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Abstract

Cellulosic materials constitute the basis for a variety of products such as several kinds
of papers, medical and hygiene articles, as well as buildingmaterials. One of the most
important cellulose products is paper, with uses ranging from data storage to pack-
aging applications. Even though papermaking is practiced and continuously improved
for several thousand years, the detailed mechanisms constituting a bond between two
�bers are still elusive. In fact, some mechanisms { ranging from hydrogen bonds to
mechanical interlocking { have been proposed, however, it is not clear to which extent
these mechanisms contribute or if all of them have been identi�ed yet. But exactly this
information is of crucial importance when strength of paperis to be improved, without
increasing the material input.

Hydrogen bonds and similar interactions exhibit a maximum e�ect when the area
of the �ber-�ber bond in molecular contact is as high as possible. This would be the
case when the surfaces are smooth, soft, and compliant. To assess the structure and
mechanical properties of surfaces, atomic force microscopy (AFM) and AFM based
nanoindentation (AFM-NI) was employed in this work. A developed measurement
setup provided a possibility to control relative humidity and thus to study the in
uence
of water on the materials under investigation. Also, measurements of fully swollen �bers
in water were facilitated. This corresponds to the state in which bonds initially form
during papermaking. Since paper �bers are a complex and inhomogeneous system,
the characterization started with amorphous cellulose �lms and viscose �bers as model
systems. These chemically and structural homogeneous materials permit to focus only
on single mechanisms.

Topographical AFM investigations of cellulose �lms { before and after a bond had
been formed between them { revealed that the initial roughness of 30 nm decreased
to one third after the rupture of the bond. It was further observed that the surfaces
were homogeneous which con�rms that smooth surfaces are able to form a large area
in molecular contact.

All materials' mechanical properties were determined by AFM-NIas reduced modulus
{ a measure for the Young's modulus { and hardness under controlled humidity as well
as in water. Viscose and pulp �bers both exhibited a reduced modulus in water of about
0:05 GPa. For viscose �bers, this corresponds to a reduction bya factor of almost 200
compared to the dried state. Pulp �bers, on the other hand, are more compliant in dry
conditions and, therefore, the reduced modulus in water decreased only by a factor of
100 to 150. The surface hardness of viscose �bers in water is approximately 14 MPa
which is a decrease by a factor of 30 compared to the fully dried state. Pulp �bers, on
the other hand, exhibited a hardness of 7 MPa in water, which corresponds to a decrease
by a factor of 50 to 100, with respect to the dried state. Both materials exhibited an
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Abstract

approximately linear relation between hardness and modulus with relative humidity. A
deviation from the linear behavior was observed only at highhumidities of more than
80 %.

The study has further proven that AFM-NI is an appropriate tool to investigate cellu-
lose based materials under various relative humidities as well as fully swollen materials
in water.
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Kurzfassung

Cellulosische Materialien bilden die Basis f•ur vielerlei moderne Produkte wie zum Bei-
spiel verschiedene Papiersorten, Medizin- und Hygieneartikel und Bausto�e. Dabei ist
Papier einer der wichtigsten Vertreter mit Anwendungen die von Datenspeicherung
bis hin zu Verpackungsmaterial reichen. Obwohl die Papierherstellung seit mehreren
tausend Jahren praktiziert und st•andig verbessert wird, sind die Ursachen, die die
Bindung zwischen zwei Papierfasern ausmachen, noch nicht vollst•andig gekl•art. Zwar
wurden verschiedene Mechanismen, beginnend mit Wassersto�br •uckenbindungen bis
hin zu formschl•ussigen Verbindungen, vorgeschlagen, doch ist weder bekannt mit wel-
chem Ausma� sie beitragen, noch ob bereits alle identi�ziertworden sind. Genau diese
Informationen sind jedoch von erh•ohter Wichtigkeit, wenn die Festigkeit von Papier
gesteigert werden soll, ohne aber die Menge an Material zu erh•ohen.

Wassersto�br•uckenbindungen und vergleichbare Wechselwirkungen habendann einen
maximalen E�ekt, wenn die Fl•ache der Faserbindung in molekularem Kontakt so gro�
wie m•oglich ist. Dies ist dann der Fall, wenn deren Ober
•achen gleichm•a�ig bescha�en,
weich und nachgiebig sind. Um die Struktur und die mechanischen Eigenschaften von
Ober
 •achen zu bestimmen, wurde in dieser Arbeit Rasterkraftmikroskopie (AFM) und
AFM basierte Nanoindentation (AFM-NI) eingesetzt. Ein speziell entwickelter Mes-
saufbau erm•oglichte, die relative Feuchtigkeit zu kontrollieren und so den Ein
uss von
Wasser auf die untersuchten Materialien zu studieren. Ebenso wurden Messungen an
vollst•andig gequollenen Proben in Wasser erm•oglicht. Dies ist der Zustand in dem sich
Bindungen w•ahrend der Papierherstellungen ausbilden. Da Papierfasern ein komplexes
und inhomogenes System bilden, wurden zuerst amorphe Cellulose�lme und Viskose-
fasern als Modellsysteme charakterisiert. Diese chemischund strukturell homogenen
Materialien erlauben, den Fokus gezielt auf einzelne Mechanismen zu richten.

Topographische AFM Untersuchungen an Cellulose�lmen bevor und nachdem eine
Bindung zwischen ihnen hergestellt wurde, zeigten dass dieanf•angliche Rauigkeit von
30 nm auf ein Drittel abgesunken war. Weiters war die resultierende Ober
•ache ho-
mogen und best•atigte damit, dass glatte Ober
•achen die M•oglichkeit haben eine hohe
Fl•ache in molekularem Kontakt auszubilden.

Die mechanischen Eigenschaften aller Materialien wurden mittels AFM-NI in Form
von reduziertem Modul { ein Ma� f•ur den Elastizit•atsmodul { und Eindringh•arte be-
stimmt. Die Messungen wurden unter verschiedenen Luftfeuchtigkeiten sowie in Wasser
durchgef•uhrt. Sowohl Viskose- als auch Papierfasern wiesen in Wassereinen reduzierten
Modul von 0:05 GPa auf. Dies bedeutet f•ur Viskosefasern eine Reduktion um einen Fak-
tor von fast 200 verglichen mit dem getrockneten Zustand. Papierfasern, andererseits,
sind im Trockenen etwas nachgiebiger, daher nimmt der reduzierte Modul nur um einen
Faktor zwischen 100 und 150 ab. Die Ober
•achenh•arte von Viskosefasern betr•agt in
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Kurzfassung

Wasser 14 MPa, was einer Abnahme um den Faktor 30, verglichen mit dem getrockneten
Zustand, bedeutet. Papierfasern wiesen in Wasser allerdings eine H•arte von nur 7 MPa
auf, was einer Reduktion um einen Faktor von 50 bis 100 bezogen auf den getrockneten
Zustand entspricht. Beide Materialien wiesen in etwa einenlinearen Zusammenhang
von H•arte und Modul mit der relativen Feuchte auf. Ein Abweichen davon konnte erst
bei hoher Luftfeuchtigkeit von •uber 80 % beobachtet werden. Es wurde mit der Studie
gezeigt, dass au�erdem AFM-NI ein geeignetes Werkzeug ist, um cellulosebasierte Ma-
terialien zu untersuchen, sowohl in verschiedenen relativen Luftfeuchtigkeiten als auch
im gequollenen Zustand in Wasser.
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Acronyms

1D One-dimensional
2D Two-dimensional

ACF Auto-correlation function
ACovF Autocovariance function
AFM Atomic force microscop(e/y)
AFM-NI AFM based nanoindentation
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CMC Carboxymethyl cellulose
CS Cationic starch

DFT Discrete Fourier transform
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DP Degree of polymerization

FFT Fast Fourier transform
FT Fourier transform
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iFT Inverse Fourier transform
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ML Middle lamella
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1. Motivation

Cellulose is the most abundant bio-polymer on the face of earth with an annual produc-
tion of about 1:5� 1012 tons [1]. It is not surprising that cellulose-containing materials
were one of the earliest to be used by our ancestors. Cotton, 
ax, jute, and others were
appreciated as base materials for textile fabrics [2], whereas wood could be shaped into
tools and used as a construction material. By disintegrating wood (and other cellulosic
materials gathered from plants) into its cells, it was possible to form 
exible sheets out
of it { paper. Most of these materials are still used in a very similar fashion as they
were millennia ago.

1.1. Paper

One of the most important cellulose based materials is paper. It was developed several
thousand years ago [3] and is used as an information carrier,packaging material, and
for hygiene products, such as tissues. Although paper is known and produced for
thousands of years, the detailed mechanisms holding the material together are still
elusive. Nevertheless, �ve mechanisms that could contribute to the strength of a bond
between two paper �bers have been identi�ed [4]:

1. hydrogen bonds

2. van der Waals interactions

3. Coulomb interactions

4. interdi�usion of cellulose molecules

5. mechanical interlocking

It is, however, unknown to which extent these mechanisms contribute and if there are
additional ones present. Also capillary bridges [5,6] and microcompressions induced by
stresses during drying of the �bers [7,8] are likely to have an e�ect on the bond strength.

The detailed knowledge of �ber-�ber bonding is important when one seeks to improve
paper for a certain application. Cement bags, for instance,should withstand the weight
of their contents and still be permeable when �lling the bag with a gas stream. Another
example are shopping bags: They need the strength to hold thegroceries, while being
cheap with little environmental impact. Both applications call for a low amount of
material which can sustain high loads. This can be achieved by porous paper, with
�ber-�ber bonds tuned to yield maximum strength. To have an intimate understanding
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1. Motivation

of how the �bers in the paper network interact with each otherwould allow to pinpoint
and manipulate the correct parameters { push the right buttons, in a sense { and
produce paper optimally suited for the application.

From the �ve bonding mechanisms listed above, numbers one tofour would lead to
a stronger bond when the area in molecular contact is maximized. The �fth mecha-
nism, on the other hand, depends on the surface structure andits features. To gain
understanding of these mechanisms, the mechanical properties of the paper �bers' sur-
faces and their morphology needs to be known on thenanometer scale { the scale on
which bond formation takes place. Moreover, bonds are initially formed between highly
swollen �bers in an aqueous environment and it is usually insu�cient to consider the
properties of dried �bers. Both, the mechanical parametersand surface morphology
will change drastically { and to some degree irreversibly [9] { after water is removed
from the �ber.

1.2. Model systems

Since paper �bers are an inhomogeneous material { as will be discussed in section 2.1 {
they are di�cult to study. Therefore, model systems are often employed to focus only
on a single mechanism.

Cellulose �lms are one possibility of such a model system. They have the advan-
tage of being chemically pure with an ideally smooth surface. Increasing the system's
complexity by adding di�erent species { such as hemicelluloses { is easily achieved.
A step towards further complexity are regenerated cellulose �bers, a material with its
own, vast �eld of applications ranging from various textiles, via hygiene products, to
paper additives and special papers. In being �bers, they share the same macroscopic
appearance as paper �bers and have even microscopic similarities such as �brils and
partly crystallized cellulose. The fact that regenerated �bers are pure cellulose �bers,
places them also close to cellulose �lms. One could, therefore, consider them as a link
between model �lms and paper �bers.

1.3. This work

In this work, a focus is set on mechanical properties of cellulosic materials and on the
in
uence water has on them. The majority of the �ber-�ber bonding mechanisms listed
above rely on a high area in molecular contact. Hence, a measure for the �bers' ability
to conform to each other is needed. It is long known that yieldstrength and Young's
modulus are such measures. On the nanometer scale, classical nanoindentation is usu-
ally employed to determine these properties. Due to the rough nature of paper �bers,
the application of this method is limited and likely to result in a large scattering of
the data. Therefore, an AFM-based version of nanoindentationis used in this work
to approximate these material parameters. By employing a setup to control the envi-
ronment's water content, the e�ect of water uptake is studied beginning with the fully
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1.3. This work

dried state until highly swollen materials. While the goal isultimately to understand
the importance of �ber swelling during bond formation in paper, a comprehensive me-
chanical characterization of cellulosic materials is achieved as well. The present study
does not only compare the dry and wet states of cellulose materials, but aims to indicate
the transition from one to the other and to demonstrate the e�ectiveness of industrially
available ways to in
uence the swelling behavior.

This study leads to the result that in the presence of water, the hardness of paper
�bers is decreased by a factor of 50 to 100 compared to the dried state. Simultane-
ously, the sti�ness of paper �bers reduces by a factor of 100 to 150 times. While the
decrease in hardness for paper �bers is the highest observedin this work, the sti�ness is
decreasing the most for viscose �bers which become in water approximately 200 times
more compliant.

3





2. Theoretical background

2.1. Cellulose �bers

All cellulose �bers investigated in this work originated from wood. Wood itself is a
natural polymer composite consisting mostly of cellulose,hemicelluloses, and lignin
which are organized in a hierarchical structure. The smallest elements in the hierarchy
are the single molecules, with cellulose being the most important one.

2.1.1. Cellulose, hemicelluloses, and lignin

Cellulose is a polysaccharide of cellobiose, i.e., the repeating unit is two D-glucopyranose
molecules linked by a� -(1! 4)-glycosidic bond. A cellulose chain can exhibit a degree
of polymerization (DP) of up to 15 000. Note that the DP usuallyrefers to the number
of D-glucopyranose units and not to that of cellobiose units. The structural formula
of cellulose is sketched in �gure 2.1. Cellulose, like many polymers, is able to form
crystalline regions which are separated by amorphous areas. In wood, for example, as
much as 65 % of the cellulose is crystalline [10].

O

OH

OHHO
O

O
HO OH

OH

O

OH

OHHO
O

O
HO OH

OH

O
O

OH

OHHO
O

O
HO OH

OH

OO O

n

Figure 2.1.: Structural representation of a cellulose molecule. The part in brackets is the
repeating unit cellobiose and the DP is 2n.

Hemicelluloses are { like cellulose { polysaccharides, but they are branched with DPs
of only 100 - 200. Also, they do not consist of only one type of cyclic sugar, but several
di�erent ones which leads to a large diversity of hemicelluloses. All of them are purely
amorphous, without any crystallinity. One of the most common and thereby important
groups of hemicelluloses are xylans [10].

Lignin, similar to hemicelluloses, is a group of diverse, branched and amorphous poly-
mers. However, these bio-polymers are not polysaccharides but consist of a complex,
three-dimensional structure of aromatic units [10].
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2. Theoretical background

2.1.2. Wood

The aforementioned hierarchical structure of wood is sketched in �gure 2.2, using soft-
wood tracheids as an example. Cellulose chains pack together to form elementary �brils
with crystalline and amorphous regions. The elementary �brils (< 10 nm in diameter),
in turn, bundle to form micro�brils (10 nm - 60 nm in diameter) [11,12]. These micro�b-
rils compose the cell wall of wood cells by winding helicallyaround a central void called
the lumen (L). Such cells are composed of layers, with the primary layer (P) being the
outermost one. Beyond P, the secondary layers one to three (S1, S2, S3) follow, where
S2 is by far the thickest layer and determines the mechanicalproperties of the cell. In
the P layer, the micro�brils are arranged in a disordered fashion, whereas in the layers
S1 to S3 highly oriented �brils are found. After S3, the lumen is located, which is used
for water transport in the tree. Between the cells, the middle lamella (ML) is located,
which is rich in lignin. Lignin and hemicelluloses are located between the nano- and
micro�brils and are thought of as a glue that adds sti�ness tothe wood [13,14].

O

OH

OHHO
O

O
HO OH

OH

cellulose molecule

elementary �� bril

micro ��bril

P

S1

S2

S3

L

ML

(~Å)

(~nm)

(~nm)
wood cell
(~µm)

Figure 2.2.: The hierarchical structure of wood by example of a conifer tracheid. Starting
with a single cellulose molecule, a complex system is formed. The units in
brackets denote the characteristic length scale of the respective hierarchy level.

Tree cells are mostly aligned in the longitudinal directionof the stem and are alive
only in its outer region. This region is calledcambium and is protected from outside
in
uences by the bark. The cambium is the growth zone of a tree, where cell division
takes place. In this zone, the lumina of the cells are still �lled with protoplasm. The
protoplasm is excreted when the cells mature and turn into cyclic arrest to form the
xylem, the part of a tree which is commonly known as wood. In a livingtree, the trunk
consists mostly of dead cells which provide mechanical strength and the possibility to
transport water and minerals throughout the plant [15].
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2.1. Cellulose �bers

Hardwood and softwood

Woods can be grouped in softwoods { orconifers { which are gymnosperms and hard-
woods, which are angiosperms. The wood of conifers consistsbasically of only two types
of cells: the longitudinally alignedtracheids (shown in �gure 2.2), andrays, which con-
nect the tracheids radially. Tracheids in softwood providechannels for water transport
in their lumina and { at the same time { are also responsible for a tree's mechanical
stability due to their thick S2 layer. Cells of hardwoods, onthe other hand, are more
di�erentiated. So-called �bers with thick cell walls provide mechanical strength to the
plant, whereasvesselsfunction as conduits for water. The aforementioned rays are
also present in hardwood [15,16]. In addition, the amount and the types of hemicel-
luloses and lignin present in the wood di�er between softwood and hardwood as well.
While the most common hemicelluloses in softwoods are galactoglucomannan and ara-
binoglucuronoxylan, in hardwoods glucuronoxylan and glucomannan are the dominant
ones [10,16].

2.1.3. Kraft pulp �bers

To produce paper, the aforementioned wood cells have to be extracted from the wood
�rst. This can be achieved by mechanical and/or chemical methods. Afterwards,
the freed cells { commonly named pulp �bers { are dispersed into a dilute aqueous
suspension and basically poured onto a �lter. The water is drained and the �bers move
closer together, forming a loose sheet. During drying, bonds form between the pulp
�bers and the sheet gains strength.

The namekraft pulp refers to softwood pulp, extracted by the so-called kraft (sulfate)
process. In this pulping process, lignin and hemicelluloses are removed chemically from
the wood, leading to the disintegration into its cells. Since the matrices of the pulp
�bers are weakened by the loss of lignin and hemicelluloses,the �bers collapse, as is
presented schematically in �gure 2.3.

~30 µm

(a)

~30 µm

(b)

Figure 2.3.: The micrometer scale structural e�ect of kraft pulping on wood cells. (a) Before
pulping, the cell is sti� and the lumen is open. (b) After pulping, t he lumen
collapses, leading to a cross-section typical for pulp �bers.
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2. Theoretical background

Re�ning

The process of re�ning refers to a mechanical treatment of pulp �bers. There, the pulp
is ground in a mill consisting of two plates with ribs attached to them. One plate
is rotating and the other is �xed, so that a shear force is exerted on the pulp. This
treatment increases the 
exibility of pulp �bers, leading to highly conformable �bers.
Furthermore, some micro�brils are released and dangle loosely from the �bers. This
process is long known to increase the strength of paper. A recent study, however, could
give for the �rst time evidence about the mechanism underlying the bene�cial e�ect of
re�ning [17].

2.1.4. Regenerated cellulose �bers

Properties of pulp �bers are obviously advantageous for papermaking and can be tuned
to produce a large variety of papers. However, the use of pulp �bers in other areas,
such as textiles, would be quite limited. Reasons for that are their short length of only
a few millimeters, a prede�ned cross-section, and the limited possibility to incorporate
additives. Cotton �bers, on the other hand, are very long and, therefore, can be spun
into yarns to be used in textile fabrication. However, also they lack in geometrical and
chemical tunability. A way around these limits was discovered in the 19th century by
dissolving the cellulose of natural materials and spinningit into �bers with a desired
geometry. This process is calledregeneration[11]. Today, several methods to regenerate
cellulose are known. Examples are the viscose, modal, and NMMO (lyocell) processes,
with viscose being the industrially most important one.

Viscose �bers

In the viscose process, pulp is �rst treated with sodium hydroxide (NaOH) to form
sodium (Na) cellulose. The swollen Na-cellulose is then treated with carbon disul�de
(CS2) to generate cellulose xanthogenate, which is soluble in aqueous NaOH. This
yields a viscous solution, called theviscose dope. Dissolved cellulose xanthogenate is
then spun through a spinneret into �bers, which are regenerated in a spinning bath
consisting mainly of aqueous sulfuric acid (H2SO4). The result is a pure cellulose �ber
where the cross-section is determined by the shape of the holes in the spinneret. To
adjust the length, �bers can be simply cut into the desired length directly after spinning.
Compositional modi�cations are achieved by adding substances directly into the viscose
dope [1,11].

Viscose �bers di�er in composition and structure from pulp �bers. Regenerated cel-
lulose exhibits a crystalline structure di�erent from the one found in wood. Crystalline
wood cellulose is called cellulose I, whereas regenerated cellulose crystallizes as cellulose
II. It is believed that cellulose II is the thermodynamically more stable structure [1].

The amount of crystalline domains in viscose �bers is reported to be mostly between
30 % and 50 %, [1,18,19] but can be as much as 68 % [20]. This number, however,
seems strongly dependent on the exact process parameters and modi�cations. Large

8



2.2. Atomic force microscopy

variations between �bers of di�erent manufacturers are, therefore, expected.
The DP of cellulose in viscose is approximately 300, which ismuch lower than the

one of pulp �bers (DP � 1000 to 2000) [11,19{21].
Applications of viscose �bers range from textiles and hygiene articles to special papers

such as for money bills. For some time, the ability of viscose�bers to enhance the
mechanical properties of paper has been investigated [22].In academic research, viscose
�bers have recently been used as model systems to investigate mechanisms of �ber-�ber
bond formation in paper [23].

2.2. Atomic force microscopy

Atomic force microscopy (AFM) is a technique where a sharp tip at the end of a
cantilever is scanned across a surface to record its topography [24]. The operation
principle of AFM is presented in �gure 2.4a. Frequently, the sample is scanned laterally
in x and y directions, while the cantilever is �xed in a holder which can move only in
z direction. The movement in x, y, and z is usually achieved by employing piezo
actuators, which allow sub-nm position accuracy. Scanningis performed by moving
the cantilever along a line in its longitudinal direction (the fast scanning axisx) and
incrementally increasing the slow scanning axis coordinate y after a line was scanned
back and forth.

split 
photodiode

laser 
diode

laser 
beam

tip
cantilever

sample
sample 
stage

x

y
z

(a)
displacement
on photodiode

cantilever
de ��ection

force

(b)

Figure 2.4.: The operating principle of AFM. (a) An illustration of the scanning proc edure.
Here, the sample moves inx and y, whereas the cantilever moves inz. After [25].
(b) The detection of an applied force by reading out the cantilever's de
ection.

In most commercially available systems, a laser beam re
ected from the cantilever's
backside onto a split photodiode is used to detect its de
ection (see �gure 2.4b). This is
achieved by subtracting the light intensity recorded at thephotodiode's lower quarter
from the one of the upper quarter. By analyzing the intensitydi�erence between the
right and left quarters, the cantilever's torsion can be detected. For small de
ections
zd, it is possible to calculate the force that leads to the bending of the cantilever by the
linear relation

F = kzd: (2.1)
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2. Theoretical background

The spring constantk depends only on the cantilever's geometry (widthb, length l,
and thicknesss) and Young's modulusE. For a rectangular, uniform cross-section of
the cantilever the spring constant is

k =
Ebs3

12l3
: (2.2)

Using a feedback loop to keep the de
ection at a constant valueby moving it in z and
scanning the sample inx and y directions, the sample's surface topography is recorded
as z(x; y). This is the most simple imaging procedure and is calledcontact mode. It
is likely that the surface will be in
uenced { or even severely damaged { due to the
constant lateral force that is exerted.

To prevent this entirely, the AFM can be operated innon-contact mode[26]. There,
the cantilever is excited at its resonance frequencyf r and oscillates without touching
the surface. Since a force gradient emanates from each surface, e.g. due to van der
Waals interactions, the e�ectivek { and thereby f r { depends on the distance between
tip and sample. By adjustingz to keep f r constant, the topography signal is recorded
again asz(x; y). The disadvantage of non-contact mode is that it basicallyworks best
only in ultra-high vacuum, where it yields sub-atomic resolution.

Intermittent contact mode (also called tapping mode and AC mode) is a compromise
between the two described techniques [27]. Here, the cantilever is excited slightly below
f r in close proximity to the surface so that the tip apex is periodically touching the
sample. The sample will dampen the oscillation amplitudeza to a value below its free
amplitude za;f ree . A feedback loop to keepza at a constant value { the so-called set-
point za;sp { controls the movement inz to gain the topographyz(x; y). A measure for
the force applied to the sample during scanning is the amplitude-to-setpoint ratio r sp,
with

r sp =
za;sp

za;f ree
: (2.3)

The great advantage of intermittent contact mode is that it can be performed in air
as well as in liquids [28] and is comparably gentle. The lateral resolution is determined
by the radius of the tip apex and is typically below 10 nm. For soft samples, such as
a variety of biomaterials, this technique is the preferred choice [29{31]. Additionally,
by recording the phase shift between the exciting oscillation and the cantilever's actual
oscillation, qualitative information on a material's mechanical properties is obtained
[32]. This phase shift is the result of oscillation energy dissipated into the material
due to the tip's periodic contact with the surface. A so-called phase image is then
generated by plotting the phase shift as a function ofx and y coordinates. This method
is commonly used on soft samples such as polymers [33,34] andpulp �bers [35].

2.3. Nanoindentation

Nanoindentation (NI) is a technique to determine a material'smechanical properties on
the nanometer scale. This is achieved by pressing a tip { the so-calledindenter { with
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2.3. Nanoindentation

a de�ned shape and known elastic properties (elastic modulus E i and Poisson's ratio
� i ) into a material's surface. During this process, the applied load and the resulting
deformation { measured by theindentation depthzi { is recorded constantly. From such
a load-vs-indentation depth (P - zi ) plot, the hardnessH and the reduced modulusEr

are determined according to the method of Oliver and Pharr [36] which is described in
the following.

The hardnessH , which is a measure for a material's yield strength, is calculated by

H =
Pmax

A(zc)
; (2.4)

with Pmax denoting the maximum applied load andA(zc) the indenters projected
area at contact indentation depthzc. It is noteworthy that zc is neither the indentation
depth at maximum load,zmax , nor the depth of the persistent indentzp but somewhere
in between, as is illustrated in �gure 2.5.zc can be determined by the relation

zc = zmax � �
Pmax

S
; (2.5)

whereS is the unloading sti�ness atPmax . It can be determined asS = dP
dz jzmax like

it is indicated in �gure 2.5b. The factor � in equation 2.5 depends only on the indenter
shape and ranges between 0.72 and 1. For the purpose of this work, � is assumed to be
0.75 which is equivalent to a Berkovich indenter. To gainS, the unloading part of the
P - zi plot (as indicated in �gure 2.5b) is �rst �tted by the functio n

P(zi ) = C(zi � zp)m : (2.6)

Evaluating the derivation dP
dz jzmax of equation 2.6 with the obtained �t parameters

C, zp, and m yields the unloading sti�nessS.
In equation 2.4, the projected area at contact depthA(zc) is usually determined by

evaluating the indenter's area functionA(z) at z = zc. A(z) is obviously only dependent
on the indenter's geometry and is obtained by either calibrating the indenter on a
material with known mechanical properties [36] or by directly imaging the indenter by
SEM or AFM [37,38]. A discussion about methods to experimentally obtain the area
function is presented in subsection 3.2.1.

The reduced modulusEr is calculated via

Er =
p

�
2

S
p

A(zc)
(2.7)

and is a measure for a material's Young's modulusEs [36]. If the material under
investigation is isotropic { like, e.g., polycrystalline metals { Er andEs obey the relation

1
Er

=
(1 � � 2

s )
Es

+
(1 � � 2

i )
E i

: (2.8)

� denotes the Poisson's ratio and indicess and i identify sample and indenter prop-
erties, respectively. IfEs � E i , then equation 2.8 can be simpli�ed to
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2. Theoretical background

Er �
Es

(1 � � 2
s )

; (2.9)

which has the advantage of being independent from the indenter properties. However,
equation 2.9 requires still the Poisson's ratio of the sample � s.
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Figure 2.5.: The working principle of classical nanoindentation illustrated by (a) the inden-
ter's interaction with the sample and (b) the resulting P - zi plot. Note that the
images in (a) correspond to points in (b) marked with the respective numbers.

2.3.1. Modi�cations for viscoelastic materials

Viscoelastic materials { such as polymers, including cellulose { feature a time dependent
behavior when a load is applied. This time dependence manifests in e�ects such as creep
and relaxation or a load rate sensitivity of the deformationresponse. These three e�ects
are sketched qualitatively in �gure 2.6.
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time t
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high
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Figure 2.6.: Qualitative illustration of the time and load rate dependence of viscoelastic ma-
terials. In (a) the load is constant and the deformation increases with time, in
(b) the deformation is constant, and (c) depicts the e�ect of the load rate.

12



2.3. Nanoindentation

Creep (�gure 2.6a) and load rate dependence (�gure 2.6c), will obviously in
uence
the determination of H and Er . Especially during the unloading segment, a so-called
nosecan form due to creep e�ects, which is sketched in �gure 2.7a [39,40]. The resulting
unloading sti�ness S as well as the reduced modulusEr would appear to be negative
(according to equation 2.7). To prevent the occurrence of a nose, a holding timeth;c at
maximum loadPmax can be introduced [39{41]. This time of constant load needs to be
long enough to ensure that the steady state creep, indicatedin �gure 2.6a, is reached.
Only in this case, the creep ratedzc

dt will be at a minimum. A qualitative load schedule
with th;c 6= 0 including a possibleP - zi plot is shown in �gure 2.7b.
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Figure 2.7.: (a) A triangular load schedule and a possible response from a viscoelastic ma-
terial are sketched. Note that the beginning of the unloading segment features
a negative sti�ness, which is called anose (b). If a holding time at the load
maximum is introduced, the nose can disappear and the sti�nessS becomes
positive.

Although the introduction of th;c reduces the in
uence of creep e�ects onEr , it does
not cancel the creep e�ects completely. In order to improve the determination ofEr as
well as H of viscoelastic materials, a modi�cation of Oliver and Pharr's method was
proposed [39,40]. First of all, the obtainedP - zi plot needs to be corrected for thermal
drift e�ects. For this purpose, a thermal holding timeth;t is introduced near the end of
the unloading part. A typical load schedule used for viscoelastic materials is presented
in �gure 2.8, featuring th;c and th;t . To determine the thermal drift rate dzt

dt = _zt , the
thermal holding part of the unloading segment is �tted with

zt (t) = zt;0 + _zt t: (2.10)

Then, zi (t) is corrected by subtracting the thermally induced change of zi , i.e.

zi (t) = z(t )
i (t) � _zt t: (2.11)

In equation 2.11, the uncorrected indentation depth is denoted z(t )
i (t) to avoid con-

fusion. Note that the procedure described here only works if _zt = const:, which was
true for the course of this work.
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2. Theoretical background

In the next step, the steady state creep ratedzc
dt js = _zc;s is determined from the holding

segment atPmax by �tting the temporal evolution of the creep induced indentation zc

with

zc(t) = zc;0 + a(t � t0)
1
2 + b(t � t0)

1
4 + c(t � t0)

1
8 : (2.12)

Equation 2.12 has been found empirically to be the best �t [40]. _zc;s is then gained
by di�erentiating equation 2.12 with respect to time at the end of the holding segment,
i.e. _zc(th;c). It was shown that an improved value forEr is then obtained by using the
creep-reduced unloading sti�ness

S� =
�

1
S

+
_zc(th;c)

j _Pj

� � 1

; (2.13)

with j _Pj denoting the absolute value of the unloading rate [39]. To gain an improved
value for the hardnessH , the contact depth is calculated by substitutingS with S� in
equation 2.5 [40] which yields

zc = zmax � �
Pmax

S�
: (2.14)

Finally, it was also found empirically that for viscoelasticmaterials, the unloading
part is best described by

zi (P) = zp + dP
1
2 + eP

1
4 + fP

1
8 ; (2.15)

instead by equation 2.6 [40].zp, d, e, and f are parameters to be determined from a
least squares �t. Note that while equation 2.6 expressesP(z), equation 2.15 describes
z(P).

t h,c

Pmax

~ 0.05 P max

t h,ttime t

lo
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-PP

tmax0

Figure 2.8.: For viscoelastic materials, the load schedule of NI experiments should feature a
holding time th;c at Pmax to reduce creep e�ects and a second holding timeth;t

close toP = 0, to compensate for thermal drifting.
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2.3.2. AFM based nanoindentation

When performing nanoindentation, the surface morphology ofthe sample under in-
vestigation will in
uence the results. Height 
uctuations with the same or a higher
magnitude as the indentation depth and lateral 
uctuationssimilar or smaller as a
characteristic size of the indent during contact will distort the determination of A(zc)
and thereby Er as well asH . Figure 2.9 presents the e�ects of surface roughness
schematically. In the ideal case (�gure 2.9a), the contact area behaves as is assumed
by the area functionA(z). If, however, a spike protruding from the surface has contact
with the indenter (�gure 2.9b), the indentation depth zi is not de�ned properly, since
no indentation takes place. A possible result would be an underestimation of Er and
H by measuring azc larger than in the ideal casez(i )

c . When the tip indents at a
position where a depression in the surface is located (�gure2.9c), a contact area much
lower than the actual contact area (indicated in �gure 2.9c)is calculated from the P -zi

plot. Thus, Er and H would be overestimated. It would be, therefore, an asset to
image the surface before indentation and select appropriate positions to indent. Al-
though modern nanoindenters have scanning capabilities, only contact mode imaging
is possible which is likely to damage soft samples and to contaminate the indenter with
debris. AFM, on the other hand, implements the comparatively gentle intermittent
contact mode. This feature is the main reason to combine AFM with NI to perform
AFM-based nanoindentation (AFM-NI).
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Figure 2.9.: The in
uence of surface roughness in nanoindentation. (a) presents the ideal
case. In (b), only one side of the indenter has contact with the sample,whereas
in (c) a hole is indented. The red lines are an indication for the area in contact.

In AFM-NI, the tip that is used to scan a surface represents also the indenter and the
AFM cantilever acts as the force sensor and actuator at the sametime. This fact implies
that the raw data obtained from an AFM-NI experiment is a force-vs-piezo distance
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2. Theoretical background

(P - z) plot. In this case, the distancez is the piezo's movement in the vertical direction,
measured from the point of contact with the sample (see �gure2.10). Naturally, z is not
only composed of the indentation depthzi but includes also the cantilever's de
ection
zd. Therefore, the cantilevers de
ectionzd has to be subtracted fromz for all collected
data points after contact to gainzi . This is easily performed by

zi (t) = z(t) � zd(t); (2.16)

with t starting at the point of contact t = 0 and ending at t = tmax , which is the
end of the load schedule as indicated in �gure 2.8. After applying equation 2.16, the
resulting P -zi plot is evaluated using the procedures given previously forclassical NI,
including the modi�cations for viscoelastic materials.

z i

z d

z

z = 0

�� x

(a)

piezo distance z
de ��ection z d

indentation z i
zdzi = z-z d z

de
��

ec
tio

n 
z

d
 (

~
 lo

ad
 P

)

distance z, zd, zi

(b)

Figure 2.10.: Schematic representation of (a) an AFM-NI experiment and (b) the correspond-
ing P - z plot. Please note that to get the P -zi plot, the de
ection zd has to be
subtracted from the piezo distancez, as is illustrated.

In �gure 2.10a, the distance � x is used to describe the lateral movement of the
cantilever during force application. This is the main drawback of AFM-NI. While in
classical NI, the force application is purely vertical, lateral force components are induced
in AFM-NI, in
uencing the correct determination of H and Er . Results obtained
by AFM-NI should hence not be used to calculate material's properties like Young's
modulus E or yield strength, which is possible for classical NI. However, for cellulosic
materials it was found that results from AFM-NI and classical NI are similar when
using the evaluation procedures described previously in this section [38].

While classical NI is still the best choice for studying metals, the use of AFM-NI is
popular when characterizing soft matter such as polymers [42{44], cells [45], viruses [46],
and pulp �bers [37,38,47{50].
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2.4. Relative humidity

When studying water uptake of a material from the surroundingair, the relative hu-
midity ' r is the most important parameter to know. Commonly,' r is de�ned as

' r =
pH 2O

p�
H 2O(#)

: (2.17)

Here, pH 2O denotes the partial water vapor pressure, i.e. the absoluteamount of
water present in the air andp�

H 2O(#) refers to the saturation water vapor pressure.
p�

H 2O(#) describes the maximum amount of gaseous water that can be present at a
certain temperature# and is given by the relation

p�
H 2O(#) = � � exp

�
�#

� + #

�
; (2.18)

with # in ‰, � = 6:112 hPa,� = 17.62, and � = 243.12‰ [51].
It is obvious from equation 2.18 and �gure 2.11a that the maximum possible amount

of water vapor increases greatly with increasing temperature. Therefore, ' r will de-
crease with increasing temperature, sincepH 2O will remain constant. On the other
hand, if the temperature is lowered,' r will increase until p�

H 2O(#) = pH 2O at which
point condensation will occur, as indicated in �gure 2.11b.
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Figure 2.11.: Temperature in
uence to (a) the saturation water vapor pressure and (b) the
relative humidity. Note that in (b) at # � 7‰, ' r > 1 and thus, condensation
would occur.

2.5. Roughness characterization

Atomic force microscopy allows to record a sample's topography with nanometer res-
olution in lateral directions and sub-nanometer resolution in z-direction as a two-
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dimensional height map (see section 2.2 for further details). This fact facilitates the
use of statistical methods to comprehensively analyze a sample's morphology. In this
section, the necessary statistical and mathematical background is covered and brought
in context with the fractal geometry of surfaces.

2.5.1. Height-height correlation function

Analytical form

In statistical analysis of time series, the height-height correlation function (HHCF) C(� )
is known as the autocovariance function (ACovF) [52]. The ACovF is a special case
of the cross-covariance function (CCovF)Cpq(� ); (p; q) 2 f 1; 2g of the two functions
f p(x), f q(x). By assumingf p, f q to be in general complex valued functions with their
meanshf p(x)i = hf q(x)i = 0 and limiting the problem to one dimension, the CCovF is
given as

Cpq(� ) =

1Z

�1

f �
p (x) � f q(x + � )dx: (2.19)

In the above equation,� is called thelag and denotes the shift between the two functions
f p and f q, f �

p denotes the complex conjugate off p
1. The ACovF of, e.g. f p, is given by

setting q = p which leads to

Cpp(� ) = Cp(� ) =

1Z

�1

f �
p (x) � f p(x + � )dx: (2.20)

Henceforth, if only a single functionf (x) is considered,Cp(� ) will be further abbreviated
to C(� ) and called the HHCF off (x).

To generate a point of the HHCF at lag� , f (x) is �rst shifted by � to the left, thus
becomingf (x + � ). Then, an integration of the product f � (x) � f (x + � ) is performed,
which yields C(� ). This is illustrated in �gure 2.12. The maximum of C(� ) is located
at � = 0 and is equal to the variance� 2 of f (x). When applying equation 2.20 to to a
surface pro�le h(x), then � is called the root mean square (RMS) roughness.

Discrete form

When analyzing AFM topography scans, one has to deal with a �nitesample size
consisting of discrete data points in anM � N matrix. Therefore, it is necessary to
rewrite the equations presented so far in their discrete form. The function f (x) or
f (x; y) will hence be denoted asf (xp) and f (xp; yq) respectively. The indices of the
arguments indicate the discrete nature of the sample. Furthermore,p 2 f 1; 2; : : : ; M g
and q 2 f 1; 2; : : : ; Ng with M; N 2 N.

1For a complex numberz = a + ib = Rei� , the complex conjugate is de�ned asz� = a � ib = Re� i� ,
so that z � z� = a2 + b2 = R2 = jzj2:
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Figure 2.12.: The generation of the HHCF (see equation 2.20). In (a) the shift of the function
f (x) by � , f (x + � ), is illustrated for three values of � . The resulting HHCF is
drawn in (b), where the circles indicate the respective lags in (a).

A discrete form of equation 2.20 in 2D representation would be

C(� m ; � n ) = h[f (xp + � m ; yq + � n ) � h f (xp; yq)i ][f (xp; yq) � h f (xp; yq)i ]i ; (2.21)

m 2 f 1; 2; : : : ; M g and n 2 f 1; 2; : : : ; Ng [53]. To simplify the notation of this
equation, f (xp; yq) is abbreviated asf (p)( q) and the sample meanhf (p)( q) i as �f with

�f =
1

MN

MX

p=1

NX

q=1

f (p)( q) : (2.22)

In equation 2.21 the lags� m and � n are also discrete values� m 2 f � 1; � 2; : : : ; � M g and
� n 2 f � 1; � 2; : : : ; � N g and can be described as� m = xp+ m � xp and � n = yq+ n � yq,
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respectively. Therefore,f (xp + � m ; yq + � n ) = f (xp+ m ; yq+ n ) and can be abbreviated to
f (p+ m)( q+ n) , which leads to

C(m)( n) = h[f (p+ m)( q+ n) � �f ][f (p)( q) � �f ]i (2.23)

or, alternatively,

C(m)( n) =
1

(M � m)(N � n)

M � mX

p=1

N � nX

q=1

[f (p+ m)( q+ n) � �f ][f (p)( q) � �f ]: (2.24)

Note that �f can be subtracted beforehand, as was assumed before. It is immediately
obvious that whenm = n = 0, C(0)(0) = � 2.

When dealing with isotropic surfaces, it will su�ce to regarda 1D representation of
equation 2.24 by either averaging circularly or calculating the HHCF per line and aver-
aging then. Note that when dealing with AFM scans, the HHCF is usually calculated
along the fast scan axis, when represented as a line average,which is

C(m) =
1

N (M � m)

NX

q=1

M � mX

p=1

[f (p+ m)( q) � �f ][f (p)( q) � �f ]: (2.25)

When a general ACovF is regarded, two points off (x) with distance � can be con-
sidered correlated ifC(� ) is signi�cantly larger than zero. To statistically check for
signi�cance, the so called auto-correlation function (ACF)can be employed, which is
given as

G(� ) =
C(� )
� 2

=
C(� )
C(0)

: (2.26)

The maximum of this function is obviouslyG(0) = 1. If f (x) is random, signi�cant
correlation can then be assumed ifG(� ) > � 2=

p
N , whereN describes the number of

independent observations [52].

Alternating terminology

In the literature, equations 2.20 and 2.21 are sometimes referred to as height di�erence
function (HDF) [54] or as ACovF [55,56] instead. In these works, the term HHCF
denotes the function

H (m)( n) = h[f (p+ m)( q+ n) � f (p)( q) ]2i = 2 � 2[1 � G(m)( n) ]; (2.27)

with G(m)( n) being the discrete 2D ACF, analogous to equation 2.26. Usually, H (m)( n)

is named HDF, according to its calculation of height di�erences. Furthermore, using
HHCF for C(m)( n) underlines the function's statistical meaning and will thus be used in
this work. Note that the HDF and HHCF provide the same information, as is obvious
from equation 2.27.

Another separate naming convention was introduced by the developers of the SPM
image analysis software Gwyddion [57]. In Gwyddion, the HHCF is named ACF,
whereas the HDF is referred to as HHCF instead.
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2.5. Roughness characterization

2.5.2. Power spectral density

The power spectral density (PSD) is a way to represent the complex-valued Fourier
transform (FT) as a real-valued function. Both can be used to identify harmonic parts
of a arbitrary function f (x) by transforming it into its spectrum. Moreover, PSD
contains essentially the same information as the HHCF and provides an additional way
to calculate the HHCF. Unfortunately, PSD and FT are de�ned di�erently in di�erent
�elds. Therefore, this subsection is solely dedicated to de�ne FT and PSD for the use
in this work and give alternate descriptions of equations 2.19 and 2.20 as well as the
discrete HHCF (equation 2.23). Again, the analytical representations will be covered
�rst.

Analytical form

Since the PSD is calculated from the FT, the FT is de�ned �rst. Assuming a function
f (x) with mean hf (x)i = 0, the one-dimensional (1D) Fourier transform off (x) is
given by

F (f )(kx ) = F (kx ) =

1Z

�1

f (x) � e� ik x xdx: (2.28)

In equation 2.28,i =
p

� 1 is the imaginary unit, leading to a complexF (kx ) in general.
The inverse transformation is

F � 1(F (kx ))( x) = f (x) =
1

2�

1Z

�1

F (kx ) � e+ ik x xdkx : (2.29)

Note that the assumptionhf (x)i = 0 is not necessary, however, it will simplifyF (kx ).
Assumeg(x) = f (x) + �g with �g = hg(x)i 6= 0, then obviously

F (g)(kx ) =

1Z

�1

g(x) � e� ik x xdx =

1Z

�1

f (x) � e� ik x xdx +

1Z

�1

�g � e� ik x xdx: (2.30)

And since
R1

�1 �g � e� ik x xdx = 2� �g� (kx ) [58], with � (kx ) denoting the delta distribution,
equation 2.30 can be shortened to

F (g)(kx ) = F (f )(x) + 2 � �g� (kx ): (2.31)

This demonstrates that for functionsg(x) with non-zero mean, a delta peak atkx = 0
is introduced. When �g is subtracted from g(x), the FT is simpli�ed and easier to
visualize, since one does not have to deal with plotting the value F (x) = 1 , which
is especially problematic in numerical calculations. Also note that the nature of the
function g(x) is not changed when �g is subtracted beforehand.

Using equation 2.28, the PSD shall be de�ned as

P(kx ) = F � (kx )F (kx ) = jF (kx )j2: (2.32)
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2. Theoretical background

Per de�nition, the PSD is { in contrast to the FT { a real valued function. The PSD
and the FT are often used to visualize and quantify orientation in an AFM image, as
well as identifying periodic or quasi-periodic structures[53]. Another use of PSD and
FT is the calculation of CCovF and HHCF (ACovF). Taking the FT of the CCovF
yields

F (Cpq)(kx ) =

1Z

�1

Cpq(� ) � e� ik x � d� =

1Z

�1

1Z

�1

f �
p (x) � f q(x + � )dx � e� ik x � d� =

=

1Z

�1

f �
p (x) �

2

4
1Z

�1

f q(x + � ) � e� ik x � d�

3

5 dx =

=

1Z

�1

f �
p (x) � F (f q)(kx ) � eik x xdx =

= F � (f p)(kx ) � F (f q)(kx ): (2.33)

In equation 2.33 the fact thatF (f (x � a))( kx ) = F (f (x))( kx )e� ik x a is used [58,59]. Note
also that

R1
�1 f � (x)eik x x = F � (kx ) is used2. For the HHCF (or ACovF), equation 2.33

results in
F (C)(kx ) = F � (kx )F (kx ) = jF (kx )j2 = P(kx ); (2.34)

which means that the HHCF can be calculated by performing the inverse Fourier trans-
form (iFT) of the PSD. The advantage of this relation for practical calculations will be
discussed below.

Since AFM scans yield a two-dimensional (2D) height map, the 2DFT is frequently
applied:

F (f )(kx ; ky) = F (kx ; ky) =

1Z

�1

1Z

�1

f (x; y) � e� i (kx x+ ky y)dx dy: (2.35)

2D PSD and 2D HHCF are calculated by using equation 2.35 in equations 2.32 and
2.34 respectively.

Discrete form

The discrete Fourier transform (DFT) of f (p)( q) in 2D form shall be de�ned as

F (f (p)( q))(km ; kn ) = F(m)( n) =
1

MN

MX

p=1

NX

q=1

f (p)( q) � e� i (km xp + kn yq ) : (2.36)

The variables in the exponent are

2z = Rei� , z� = Re� i� ) S = Rei� e� ik = Rei ( � � k ) and S0 = Re� i� eik = Re� i ( � � k ) = S�
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2.5. Roughness characterization

xp = p� x = p
L x

M
;

yq = q� y = q
L y

N
;

km = m� km = m
2�
L x

;

kn = n� km = n
2�
L y

(2.37)

L x and L y denote the physical lengths of the sample inx- and y-direction. Using the
relations 2.37 it can be easily seen that

kmxp = m
2�
L x

p
L x

M
=

2�mp
M

;

knyq =
2�nq

N
:

(2.38)

Now equation 2.36 can be rewritten as

F(m)( n) =
1

MN

MX

p=1

NX

q=1

f (p)( q) � e� 2�i
MN (Nmp + Mnq ) ; (2.39)

and the inverse transformation is

F � 1
(p)( q) =

MX

p=1

NX

q=1

F(m)( n) � e
2�i
MN (Nmp + Mnq ) : (2.40)

Both equations 2.39 and 2.40 have the advantage of being independent from the
physical size of the sample. The discrete PSD is de�ned accordingly to equation 2.32

P(m)( n) = jF(m)( n) j2 (2.41)

and yields the 2D HHCF as

C(p)( q) = F � 1
(p)( q)(P(m)( n)): (2.42)

The advantage of equation 2.42 becomes apparent, when the fast Fourier transform
(FFT) [60] is used instead of equation 2.39. To calculate a DFT according to equa-
tion 2.39, N 2M 2 steps are needed and to compute the HHCF as given in equation 2.24
1
4(N 2 � N )(M 2 � M ) steps would be necessary. In contrast, the number of steps when
using an FFT algorithm is of the orderO(NM � logNM ), which implies that it is
still much faster to compute two FFTs3 instead of calculating the HHCF according to
equation 2.24 one time4.

3One DFT to calculate the PSD and an iDFT to get the HHCF.
4Note that the calculation of the DFT according to equation 2.39 of data with size 1024� 1024 can

take several hours even on a modern computer.
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2. Theoretical background

The classical FFT-algorithm is limited in datasizes of the form 2n � 2m , (n; m) 2 N
[60]. A modern implementation of FFT-algorithms, the FFTW library, has overcome
this limitation and computes DFTs in O(N � logN ) time, for any datasize even when
N is prime [61].

2.5.3. Self-a�ne random rough surfaces with a cut-o�

Many surfaces of technical and academic interest can be described as being random
rough and self-a�ne with a �nite cut-o� length. This classi� cation originates from the
surface's fractal scaling behavior, which follows

� / L � (2.43)

until a certain cut-o� length � c with � denoting the RMS roughness,L the lateral
observation length, and 0� � � 1 the roughness exponent [62{64]. For a surface to be
self-a�ne { in contrast to self-similar { � has to be of a di�erent order of magnitude
than L. When L > � c, then � becomes constant and independent ofL. This scaling
behavior is illustrated in �gure 2.13.

log(L)

lo
g(

��
)

1

��

��c

Figure 2.13.: The scaling behavior of self-a�ne random rough surfaces with a cut-o�.

The roughness exponent� in equation 2.43 is sometimes also namedHurst parameter
[65]. It quanti�es how the surface roughness is changing with the length scale under
consideration [66].� is linked to the fractal dimensionD f by

D f = D t + 1 � �; (2.44)

whereD t represents the topological dimension [62].5 Note that if � = 1, the fractal
and topological dimensions coincide and the surface is not fractal. On the other hand, if
� = 0, the surface would have a dimension ofD f = D t +1 and according to equation 2.43
� = const: at all length scales.

5D t = 1 for line pro�les, D t = 2 for 2D height maps
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2.5. Roughness characterization

One could in principle characterize a surface's topographycomprehensively using
� , � c, and � by recording AFM images with varying sizes, instead of using� alone.
The drawback is that such an endeavor would be tedious and time consuming. It is,
however, possible to extract� , � , and a measure for� c from a single AFM scan. This is
performed by calculating the HHCF of a surface according to, e.g., equation 2.23 and
�t C(m)( n) using the function [67]

C(� ) = � 2e� ( j � j
� )

2�

: (2.45)

Here, � = [ � x ; � y]0 is the vector of the lags inx and y directions. Since only isotropic
surfaces are considered in this work, a 1D HHCF is calculated byaveraging the HHCF
of each line or performing a radial average. Equation 2.45 can then be simpli�ed to

C(j� j) = C(� ): (2.46)

In equation 2.45, � describes a lateral correlation length and is di�erent fromthe
cut-o� length � c. The lateral correlation is a measure for lateral roughness
uctuations
or { in other words { denotes the maximum distance for which two points are still
considered to be correlated. In �gure 2.14, the physical meaning of � is illustrated by
two line pro�les which were generated using the convolutionmethod [55]. It is evident
that the pro�le in �gure 2.14b features more hill-like structures as the one presented
in �gure 2.14a at the same lateral scale. To relate the lateral correlation length to the
cut-o� length, it should be noted that � c � � . This makes sense, since� will only be
independent ofL, when the topographical structures de�ned by� are small compared
to the observing length. Therefore, the larger� , the larger � c becomes and� / � c [68].
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Figure 2.14.: Simulated surface pro�les to illustrate the lateral correlation length � . In (a),
� is four times larger than in (b). � and � are the same in both graphs.

The other parameters,� and � , have the same meaning as discussed before. The
physical meaning of� can be considered as thejaggednessof the surface under con-
sideration. It is obvious why this terminology was chosen when comparing the two
simulated surface pro�les shown in �gure 2.15. While the pro�le in �gure 2.15a ap-
pears perfectly smooth, the pro�le in �gure 2.15b is jagged and one would consider it
more rough than the one in �gure 2.15a.
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Figure 2.15.: Simulated surface pro�les to illustrate the Hurst parameter � . In (a), � = 1 :0,
whereas in (b) � = 0 :5. � and � are the same in both graphs.

On a side note, equation 2.45 has the drawback that it becomesinvalid for � ! 0.
Therefore, a more complex function { the K-correlation model [68] { was proposed,
which can be used in these cases [69{72].
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3. Experimental

3.1. AFM Instrumentation

The atomic force microscope used for all experiments in thiswork was an Asylum
Research MFP-3D (Santa Barbara, CA), equipped with a planar closed loop sample
scanner. Its maximumx - y scan size is 90� m � 90� m, and the z-range is 15� m. In
this AFM system, the cantilever is tilted by 11° { which is the case for most commercial
AFMs.

3.1.1. Probes

Basically, two types of AFM probes were used: one for imaging and another for AFM-
NI. Probes for imaging should provide a low tip apex radius anda low opening angle
to gain a high resolution. On the other hand, probes for AFM-NI should feature a
tip geometry that is easy to characterize { meaning a high opening angle (see subsec-
tion 3.2.1) { and the cantilever should be sti� enough to apply a su�ciently high load.
It is further bene�cial for the tip to be hard and sti�, so that it will not deform during
indentation or is even damaged. For soft materials, such as cellulose, this is easily
achieved, since commonly used tip materials (silicon, silicon nitride, diamond, etc.) are
much harder and sti�er than cellulose.

Imaging

For imaging, Olympus AC160TS-R3 and AC240TS-R3 silicon probes (Tokyo, Japan)
with aluminum re
ex coating at the back side of the cantilever were used. Both feature
a tetrahedral tip at the very end of the cantilever with a front angle of 0°, a back angle
of 35°, and side angles of 15° (see �gure 3.1a). The tip apex radius is typically 7 nm.
AC160TS-R3 probes feature an average spring constant of 26N

m , whereas AC240TS-R3
probes have a spring constant of 2Nm . Average resonance frequencies are 300 kHz and
70 kHz, respectively. The cantilevers' dimensions are listed in table 3.1.

AFM-NI

For AFM-NI, ND-DTIRS full diamond probes with aluminum re
ex coating (Advanced
Diamond Technologies, Romeoville, IL) were used at �rst. Their three-sided pyramidal
tips have a front and back angle of 65° and side angles of 35°. At the apex, the radius of
curvature is 15 nm in average and at least smaller than 50 nm. To get exact results for
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3. Experimental

Table 3.1.: Cantilever geometry of the Olympus AC160TS-R3 and AC240TS-R3 silicon
probes.

designation length / � m width / � m thickness / � m shape

AC160TS-R3 160 40 3.7 rectangular
AC240TS-R3 240 40 3.3 rectangular

the applied forces, the cantilevers' spring constants weredetermined using the thermal
sweep method [73] (see below) and were found to be between 50N

m and 65N
m .

After the �rst AFM-NI results were obtained on pulp �bers and cellulose �lms,
the ND-DTIRS probe line was discontinued by the manufacturer. As a replacement,
ND-DYIRS probes from the same manufacturer were introduced. These are also full-
diamond probes with aluminum re
ex side coating, but feature a regular, four-sided
pyramid as a tip. The front, back and side angles are all 45° (see �gure 3.1b) and
the apex radius is also 15 nm in average and less than 50 nm. Spring constants were
determined to be between 45Nm and 60N

m . The cantilever dimensions for both probe
types are listed in table 3.2.

Table 3.2.: Cantilever geometry of the ND-DTIRS and ND-DYIRS full diamond probes.

designation length / � m width / � m thickness / � m shape

ND-DTIRS 120 33 3 rectangular
ND-DYIRS 135 33 3 rectangular

back angle
side angles

(a)
side angles

front   back
angle

(b)

Figure 3.1.: Sketch of (a) the tips used for imaging and (b) the ND-DYIRS tips used for
AFM-NI.

Calibration of cantilever spring constants

In order to measure forces with an AFM, the cantilever's springconstant k as well as
the optical lever sensitivity SOLS have to be determined precisely. The sensitivity is
the ratio between the signal at the diodeVP D and the cantilever's actual de
ectionzd
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3.1. AFM Instrumentation

VP D = SOLS � zd: (3.1)

It is calibrated by pressing the cantilever on a hard substrate and recordingVP D

as a function of the piezo movementz. If the substrate does not deform, this is a
straight line and, obviously, z = zd. Plotting VP D versuszd and measuring the slope
yields directly SOLS . Note that this method implies a calibratedz-piezo or an active
z-sensor, otherwise the de
ectionzd cannot be determined. In this work, a silicon
wafer with native oxide was used as the hard substrate. To verify if a silicon wafer is
appropriate, the calibration ofSOLS has been cross-checked on a diamond coated fused
silica substrate where no di�erence was detectable. Note that in the Asylum Research
software, the inverse optical lever sensitivitySiOLS = S� 1

OLS is calibrated.
The spring constant can be determined afterSOLS is known using the thermal sweep

method [73]. This procedure is a built-in function of the Asylum Research MFP-3D's
software.

3.1.2. Controlled relative humidity

To control relative humidity inside the 
uid cell, the setup presented schematically in
�gure 3.2 is employed. A 
ow of dry nitrogen is divided into two lines with adjustable

ow rates. One line is kept dry, whereas the other one is lead through a bubbler where
the nitrogen is saturated with water (' r = 1). Since the bubbler is { due to the fact
that water is evaporated { most likely the coldest spot in thesystem,' r of the humid
line will decrease below 1 outside the bubbler. Heating the bubbler by two 3 W PTC
heating foils (thermo Technologies, Germany) above room temperature, ensures that
' r cannot drop below its initial value. This is a direct consequence of equations 2.17
and 2.18.

After the bubbler, the dry and saturated nitrogen lines are merged together, leading
to a mixture with a water content according to the 
ow rates ofthe two lines. Before
the 
uid cell, a bu�er volume is located which absorbs 
uctuations in relative humidity.
This is necessary, since the 
uid cell has a volume of only 10 m`. Since temperatures
of up to 32‰ are observed in the 
uid cell, the bu�er as well as the tubes between
bubbler and 
uid cell are also heated. This, however, is realized with a HST III heating
wire (Carl Roth, Germany), operated at a power of� 50 W. Separate heating circuits
for bu�er and bubbler result in a high 
exibility in the tempe rature pro�le and allow to
reach very high relative humidities in the 
uid cell. For example, without heating the
bu�er, the maximum ' r was� 0.8, whereas by heating it, a relative humidity of up to
' r = 0:95 can be generated inside the 
uid cell. Note that at' r = 0:95 a temperature
decrease from 30‰ to 29:11‰ results already in condensation. Condensation inside
the 
uid cell can be a problem, since the sample will then be subject to bulk water and
not only humid air. Also, the humidity sensor might be coveredwith water droplets,
causing short-circuits, false readings, and { in the worst case { permanent damage to
the sensor.

For the bubbler as well as the bu�er, 500 m̀ DURAN glass gas-washing bottles (Carl

29



3. Experimental
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Figure 3.2.: Setup to control relative humidity within the AFM's 
uid cell as (a) a schematical
representation, (b) a photograph of the actual setup, and (c) the sample mounted
in the 
uid cell, including the humidity sensor.

Roth, Germany) were used. The connection tubes are transparent Rotilabo PVC tubes
with a diameter of 10 mm (Carl Roth, Germany). The 
ow meters to regulate and
monitor the nitrogen are acrylic Omega FL 4213 rotameters (Stamford, CT). Sensirion
SHT 21 humidity sensors (Staefa, Switzerland) are positionedinside the 
uid cell as
well as the bu�er. The sensors record the relative humidity with a tolerance of � 0.03
in the ' r interval [0:2; 0:8] which increases linearly to 0.05 until' r = 0.0 and ' r =
1.0. Additionally, the temperature is recorded with a maximum tolerance of 0:4‰
between 5‰ and 60‰. During the course of an experiment, the SHT 21 sensor in the

uid cell is constantly logging data, whereas the sensor in the bu�er, is used only for
troubleshooting purposes. Note that the thickness of the printed circuit board on which
the sensor is mounted had to be reduced by approximately 50 %,so it would �t into
the 
uid cell.
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3.1. AFM Instrumentation

3.1.3. Fluid cell

For AFM measurements in water as well as experiments under controlled relative hu-
midity, an Asylum Research 
uid cell was employed. The setup to control relative
humidity requires in- and outlets for nitrogen and connections to the humidity sensor.
Therefore the 
uid cell body drawn in �gure 3.3a was used in a closed con�guration,
in order to establish a stable environment. The cell's interior was sealed completely
(�gure 3.3c), allowing only the passing of the controlled nitrogen 
ow through the open
ports.

ports

(a) (b)

membrane cantilever holder

cantilever
sample

��uid cell body

(c)

after approach

before approach

water drop

(d)

Figure 3.3.: Schematic of (a) the 
uid cell body with connection ports and (b) the body
without ports. Both bodies can be operated in (c) the closed and (d) theopen
con�guration.

Samples completely submerged in water were investigated using the portless 
uid
cell body, presented in �gure 3.3b. The reason for that is that the lack of ports and any
additional openings reduces the risk of water leaking from the cell. To permit a large
range of movement and to allow easy access to the sample, the open con�guration of the

uid cell was chosen for experiments in water. Only a drop of water with a diameter of
about 10 mm was added to the sample. After approaching with thecantilever, a water
meniscus between the sample and the cantilever holder will form and produce a stable
environment (see �gure 3.3d).
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3.2. AFM based nanoindentation

AFM based nanoindentation is carried out using the Asylum Research MFP-3D AFM.
First, the surface is scanned in tapping mode to locate su�ciently 
at regions. Then,
P - z plots were recorded in contact mode at a desired position. For all measurements,
the load schedule featured a hold time at maximum load and a second hold towards
the end of the unloading segment, as is presented in �gure 2.8. The parameters were
Pmax = 10 � N, j _Pj = 10 � N

s , th;c = 10 s, and th;t = 30 s.

3.2.1. Determination of the area function

The area functionA(z) of an indenter describes the projected area at a certain distance
z from the tip apex. A(z) is an essential input parameter for calculating hardnessH and
reduced modulusEr correctly, as is obvious from equations 2.4 and 2.7, respectively.
In classical NI, this function is usually calibrated by indenting into a material with
varying indentation depths [36]. In AFM-NI, however, a direct imaging of the indenter's
geometry is easily achieved by scanning the tip across a gridwith sharp spikes, a so-
called tip characterizer. If the opening angle of the spikesis less than the indenter's
opening angle, the indenter is imaged, as is drawn schematically in �gure 3.4. This
is commonly known astip-sample dilation [74] and is sometimes misleadingly called
convolution.

sharp spike

AFM
tip

sample

resulting image

Figure 3.4.: The principle of tip-sample dilation. If the opening angle of the sharpspike is
lower than the one of the tip, the resulting image will actually represent the tip.

To image the tip, the commercially available TGT01 calibration grid (NT-MDT,
Moscow, Russia) was employed. On this grid, spikes with an opening angle of 30� and
a tip radius of 10 nm are arranged periodically. Scanning this grid yields already good
representations of the indenter. To improve the result evenmore, the obtained image
is erodedwith the modeled spike geometry (24-sided pyramid with an opening angle of
30° and an apex radius of 10 nm) using Gwyddion's built in functions. Erosion, in this
case, denotes the inverse operation of dilation and is similarly miscalleddeconvolution.
Now, the area function is calculated by intersecting a horizontal plane with the tip
geometry at any distancez from the apex (see �gure 3.5a) and counting the pixels
within the intersection. Since the physical dimensions of one pixel are known,A(z) is
the direct result and displayed in �gure 3.5b. This procedure will henceforth be called
the dilation method, according to the principle of which the tip's geometry is recorded.
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3.2. AFM based nanoindentation

A script for Gwyddion was written to extract the area function from the eroded AFM
image and is presented in listing A.1 in appendix A.

In the remaining part of this subsection, the area function of an ideal pyramid is
derived and compared to experimentally observed data. The purpose is to �nd a model
that can be used to reliably �t the area function in an automated evaluation procedure.
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Figure 3.5.: (a) A 3D representation of the 4-sided pyramid tip (ND-DYIRS) and (b) its
corresponding area function. The areas represented by quadrilaterals in (a)
correspond to the circles with the respective color in (b). A �nit e tip apex is
emphasized by the inset in (a).

Area function of a tilted ideal four-sided pyramid

By assuming that the tip is an ideal, regular four-sided pyramid with a square base,
a half opening angle� and tilted by the angle 
 , its area function can be calculated
analytically. A sketch of such a tip at the end of a cantileveris presented in �gure 3.6a.
Due to the tilt, the tip becomes asymmetric (with respect to the surface) with a front
opening angle of� + 
 and a back opening angle of� � 
 . The area is then a trapezoid,
with side lengthsc, d and height e, as is drawn in �gure 3.6b. Dividing the tip's side
view into two regions which form right-angled triangles with the adjacent legz. e is
then equal to the sume = a + b, with a, b being the respective opposite legs (see
�gure 3.6b). Then,

a = z tan(� + 
 );

b= z tan(� � 
 );

e = a + b= z [tan(� + 
 ) + tan( � � 
 )] :

(3.2)

To obtain the side lengthsc and d, one can consider them as part of squares with
respective side lengths, when
 = 0° and zi = si cos(� ), i 2 f 1; 2g. In this case, the
front, back, and side angles are all� and
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c = 2s1 sin(� );

d = 2s2 sin(� ):
(3.3)

By using

s1 =
z

cos(� + 
 )
;

s2 =
z

cos(� � 
 )
;

(3.4)

equations 3.3 read

c =
2z sin�

cos(� + 
 )
;

d =
2z sin�

cos(� � 
 )
:

(3.5)

Then, since the areaA of the trapezoid is obviouslyA = 1
2e(c + d) (right side of

�gure 3.6b), the area function is

A(z) = z2 [tan(� + 
 ) + tan( � � 
 )] sin(� )
�

1
cos(� + 
 )

+
1

cos(� � 
 )

�
: (3.6)
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Figure 3.6.: A cantilever with a pyramidal tip. (a) The cantilever is tilted by 
 in the AFM.
(b) Geometry of a tilted pyramidal tip.

Evaluating equation 3.6 for� = 45° and 
 = 11° { values speci�ed by the manufac-
turers of the tip and the AFM { yields

A(z) = 4 :5675z2: (3.7)

Here, it was assumed that
 , does not depend on the cantilever's de
ectionzd. This
is justi�ed when the cantilever length l � zd. In this work, the maximum load Pmax =
10� N resulted in a de
ection of zd � 200 nm, by assuming a spring constant ofk �
50 N

m . For a cantilever lengthl of 135� m, it is true that l � zd and the de
ection would
change
 by approximately 0:1°. Thus, it is save to assume that
 is a constant.

34



3.2. AFM based nanoindentation

Area function of a tilted pyramid obtained by the dilation method

According to equation 3.7, the area function is a parabola of the form A(z) = C(t )
2 z2,

with the superscript (t) referring to a theoretically obtained value. However, determin-
ing A(z) of ND-DYIRS tips experimentally, using the dilation method,a function that
is best �tted by the model

A(z) = C(e)
1 z + C(e)

2 z2 + C(e)
3 z3 (3.8)

is obtained, with (e) marking experimentally obtained parameters. By evaluating
53 area functions of all together 14 tips of the same type, thecoe�cients amount to
C(e)

1 = (248 � 98) nm, C(e)
2 = 2:49� 0:36, andC(e)

3 = (2 :64� 10� 4 � 1:02� 10� 3) nm� 1.
The cubic term can be viewed as a correction for non-ideal tipgeometries and is not
discussed further. Nonetheless, theory and experiment do not coincide with each other.
First, the theory predicts only a quadratic function, whereas in practice an additional
linear term is observed. And secondly, the coe�cients for theparabolic part of the
theoretical and experimental area functionsC(t )

2 and C(e)
2 , respectively, di�er strongly

from each other.
A likely explanation for the linear term is that the pyramid is not perfect and has char-

acteristics of a paraboloid of rotation. It is likely to be anartifact from the manufactur-
ing process. A paraboloid of rotation has an area function ofthe form A(z) = C(para )

1 z
and would thus explain the linear term.

The di�erence in C(t )
2 and C(e)

2 arises from the fact that the front, back, and side
angles of the pyramidal tip are not 45° as is speci�ed. Instead, it was found that
� = 37:2° � 0:6°. The tilt angle 
 could be obtained from the tip asymmetry (compare
�gure 3.6b) and amounted to 
 = 10:8° � 0:5°, which is as speci�ed. Note that the
tips were all characterized with a closed-loop scan and a calibrated z-piezo. Hence, the
determined angles are expected to be correct. By using the experimentally determined
� , equation 3.6 yields the coe�cientC(t )

2 = 2:55, a value very close toC(e)
2 = 2:49� 0:36.

In �gure 3.7a, a comparison between the area functions of pyramids with 45°, 37:2°,
and equation 3.8 is presented. While the measured angle of 37:2° used in equation 3.6
is closer to the experimentally obtainedA(z), it still deviates signi�cantly. The model,
presented in equation 3.8, �ts the area function perfectly for indentation depths larger
than 100 nm. However, for indentation depths lower than 100 nm, the �t deviates
signi�cantly from the experiment. To quantify this deviation, the relative �t error er;f it

is calculated by

er;f it =
Aexp � A f it

Aexp
� 100 %: (3.9)

Aexp and A f it from equation 3.9, denote the experimentally obtained and �tted area
function, respectively. It is observed that an error of up to20 % is introduced when the
indentation depth is between 40 nm and 100 nm. The relative error of the �t displayed
in �gure 3.7a is given in �gure 3.7b, where an error of approximately 13 % is present
at an indentation depth of 40 nm. These deviations at low indentation depths are due
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to the fact that the tip apex is not pyramidal but usually rounded, as is shown in the
inset of �gure 3.5a.
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Figure 3.7.: (a) Comparison of theoretically obtained area functions (blue and red), a�t
according to equation 3.8 (black line), and the experimentally obtained value
(black circles). (b) Relative error of the �t according to equation 3.9.

To counter the e�ects of a �nite tip apex, the �rst 100 nm are �t ted separately by
equation 3.8. This ensures that the �t error is kept low, evenfor indentation depths of
only 30 nm. Large errors below that are of no concern, since the minimal indentation
depth observed was around 40 nm. In �gure 3.8a, a �t of the �rst100 nm is compared
to a �t of the whole data set. In conjunction with the respective �t errors presented
in �gure 3.8b, it is made clear that a separate �t of the �rst 100 nm yields improved
results.
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Figure 3.8.: (a) A �t of the �rst 100 nm (black line) is compared to a �t of the whole data
set (red line). (b) The relative �t errors of the respective �ts i n (a).
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3.2. AFM based nanoindentation

Area function from SEM images

While it is in principle possible to image a tip with scanning electron microscopy (SEM),
it is not a preferred method. One reason is that using SEM is time consuming. The
tip has to be introduced into the SEM system, imaged at di�erent angles at a high
enough resolution, and then transferred back to the AFM system. Any additional step,
where the AFM probe is handled manually increases the risk of breaking it. When
using the dilation method, only the sample has to be replacedby a characterization
grid and scanned subsequently. However, the most important reason, why the use of
SEM to collect an indenter's area function is discouraged isthe linear term in equa-
tion 3.8. While it is perfectly possible, it would be practically unfeasible to generate
a 3D image out of a series of SEM scans. The e�ort of measurement and evaluation
would simply be too high for a characterization which shouldbe carried out before
the start of every experiment. Additionally, there are the resolution limits of SEM
which come into account when the �rst 100 nm of the tip are of interest. Therefore,
instead of reconstructing the entire tip, one would measurethe angles of the tip's side
planes. From this, it is possible to derive an analytical expression for the area func-
tion by considering the tip geometry, similar to, e.g., equation 3.6. The problem of
this approach was already discussed: While the theoretical area function is described
by a purely parabolic relation, a linear term is introduced in the experimental area
functions by imperfections such as curve side faces or a tip apex with a �nite radius.
Obviously, the linear term of A(z) will become negligible at high indentation depths.
For the four-sided pyramidal tips (ND-DYIRS) considered above, this would mean an
indentation depth of approximately 1:6� m is necessary for the linear term to be less
than 5 % of the total area. Since most of the indentations werebetween 40 nm (dry
cellulose) and 500 nm (highly swollen cellulose), the linear term of equation 3.8 could
never be neglected.

Instead of measuring the angles of the tip's side planes froman SEM image, a method
was proposed [37] where the widths of the side planes are measured and used to calculate
the area at di�erent heights. Then, the data are �tted with a second order polynom.
This method will most likely yield better results than calculating the area function
from the measured angles, however, it su�ers the same shortcomings for low indentation
depths. Therefore, here the dilation method was chosen to characterize the tip shape
for AFM-NI.

3.2.2. Tip cleaning

While performing indentations, the tip might pick up loose nanoscale debris from the
surface under investigation. In fact, this should be a dynamic process of picking up
and losing contaminations during the progress of the experiment. It can hardly be
avoided but seems of minor concern during indentation, since no degenerative change
in hardness or reduced modulus was observed. However, if the tip is used again, the
determination of its area functionAc(x) (see subsection 3.2.1) will be disturbed by the
debris attached to the tip. In �gure 3.9a, a contaminated tipafter a series of indents
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is displayed. The easiest way to clean such a contaminated tip is to indent it into an
epoxy layer with a thickness of at least several hundred micrometer. This layer was
prepared by placing a drop of two component epoxy glue (UHU Endfest 300) on a steel
plate with a diameter of 18 mm, covering most of the plate's surface. The material was
then cured at 100‰ for approximately 10 min in an oven. Performing indents on the
epoxy surface while the cantilever is excited at its resonance frequency and repeating
this at three to �ve di�erent spots leads to a perfectly cleantip, as is presented in
�gure 3.9b.
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Figure 3.9.: Contaminated (a) and cleaned (b) full diamond tip.

Initially, the cleaning procedure was performed on microtome cross-sections of vis-
cose �bers as well as of paper sheets. Viscose �ber cross-sections are approximately
circular with a diameter of 20� m to 30� m and provide, therefore, only a very limited
usable area. On paper sheet cross-sections, only the cell walls of the individual �bers
can be used to clean the tip, since the gaps between the �bers as well as their lumina
are either empty or �lled with debris from microtome cutting. Therefore, AFM topog-
raphy scans preceding the actual cleaning procedure were necessary in both cases. The
epoxy surfaces, as prepared like mentioned above, on the other hand, are very smooth,
homogeneous, and free of debris. No AFM scans prior to the indents are needed, which
reduces the time of the cleaning procedure from typically several hours to about half
of an hour.

3.2.3. Measurement and evaluation procedure

Measurement procedure

By applying the experimental methods outlined in this chapter, AFM-NI can be per-
formed. The detailed procedure is summarized in the following.

1. Determine the spring constant of the cantilever according to subsection 3.1.1.

2. Image the tip shape using the dilation method, as described in subsection 3.2.1.
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3.2. AFM based nanoindentation

3. Clean the tip by indenting into cured epoxy resin (see subsection 3.2.2) if necessary
and image the tip again. Repeat this step until the tip is completely cleaned.

4. Scan the sample's surface in intermittent contact mode and �nd a suitable place
to indent.

5. Set up a load schedule and indent into the surface.

6. Scan the surface again to verify if residual imprints are visible.

7. Move to a di�erent position and start again from step 4.

Evaluation procedure

After P - z plots were recorded according to the measurement proceduredescribed
above, an evaluation in compliance with the theory presented in section 2.3 is car-
ried out. A step-by-step indication of how the mechanical parameters H and Er are
extracted follows.

1. Subtract the cantilever's de
ection zd from z to get the indentation depth zi

according to equation 2.16.

2. Determine the thermal drift rate _zt by �tting a line to the holding segment towards
the end of the unloading part.

3. Subtract the thermal drift from z, according to equation 2.11.

4. Find the end of the loading segment and extract the holding part at Pmax .

5. Identify the creep rate at the end of the holding timeth;c by �tting equation 2.12
to this segment.

6. Find the unloading part and �t it with the model presented in equation 2.15 and
calculateS.

7. Correct S according to equation 2.13 and obtainS� .

8. Calculate the contact depthzc with equation 2.14.

9. Determine the area functionA(z) by �tting the experimentally determined data
with equation 3.8.

10. Calculate the hardnessH and the reduced modulusEr according to equations 2.4
and 2.7, respectively.

All values of H and Er presented in this work were evaluated using this procedure.
To allow the analysis of a large amount of data, an Octave [75]script was designed (see
listing A.2 in appendix A) which implements these steps.
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3.2.4. Comparison to results of classical NI

To check if AFM-NI with the procedure outlined in this section does yield meaningful
results, a comparison to literature values [76] was performed. For this purpose, viscose
�bers (Kelheim Fibres GmbH, Kelheim, Germany) were embedded in epoxy resin and
microtome cut to access their cross-sections. Then,H and Er were determined by
using a three-sided pyramid as well as a four-sided pyramid as indenters. The results
are presented in table 3.3. Apparently the tip shape has a signi�cant in
uence on H
and Er , which is true for the AFM-NI values as well as the ones obtained by NI. While
the results from AFM-NI do not completely coincide with the results from NI, they
are undoubtedly in a close range. Considering the di�erencein tip geometries and the
fact that �bers investigated by NI are from a di�erent producer, this is a remarkable
�nding and proves the usefulness of AFM-NI for soft materials.

Table 3.3.: Comparison of AFM-NI results obtained from viscose �ber cross-sections with
literature values.

Source Tip geometry Fiber producer H / MPa Er / GPa indents

this work� 3-sided pyramid Kelheim Fibres 160� 16 7.8� 1.3 24
this work 4-sided pyramid Kelheim Fibres 239� 8 12.6� 2.1 15
[76] Berkovich Lenzing � 230 � 10 3
[76] cube-corner Lenzing � 350 � 6.5 5
� published in [38]

3.3. Samples

3.3.1. Amorphous cellulose �lms

Amorphous cellulose �lms were used as model systems, to simulate pure cellulose sur-
faces. The �lms were produced at Graz University of Technology by spin coating silicon
wafers with a 20g

` solutions of trimethylsilyl cellulose (TMSC) in toluene. Subsequently,
the TMSC �lm was exposed to a vaporous 10 % hydrochloric acid (HCl) solution for
3 min, which transforms TMSC into cellulose [77]. This process is repeated four times
to create a �lm with a thickness { determined by re
ection-absorption infrared spec-
troscopy [78] { of 315 nm� 75 nm [38,79].

The same method was used to prepare �lms for topographical investigations as well
as AFM-NI. Additionally, cellulose �lms with a single top layer of xylan were created
to simulate the presence of hemicelluloses. Both types of model �lms were investigated
in air, in water, and in a 0:1 mol

` CaCl2 solution. Those samples were allowed to swell
in the respective liquid for 4 h to 6 h [38,79].
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3.3.2. Pulp �bers

The investigated pulp �bers were bleached and unbleached, unre�ned, industrial kraft
pulp �bers. This pulp is a mixture of spruce and pine �bers with a diameter between
20� m and 30� m and a length of approximately 3 mm to 5 mm. All samples arrived
as never-dried pulp and were stored in a refrigerator to keepthem in their initial state
and to inhibit the growth of mold on the samples. For topographical investigations,
the �bers were placed on a piece of a silicon (001) wafer on topof a steel sample holder
and glued at their ends with nail polish. The silicon substrate was scratched randomly
to provide an orientation aid (see �gure 3.10a). Nail polish was favored before adhesive
tape, since measurements were carried out also at high relative humidities of up to
80 %. At such high humidities it is likely that the tape would lose its adhesive power
and the �ber would not be �xed securely.

steel sample holder

nail polish

pulp �� ber silicon substrate

random
scratches

(a)

nail polish
pulp �� ber

(b)

nail polish water droplet pulp �� ber

(c)

Figure 3.10.: Schematical illustration of the preparation of (a) pulp �bers for topographi cal
investigations, (b) dried pulp �bers for AFM-NI, and (c) never-drie d pulp �bers
for AFM-NI.

Pulp �bers for AFM-NI measurements were placed on top of a drop ofuncured
nail polish to ensure that the �bers cannot move vertically during indentation, as is
presented schematically in �gure 3.10b. Then the nail polish was left to cure at room
temperature for at least 12 h. If a �ber had to be investigatedin its never-dried state,
a sequence of preparation steps as indicated in �gure 3.10c was employed. First, small
water droplets were placed outside the nail polish, withouttouching it. The pulp �ber
was then placed on the nail polish in such a way that its ends were sticking into the
water droplets, as drawn in �gure 3.10c. It was found that thebest �xation of the �bers
is achieved when the nail polish could cure for several minutes in air before placing the
whole sample in distilled water. Nail polish will then also cure in water within 12 h,
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which was the time the �bers were stored in the water to ensurecomplete swelling.

3.3.3. Viscose �bers

Two di�erent types of viscose �bers were investigated: classical or regular viscose with
a typical diameter of 20� m and �bers with a rectangular cross-section, 200� m wide
and 5� m thick. All �bers had been already cut to a length of 4 mm by the supplier,
Kelheim Fibres GmbH (Kelheim, Germany). The samples are sketched in �gure 3.11.
Classical viscose �bers feature a cross-section which can be described as cloud-shaped
(�gure 3.11a). The 
at rectangular viscose �bers exhibit smooth surfaces with shallow
trenches running along their longitudinal direction (�gure 3.11b). In order to study
the tunability of the �bers' swelling behavior, modi�ed samples of each �ber type were
prepared by Kelheim Fibres GmbH. Two common additives were chosen, and directly
added to the viscose dope. Carboxymethyl cellulose (CMC) was used to obtain anionic
�bers and cationic starch (CS) yielded cationic �bers. A complete list of samples
including the amount of additives is presented in table 3.4.

Table 3.4.: Sample designations and amount of modi�cations present in the viscose �ber
samples. The amounts of COOH- and N-groups correlate to the amount of CMC
and CS, respectively. The values were determined by titration [23].

sample �ber modi�cation COOH N
designation type type % w/w % w/w

cRF

classical

none 0.77 -

cAF1
anionic

2.60 -
cAF2 3.78 -

cCF1
cationic

- 0.26
cCF2 - 0.13

rRF

rectangular

none 0.52 -
rAF anionic 2.54 -
rCF cationic - 0.25
rACF an./cat. 1.42 0.31

For AFM-NI investigations in air or in a controlled humidity environment, viscose
�ber samples were prepared in the same way as dried pulp �bers. Classical viscose
samples could also be prepared in this way for characterization in their fully swollen
state in water. However, the rectangular �bers had to be prepared in compliance
with the method developed for never-dried pulp �ber samples. When the �bers with
rectangular cross-sections were glued in their dry state and then placed in water to
swell, they would always detach from the nail polish surface. It is possible that due to
their large width, they do not sink into the nail polish but merely adhere to its surface.
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During swelling, they expand laterally and shear o� from thenail polish and detach.
All samples characterized in their fully swollen state were stored in distilled water for
at least 12 h before AFM-NI characterization.

(a) (b)

Figure 3.11.: Schematic representation of (a) classical viscose �bers and (b) 
at and rectan-
gular viscose �bers.
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4. Results

4.1. Roughness characterization of cellulose �lms

Two amorphous cellulose �lms were prepared as model systemsfor �ber-�ber bonds.
Both �lms were �rst investigated in their pristine state by AFM topography scans,
then they were swollen in distilled water and pressed together at a pressure of 10 kPa
to form a bond. After that, the �lms were glued to the upper and lower cylinder of a
tensile tester with double-sided adhesive tape. By moving one of the cylinders, a load
was applied until the bond was ruptured. Subsequently, another characterization of the
�lms' surfaces by AFM was carried out. The preparation of the cellulose �lms as well
as their bonding and rupturing were performed by S. Rohm at the Institute of Solid
State Physics of Graz University of Technology [79].

In both cases, a comprehensive roughness analysis was performed to describe the
samples' morphology and is the subject of the present work. To extract � , � , and �
from the HHCFs, equation 2.46 was �tted to the experimental datausing a Levenberg-
Marquardt algorithm [80,81].

4.1.1. Pristine �lms

Pristine amorphous cellulose �lms were prepared accordingto subsection 3.3.1 and
investigated directly after their production. In the optical microscope attached to the
AFM, the �lms appear to have thickness 
uctuations on a large lateral scale of several
hundred micrometers as is displayed in �gure 4.1. These thickness 
uctuations lead to
di�erent colors due to interference of the white light used for illumination.

(a) (b)

Figure 4.1.: Optical image of the cellulose �lm during AFM imaging with (a) width of ap-
proximately 1 mm and (b) 300� m.
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Figure 4.1b reveals that even the smaller patches of di�erentheight extend later-
ally for several tens of micrometers. Since the maximum scansize of the AFM is
90� m � 90� m, the larger patches cannot be fully analyzed using HHCF. Therefore,
the focus is on smaller features which are around 10� m, at largest. Such structures
are revealed by AFM topography scans recorded in tapping mode and are observed on
both cellulose �lms. 60� m � 60� m images of cellulose �lms one and two are presented
in �gures 4.2a and 4.2c.

(a) (b)

(c) (d)

Figure 4.2.: AFM topography of cellulose �lm 1 (a) 60 � m � 60� m image, z-scale: 250 nm
and (b) 2 � m � 2� m image, z-scale: 35 nm as well as of cellulose �lm 2 (c)
60� m � 60� m, z-scale: 250 nm and (d) 2� m � 2� m, z-scale: 35 nm.

Obviously, both samples exhibit a very similar surface morphology down to 2� m � 2� m,
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as is seen by comparing �gures 4.2b and 4.2d. The most noticeable features on the large
scale scans are round hills with a diameter of several micrometers and a height between
200 nm and 500 nm.

Before applying the theory of self-a�ne random rough surfaces { outlined in subsec-
tion 2.5.3 { to analyze the �lms' surfaces, the scaling behavior of the RMS roughness�
was investigated. If� is related to the observation lengthL according to equation 2.43,
self-a�nity can be assumed. The randomness of the surface isalready visible from
�gure 4.2, where no periodic features are observed. Figure 4.3 displays the scaling of�
in a linear and a logarithmic scale. From �gure 4.3a, the cut-o� length � c is identi�ed at
around 30� m, whereas the Hurst parameter� is extracted from the slope of the linear
part from �gure 4.3b by a linear least squares �t. It was foundthat � = 0:82 � 0:07.
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Figure 4.3.: The scaling behavior of cellulose �lm 1 visualized with (a) a linear scale and (b)
a logarithmic scale. The �t in (b) determines C1 to be 0:88 � 0:18 and � as
0:82 � 0:07.

The 1D-HHCF of 60� m � 60� m AFM topography images, calculated according to
equation 2.25, were found to be in good agreement with the model for self-a�ne random
rough surfaces from equation 2.46. This is visualized in �gures 4.4a and 4.4b for cellulose
�lm number one and two, respectively.

The resulting � , � , and � data obtained from analyzing AFM scans on several length
scales are listed in table 4.1. At scan sizes above 30� m � 30� m, all parameters become
approximately constant. The RMS roughness� is around 30 nm, the lateral correlation
length � is approximately 1� m, and the Hurst parameter� is about 0.85. Note that
� from the RMS scaling (�gure 4.3) is 0.82, which is in good agreement and further
supports the assumption of the cellulose �lms being self-a�ne random rough surfaces
with a cut-o�.

It is noteworthy that �gure 4.3 features further scan sizes besides the ones listed
in table 4.1. In order to increase the number of data points, all images were divided
into four quarters and � was calculated for these images, too. Table 4.1 does not
include these values, since they would be obtained from images with a resolution of
only 512� 512 px.
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Figure 4.4.: Height-height correlation functions and their �ts obtained from 60 � m � 60� m
AFM topography images recorded on (a) cellulose �lm 1 and (b) cellulose �lm 2.

Table 4.1.: Roughness parameters� , � , and � of pristine cellulose �lms from di�erent scan
sizes. All analyzed images were recorded with a resolution of 1024� 1024 px.

scan side �lm 1 �lm 2
length � / nm � / nm � / 1 � / nm � / nm � / 1

60� m 31.2� 5.5 1130� 200 0.90� 0.05 31.3� 4.2 1130� 60 0.90� 0.05
50� m 39.0 1500 0.80 - - -
30� m 32.2� 0.8 1040� 70 0.85� 0.05 - - -
20� m 24.2 920 0.85 - - -
10� m 11.0� 3.6 620� 100 0.80� 0.15 - - -
2� m 4.5� 2.1 160� 130 0.60� 0.15 4.0� 0.8 90� 20 0.75� 0.05
1� m 2.8� 0.1 50� 5 0.80� 0.05 - - -

At length scales between 2� m and 10� m, the surfaces of amorphous cellulose �lms
appear to deviate from self-a�ne random rough surfaces witha cut-o�. In �gure 4.5,
a 10� m � 10� m and a 2� m � 2� m AFM topography scan are displayed with their
respective HHCFs. Both HHCF plots feature a distinctive kink, which is marked in
�gures 4.5c and 4.5d by arrows. Obviously, this fact does nothinder the determination
of � , whereas� and � can only be approximated. A possible explanation of the kink
could be that the surface is a superposition of two uncorrelated random rough surfaces
with di�erent parameters. This seems likely when observing�gure 4.5a. There, a �ne-
grained sub-structure is visible that resembles noise. A zoom of the surface is presented
in �gure 4.5b, where the small features { which lead to the noise-like appearance on
larger length scales { are resolved. In the following, a model based on equation 2.46
will be developed that allows the description of these surfaces.

Supposez(x) = z1(x) + z2(x) with z1; z2 2 R then, according to equation 2.20
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4.1. Roughness characterization of cellulose �lms

C(� ) =

1Z

�1

z(x) � z(x + � )dx =

1Z

�1

[z1(x) + z2(x)] � [z1(x + � ) + z2(x + � )]dx: (4.1)
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Figure 4.5.: 10� m � 10� m AFM topography image (a) z-scale: 150 nm and (b) 2� m � 2� m,
z-scale: 35 nm and (c), (d) the respective HHCFs. The inset in (c) isa magni�-
cation of the region where� � 300 nm.

By expanding [z1(x) + z2(x)] � [z1(x + � ) + z2(x + � )], the HHCF becomes a sum of
four integrals
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C(� ) =

1Z

�1

z1(x) � z1(x + � )dx +

1Z

�1

z1(x) � z2(x + � )dx +

+

1Z

�1

z2(x) � z1(x + � )dx +

1Z

�1

z2(x) � z2(x + � )dx

(4.2)

which represent, according to equations 2.19 and 2.20 HHCFs (ACovFs) and CCovFs

C(� ) = C1(� ) + C12(� ) + C21(� ) + C2(� ): (4.3)

If z1(x) and z2(x) are uncorrelated, thenC12(� ) = C21(� ) = 0 and C(� ) is a super-
position of the individual HHCFs

C(� ) = C1(� ) + C2(� ): (4.4)

An appropriate description of the surface could then be obtained by

C(� ) = � 2
1e�

�
j � j
� 1

� 2� 1

+ � 2
2e�

�
j � j
� 2

� 2� 2

(4.5)

if z1(x) and z2(x) are self-a�ne and random rough with a cut-o�. The square of the
overall RMS roughness is obviously� 2 = C(0) = C1(0) + C2(0) = � 2

1 + � 2
2. Note that

this would be a non-linear �t with six parameters, which is not guaranteed to converge.
By expressing, e.g.,� 2

2 as � 2
2 = � 2 � � 2

1 and �xating � 2 = C(0), the �t parameters are
reduced to �ve. If further the initial parameters are chosencorrectly, it is most likely
that a good �t is achieved.

Equation 4.4 was used by M. Tolan et al. as an ansatz to explainthe combined
roughness of polymer islands with capillary waves [82]. There, the surface was also
considered to be a superposition of two uncorrelated surface pro�les. However, it could
not be described as a self-a�ne random rough surface, hence,the reported correlation
function is di�erent from equation 4.5.

For comparison, the HHCF plots from �gure 4.5 are �tted with equation 4.5 and
presented in �gure 4.6. Evidently, equation 4.5 describes these HHCFs much better
than the usual approach for self-a�ne random rough surfaces(equation 2.46).

Evaluating all 10� m � 10� m and 2� m � 2� m images using equation 4.5, yields the
results presented in table 4.2. The overall RMS roughness� is similar to the one listed
in table 4.1, which is as expected. Splitting� , � , and � into two sets for each sur-
face, reveals that parameters with indexi = 1 compare well for 10� m � 10� m and
2� m � 2� m images, whereas the parameters withi = 2 di�er between scan sizes. In
other words, � 2 and � 2 scale with the scan size, whereas� 1 and � 1 do not. Addition-
ally, � 1 and � 1 are always smaller than� 2 and � 2. This leads to the conclusion that
the parameters with i = 1 describe the �ne-grained, noise-like structures observed in
�gure 4.5a, whereas the parameters withi = 2 correspond to the smooth large scale
background.
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Figure 4.6.: HHCF plots of the (a) 10 � m � 10� m and (b) 2 � m � 2� m AFM topography
scans, presented in �gure 4.5 and �tted with equation 4.5. The inset in (a) is a
magni�cation of the region where � � 300 nm.

A likely explanation for this kind of surface structures is that the background is
de�ned by the substrate's properties and/or defects induced during the spin-coating
process. Such defects could be air bubbles or dust particlesincorporated at the interface
between the substrate and the cellulose �lm. The �ne-grained structures would then
be a result of the actual conformation of the cellulose surface.

Table 4.2.: Results of a roughness analysis of both cellulose �lms according to equation 4.5,
presented as average values with standard deviations.

scan side �
i

� i � i � i

length nm nm nm 1

10� m 11.0� 3.6
1 2.5� 0.3 50� 10 0.80� 0.10
2 10.7� 3.7 660� 140 0.90� 0.05

2� m 4.4� 1.6
1 2.6� 0.1 40� 5 0.80� 0.05
2 3.4� 1.9 260� 60 0.95� 0.05

4.1.2. Films after rupture

After the �lms were ruptured, a change in morphology was observed, see �gure 4.7a
for comparison. Now, holes dominate the surface instead of hills, and the overall ap-
pearance is more smooth. A possible explanation for this change in morphology is that
the hills were actually bubbles which imploded while pressing the two �lms together.
On 2� m � 2� m AFM topography images, a �ne structure of worm-like features is ob-
served, as is displayed in �gure 4.7b. This is similar to the pristine �lms, however the
features on the ruptured �lms are �ner and the surface is muchsmoother.
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(a) (b)

Figure 4.7.: AFM topography of a cellulose �lm after it has been ruptured (a) 60 � m � 60� m,
z-scale: 250 nm and (b) 2� m � 2� m, z-scale: 20 nm. The square in (a) indicates
the position, where (b) was recorded.

From the pristine �lms, it could be concluded that both surfaces are identical. The
same is true for the ruptured �lms which are, therefore, not distinguished from each
other in the presentation of the results. The roughness analysis revealed that the rup-
tured �lms' surfaces are best described by two parameter sets of � , � , and � , according
to equation 4.5 even at an image size of 60� m � 60� m. In table 4.3, the results of
the roughness analysis obtained on 60� m � 60� m and 2� m � 2� m images are listed.
Compared to the pristine �lms, the overall RMS roughness� on images with 60� m
side length is smaller by a factor of more than 2. The lateral correlation lengths� 1 and
� 2 are respectively smaller and larger than the single� of the pristine �lms, whereas
the � i are approximately the same as� .

Table 4.3.: Results of the roughness analysis of both cellulose �lms after rupture, presented
as average values with standard deviations.

scan side �
i

� i � i � i

length nm nm nm 1

60� m 13.2� 2.1
1 11.3� 1.2 550� 60 0.80� 0.05
2 6.7� 2.4 3560� 570 0.95� 0.05

2� m 2.3� 0.6
1 1.0� 0.4 30� 20 0.70� 0.10
2 2.0� 0.7 190� 60 0.80� 0.15

How can one interpret these results: The fact that the surfaceof the ruptured �lms
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4.2. Mechanical properties of cellulose �lms

is isotropic and smoother than the pristine �lms suggests that the whole surface except
the holes was in molecular contact. It implies further that during bond formation {
which is performed after swelling the �lms in water { the surfaces become soft enough
to gain almost full contact when pressing the �lms together.

4.2. Mechanical properties of cellulose �lms

In the previous section, it was found that amorphous cellulose �lms possibly form a
high area in molecular contact when pressed together in the swollen state and dried
subsequently. Two rough surfaces can only conform to each other by deforming plasti-
cally and elastically { either due to the mechanical pressure or capillary pressure [83].
Both cases imply that the material's mechanical propertiesallow such deformations.
To determine how much cellulose �lms soften when they are swollen, AFM-NI was em-
ployed and the hardnessH as well as the reduced modulusEr were detected. Moreover,
possibilities to tune mechanical properties of swollen cellulose { by either modifying the
material or the swelling solution { were investigated.

Coating the cellulose �lm with xylan was used to change the material itself. Since
hemicelluloses are present on paper �bers as well, this modi�cation is a step towards
a more complex system. Furthermore, it was found that dimethyl sulfoxide (DMSO)
{ a solvent for xylan, which is used to spin coat xylan on the cellulose �lm { can be
kept incorporated into the material [84]. This turned out tobe an additional possibility
to change the material's properties and to in
uence the mechanical properties of the
swollen �lm.

The addition of salt to the swelling medium { distilled water{ was investigated as a
way to in
uence the swelling behavior of cellulose �lms externally. It has been known
for a long time that salts provide this possibility for cellulosic materials [85]. The
e�ect of swelling on the mechanical parameters of cellulose, however, has only been
investigated by quartz crystal microbalance and not by direct means, such as NI [86].
Common salts to be used for these studies are NaCl and CaCl2. Here, an aqueous
CaCl2 solution with a concentration of 0:1 mol

` was selected.
Figure 4.8 summarizes the results of AFM-NI on pure cellulose �lms in dry and

swollen states and presents exemplaryP - zi plots. AFM-NI performed on dry cellulose
�lms ( ' r = 0:45, # = 24 ‰) with three-sided pyramidal tips (ND-DTIRS) yielded a
hardnessH = 190 MPa and a reduced modulusEr = 6:3 GPa. The AFM topography
image displayed in �gure 4.8a shows residual imprints on a dry cellulose �lm surface. In
comparison, �gure 4.8b presents residual imprints on a fully swollen cellulose �lm. Both
images feature the same lateral scale. Hardness and reduced modulus of the swollen
�lm decreased to 6 MPa and 56� 10� 3 GPa, respectively.

Apparently, swelling of cellulose in distilled water leads to a decrease ofH by a factor
of 30 andEr by a factor of 100. This fact is emphasized by comparing the residual
imprints in �gures 4.8a and 4.8b, created with the same load schedule. Exemplary
P - zi plots of dry and swollen �lms are presented in �gure 4.8c. They clearly show
that swelling leads to an increase in indentation depth and adecrease in sti�ness, as is
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Figure 4.8.: 5 � m � 5 � m AFM topography of a (a) dry and (b) fully swollen cellulose �lm
after AFM-NI was performed. The z-scales are (a) 75 nm and (b) 50 nm. (c)
Exemplary P - zi plots of a dry (red) and a swollen (blue) cellulose �lm.

expected.
A summary ofH and Er from cellulose and xylan/cellulose �lms is listed in table 4.4

and visualized in �gure 4.9. Before interpreting these results, it should be noted that
the �lm thickness in the dry state is only � 300 nm. This low thickness has the e�ect
that the mechanical properties of the �lm might be in
uencedby the underlying hard
substrate. Pelegri and Huang performed �nite element simulations of soft thin �lms
on hard substrates and concluded that the hardness is not a�ected by the substrate.
However, the reduced modulus was found to be overestimated insuch a system [87].
Since all �lms have approximately the same thickness, this overestimation ofEr would
be the same for all �lms and is hence of no concern. Only when comparing the values
to other materials, it is important to note that Er values are higher than they would
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4.2. Mechanical properties of cellulose �lms

be in a bulk material.
The addition of xylan to the cellulose �lm leads to a decreaseof the dry �lm properties

as well as the ones of the swollen �lm. If CaCl2 is present in the swelling solution, pure
cellulose �lms will become harder and sti�er, whereas xylan/cellulose �lms will become
softer and more compliant compared to the ones swollen in pure, distilled water. The
largest decrease ofH (by a factor of 56) andEr (by a factor of 190) was found when
DMSO is still present in the �lm. Each of the di�erences in table 4.4 and �gure 4.9 are
signi�cant according to a Welch test [88] at a signi�cance level of 0.05. The Welch test
was preferred over the t-test since not all samples were frompopulations with equal
variances.

Table 4.4.: H and Er of cellulose �lms determined by AFM-NI. The last two columns ( rH

and rE ) are the ratios of H and Er with respect to the �rst line (pure cellulose
in air). These data were published in [38,79].

�lm medium H E r rH rE Nr. of
type MPa GPa 1 1 indents

air, ' r = 0:45 190� 24 6.3� 1.0 1.0 1.0 10
cellulose H2O (dist.) 6.0 � 0.3 (56� 2) � 10� 3 32 113 9

H2O (dist.) + CaCl 2 7.7� 0.5 (63� 3) � 10� 3 25 100 20

air, ' r = 0:49 150� 15 4.7� 1.0 1.3 1.3 29
cellulose H2O (dist.) 3.9 � 0.1 (46� 1) � 10� 3 49 137 10
+xylan H 2O (dist.) + CaCl 2 3.5� 0.1 (42� 1) � 10� 3 54 150 9

H2O (dist.) + DMSO 3.4 � 0.2 (33� 1) � 10� 3 56 191 10

The presence of pure water in cellulose and xylan/cellulose�lms always leads to a
reduction of H and Er compared to the dried state (see table 4.4). During swelling,
water will bind to the cellulose or hemicellulose and increase the mobility of the molecule
chains, yielding an easily deformable material [89]. Xylan/cellulose �lms are inherently
softer than cellulose �lms and it is, therefore, no surprisethat the same is also true for
fully swollen �lms.

To explain the behavior of cellulose and xylan in the presence of CaCl2, a model
developed by F. G. Donnan in 1911 to describe the swelling of hydrogels is applied.
This model views the hydrogel and the salt solution as two liquids separated by a semi-
permeable membrane. Charged groups of the hydrogel cannot penetrate the membrane
{ since they are �xed to the bulk { whereas small ions are able to move freely. This
theory is known as the Donnan theory [90] and was successfully applied to pulp �bers
[85]. In this model, the increased swelling of xylan/cellulose �lms in a salt solution is
then caused by osmotic pressure. Xylan exhibits acidic (COOH)groups which attract
the metallic salt ions (Ca2+ ) and lead to an increased salt concentration inside the gel.
To equilibrate the concentration di�erence, a net 
ow of water into the xylan bulk is
generated due to osmotic pressure. Pure cellulose, on the other hand, has no acidic
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groups and the concentration of salt in the bulk is lower thanin the solution. Again, a
net movement of water caused by osmotic pressure is the result, however, in this case
water will 
ow out of the bulk and the cellulose will deswell [38].

The e�ect of DMSO on H and Er is also not surprising. DMSO is a solvent for
xylan that breaks the hydrogen bonds apart and, therefore, weakens the structure of
the �lm [84].
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Figure 4.9.: Mechanical properties of swollen cellulose and xylan/cellulose �lms presented as
(a) hardnessH and (b) reduced modulusEr determined by AFM-NI.

To test the e�ect of swelling on bond formation, cellulose �lms prepared the same way
as the ones listed in table 4.4 were made to form bonds. Subsequently, the bonds were
ruptured and the bond strength was detected. Again, the preparation, bonding, and
tensile testing of the cellulose �lms was performed at the Institute of Solid State Physics
of Graz University of Technology [79,84]. Hardness respectively reduced modulus seem
to correlate to the bond strength of cellulose �lms in such a way that low H and low Er

lead to a high bond strength. Figure 4.10 presents the measured bond strength plotted
versusH and Er to emphasize this correlation.
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Figure 4.10.: Bond strength of cellulose �lms plotted versus their (a) hardness and(b) re-
duced modulus. The bond strength data are taken from [79].

The average bond strength of xylan/cellulose �lms swollen in CaCl2 is by far the
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4.3. Mechanical properties of viscose �bers

highest of all samples, even though the �lms with DMSO are supposed to be softer
and more compliant. This large increase in bond strength is an indication of Coulomb
interactions, which are enabled by the Ca2+ ions from the swelling liquid. The fact
that pure cellulose �lms swollen in CaCl2 have the lowest bond strength, indicates
that in this case no Coulomb interactions are present, whichapparently need xylan to
establish [79].

4.3. Mechanical properties of viscose �bers

The description of mechanical properties of viscose �bers will start with the fully swollen
state in accordance with cellulose �lms from the previous section. A focus will be
set on possibilities to tune the swelling capability of viscose �bers by modifying the
raw material with additives. Furthermore, a clear relationbetween swelling as an
increase of physical dimensions and a decrease ofH and Er will be pointed out. Then,
a comprehensive study of the e�ect of relative humidity on viscose �bers' hardness
and modulus will be presented. For this purpose, classical viscose �bers without any
additives are used.

Both investigations aim to deepen the understanding of water uptake of cellulose
and its implications on mechanical properties and bond formation between two �bers.
The application of the results presented in the following are twofold. First, viscose
�bers are viewed as sophisticated model systems for paper �bers, allowing insights into
bonding mechanisms such as hydrogen bonding and Coulomb interactions. Second,
also industrial applications of viscose �bers { such as additives to paper { could pro�t
from these investigations.

4.3.1. Tuning hardness in the wet state

Classical viscose �bers as well as viscose �bers with a rectangular cross-section were
investigated by AFM-NI. The �bers were modi�ed by the supplier, Kelheim Fibres
GmbH, with additives (see table 3.4) to in
uence their swelling behavior, which was
characterized in a preceding study [23]. Two types of additives were used: CMC and
CS, which are anionic and cationic modi�cations, respectively. By producing single
viscose �ber-�ber bonds, it was found by F. Weber et al. that increased swelling is
indeed bene�cial and leads to stronger bonds [23]. Since themodi�cations change the
surface charge of the �bers, Coulomb interactions are also likely to in
uence the bond
strength between two �bers.

Topography

An AFM topography scan of a classical viscose �ber is presented together with a typical
line pro�le in �gure 4.11. Due to the �bers' large curvature, 8� m � 8� m was the
maximum possible scan size. The surface is dominated by bulges, which are aligned
parallel to the �ber's long axis. These bulges vary in width between 1� m and 3� m, as

57
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is visible from the line pro�le in �gure 4.11b. The height of these structures is locally
only several hundred nanometers, but due to the curvature caused by the approximately
circular cross-section the surface appears much rougher. Indents can only be performed
on a local maximum, i.e., on the top of a bulge. Otherwise,H and Er would be a�ected
too much. For AFM-NI, a scan size of 5� m � 5� m was used to minimize the e�ect of
surface curvature. The disadvantage of such a small scan size is that the number of
indents per scan is also small.

Viscose �bers with a rectangular cross-section are much smoother and thus provide
access to large surface areas. Therefore, the AFM topography scans displayed in �g-
ure 4.12 could all be recorded with a scan size of 20� m � 20� m. Note that in �gure 4.11
a z-scale of 2� m was used, whereas in �gure 4.12 300 nm is su�cient. Both �bers fea-
ture the aforementioned bulges and large trenches parallelto the main axis of the �ber.
Rectangular viscose �bers, however, lack the surface curvature which de�nes the mor-
phology of classical viscose �bers and, hence, appear more smooth in the AFM scans.
Because of this smooth surface, it is much easier to collect alarge amount of indents
in one region of the �bers. Still, indents have to be placed onlocally 
at positions or
at a local maximum, but wide scan sizes can be used which include a high amount of
suitable positions.
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Figure 4.11.: The surface of a classical viscose �ber without additives. (a) 8� m � 8� m AFM
topography image, z-scale: 2� m. The main �ber axis is parallel to the straight,
almost vertical trenches as is indicated by the blue dot and dash line.(b) Line
pro�le extracted from (a) at the position indicated by a dashed line. (M odi�ed
from [50].)

Since the 
at, rectangular viscose �bers provide a well accessible surface morphol-
ogy, with the possibility of large scan sizes, they were usedto examine if there is a
relation between surface morphology and the presence of additives. The 1D-HHCF was
calculated from 20� m � 20� m images along the horizontal direction and �tted with

58



4.3. Mechanical properties of viscose �bers

equation 2.46 to obtain� , � , and � . Inspecting �gure 4.12 reveals that the surfaces of
the 
at viscose �bers are not random rough, but anisotropic in the �bers longitudinal
direction. However,� and � still carry some information for characterizing the surface.
Obviously, � describes the vertical roughness as on any surface. The lateral correlation
length � is here a measure for the width of the longitudinal bulges or wrinkles. � is
likely to be the least signi�cant parameter.

The results of the roughness analysis are listed in table 4.5. The anionic �bers
rAF exhibit the lowest RMS roughness, while the cationic �berrCF has the highest
� . Considering the large standard deviations, no signi�cantdi�erence is present. A
similar argument can be made for� : While the average lateral correlation lengths di�er,
a signi�cant distinction is not permitted due to the large standard deviations.

It is apparent from �gure 4.12 that the �bers' main axes are not perfectly parallel
to the y-axes of the images. Thus, the determined values for� are overestimated
compared to parallel aligned �bers. A geometrical consideration immediately yields
that the corrected lateral correlation length� 0 would be� 0 = � cos (� ), with � denoting
the tilt angle of the �ber with respect to the y-axis. The maximum observed tilt angle
was 10°, which would result in � 0 = 0:985� . This means that in the worst case, the
values of� are overestimated by 1:5 %. Considering the already discussed large standard
deviations of � (see table 4.5), the correction was not applied, since it would not lead
to a signi�cant change of neither the results nor their interpretation.

Table 4.5.: Roughness parameters obtained from 20� m � 20� m AFM topography images of

at, rectangular viscose �bers. All values are obtained from eight positions on
two �bers, except the values for rRF, which are from four positions on one �ber.

rRF rAF rCF rACF

� / nm 44.2 � 24.0 28.6� 6.8 69.1� 28.4 49.7� 33.9
� / nm 980 � 130 920� 410 720� 160 850� 240
� / 1 0.8 � 0.1 0.7� 0.1 0.8� 0.1 0.7� 0.1

A qualitative observation from �gure 4.12 is that all surfaces feature trenches with a
fractal appearance which are aligned approximately perpendicular to the �bers' main
axes. These fractal trenches seem to be most pronounced on the reference �ber rRF (�g-
ure 4.12a) and the cationic �ber rCF (�gure 4.12e). On both of these samples, trenches
with a length of more than 20� m are observed. The three arrows in �gure 4.12c, e.g.,
indicate most likely segments of one and the same trench. An exact length can, there-
fore, not be given. The depth of these trenches is approximately 100 nm at the deepest
positions. The other two �ber types, rAF and rACF (�gure 4.12b and f, respectively),
feature only faintly visible trenches which appear much shorter. However, it is possible
that also these small trenches are connected to form large ones, but with connections
so shallow that they cannot be properly identi�ed. The depthof these shallow trenches
is 15 nm at maximum. Note that these faintly visible trenches are present on all �ber
types. Only on rRF and rCF the pronounced, large trenches aredominating the surface.
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Figure 4.12.: 20� m � 20� m AFM topography images of 
at, rectangular viscose �bers: (a)
rRF, (b) rAF, (e) rCF, and (f) rACF. All z-scales are 300 nm. The black
arrows mark exemplary fractal-like trenches. The main �ber axes are in all
cases parallel to the straight, almost vertical trenches. (c),(d),(g), and (h) are
line pro�les extracted from the images directly above them, the exact positions
are indicated with dashed lines.
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AFM-NI

All AFM-NI experiments here were performed using the four-sided pyramidal tips ND-
DYIRS. It is, therefore, not easy to compare with results fromthe swollen cellulose
�lms discussed earlier. The benchmark experiments carriedout on viscose �ber cross-
sections (table 3.3), however, suggest thatH and Er obtained by four-sided tips are
50 % to 60 % higher thanH and Er measured by three-sided tips. The viscose �bers
were embedded in nail polish in the fully swollen state, according to subsection 3.3.3.
In order to exclude an in
uence of the substrate on the measured properties, a model
developed for classical NI on coated substrates was applied [91]. The hardness and
reduced modulus of the nail polish in the dried state were measured with a three-sided
pyramid and found to be 100 MPa and 1:5 GPa, respectively. By assuming a �ber
thickness of 4� m, no signi�cant in
uence on H and Er was detectable [38]. Since no
swelling of nail polish in water was observed, this fact is also true for investigations of
fully swollen materials in water.

In �gure 4.13, P - zi plots of the modi�ed �bers are compared. Classical viscose �bers
(�gure 4.13a) and 
at viscose �bers (�gure 4.13b) respond ina similar manner to the
additives. It is clearly visible that all modi�cations have a signi�cant e�ect on the
�bers' mechanical properties.
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Figure 4.13.: Exemplary P - zi plots recorded on (a) classical and (b) 
at, rectangular viscose
�bers with di�erent modi�cations incorporated.

Hardness and reduced modulus obtained from all samples are summarized in table 4.6
and visualized for classical and rectangular �bers in �gures 4.14 and 4.15, respectively.
Unmodi�ed classical �bers exhibit a hardness of about 14 MPa with a reduced modulus
of 51� 10� 3 GPa. The addition of CMC to the �ber (cAF1) leads to a decrease ofH
by a factor of 2 and a reduction ofEr by a factor of almost 3. If more CMC is
added (cAF2), the hardness is decreased by a factor of 3 and the reduced modulus
by a factor of 6 compared to cRF. cAF2 exhibits the lowest values for hardness and
reduced modulus of all the viscose �bers investigated. The incorporation of CMC into
the �ber is, therefore, decreasing both parameters drastically. CS, on the other hand
leads to a slight increase inH and Er at low concentrations (cCF2) and to a decrease
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for higher concentrations (cCF1). All di�erences are signi�cant under a Welch test at
a signi�cance level of 0.05.

Table 4.6.: Hardness and reduced modulus of swollen viscose �bers. The last column repre-
sents the number of indents as well as the number of �bers (in brackets) investi-
gated. These values have been published in [50].

�ber sample H E r Nr. indents
type designation MPa GPa (Nr. �bers)

classical
viscose

cRF 14� 1.0 (51� 11) � 10� 3 37 (3)
cAF1 6.9� 1.3 (18� 4.2) � 10� 3 50 (5)
cAF2 4.4� 0.9 (8.3� 1.9) � 10� 3 40 (3)
cCF1 13� 2.0 (44� 3.4) � 10� 3 46 (3)
cCF2 16� 0.9 (64� 4.8) � 10� 3 58 (4)

rectangular
�bers

rRF 16� 2.3 (54� 16) � 10� 3 124 (4)
rAF 7.2 � 0.9 (17� 3.4) � 10� 3 91 (3)
rCF 10� 1.1 (27� 4.8) � 10� 3 85 (4)

rACF 4.6 � 0.5 (10� 0.8) � 10� 3 101 (4)

0

5

10

15

20

cRF cAF1 cAF2 cCF2 cCF1

H
ar

dn
es

s 
/ M

P
a

(a)

0

20

40

60

80

R
ed

uc
ed

 M
od

ul
us

 ×
10

3
/ G

P
a

cRF cAF1 cAF2 cCF2 cCF1

(b)

Figure 4.14.: AFM-NI results of swollen classical viscose �bers as (a) hardness and (b)re-
duced modulus.

The values ofH and Er of the 
at reference �ber (rRF) are similar to the ones ob-
served for the classical �ber without modi�cations (see table 4.6). rAF, which contains
an amount of CMC comparable to that of cAF1, exhibits a hardnessand reduced mod-
ulus which are almost identical to the values found for cAF1. Only the cationic �ber
rCF di�ers signi�cantly from its counterpart cCF1. However, H and Er of rCF are
ranged between these values from rRF and rAF, which is also the case for cCF1 and,
hence, leads to the conclusion that rCF �ts in principle intothe series. Slight variations
during the production process could explain the discrepancy between cCF1 and rCF,
however, the amount of CS in both �bers is approximately the same (see table 3.4).
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4.3. Mechanical properties of viscose �bers

An in
uence of incorrect sample preparation { i.e., gluing the �bers on the nail polish
{ is unlikely. H and Er of both samples are averages of at least three di�erent �bers
and feature only a slow standard deviation and are, therefore, well reproducible. The
mechanical properties of rACF are similar to those of rAF1, butthere is no direct
comparison for rACF possible, since no classical viscose �bers with both anionic and
cationic additives were prepared.
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Figure 4.15.: AFM-NI results of swollen rectangular viscose �bers as (a) hardness and (b)
reduced modulus.

A di�erent study by F. Weber et al. dealt with the swelling behavior of the classical
viscose �bers listed in table 4.6 [23]. There, the geometricswelling was measured by
employing an optical microscope and quanti�ed as the swelling ratio sr :

sr =
ds

d0
; (4.6)

with ds and d0 denoting the diameter { or width for rectangular �bers { of the
swollen and dried �ber, respectively. In �gure 4.16,H and Er of classical viscose �bers
are plotted against the swelling ratio. Apparently, cRF, cCF1,and cCF2 swell by
approximately the same amount, but di�er signi�cantly in th eir mechanical properties.
Both anionic �bers cAF1 and cAF2 clearly swell more than the reference �bers, which
is in good agreement with their decreasedH and Er values. It seems that there is a
de�nite relation between the geometrical swelling and the mechanical properties, when
inspecting �gure 4.16. Such a behavior is to be expected, since geometrical swelling is
nothing more than an increase in volume by the uptake of water. This { as discussed
in section 4.2 { induces a higher mobility of the cellulose chains and results in a softer
material. The e�ect on the mechanical properties seems to belarge for small increases of
sr from the initial value. Increasingsr further, seems to a�ect the mechanical properties
less and less.

To prove the e�ectiveness of the additives further, also theswelling of 
at, rectangular
viscose �bers was characterized [50]. Also these swelling experiments were performed
by F. Weber at Graz University of Technology. The results are presented in �gure 4.17
and follow in principle the trend observed for classical viscose �bers. A �rst �nding is
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Figure 4.16.: Relation of geometrical swelling to (a) hardness and (b) reduced modulus of
classical viscose �bers.

that the unmodi�ed reference rRF as well as the cationic �berrCF swell less than their
classical viscose counterparts. Only rAF is comparable to its classical equivalent. This
discrepancy might be caused by the method of detecting the �bers' widths. Flat �bers
have a width to thickness ratio of about 40, enabling them to twist easily. Such twists
cannot always be detected during the swelling experiment via the optical microscope
and will lead to a corruption of the measured widths. Additionally, an anisotropy in
swelling might be present, causing the �bers to swell di�erently in thickness and width.
This, however, cannot be detected by the method used here.
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Figure 4.17.: Relation of geometrical swelling to (a) hardness and (b) reduced modulus of
rectangular viscose �bers.

Another interesting observation is that rACF swells approximately by the same
amount as the unmodi�ed �bers, while being the softest and most compliant rect-
angular �ber. To compare rACF with the other �bers, the amounts of incorporated
CMC and CS have to be considered (see table 3.4). In rACF, less CMC than in rAF
is present, whereas the amount of CS is larger than in rCF. If the additives would act
synergetically, one would expect a slight increase in swelling accompanied by a mod-
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4.3. Mechanical properties of viscose �bers

erate reduction inH and Er . Obviously, this is not the case. There is no information
available on how exactly CMC and CS will interact in the cellulose matrix, but it can
be expected that both will attract each other and agglomerate due to their opposite
charges. This would lead to an e�ective charge compensationleaving only a small net
charge { positive or negative, depending on the absolute amounts { which will naturally
have a low e�ect on the geometrical swelling. The large decrease inH and Er could be
caused by the agglomerated additives which act as impurities and disrupt the cellulose-
cellulose interactions locally. To some extent, this e�ectis expected to be present in
all samples.

By combining the samples' morphologies, mechanical properties, and swelling be-
havior another observation arises. All rectangular viscose�bers exhibited fractal-like
trenches, aligned approximately perpendicular to the �bers' main axes. It turns out
that these trenches are most pronounced on the hardest �ber rRF and only faintly visi-
ble on the softest �ber rACF (compare �gures 4.12 and 4.15). Aqualitative correlation
between the number of pronounced trenches and the �bers' mechanical properties is
observed. The swelling, on the other hand, seems to be not correlated to the trenches,
since rACF swells by the same amount as rRF while exhibiting no distinctive trenches.
A more quantitative investigation of the relation between water uptake, number of
trenches, and mechanical properties is currently in progress [92]. Nonetheless, a tenta-
tive explanation for the trenches can already be given. During the �rst drying of the
�ber, directly after its production, it will shrink geometr ically. The outermost regions
will dry faster than the core of the �ber, hence, stresses on the surface are created. Ad-
ditionally, a longitudinal strain is applied to the �bers during spinning. These stresses
could exceed the material's strength and induce localized cracks on the surface. This
would explain also the fractal appearance of the trenches, since many fracture surfaces
have a fractal character [93,94]. If a �ber is softer and morecompliant, it can sustain a
larger deformation before breaking and hence less cracks { or trenches { are observed
on its surface.

4.3.2. Humidity dependence of mechanical properties

The investigations of cellulose model �lms revealed that fully swollen �lms are about
30 times softer and 110 times more compliant than a �lm at a relative humidity of
0.45 (see table 4.4). To understand the mechanics of bond formation, knowledge of the
transition between the dried and fully swollen state of a �ber is needed. In order to
record the mechanical properties of viscose �bers as a function of the surrounding air's
relative humidity, the setup presented in subsection 3.1.2was employed. The viscose
�bers were embedded in nail-polish in the dried state, as is described in subsection 3.3.3.

The relative humidity ' r is �rst decreased to a value between 0.05 and 0.10 as a
starting point and then increased step wise. A typical schedule of ' r is presented in
�gure 4.18a. To verify if a �ber has reached its equilibrium in swelling, consecutive
AFM scans were performed. If the �ber is still taking up water and changing its
geometry, a drift will be present in the AFM image. Only when theequilibrium state
is reached, no drift is observed and two consecutive AFM scans will be congruent. In
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�gure 4.18b, the temperature evolution during the experiment is shown. An increase
from the initial temperature of 28‰ to 34‰ is observed. It has been reported that
the temperature has only a minor e�ect on the ability of cellulosic materials to take up
water at constant relative humidity [95{98]. Classical viscose at' r = 0:6, e.g., exhibits
a decrease in equilibrium water content by mass from 10 % to 9:7 % when increasing
the temperature from 20‰ to 36‰ [97]. A rise in temperature by 6‰ during a 22 h
long experiment is, therefore, unproblematic.
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Figure 4.18.: A typical schedule of relative humidity (a) and the temperature change (b) over
time in an AFM-NI experiment with controlled relative humidity.

AFM topography images were recorded after AFM-NI, and are presented for single
indents at various relative humidities in �gure 4.19a. Vertical line pro�les, as indicated
by the dashed line in the leftmost image of �gure 4.19a, are displayed in �gure 4.19b.
The vertical orientation of the line pro�les was chosen for better representation of the
indent, which is a�ected by �ber curvature and the pile-up e�ect discussed below. An
example of a horizontal pro�le is given in �gure 4.20. By comparing the depths of the
residual indents in �gure 4.19, an increase of the depth fromaround 30 nm to about
50 nm with increasing humidity is found. A similar observation can be made for the
widths of the indents, which are approximately 150 nm at' r = 0:10 and which rise
to 400 nm at ' r = 0:94. Both, depth and width evolution of the indents, indicatea
softening of the material with increased' r . All indents performed at ' r < 0:9 feature
a pile-up of material on the left and right sides, as indicated on the second image in
�gure 4.19a. One possible reason for the occurrence of pile-up only on these two sides,
is a lateral force component induced by the bending of the cantilever (and therefore a
tilting of the indenter tip) during loading. Another reason could be that the anisotropy
of the �bers leads to an aniostropic pile-up e�ect. The last hypothesis could be veri�ed
by indenting a �ber turned by 90° with respect to the cantilever or indenting amorphous
cellulose �lms. If the pile-ups would then be still at the same positions, the in
uence
of the anisotropy can be excluded. This veri�cation, however, was not performed yet,
but it is planned to do so.

Pile-up is not accounted for in equation 2.14 and leads to an underestimation of the
contact depth zc and thereby alsoA(zc). According to equations 2.4 and 2.7, this will
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cause an overestimation ofH and Er [99].
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Figure 4.19.: 1 � m � 0:6 � m AFM topography images after AFM-NI (a) and vertical line-
pro�les across the residual indent (b) at various relative humidities, increasing
from left to right. The vertical dashed line in (a) denotes the position of the
line pro�les. The z-scales in (a) are all 120 nm.

In order to correct the measured properties for pile-ups, each indent has to be ana-
lyzed individually. The projected pile-up area was approximated as two semi-ellipses,
one on both sides of the indents [100]. From line pro�les across the indent, the di-
mensionsa, b, and c are extracted as shown in �gure 4.20, witha and b denoting the
minor radii of the two ellipses andc the common major radius. The minor radii are
determined by superimposing a line pro�le of the indent withone just outside of the
indent (blue dashed line in �gure 4.20a). When the �ber does not change much,a and
b are then given as the di�erence between the intersection of the two pro�les and the
maximum of the respective pile-up. To determinec, a pro�le along the long axis of one
of the pile-up regions is extracted (green dashed line in �gure 4.20a) and the length of
the pile-up is measured according to �gure 4.20c. The additional projected area caused
by the pile-up, Apu, is then calculated as

Apu =
�c
4

(a + b): (4.7)

It was found that at low relative humidities, the hardness isoverestimated by up to
73 % and the reduced modulus by 32 % when using equation 2.14. At ' r = 0:84, the
error in H and Er was 17 % and 8 %, respectively.

The pile-up corrected values for hardness and reduced modulus of four classical vis-
cose �bers (cRF) are presented as a function of relative humidity in �gure 4.21. A
total of 25 measurements on four di�erent �bers was performed. To illustrate the re-
producibility, data points are grouped with respect to the individual �bers by di�erent
colors. Surprisingly, both quantities exhibit approximately a linear dependence on' r ,
H much stronger so thanEr . Therefore, by using a linear least squares approach,
hardness and reduced modulus were �tted with the models

H (' r ) = H0 + h' r ;

Er (' r ) = Er; 0 + er ' r :
(4.8)
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Figure 4.20.: Procedure of pile-up correction in AFM-NI according to [100]. (a)
1 � m � 0:6 � m AFM topography image with a z-scale of 100 nm. (b) and (c)
are line pro�les at positions indicated by the dashed lines with the respective
colors in (a).

H0 and E0 denote the respective properties at' r = 0, whereash and er describe by
how muchH and Er will change from' r = 0 to ' r = 1.
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Figure 4.21.: Hardness (a) and reduced modulus (b) of classical viscose �bers as a function
of ' r . All values have been corrected for pile-up.

Fitting equations 4.8 to the data yields

H (' r ) = (386 � 1) MPa � (309� 1) MPa � ' r ;

Er (' r ) = (9 :6 � 1:2) GPa� (8:0 � 2:3) GPa� ' r :
(4.9)

Extrapolating to ' r = 1 using the relations 4.9, yieldsH (' r = 1) = (79 � 1) MPa
and Er (' r = 1) = (1 :6 � 1:5) GPa. In comparison, the quantities of fully swollen �bers
measured in water { according to table 4.6 { areHwet = (1 4 � 1:0) MPa and Er;wet =
(51 � 11)� 10� 3 GPa. It appears that compared to the extrapolated values at' r = 1,
H and Er in water are decreased by a factor of 5.5 and 32, respectively. There are
in principle three explanations for this. First, the models in equation 4.8 could be
physically incorrect. In such a case, extrapolations are likely to fail. Second,H and
Er could jump to lower values when the material is swelling in water. In this case, the
prediction for ' r = 1 would be correct, but additional e�ects { only present when the
�ber is subjected to bulk water { cause the mechanical properties to decrease further.
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4.3. Mechanical properties of viscose �bers

The third option would be that both of the cases mentioned above are present at the
same time.

The hardnessH �ts the linear model much better than Er . Apparently, Er exhibits
a kink at ' r � 0:75, after which it decreases stronger. When considering the large
standard deviations inEr , it is unclear if the kink is a real phenomenon or caused by
random 
uctuations. Also, H deviates slightly from the linear behavior at' � 0:95, but
to a lesser extent than the reduced modulus. Both observations could be an indication
for a non-linear relation ofH respectivelyEr with ' r . Another consideration to take
into account arises from water sorption isotherms of cellulosic materials. For this, the
relative water content w of a material shall be de�ned asw = mw=mdry , with mw

denoting the mass of a material with sorbed water andmdry the dry mass. At a given
temperature, w is non-linear with regard to ' r . In �gure 4.22, a sorption isotherm of
cationic classical viscose �bers is displayed. The curve was recorded with a sorption
microbalance, details of the setup are given elsewhere [101,102]. A least squares �t
using the Guggenheim-Anderson-de Boer (GAB) [103{105] modelis also included in
�gure 4.22. The GAB model is frequently applied to cellulose materials and other
polysaccharides [106] and provides a good �t to the present data.
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Figure 4.22.: Sorption isotherm of cationic classical viscose �bers. From [107].

In the literature, experimental evidence has been reportedthat the Young's mod-
ulus is proportional to the water content in cellulosic materials [108]. Moreover, an
approximately linear relation between the Young's modulus and the water content w
for gelatin and starch �lms [109] as well as for cellulose �lms [110] had been found.
Theoretical considerations, however, state that the Young's modulus E of hydrogen
bond dominated solids follows the exponential relation

E(w)
E0

= eA� Bw ; (4.10)

with E0, A and B being material constants [111]. To check if this relation holds
for the data presented in �gure 4.21, the relative humidity' r was transformed to the
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water content w using the GAB �t of the isotherm in �gure 4.22. Then, H and Er were
�tted with equation 4.10 as well as with a linear model for comparison. The results are
presented in �gure 4.23. A visual inspection immediately leads to the conclusion that
both H and Er follow a linear behavior rather than equation 4.10. Especially Er (w)
deviates strongly from the exponential �t. Although equation 4.10 was developed to
work for any solids which are dominated by hydrogen bonds, anactual veri�cation
was only presented for paper sheets, where a good agreement with experimental results
was found. For regenerated �bers, a �t with equation 4.10 wasperformed but not
displayed [111].

It has to be considered, however, that in �gure 4.23 the reduced modulus is plotted
and not the Young's modulus, which might be a cause for the deviation from the
theory. Additionally, the sorption isotherm was measured with cationic �bers, whereas
the mechanical properties were determined from unmodi�ed �bers. In the previous
subsection, however, it was found that cationic �bers swellapproximately the same
amount as unmodi�ed �bers. Therefore, the in
uence of usingthe sorption isotherm
from cationic �bers should be minimal.
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Figure 4.23.: Hardness (a) and reduced modulus (b) as a function of the �bers' water content.

The linear �ts in �gure 4.23 result in

H (w) = (407 � 1) MPa � (1319� 5) MPa � w;

Er (w) = (11 :0 � 0:5) GPa� (34:3 � 3:8) GPa� w:
(4.11)

The water content at ' r = 1 is w = 0:307, which leads to the extrapolations according
to equations 4.11:H (w = 0:307) = (2� 1) MPa and Er (w = 0:307) = (� 0:4� 0:8) GPa.
These results might not seem as good as predictions from equation 4.9, since the reduced
modulus at ' r = 1 would be negative. However, it can also be interpreted in such a
way that H and Er become very soft at high humidities and only due to statistical
errors, a negative modulus is predicted. This is supported by the large error, which is
twice the actual value forEr (w = 0:307).

Another interesting observation is that the ratio� = E r
H is mostly independent of' r ,

as is demonstrated in �gure 4.24. It was found that� obeys the value of 23.8� 4.2,
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4.3. Mechanical properties of viscose �bers

when H and Er are measured in humid air. Fully swollen �bers in water exhibit a
ratio � H 2O of only 3.64� 0.85. This means that the reduced modulus is decreasing in
water by an order of magnitude more than the hardness. At highhumidities, � seems
to decrease slightly, which is a natural e�ect of the kink inEr that is observed at
' r � 0:75 in �gure 4.21b. One data point at ' r = 0:93 is 9� 1, which is the lowest
value observed in air. This could be a hint that the reduced modulus in humid air is
already directed towards very low values, which it will �nally achieve in the �bers' fully
swollen state.
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Figure 4.24.: The ratio between reduced modulusEr and hardnessH plotted vs. the rel-
ative humidity ' r . The dashed line is the ratio of the line �ts according to
equation 4.9.

Hardness and reduced modulus of viscose �bers are strongly a�ected by the relative
humidity of the surrounding medium. An approximately linearrelationship with ' r

was found forH and Er . Surprisingly, both quantities seem also to depend linearly on
the relative water contentw, although, ' r and w are not linearly related. The reason
for this is that due to the scattering of the data { even if it islow for H { a non-linearity
is not detectable. To compare both models (equations 4.11 and 4.9), the corresponding
results of the �ts are displayed in table 4.7.

Table 4.7.: Comparison of the �ts in equations 4.9 and 4.11.

Eq. H y
1 E y

r; 1
H 0
H 1

E r; 0

E r; 1

H 0
H wet

E r; 0

E r;wet

MPa GPa 1 1 1 1

4.9 79� 1 1:6 � 1:5 4:9 � 0:1 6:0 � 5:7 28� 2:0 190� 47
4.11 2� 1 � 0:4 � 0:8 200� 100 � 28� 55 29� 2:0 220� 48

y The index "1" is shorthand for ' r = 1 or w = 0 :307, respectively.

To approximate the fully dried state, equation 4.9 will be used from now on, since
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4. Results

this �t yields slightly lower and thus more conservative values than equation 4.11. For
fully swollen �bers, no approximations are needed, becausetheir mechanical properties
were directly determined by AFM-NI. Apparently none of the two presented models
yield good predictions for fully wet �bers. However, equation 4.11 describesH and
Er at high water contents at least qualitatively, provided that w = 0:307 and the
presence of bulk water are comparable states. Due to the negative values, however,
an interpretation is rendered di�cult and for further comparison, equation 4.9 will be
used also in this case.

4.3.3. Creep behavior

During the holding time at the maximum load Pmax in an AFM-NI experiment, a
continuous increase of the indentation depthzi is noticed. This is represented by
the horizontal lines at the highest points in, e.g., �gure 4.13. This e�ect is caused
by creeping, a typical behavior for viscoelastic materials. Due to the fact that the
indenter's area function A(zi ) is increasing with zi but Pmax is held constant, the
applied stress will decrease. Such a behavior is di�erent from the classical creep e�ect,
where the stress is constant. Nonetheless, a quantitative evaluation of nanoindentation
creep would be possible ifP - zi would have been recorded with varyingPmax [112].
This quantitative investigation of creep e�ects, however,has not been performed in the
present work.

In �gure 4.25, the change ofzi due to creep is plotted as a function of' r . While
no material parameters can be extracted from such a plot, it is an indication for the
change in viscoelastic properties of cellulose �bers with relative humidity.
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Figure 4.25.: Viscoelastic creep of classical viscose as a function of relative humidity, obtained
by AFM-NI with a constant load of Pmax = 10 � N.
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4.4. Pulp �ber swelling

The creep distancezcreep follows an empirical relation with the relative humidity:

zcreep(' r ) = a1 + a2' r + a3ea4 ' r ; (4.12)

with a1 = 3:63 nm, a2 = 16:7 nm, a3 = 7:09� 10� 5 nm, and a4 = 13:7, determined
by a non-linear Levenberg-Marquardt least squares �t.

Also, a value extracted from �bers fully swollen and measuredin water was added in
�gure 4.25 and included in the �t. The creep distance of fullyswollen �bers matches
the other data quite well. Apparently, no additional creep e�ects take place when
a viscose �ber is placed in water for swelling and equation 4.12 is valid for humid
materials as well as those subjected to bulk water. This would support the hypothesis
that mechanical properties of cellulosic materials decrease with a smooth transition
from the humid to the fully wet state. However, the strongest decrease might take
place between 0:95 < ' r < 1:0, an interval which is not accessible using the humidity
controlled AFM-NI setup.

4.4. Pulp �ber swelling

Never dried pulp �bers are known to exhibit a very smooth surface [25]. Only when
the �bers dry, the surface becomes wrinkled and rough. This is demonstrated in �g-
ure 4.26. An AFM topography image of a pulp �ber, recorded in water, is presented
in �gure 4.26a. Single micro�brils are clearly visible. In �gure 4.26b, an AFM scan of
a �ber that has been dried is shown. Wrinkles, aligned approximately parallel to the
�bers main axis dominate the surface morphology.

(a) (b)

Figure 4.26.: 10� m� 10� m AFM topography scans of (a) a never dried pulp �ber in water,
z-scale: 500 nm and (b) a di�erent pulp �ber after drying, z-scale: 1� m. The
�bers' long axes are approximately vertically aligned. From [83].
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It is possible that when a pulp �ber is swelling, water will incorporate between the
micro�brils and increase the �bril-�bril separation. Addit ionally, the �brils' diameter
will rise due to water uptake. Both e�ects would then lead to an enhanced visibility of
micro�brils on swollen pulp �bers.

Utilizing the setup to control relative humidity, the surface topography of pulp �bers
at varying humidities was recorded by AFM. This investigationallowed to monitor
the evolution of the �bers' surface structures with relative humidity. Such changes
in surface morphology are directly related to the swelling of the �bers. The study
was carried out on three unbleached softwood kraft pulp �bers which were prepared
according to subsection 3.3.2. One �ber was glued in its never dried state and dried
only after the �xation, while the other two were glued after having been dried without
restrictions. Optical microscopy images of these �bers aredisplayed in �gure 4.27. The
�ber prepared in the never dried state { �gure 4.27a { is perfectly straight and appears
macroscopically uniform. If a pulp �ber is allowed to dry freely, it will twist and take
a typical shape that is presented in �gure 4.27b.

(a) (b)

Figure 4.27.: Optical microscopy image of (a) a pulp �ber �xed in the never dried stat e and
(b) one that was dried before �xation. The random scratches on the substrate
were used as an orientation guide.

The swelling behavior was characterized by recording AFM images at various relative
humidities 0:04 < ' r < 0:84 and measuring the distance between two surface wrinkles
as well as their heights. In �gure 4.28, AFM topography images which were recorded
on a �ber that had been prepared in its never dried state are shown. The scans were
performed at ' r = 0:06 and ' r = 0:82. It is apparent that at higher humidities
(�gure 4.28b), the surface wrinkle's separation is increased compared to the dried state
(�gure 4.28a).

The wrinkle distanced(' r ) is determined by extracting two to �ve line pro�les from
an AFM topography image and measuring the distance between themaxima of two {
not necessarily adjacent { wrinkles, as is illustrated in �gure 4.29. A wrinkle's height is
gained by averaging the wrinkle height on both sides, i.e.,h(' r ) = 1

2 [h1(' r ) + h2(' r )].
According to �gure 4.29, h1(' r ) and h2(' r ) denote the height at a certain relative
humidity ' r on the left and right side of the wrinkle, respectively.

74



4.4. Pulp �ber swelling

(a) (b)

Figure 4.28.: 10� m� 10� m AFM topography image of a pulp �ber that was �xed in its never
dried state at (a) ' r = 0 :06 and (b) ' r = 0 :82. The z-scale is 1� m for both
images. The dot and dash lines indicate the �ber's long axis and the horizontal
solid lines mark the position of the pro�les presented in �gure 4.29.

To compare the change in wrinkle distance and height betweenindependent pro�les,
the relative changes with respect to the initial values are calculated:

rd(' r ) =
d(' r ) � d(0)

d(0)
;

rh(' r ) =
h(' r ) � h(0)

h(0)
:

(4.13)

The initial values d(0) and h(0) were approximated by the values measured at the
lowest reachable humidity, i.e.,' r � 0:06, as is indicated in �gure 4.29a.

0

200

400

600

0 0.5 1 1.5 2 2.5 3 3.5

lateral distance / µm

he
ig

ht
 / 

nm

d(0.06)

h1(0.06) h2(0.06)

(a)

0

200

400

600

0 1 2 3 4 5

he
ig

ht
 / 

nm

lateral distance / µm

d(0.82)

h1(0.82) h2(0.82)

(b)

Figure 4.29.: Line pro�les extracted from �gure 4.28 at (a) ' r = 0 :06 and (b) ' r = 0 :82.
Exemplary wrinkle distances and wrinkle heights are indicated by the blue and
red lines, respectively.

Plots of the relative change in wrinkle distance and height versus relative humidity
are presented in �gure 4.30. The presented data were obtained from two independent
positions of the pulp �ber. As expected, the wrinkle distanceincreases with increasing
' r while the wrinkle height decreases.
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(a) (b)

Figure 4.30.: Relative change of (a) wrinkle distance and (b) wrinkle height with relative
humidity of a pulp �ber prepared in its never dried state.

Both quantities seem to follow an exponential relation of the form

r (' r ) = a1 + a2ea3 ' r ; (4.14)

which provided a good �t, as is illustrated by the dashed lines in �gure 4.30. This
�t would predict a change in wrinkle distance of approximately 80 % at ' r = 1 and a
decrease in wrinkle height by 50 %.

An unexpected result was found for pulp �bers which were driedbefore gluing them
to the sample holder. Almost no change in wrinkle distance andwrinkle height could be
detected. AFM topography images obtained on such �bers are presented in �gure 4.31.

(a) (b)

Figure 4.31.: 10� m� 10� m AFM topography of a pulp �ber that was �xed after drying freely
at (a) ' r = 0 :05 and (b) ' r = 0 :80. The z-scale in both images is 1:5 � m. The
dot and dash lines indicate the �ber's long axis.
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4.5. Mechanical properties of pulp �bers

The relative humidity in �gure 4.31a was ' r = 0:05 and in �gure 4.31b' r = 0:80.
Except a slight shift of the images' positions, no change in the morphology is apparent.
The relative change in wrinkle distance was measured on both�bers at altogether six
positions, the change in wrinkle height only at one position. Both quantities are plotted
in �gure 4.32 and con�rm that on these �bers the wrinkles appear to be not in
uenced
by ' r . Even at high humidities of ' > 0:8, no signi�cant increase ofrd or decrease of
rh is detected.

A hypothesis for this behavior is that the method of sample preparation has an
in
uence. Due to the twisting of the �ber during drying, large scale plastic deformations
could occur which hinder the dewrinkling of the �bers. It is an experimental fact that
non-reversible deformations occur when a �ber is drying, i.e., if a �ber has twisted,
it will not untwist, even when it is placed in water. However, the plastic deformation
could be a localized e�ect, meaning that it should be possible to �nd positions on a �ber
which exhibit signi�cant dewrinkling upon water uptake. Indications for this are two
data points in �gure 4.32a, which have a value of about 0.07 { or 7 % { at humidities of
' r = 0:55 and ' r = 0:80. This is by far not a prove for localized dewrinkling, a more
thorough investigation would have to be conducted to ascertain such a behavior.
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Figure 4.32.: Wrinkle distance (a) and wrinkle height (b) dependence on relativehumidity
of freely dried �bers.

4.5. Mechanical properties of pulp �bers

The mechanical properties of pulp �bers were characterizedas humidity dependentH
and Er , using AFM-NI and the setup to control relative humidity inside the AFM's

uid cell. In accordance with the previously described investigation of viscose �bers,
hardness and reduced modulus are presented as a function of relative humidity ' r ,
including the fully wet state. Additionally, the creep behavior at varying ' r will be
given as the increase of indentation depth at a constant applied force.

77



4. Results

4.5.1. Humidity dependence

For these AFM-NI investigations, softwood kraft pulp �bers were glued on a drop of
nail polish after they were dried in air, as is described in subsection 3.3.2.

As was seen in the previous section, pulp �ber surfaces exhibit a rough and wrinkled
surface topography. It is, therefore, possible that tip-sample dilation will obscure parts
of the surface which are then also not accessible for AFM-NI. Figure 4.33 depicts this
e�ect. In an area such as region I in �gure 4.33a, no AFM-NI can be performed.
Only areas such as region II will be 
at enough to place indents and extract useful
nanomechanical information. An actual AFM topography image with severe dilation
e�ects at the left border is presented in �gure 4.33b. The upper right region of the
image, however, was 
at enough to place indents.

(a) (b)

Figure 4.33.: The e�ect of tip-sample dilation on topography images recorded on pulp �ber
surfaces with AFM-NI probes. (a) Schematic illustration and (b) dilati on
(marked by the shaded areas) on an actual AFM topography image. Arrows
indicate residual AFM-NI imprints. (Modi�ed from [38].)

Initial AFM-NI investigations on kraft pulp �bers { as well as cellulose �lms, see
section 4.2 { were performed by using three-sided pyramidaltips (ND-DTIRS) as in-
denters. Later, these tips were no longer produced by the manufacturer and four-sided
pyramidal tips (ND-DYIRS) were used as a replacement. To allowa comparison of pulp
�bers with viscose �bers, H and Er were also determined by using the four-sided tips.
The four-sided tips lead to pile-up also on pulp �ber surfaces, hence a correction [100]
of the values was necessary. Unfortunately, due to the rough structure of the pulp �ber
surfaces, the pile-up could not be determined directly withthe method used for viscose
�bers. Therefore, the average of the pile-up area determined on viscose �bers was used
to correct the values of pulp �bers. Taking the average pile-up area is justi�ed since
the area did not depend strongly on' r .
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4.5. Mechanical properties of pulp �bers

AFM-NI revealed that H and Er of pulp �bers were decreasing with increasing
relative humidity, in a similar manner as was observed for viscose �bers. The results
are visualized in �gure 4.34. The hardness seems again to follow a linear trend, whereas
the reduced modulus seems to decrease faster at higher humidities. It is apparent that
the tip shape has a signi�cant in
uence onH and Er , with Er being a�ected the
strongest.

Again, a linear �t for H and Er with the model in equation 4.8 was performed for
results obtained with four-sided tips as well as those obtained by three-sided tips. The
hardness is then

H (3) (' r ) = (270 � 1) MPa � (243� 1) MPa � ' r ;

H (4) (' r ) = (350 � 1) MPa � (276� 1) MPa � ' r ;
(4.15)

with H (3) and H (4) describing the �ts for three-sided and four-sided tips, respectively.
Similarly, the �ts for the reduced moduli resulted in

E (3)
r (' r ) = (3 :2 � 1:4) GPa� (3:0 � 2:4) GPa� ' r ;

E (4)
r (' r ) = (6 :9 � 2:2) GPa� (5:2 � 3:8) GPa� ' r :

(4.16)

According to the errors of the parameters in equations 4.15 and 4.16 it is con�rmed
that the hardness follows the linear model to a higher extentthan the reduced modulus.
This seems true for both tip shapes.
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Figure 4.34.: Hardness (a) and reduced modulus (b) of pulp �bers as a function of relative
humidity. Values determined by using a three-sided pyramidal tip are plotted
as red circles and those obtained by four-sided tips as blue triangles.

Also, the mechanical properties of fully swollen �bers were determined using both
tip shapes and are presented in table 4.8, for easy comparison. While the determined
moduli are similar between the three- and four-sided tips, the hardness values are
di�erent. However, the large standard deviation ofH (4)

wet decreases the signi�cance a
bit. This is emphasized with the ratiosH (4)

wet=H (3)
wet and E (4)

r;wet =E(3)
r;wet , also listed in

table 4.8.
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Table 4.8.: Hardness and reduced modulus of kraft pulp �bers determined on fully swollen
�bers in water.

tip Hwet Er;wet H (4)
wet=H (3)

wet E (4)
r;wet =E(3)

r;wet

shape MPa GPa 1 1

3-sided 2:7 � 0:7 (32� 6) � 10� 3

2:6 � 1:2 1:4 � 0:6
4-sided 6:9 � 2:8 (46� 17) � 10� 3

In analogy with viscose �bers, the ratio� = E r
H was calculated from the results ob-

tained with four-sided tips and plotted in �gure 4.35 against the relative humidity. The
average value for� is 20:1 � 5:7 and seems to decrease for higher humidities. In water,
� H 2O = 6:7� 3:7 which is similarly low as the value for viscose �bers. Interestingly, the
ratio at ' r = 0:93 is almost as low as the one of the fully swollen �ber.
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Figure 4.35.: The ratio � = Er =H as a function of relative humidity, obtained by four-sided
pyramidal tips. The dashed line indicates the ratio of the linear �ts .

The elastic modulus of softwood pulp �bers in the fully wet state using AFM based
methods, has been reported several times in the literature.By applying loads in the or-
der of approximately 50 nN, values forEr of � 10� 10� 3 GPa [47] and� 5 � 10� 3 GPa,
with a maximum value of 50� 10� 3 GPa [48] were determined. In both cases, fully
elastic behavior was assumed. More recently, an AFM-NI approach similar to the
one presented in this work was also applied to investigate softwood pulp in the wet
state, where a reduced modulus ofEr = (182 � 50) � 10� 3 GPa and a hardness of
H = (140 � 38) MPa was found [37]. In all three works, standard AFM tips { designed
for topography measurements { were used. The �rst of the listed works relied on an
estimation of the tip radius [47], the second assumed a perfectly conical indenter [48]
and the third reports a tip characterization using SEM [37].In summary, literature
values forEr of wet kraft pulp �bers are reported to be several times loweror higher as
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4.5. Mechanical properties of pulp �bers

the values presented here. These discrepancies could be caused by the di�erent ways
of taking the tip geometry into account and also by the applied evaluation procedures,
which assumed either elastic or elastic-plastic behavior.Additionally, there is an e�ect
of the tip shape itself, as was discussed above and is clearlyvisible in �gure 4.34.

4.5.2. Creep behavior

Nanoindentation creep was determined in the same way as for viscose �bers, by extract-
ing the change of the indentation depth between the start andthe end of the holding
time at Pmax . The results { obtained by four-sided pyramidal tips { are presented in
�gure 4.36. Equation 4.12 was again used to �t the data by a Levenberg-Marquardt
least squares �t, which is also plotted in �gure 4.36. The �t coe�cients resulted in
a1 = 3:28 nm, a2 = 24:1 nm, a3 = 9:50� 10� 12 nm, and a4 = 29:3.

These values forzcreep recorded on pulp �bers seem to increase linearly in the humidity
range 0:05 < ' r < 0:93. Only in the fully swollen state a stronger increase is observed.
It is possible that pulp �bers behave in this regard di�erently from viscose �bers and
do not change the mechanical properties continuously from the humid to the fully wet
state. On the other hand, only seven data points were recorded for pulp �bers, whereas
25 data points were obtained on viscose �bers. Additional measurements, performed
at higher humidities (' r > 0:7) would clarify the exact creep behavior of pulp �bers.

This evaluation was also applied toP - zi plots obtained by three-sided pyramidal
tips, but the results are not shown here. There, a similar relation as the one presented
in �gure 4.36 is observed. Only the scattering of the data is much higher, leading to a
less clear trend.
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Figure 4.36.: AFM-NI creep as a function of relative humidity at a constant load Pmax =
10� N. The red data point at ' r = 1 was obtained on a fully swollen �ber in
water, using a four-sided pyramidal tip.
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4.6. Comparison

In this section, a comparison between the mechanical properties of cellulose �lms, vis-
cose �bers, and kraft pulp �bers is presented. A summary of all data for H and Er is
compiled in tables 4.9 and 4.10, respectively. The common fact for all materials inves-
tigated in this work is that their mechanical properties depend strongly on the relative
humidity of the surrounding environment. All materials, however, have inherent traits
which will be discussed in the following by comparing them with pulp �bers. The reason
for choosing pulp �bers as the reference is twofold. First, pulp �bers were the driving
force that initiated this work and are industrially the most important ones. Second,
only pulp �bers were thoroughly characterized using both, three-sided and four-sided
tips.

Table 4.9.: Comparison of characteristic hardness values for all materials investigated in this
work. Only unmodi�ed materials are listed.

material tip H0 H0:5
z Hwet H0=H1 H0=Hwet

shapey MPa MPa MPa 1 1

Cellulose �lms (3) - 190� 24 6:0 � 0:3 - 32� 4:3�

Viscose �bers (4) 386� 1 250� 20 14� 1:0 4:9 � 0:1 28� 2:0

pulp �bers
(3) 270� 1 110� 46 2:7 � 0:7 10� 0:2 100� 25
(4) 350� 1 213� 24 6:9 � 2:8 4:7 � 0:1 51� 21

y (3) . . . three-sided pyramid, (4) . . . four-sided pyramid
z Obtained from a single data point measured at' r = 0 :5 � 0:05.
� The ratio is in this case H0:5=Hwet , sinceH0 is not available.

Table 4.10.: Comparison of characteristic reduced modulus values for all materials investi-
gated in this work. Only unmodi�ed materials are listed.

material tip Er; 0 Er; 0:5
z Er;wet Er; 0=Er; 1 Er; 0=Er;wet

shapey GPa GPa GPa 1 1

Cellulose �lms (3) - 6:3 � 1:0 (56� 2) � 10� 3 - 113� 18�

Viscose �bers (4) 9:6 � 1:2 5:3 � 1:1 (51� 11) � 10� 3 6:0 � 5:7 190� 47

Pulp �bers
(3) 3:2 � 1:4 2:1 � 1:7 (32� 6) � 10� 3 17� 118 100� 48
(4) 6:9 � 2:2 5:4 � 1:9 (46� 17) � 10� 3 4:1 � 5:3 150� 73

y (3) . . . three-sided pyramid, (4) . . . four-sided pyramid
z Obtained from a single data point measured at' r = 0 :5 � 0:05.
� The ratio is in this case E0:5=Ewet , sinceE0 is not available.

A direct comparison of cellulose �lms and viscose �bers is omitted, since these two
materials were characterized using tips with a di�erent shape. However, it should be
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noted that viscose �bers and amorphous cellulose �lms are expected to be very similar.
Mainly, because both are regenerated cellulose, with viscose �bers exhibiting a large
amorphous fraction of about 70 %.

4.6.1. Viscose �bers vs. pulp �bers

Viscose �bers are harder than pulp �bers, especially in the fully swollen state. The
reduced moduli, however, seem to be quite comparable and deviate only at low hu-
midities. The reason for this could be explained by the structural di�erences of both
materials. Wood �bers are composed of cellulose micro�brils which are held together by
hemicelluloses and lignin [14]. During pulping, the lattertwo components are extracted
from the �bers, leaving cellulose �brils which are weaker bound than before. If water
is added to the �bers, the bonds between the �brils are weakened even more, which
results in an increase of the �bril-�bril separation (see �gure 4.26). Indenting into the
�ber will lead to plastic deformation, which is enhanced by the ability of the micro�b-
rils to rearrange easier due to weakened �bril-�bril bonds.Viscose �bers also exhibit
�brils which are, however, embedded in a matrix of amorphouscellulose [113]. When
adding water to a viscose �ber, the material will swell, but there is no reason for the
�brils to detach from the matrix. An applied load will also lead to plastic deformation,
if it is high enough, but due to the fact that the material is more or less homogeneous
there is no enhancement of plastic deformation other than swelling. Since hardness is
a measure for tensile strength, it is to some extent in
uenced by plasticity. Hence, in
comparison to pulp �bers a higher hardness is observed for viscose �bers.

The reduced modulus is related to the Young's modulus and is apurely elastic prop-
erty. Moreover, Er is determined from the unloading part of an AFM-NI experiment.
In this state, the material has already been deformed plastically and the initial response
upon unloading is elastic [36]. Since both, viscose and pulp�bers, are mainly composed
of cellulose the elastic response should be similar, as is observed.

4.6.2. Cellulose �lms vs. pulp �bers

Cellulose �lms are harder and less compliant than pulp �bers, in water as well as in
ambient conditions. To some extent, a similar argument thatwas used to explain the
higher hardness of viscose �bers, can also be applied here. However, it cannot explain
why cellulose �lms exhibit also a reduced modulus which is higher than that of pulp
�bers. For this, it should be considered that the cellulose �lms investigated are only
� 400 nm thick and have been spin coated onto a silicon wafer. An in
uence of the
substrate cannot be entirely excluded and is the most likelyexplanation. This e�ect
of the substrate would not a�ect the comparison of the cellulose �lms with each other,
since all have approximately the same thickness and the in
uence of the underlying
silicon would be the same for all measurements.
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In the present work, three types of cellulosic materials were studied: cellulose model
�lms, viscose �bers, and kraft pulp �bers. The purpose was to investigate the e�ect that
water has on these materials' mechanical properties and on their surface morphologies.
Such information is important when considering the bond formation in paper, which
takes place initially with fully swollen, wet pulp �bers. Cellulose model �lms and
viscose �bers acted here as model systems for pulp �bers and o�ered homogeneous
compositions with well-de�ned surfaces. The detailed conclusions will be made for
each material individually, for clarity's sake.

5.1. Cellulose model �lms

The surface morphology of cellulose model �lms was investigated under ambient con-
ditions before and after a bond was formed between two �lms. Before bond formation,
the surfaces could be regarded as self-a�ne and random roughat high length scales
(30� m � 30� m and above). At smaller length scales (10� m � 10� m and below) it
became apparent that the surface topography is in fact a superposition of two uncor-
related random rough surfaces. To describe such surfaces, the standard theory was
extended to quantify the observed morphology using two parameter sets of� , � , and
� .

After the formation and the subsequent rupture of the bond between the two char-
acterized �lms, the surface became much smoother. An RMS roughness� three times
lower compared to that of the unbonded �lm was determined. Moreover, the surfaces
were found to be homogeneous, indicating a high area in molecular contact when a bond
had still been present. Interestingly, the surface morphology of the ruptured �lms was
best described by two superimposed self-a�ne random rough surfaces even at a scan
size of 60� m � 60� m.

The mechanical properties of cellulose model �lms were investigated at relative hu-
midities ' r � 0:5 and in the fully swollen state. Between these two conditions, a
decrease in hardnessH by a factor of about 30 and a decrease in reduced modulus
Er by a factor of about 115 was found. For cellulose �lms with an additional layer
of xylan added, a further decrease ofH and Er in water by approximately 50 % and
20 %, respectively, could be determined. Replacing distilled water as the swelling liquid
with an aqueous 0:1 mol

` CaCl2 solution decreases the swelling of pure cellulose �lms but
enhances the swelling of cellulose/xylan �lms. The highestdecrease ofH and Er was
discovered for cellulose/xylan �lms with DMSO { a solvent for xylan { still incorporated
into the �lm.
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It can be concluded that due to their initially smooth surfaces, pure cellulose �lms
become soft and compliant enough to form full { or almost full{ area in molecular
contact. The roughness is a crucial parameter, since smoothand 
at surfaces do not
need a large deformation to conform to each other during bondformation and subse-
quent drying. This is a knowledge that can also be applied to pulp �ber-�ber bonds:
The smoother and softer the pulp �ber surfaces are, the higher is the area in molecular
contact and the higher the strength of the bond will be.

A further use of cellulose model �lms is demonstrated in an ongoing study of the
adsorption behavior of xylan particles on cellulose surfaces, where cellulose �lms are
used as substrates [114,115]. By employing AFM force mapping [116] with function-
alized tips [117,118], it is possible to obtain chemical information on the nanometer
scale. A di�erentiation between xylan and cellulose is achieved by using tips function-
alized with OH- and CH3-groups. The OH-groups lead to hydrophilic tips, whereas the
CH3-groups, on the other hand, provide hydrophobic tips and areless a�ected by water
adsorbed on the surface. Both functionalizations result inan adhesion force to xylan
which is lower than that to cellulose. In �gure 5.1, a topography and phase image as
well as an adhesion force map recorded with an OH-functionalized tip are presented.
A lower phase shift as well as a lower adhesion force are foundon elongated and round
features, which correspond to xylan precipitates [115].

(a) (b) (c)

Figure 5.1.: 1 � m � 1 � m AFM images of cellulose �lms with xylan precipitates. (a) To-
pography recorded in intermittent contact mode, z-scale: 30 nm, (b) phase im-
age, recorded at the same time as (a), phase scale: 20° and (c) adhesion force
map (64 � 64 pixel) obtained with OH-functionalized tips, force scale: 30 nN.
(From [115].)

It is furthermore possible to extract the reduced modulusEr from such force maps,
which would allow the characterization of elastic properties on the nanometer scale
[119]. In this case, unmodi�ed silicon tips would be the preferred choice. The function-
alization would introduce ambiguity in quantifying Er , since it is a layer with unknown
mechanical properties coating the tip. Also, the functionalization will increase the
e�ective tip radius and thus reduce the resolution. The ultimate goal, of course, is
the application of AFM force mapping to pulp �bers. A preliminary result of a force
map recorded on a pulp �ber surface is presented in �gure 5.2.Topography, adhesion
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force, and reduced modulus were all acquired using an AC240TS silicon probe with-
out functionalization. It is obvious that both, adhesion force and reduced modulus, are
strongly distorted by the topography. Also when employing functionalized tips to study
the chemical composition of pulp �ber surfaces, a negative in
uence of the topography
is to be expected. The smooth and homogeneous cellulose model �lms are, therefore,
an ideal system to assess the topographical in
uence on the adhesion force and onEr .

(a) (b) (c)

Figure 5.2.: 500 nm� 500 nm AFM images of pulp �ber surfaces. (a) Topography recorded in
intermittent contact mode, z-scale: 50 nm, (b) adhesion force map (64� 64 pixel),
force scale: 15 nN, and (c) reduced modulus map (64� 64 pixel), modulus scale:
15 GPa. The �ber axis is approximately vertically aligned.

5.2. Viscose �bers

Two types of viscose �bers were investigated: classical viscose with a highly curved sur-
face and 
at, rectangular �bers. The 
at viscose �bers exhibited a surface roughness
comparable to unbonded cellulose �lms. Classical viscose �bers were not characterized
regarding their surface roughness, but a preceding study [25] revealed an RMS rough-
ness that is �ve to ten times higher than the one of 
at, rectangular �bers. This is one
reason why unmodi�ed classical viscose �bers cannot form bonds between them while

at rectangular �bers can [23,50,120].

Employing AFM-NI, the possibility to tune mechanical properties of swollen viscose
�bers was demonstrated using cationically and anionicallymodi�ed viscose �bers of
both types. It could be con�rmed that an increase in geometrical swelling leads to a
decrease inH and Er . Furthermore, it was found that viscose �bers which are softer and
more compliant allow the production of sheets which are stronger than those formed
from harder and sti�er �bers [23,50,120]. It is reasonable that besides an e�ect of
the mechanical properties, also Coulomb interactions contribute to the �ber-�ber bond
formation. This is supported by the fact that the cationic �bers cCF1 { which are only
slightly softer than the reference �bers cRF { allowed already the formation of sheets,
whereas cRF did not.

For unmodi�ed, classical viscose �bers a full characterization of the dependence of
H and Er on ' r was performed. Both quantities decreased almost in a linearmanner
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with increasing relative humidity ' r . At ' r � 0:75, Er decreased stronger than before
that, whereas the hardness appeared to follow a linear relation until ' r � 0:95. Using
water sorption data of viscose �bers, it was possible to plotH and Er as a function
of the �bers' approximate water content w. Also here, a linear decrease of both prop-
erties was found, mainly because the scattering of the data did not permit a di�erent
interpretation in both cases. Comparing the extrapolated values ofH and Er at ' r = 0
with results from fully swollen viscose �bers in water yielded that H decreases in water
by a factor of about 30 andEr by a factor of 190. This decrease ofEr in water was the
highest decrease measured for all materials investigated here.

Comparing classical viscose �bers with pulp �bers leads to the observation that in
the fully swollen state,Er of both materials is approximately the same, however, the
hardness of viscose �bers is at least twice the value of that for pulp �bers. This fact
together with the high surface roughness of classical viscose �bers hinders the formation
of inter�ber bonds between them. By modifying the �bers withadditives, the formation
of bonds is enhanced by softer surfaces and the possibility of Coulomb interactions
when a net charge is present. Tuning the swelling { and thereby the softening { of
�bers could open a novel path of bond engineering. When two �bers with di�erent
swelling behaviors are bonded, stress could be introduced systematically into a bond
and enhance the bond strength by this way.

5.3. Kraft pulp �bers

Kraft pulp �bers exhibit a wrinkled surface after being dried the �rst time. In the
never dried state, a very smooth surface is observed with micro�brils clearly visible in
AFM topography images. It could be shown that the wrinkles moveapart from each
other and decrease in height when the surrounding relative humidity is increased. This
phenomenon is due to the �ber swelling during uptake of waterfrom the atmosphere.
However, not all �bers exhibited a distinct de-wrinkling, possibly because this e�ect is
localized.

AFM-NI investigations at varying relative humidity revealed a behavior similar to
that of viscose �bers. The hardnessH and the reduced modulusEr decrease almost
linearly with increasing ' r . Only at high humidities ' r > 0:8, a stronger decrease of
Er is observed, whileH still follows a linear trend. Fully swollen in water, the pulp
�bers' hardness is decreased by a factor of 50 to 100, which isthe largest decrease in
H found in this work. Er in water is about 100 to 150 times lower than in the dried
state, a decrease which is in magnitude slightly below that of viscose �bers.

A simulation of the drying procedure taking only the decline of the �bers' elastic
properties { which were determined in the present work { intoaccount was conducted
by B. N. J. Persson [83]. It yielded that upon drying almost a full area in molecular
contact in �ber-�ber bonds is possible. Due to the gradual removal of water during the
formation of inter�ber bonds, capillary bridges between the surfaces will form and pull
the �bers in even closer contact. Furthermore, the smoothera surface is, the higher the
area in molecular contact will be after drying [83]. The bottom line is that reaching a
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full area in molecular contact is facilitated by even softerand smoother surfaces. The
roughness of kraft pulp cannot be in
uenced much and is already very low for never
dried �bers in water. However, the mechanical properties of swollen cellulosic materials
can be tuned, as was shown in this work. Incorporating additives such as CMC could
yield softer and more compliant pulp �bers. A similar e�ect was found to take place
when the ionic strength of the swelling solution is increased by using salts like CaCl2. In
addition to obtaining preferable mechanical properties, also the formation of Coulomb
interactions is enabled by these methods. Thus, the bond strength could be enhanced
by stimulating two bonding mechanisms simultaneously [23,50,120].

Due to the pulp �bers' �brillar structure, so called mechanical interlocking of �brils
and �bril bundles has been found of having an enhancing e�ectto �ber-�ber bonds [17].
Further insight into this mechanism could be obtained by combining the setup for
controlling relative humidity with a setup to test �ber-�be r bonds in the AFM [121].
Such mechanical interlocking is usually activated by re�ning kraft pulp �ber to increase
the number of dangling �brils. Comparing the bond strength of re�ned inter�ber bonds
with unre�ned bonds { or viscose �ber bonds { at high relativehumidities (' r > 0:9)
should result in a decreased strength of bonds between unre�ned �bers. Re�ned �bers,
on the other hand, should retain some strength if indeed mechanical interlocking is a
dominating mechanism [121]. Preliminary experiments wereconducted by applying a
drop of water in close vicinity of a �ber-�ber bond, in such a way that at least one �ber
was in contact with the water. However, these experiments were inconclusive due to the
fact that the water droplet could not be applied to a stable position. Hence, controlling
the humidity to increase the water uptake of the inter�ber bond in a de�ned way is the
most promising way to conduct such experiments. A possible realization of humidity
controlled bond strength tests on the basis of the availableAFM based �ber-�ber bond
tester [121] is presented in �gure 5.3.

setup to control
relative humidity

N2 with de �� ned �� r

outlet

polymer bag

��ber- �� ber 
bond tester

AFM cantilever 
holder

�� uid cell 
membrane

Figure 5.3.: Sketch of the planned realization of bond strength testing in controlled relative
humidity.

A di�erent way to assess the importance of water to pulp �bersand inter�ber bonds
is to quantify the �bers' surface energy by contact angle measurements. With this
method, direct information on the tendency of water to wet the pulp �bers' surface
is obtained. By employing a so-called picoliter contact angle system it is possible to
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deposit droplets with a volume of 80 p̀ [122]. It could be demonstrated that such
droplets can be placed on single pulp �bers, using water and methylene iodide (CH2I2)
as deposition liquids [123]. Determining the surface energies of modi�ed �bers { i.e.,
di�erent grades of re�ning, incorporation of additives, and swelling the �bers in aqueous
solutions of salts { could yield information on how large thein
uence of water to the
�nal �ber-�ber bond will be.

5.4. General conclusions

AFM based nanoindentation has been employed as a novel and strong method to reveal
mechanical properties of cellulosic materials on the nanometer scale under controlled
relative humidity. Using AFM-NI, the mechanical properties of cellulose based materi-
als were studied under the in
uence of varying relative humidity and in water. All the
materials under consideration exhibited a decrease in hardness and reduced modulus
by up to two orders of magnitude only due to their uptake of water. This behavior
distinguishes cellulosics from classical engineering materials such as metals, ceramics,
and many synthetic polymers. However, a bond between two cellulose �bers can only
be established due to this unique property. A property, which has been exploited by
mankind since ancient times to produce paper.
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Appendix A.

Program code

Area function plugin

The following Python script in listing A.1 is to be used with Gwyddion and extracts
the area function of an AFM tip, which has been imaged accordingto the dilation
method described in section 3.2. In order for this script to be detected by Gwyddion,
it has to be placed to the location~/.gwyddion/pygwy/ . Note that this script was
tested so far only on Linux operating systems. The 32 bit Microsoft Windows port of
Gwyddion should also provide support for user-made Python scripts, but requires the
manual installation of additional software.

Listing A.1: Python script for Gwyddion to calculate the area function of an indenter.

1 import gwy
import pygtk

3 pygtk . r e q u i r e ( ' 2 .0 ' )
import gtk , gob jec t

5

# Generate a new item "Data Evaluat ion " and subitem "Area Fun ct ion "
7 # in the menu , which i s used to c a l l the s c r i p t .

plugin menu = "/Data Evaluat ion /Area Funct ion "
9 p lug in t ype = "PROCESS"

11 c l a s s InterfaceWindow :
p r o g r e s s v a l u e = 0 .0

13

def d e l e t e e v e n t ( s e l f , widget , event , data=None ) :
15 re tu rn Fa lse

17 def des t roy ( s e l f , widget , data=None ) :
gtk . main qui t ( )

19

# Update func t i on to a l low p rog ress bars to move and show the prog ress
21 def update ( s e l f ) :

s e l f . pbar . s e t f r a c t i o n ( s e l f . p r o g r e s s v a l u e )
23

percen t = s e l f . p r o g r e s s v a l u e * 100
25 percen t = s t r ( i n t ( percen t ) )

s e l f . pbar . s e t t e x t ( percen t + "%" )
27 re tu rn True
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29 def ge t s p i n b u t t on ( s e l f ) :
re tu rn s e l f . sp in bu t ton . g e t v a l u e a s i n t ( )

31

def run ( s e l f ) :
33 gob jec t . t imeout add (100 , s e l f . update )

35 # Here , the GUI , such as but tons and tex t /number ent ry f i e l d s are
# de f i ned and i n i t i a l i z e d .

37 def i n i t ( s e l f ) :
s e l f . window = gtk . Window( gtk .WINDOW TOPLEVEL)

39 s e l f . window . s e t r e s i z a b l e ( True )
s e l f . window . s e t t i t l e ( "Area Funct ion " )

41

s e l f . window . connect (" d e l e t e e v e n t " , s e l f . d e l e t e e v e n t )
43

s e l f . window . connect (" des t roy " , s e l f . des t roy )
45

s e l f . window . se t bo rde r w id th (10)
47

vbox = gtk . VBox( False , 5)
49 vbox . se t bo rde r w id th (10)

s e l f . window . add ( vbox )
51 vbox . show ( )

53 a l i g n = gtk . Alignment ( 0 . 5 , 0 . 5 , 0 , 0)
vbox . p a c k s t a r t ( a l i gn , False , False , 5)

55 a l i g n . show ( )

57 s e l f . pbar = gtk . ProgressBar ( )
a l i g n . add ( s e l f . pbar )

59 s e l f . pbar . show ( )

61 sepa ra to r = gtk . HSeparator ( )
vbox . p a c k s t a r t ( separa to r , False , False , 0)

63 sepa ra to r . show ( )

65 t ab l e = gtk . Table (1 , 2 , Fa lse )
vbox . p a c k s t a r t ( tab le , False , True , 0)

67 t ab l e . show ( )

69 l a b e l = gtk . Label ( "Range (%) : " )
t ab l e . a t tach ( l abe l , 0 , 1 , 0 , 1)

71 l a b e l . show ( )

73 adjustment = gtk . Adjustment (50 , lower =0, upper =100 , s t e p i n c r =1,
page inc r =5, p a g e s i z e =0)
s e l f . sp in bu t ton = gtk . SpinButton ( adjustment , 0 . 0 , 0)

75 t ab l e . a t tach ( s e l f . sp in but ton , 1 , 2 , 0 , 1)
s e l f . sp in bu t ton . show ( )

77

sepa ra to r = gtk . HSeparator ( )
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79 vbox . p a c k s t a r t ( separa to r , False , False , 0)
sepa ra to r . show ( )

81

t ab l e = gtk . Table (2 , 1 , Fa lse )
83 vbox . p a c k s t a r t ( tab le , False , True , 0)

t ab l e . show ( )
85

button = gtk . Button ( " S ta r t Ca l cu la t i on " )
87 button . connect ( " c l i c k e d " , s e l f . Ca l cu la t i on )

t ab l e . a t tach ( button , 0 , 1 , 0 , 1)
89 button . show ( )

91 button = gtk . Button ( " Close " )
button . connec t ob jec t ( " c l i c k e d " , gtk . Widget . dest roy , s e l f . window )

93 t ab l e . a t tach ( button , 0 , 1 , 1 , 2)
button . show ( )

95

s e l f . run ( )
97 s e l f . window . show ( )

99 # This i s the ac tua l c a l c u l a t i o n o f the area func t ion , the hear t o f the
# s c r i p t .

101 def Ca lcu la t i on ( s e l f , widget , data=None ) :
c = gwy . gwy app da ta browser ge t cu r ren t (gwy .APP CONTAINER)

103

# Get the f i l ename . . .
105 f i l ename = c . ge t s t r i ng by name ("/ f i l ename " )

# . . . and remove " . gwy" ( the l a s t fou r c h a r a c t e r s ) .
107 f i l e b a s e = f i l ename [0 :� 4 ]

109 # Store ( a po in te r to ) the c u r r e n t l y a c t i v e channel
# ( topography , h o p e f u l l y ) in the v a r i a b l e 'd '

111 d = gwy . gwy app da ta browser ge t cu r ren t (gwy .APP DATA FIELD)
# Get the maximum he igh t va lue . Minimum should be 0 !

113 z max = d . get max ( )

115 # Get r e s o l u t i o n and p h y s i c a l d imensions o f the topography map .
x res = d . g e t x r e s ( )

117 y res = d . g e t y r e s ( )
x r e a l = d . g e t x r e a l ( )

119 y r e a l = d . g e t y r e a l ( )

121 # Make a DataFie ld with the same p r o p e r t i e s as 'd ' , the c u r r e nt l y
# a c t i v e channel .

123 g r a i n s = gwy . DataFie ld ( xres , yres , x rea l , y rea l , True )

125 # I n i t i a l i z e ' area ' to 0 .
area = 0

127 # Mul t ip ly the input f o r how many percen t o f the MaxHeight the
# a rea func t i on should be c a l c u l a t e d

129 # by 10 , so the r e s o l u t i o n i s then 0.1%. (The FOR� Loop can only
# i n c r e a s e the v a r i a b l e by i n t e g e r s . )
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131 max pzt10 = 10* s e l f . ge t s p i n b u t t on ( )

133 # Generate and open a t e x t f i l e , with the name ' f i l e b a s e ' a r fun . tx t .
f = open ( f i l e b a s e+" a r fun . tx t " , "w" )

135

# FOR� Loop where the ac tua l c a l c u l a t i o n o f the a rea func t i on i s
137 # performed

f o r hg t pz t10 in range (0 , max pzt10 ) :
139 # Percentage to wr i te in the p rog ress bar .

s e l f . p r o g r e s s v a l u e = f l o a t ( hg t pz t10 ) / f l o a t ( max pzt10 � 1)
141 s e l f . run ( )

# Allow updat ing o f the p rog ress bar .
143 whi le gtk . even ts pend ing ( ) :

gtk . m a i n i t e r a t i o n d o ( )
145 # 100% means t i p apex , but we want the top to be 0%.

hg t pz t = 100 � f l o a t ( hg t pz t10 ) /10 .0
147 # Mark the p ro j ec ted area o f the inden te r by the g iven th reshold

# ' hg t pz t ' and s t o r e the marked area
149 # in the ' g r a i n s ' d a t a f i e l d . As a binary he igh t map ( only 0 and 1) .

d . g ra ins mark he igh t ( g ra ins , hgt pzt , Fa lse )
151 # Get the b inary he igh t map o f the g r a i n s d a t a f i e l d .

A = g r a i n s . ge t da ta ( )
153 # I n i t i a l i z e the number o f p i x e l s to 0

p i x e l = 0
155 # Loop through the he igh t map 'A ' and i f a p i x e l i s not 0

# ( meaning , i t i s 1) then i n c r e a s e the number o f p i x e l s .
157 f o r i i n range (0 , xres� 1) :

f o r j i n range ( 0 , ( yres� 1) ) :
159 i f A[ i * 512+ j ] > 0 :

p i x e l += 1
161 # The area o f one p i x e l i s determined by the r e s o l u t i o n and the

# p h y s i c a l d imensions .
163 p i x e l a r e a = x r e a l / x res * y r e a l / y res

# Mul t ip ly the p i x e l area by the number o f p i x e l s .
165 area = p i x e l * p i x e l a r e a * 1e18

# Ca lcu la te the d i s t ance from the t i p apex to the cu r ren t
167 # p o s i t i o n . . .

hgt = z max* (1� hg t pz t /100 .0 ) * 1 e9
169 # . . . and wr i t e i t to the opened f i l e .

f . w r i t e ( s t r ( hgt ) + " " + s t r ( area ) + " nn" )
171

# Close the f i l e to ensure no f u r t h e r mod i f i ca t i on and f r e e i t f o r
173 # f u r t h e r use .

f . c l o s e ( )
175

def main ( s e l f ) :
177 gtk . main ( )

179 def run ( ) :

181 i n t e r f a c e = InterfaceWindow ( )
i n t e r f a c e . main ( )
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Automated AFM-NI procedure

The Octave script printed in listing A.2 is designed to extract H and Er from AFM-NI
experiments. It is especially written to work with force-vs-distance plots stored in the
binary .ibw -�les outputted by the Asylum Research software. Note that this script
requires the input of 16 parameters by the user. Therefore, agraphical interface was
written to ease the usage of this program. The graphical interface was coded in C and
is not listed in this work.

Listing A.2: Octave script that allows the automatic evaluation of AFM-NI experiment s.

f unc t i on savename = INDmain ( loadname , d i o l s , k , loadra te , holdt ime,
thermalt ime , thermprcnt , samplerate , eps i l on , b a s e f i t , holdred ,
thermred , holdpnt , thermpnt , a r e a f u n c f i l e , u l d f i t n r )

2

%Import IgorPro . ibw f i l e s as ASCII text , then s c a l e the va lues
4 %acco rd ing l y

xy0 = IBWtoTXT( loadname ) ;
6 xy0 ( : , 2 ) = xy0 ( : , 2 ) * 1 e9 ;

8 %Subtract the thermal d r i f t from the data ( separa te func t io n , not
%shown )

10 INDpreproc ( loadname , samplerate , thermal t ime ) ;
l fm = leng th ( loadname )� 4;

12 corrname = [ loadname ( 1 : l fm ) , " z c o r r . t x t " ] ;
xy0 ( : , 1 ) = load ( corrname ) ;

14

xy = xy0 ;
16 l = leng th ( xy ( : , 2 ) ) ;

18 %Get the maximal va lue ( v ) and i t s index ( i )
[ v , i ]= max( xy ( 1 : holdpnt , 2 ) )

20

%Find the zero f o r c e l i n e by a l i n e f i t and sub t rac t i t from the data
22 z e r o l i n e = IND l i n l easq r ( xy (100:100+ b a s e f i t , 1 ) , xy (100:100+ b a s e f i t , 2 ) );

xy ( : , 2 )=xy ( : , 2 ) � ( z e r o l i n e (2 ) * xy ( : , 1 )+z e r o l i n e (1 ) * ones( l , 1 ) ) ;
24

%Calcu la te the RMS of no i se l e v e l , s e t i t to 0 .1 i f i t i s lower than
26 %that

no i se = std ( xy (100:100+ b a s e f i t , 2 ) )
28 i f ( no i se < 0 . 10 )

no i se = 0 .10
30 e n d i f

32 %Locate po in t o f contact , us ing the no i se l e v e l as a r e f e r e n ce
j = i ;

34 whi le xy ( j , 2 ) > 4* no i se ;
j = j � 1 ;

36 x ze ro = xy ( j , 1 ) ;
x z e r o i n d e x = j ;

38 endwhi le
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40 %Subtract d e f l e c t i o n from d i s t ance to get i nden ta t i on
xy ( : , 1 ) = xy ( : , 1 ) � xy ( : , 2 ) ;

42 %Calcu la te f o r c e from d e f l e c t i o n
xy ( : , 2 ) = xy ( : , 2 ) * k ;

44 %S h i f t a l l va lues so that the po in t o f con tac t i s at zero f o r c e
xy ( : , 1 )=xy ( : , 1 ) � x ze ro* ones( l , 1 ) ;

46 %s p l i t the exper iment in a load ing curve and an unloading curve
xy load ( : , 1 )=xy ( 1 : i , 1 ) ;

48 xy load ( : , 2 )=xy ( 1 : i , 2 ) ;
xy unld1 ( : , 1 )=xy ( i +1: l , 1 ) ;

50 xy unld1 ( : , 2 )=xy ( i +1: l , 2 ) ;
m = in t32 ( samplera te * holdt ime ) ;

52 l u l 1 = leng th ( xy unld1 ( : , 1 ) ) ;
xy unld ( : , 1 )=xy unld1 (m� 1: l u l1 , 1 ) ;

54 xy unld ( : , 2 )=xy unld1 (m� 1: l u l1 , 2 ) ;
xy load2 ( : , 1 )=xy unld1 ( 1 :m� 1 ,1) ;

56 xy load2 ( : , 2 )=xy unld1 ( 1 :m� 1 ,2) ;

58 l l 2 = leng th ( xy load2 ( : , 1 ) ) ;

60 f a c t o r 2 = holdred ;
p = 1 ;

62 f o r j =1:m� 1
i f (mod( j , f a c t o r 2 ) == 0)

64

xy load3 (p , 1 ) = xy load2 ( j , 1 ) ;
66 xy load3 (p , 2 ) = xy load2 ( j , 2 ) ;

p = p+1;
68 e n d i f

end for
70

%Decrease number o f da tapo in ts in thermal d r i f t compensat ion hold
72 %( f a s t e r pdf� p l o t ! )

Fmax = max( xy unld ( : , 2 ) ) ;
74 u ld1 t ime = ( thermprcnt *Fmax) /( l oad ra te * 1000)

u ld1 index = thermpnt ;
76 xy unld5 = xy unld ( 1 : u ld1 index , : ) ;

xy unld6 = xy unld ( u ld1 index +1: u ld1 index+1+in t32 ( thermal t ime *
samplera te ) , : ) ;

78 xy unld7 = xy unld ( u ld1 index+1+in t32 ( thermal t ime * samplera te ) +1: leng th (
xy unld ( : , 1 ) ) , : ) ;

f a c t o r 3 = thermred ;
80 p = 1 ;

f o r j =1: i n t32 ( thermal t ime * samplera te )
82

i f (mod( j , f a c t o r 3 ) == 0)
84

xy unld6b (p , 1 ) = xy unld6 ( j , 1 ) ;
86 xy unld6b (p , 2 ) = xy unld6 ( j , 2 ) ;

p = p+1;
88

e n d i f
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90

endfor
92

t therm = thermal t ime * ( 0 : leng th ( xy unld6 ( : , 1 ) ) � 1) ' / ( l eng th ( xy unld6
( : , 1 ) ) � 1) ;

94 t ime load = ( ( x z e r o i n d e x : leng th ( xy load ( : , 1 ) ) ) ' � x z e r o i n d e x ) / (
l eng th ( xy load ( : , 1 ) ) � x z e r o i n d e x ) ;

t ime ho ld = t ime load ( leng th ( t ime load ) ) + ( holdt ime * ( 1 : leng th ( xy load3
( : , 1 ) ) ) ' ) / ( l eng th ( xy load3 ( : , 1 ) ) ) ;

96 t ime unld5 = t ime ho ld ( leng th ( t ime ho ld ) ) + ( u ld1 t ime * ( 1 : leng th (
xy unld5 ( : , 1 ) ) ) ' ) / ( l eng th ( xy unld5 ( : , 1 ) ) ) ;

98 %Fi t the beg inn ing o f the unloading curve to obta in the
%unloading s t i f f n e s s

100 un ld5 leng th = leng th ( xy unld5 ( : , 1 ) ) ;
[ u l d f i t , u ld p , u ld cvg , u l d i t e r ] = l e a s q r ( xy unld5 ( 1 : u l d f i t n r , 2 ) ,

xy unld5 ( 1 : u l d f i t n r , 1 ) , [ 5 0 , 1 , 1 , 1 , 1 ] , @INDpowerlaw , 0 .001 , 1000) ;
102 Fmax = max( xy ( : , 2 ) ) ;

s t i f f n e s s f i t = inv ( (1 /2 ) * u ld p (2 ) *Fmax^( � 1/2) + (1 /4 ) * u ld p (3 ) *Fmax
^( � 3/4) + (1 /8 ) * u ld p (4 ) *Fmax^( � 7/8) ) ;

104

%Creep and thermal d r i f t c o r r e c t i o n o f the unloading s t i f f n e s s
106 t c r p = holdt ime * ( 0 : leng th ( xy load3 ( : , 1 ) ) � 1) ' . / ( l eng th ( xy load3 ( : , 1 ) )

� 1) ;
[ c r p f i t , c rp p ] = l e a s q r ( t c rp , xy load3 ( : , 1 ) , [ 4 0 , 1 . 5 , 1 . 0 , 1 . 0 ] ,

@INDcreep time , 0 .001 , 1000) ;
108 h d o t t o t = (1 /2 ) * crp p (2 ) * holdt ime ^( � 1/2) + (1 /4 ) * crp p (3 ) * holdt ime

^( � 3/4) + (1 /8 ) * crp p (4 ) * holdt ime ^( � 7/8)
s t i f f n e s s = inv (1/ s t i f f n e s s f i t + h d o t t o t / ( l oad ra te * 1000) ) ;

110

x max = max( [ xy load3 ( : , 1 ) ; xy unld ( : , 1 ) ] ) ;
112 x0 = x max � e p s i l o n*Fmax/ s t i f f n e s s ;

area xy = load ( a r e a f u n c f i l e ) ;
114

i f ( x0 >= 100)
116 [ a r e a f i t , p area ] = l e a s q r ( area xy ( : , 1 ) , a rea xy ( : , 2 ) , [ 5 0 0 , 10 , 1 0 ] ,

@INDareafunc f i t , 1 e � 5 ,1000) ;
e l s e i f ( x0 < 100)

118 a r e a f i t e n d = 0 ;
i = 1 ;

120 whi le ( area xy ( i , 1 ) < 100)
a r e a f i t e n d = i ;

122 i ++;
endwhi le

124 %Fi t the exper imen ta l l y obta ined area func t i on
[ a r e a f i t , p area ] = l e a s q r ( area xy ( 1 : a r e a f i t e n d , 1 ) , a rea xy ( 1 :

a r e a f i t e n d , 2 ) , [ 5 0 0 , 10 , 1 0 ] , @INDareafuncf i t , 1 e � 5 ,1000) ;
126 e n d i f

128 %Calcu la te the contac t area at i nden ta t i on depth from the f i t t e d
%area func t i on

130 A = INDarea func f i t ( x0 , p area ) ;
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132 p lo t ( area xy ( : , 1 ) , a rea xy ( : , 2 ) , ( 0 : 5 5 0 ) ' , INDarea func f i t ( ( 0 : 5 5 0 ) ' ,
p area ) ) ;

p r i n t ( '� dpng ' , ' t e s t 4 . png ' ) ;
134

%Calcu la te reduced modulus and hardness
136 Er = s q r t ( p i ) /2 * ( s t i f f n e s s / s q r t (A) ) ;

H = Fmax/A;
138

%Calcu la te a l i n e with the unloading s lope f o r v i s u a l i z a t i on
140 s t i f f n d = Fmax � s t i f f n e s s* xy unld (1 ) ;

s t i f f n y = xy unld ( 1 : i n t32 ( samplera te* u ld1 t ime ) ,1 ) * s t i f f n e s s +
s t i f f n d ;

142 x y f i t = [ xy unld ( 1 : i n t32 ( samplera te* u ld1 t ime ) ,1 ) , s t i f f n y ] ;

144 names = [ "x0 / [nm] n t nt nt " , "Fmax/ [nN] n t " , "A/ [nm^2] n t nt " , "Er / [GPa] n t nt "
, "H/ [GPa] " ] ;

save x0 = [ x0 , Fmax, A, Er , H ] ;
146

s a v e r s l t = save x0 ;
148 s a v e r s l t (2 ) = s a v e r s l t (2 ) /1000;

s l = s t r c h r ( loadname , ' . ' ) � 1 ;
150 savename = loadname ( 1 , 1 : s l ) ;

savename load = [ savename ," l oad . dat " ] ;
152 savenamehold = [ savename ," ho ld . dat " ] ;

savenameunld = [ savename ," un ld . dat " ] ;
154 savename f i t = [ savename , " f i t . dat " ] ;

savenamex0 = [ savename , " x0 . dat " ] ;
156 savename rs l t = [ savename , " r e s u l t s . dat " ] ;

158 xy load ( : , 2 ) = 1e � 3* xy load ( : , 2 ) ;
xy unld ( : , 2 ) = 1e � 3* xy unld ( : , 2 ) ;

160 xy load3 ( : , 2 ) = 1e� 3* xy load3 ( : , 2 ) ;
x y f i t ( : , 2 ) = 1e � 3* x y f i t ( : , 2 ) ;

162

%Save the r e s u l t s and the in fo rmat ion necessa ry to p lo t the data
164 save( savename load , ' xy load ' , '� a s c i i ' ) ;

save( savename hold , ' xy load3 ' , '� a s c i i ' ) ;
166 save( savename unld , ' xy unld ' , ' � a s c i i ' ) ;

save( savename f i t , ' x y f i t ' , ' � a s c i i ' ) ;
168 save( savename x0 , ' names ' , ' save x0 ' ) ;

save( savename rs l t , ' s a v e r s l t ' , ' � a s c i i ' ) ;
170

end
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