem can be avoided and reduced.
The reason is that the bridges are melted by a hot wire and this procedure diminishes
the negative influence of vibrations.
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An advantage of this method is that no additional fiber defects are introduced in
the fixation area (no clamping of fibers). Furthermore, slipping of the fibers can be
avoided if a glue which provides sufficient adhesion is used. However, a possible pen-
etration of the glue into the fiber cell wall will lead to wrong results. For this method
the individual fibers are selected using tweezers which is very time consuming and
tedious. A problem when using tweezers is that additional fiber defects can be in-
troduced. These defects may lead to premature failure of the fiber (reduced tensile
strength). Curing of the glue is another factor that takes a certain amount of time
(depending on glue). The advantages and disadvantages of this fixation method are
summarized in table 2.3.

advantages disadvantages
- by selecting a suitable glue - tedious and time consuming
sufficient adhesion generated - possible penetration of glue into
- no additional defects in the area cell wall (falsification of results)
of fixation (no clamping) - additional defects in fibers

due to handling with tweezers

Table 2.3 Pros and cons of gluing

Ball and socket system

The so called ball and socket system is one of the most widely accepted fixation
methods for single fiber testing. In this method a drop of epoxy resin is applied to
both ends of the fiber. During drying of the resin, the balls are formed (Peters [2010],
Groom et al. [2002], Yu et al. [2011a,b], Mott et al. [1995]). This is shown in figure 2.8a.
After the spheres are complectly cured, the balls are fixed in the so-called socket (see
figure 2.8b). Within the system, the balls are able to rotate freely. Due to this fact
the fibers can align themselves. This means that stress concentrations which are the
result of fiber misalignments, can be avoided. Disadvantages of this method are that
the fibers can be pulled out of the ball, the long waiting time due to curing of the
resin, as well as the introduction of additional defects (with tweezers). Table 2.4 gives
an overview of the advantages as well as the disadvantages of this method.

advantages disadvantages
- no stress concentrations due to - possible indication of defects when
self alignment (no premature failure) applying resin (with tweezers)

- fibers can be pulled out of "ball"
- time consuming

Table 2.4 Pros and cons of the ball and socket system
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(a) fitting of resin and forming of ball (Peters
[2010])

(b) ball and socket fixation of
fiber (Groom et al. [2002])

Figure 2.8 Ball and socket system

2.1.2 Application of force

For the determination of the mechanical properties of single fibers it is necessary to
apply an external force which will finally lead to failure. Drives with high positioning
accuracy are used, as for example linear tables (Burgert et al. [2003], Kompella and
Lambros [2002], a modified Mössbauer drive (Conn and Batchelor [1999]) as well as
a piezo-electric actuator (Dunford and Wild [2002]). An important feature is that the
tests should be carried out at low speed (in the range of a few µm/s). At higher speed
the application of force happens so quickly that the determination of the breaking load
is almost impossible. The production of the drives also requires highest accuracy. A
jerky approach or tilting of the linear tables due to dimensional variations of a few
micrometers introduce additional defects into the fibers and this in turn will lead to
premature failure of the tested sample.

2.1.3 Force measurement

The forces required to break a single fiber are measured by using load cells with a
very high resolution (Yu et al. [2011a], Eder et al. [2008], Adusumalli et al. [2006],
Mott et al. [1995]). In order to achieve the best results, the force sensors should be
able to measure forces ranging from a few Millinewtons up to several Newton. The
explanation is that the failure load of cellulose fibers is located somewhere in that
force range. There are different types of force sensors (Ghosh [2009]) such as strain
gauge load cells, piezoelectric load cells, inductive and reluctance based load cells,
magnetoelastic load cells and others. The strain gauge force sensor, used in this
study (see section 3.2.3), is the most common one. Load cells are often composed of
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a spring and a sensor element (Elwenspoek and Wiegerink [2001]). Application of
load to force sensor leads to a deformation of the spring element. The deformation is
detected by the sensor element (strain gauge) and converted into an electrical signal
(see figure 2.9). In some cases the sensor element (strain gauge) is at the same time the

Figure 2.9 Measurement principle of a force sensor (Elwenspoek and Wiegerink [2001])

spring element. The deformation of the strain gauge changes its resistance (resistance
of the strain gauge is a function of applied load) and thus the electrical output signal
of the sensor (Fraden [2011]).

The handling of these sensors is difficult. This is due to the fact that the maximum
forces which may be applied to the load cells are very low and in case of overloading
the sensors are irreversibly damaged. Furthermore the sensors are very sensitive to
bending of the active bolt. Long lasting bending will lead to wrong measurement
results and even to damage of the load cells. There are three possible defects of strain
gauge force sensors. These are:

• overloading of the sensor
In case of overloading the strain gauges are deformed plastically. This means
that the signal is shifted (offset shifted i.e. higher signal although no load is
applied), the slope (linear relationship between senor signal [V] and applied
load [g]) remains the same. A measurement is possible if the new offset is taken
into account.

• come off of strain gauge
If a strain gauge is coming off inside the force sensor, very high signals are
generated. This is due to curling of the strain gauges which means that they are
constantly under tension.

• damage due to voltage surge
A voltage surge could cause burning of the strain gauges and for that reason
the determination of the breaking loads is no longer possible.

2.1.4 Summary

The most important parts of a micro tensile testing device are the fiber fixation, an
equipment for force application as well as a force measurement system. The most
important one is the fiber fixing system. Conventional fixation methods are:

• mechanical clamping
Clamping of the fibers offers a quick method for fixing single cellulose fibers.
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The first big problem is that additional defects are introduced (in clamping re-
gions) and the second one is that the fiber could be pulled out of the clamps
(slipping out of fibers) if load is applied.

• fiber fixation with adhesive
A significant disadvantage of this method is that it is tedious and time consum-
ing (hardening of adhesive). By selecting a suitable glue sufficient adhesion is
generated and slipping of the fiber can be avoided. A problem is that the glue
could penetrate into the cell wall of the fiber and this in turn could lead to a
falsification of the measurement results.

• ball and socket system
Due to the self alignment of the fiber, stress concentration and thus premature
failure can be avoided. Problems of this method are that the fiber can be pulled
out of the ball and it is also time consuming (hardening of epoxy resin).

The pros and cons of these fiber fixation systems are summarized in table 2.5.

initiation expenditure fixation stress concentrations
method of defects of time of fibers in fiber
mechanical clamping - - + + - - - -
fixation with glue - - - + -
"ball and socket" - - - + + +

Table 2.5 Pros and cons of the different fixation systems

Application of force
The devices used for force application could also introduce additional defects due to
tilting of the linear tables or a jerky approach. Thus the design of such devices already
requires highest accuracy.

Force measurement
For measuring the breaking loads of single fibers high precision load cells are used.
Due to the fact that these fibers break at very low forces, the sensors must have a high
resolution (in the range of a few Newton).

2.2 Joint strength

Until today numerous efforts have been undertaken to determine joint strength (in the
context of this thesis the breaking load in mN) and specific bonding strength (here the
breaking force divided by the area of the fiber-fiber joint) of fibers, a review is given
by Uesaka [1984]. They can be divided in two different approaches. Direct methods
are measuring the strength of individual fiber joints on specifically prepared fiber
crossings. Indirect methods use results obtained from sheet testing. These results are
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used for calculating the strength of fiber to fiber joints.
The following section gives an overview of such methods. Also the strength and
weaknesses of these methods are discussed in more detail.

2.2.1 Loading modes acting on the joint

In fracture mechanics there are three different types of loading modes to which a
crack may be subjected (Perez [2004]). These are the following:

• mode I loading (opening mode)
In mode I the load is applied normal to the crack surface.

• mode II loading (in plane shear mode, sliding mode)
In mode II the load is applied parallel to the crack surface and normal to the
crack front.

• mode III loading (out of plane shear mode, tearing mode)
In mode III the load is applied parallel to the crack surface and also parallel to
the crack front.

Figure 2.10 shows the principle of the three loading modes in fracture mechanics.
An important remark is that each loading mode results in a different strength. Due

Figure 2.10 Modes of loading acting on a crack (Perez [2004])

to this fact it is important to know whether mode I, II or III is acting on the crack.
The principle of these loading modes can also be applied for mechanical testing of
single fiber to fiber joints. Also the strength of single fiber crossings is significantly
influenced by the actual mode of loading (see section 5.4 and section 5.5). In this
subsection the principle of the loading modes which are acting on a joint are discussed
in more detail.

Mode I loading of joint

In mode I loading of a fiber-fiber joint, the force is acting perpendicular to the bonded
fiber surface. The principle of this loading situation is shown in figure 2.11a. A
method for measuring the mode I strength of a fiber to fiber joint was developed by
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(a) (b) Schmied [2011]

Figure 2.11 Mode I loading of a fiber-fiber joint

Schmied [2011]. The principle of this method is shown in figure 2.11b. In this work a
fiber-fiber joint is fixed on a self-made sample holder. The so-called top fiber (TF) is
fixed with nail polish (NP) and the other one (lower fiber LF) is free. After fixation of
the fiber crossing, the sample holder is placed in an atomic force microscope (AFM).
The tip of a cantilever is positioned as close as possible to the joint (see figure 2.11b).
In the next step, the cantilever is used for force transmission. The lower fiber is loaded
with the tip until the joint breaks (fiber pressed away from joint). From the deflection
of the cantilever beam Schmied is able to determine the mode I breaking load of the
joint. A precise description of this method is given in Schmied et al. [2012].

Mode II loading of joint

Mode II loading of a fiber crossing is a conventional shear test. In this case one of the
fibers, the longitudinal fiber, is pulled away from the cross fiber (see figure 2.12 left).
The cross fiber is the one glued with both ends to a sample holder. Figure 2.12 right
shows the principle of mode II loading. So, in this case the force is acting parallel
to the bonded fiber surface. An important remark is that, in this case, mode II is

Figure 2.12 Mode II loading of a fiber-fiber joint

predominating but there is also mode I loading due to twisting of the cross fiber.
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Mode III loading of joint

A joint configuration that is close to pure out of plane shear testing is shown in
figure 2.13. If the longitudinal fiber is pulled away from the joint a counter force is
created. The interplay between these forces leads to torsional loading of the joint. So,
there is a moment that is acting on the joint. This situation is close to mode III loading
of the fiber to fiber joint. Mode III loading is also generated if the crossing angle of

Figure 2.13 Mode III loading of a fiber-fiber joint

the joint shown in figure 2.12 differs from 90◦. The greater the deviation from 90◦, the
greater the moment that is acting on the joint, leading to a more pronounced mode
III loading. This means that in a conventional shear test, there is a mixture of mode I,
II and mode III loading (see mode II loading of joint). In case of mode III testing (see
figure 2.13) there is also mode II loading due to transmission of the force F through
the contact zone.

Summing up, it can be said that there is always a mixture of the different loading
modes. In order to get representative results, the interplay between them must be
taken into account. The results presented later on (see section 5) show that there is
a big influence of the loading mode on the strength of single fiber crossings. The
question that is left is, if the mode III model can be applied for networks. This can be
explained by the fact that paper is only loaded in z-direction (mode I loading of paper
web) as well as in tension (mode II loading of paper web) during manufacturing,
finishing and testing.

2.2.2 Direct methods

Several different setups for direct testing have been developed. Most of these methods
use glue to fix the fiber joints on sample holders. After curing of the glue the joints
are broken and the breaking force is recorded. Some methods also record elongation
during testing.

Button [1979] investigated the strength of fiber-fiber joints by using single lap joints
made of cellophane. He made macro and micro lap joints. The joints were tested
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my means of an Instron testing machine and the so-called Fiber Load Elongation
Recorder (FLER). Furthermore he investigated the effect of structural and material
parameters on bonding strength. He studied the effect of bond length, fiber width,
fiber thickness, axial Young’s modulus, conformability, and interfacial cracks. He
found that the bond length and several other structural parameters of the bond and
the fibers have a significant influence on the strength of a fiber-fiber joint. Due to
the lap joint configuration torsional loading (see mode III loading section 2.2.1) of the
joint is avoided. In this way Button managed to obtain a rather well defined loading
situation which is beneficial for studying parameters affecting specific bond strength.
Button presented initial results of lap joints made of loblolly pine holocellulose. The

Figure 2.14 Single lap joint configuration used by Button [1979]

forces needed to break single joints range from 28.3 to 142.8 mN for summerwood
and from 28.3 to 78 mN for springwood.

Stratton and Colson [1990] determined the strength of loblolly pine fiber crossings.
Furthermore the influence of polymeric strength aids on bonding strength ( A/C
polyamidpolyamine epichlorohydrin, D/C polydiallyldimethyl ammonium chloride)
was investigated. For the tests joints with a crossing angle of 90◦ were prepared. Thus
the influence of varying crossing angle could be excluded. In order to determine the
breaking load they glued the ends of bonded fibers on a Mylar mount using Epon 907
or hot melt (see figure 2.15). In this way the bonding region was free to rotate out of

Figure 2.15 Mylar mount used by Stratton and Colson

the plane. The Mylar mount was installed in the clamps of the FLER2 and the load at
failure was recorded. They also examined the effect of springwood vs. summerwood

20



2. Fiber and joint properties Joint strength 2.2

and refining on the strength of fiber crossings. An overview of the results of this
study is given in table 2.6.

strength mean breaking bonded area bond strength
fiber type chemical load [mN] [µm2] [N/mm2]
springwood - 4.61 ± 4.71 2410 ± 840 2.1 ± 2.1
summerwood - 8.53 ± 5.49 1500 ± 540 6.4 ± 4.1
570ml CSF - 7.16 ± 6.38 2070 ± 720 3.5 ± 2.8
345ml CSF - 6.67 ± 4.71 2290 ± 1070 3.7 ± 4.4
springwood A/C 11.18 ± 4.71 3000 ± 770 3.9 ± 1.7
570ml CSF A/C 14.13 ± 11.97 2130 ± 800 7.5 ± 6.7
570ml CSF D/C 14.81 ± 9.03 2040 ± 740 9.3 ± 5.7

Table 2.6 Result of Stratton and Colson [1990](± values = σ)

Schniewind et al. [1964] investigated the shear strength of summerwood, spring-
wood and summerwood-springwood joints of douglas fir holocellulose, bleached
kraft pulp (dried) as well as Tappi reference pulp (sulfite pulp, dried). These spec-
imens were fixed on paper tabs. One of the fibers was placed across a slot (1 to
1.5 mm wide) and both ends of this fiber were pressed into masking tape. The other
fiber protruded the tab. Afterwards the paper tab was fixed in the upper grip of a
table model Instron tensile tester, while the protruding fiber was clamped with the
lower grip and pulled away from the joint (testing speed 2.54 mm/min). Clamping
of the fibers seems problematic, because it might introduce defects to the clamped
fiber. A benefit of this study is that the effects of varying moisture contents as well as
reproducibility were investigated. The results are summarized in table 2.7.

bond strength σ breaking load
joint type [MPa] [MPa] mean [mN] max [mN] n

holocellulose sum-sum 3.74 3.87 7.65 23.54 16
spr-spr 1.93 2.68 10.20 38.85 14

sum-spr 2.83 2.61 10.79 38.96 21
dried kraft sum-sum 0.77 1.03 1.37 2.75 10
pulp spr-spr 0.37 0.25 1.08 1.77 4

sum-spr 0.98 1.52 2.26 11.77 12
dried sulfite sum-sum 0.32 0.17 0.78 1.37 4
pulp spr-spr 0.21 ... 0.59 0.59 1

Table 2.7 Results obtained by Schniewind et al. [1964]

Magnusson and Östlund [2011] are fixing joints with glue to a steel specimen
holder. Here as well one fiber is placed across a small gap. Both ends of this fiber and
one end of the other fiber are fixed (see figure 2.16). The crossings are tested using
an Instron ElectroPulse E1000 electrodynamic tensile testing machine. In their work
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Figure 2.16 Sample holder used by Magnusson and Östlund [2011]

they also investigated the loading situation in the joint using a finite element method.
They evaluate the amount of normal and shear loading which is an important step
towards determining the local stresses which are leading to bond failure. For their
model they assumed the fibers to be hollow, rectangular, non straight and elastic.

A different approach for fixing individual fibers is used by Saketi and Kallio
[2011a]. For bond testing the fibers are fixed using microgrippers. Both ends of one
fiber are clamped with the grippers (see figure 2.17a) and one end of the other fiber
is glued onto a load cell (see figure 2.17b). For future applications it is planned to
grip the fiber with a third gripper. Then the load cell and the attached fiber is moved

(a) gripping of cross fiber (Saketi and
Kallio [2011a])

(b) gluing of longitudinal (Saketi and
Kallio [2011b]) to force sensor (bot-
tom)

Figure 2.17 Joint strength measurement using microgrippers

away from the joint (downwards in figure 2.17b). The advantage of this method is
that the bonds are fixed with microgrippers. So no additional sample holder or ma-
nipulation of the bonds is needed. A problem is that after testing the glue has to be
removed from the sensor with the help of acetone. In order to see that the sensor is
not influenced by the chemical, it has to be calibrated after cleaning. When using mi-
crogrippers for determining the strength of individual fiber crossings there is always
a possibility that the ends of the fiber are slipping out of the grippers during testing.
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In their tests they obtained a mean breaking load of about 4.98 ± 4.55 mN and a
specific bonding strength of 8.07 ± 8.6 MPa for untreated softwood pulp.

Mayhood et al. [1962] investigated unbeaten/beaten, unbleached/bleached, sulfite
(spruce only) and kraft (spruce and pine) pulps. For their tests they modified a chain
weight balance. First of all a new base, which fitted inside the balance cabinet as
a separate unit, was installed. The sample pan was replaced by a specimen holder.
In order to increase the loading capacity they build-in a heavier chain. To provide
a constant loading rate of about 0.4 g/min, the chaino mechanism was linked to a
1 r.p.m. motor gear reducer. Furthermore the glass panels were removed and replaced
by plastic film flaps to provide ready access and to reduce negative influences of air
currents. The specimen holder consists of a moving mount, a stationary mount and an
aligning device. The fiber-fiber joints are fixed across a slot of a knife-edge by using
strain-gage cement. The positioning of the fiber crossing is shown in figure 2.18. The

Figure 2.18 Joint fixation used by Mayhood et al. [1962]

optical bonded area was determined by using the method according to Page [1960].
The results of their investigations for unbeaten, unbleached sulfite (spruce) and kraft
(mixture of spruce and pine) pulp are shown in table 2.8. A problem of this study is

load Acontact force per area T R.H. n
pulp type [mN] [µm2] [MPa] [◦C] [%]
sulfite pulp a 3.875 1344 2.86 ± 1.18 24.6 ± 2.7 41.9 ± 18.7 13
kraft pulp a 6.102 2097 2.94 ± 1.34 19.9 ± 1.9 49.9 ± 7.0 11
kraft pulp b 5.749 2069 2.83 ± 1.34 24.3 ± 1.6 58.4 ± 5.2 15
kraft pulp c 5.356 1564 3.54 ± 1.47 23.3 ± 1.0 56.6 ± 4.9 14
a unbeaten, unbleached
b mildly beaten, unbleached
c well beaten, bleached

Table 2.8 Result of the investigation of Mayhood et al. [1962]

that the tests are not carried out under controlled conditions (see table 2.8).
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Mohlin [1974] developed a method for measuring the strength of bonds between
a cellophane strip and a cellulose fiber. This means that in this case a cellophane-fiber
crossing was referred to as a bond. In order to determine the strength of these bonds,
the cellophane strip was glued with epoxy resin on a metal plate and the free fiber
end was glued on a second one (see figure 2.19). The two plates were connected via

Figure 2.19 Test setup according to Mohlin [1974]

a tape which was cut by means of a hot wire. After cutting the tape, the bonds were
broken with an Alwetron stress-strain instrument (0.1 mm/min) at 20◦ C and 65%
relative humidity. In order to determine the area of contact, photo micrographs of the
joints were taken and the area was planimetrically measured. The same measurement
procedure was also used to determine the strength of sulfite pulp fiber to fiber joints
(9 crossings tested). From these tests a mean joint strength of about 5.98 MPa was
obtained.

McIntosh [1963] investigated the breaking load of joints between a fiber and a
shive as well as between single fibers of loblolly pine kraft pulp. For the test he used
a modified analytical balance which has been developed to determine breaking force
of individual fibers (Leopold and McIntosh [1961]). In order to determine the tensile
strength, a fiber was positioned between the ends of two paper tabs. These tabs were
fixed in a modified spring clamp and the fiber ends were glued to the tabs by using
Duco cement. The whole assembly was mounted in the testing device by means of
two jeweler’s chains. These chains were connected to the paper tabs via hooks which
were inserted into holes on the tabs. One of the chains was fixed to one end of the
balance arm and the second one to the balance platform. After fixation the clamp was
released and the joint was ready for testing. In order to measure the breaking load a
beaker (counterbalanced) was placed on the other arm of the balance and water was
added until the fiber broke. The same device and measurement principle was used
for joint testing. For mounting the sample in the tester, the ends of the shive were
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glued to a cellophane piece which in turn was glued onto one of the paper tabs. In
this configuration, the free fiber end extended beyond the edge of the cellophane and
the contact area was imaged by using polarized light microscopy. After imaging the
free fiber end was fixed to the second paper tab. During the whole fixation procedure
the assembly was held in the spring clamp. When the glue was hardened, the paper
tabs with the joint were mounted to one end of the balance arm. The beaker on the
other arm was again filled up with water at a rate of 0.5 ml/s until the joint broke.
A comparison between fiber-shive and fiber-fiber strength obtained in this study is
given in table 2.9.

breaking load contact area bond strength
[mN] [µm2] [MPa]

summerwood fiber to shive 97.12 16140 5.79
fiber to fiber 15.70 2620 6.18

springwood fiber to shive 43.16 26550 1.77
fiber to fiber 9.81 5310 2.06

Table 2.9 Results obtained in the study of McIntosh [1963] for loblolly pine

Russell et al. [1964] investigated the influence of two different types of wet strength
resins (melamine formaldehyde "Parez 607", polyamide "Kymene 557") on the stress
strain properties of single fibers, the wet and dry shear strength of fiber crossings as
well as on the degree of bonding. For their tests they used unbeaten and unbleached,
bisulfate softwood pulp. The breaking load of fiber to fiber joints was measured with
a device already used by Mayhood et al. [1962]. In order to calculate the force per
unit area, the optical bonded area was determined according to the method of Page
[1960]. The results of this study are shown in table 2.10.

untreated Parez 607 Kymene 557
joint properties dry wet dry wet dry wet
breaking load [mN] 5.49 0.63 5.10 1.77 5.00 2.06
contact area [µm2] 2260 2300 2440 2140 2040 2170
fore per area [MPa] 2.51 0.28 2.34 0.84 2.44 1.02

Table 2.10 Result of Russell et al. [1964]

The results obtained in the different studies show that there is a strong scatter
in the measured values. Natural fiber defects as well as defects due to handling re-
duce the force needed to break a single fiber crossing. Some of the joints are more
damaged than others and this explains the high σ values. The strength values ob-
tained by Button [1979] are considerably higher than those of the other studies. This
can be explained by the lap joint configuration that was used by Button. Due to this
configuration torsional loading of the joint can be avoided. This indicates that the
strength of individual fiber to fiber joints is significantly influenced by the crossing
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angle (see section 2.2.1). The results obtained by Mayhood et al. [1962] indicate that
the strength of single fiber crossings is also influenced by the relative humidity. The
joints prepared from beaten fibers have a lower breaking load than joints made of un-
beaten fibers. The reason for the reduced breaking load is the higher relative humidity
during testing (see table 2.8).

A comparison between fiber crossings prepared from sulfite and kraft pulp (May-
hood et al. [1962], Schniewind et al. [1964]) shows that the strength of joints made
of kraft pulp is higher than the one of sulfite pulp (see table 2.7 and table 2.8). The
explanation for this is the reprecipitation of hemicellulose (increase the strength of
fiber crossings) on the fibers in the kraft cooking process.

Direct methods discussed in this thesis focused only on the strength of softwood
fiber crossings. The strength of joints made of hardwood has never been tested. In
case of hardwood the problem is the fixation of the short fibers. Due to the short
fiber length it is not possible to glue the joint to a sample holder (Stratton and Col-
son [1990], Schniewind et al. [1964], Magnusson and Östlund [2011], Mayhood et al.
[1962], Mohlin [1974], McIntosh [1963], Russell et al. [1964]) or to grip them with
microgrippers (Saketi and Kallio [2011a]). This indicates that the fibers must have a
certain length.

Furthermore, there is a difference in the strength of summerwood to summerwood
and springwood to springwood joints (Button [1979], Stratton and Colson [1990],
Schniewind et al. [1964], McIntosh [1963]). According to Stratton and Colson [1990],
the stress distributions which lead to failure of the joint are influenced by the fiber
wall thickness. Another explanation is that springwood fibers have more naturally
occurring defects which reduce the strength of fiber crossings (Button [1979]). Button
also indicated that the difference between springwood and summerwood joints is due
to the difference in the fibril angles and the fiber wall thickness.

2.3 Indirect methods

Indirect methods are based on results obtained from measurements on paper sheets.
Joshi et al. [2011] investigated the effect of drying and low consistency refining on
bond strength. For their tests they prepared handsheets from unbleached, never dried
radiata pine pulp (60% yield) and a northern bleached softwood kraft pulp which
was a mixture of white spruce, lodgepole pine and balsam fir. The fibers in the hand-
sheets were weakened using HCl acid vapor until the strength of the fibers equals
joint strength. After tensile testing, the samples were dyed with acridine orange, im-
pregnated with immersion oil and investigated by using a confocal microscope. The
images were used to calculate the fraction of broken fibers and this in turn was used to
determine the so-called critical exposure time (lowest time of acid exposure at which
all fibers that were bonded on both sides of the fracture line seemed to be broken).
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The next step was to determine the zero span strength (Pulmac troubleshooter), the
fiber width Dw (using Image Pro 5 software) and the cross sectional area X f . These
values were used to calculate the the fiber-fiber shear bond strength σb. According to
Joshi et al. [2011], σb is calculated as follows:

Fb = σ
c
f · X f (2.1)

σ c
f ..... fiber strength at critical point

Fb ..... force needed to break a fiber to fiber joint

σ c
f =

8
3
· Zc · ρ (2.2)

Zc ..... zero-span strength at critical point
ρ ..... fiber wall density

Substitution of equation 2.2 into equation 2.1 results in

Fb =
8
3
· Zc · X f · ρ (2.3)

σb =
Fb

Ab
and Ab =

D2
w

cos θ
(2.4)

Ab ..... bonded area of a joint (rhombus with height Dw)
θ ..... crossing angle
cos θ ..... average of cos θ values

Equation 2.3 together with 2.4 results in

σb =
8 · Zc · ρ · X f · cos θ

3 · D2
w

(2.5)

The results of these investigations are shown in table 2.11. Their results for specific
bond strength are considerably higher than those obtained in other studies, although
the size of the contact area seems to be overestimated (rhombic). If Ab is corrected, the
strength values would even be higher (σb = Fb/Ab i.e. Ab ↓ and σb ↑). This indicates
that there is a problem in the calculation of the bonding strength. Furthermore, the
assumption that Fbreak f iber is equal to Fbreak bond has not been verified. It is not known
if there is an influence of the acid vapor exposure on the strength of fiber crossings.
Besides the fibers, the joints could also be weakened by the acid. This remains to be
clarified.
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Table 2.11 Result of Joshi et al. [2011]

Nordman et al. [1952, 1958] defined the ratio between the work consumed during a
loading and unloading cycle of a strip of paper and the increase of the light scattering
coefficient as a relative measure of bonding strength. The increase in the light scat-
tering coefficient can be explained by the increase of the surface area and this in turn
is due to loading and unloading of the paper strip which leads to breaking of bonds.
Figure 2.20 illustrates the principle of the device and the testing procedure used in
this study. They plotted the scattering coefficient over the irreversible work per gram

Figure 2.20 Testing setup used by Nordman et al. [1952, 1958]

of paper for several paper strips of the same sample. The result of these tests was a
diagram in which a straight line was obtained and the cotangent of the angle of in-
clination of this line was the bonding strength value (see figure 2.21). Nordman et al.
claim that the result is the energy needed to break fiber to fiber joints and to increase
the internal surface within a strip of paper. Furthermore they assume that no other
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Figure 2.21 Diagram for the determination of the Nordman bond strength (Nordman et al.
[1952])

energy consuming processes occur during the loading and unloading cycles. It has
however been argued that Nordman bonding strength includes energy consumption
due to structural changes in the sheet during tensile straining, rather than the inter-
face strength of the fiber-fiber joint (Uesaka [1984]). Nordman obtained a bonding
strength value of 4 · 10−5 kJ/cm2 for unbleached sulphate pulp and 2 · 10−5 kJ/cm2

for bleached aspen pulp.
Stone [1963] performed tests that were similar to those of Nordman et al. [1952,

1958]. In this study five pulps with different xylan contents were investigated (see
table 2.12). Handsheets were prepared and from the sheets, strips with a width of
32 mm were cut out. In the next step the strips were strained to failure by using an
Instron tester. The strain at failure was noted and the machine was set in a way that
the crosshead moved back to the starting position if 90% of this value was reached
(loading / unloading cycle). The area of the hysteresis loop (energy adsorbed by the
strip) in the stress strain curve was measured with an integrator which was attached
to the Instron tester. In order to calculate the energy adsorbed per gram of paper, the
10 cm long strip (involved in the energy adsorption) between the clamps was cut out
and weighed. The internal surface area of the paper strips were determined optically
with the Zeiss Elrepho (scattering coefficient determined before and after straining)
and with BET nitrogen adsorption method. After testing, the specific energy Eb which
is the irreversible energy per gram consumed in straining the sample divided by the
change in specific surface area, was calculated. Table 2.12 shows the results of these
tests. A drawback of this study is that different types of pulps were investigated (see
table 2.12). The problem is that the pulps differ in their behavior during mechanical
testing. On this account it is not possible to compare the influence of the different
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xylan content Eb (N2 adsorption) Eb (light scattering)
[%] [kJ/cm2] [kJ/cm2]

alkali extracted
spruce sulfite 1.8 8.0 · 10−7 3.2 · 10−5

hollow
filament rayon 2.6 1.4 · 10−6 5.1 · 10−5

bleached
spruce kraft 7.6 2.0 · 10−6 6.0 · 10−5

bleached
esparto soda 19.7 2.2 · 10−6 7.8 · 10−5

bleached
hardwood kraft 24.2 1.4 · 10−6 6.9 · 10−5

Table 2.12 Results obtained by Stone [1963]

xylan contents on the energy needed to break the paper strip. A better approach
would be to use only one pulp with different xylan contents.

Jones [1972] used different techniques in order to characterize the strength of un-
bleached kraft pulps. Such techniques are the zero-span tensile strength of sheets as
well as the tensile strength of individual fibers which was measured with a modi-
fied Instron tensile tester. The surface area was determined by using BET nitrogen
adsorption. In this study also the light scattering coefficient was measured (Elrepho
reflectometer). The results of these measurements were used to calculate the relative
bonded area (RBA). Fiber dimensions such as the coarseness (equal to Aρ) were de-
termined according to TAPPI method T234 cm-02, the fiber length by projecting the
fibers onto a grid and the fiber width was measured by using a microscope eyepiece
micrometer. In order to determine the fiber perimeter, the width was multiplied by a
factor of 2.2. The load elongation properties of sheets were determined by using a ta-
ble model Instron tester. All of these results were used to calculate the bond strength
of spruce pulp (beaten to different CSF) by using the Page equation (see equation 2.6
and 2.7 (Page [1969])).

1
T

=
9

8Z
+

12Aρg
bPL(RBA)

(2.6)

T ..... tensile strength of paper strip [cm]
Z ..... zero-span tensile strength [cm]
A ..... fiber cross sectional area [cm2]
ρ ..... fiber density [g/cm3]
g ..... acceleration due to gravity [cm/s2]
b ..... specific bonding strength (force per unit area) [dynes/cm2]
P ..... fiber perimeter [cm]
L ..... fiber length [cm]
RBA ..... relative bonded area [-]
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Later on the equation was used for 50% and 60% yield pulps. In the last case the total
surface area was not determined. The bond strength values obtained in this study are
shown in table 2.13.

type of pulp fiber-fiber bond strength [MPa]
slash pine (50% yield) 7.1
slash pine (60% yield) 9.3
spruce 8.7

Table 2.13 Bond strength values as calculated by Jones [1972]

In the work of Gurnagul et al. [2001] the question regarding the contribution of
the shear bond strength of single fiber crossings to the decrease in sheet strength
upon drying and reslushing was re-examined. In this study a never dried, beaten and
unbeaten, unbleached black spruce kraft pulp with a yield of 47.2% was used. They
only used the R14 (long fiber) fraction in order to exclude the impact of fines. Sheets
prepared from this pulp were dried fully restrained and referred to as never dried.
After determining the physical properties, the sheets were reslushed, new ones were
prepared and referred to as once dried. For measuring the zero span index Z they
used a Pulmac apparatus, the light scattering coefficients S was measured with a Zeiss
Elrepho photometer, the fiber curl with a fiber quality analyzer and the fiber length L
and coarseness c with a Kajaani FS-200. All tests were carried out at 23◦C and 50%
relative humidity. In the next step the bonding strength was determined using the
following equations.

1
T

=
9

8Z
+

12c
bPL(RBA)

(2.7)

k =
12c
PL

(2.8)

RBA =
S0 − S

S0
(2.9)

Equation 2.7 together with equation 2.8 results in

1
T
− 9

8Z
=

k
b(RBA)[

1
T
− 9

8Z

]−1

=
b(RBA)

k

(2.10)

Substitution of equation 2.9 into equation 2.10 results in

[
1
T
− 9

8Z

]−1

=
b (S0−S)

S0

k
=

b(S0 − S)
kS0

(2.11)
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[
1
T
− 9

8Z

]−1

=
b
k
−
(

b
kS0

)
S (2.12)

Finally they plotted the left part of equation 2.12 (Page bonding strength index) versus
the light scattering coefficient (see figure 2.22).

Figure 2.22 Results obtained by Gurnagul et al. [2001]

The right part of equation 2.12 is a straight line equation. According to Gurnagul
et al. [2001], the intercept b/k is proportional to the shear bond strength. The results
obtained in this study are shown in table 2.14.

b/k standard error
[Nm/g] [Nm/g]

unbeaten, never dried 399 9.22
unbeaten, once dried 278 11.2
beaten, never dried 698 25.4
beaten, once dried 373 38.2

Table 2.14 Results obtained by Gurnagul et al. [2001]

Indirect methods which are based on the Page equation are difficult to interpret
because they are often hard to understand. In some cases (e.g. Gurnagul et al. [2001])
it is almost impossible to compare the results with those of other studies. Another
important remark is that it is difficult to predict the strength of a fiber to fiber joint by
using the Page equation. Several different measurement methods (see Jones [1972])
are needed and the uncertainty in the measurements is also a significant problem.
Each measurement error influences the results of the Page equation. Another problem
is the uncertainty of the Page equation itself.
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2.4 Fiber bending stiffness

The bending stiffness E · I [Nm2] which is also called flexural rigidity is the product of
the modulus of elasticity E and the area moment of inertia I (Fenner and Reddy [2012],
Lossada [1998]). The flexibility of single fibers which is the inverse of the bending
stiffness, characterizes the deformation ability of fibers due to loading by a bending
moment. Another factor that describes the deformation behavior is the deformability
due to shear loading which is called conformability. These fiber properties are of great
importance for the formation of joints between fibers (Leopold and McIntosh [1961],
Paavilainen [1993], Forsström et al. [2005]). Thus, it can be said that the lower the
bending stiffness, the more joints can be formed and the stronger the paper.

A fiber property which has a major impact on the bending stiffness is the fibril
angle of the S2 layer. As this layer is the thickest one it mainly controls the mechanical
properties of the fiber (see introduction of 2). It is well known that the modulus of
elasticity is changing from fiber to fiber due to different fibril angles (Page et al. [1977])
in the S2 layer. The development of the E-modulus over the fibril angle is shown in
figure 2.23. From this figure it is apparent that the larger the fibril angle, the smaller

Figure 2.23 Development of the E-modulus over fibril angle (Page et al. [1977])

the modulus of elasticity and the smaller the bending stiffness of individual fibers.
The moment of inertia is influenced by the shape of the cross sectional area (oval, circle
etc.), the fiber wall thickness (springwood or summerwood fiber), changes in degree
of fiber collapse, weak spots along fiber as well as by permanent fiber deformations
(Robertson et al. [1961]). All these factors lead to different moments of inertia and this
in turn has a direct influence on the bending stiffness as it is the E-modulus multiplied
by the moment of inertia I. In figure 2.24 different cross sectional areas are illustrated.
The cross section B,C,D and E have the same area and cross section A has a smaller
one. The main difference between them is that they all vary in shape (except cross
section A and B). A comparison of A and B (same shape but different areas) shows
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Figure 2.24 Influence of the size as well as the shape of the cross sectional area on the second
moment of area (Schnell et al. [1995])

that in this case the area moment of inertia is significantly influenced by the size of the
area. If the cross sections have the same area (cross sections B, C, D, E in figure 2.24),
the shape is the important factor that controls I. Furthermore it is apparent that the
farther away the mass is located from the centerline, the stiffer the system is (compare
cross section E with the cross sections A, B, C and D in figure 2.24).

Schniewind et al. [1966] investigated the bending stiffness of dry and wet pulp
fibers (first dry then wet). In order to determine the flexural rigidity the single fibers
are fixed in a clamp. For their tests they assume the fiber to be a cantilever beam.
The bending force is applied near the free end of the fiber by means of a quartz helix
spring. Figure 2.25 shows the principle of this method. To determine the load P that is

Figure 2.25 Bending stiffness measurement according to
Schniewind et al. [1966]

E · I =
P · l3

3 · δ (2.13)

P ..... load
l ..... span length
δ ..... deflection

needed to bend the fiber, the spring extension ∆L is measured. The deflection δ as well
as the span l (free length of fiber) are measured with a microscope and the bending
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stiffness is calculated with equation 2.13. These investigations were made with white
fir kraft pulp. The results of this study are shown in table 2.15. From the results shown

dry state wet state
unbeaten earlywood 2.90 · 10−11 Nm2 9.32 · 10−12 Nm2

unbeaten latewood 1.45 · 10−10 Nm2 2.60 · 10−11 Nm2

Table 2.15 Results of bending stiffness measurements obtained by Schniewind et al. [1966]

in table 2.15 it is apparent that the wet bending stiffness is only somewhat lower than
the dry stiffness. As a result of swelling, the fiber becomes softer but at the same time
the cross sectional area increases. Due to the larger area the area moment of inertia is
also increased and this in turn explains the small difference between the wet and dry
bending stiffness (due to swelling E ↓ and I ↑). The difference between earlywood
and latewood fibers can be explained by the larger cross sectional area of latewood
fibers (if Across section increases→ I and E increase→ E · I increases).

The method used in the study of Schniewind et al. [1966] is based on that of
Seborg and Simmonds [1941] who developed a device with which it is possible to
determine the bending stiffness of single fibers in water as well as in air. In their
tests, the fiber was also supported as a cantilever. A quartz spring was used for load
application which had a sensitivity of 5 cm elongation per [mg] of load. In this case a
cathetometer was used to measure the extension of the spring (readable to 0.005 cm).
The spring elongation in centimeter was converted to a force in milligram which was
the final test value i.e. the bending stiffness.

Saketi and Kallio [2011b] investigated the flexibility of single softwood (bleached
pine kraft pulp) and bleached hardwood fibers. Furthermore, they tested pine pulp
fibers that were peeled in such a way that only the S2 and S3 layers remained in
the fiber wall. Prior to testing, the fibers were soaked in deionized water for about
5 min. Both fiber ends were fixed by using the microrobotic method discussed in
section 2.2.2. For bending the fiber the load cell was pressed against the center of the
clamped fiber. The deflection was obtained by reading out the position sensor of the
XY-table. The force and the fiber length were measured and by using these data, the
flexibility and the bending stiffness were calculated. Figure 2.26 shows the principle
of this method. They also determined the bending stiffness of fibers after applying

Figure 2.26 Principle of the bending stiffness mea-
surement used by Saketi and Kallio
[2011b]

E · I = − F · L3

192 · ymax
(2.14)

F ..... load
L ..... length of beam
ymax ..... maximum deflection
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axial tension to them. The results of their investigations are shown in table 2.16

bending stiffness [Nm2] flexibility [N−1m−2]
softwood ZAT 1.2 · 10−10 ± 4.2 · 10−11 9.37 · 109 ± 4.2 · 109

softwood UAT 3.0 · 10−10 ± 1.0 · 10−10 3.73 · 109 ± 1.37 · 109

hardwood 7.7 · 10−12 ± 4.4 · 10−12 2.05 · 1011 ± 1.70 · 1011

softwood S2-S3 2.9 · 10−10 ± 2.4 · 10−10 7.63 · 109 ± 6.93 · 109

Table 2.16 Bending stiffness values obtained from Saketi and Kallio [2011b] (ZAT = zero axial
tension, UAT = under axial tension)

Navaranjan et al. [2007] examined the longitudinal flexibility F of single fibers by
using an Atomic Force Microscope (AFM). A wet fiber (one end glued) was positioned
over a gap with the length L. So, the setup used in this study is similar to a beam that
is fixed on one end and the other end is freely supported (see figure 2.27a). The
load was applied at the center of the fiber via a glass bead which was attached to the
cantilever. This is shown in figure 2.27b. The reason why a glass bead was used in this
study is that a conventional tip is sharp and therefore penetrates into the fiber. With
the data (load P, gap width L and δ deflection) obtained from the tests they calculated
the flexibility of the fibers using equation 2.15. The results obtained by Navaranjan

(a) (b)

Figure 2.27 Bending stiffness measurement of kraft pulp according to Navaranjan et al. [2007]

et al. [2007] are shown in table 2.17.

flexibility σ

[N−1m−2] [N−1m−2]
latewood 0.73 · 1011 0.59 · 1011

earlywood 5.49 · 1011 3.81 · 1011

Table 2.17 Results of the flexibility measurements
obtained by Navaranjan et al. [2007]

1
E · I = F =

768 · δ
7 · P · L3 (2.15)
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2.5 Summary joint strength and bending stiffness

Joint strength measurement

Direct methods are plausible because they are observing individual fiber to fiber joints
during loading. But there are some problems associated with these tests. First the
individual joints are very fragile and difficult to handle. This means that they can
easily be damaged. Furthermore, the results are difficult to interpret. The direct result
- joint strength (breaking force) - is of minor interest because it is so heavily influenced
by the morphology of the fibers (e.g. fiber wall thickness, crossing angle) involved and
the structure of the tested joint as pointed out by Button [1979] and Uesaka [1984].
Also the type of cooking (sulfite or kraft cooking process, e.g. Schniewind et al.
[1964]), the type of fiber (summerwood or springwood fiber, e.g. Stratton and Colson
[1990]) as well as the relative humidity (e.g. Mayhood et al. [1962]) influence the
strength of individual fiber to fiber joints. The true parameter of interest, specific
bond strength - bonding force per unit area of the bond - is hard to obtain from those
tests.

By using indirect methods all sheet structure related strength properties like sheet
density, fiber interlocking, z-directional entanglement are not taken into account. It
is difficult to determine the effects of these parameters on the results. Furthermore
the influence of the different modes of loading is not addressed at all. Several mea-
surement methods are needed (e.g. Russell et al. [1964]) and the uncertainty in the
measurements is also a significant problem because each error influences the result
of the bond strength calculation (e.g. Joshi et al. [2011]). Also the uncertainty of the
equations used in these studies is a problem. The big advantage of these methods
is that they are much less time consuming and laborious because variability of the
results is much lower than for direct methods.

In conclusion there is no method yet to determine the actual specific bonding
strength, i.e. the bonding force per unit area, of fiber-fiber joints. The reason is that
the structure of the tested joints is not considered in the analysis.

Bending stiffness measurement

The bending stiffness of individual pulp fibers is of great importance for the formation
of fiber to fiber joints and this in turn has a direct impact on the strength of the paper
network. Fiber properties which significantly influence the bending stiffness are the
microfibril angle, the fiber cross sectional properties (shape, wall thickness etc.) as
well as weak spots and permanent fiber deformations. Until today, studies carried out
in this subject area mainly focused on the determination of the wet fiber flexibility as
it plays an important role during the sheet forming process. There is less literature
about the determination of the dry bending stiffness available. A method with which
it is possible to determine the bending stiffness in a completely dry and wet state
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would be preferable (eg. Schniewind et al. [1966]). Using a method which offers this
possibility, enables a direct comparison between the dry and wet bending stiffness of
individual fibers. From the study of Schniewind et al. [1966] it is apparent that the
wet stiffness is almost the same as the dry stiffness (see table 2.15). The reason for
this is the increased cross sectional area of the fibers due to swelling.
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Chapter 3
A novel micro bond tester for mechanical
testing of single fibers and fiber-fiber joints

In order to measure the load for breaking a single fiber joint directly, different devices
have been developed. The devices used in previous studies (discussed in chapter 2)
only allow uniaxial loading of the joints. They only provide information regarding
the deformation over the travel distance in one direction. In the course of this the-
sis a novel direct method for mechanical testing of single fibers and joints has been
developed. With this device not only the strength of single fiber crossings can be
measured, but also bonding energy, load geometry, deformation during testing and
bending stiffness of single fibers can be determined. The measurement principles of
the different methods are shown in figure 3.1 and figure 3.2. Figure 3.1a illustrates the

(a) shear strength and
bonding energy mea-
surement

(b) shear strength test with
preloading of cross fiber

Figure 3.1 Measurement principles

principle of a conventional shear strength test. Here, the longitudinal fiber (one fiber
end glued to sample holder) is loaded until the joint breaks. The same principle is
used for measuring the bonding energy. In this case, the longitudinal fiber is loaded
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up to a certain force below the breaking force and then the force is released back to
zero again. Several loading and unloading cycles with increasing load are carried
out until the fiber to fiber joint breaks. In order to investigate the influence of biaxial
loading on the strength of single fiber crossings, the cross fiber (both fiber ends glued
to sample holder) is preloaded before the longitudinal fiber is pulled away from the
joint. The principle of this kind of test is shown in figure 3.1b. The principle used

(a) bending stiffness
measurement

(b) mode III joint
strength measure-
ment

(c) tensile testing

Figure 3.2 Measurement principles

to determine the bending stiffness of a single fiber as well as the mode III strength of
a fiber joint is shown in figure 3.2a and b. For these tests only one end of the cross
fiber is glued to the sample holder. Again the longitudinal fiber is pulled upwards
until the joint breaks. The force needed to break the crossing is referred to as mode
III strength. Furthermore, the deflection δ directly before breaking is measured and
used to calculate the bending stiffness. The principle of single fiber testing is shown
in figure 3.2c. Here, a single fiber is loaded until it breaks.

3.1 Development of a micro bond tester

The concept of the micro bond tester is based on a single fiber tester (Burgert et al.
[2003], Kompella and Lambros [2002]). A description of the principle and design of
such devices is given in section 2.1. One of the main differences of the novel device
compared to other bond testers is that it is possible to preload the cross fiber of the
joint. The term cross fiber is related to the fiber with both ends glued on the sample
holder. This feature allows the investigation of the behavior of a single joint if both
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fibers are loaded and also the influence of preloading on the strength of an individual
fiber-fiber joint. This situation resembles more closely the actual loading state of a
fiber to fiber joint in a paper network under stress. Figure 3.3 shows a picture of the
micro bond tester with its most important components. The linear tables are used for
force transmission. One of them is used to preload the cross fiber and the other one is
used to break the joint. With the load cells the force needed to break the joint as well
as the preloading force is measured. The whole setup is placed under a microscope

Figure 3.3 General view of the micro bond tester

which is equipped with a film camera. Thus it is possible to record and subsequently
analyze the loading situation and the deformation of the fibers during loading.

3.2 Measurement system

3.2.1 Sample holder

One of the most important parts of the tester is the sample holder. This unit serves
as carrier for the individual fiber joints (see section 3.5.1). The first version of this
part was made of paper. The problem of using paper is that cutting the bridges leads
to premature failure of the bond. An explanation for this is that paper is not rigid
enough. For that reason the paper was replaced by plastic.

The first design of the sample holder is shown in figure 3.4a. For simple and fast
production it was decided to cut out the sample holder using an automated laser. The
main problem using this sample holder is that during the fixation of the fiber-fiber
joint, glue could also be applied into the slots which are located around the nose of
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(a) general view (b) glue in slots

Figure 3.4 First version of the sample holder

the upper part of the sample holder (see figure 3.4b). This could have a negative
effect on the test because after melting of the bridges (see section testing procedure
3.4 step two) the parts are still connected via the glue. For that reason this part was
redesigned (see figure 3.5). The modified version of the one piece holder looks similar

(a) general view (b) close up of
holder

Figure 3.5 Modified version of the sample holder

to the original version. The difference between the old and new version is that the
part for fixing the fiber crossings is partly changed. Due to this modification the
chance of applying glue into the remaining slots could be minimized. Additional
tests with a two piece sample holder have been made. By using this kind of holder,
the bridges keeping together the upper and lower parts do not need to be melted
(see figure 3.6). The risk of introducing vibrations during melting is minimized and
there fore premature failure of the fiber-fiber joint can be avoided. The problem with
the two piece holder is that the longitudinal fiber can only be fixed after the lower
part is mounted in the tester. Before testing one has to wait until the glue on the
upper part is cured. Another possible layout of a two piece sample holder is shown in

(a) (b) micro gripper version

Figure 3.6 Possible designs of a two piece sample holder
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figure 3.6b. In this case the upper part of the holder is designed as a so-called micro
gripper. After applying glue into the mouth of the micro gripper (see figure 3.7a), the
fiber is positioned inside the slot and the clamping force is applied by using a special
designed clamping arrangement (see figure 3.7b). First trials with this kind of two

(a) fiber fixation (b) clamping arrangement

Figure 3.7 Fiber fixation by using the micro gripper sample holder

piece sample holder showed that it is difficult to apply glue into mouth of the micro
gripper. Another problem is that the fiber could not be positioned inside the glue.

Due to the problems which arise when using two piece sample holders (longer
waiting time, application of glue etc.), it has been decided to use the modified version
of the one piece sample holder which is shown in figure 3.5a.

3.2.2 Mounting of sample holder

The mounting of the sample holder within the bond tester consists of three parts.
These parts are:

• two small mounting supports

• dowel pins

• big support

Small mounting supports and dowel pins

The two small supports are used to sustain the sample holder and also serve as link
between the linear tables and the sample holder. After assembly of all parts, the small
supports are brought into the correct position. This is required to ensure an exact
positioning of the holder within the tester. If they are not correctly aligned, the dowel
pins and the holes on the sample holder do not fit into each other (see figure 3.8).
Thus the fiber joint could be damaged during the fixation of the holder. The dowel
pins are used to transmit the force generated by the linear tables to the fiber - fiber
joints.
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Figure 3.8 Positioning of sample holder

Big support

One part of the sample holder is clamped in the big support (see figure 3.8). This is
needed for fixation of the sample holder and in order to allow preloading of the cross
fiber.

3.2.3 Load cells

The tester is equipped with two strain gauge based load cells from ALTHEN GmbH
Mess- und Sensortechnik (see figure 3.3) with a maximum force of 1.5 N (load cell
type ALF329). These load cells have a resolution of 0.5 mN. The load cell signal
is amplified by using an SG-IP-24E-420 amplifier from ALTHEN GmbH Mess- und
Sensortechnik. In order to ensure a precise and noise free voltage supply of the force
sensor as well as the amplifiers a laboratory power supply is used.

The load cells are very sensitive to bending. This has to be considered in the de-
sign of the small mounting supports which are directly mounted to the active pin (see
figure 3.9). For that reason, these small supports have to be very light to prevent ini-

Figure 3.9 Load cell equipped with a small support
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tiation of bending forces. Bending leads to false measurements and/or to irreparable
damage of the load cells.

Force calibration of the load cells

For the calibration of the force senor, the load cell is mounted on a support and the
active pin of the sensor is directed towards the ground (see figure 3.10). After the sen-

(a) standard procedure (b) 30◦ (c) 60◦

Figure 3.10 Force calibration of the load cells

sor is mounted, the active pin is loaded with different weights and the corresponding
signal is detected. The result of this test is a straight line equation (see figure 3.11).
This means that there is a linear relationship between the signal [V] and the load [g].
From the equation a slope is obtained which is used to convert the signal [V] into the
corresponding force [mN]. In addition the load cells are calibrated at different angles

Figure 3.11 Relationship between signal and applied load

(see figure 3.10b and c). These test were performed in order to see whether there is an
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influence of bending on the slope. Another reason was that the load cells are rotated
by 90◦ for mounting at the tester (see figure 3.8). The results of these tests showed
that there is nearly no influence of bending, as the slope is almost constant (mean
deviation of about 3.6%). Therefore it was decided to use this calibration procedure
for calibrating the force sensors.

3.2.4 Force transmission

Two high precision linear tables (LIMES 60-20-HiDS) from OWIS GmbH ensure biax-
ial loading of the fiber-fiber joints (see figure 3.3). One is used to preload the cross
fiber and the other to break the fiber crossing. Figure 3.12 illustrates the principle of
preloading and breaking of fiber-fiber joints. Both linear tables have a displacement

Figure 3.12 Principle of biaxial loading

range of 20 mm and velocity range from 1 to 125 µm/s.

3.2.5 Device control and data acquisition

The entire device and data acquisition is controlled by a PC. A custom software writ-
ten in LabVIEW form National Instruments ensures synchronized table movement
and force measurement and provides fully automated testing sequences. Several pa-
rameters such as the velocity, sampling rate, travel distance in [µm] or a certain load
in [g] can be predefined in the software. After definition of all parameters the settings
are sent to the linear tables by a control unit. The control unit also serves as power
supply for the linear tables. Figure 3.13 shows the principle of the device control and
figure 3.14 a close up of the software GUI.

46



3. A novel micro bond tester Measurement system 3.2

Figure 3.13 Device control

Figure 3.14 User interface of the control software

Data acquisition

Data acquisition is also processed by the software written in LabVIEW. If load is
applied to the force sensors a signal is generated. The load cell signal is amplified by
using an SG-IP-24E-420 amplifier from ALTHEN GmbH Mess- und Sensortechnik.
After amplification the analog signal is converted to a digital signal by a DAQ-card
(NI PCI-6221) from National Instruments Ges.m.b.H (Austria). The software then
stores the signal in a txt-file. Figure 3.15 shows the principle of the data acquisition.
In the final step of data acquisition the txt-file is analyzed with MatLab.

Figure 3.15 Data acquisition
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3.3 Evaluation of the measurement system

Due to the fact that the load cells used in this study are operated at the lower limit of
their measuring range and in order to ensure constant test conditions an evaluation
of the measurement system was carried out. Initial trials using the micro bond tester
have shown that there are three important aspects that need to be considered. These
are:

• noise in load cell signal

• long-term and short-term drift

• influence of light source (microscope)

In the following these points will be discussed in more detail.

Noise in load cell signal
In order to reduce the noise problem two modifications of the system were made. The
first one was to use shielded cables instead of unshielded ones and the second one
was to use a filter. A low pass filter with a cutoff frequency of 10 Hz was directly
integrated in the control software (LabVIEW program). Figure 3.16 shows the differ-
ence between a filtered and an unfiltered load cell signal. It is apparent that there are

Figure 3.16 Filtered vs. unfiltered load cell signal

two big problems if the signal is not filtered. First, a wrong joint strength value is
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obtained when the signal is not filtered because all potential sources of noise would
be included in the signal (see figure 3.16 unfiltered). If the signal is not filtered the
highest peak of the signal instead of the true breaking load is determined. Second, a
representative visualization of the force-distance curve is impossible as the shape of
the force-distance curve is difficult to reconstruct. Due to this fact it is almost impos-
sible to detect the breaking load of a fiber to fiber joint as well as of individual fibers
without filtering.

Figure 3.16 also shows that there is still some noise if the signal is filtered. There-
fore the influence of the noise by calculating the so-called signal-to-noise ratio (SNR)
was evaluated. The SNR can be described as the mean value of the measured signal
divided by its standard deviation which is the noise of the signal (Smith [2003]).

SNR =
µ

σ
=

mean load cell signal
standard deviation load cell signal

(3.1)

In order to determine the noise in the signal, the data of a test with a measurement du-
ration of 1 hour (data short-term drift, see figure 3.18) were divided into 30 intervals
of 2 minutes. The reason for this classification is that one strength measurement takes
about 2 minutes. For each interval the standard deviation σ (noise) was calculated
and these values in turn were used to determine the mean value of σ for all intervals.
The mean converted signal (µ) measured for the shear strength tests without preload-
ing is about 0.6707 g, 0.2777 g with preloading, and 0.1078 g for the bending stiffness
tests (see section 5). These mean strength signals as well as the obtained standard
deviation of 0.00797 g were used to calculate the SNR values (see table 3.1) by using
equation 3.1. From the SNR values it is apparent that the proportion of the noise is

mode II mode II
Fpreload = 0 mN Fpreload = 20 mN mode III

SNR 84.20 34.86 13.53

Table 3.1 SNR values of the different types of measurement

one to two orders of magnitude smaller than the measured signal. The proportion
of the noise of the detected strength signal was also calculated. For mode II testing
without preloading it is about 1.19%, with preloading 2.87% and for mode III testing
(bending stiffness tests) it is about 7.39%. These relatively low proportions indicate
that a possible influence of the noise can be neglected.

Long-term and short-term drift
During the determination of the breaking load of individual fiber to fiber joints a drift
of the zero signal (signal without loading the sensor) of the load cell was observed. In
order to study this effect, long-term measurements without loading the force sensor
over 5, 7 and 23 hours with a cutoff frequency of 20 Hz were performed. The first
two tests showed that there is still a decrease in the load cell signal. The measurement
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performed for 23 hours showed that the long-term drift is stopped after about 10
hours. Based on these findings it has been decided to heat up the system for at least
this time. In order to provide the same test conditions (same zero signal) for all
measurements, the system is switched on at least 10 hours before testing. The result
of the measurement performed for 23 hours is shown in figure 3.17.

Figure 3.17 Long-term drift of the load cell signal (cutoff frequency 20 Hz)

Furthermore, this figure shows that there is also a short-term drift of the signal.
In order to find out how strong this drift is, a test for a measurement time of one
hour was performed (without load application). For this test we assume that the drift
in the unloaded state is equal to the drift in the loaded state. Figure 3.18 shows the
result of the short-term test. The evaluation of the data obtained in this investigation
showed that the short-term drift is about ± 0.1623 mN per hour. Compared to the
mean breaking loads (6.58 mN for conventional mode II testing, 2.72 mN for mode
II testing with preloading the cross fiber and 1.057 mN for mode III testing) the drift
is rather low. The value obtained in this test is about 2.5% of the one measured
in a shear strength test without preloading the cross fiber, 5.97% of the one with
preloading the cross fiber, and in case of mode III testing it is about 15.4%. Even if the
proportion of the short-term drift is relatively high for mode III testing, its influence
can be neglected in all of the above mentioned tests as well as for the determination
of the bonding energy. Since the actual measurement duration for each test is much
lower than one hour. A bond strength test (with and without preloading the cross
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Figure 3.18 Short-term drift of the load cell signal (cutoff frequency 10 Hz)

fiber) takes about 2 minutes, the determination of the bonding energy 2.5 minutes,
and a bending stiffness test 1 minute.

Summing up it can be said that a negative impact of the long-term drift can be
avoided if the system is switched on about 10 hours before testing. A possible in-
fluence of the short-term drift can be neglected due to the fact that the measurement
time for all tests is much lower than one hour.

Influence of light source
Further, there seems to be an influence of the illumination of the microscope. When
the light is switched on, the signal of the load cell is increased and after some time (30
to 45 min) it decreases again but it is still slightly higher than without illumination.
In order to ensure constant measurement conditions it has been decided to switch on
the light about 1 hour before starting the measurements.

3.4 Sample preparation and joint fixation

All tests in this thesis were performed using a once-dried, unrefined, unbleached
softwood kraft pulp, a mixture of spruce and pine. The fibers have a mean width of
32 µm (determined with 3D serial sectioning technique, see Lorbach et al. [2012]) and
a mean length (length weighted average) of 2.13 mm (determined with Kajaani fiber
lab). To prepare the individual fiber to fiber joints a suspension with a consistency
of about 0.01% is produced (Kappel et al. [2009]). Small droplets of this suspension
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are put on a teflon foil (see figure 3.19a). In the second step this teflon foil is covered

(a) suspension
droplets on
teflon foil

(b) teflon-paper sheet sandwich
in sheet dryer

Figure 3.19 Preparation of single fibers and fiber to fiber joints

with a second one and afterwards the foils are placed between two paper sheets. In
the third step the paper sheet-teflon foil sandwich is dried in a conventional Rapid-
Köthen sheet dryer (see figure 3.19b) for about 45 min until the fibers have dried.
After drying, the individual fibers and joints on the teflon foils (see figure 3.20), are

Figure 3.20 Fiber to fiber joint on teflon foil

selected by using a pair of tweezers and glued to the sample holder.

3.4.1 Joint fixation

As already discussed in section 2.1.1, three different types for fiber fixation can be
used. For single fiber-fiber joint testing clamping as well as gluing of the fiber cross-
ings are the standard methods. The ball and socket system is not a suitable method,
since the balls would lead to breaking of the joint. Gripping of the fibers is also
not taken into account because no one in the CD-laboratory has experience with this
method. Furthermore, microgrippers are expensive and difficult to mount to a load
cell. Another problem with microgrippers is the slipping of the fibers. Therefore,
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the decision was taken to glue the individual fiber to fiber crossings onto a sample
holder. Tests with different types of glues have been made. Nail polish was used
for fiber fixation in the evaluation of the joint strength, the bending stiffness of single
fibers as well as the bonding energy of a fiber crossing. The reason will be discussed
in more detail in section 4. For determining the tensile strength of single fibers a two-
component glue (UHU PLUS Sofortfest) is used, since the nail polish is too weak for
single fiber testing. The fiber is pulled out of the nail polish already at a force much
lower than the breaking load of the fiber.

3.5 Testing methods

The developed micro bond tester introduces two additional aspects to the conven-
tional measurement of force and displacement. First the geometry and the deforma-
tion of the joint during testing is filmed and analyzed. Second biaxial loading of the
fiber-fiber joint is possible, i.e. both fibers forming the joint can be loaded. The ad-
ditional information about loading geometry, fiber deformation and behavior under
biaxial load will help to clarify the specific loading situation of the tested joints and
thus provide a step towards obtaining information about specific bonding strength.

With this method not only the strength of individual fiber joints can be measured.
Also bonding energy, load geometry, deformation during testing and bending stiff-
ness of single fibers can be determined. Furthermore it is possible to evaluate the
effect of mode II and mode III shear load on fiber joints.

3.5.1 Mode II joint strength measurement

With the bond tester it is possible to examine the influence of biaxial load on joint
strength. This means that the joint strength measurements can either be performed
with or without preloading of the cross fiber. Figure 3.21 shows a fiber to fiber joint
before (left) and after preloading (right) the cross fiber.

Figure 3.21 Fiber-fiber joint with preloaded cross fiber (right) and without preloaded cross
fiber (left)
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Testing procedure

Testing is done using a purpose-built sample holder. The testing procedure consists
of three or four steps depending on whether the cross fiber is preloaded or not. The
procedure is illustrated in figure 3.22.

(a) Fixation of joint (b) Melting of bridges

(c) Preloading of cross fiber (d) Breaking of joint

Figure 3.22 Main steps of the testing procedure

Step one of the testing procedure

In the first step the individual fiber-fiber joints are glued to the sample holder using
nail polish "essence colour & go" from cosnova GmbH (reason given in section 4).
This step is shown in figure 3.22a. When the nail polish has hardened, the sample
holder is mounted at the tester.

Step two of the testing procedure

In the second step the bridges holding together the upper and lower parts of the
sample holder are melted by a soldering rod. Melting of the bridges is shown in
figure 3.22b. In order to measure the strength of individual fiber crossings without
preloading, which is a conventional shear bond strength test, only the upper bridges
A and B need to be melted. After melting, the individual parts of the sample holder
are only connected via the fiber - fiber joint.
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Step three of the testing procedure (only for preloaded joints)

In the third step, the cross fiber is preloaded (figure 3.22c). The preload is achieved by
pulling away part one of the sample holder from part two. The cross fiber is loaded
with one of the linear tables until a defined preloading force of 20 mN is reached.
Preloading of the cross fiber is carried out gradually. The load is increased stepwise
until a static load of 20 mN remains stable for 60 seconds. This is necessary in order
to compensate a drop in preloading force due to creep and plastic deformation in the
fibers and ensures a fairly constant preload during joint strength measurement. Step
three is only needed if the influence of biaxial load on joint strength is investigated.

Step four of the testing procedure

In step four, the joint is broken (figure 3.22d) by pulling away part three of the sample
holder from part one and two.

3.5.2 Bonding energy measurement

Nordman et al. [1952] subjected a strip of paper to several loading and unloading
cycles. The area between the ascending and descending curves of one cycle repre-
sents the irreversible work absorbed during this cycle. In this thesis a method for
determining the energy needed to break a single fiber joint was developed.

Testing procedure bonding energy

Cyclic tests are made in order to determine the bonding energy of the fiber-fiber
joint. The longitudinal fiber is loaded up to a certain force and released back to zero
again (one cycle). Several loading and unloading cycles with increasing force are
carried out until the fiber crossing breaks (see figure 3.23). For each individual cycle

(a) principle of testing procedure (b) hysteresis curves of loading / unloading
cycles

Figure 3.23 Determination of bonding energy
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the amount of the elastic energy can be determined. Elastic energy is the integral
under the force-distance curve during unloading. It is the energy stored elastically in
the fibers which is returned during the unloading part of the cycle. The dissipated
energy, which is the total energy absorbed in one cycle, is the difference between the
force distance integrals of the loading and unloading curves. This energy consists of
bonding energy, the energy needed to break a single joint, and plastic energy, which
is the energy consumed due to plastic deformations in the fibers. Viscous effects such
as creep and stress relaxation are included in the plastic energy. Summing up the
different energy fractions from each individual cycle gives the final value.

Etotal cycle1 =

smax cycle1∫
0

Floading cycle1 · ds

Eelastic cycle1 =

0∫
smax cycle1

Funloading cycle1 · ds

Edissipated cycle1 = Etotal cycle1 − Eelastic cycle1 = Ebond cycle1 + Eplastic cycle1

Edissipated total =
N

∑
k=1

Edissipated cycleN

(3.2)

For bonding energy measurements the sample holder was slightly modified to
ensure that it is as stiff as possible, reducing its deformation during testing and thus
its energy uptake. Figure 3.24 shows the modified version of the sample holder. Due

Figure 3.24 Sample holder used for bonding energy measurements

to the small slot there is no deformation of the sample holder during testing and only
the energy of the fiber crossing is detected.

3.5.3 Determination of fiber bending stiffness

Another fiber property which is of great importance for the strength of the paper
network is the bending stiffness of single fibers. With this bond tester it is also possible
to determine the dry bending stiffness of individual fibers.

Testing procedure bending stiffness

For these investigations the longitudinal fiber is glued to the sample holder as usual,
but in this case only one end of the cross fiber is fixed, the other one is free (see
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figure 3.25a). The cross fiber is deflected (see figure 3.25b) by pulling the longitudinal
fiber away. We see the cross fiber as an elastic cantilever beam (see figure 3.26) fixed

(a) fiber-fiber joint at starting position (b) fiber-fiber joint with maximum bend-
ing of the horizontal fiber

Figure 3.25 Measurement of fiber bending stiffness

on one side. An important remark is that the longitudinal fiber has to be straight.
If the fiber is twisted, all possible side effects (e.g. the straightening force) are also
measured and these in turn influence the results of the measurement.

From the camera images the deflection as well as the length of the fiber can be
measured and by using the equation for the deflection curve of a cantilever beam
from standard mechanics textbooks, it is possible to determine the bending stiffness
E·I [Nm2] of a single fiber (see equation 3.3). Here l is the free fiber length, w the

Figure 3.26 Principle of a cantilever beam

E · I =
Fy · l3

6 · w · (3 ·
x2

l2 −
x3

l3 ) (3.3)

deflection at the measurement point on the fiber, Fy [N] is the force component in
y-direction, E [N/m2] is the modulus of elasticity and I [m4] is the moment of inertia
of the fiber cross section. The bending stiffness can be calculated at different positions
x1, x2, xi along the fiber (x is the x-coordinate of the measurement point). At the
end of the beam where x is equal to l (w = wmax) the bending stiffness is calculated
according to equation 3.4.

E · I =
Fy · l3

6 · w (3.4)
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The method used in this thesis is based on the same principle as used by Schniewind
et al. [1966].

3.5.4 Mode III joint strength

During determination of the bending stiffness it became apparent that the joint config-
uration used in these test is close to a pure shear test with mode III loading, compare
figure 3.27. When the longitudinal fiber is pulled upwards a counter force is created.
The interplay between the loading force and the counter force leads to torsional load-
ing of the joint with a moment acting on the joint. This situation is close to mode III
loading of the fiber to fiber joint (see section 2.2.1).

Figure 3.27 Principle of mode III loading of a fiber-fiber joint

Testing procedure - mode III strength

The testing procedure for these kind of tests is similar to the one used for the deter-
mination of the bending stiffness of a single fiber.

3.5.5 Tensile strength of single fibers

Besides the strength of fiber to fiber joints, the strength of single fibers is the second
factor that influences paper strength. With the device presented in this thesis it is
also possible to determine the tensile strength of single fibers. Again a new sample
holder which fits the requirements of this kind of test was designed (see figure 3.28).
Two version of the holder are produced. One with a span of 1 mm and another one

Figure 3.28 Sample holder used for single fiber tensile tests
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with a span of 2 mm. Using different test spans offer the possibility to get a rough
indication regarding the negative influence of natural as well as induced fiber defects
on the breaking load of single fibers. The larger the free fiber length, the higher is the
probability of fiber defects in this area and the higher the probability of a premature
failure.

Testing procedure - tensile testing

After the single fibers are fixed to the sample holder with the two-component glue
(see section 3.4.1), the bridges A and B are melted using a soldering rod. In the next
step, the fiber is loaded (loading rate 2 µm/s) with the linear table until it breaks.
This is done by pulling away part 2 from part 1 (see figure 3.29). Again the whole

(a) (b)

Figure 3.29 Step of the testing procedure used to determine the tensile strength of single
fibers

testing procedure is filmed and subsequently analyzed. From the images the exact
initial length l0 and the length at failure l1 are determined (see figure 3.30) and by
using equation 3.5 it is possible to calculate the fiber elongation.

ε =
∆l
l0

=
l1 − l0

l0
(3.5)

(a) fiber before tensile testing (b) fiber after tensile test

Figure 3.30 Tensile testing of a single fiber

An important remark is that the data (Fbreak, E, ε, σ) of fibers that break at one edge
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should be excluded. The reason for this is that there are stress concentrations in the
edges of the fibers due to curing of the glue as well as misalignment of the fibers
(angle between fiber and sample holder not exactly 90◦). These stress concentrations
lead to a reduction of the breaking load, the stress acting on the cross sectional area as
well as the elongation and this in turn leads to wrong E-modulus values. Therefore,
only the data of fibers that break in the free span should be included.
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Chapter 4
Analysis of the bonding region

The size of the area between two bonded cellulose fibers is of essential importance for
the strength of paper. The contact zone in turn is influenced by the morphology of the
fibers. In order to get a better understanding of the mechanisms taking place during
mechanical testing as well as to learn more about the impact of structural properties
on the strength of single fiber crossings, investigations of the contact zone before and
after breaking of single joints are needed.

Several researchers have examined the bonded or formerly bonded area (FBA)
using different techniques. One method for investigating the FBA of a single fiber
crossing is scanning electron microscopy (Stratton and Colson [1990]). After the joint
was broken with the Fiber Load Elongation Recorder, the fibers were coated with
gold palladium and placed in the SEM. The result obtained by Stratton and Colson
[1990] showed that the FBA as well as the area of the failure was clearly visible. In
another study (Kang et al. [2004]) an atomic force microscope (AFM), a confocal laser
scanning microscope (CLSM) and a scanning electron microscope (SEM) was used
to examine single fiber - fiber joints loaded to failure by means of an Alwetron TH1
tensile tester from L & W. For investigating the FBA in the SEM the fibers were coated
with platinum. The findings of this study showed that beating increased the number
of fibrils and also led to a smoother fiber surface (roughness of unbonded fiber re-
gions is stronger influenced than roughness of the formerly bonded area). Jayme and
Hunger [2003] investigated paper and pulp in a SEM by using a so-called direct replica
method. The sample was coated with metal and the resulting film was shadowed with
carbon. Afterwards, the film consisting of metal and carbon was supported using
polystyrene and in order to create the replica the cellulose was destroyed. The SEM
images clearly showed the difference between the primary wall and the secondary
walls S1, S2 and S3. Jayme and Hunger [2003] also found out that drying leads to
special roughnesses on the surface of the fiber and these may impede the bonding
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process. Furthermore, they said that microfibrils are the reason for bonding in the
contact zone.

Another topic of interest is the investigation of the surface of different types of
fibers by means of scanning electron microscopy (Li et al. [2010], Zhao et al. [2007],
Molin and Daniel [2004], Okamoto and Meshitsuka [2012]). In each of these studies
the fibers were coated for example with carbon, Au/Pt, gold or Pt/Pd.

In this thesis the formerly bonded area as well as the surface of cellulose fibres
was investigated by using a high resolution scanning electron microscope. These tests
allow an insight into the morphology of the contact zone after mechanical testing
and those of the fiber surface. Furthermore, the impact of the different types of
loading (conventional shear strength test or cyclic testing) as well as the mode of
loading (mode I, mode II or mode III) on the fracture behavior of single fiber crossings
can be analyzed. Also information of possible mechanical interlocking and perhaps
even regarding the area in molecular contact is obtained. The results of the SEM
investigations will also contribute to learn more about the type of material failure in
the bonding region.

The main difference compared to previous studies is that the fibres were not
coated. Also joints which were embedded in resin (for microtome cutting) were ana-
lyzed by means of an in-situ ultramicrotome which is located in an ESEM. This was
carried out in order to see whether the resin penetrates into the bonding region, see
section 4.2.

4.1 Low-voltage SEM investigations

Traditional scanning electron microscopy is operated at electron energy values rang-
ing from 5 to 30 (50) keV (Reimer [1993]) whereas low-voltage SEM investigations
are carried below 5 keV (0.5 to 3 keV, Liu [2000]). One of the big advantages of this
mode is that polymers, biological as well as insulating samples can be investigated
without coating them with metal (Reimer [1993]). At low energy values the electron
beam interacts much stronger with the material than at higher values. The penetra-
tion depth of the electrons into the sample decreases with decreasing incident energy.
SEM’s operated in an energy range from 10 to 30 keV give information about the
bulk of the sample whereas LVSEM is limited to the surface and on this account it is
much more sensitive to the topography (illustrated in figure 4.1). Problems caused by
charging of the specimen as well as beam damage (faster than at high energies but
limited in physical extend) can be minimized by careful adjustment of the scanning
electron microscope in low voltage mode without affecting the quality of the images
(Joy [1996]).
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Figure 4.1 Monte Carlo simulation of the beam interaction at different beam energies (Joy
[1996])

4.2 High resolution imaging of fibers and the FBA

After the fiber to fiber joints have been tested with the Micro Bond Tester, some se-
lected individual fibers are investigated by using the Zeiss Ultra 55 from the Institute
of Electron Microscopy and Fine Structure Research in Graz. The big advantage of
this scanning electron microscope is that it offers high resolution even at low electron
energy values. The tests in this study are carried out at an energy value of 0.65 keV.
When using this low-voltage mode the fibers do not need to be coated and the surface
of single fibers, fiber crossings as well as the formerly bonded area can be analyzed
directly without any pretreatment. Another advantage of this method is the strong
interaction of the beam with the surface of the sample and so the resolution of small
structures at the surface is much better with LVSEM. At higher electron energy values
information about the surface is lost.

Fiber and joint fixation: Glue versus nail polish

For mechanical testing, the single fibers and fiber to fiber joints are fixed with glue to
a sample holder. The adhesive used in this study formed a layer on the surface of the
sample holder which is an indication for a reaction between the glue and the holder.
In order to find out if there is a reaction between the glue and the fibers, the surface
of the fibers as well as the formerly bonded area of fiber crossings were examined in
the SEM. Cyanoacrylate glue (7 samples), a two-component glue (1 samples) as well
as nail polish (7 samples) were investigated.

In the first instance the fibers and joints were fixed onto the sample holder by
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using Loctite 454 (cyanoacrylate glue). Figure 4.2a shows a SEM image of a fiber
which was fixed with this glue. The image shows that there is some kind of film on

(a) fiber fixed with Loctite 454 (b) fiber fixed with ergo 5012

(c) fiber fixed with ergo 5039 (d) fiber fixed with UHU PLUS Sofortfest

Figure 4.2 SEM images of fibers that were fixed with different glues

the fiber surface. It seems as if there is also a reaction between the fiber surface and
the gaseous phase of the glue. In order to ensure that the formation of this adhesive
layer is not only the result of LOCTITE 454, two other cyanoacrylate glues as well as
a two-component glue (UHU PLUS Sofortfest) were tested by means of the scanning
electron microscope. Figure 4.2b shows a fiber fixed with ergo 5012, figure 4.2c a
fiber fixed with ergo 5039 and figure 4.2d a fiber that was fixed with UHU PLUS.
From these images it is apparent that also in figure 4.2b, c and d a film is formed
but this time the layer on the fiber surface is not as thick as with LOCTITE 454.
Figure 4.4 shows fibers that were fixed with nail polish (NP). From the images it is
apparent that in case of nail polish no film can be seen on the surface of the fibers
as well as on the sample holder surface. On this account it has been decided to fix
the individual fiber to fiber joints with NP. The film observed in the LVSEM images
(see figure 4.2) could have a negative effect on the joint strength and this could lead
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to wrong measurement results. Another explanation why nail polish is used is that
Schmied [2011] also investigated the formerly bonded area of joints that were fixed
with nail polish with the atomic force microscope (AFM). His tests also showed that
there is no film on the fiber surface if NP is used. The only exception in that glue
is still used (see section 3.4.1) are the micro tensile tests on single fibers. The reason
for this is that the fibers are pulled out of the nail polish if a load of about 60 mN
(much lower than the breaking load of kraft pulp fibers, see section 5.6) is reached
in these tests. For single fiber tensile testing UHU PLUS Sofortfest was used because
it is hardened after 2 minutes (much faster than cyanoacrylate glues) and offers the
required adhesion force.

Another outcome of these investigations is that the formerly bonded area of fiber
crossings that were fixed with cyanoacrylate glue (LOCTITE 454) look different com-
pared to joints fixed with nail polish (see figure 4.3). The figures show that the for-

Figure 4.3 Formerly bonded area of fiber to fiber joints that were fixed with cyanoacrylate
glue (LOCTITE 454)

merly bonded area is delimited by sharp edges if the glue is used. In case of nail
polish, smooth transitions ranging from the boundary areas to the inner bonding re-
gion are visible (see figure 4.4). So a lot of information about this border area is lost
when the individual fiber crossings are fixed with glue. Furthermore, it is apparent
that the formerly bonded area of fiber crossings that were fixed with adhesive show
much more damage than those of joints fixed with nail polish (compare figure 4.3
and figure 4.4). This effect could be observed for all formerly boned areas of joints
that were fixed with glue. This leads to the assumption that glue particles are also
transported into the bonding region. Due to this, parts of the fibers inside the bonded
area may be glued together which in turn leads to more damage of the contact area.
To clarify this, further investigation are needed. Nevertheless, it can be said that this
result is another reason to use nail polish instead of glue for mechanical testing of
single fiber crossings.
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Formerly bonded area

After the decision to replace the glue by nail polish, additional tests with the SEM
were made. Figure 4.4 shows fibers that were fixed with nail polish. The formerly

Figure 4.4 SEM images of the formerly bonded area of two cross fibers tested in mode II

bonded area of both fibers shown in figure 4.4 is easy to see and compared to the
rest of the fiber surface it is much smoother. Differences in the shrinkage processes
of the contact zone compared to the unbonded fiber regions during drying might
have caused this. Another explanation for this is that the fibers are pressed into each
other during the sample preparation process (see section 3.4). From the images it is
also apparent that the width of the fiber in the region of the formerly bonded area
is increased. This might be an indication that the fibers were not or not completely
collapsed which in turn leads to the compression of the lumen and this is the expla-
nation for the greater width of the fiber. Another explanation could be the effect of
restrained drying. In some cases the delamination of the fiber wall as well as pits
are also clearly visible (see figure 4.5b). The images in figure 4.4 as well as those of
figure 4.5 show no indication for mechanical interlocking within the FBA (no fibrils
visible). Schmied [2011] also found no fibrils inside the bonding region of unbeaten
pulp fibers. In his study fibrils could only be found in the border zone of the FBA.
However, in the case of beaten pulp Schmied et al. [2013] could find fibrils inside the
contact zone. The results of this study and those obtained by Schmied could lead to
the assumption that mechanical interlocking only occurs in the boundary area of the
formerly bonded area of refined pulp fibers.

Furthermore, the formerly bonded area of fiber to fiber joints tested at different
loading rates (1 and 5µm/s) were examined. Also a comparison between the FBA
of a joint which was loaded to failure in a conventional shear strength test (see sec-
tion 3.5.1) as well as the one of a crossing broken in cyclic testing (see section 3.5.2)
was carried out. The results of these scanning electron microscope investigations are
shown in figure 4.5. The figures 4.5a and b show the formerly bonded area of the
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(a) joint tested in mode II at 1 µm/s (b) joint tested in mode II at 5 µm/s

(c) joint tested in cyclic loading at 5 µm/s

Figure 4.5 SEM investigations of the FBA of joints tested at different testing conditions

longitudinal fiber of joints which were loaded to failure in mode II testing at loading
rates of 1 µm/s and 5 µm/s and figure 4.5c the longitudinal fiber of a crossing broken
during cyclic loading at a loading rate of 5 µm/s. No significant differences in the
appearance of the formerly bonded area are visible. It seems as if there is no influ-
ence of the testing procedure or the rate of loading on the appearance of the formerly
bonded area. Due to the small number of tested samples, further investigations of the
formerly bonded area after mechanical testing in the scanning electron microscope
are needed.

Low voltage electron microscopy offers the possibility of high resolution images of
the formerly bonded area. The results obtained in the scanning electron microscopy
investigations show that there is a film on the fiber surface if glue is used. If nail
polish is used no glue layer is visible. Furthermore, the appearance of the formerly
bonded area of joints that were fixed with glue look different from those of a crossing
that were fixed with nail polish. On this account it has been decided to use nail polish
instead of glue. The results of the LVSEM investigations also show that the type of

67



4. Bonding region In-situ ultramicrotome investigation of fiber-fiber joints 4.3

loading (cyclic loading or mode II loading) has no influence on the appearance of the
FBA and that there are no fibrils inside the contact zone of unbeaten pulp fibers.

4.3 In-situ ultramicrotome investigation of fiber-fiber joints

Part of the research work of the Institute for Paper, Pulp and Fiber Technology (IPZ)
within the CD-Laboratory concentrated on the determination of the size of the contact
region between two single fibers. The methods used for this are the polarized light
microscopy which has been introduced by Page [1960] and a 3D serial sectioning tech-
nique which has been developed at the IPZ in Graz (see Wiltsche [2006]). In order to
determine the bonded area by means of the microtome method, the individual fiber
to fiber joints were glued onto a strip of paper across a hole (diameter 1 mm), embed-
ded in resin and finally cut with the microtome. The results obtained in these tests
were used to calculate the size of the contact region between to fibers (Kappel et al.
[2009]). Figure 4.6 shows the cross section of a fiber to fiber joint after cutting with the
microtome. A problem in using this kind of method is, that it is not known whether

Figure 4.6 Microtome cross section of a fiber to fiber joint

one sees the true contact area of the joint or whether the resin penetrates between the
interface. Penetration of the resin into the contact zone leads to a wrong impression
of the size of the contact zone (overestimation of bonded area). For that reason, inves-
tigations with an in-situ ultramicrotome (3ViewTM from Gatan Inc.), at the Institute
of Electron Microscopy and Fine Structure Research in Graz, were performed. This
microtome is directly integrated in an environmental scanning electron microscope.
With this microtome slices with a thickness of 50 nm are cut off the embedded sample
and the cutting area is imaged after every cut. First results showed that it was not
possible to detected the interface between the two fibers within the contact region (see
figure 4.7). Thus, a statement regarding the resin penetration could not be made. A
possible explanation why there is no visible interface between the fibers is damage of
the fibers due to the electron beam i.e. beam damage of the fibers.
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Figure 4.7 ESEM image of the cross sectional area of a fiber-fiber bond

In another experiment, an attempt has been made to stain the fiber wall by using
a sulfur-based dye before preparation and embedding of the joints. After cutting
of the samples with the microtome, the cross sections were imaged in a SEM. The
reason for dyeing the fibers is that both, the fibers as well as the resin are based on
carbon and due to this it is difficult to distinguish the resin from the fiber in the
electron microscope images. The dye is used to enhance the contrast between the
resin and the fibers. In this case, the problem was that the sulfur staining, used for
this investigations, formed deposits on the surface as well as at the interface of the
bonded fibers (see figure 4.8). Another problem is that this crust may also have an

Figure 4.8 SEM image of a fiber crossing (fiber dyed with sulfur-based dye)

influence on the bonding behavior of the fibers. Based on the results of this test it was
not possible to find out whether the resin enters into the bonding region or not.

So no reliable method has been found so far to clarify the question whether the
resin penetrates into the contact region of two bonded fibers. Possible next steps
would be dyeing of the resin by means of sulfur containing dyes. Such dyes are for
example Eriochrome T or Toluidine blue. Another possible solution maybe Raman
spectroscopy.
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Chapter 5
Results and Discussion

In order to get a deeper understanding regarding the strength of paper it is of funda-
mental importance to learn more about the mechanical properties of single fibers and
fiber to fiber joints. With the micro bond tester developed within the framework of
this thesis it is possible to determine:

• the mode II strength of a single fiber crossing with and without preloading the
cross fiber (see section 3.5.1)

• the energy needed to break a joint (see section 3.5.2)

• the bending stiffness of a single fiber (see section 3.5.3)

• the mode III strength of single fiber to fiber joints (see section 3.5.4)

• the tensile strength of single fibers (see section 3.5.5)

In this section the results of these measurement methods are discussed in detail and
compared to those of other studies. All tests were performed using unrefined, un-
bleached softwood kraft pulp (mixture of spruce and pine).

5.1 Mode II joint strength

As is to be expected, the results show that there is an influence of preloading on
mode II joint strength. The mean joint strength without preloading the cross fiber is
6.58 mN (median 4.56 mN) and with preloading it is 2.72 mN (median 2.84 mN).
So, if the cross fiber is preloaded with 20 mN, the strength of a fiber joint is reduced
by 58%. A possible outlier (10.48 mN) was initially included in the results for the
preloaded cross fiber. It has been removed after a Dixon outlier test according to
DIN 53804 turned out to be significant on the 99% confidence level. The results of
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Figure 5.1 Joint strength values without preloading the cross fiber (left) and with preloading
the cross fiber (right)

these tests are shown in figure 5.1. In order to see if the difference is statistically
significant a t-test with a confidence level α = 0.01 was performed. The obtained p-
value of 0.0036 confirms a difference of mean joint strength on the 99% confidence
level. An explanation for the difference is mainly additional mode II loading of the
joint. When the cross fiber is preloaded, there is already mode II loading of the joint
due to deformation of the bonding region. So, it is important to say that it is not
really preloading of the cross fiber but rather of the joint itself. Furthermore there is
also some mode III loading due to deflection of the longitudinal fiber. The larger the
deflection of the longitudinal fiber the higher the mode III load. As already mentioned
in section 2.2.1, the crossing angle plays an important role in mode III loading.

The mean strength values of fiber crossings obtained in the tests without preload-
ing the cross fiber corresponds to values obtained in other studies (see figure 5.2).
Mayhood et al. [1962] measured a mean strength value of about 6.102 mN for un-
bleached, unbeaten kraft pulp (mixture of spruce and pine) and Saketi and Kallio
[2011a] 4.98 mN for joints of untreated softwood. Stratton and Colson [1990] obtained
4.61 mN for loblolly pine springwood and 8.53 mN for loblolly pine summerwood
joints. Only the breaking loads measured by Button [1979] are significantly higher.
The strength values of lap joints made of loblolly pine holocellulose tracheids ranged
from 28.3 mN up to 142.8 mN for summerwood and from 28.3 mN to 78 mN for
springwood. An explanation for this is that the behavior of a lap joint during loading
is different due the fact that torsional loading (mode III, see section 2.2.1) of the fiber
crossing is excluded. Furthermore, the principal strain direction is the same for both
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Figure 5.2 Comparison between mean joint strength values of softwood pulp obtained in
different studies

fibers which means that one can assume that also the elongation is the same. Due to
this, no further stresses that reduce the breaking load of the joint are introduced. In
case of a fiber to fiber joint with a crossing angle of or close to 90◦, the principal strain
directions of the fibers do not match. During mechanical testing additional stresses
are generated which in turn lead to a reduction of the breaking load of single fiber
crossings.

5.1.1 Specific bonding strength (SBS)

In addition, the optical bonded area (OBA) of 8 fiber to fiber joints was also deter-
mined. For this the method (polarized light microscopy) described in the work of
Kappel [2010] was used, but in this case the fibers were not dyed because dyeing
would change the chemistry of the fiber and this in turn will lead to a falsification
of the measured strength values. After mechanical testing of these joints, the specific
bonding strength (force per unit area) was calculated. A comparison between the
values obtained in this study and those of others is shown in figure 5.3. An impor-
tant remark is that the specific bond strength values calculated in this thesis as well
as those of Saketi and Kallio [2011a], Mayhood et al. [1962] and Mohlin [1974] are
the result of all possible fiber to fiber combinations (summerwood to summerwood,
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Figure 5.3 Comparison between specific bond strength values obtained in different studies
(unbeaten, unbleached softwood pulp)

springwood to springwood or springwood to summerwood joint). For a more accu-
rate comparison between the SBS values of this and other studies, the type of joint
should be considered. But nevertheless, all results range between 2 to 8.1 MPa.

Another factor that is of utmost importance for the specific bonding strength of
a fiber to fiber joint is the size of the bonded area. The development of the joint
strength over the size of optical bonded area (OBA) is shown figure 5.4. From this
figure it is apparent that there is no relationship between the force that is needed
to break a single fiber crossing and the size of the optical bonded area. Here, the
joint which has the largest contact area has one of the lowest breaking loads. This is
in accordance with other studies. Stratton and Colson [1990] for example measured
a higher breaking load between joints of summerwood to summerwood fibers as
springwood to springwood joints although the bonded area for the summerwood
joints was smaller. A similar result was found by McIntosh [1963]. The problem when
using the optical bonded area is that no information regarding the area in molecular
contact is known. So the true contact area is often much smaller than the OBA and
for that reason it is difficult to detect a relationship between between breaking load
and contact zone.

Basically all kinds of fiber and joint parameters - such as the fiber width, the fiber
wall thickness, the fiber diameter, the crossing angle, the area in molecular contact
... - influence the force that is needed to break a single fiber crossing as well as the
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Figure 5.4 Breaking load versus bonded area

specific bonding strength. A combination of these parameters leads to peak stresses
in or at the edge of the contact zone. These stresses that finally cause failure of the
joint seem to be even higher than the force divided by unit area (see section 5.4). In
other words, in these regions the specific bonding strength is higher than the force
per unit area. On this account it is of utmost importance to look at the overall system
because it controls the breaking load of fiber to fiber joints. This also explains why a
direct relationship between breaking load and bonded area could not be found.

5.1.2 Influence of handling

Another outcome is that these kinds of tests are difficult to handle. In this thesis a total
number of 112 fiber joints have been tested (mode II with and without preloading).
21% of the joints could be successfully tested, 70% broke during handling (melting
of bridges and preloading), 9% were already broken before the sample holder could
be fixed to the bond tester (see figure 5.5a). The statistics of mode II testing without
preloading the cross fiber is shown in figure 5.5b and the statistics of mode II testing
with preloading in figure 5.5c. Both figures show that a large proportion of the joints
broke due to melting of the bridges. This is especially a problem in the tests in which
the cross fiber is preloaded. In these tests the individual parts of the sample holder
are only connected via the joint (see section 3.5.1), and therefore, even low vibrations
(generated by the soldering rod) lead to weakening or even breaking of the joint.
This may lead to a systematic overestimation of the true joint strength because all of
the weak crossings already fail prior to testing. On the other hand also a systematic
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(a) overall statistics

(b) statistics without preloading (c) statistics with preloading

Figure 5.5 Statistics of mode II testing

underestimation of the strength of single fiber to fiber joints is possible because all
joints are weakened. The vibrations could be reduced by replacing the soldering rod
by a hot-wire since the resistance during melting is much lower than the one of the
soldering rod because of the much higher melting temperature as well as the smaller
diameter of the wire compared to the soldering rod.

A comparison between the total number of joints that were preloaded (36 joints)
and those that survived preloading (10 joints) show, that only 28% of these joints
could be tested. 72% already broke due to preloading. So the major part of the joints
that were preloaded broke due to the initial loading of the cross fiber without reaching
a defined force of 20 mN. This means that these joints are already weakened to such
an extent that no further load is needed. In this study only an average strength
value of the joints that survived preloading is presented. The results demonstrate
the large effect of multiaxial loading of fiber-fiber joints. However, because of the
additional mode III loading due to deflection of the longitudinal fiber - as discussed
above - the effect of exclusively preloading the cross fiber is somewhat lower than the
measurement results.

From the results obtained in this thesis it is apparent that there are several factors
that influence the breaking load of single fiber crossings. All of these factors (crossing
angle, preloading of joint, handling of the joints, loading mode and others) have to be
taken into account in order to get a deeper understanding regarding the mechanical
behavior of fiber to fiber joints during testing as well as the strength of paper.
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5.2 Bonding energy

Figure 5.6 shows the results of the bonding energy measurements. The estimated en-
ergy values determined in this study range from 3.82 x 10−10 to 1.83 x 10−11 kJ per
joint. The results of these tests can be interpreted as an upper limit of the bonding en-

Figure 5.6 Results of the energy values

ergy because the dissipated energy is measured, i.e. the sum of the energy needed to
break the single fiber crossing plus the energy consumed due to plastic deformations.
Considering the large fraction of plastic energy it is very likely that the bonding en-
ergy - the difference between the measured dissipated energy and the plastic energy
- is one or two orders of magnitude below the dissipated energy.

Considering a bonded area of 1130 µm2 (Kappel et al. [2009] investigated the
same pulp) for the joints used in these investigations, a mean dissipated energy of
about 1.78 x 10−5 kJ per cm2 with a σ value of 1.12 x 10−5 kJ per cm2 is calculated.
For 3 of the joints the size of the optical bonded area (OBA) was determined using
polarized light microscopy. A comparison between the energy values related to the
optical bonded area as well as to 1130 µm2 is shown in table 5.1. Nordman et al.

estimated energy OBA energy per optical area energy per 1130µm2

[kJ] [µm2] [kJ/cm2] [kJ/cm2]
1.83 · 10−11 1193.9 1.53 · 10−6 1.62 · 10−6

2.71 · 10−10 1857.7 1.46 · 10−5 2.40 · 10−5

1.29 · 10−10 1521.7 8.51 · 10−6 1.45 · 10−5

Table 5.1 Estimated energy per unit area for 3 fiber to fiber joints under cyclic mode II loading
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[1952, 1958] for example determined a so-called "Nordman bond strength" value of 4
x 10−5 kJ/cm2 for paper strips made of unbleached kraft pulp and 2 x 10−5 kJ/cm2

for strips made of bleached aspen pulp. Stone [1963] obtained energy values for dif-
ferent types of pulps with different xylan contents ranging from 1.4 x 10−6 to 8.0 x
10−7 kJ/cm2 measured with the nitrogen adsorption method and 7.8 x 10−5 to 3.2 x
10−5 kJ/cm2 measured with the light scattering method. Schmied [2011] determined
a mean energy value of 9.5 x 10−12 kJ per joint. Relating this value to 1130 µm2

results in 8.41 x 10−7 kJ/cm2. A comparison of the results obtained for softwood
kraft pulp in the different studies show that the energy values are close to each other
(see figure 5.7). This supports the idea that all of these methods (except the one of

Figure 5.7 Comparison between energy values obtained in different studies

Schmied) are measuring the total energy consumed during breaking of fiber to fiber
joints and this means that they give an upper boundary for bonding energy. The
value of Schmied is about one percent of the one obtained in this study. This can be
explained by the different loading mode (mode I loading of a fiber to fiber joint, see
section 2.2.1). Due to this, the energy take-up of the system as well as the maximum
breaking load is much lower than in the method described in section 3.5.2. Further-
more, the test of Schmied is much faster and there is also less plastic deformation.
This means that the energy value measured by Schmied [2011] is closer to the actual
bonding energy.

Figure 5.8 shows the portions of elastic and dissipated energy of one cycle. It
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Figure 5.8 Proportions of elastic energy and dissipated energy in one loading-unloading cy-
cle

shows that there is a pause of about 3 seconds between loading and unloading. Within
this time there is a reduction in force of 0.20 mN, most likely due to creep in the fibers.
Considering this relatively large force drop within 3 seconds it must be assumed that
a substantial amount of creep is taking place during testing. Thus a large part of
the dissipated energy apparently consists of plastic energy. In order to overcome
the influence of creep a modification of the control software was carried out. The
modification concerned the reduction of the pause between the loading and unloading
cycle. When this time period is reduced it is possible to reduce the influence of creep
which in turn is one step closer to determine the true bonding energy. Initial trials
with the new software showed that the interval between the cycles is now less than
one second.

Summing up it can be said that the investigation of the energy needed to break
single fiber to fiber joints will lead to a better understanding of the different bonding
mechanisms. Furthermore, the results of this study may also contribute to clarify the
question how important each of these mechanisms is.

5.3 Fiber bending stiffness

The bending stiffness values obtained at the end of the beam were measured at maxi-
mum load, just before breaking. They range from 1.1724 x 10−9 to 5.333 x 10−11 Nm2

(see figure 5.9). From these results it is apparent that there is a strong variation within
these values. An explanation is the natural strong variation in fiber wall thickness (e.g.
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Figure 5.9 Results of the bending stiffness tests

springwood versus summerwood), cross sectional dimensions as well as changes in
the degree of fiber collapse. All these variations, occurring naturally in fiber cross
sectional morphology lead to highly different moments of inertia I. Additionally the
longitudinal fiber elastic modulus E (Page et al. [1977]) is known to vary strongly for
fibers of the same pulp, resulting from different fibril angles in different fibers. All
these variations in fiber properties lead to the large variations in fiber bending stiff-
ness. Also microcompressions which are the reason for locally pronounced low local
bending stiffness, increase the variation in this measurement. In order to demonstrate
that the variations are not caused by the measurement method we checked the re-
peatability by measuring the bending stiffness of the same fiber but with different
deflections (bending forces) and at different positions along the fiber, see table 5.2
and 5.3. Here w1 and w2 denote different deflections due to different bending forces

E · I at x1 = 195 µm 1.2724 · 10−10

E · I at x2 = 311 µm 1.7103 · 10−10

E · I at x = l = 382 µm 2.0024 · 10−10

Table 5.2 Bending stiffness values at dif-
ferent positions

E · I at w1 = 9.8 µm 1.9637 · 10−10

E · I at w2 = 29.3 µm 1.9083 · 10−10

E · I at wmax = 58.4 µm 2.0024 · 10−10

Table 5.3 Bending stiffness values at dif-
ferent forces

and x1, x2 denote different positions along the fiber (see figure 5.10). These results
and also those of other fibers show that the values measured for one fiber are well
repeatable. It has to be mentioned that if the joint is twisting or if there is movement
in the z-direction during testing, an accurate analysis is not possible. Twisting or z-
directional movement of the joint makes it impossible to determine the deflection w
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(a) starting position (b) fiber deflection w1

(c) fiber deflection w2 (d) maximum deflection wmax as
well as position x1 and x1

Figure 5.10 Measurement of fiber bending stiffness

correctly because the movement of the fiber out of the image plane produces a skewed
image of the fiber. The results of such measurements have to be discarded.

Table 5.4 shows a comparison between the bending stiffness values of this study
and those obtained by others. The method developed in this thesis uses the principle
of a cantilever beam (dry fiber) that is fixed on one side and free on the other one. The
system of Schniewind et al. [1966] is based on the same principle. The main difference
compared to the method developed in this thesis is that in this case it was possible
to determine the bending stiffness in the wet and dry state (see section 2.4). In this
study, they also investigated the difference between springwood and summerwood
fibers. Saketi and Kallio [2011b] (section 2.4) for example measured the deflection of
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bending stiffness
[Nm2]

Fischer 4.61 · 10−10 dry
Schniewind et al. [1966]

summerwood 1.45 · 10−10 dry
springwood 2.90 · 10−11 dry

Saketi and Kallio [2011b] 1.20 · 10−10 wet

Table 5.4 Bending stiffness values for softwood pulps obtained in different studies

wet fibers (prior to testing fibers were soaked in water for 5 min) supported at two
points. Nevertheless, from the results shown in table 5.4 it is apparent that the values
of the bending stiffness are within the same range although different measurement
setups have been used.

A method having the capability to determine the bending stiffness in dry as well
as in the wet state would be preferable as a direct comparison between dry and wet
bending stiffness of the same fiber can be carried out. This in turn will lead to a better
understanding of the mechanical behavior of single fibers.

5.4 Mode III joint strength

The results of the mode III joint strength measurements show that the breaking load
of a single fiber crossing is significantly lower than that obtained from a conventional
mode II shear joint strength test (without loading the cross fiber, see figure 5.11). The
mean joint strength obtained from mode II testing is about 6.58 mN and the one
obtained from mode III testing is about 1.057 mN. In mode III the strength value
is about 84% smaller than in mode II. The strong difference in breaking force can
only be explained by the additional mode III loading of the joint. Based on these
results, it is apparent that the mode of loading has a significant influence on the
strength of individual fiber-fiber joints. The main difference of a mode III strength
test compared to a conventional shear strength test is the torsional loading of the
joint, see section 2.2.1 and 3.5.4. As a consequence one has to avoid torsional loading
of the joints during mode II testing. Torsional load is introduced into fiber crossings
that are not exactly perpendicular.

An important remark is that with the developed micro bond tester it is only pos-
sible to determine the force that leads to breaking of the joint in mode III loading.
But in case of mode III testing, the moment that is acting on the joint is more im-
portant because torsional loading leads to joint failure in these tests. Knowledge of
this moment permits the determination of the mode III joint strength, i.e. the torsion
strength of single fiber to fiber crossings. In order to learn more about the resultant
forces and moments that are acting on the joint, simulations with the data of three
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Figure 5.11 Comparison of breaking force in mode II (left, 14 joint strength values) and mode
III (right, 11 joint strength values) shear load.

crossings were performed at KTH, Royal Institute of Technology, in Stockholm. For
these investigations the images of the initial state as well as directly before breaking of
the fiber joints were used and analyzed by using a finite element method developed
by Magnusson [2013]. Figure 5.12 shows the undeformed and deformed fiber to fiber
crossing with the geometry of the model. This model is used to calculate the state

(a) undeformed state (b) deformed state

Figure 5.12 Fiber to fiber joint with the model geometry (Magnusson, M.S., personal com-
munication, October 4th, 2012)

of loading in terms of resultant forces and moments that are transferred by the joint
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(whole overlap considered to be in contact). By means of the force distribution within
the contact zone, the resultant forces and moments at the centroid of the overlap area
were obtained. These are:

Fn ..... force normal to interface
Fs ..... shear force in major shear direction
Mn ..... twisting moment about the normal to the bond interface
Mst ..... resultant of the peeling moments about the first shear direction (Ms) and

about the transverse shear direction (Mt)

The results of these simulations are shown in table 5.5. Especially from sample 1 it

Fn [mN] Fs [mN] Mn [µNm] Mst [µNm]
sample 1 0.06 -0.74 -0.17 0.02
sample 2 0.18 -0.53 -0.06 0.02
sample 3 0.41 -0.59 -0.04 0.03

Table 5.5 Results of the FEM simulations (Magnusson, M.S., personal communication, Octo-
ber 4th, 2012)

is apparent that in this case the failure is predominantly caused by the shear force Fs

as well as the twisting moment Mn (Fs � Fn and Mn � Mst). In the two other cases
Fn and Fs are predominating but also in this case the twisting moment is involved
(Magnusson, M.S., personal communication, October 4th, 2012). From the results
shown in table 5.5 it is apparent that the variation of Fs is much lower than the one
of Mn. Therefore, Fs seems to be the limiting factor that leads to failure of the joint
in mode III testing. The images illustrated in the figures 5.13, 5.14 and 5.15 show the
normal stress as well as the shear stress distributions in the contact region of the joint
shown in figure 5.12. There are high stress peaks in the bonding region. They also
show that the highest stress concentrations are located at the edges (see highlighted
areas in figure 5.13, 5.14 and 5.15) of the contact zone which is a good explanation for
the low breaking force obtained in mode III testing. The stress concentrations in these
regions indicate that breaking of the fiber to fiber joint originates from the edges of
the joint. Apparently, the specific bonding strength seems to be higher than the force
per unit area of bonded area (Fbreak/Abond) and in these areas the present stress σ is
higher than the force divided by the bonded area.

In a next step the model developed by Magnusson [2013] will be further modified.
Here, the naturally occurring twists in the fibers will also be considered. This will
lead to a more precise approximation of the bending as well as the twisting behavior
of the fibers. Due to the fact that the contact zone is not completely bonded, a circular
contact area (biggest circle that fits into overlap) will be assumed. The introduction
of a circular contact area will avoid stress concentrations at the edge of the bonding
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Figure 5.13 Stress distribution normal to the interface surface (Magnusson, M.S., personal
communication, January 24th, 2013)

Figure 5.14 Shear stress (shear 1) in the direction of the largest shear direction (Magnusson,
M.S., personal communication, January 24th, 2013)
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Figure 5.15 Shear stress (shear 2) in direction perpendicular to shear 1 (Magnusson, M.S.,
personal communication, January 24th, 2013)

region in the simulations. Results of these simulations are presented in Magnusson
et al. [2013].

The results obtained in the mode III tests as well as in the FEM simulations demon-
strate that the twisting moment significantly influences the fracture behavior of single
fiber crossings. Furthermore, they show that there is an interplay between the differ-
ent modes of loading during mechanical testing of fiber to fiber joints (mode II + III
loading). The only exception are joints with a crossing angle of or close to 90◦. The
angle between the fibers thus has a major impact on mode III loading in a conven-
tional shear strength test. For a better understanding of the behavior of a joint during
loading as well as the force needed to break the crossing, the influence of the various
modes of loading should be considered as a whole. Whether and how the concept
of mode III loading can be applied to a paper network remains to be clarified. The
results of the FEM simulations provide a basis for network modeling and this may
give an answer to this question.

5.5 Joint strength at different loading modes

Figure 5.16 shows a comparison between the mode I, mode II and mode III strength of
individual fiber to fiber joints (all tests were performed with the same pulp). Schmied
et al. [2012] developed a method to determine the mode I strength (z-directional
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Figure 5.16 Joint strength values for softwood kraft pulp obtained at different loading modes

strength) of single fiber to fiber joints (principle is shown in section 2.2.1). In this
study a mean breaking load of about 330 µN was obtained. This value is about 20
times lower than the mean joint strength without preloading (6.58 mN) and about 8
times lower than the strength of crossings with preloading (2.72 mN) the cross fiber.
The difference between mode II and mode III loading is not that large. In this case
the mode III strength (1.06 mN) is about 6 times smaller than the one of a conven-
tional shear strength test (without preloading) and 2.5 times than mode II testing with
preloading.

From the results shown in figure 5.16 it is apparent that the loading mode signif-
icantly influences the breaking load of single fiber crossings. This result is of utmost
importance in mechanical testing of single fiber to fiber joints because care must be
taken which loading mode leads to breaking of the fiber crossing.

5.6 Tensile strength of single fibers

The mean strength value obtained in the single fiber tensile tests is about 160.17 mN
for unbleached, unrefined kraft pulp fibers (mixture of spruce and pine) with a free
span of 1 mm. In addition, individual viscose fibers (circular shape, dtex = 1.7) were
also analyzed. In this case a mean breaking load of 38.34 mN (test span = 2 mm)
was measured. Figure 5.17 shows the results of these tests. The tensile strength
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Figure 5.17 Result of tensile strength measurements

values of the kraft pulp fibers show that there is a strong scatter within the measured
data whereas the values obtained for the viscose fibers do not show this behavior.
Explanations for this are the differences in the fibril angle of the kraft pulp fibers,
the presence or absence of dislocations as well as twist in the free length of the fiber.
Especially twists are a considerable problem because if a fiber is strained to failure
the breaking load is reduced due to stress concentrations in regions of twists (see
table 5.7). In some cases the fiber broke at one of the two fixation points. This was
also observed by Van Den Akker et al. [1958] who found out that there are stress
concentrations in this areas due to hardening of the glue. The stress concentrations
cause failure of the fibers which means that the test is no longer a pure tensile test.
Therefore, the strength values of fibers that fail at the fixations points as well as those
of fibers with a twist in the free fiber length should be excluded. Another problem
by using two-component glue (UHU PLUS Sofortfest) is the mixing ratio between the
binder and the hardener. If the ratio is not exactly 1:1 the fiber is pulled out of the
glue. The reason for this is that the glue could not completely cure if a wrong mixing
ratio is used.

Besides the force that is needed to break a single pulp fiber, the elongation ε of
the fibers was determined by image analysis (see section 3.5.5). In the future the cross
section of the individual fibers after mechanical testing will be analyzed by means of
the 3 dimensional serial sectioning method developed by Wiltsche [2006]. Presently
only information about the mean size of the cross sectional area of the investigated
kraft pulp fibers is available. Lorbach et al. [2012] investigated small paper pieces
made of the same pulp as used in this thesis with the microtome method. An example
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of a paper cross section after microtome cutting is shown in figure 5.18. Based on the

Figure 5.18 Paper cross section after microtome cutting (Lorbach, C., personal communica-
tion, January 23th, 2013)

results obtained in the study of Lorbach a mean cross sectional area A of 154 µm2

(internal report) was determined. This value is used in conjunction with the measured
breaking force F for calculation of the breaking stress (σ) acting on the fiber. The strain
to break ε together with σ is used to calculate the modulus of elasticity. Initial results
of these calculations are summarized in table 5.6. In the work of Groom et al. [2002]

Fbreak [mN] E [GPa] σ [MPa] ε [-] span [mm] n
kraft pulp 160.17 13.91 1040.10 0.0869 1 10
viscose 38.34 - - 0.0558 2 5

Table 5.6 Mechanical properties of softwood kraft pulp and viscose fibers

the tensile behavior of loblolly pine latewood fibers were investigated. The modulus of
elasticity values obtained in this study range from 6.55 to about 27.5 GPa. Page et al.
[1977] measured values ranging from 20 to 80 GPa for spruce. Again it is apparent
that the E-modulus values are varying within a large range. The differences can be
explained by the different testing and fixation methods, dislocations as well as the
fibril angle. Another explanation is that the results of the fibers that were twisted are
also included in this thesis. Table 5.7 shows a comparison between the mean breaking
load and the mean E-modulus of straight and twisted fibers. From the result shown

Fbreak [mN] E [GPa] n
straight fibers 232.78 20.23 5
twisted fibers 87.57 7.59 5

Table 5.7 Mechanical properties of straight and twisted softwood kraft pulp fibers

in table 5.7 it is apparent that the mean breaking load of twisted fibers is about 2.7
times lower than the one of straight fibers. Due to this fact, the E-modulus values of
twisted fibers should be excluded. Another factor of interest is the fibril angle. In
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order to get a better understanding of the mechanical properties of single fibers, the
fibril angle of each fiber should also be determined prior to testing.

As the E-modulus values obtained in this study are based on a mean cross sec-
tional area of 154 µm2, the next step is the determination of the cross sectional area
of each tested fiber. This will enable the determination of the modulus of elasticity as
well as the moment of inertia I for each fiber. The modulus of elasticity together with
the moment of inertia can be used to calculated the theoretical bending stiffness.

The strength of the fiber network is significantly influenced by the strength of
single fibers which in turn is influenced by several other factors. The breaking load
of a single fiber is strongly influenced by dislocations in the fiber and the fibril angle
which changes from fiber to fiber. Stress concentrations are another factor reducing
the tensile strength of fibers. They arise at the fixation points due to hardening of
the glue or in regions of twists in the free fiber length. Fibers which are twisted (see
table 5.7) or that fail at the fixation point should be excluded from further analysis
due to their reduced breaking load. A wrong tensile strength will lead to wrong
mechanical parameters such as the E-modulus and the stress σ .
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Chapter 6
Conclusion and Outlook

The strength of paper is one of the most important properties of this material. For
a better understanding of paper strength it is necessary to understand the fracture
behavior as well as the mechanical properties of individual fibers and fiber to fiber
joints. In this thesis a novel direct method for mechanical testing of single fibers and
joints is presented, allowing the analysis of the geometry and the deformation of joints
and fibers during testing. Furthermore, it offers the possibility of biaxial loading i.e.
loading of both fibers. The additional information regarding loading geometry, fiber
deformation and behavior under biaxial load will help to clarify the specific loading
situation of the tested joints and thus provide a step towards obtaining information
about specific bonding strength. Another feature of this measurement technique is its
wide applicability.

From the results obtained in the bond strength measurements it is apparent that
preloading of the cross fiber significantly influences the strength of single softwood
fiber crossings. The mean breaking load without preloading the cross fiber is about
6.58 mN compared to 2.72 mN with preloading. An explanation for this is additional
loading of the joint with mode II and mode III load. One of the most important results
of these tests is that the strength of a fiber to fiber joint is significantly influenced by
the interplay of the different modes of loading.

With the device developed in this thesis it is also possible to provide an estimate
for an upper boundary for the bonding energy (bonding energy as well as plastic
energy is measured) of softwood fiber to fiber joints. The values obtained in this
thesis range from about 3.82 x 10−10 to 1.83 x 10−11 kJ per joint. A comparison of
these values and those of Nordman et al. [1952, 1958] and Stone [1963] show that the
energy values are close to each other. This supports the idea that all of these methods
are measuring the total energy consumed during breaking of fiber to fiber joints.

Another application of the micro bond tester is the determination of the dry bend-
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ing stiffness of single softwood fibers. The values measured in this study range from
1.1724 x 10−9 to 3.8798 x 10−11 Nm2. The reason for the high variation in the data is
that the bending stiffness is significantly influenced by the fiber cross section (shape,
fiber wall thickness, degree of collapse and others), the longitudinal E-modulus of the
fibers as well as defects along the fiber.

The breaking loads obtained in the bending stiffness tests demonstrate that the
joint configuration used in these tests leads to a situation that is close to mode III
loading. The mean mode III joint strength of 1.057 mN is about 84% lower compared
to the results obtained in a conventional shear strength test (mode II test without
preloading the cross fiber). The mode of loading thus significantly influences the
strength of individual fiber to fiber joints. Initial results of simulations presented by
Magnusson et al. [2013] show that the low breaking loads can be explained by the
resultant twisting moment as well as the high stress concentrations at the edges of the
bonding region.

Tensile tests of softwood kraft pulp fibers, using a free span length of 1 mm,
resulted in a mean strength of about 160.17 mN. The strength values as well as initial
estimates of the modulus of elasticity (3.46 to 33.30 GPa) of the softwood kraft fibers
show strong scatter. Possible explanations are differences in the fibril angle, twists
within the free fiber length as well as dislocations in the fiber. Especially the twist
leads to stress concentrations which in turn decreases the breaking load.

Investigations using low-voltage scanning electron microscopy show the forma-
tion of a layer that covers the surface of the fibers if cyanoacrylate glue is used for
joint fixation. The use of nail polish, which does not show this behavior, eliminates
the possible influence of this glue layer on the strength of single fiber crossings. Fur-
thermore, it seems that strong damage within the bonding region can be avoided if
the glue is replaced by nail polish. This damage is an indication that glue is trans-
ported into the contact zone. Images of the formerly bonded area of joints fixed with
nail polish and tested at different test conditions also show that there is almost no
difference in the appearance of the contact zone. The smooth surfaces of the formerly
bonded area show no breaking of fibrils.

Future applications

In order to obtain a more precise description of the fracture behavior of single fiber
crossings tested in mode II, additional tests at different velocities are needed (distinc-
tion between brittle and ductile behavior). If there is no change in the mechanical
properties at different speeds one can conclude that the joint shows a ductile behav-
ior and if there are big differences the joint exhibits a brittle behavior. In addition,
the images of these tests should be analyzed using digital image correlation. This
will provide a better understanding of the deformation behavior of joints and fibers
during mechanical testing. Another topic of interest is the fibril angle within the con-
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tact zone in order to find out whether the fibril angle influences the joint strength.
Furthermore, the contribution of refining on the strength of individual fiber to fiber
joints should be investigated. The tests will contribute to clarify if beating influences
the fiber to fiber joint strength.

Additional bonding energy measurements carried out at higher testing velocities
will lead to a more precise description of the bonding energy due to the fact that
the influence of viscoelastic effects is reduced. Further work in this field will be
undertaken.

Further development of the existing method used to determine the bending stiff-
ness of single fibers will help to eliminate the problem of blurred images that result
from twisting of the fiber as well as movement of the joint in z-direction. Another
interesting aspect is the combination of the bending stiffness tests with measurement
of the cross sectional morphology using the microtome method. This will enable to
calculate the area moment of inertia I. The bending stiffness values together with I
can be used to calculate the theoretical modulus of elasticity.

Additional FEM simulations of mode III tests with different testing conditions
will provide a better insight about the influence of torsional loading on the strength
of fiber to fiber joints.

To learn more about the influence of fiber defects more tensile tests with different
test spans could be performed. Furthermore, the cross section of each tested fiber
should be analyzed with the microtome. This will enable to calculate the stresses
acting on the fiber, the modulus of elasticity as well as the area moment of inertia
for each fiber. The E-modulus together with the area moment of inertia can be used
to calculate the theoretical bending stiffness. Furthermore, the determination of the
fibril angle as well as the evaluation of its influence on the breaking load will provide
a more precise description of the mechanical properties of single fibers.

Last but not least it should be mentioned that for each of the measurement meth-
ods presented in this thesis a large sample size is needed in order to get better statis-
tics.
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Appendix A

Fibers fixed with cyanoacrylate glue

SEM images of the formerly bonded area.
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SEM images of the fiber surface.
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Fibers fixed with UHU Plus Sofortfest

SEM images of the fiber surface.

Fibers fixed with nail polish

SEM images of the formerly bonded area.
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SEM images of the fiber surface.
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