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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 building materials. 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
fibers 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 identified yet. But exactly this
information is of crucial importance when strength of paper is to be improved, without
increasing the material input.

Hydrogen bonds and similar interactions exhibit a maximum effect when the area
of the fiber-fiber 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 influence
of water on the materials under investigation. Also, measurements of fully swollen fibers
in water were facilitated. This corresponds to the state in which bonds initially form
during papermaking. Since paper fibers are a complex and inhomogeneous system,
the characterization started with amorphous cellulose films and viscose fibers as model
systems. These chemically and structural homogeneous materials permit to focus only
on single mechanisms.

Topographical AFM investigations of cellulose films — 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 confirms that smooth surfaces are able to form a large area
in molecular contact.

All materials’ mechanical properties were determined by AFM-NI as reduced modulus
— a measure for the Young’s modulus — and hardness under controlled humidity as well
as in water. Viscose and pulp fibers both exhibited a reduced modulus in water of about
0.05 GPa. For viscose fibers, this corresponds to a reduction by a factor of almost 200
compared to the dried state. Pulp fibers, 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 fibers in water is approximately 14 MPa
which is a decrease by a factor of 30 compared to the fully dried state. Pulp fibers, 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



Abstract

approximately linear relation between hardness and modulus with relative humidity. A
deviation from the linear behavior was observed only at high humidities 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 fiir vielerlei moderne Produkte wie zum Bei-
spiel verschiedene Papiersorten, Medizin- und Hygieneartikel und Baustoffe. 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 stdndig verbessert wird, sind die Ursachen, die die
Bindung zwischen zwei Papierfasern ausmachen, noch nicht vollstandig gekléart. Zwar
wurden verschiedene Mechanismen, beginnend mit Wasserstoffbriickenbindungen bis
hin zu formschliissigen Verbindungen, vorgeschlagen, doch ist weder bekannt mit wel-
chem Ausmaf sie beitragen, noch ob bereits alle identifiziert worden sind. Genau diese
Informationen sind jedoch von erhohter Wichtigkeit, wenn die Festigkeit von Papier
gesteigert werden soll, ohne aber die Menge an Material zu erhohen.

Wasserstoftbriickenbindungen und vergleichbare Wechselwirkungen haben dann einen
maximalen Effekt, wenn die Fliache der Faserbindung in molekularem Kontakt so grof3
wie moglich ist. Dies ist dann der Fall, wenn deren Oberflichen gleichméfBig beschaffen,
weich und nachgiebig sind. Um die Struktur und die mechanischen Eigenschaften von
Oberflachen zu bestimmen, wurde in dieser Arbeit Rasterkraftmikroskopie (AFM) und
AFM basierte Nanoindentation (AFM-NI) eingesetzt. Ein speziell entwickelter Mes-
saufbau ermoglichte, die relative Feuchtigkeit zu kontrollieren und so den Einfluss von
Wasser auf die untersuchten Materialien zu studieren. Ebenso wurden Messungen an
vollstandig gequollenen Proben in Wasser ermdoglicht. Dies ist der Zustand in dem sich
Bindungen wéhrend der Papierherstellungen ausbilden. Da Papierfasern ein komplexes
und inhomogenes System bilden, wurden zuerst amorphe Cellulosefilme und Viskose-
fasern als Modellsysteme charakterisiert. Diese chemisch und strukturell homogenen
Materialien erlauben, den Fokus gezielt auf einzelne Mechanismen zu richten.

Topographische AFM Untersuchungen an Cellulosefilmen bevor und nachdem eine
Bindung zwischen ihnen hergestellt wurde, zeigten dass die anfangliche Rauigkeit von
30nm auf ein Drittel abgesunken war. Weiters war die resultierende Oberflache ho-
mogen und bestéatigte damit, dass glatte Oberflichen die Moglichkeit haben eine hohe
Fléache in molekularem Kontakt auszubilden.

Die mechanischen Eigenschaften aller Materialien wurden mittels AFM-NI in Form
von reduziertem Modul — ein Maf§ fiir den Elastizitdtsmodul — und Eindringhérte be-
stimmt. Die Messungen wurden unter verschiedenen Luftfeuchtigkeiten sowie in Wasser
durchgefiihrt. Sowohl Viskose- als auch Papierfasern wiesen in Wasser einen reduzierten
Modul von 0.05 GPa auf. Dies bedeutet fiir 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 Oberflichenhérte von Viskosefasern betriagt in
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Wasser 14 MPa, was einer Abnahme um den Faktor 30, verglichen mit dem getrockneten
Zustand, bedeutet. Papierfasern wiesen in Wasser allerdings eine Héarte 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 einen linearen Zusammenhang
von Hérte und Modul mit der relativen Feuchte auf. Ein Abweichen davon konnte erst
bei hoher Luftfeuchtigkeit von iiber 80 % beobachtet werden. Es wurde mit der Studie
gezeigt, dass aufferdem 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

CCF Cross-correlation function
CCovF Cross-covariance function
CMC Carboxymethyl cellulose

CS Cationic starch

DFT Discrete Fourier transform
DMSO Dimethyl sulfoxide

DP Degree of polymerization
FFT Fast Fourier transform
FT Fourier transform

GAB Guggenheim-Anderson-de Boer

HHCF Height-height correlation function

iDFT Inverse discrete Fourier transform
iFT Inverse Fourier transform

L Lumen

ML Middle lamella

NI Nanoindentation
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P-=z
P—Zi
PSD

RMS

S1
S2
S3
SEM

Primary wall
Load-vs-distance
Load-vs-indentation depth
Power spectral density

Root mean square

Secondary wall number one
Secondary wall number two
Secondary wall number three
Scanning electron microscopy
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Fractal dimension

Topological dimension

Young’s modulus

Reduced modulus

Fourier transformation of f
Hardness

Observation length
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Stiffness

Hurst parameter

Poisson’s ratio

Lag

Root mean square roughness
Relative humidity

Temperature (in °C)

Lateral correlation length
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Width (of a cantilever)
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Resonance frequency

Arbitrary function of the discrete variables p and ¢
Spring constant (of a cantilever)
Length (of a cantilever)

Setpoint ratio

Thickness (of a cantilever)
Gravimetric water content

x coordinate, fast scanning axis

y coordinate, slow scanning axis
z coordinate, vertical coordinate of the AFM tip
Contact depth during indentation
Cantilever deflection
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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 x 10'? tons [1]. It is not surprising that cellulose-containing materials
were one of the earliest to be used by our ancestors. Cotton, flax, 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 flexible 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, five mechanisms that could contribute to the strength of a bond
between two paper fibers have been identified [4]:

1. hydrogen bonds

2. van der Waals interactions

3. Coulomb interactions

4. interdiffusion 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 fibers [7,8] are likely to have an effect on the bond strength.

The detailed knowledge of fiber-fiber 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 filling the bag with a gas stream. Another
example are shopping bags: They need the strength to hold the groceries, 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
fiber-fiber bonds tuned to yield maximum strength. To have an intimate understanding
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of how the fibers in the paper network interact with each other would 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 five bonding mechanisms listed above, numbers one to four would lead to
a stronger bond when the area in molecular contact is maximized. The fifth mecha-
nism, on the other hand, depends on the surface structure and its features. To gain
understanding of these mechanisms, the mechanical properties of the paper fibers’ sur-
faces and their morphology needs to be known on the nanometer scale — the scale on
which bond formation takes place. Moreover, bonds are initially formed between highly
swollen fibers in an aqueous environment and it is usually insufficient to consider the
properties of dried fibers. Both, the mechanical parameters and surface morphology
will change drastically — and to some degree irreversibly [9] — after water is removed
from the fiber.

1.2. Model systems

Since paper fibers are an inhomogeneous material — as will be discussed in section 2.1 —
they are difficult to study. Therefore, model systems are often employed to focus only
on a single mechanism.

Cellulose films 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 different species — such as hemicelluloses — is easily achieved.
A step towards further complexity are regenerated cellulose fibers, a material with its
own, vast field of applications ranging from various textiles, via hygiene products, to
paper additives and special papers. In being fibers, they share the same macroscopic
appearance as paper fibers and have even microscopic similarities such as fibrils and
partly crystallized cellulose. The fact that regenerated fibers are pure cellulose fibers,
places them also close to cellulose films. One could, therefore, consider them as a link
between model films and paper fibers.

1.3. This work

In this work, a focus is set on mechanical properties of cellulosic materials and on the
influence water has on them. The majority of the fiber-fiber bonding mechanisms listed
above rely on a high area in molecular contact. Hence, a measure for the fibers’ ability
to conform to each other is needed. It is long known that yield strength 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 fibers,
the application of this method is limited and likely to result in a large scattering of
the data. Therefore, an AFM-based version of nanoindentation is used in this work
to approximate these material parameters. By employing a setup to control the envi-
ronment’s water content, the effect of water uptake is studied beginning with the fully
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dried state until highly swollen materials. While the goal is ultimately to understand
the importance of fiber 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 effectiveness of industrially
available ways to influence the swelling behavior.

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






2. Theoretical background

2.1. Cellulose fibers

All cellulose fibers 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 15000. Note that the DP usually refers to the number
of D-glucopyranose units and not to that of cellobiose units. The structural formula
of cellulose is sketched in figure 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].

OH OH OH
HO OH HO OH HO OH
o 0} 0] 0] (0] 0
OH o "© OH oH | MO OH OH
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
different 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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2.1.2. Wood

The aforementioned hierarchical structure of wood is sketched in figure 2.2, using soft-
wood tracheids as an example. Cellulose chains pack together to form elementary fibrils
with crystalline and amorphous regions. The elementary fibrils (<10nm in diameter),
in turn, bundle to form microfibrils (10 nm - 60 nm in diameter) [11,12]. These microfib-
rils compose the cell wall of wood cells by winding helically around 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 mechanical properties of the cell. In
the P layer, the microfibrils are arranged in a disordered fashion, whereas in the layers
S1 to S3 highly oriented fibrils 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
microfibrils and are thought of as a glue that adds stiffness to the wood [13,14].

elementary fibril
S3— | 2 (~nm)

wood cell
(~pm)

cellulose molecule

(~A)

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 direction of the stem and are alive
only in its outer region. This region is called cambium and is protected from outside
influences 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 filled 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 living tree, 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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Hardwood and softwood

Woods can be grouped in softwoods — or conifers — which are gymnosperms and hard-
woods, which are angiosperms. The wood of conifers consists basically of only two types
of cells: the longitudinally aligned tracheids (shown in figure 2.2), and rays, which con-
nect the tracheids radially. Tracheids in softwood provide channels 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, on the other hand, are more
differentiated. So-called fibers with thick cell walls provide mechanical strength to the
plant, whereas vessels function 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 differ 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 fibers

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

The name kraft 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
fibers are weakened by the loss of lignin and hemicelluloses, the fibers collapse, as is
presented schematically in figure 2.3.

=

~30 um ~30 um
— —

( (b)

Figure 2.3.: The micrometer scale structural effect of kraft pulping on wood cells. (a) Before
pulping, the cell is stiff and the lumen is open. (b) After pulping, the lumen
collapses, leading to a cross-section typical for pulp fibers.
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Refining

The process of refining refers to a mechanical treatment of pulp fibers. 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 fixed, so that a shear force is exerted on the pulp. This
treatment increases the flexibility of pulp fibers, leading to highly conformable fibers.
Furthermore, some microfibrils are released and dangle loosely from the fibers. This
process is long known to increase the strength of paper. A recent study, however, could
give for the first time evidence about the mechanism underlying the beneficial effect of
refining [17].

2.1.4. Regenerated cellulose fibers

Properties of pulp fibers are obviously advantageous for papermaking and can be tuned
to produce a large variety of papers. However, the use of pulp fibers in other areas,
such as textiles, would be quite limited. Reasons for that are their short length of only
a few millimeters, a predefined cross-section, and the limited possibility to incorporate
additives. Cotton fibers, 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 19" century by
dissolving the cellulose of natural materials and spinning it into fibers with a desired
geometry. This process is called regeneration [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 fibers

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

Viscose fibers differ in composition and structure from pulp fibers. Regenerated cel-
lulose exhibits a crystalline structure different from the one found in wood. Crystalline
wood cellulose is called cellulose I, whereas regenerated cellulose crystallizes as cellulose
II. Tt is believed that cellulose II is the thermodynamically more stable structure [1].

The amount of crystalline domains in viscose fibers 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 modifications. Large
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variations between fibers of different manufacturers are, therefore, expected.

The DP of cellulose in viscose is approximately 300, which is much lower than the
one of pulp fibers (DP ~ 1000 to 2000) [11,19-21].

Applications of viscose fibers range from textiles and hygiene articles to special papers
such as for money bills. For some time, the ability of viscose fibers to enhance the
mechanical properties of paper has been investigated [22]. In academic research, viscose
fibers have recently been used as model systems to investigate mechanisms of fiber-fiber
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 figure 2.4a. Frequently, the sample is scanned laterally
in x and y directions, while the cantilever is fixed in a holder which can move only in
z direction. The movement in z, y, and z is usually achieved by employing piezo
actuators, which allow sub-nm position accuracy. Scanning is performed by moving
the cantilever along a line in its longitudinal direction (the fast scanning axis =) and
incrementally increasing the slow scanning axis coordinate y after a line was scanned

back and forth.

laser

(a) spit diode (b)

photodiode displacement

on photodiode

antilever
deflection

force

Figure 2.4.: The operating principle of AFM. (a) An illustration of the scanning procedure.
Here, the sample moves in = and y, whereas the cantilever moves in z. After [25].
(b) The detection of an applied force by reading out the cantilever’s deflection.

In most commercially available systems, a laser beam reflected from the cantilever’s
backside onto a split photodiode is used to detect its deflection (see figure 2.4b). This is
achieved by subtracting the light intensity recorded at the photodiode’s lower quarter
from the one of the upper quarter. By analyzing the intensity difference between the
right and left quarters, the cantilever’s torsion can be detected. For small deflections
z4, 1t is possible to calculate the force that leads to the bending of the cantilever by the
linear relation
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The spring constant k& depends only on the cantilever’s geometry (width b, length [,
and thickness s) and Young’s modulus E. For a rectangular, uniform cross-section of
the cantilever the spring constant is

Ebs?
k= DIk (2.2)

Using a feedback loop to keep the deflection at a constant value by moving it in z and
scanning the sample in x and y directions, the sample’s surface topography is recorded
as z(z,y). This is the most simple imaging procedure and is called contact mode. It
is likely that the surface will be influenced — or even severely damaged — due to the
constant lateral force that is exerted.

To prevent this entirely, the AFM can be operated in non-contact mode [26]. There,
the cantilever is excited at its resonance frequency f, and oscillates without touching
the surface. Since a force gradient emanates from each surface, e.g. due to van der
Waals interactions, the effective k — and thereby f, — depends on the distance between
tip and sample. By adjusting z to keep f, constant, the topography signal is recorded
again as z(x,y). The disadvantage of non-contact mode is that it basically works 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
fr in close proximity to the surface so that the tip apex is periodically touching the
sample. The sample will dampen the oscillation amplitude z, to a value below its free
amplitude 2z, fre.. A feedback loop to keep z, at a constant value — the so-called set-
point z, s, — controls the movement in z to gain the topography z(z,y). A measure for
the force applied to the sample during scanning is the amplitude-to-setpoint ratio 7,
with

Tsp = “a.sp . (23)
Za,free

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 of x and y coordinates. This method
is commonly used on soft samples such as polymers [33,34] and pulp fibers [35].

2.3. Nanoindentation

Nanoindentation (NI) is a technique to determine a material’s mechanical properties on
the nanometer scale. This is achieved by pressing a tip — the so-called indenter — with

10



2.3. Nanoindentation

a defined shape and known elastic properties (elastic modulus £; and Poisson’s ratio
v;) into a material’s surface. During this process, the applied load and the resulting
deformation — measured by the indentation depth z; — is recorded constantly. From such
a load-vs-indentation depth (P - z;) plot, the hardness H and the reduced modulus FE,
are determined according to the method of Oliver and Pharr [36] which is described in
the following.

The hardness H, which is a measure for a material’s yield strength, is calculated by

_ Pma:E
B A(ze) ,

with Pp,., denoting the maximum applied load and A(z.) the indenters projected
area at contact indentation depth z.. It is noteworthy that z. is neither the indentation
depth at maximum load, 2,4, nor the depth of the persistent indent z, but somewhere
in between, as is illustrated in figure 2.5. z. can be determined by the relation

(2.4)

Pmaz
Ze = Rmaz — € 5 2.5
i (2.5
where S is the unloading stiffness at P,,.,. It can be determined as S = %Mm like

it is indicated in figure 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 gain .S, the unloading part of the
P -z plot (as indicated in figure 2.5b) is first fitted by the function

P(z) =C(z — z,)™. (2.6)
Evaluating the derivation Cfi—]:| of equation 2.6 with the obtained fit parameters
C, zp, and m yields the unloading stiffness S.

In equation 2.4, the projected area at contact depth A(z.) is usually determined by
evaluating the indenter’s area function A(z) at z = z.. A(2) 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 modulus FE, is calculated via

pooYT_ S5
2 VA=)

and is a measure for a material’s Young’s modulus E [36]. If the material under
investigation is isotropic — like, e.g., polycrystalline metals — E,. and F, obey the relation
1 1—02 1—v?
E, E E;
v denotes the Poisson’s ratio and indices s and ¢ identify sample and indenter prop-
erties, respectively. If F; < E;, then equation 2.8 can be simplified to

Zmazx

(2.7)

11



2. Theoretical background

E
ET’ ~ m, (29)

which has the advantage of being independent from the indenter properties. However,
equation 2.9 requires still the Poisson’s ratio of the sample v;.

(a) (b) A
©  p=o @ . T

v loading

unloading

1
Load P

[ ¥ 2 I

z ] w 1
£ i i
N ~_ 4

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 - z; plot. Note that the
images in (a) correspond to points in (b) marked with the respective numbers.

Indentation depth z;

2.3.1. Modifications 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 effects such as creep
and relaxation or a load rate sensitivity of the deformation response. These three effects
are sketched qualitatively in figure 2.6.

( ) creep (b) relaxation ( ) load rate dependence
a load P = const. deformation z = const. c
! TN e rat
r
: -=- |ow loadrate
1
N 1
S : o o
=1
© 1 © ©
E : 3 s s
< ! steady state e
© ! "
1 L4
; foo”
, A
time t time t deformation z

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 effect of the load rate.

12



2.3. Nanoindentation

Creep (figure 2.6a) and load rate dependence (figure 2.6¢), will obviously influence
the determination of H and E,. Especially during the unloading segment, a so-called
nose can form due to creep effects, which is sketched in figure 2.7a [39,40]. The resulting
unloading stiffness S as well as the reduced modulus E, would appear to be negative
(according to equation 2.7). To prevent the occurrence of a nose, a holding time t; . at
maximum load P, can be introduced [39-41]. This time of constant load needs to be
long enough to ensure that the steady state creep, indicated in figure 2.6a, is reached.
Only in this case, the creep rate dditc will be at a minimum. A qualitative load schedule
with ¢, . # 0 including a possible P - z; plot is shown in figure 2.7b.

(a) (b)
A A A \
1 S>0
o o s<0 o o
© e e ©
© @®© @© ®©
o = o o
time t - indentation zi' time t - indentation z

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 stiffness, which is called a nose (b). If a holding time at the load
maximum is introduced, the nose can disappear and the stiffness S becomes
positive.

Although the introduction of ¢, . reduces the influence of creep effects on E,, it does
not cancel the creep effects completely. In order to improve the determination of F, as
well as H of viscoelastic materials, a modification of Oliver and Pharr’s method was
proposed [39,40]. First of all, the obtained P - z; plot needs to be corrected for thermal
drift effects. For this purpose, a thermal holding time ¢} ; is introduced near the end of
the unloading part. A typical load schedule used for viscoelastic materials is presented
in figure 2.8, featuring ¢, and ¢,;. To determine the thermal drift rate % = %, the
thermal holding part of the unloading segment is fitted with

Zt(t) = Zt,O + Ztt (210)
Then, z;(t) is corrected by subtracting the thermally induced change of z;, i.e.

%(t) = 29(1) — 44t (2.11)

In equation 2.11, the uncorrected indentation depth is denoted zi(t) (t) to avoid con-
fusion. Note that the procedure described here only works if 2z, = const., which was
true for the course of this work.

13



2. Theoretical background

In the next step, the steady state creep rate % |s = Z¢.s is determined from the holding

segment at P,,,, by fitting the temporal evolution of the creep induced indentation z.
with

2e(t) = 20 + alt — to)? + b(t — to)7 + c(t — t)s. (2.12)
Equation 2.12 has been found empirically to be the best fit [40]. Z. is then gained
by differentiating equation 2.12 with respect to time at the end of the holding segment,

i.e. Z.(tn.). It was shown that an improved value for E, is then obtained by using the
creep-reduced unloading stiffness

1 Z(ty C)] -

S* ==+ —=| 2.13

A 21

with |P| denoting the absolute value of the unloading rate [39]. To gain an improved

value for the hardness H, the contact depth is calculated by substituting S with S* in
equation 2.5 [40] which yields

Pmax

S*

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

Ze = Zmaz — €

(2.14)

%(P) = 2, + dP? + ¢P7 + fP5, (2.15)

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

A
I:)max
b -P
o
©
©
o
~ 0.05 Py
—— 1 >
O th,c th,t tmax

timet

Figure 2.8.: For viscoelastic materials, the load schedule of NI experiments should feature a
holding time tj, . at P4, to reduce creep effects and a second holding time #j, ¢
close to P = 0, to compensate for thermal drifting.
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2.3. Nanoindentation

2.3.2. AFM based nanoindentation

When performing nanoindentation, the surface morphology of the sample under in-
vestigation will influence the results. Height fluctuations with the same or a higher
magnitude as the indentation depth and lateral fluctuations similar or smaller as a
characteristic size of the indent during contact will distort the determination of A(z.)
and thereby F, as well as H. Figure 2.9 presents the effects of surface roughness
schematically. In the ideal case (figure 2.9a), the contact area behaves as is assumed
by the area function A(z). If, however, a spike protruding from the surface has contact
with the indenter (figure 2.9b), the indentation depth z; is not defined properly, since
no indentation takes place. A possible result would be an underestimation of E, and
H by measuring a z. larger than in the ideal case 2. When the tip indents at a
position where a depression in the surface is located (figure 2.9¢), a contact area much
lower than the actual contact area (indicated in figure 2.9¢) is calculated from the P - z;
plot. Thus, F, 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).

(a) (b)

A A A

[a

© o o

© : ° o .

- ; g ] o Zc<z(c|)
: = (i) f: =
: i 2>z
ral ‘ \: ! j

indentation z indentation z indentation z;

Figure 2.9.: The influence 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 same time. 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-2) plot. In this case, the distance z is the piezo’s movement in the vertical direction,
measured from the point of contact with the sample (see figure 2.10). Naturally, z is not
only composed of the indentation depth z; but includes also the cantilever’s deflection
zq. Therefore, the cantilevers deflection z, has to be subtracted from z for all collected
data points after contact to gain z;. This is easily performed by

zi(t) = z(t) — zq(t), (2.16)

with ¢ starting at the point of contact ¢ = 0 and ending at t = t,,4,, Which is the
end of the load schedule as indicated in figure 2.8. After applying equation 2.16, the
resulting P - z; plot is evaluated using the procedures given previously for classical NI,
including the modifications for viscoelastic materials.

(a) (b) 1
z=0
a
e
©
o
N FUURRT SUR— -
o
2
JC‘) . .
Nl = piezo distance 7
© 3 ; : i deflection z4
N d : : . .
5 ' indentation 7, e
AXH distance z, zg, z

Figure 2.10.: Schematic representation of (a) an AFM-NT experiment and (b) the correspond-
ing P - z plot. Please note that to get the P - z; plot, the deflection z; has to be
subtracted from the piezo distance z, as is illustrated.

In figure 2.10a, the distance Ax 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, influencing the correct determination of H and FE,.. Results obtained
by AFM-NI should hence not be used to calculate material’s properties like Young’s
modulus £ 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 fibers [37,38,47-50].
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2.4. Relative humidity

2.4. Relative humidity

When studying water uptake of a material from the surrounding air, the relative hu-
midity ¢, is the most important parameter to know. Commonly, ¢, is defined as

__ DPm,o
o Pio(¥)’

Here, py,0 denotes the partial water vapor pressure, i.e. the absolute amount of
water present in the air and pj, () refers to the saturation water vapor pressure.
Pi,0(Y) describes the maximum amount of gaseous water that can be present at a
certain temperature ¢ and is given by the relation

(2.17)

¥
pinolt) =a- e (1575 ). (219

with 9 in °C, a = 6.112hPa, = 17.62, and A = 243.12°C [51].

It is obvious from equation 2.18 and figure 2.11a that the maximum possible amount
of water vapor increases greatly with increasing temperature. Therefore, ¢, will de-
crease with increasing temperature, since pp,o will remain constant. On the other
hand, if the temperature is lowered, ¢, will increase until p}, () = pm,o at which
point condensation will occur, as indicated in figure 2.11b.

(a) (b)
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Figure 2.11.: Temperature influence to (a) the saturation water vapor pressure and (b) the
relative humidity. Note that in (b) at ¥ ~7°C, ¢, > 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-

17



2. Theoretical background

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'(p)
is known as the autocovariance function (ACovF) [52]. The ACovF is a special case
of the cross-covariance function (CCovF) Cpy(p), (p,q) € {1, 2} of the two functions
fp(x), fo(z). By assuming f,, f, to be in general complex valued functions with their
means (f,(z)) = (f,(z)) = 0 and limiting the problem to one dimension, the CCovF is
given as

Cralp) = / f3(2) - fy + p). (2.19)

In the above equation, p is called the lag and denotes the shift between the two functions
Jp and f,, f, denotes the complex conjugate of fp*. The ACovF of, e.g. f,, is given by
setting ¢ = p which leads to

Conlp) = Clp) = / £3(@) - folx + p)d. (2.20)

Henceforth, if only a single function f(z) is considered, C,(p) will be further abbreviated
to C(p) and called the HHCF of f(x).

To generate a point of the HHCF at lag p, f(x) is first shifted by p to the left, thus
becoming f(x + p). Then, an integration of the product f*(x)- f(z + p) is performed,
which yields C(p). This is illustrated in figure 2.12. The maximum of C(p) is located
at p = 0 and is equal to the variance o2 of f(z). When applying equation 2.20 to to a
surface profile h(z), then o is called the root mean square (RMS) roughness.

Discrete form

When analyzing AFM topography scans, one has to deal with a finite sample size
consisting of discrete data points in an M x N matrix. Therefore, it is necessary to
rewrite the equations presented so far in their discrete form. The function f(x) or
f(z,y) will hence be denoted as f(z,) and f(x,,y,) respectively. The indices of the
arguments indicate the discrete nature of the sample. Furthermore, p € {1, 2, ..., M}
and ¢ € {1, 2, ..., N} with M, N € N.

IFor a complex number z = a + ib = Re’?, the complex conjugate is defined as z* = a — ib = Re™*?,
so that z - 2* = a? +b? = R? = |2|°.
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Figure 2.12.: The generation of the HHCF (see equation 2.20). In (a) the shift of the function
f(z) by p, f(x + p), is illustrated for three values of p. 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

Cpm, pn) = ([ (@p + pms Yg + Pn) = (@0, YIS (@0, y0) = (F (2, 9))]), (2.21)

m € {1,2,..., M} and n € {1,2,..., N} [53]. To simplify the notation of this
equation, f(xp,y,) is abbreviated as f(, ) and the sample mean (f(,))) as f with

) | MN
[= szf(p)(q)' (2.22)

p=1 ¢g=1
In equation 2.21 the lags p,, and p, are also discrete values p,, € {p1, p2, ..., pu} and
pn € {p1, p2, ..., pn} and can be described as p,, = Tpim — xp and p, = Ygun — Yq,
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respectively. Therefore, f(z, + pm, Yq + pPn) = f(Zptm, Yg+n) and can be abbreviated to
Jp+m)(g+n), Which leads to

Comymy = {([formy@rn) — fllf ey — f1) (2.23)
or, alternatively,
M—m N—n
Clmy(n) = e [fwrmyarn) — Fllfwya — f1- (2.24)
p=1 g¢=1

Note that f can be subtracted beforehand, as was assumed before. It is immediately
obvious that when m =n = 0, Cg)0) = 0.

When dealing with isotropic surfaces, it will suffice to regard a 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

N M-m

Clmy = M oy 2= 2 Woem@ = Mo = 11 (2.25)

qg=1 p=1
When a general ACovF is regarded, two points of f(z) with distance p can be con-
sidered correlated if C(p) is significantly larger than zero. To statistically check for
significance, the so called auto-correlation function (ACF) can be employed, which is

given as

Clp) _ Clp)
o2 C(0)
The maximum of this function is obviously G(0) = 1. If f(x) is random, significant

correlation can then be assumed if G(p) > £2/+/N, where N describes the number of
independent observations [52].

G(p) = (2.26)

Alternating terminology

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

Himymy = ([fprm)arn) — fo@)?) = 20211 = Gy, (2.27)

with G(;m)n) being the discrete 2D ACF, analogous to equation 2.26. Usually, H ;)
is named HDF, according to its calculation of height differences. Furthermore, using
HHCEF for C(n)(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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2.5.2. 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 defined differently in different
fields. Therefore, this subsection is solely dedicated to define 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
first.

Analytical form

Since the PSD is calculated from the FT, the FT is defined first. Assuming a function
f(z) with mean (f(x)) = 0, the one-dimensional (1D) Fourier transform of f(z) is
given by

F((ke) = Fk) = [ f(@) - . (2.28)

In equation 2.28, i = y/—1 is the imaginary unit, leading to a complex F'(k,) in general.
The inverse transformation is

oo

/ F(ky) - etk=d,. (2.29)

—00

1
Y

FH(F (ko)) () = f(2)

Note that the assumption (f(z)) = 0 is not necessary, however, it will simplify F(k,).
Assume g(z) = f(x) + g with g = (g(x)) # 0, then obviously

F(g)(ks) = / g(x) - e *=Tdy = / fz) e *dy + / g-e *rdy. (2.30)

And since [7°_g-e *"dx = 2mgd(k,) [58], with §(k,) denoting the delta distribution,
equation 2.30 can be shortened to

F(g)(ks) = F(f)(x) + 2750 (kz)- (2.31)

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

Using equation 2.28, the PSD shall be defined as

P(ky) = F* (ko) F(ke) = |F (ko). (2.32)
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Per definition, 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

e}

F(Cpq)(kz):/c (p) - Zk””pdp—// ) - fo(z + p)dx - e *rdp =

—00 —O0

- 7f;(x) : 7fq(m +p) ek dp)| da =
- ff;(x) CE(f,) (k) - €®eda =

= F*(fp)(ka) - F(fq)(kz). (2.33)

In equation 2.33 the fact that F'(f(z—a))(k,) = F(f(x))(k,)e %= is used [58,59]. Note
also that [~ f*(x)e*** = F*(k,) is used®. For the HHCF (or ACovF), equation 2.33
results in

F(C)(ky) = F*(ky)F(ky) = |F(ky)|* = P(ky), (2.34)

which means that the HHCF can be calculated by performing the inverse Fourier trans-
form (iF'T) 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 2D FT is frequently
applied:

F(f)(ks, ky) = F(ky, k) / / f(x,y) - e G=mthay) go gy, (2.35)

—00 —00

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,) ) in 2D form shall be defined as

M N
1 T
F(f(p)(q))(km, k:n) m)(n = W Z Z f(p) i(km p+knyq) (2.36)

p=1 ¢=1

The variables in the exponent are

22 = Re'®, 2* = Re™™® = § = Re'?e™ = Re'(¢=F) and §' = Re~®e’* = ReH(#—F) = §*
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L,
T, = pAr = Py
L
= Ay = a4,
. N 9 (2.37)
m = M m mL_wa
k, = nAk,, = n2—7r
Ly

L, and L, denote the physical lengths of the sample in 2- and y-direction. Using the
relations 2.37 it can be easily seen that

27T L, 2mmp

kmx, =

L Por = T
S (2.38)
kny, = N
Now equation 2.36 can be rewritten as
| MN
27” Nmeran)
Fomon = 377 2o 2= fo (2.39)
MN o
and the inverse transformation is
M N
27
Folo = DD Flanym - e Nmetina), (2.40)

p=1 ¢=1

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

Py = [ Fmy(m | (2.41)
and yields the 2D HHCF as

—1
Cioyg = F(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, N2M? steps are needed and to compute the HHCF as given in equation 2.24
1(N? — N)(M? — M) steps would be necessary. In contrast, the number of steps when
using an FFT algorithm is of the order O(NM - log NM), which implies that it is
still much faster to compute two FFTs? instead of calculating the HHCF according to
equation 2.24 one time*.

30ne 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 x 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 2" x 2™ (n,m) € N
[60]. A modern implementation of FFT-algorithms, the FFTW library, has overcome
this limitation and computes DFTs in O(N - log N) time, for any datasize even when
N is prime [61].

2.5.3. Self-affine random rough surfaces with a cut-off

Many surfaces of technical and academic interest can be described as being random
rough and self-affine with a finite cut-off length. This classification originates from the
surface’s fractal scaling behavior, which follows

oo L® (2.43)

until a certain cut-off length £, with ¢ denoting the RMS roughness, L the lateral
observation length, and 0 < a < 1 the roughness exponent [62-64]. For a surface to be
self-affine — in contrast to self-similar — ¢ has to be of a different order of magnitude
than L. When L > &, then o becomes constant and independent of L. This scaling
behavior is illustrated in figure 2.13.

)
o
L=,

Y

log(L)

Figure 2.13.: The scaling behavior of self-affine random rough surfaces with a cut-off.

The roughness exponent « in equation 2.43 is sometimes also named Hurst parameter
[65]. Tt quantifies how the surface roughness is changing with the length scale under
consideration [66]. « is linked to the fractal dimension Dy by

Df=D;+1—a, (2.44)

where D; represents the topological dimension [62].> Note that if o = 1, the fractal
and topological dimensions coincide and the surface is not fractal. On the other hand, if
a = 0, the surface would have a dimension of D; = D;+1 and according to equation 2.43
o = const. at all length scales.

5D, = 1 for line profiles, D; = 2 for 2D height maps
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2.5. Roughness characterization

One could in principle characterize a surface’s topography comprehensively using
o, &, and « by recording AFM images with varying sizes, instead of using o alone.
The drawback is that such an endeavor would be tedious and time consuming. It is,
however, possible to extract o, a, and a measure for . from a single AFM scan. This is
performed by calculating the HHCF of a surface according to, e.g., equation 2.23 and
fit Cymy(ny using the function [67]

Clp) = o2 ()" (2.45)

Here, p = [ps, py|’ is the vector of the lags in x and y directions. Since only isotropic
surfaces are considered in this work, a 1D HHCF is calculated by averaging the HHCF
of each line or performing a radial average. Equation 2.45 can then be simplified to

Clpl) = Clp). (2.46)

In equation 2.45, ¢ describes a lateral correlation length and is different from the
cut-off length &.. The lateral correlation is a measure for lateral roughness fluctuations
or — in other words — denotes the maximum distance for which two points are still
considered to be correlated. In figure 2.14, the physical meaning of £ is illustrated by
two line profiles which were generated using the convolution method [55]. It is evident
that the profile in figure 2.14b features more hill-like structures as the one presented
in figure 2.14a at the same lateral scale. To relate the lateral correlation length to the
cut-off length, it should be noted that & > £. This makes sense, since o will only be
independent of L, when the topographical structures defined by ¢ are small compared
to the observing length. Therefore, the larger £, the larger £. becomes and £ o &, [68].

() [T g (o) T L

0 64 128 192 256 320 384 448 512 0 64 128 192 25.6 320 384 448 512
lateral distance lateral distance

Figure 2.14.: Simulated surface profiles to illustrate the lateral correlation length £. In (a),
¢ is four times larger than in (b). o and a are the same in both graphs.

The other parameters, ¢ and «, have the same meaning as discussed before. The
physical meaning of o can be considered as the jaggedness of the surface under con-
sideration. It is obvious why this terminology was chosen when comparing the two
simulated surface profiles shown in figure 2.15. While the profile in figure 2.15a ap-
pears perfectly smooth, the profile in figure 2.15b is jagged and one would consider it
more rough than the one in figure 2.15a.
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2. Theoretical background
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Figure 2.15.: Simulated surface profiles to illustrate the Hurst parameter a. In (a), a = 1.0,
whereas in (b) a = 0.5. ¢ and & are the same in both graphs.

On a side note, equation 2.45 has the drawback that it becomes invalid for a — 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 this work was an Asylum
Research MFP-3D (Santa Barbara, CA), equipped with a planar closed loop sample
scanner. [ts maximum x-y scan size is 90 pm X 90 pm, and the z-range is 15 ym. 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 and a 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 stiff enough to apply a sufficiently high load.
It is further beneficial for the tip to be hard and stiff, 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 stiffer than cellulose.

Imaging

For imaging, Olympus AC160TS-R3 and AC240TS-R3 silicon probes (Tokyo, Japan)
with aluminum reflex 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 figure 3.1a). The tip apex radius is typically 7 nm.
AC160TS-R3 probes feature an average spring constant of 26 g, whereas AC240TS-R3
probes have a spring constant of 2 % 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 reflex coating (Advanced
Diamond Technologies, Romeoville, IL) were used at first. 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 / ym width / pm thickness / um shape

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

the applied forces, the cantilevers’ spring constants were determined using the thermal
sweep method [73] (see below) and were found to be between 50 & and 65 2.

After the first AFM-NI results were obtained on pulp fibers and cellulose films,
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 reflex side coating, but feature a regular, four-sided
pyramid as a tip. The front, back and side angles are all 45° (see figure 3.1b) and
the apex radius is also 15nm in average and less than 50 nm. Spring constants were
determined to be between 45 % and 60 % 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 / pm width / pm thickness / pm shape

ND-DTIRS 120 33 3 rectangular
ND-DYIRS 135 33 3 rectangular
(a) (b) |
back angle side angles front back side angles

%\ % @ /\\@J\M

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

Calibration of cantilever spring constants

In order to measure forces with an AFM, the cantilever’s spring constant k as well as
the optical lever sensitivity Sors have to be determined precisely. The sensitivity is
the ratio between the signal at the diode Vpp and the cantilever’s actual deflection z4
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3.1. AFM Instrumentation

Vep = Sors - za- (3.1)

It is calibrated by pressing the cantilever on a hard substrate and recording Vpp
as a function of the piezo movement z. If the substrate does not deform, this is a
straight line and, obviously, z = z4. Plotting Vpp versus z4 and measuring the slope
yields directly Sors. Note that this method implies a calibrated z-piezo or an active
z-sensor, otherwise the deflection z; 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 of Spr¢ has been cross-checked on a diamond coated fused
silica substrate where no difference was detectable. Note that in the Asylum Research
software, the inverse optical lever sensitivity S;ors = Sgis is calibrated.

The spring constant can be determined after Sprg 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 fluid cell, the setup presented schematically in
figure 3.2 is employed. A flow of dry nitrogen is divided into two lines with adjustable
flow rates. One line is kept dry, whereas the other one is lead through a bubbler where
the nitrogen is saturated with water (¢, =1). Since the bubbler is — due to the fact
that water is evaporated — most likely the coldest spot in the system, ¢, of the humid
line will decrease below 1 outside the bubbler. Heating the bubbler by two 3W PTC
heating foils (thermo Technologies, Germany) above room temperature, ensures that
©, 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 flow rates of the two lines. Before
the fluid cell, a buffer volume is located which absorbs fluctuations in relative humidity.
This is necessary, since the fluid cell has a volume of only 10m/¢. Since temperatures
of up to 32°C are observed in the fluid cell, the buffer as well as the tubes between
bubbler and fluid 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 buffer and bubbler result in a high flexibility in the temperature profile and allow to
reach very high relative humidities in the fluid cell. For example, without heating the
buffer, the maximum ¢, was ~ 0.8, whereas by heating it, a relative humidity of up to
@, = 0.95 can be generated inside the fluid cell. Note that at ¢, = 0.95 a temperature
decrease from 30°C to 29.11°C results already in condensation. Condensation inside
the fluid 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 covered with water droplets,
causing short-circuits, false readings, and — in the worst case — permanent damage to
the sensor.

For the bubbler as well as the buffer, 500 m¢ DURAN glass gas-washing bottles (Carl
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(a) bubbler heating
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Figure 3.2.: Setup to control relative humidity within the AFM’s fluid cell as (a) a schematical
representation, (b) a photograph of the actual setup, and (c) the sample mounted
in the fluid cell, including the humidity sensor.

Roth, Germany) were used. The connection tubes are transparent Rotilabo PVC tubes
with a diameter of 10mm (Carl Roth, Germany). The flow meters to regulate and
monitor the nitrogen are acrylic Omega FL 4213 rotameters (Stamford, CT). Sensirion
SHT 21 humidity sensors (Staefa, Switzerland) are positioned inside the fluid cell as
well as the buffer. The sensors record the relative humidity with a tolerance of 4-0.03
in the ¢, interval [0.2,0.8] which increases linearly to 0.05 until ¢, = 0.0 and ¢, =
1.0. Additionally, the temperature is recorded with a maximum tolerance of 0.4°C
between 5°C and 60°C. During the course of an experiment, the SHT 21 sensor in the
fluid cell is constantly logging data, whereas the sensor in the buffer, 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 fit into
the fluid 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 fluid cell was employed. The setup to control relative
humidity requires in- and outlets for nitrogen and connections to the humidity sensor.
Therefore the fluid cell body drawn in figure 3.3a was used in a closed configuration,
in order to establish a stable environment. The cell’s interior was sealed completely
(figure 3.3c), allowing only the passing of the controlled nitrogen flow through the open

ports.
(a)
(e} o
o
(©) (d) before approach
membrane cantilever holder /M-I /N
\ / [ =~
| : S —~ = | water drop

i after approach
sample ) | |

fluid cell body cantilever )

Figure 3.3.: Schematic of (a) the fluid cell body with connection ports and (b) the body
without ports. Both bodies can be operated in (c) the closed and (d) the open
configuration.

Samples completely submerged in water were investigated using the portless fluid
cell body, presented in figure 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 configuration of the
fluid 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 the cantilever, a water
meniscus between the sample and the cantilever holder will form and produce a stable
environment (see figure 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 sufficiently flat 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 figure 2.8. The parameters were
Prae = 10uN, |[P| = 1045, ¢, . = 10s, and t;,; = 30s.

3.2.1. Determination of the area function

The area function A(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 hardness H and
reduced modulus E,. 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 grid with sharp spikes, a so-
called tip characterizer. If the opening angle of the spikes is less than the indenter’s
opening angle, the indenter is imaged, as is drawn schematically in figure 3.4. This
is commonly known as tip-sample dilation [74] and is sometimes misleadingly called
convolution.

resulting image
——> sharp spike

W -

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

To image the tip, the commercially available TGTO01 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 even more, the obtained image
is eroded with 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 miscalled deconvolution.
Now, the area function is calculated by intersecting a horizontal plane with the tip
geometry at any distance z from the apex (see figure 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 figure 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 find a model
that can be used to reliably fit the area function in an automated evaluation procedure.

(a) (b)

8><1057HH

6x10° - 1

4x10° - 1

A(z) / nm?

2x10° | P

0 100 200 300 400 500
z/nm

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 finite 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 g and tilted by the angle ~, its area function can be calculated
analytically. A sketch of such a tip at the end of a cantilever is presented in figure 3.6a.
Due to the tilt, the tip becomes asymmetric (with respect to the surface) with a front
opening angle of 8+~ and a back opening angle of 5 —~. The area is then a trapezoid,
with side lengths ¢, d and height e, as is drawn in figure 3.6b. Dividing the tip’s side
view into two regions which form right-angled triangles with the adjacent leg 2. e is
then equal to the sum e = a + b, with a, b being the respective opposite legs (see
figure 3.6b). Then,

a = ztan(S +7),
b= ztan(f — ), (3.2)
e=a+b=z[tan(f + )+ tan(8 —v)].

To obtain the side lengths ¢ and d, one can consider them as part of squares with
respective side lengths, when v = 0° and z; = s;cos(f), i € {1,2}. In this case, the
front, back, and side angles are all 5 and
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¢ = 2sysin(p), (3.3)
d = 2s9sin(f). '
By using

z

cos(B+7)’
z

? 7 cos(B—9)’

S1 =

(3.4)

equations 3.3 read

_ 2zsinf
T cos(B )
~ 2zsinf
~cos(8—1)
Then, since the area A of the trapezoid is obviously A = le(c + d) (right side of
figure 3.6b), the area function is

(3.5)

1 1

A(z) = 2% [tan(B + 7) + tan(B — 7)] sin(B) cos(B +7) + cos(ff — )

(3.6)

(b) ‘ }

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

Evaluating equation 3.6 for § = 45° and v = 11° — values specified by the manufac-
turers of the tip and the AFM — yields

A(z) = 4.56752°. (3.7)

Here, it was assumed that 7, does not depend on the cantilever’s deflection z,. This
is justified when the cantilever length [ > z,. In this work, the maximum load P,,,, =
10 uN resulted in a deflection of z; ~ 200 nm, by assuming a spring constant of k =~
50 % For a cantilever length [ of 135 pum, it is true that [ > z; and the deflection would
change v by approximately 0.1°. Thus, it is save to assume that 7 is a constant.
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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) = Cét)zz,

with the superscript (¢) 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 fitted by the model

Az) = C¥2 + 922 + O3 2? (3.8)

is obtained, with (e) marking experimentally obtained parameters. By evaluating
53 area functions of all together 14 tips of the same type, the coefficients amount to
C19 = (248 £ 98) nm, C{? = 2.49+0.36, and C{” = (2.64 x 107* +1.02 x 10~3) nm".
The cubic term can be viewed as a correction for non-ideal tip geometries 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 coefficients for the parabolic part of the
theoretical and experimental area functions C’ét) and C’Q(e), respectively, differ 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 an artifact from the manufactur-
ing process. A paraboloid of rotation has an area function of the form A(z) = C§p ara)
and would thus explain the linear term.

The difference in C’ét) and C’ée) arises from the fact that the front, back, and side
angles of the pyramidal tip are not 45° as is specified. Instead, it was found that
B =37.2°£0.6°. The tilt angle v could be obtained from the tip asymmetry (compare
figure 3.6b) and amounted to v = 10.8° £ 0.5°, which is as specified. 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
B, equation 3.6 yields the coefficient Cét) = 2.55, a value very close to C’ée) = 2.4940.36.

In figure 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 obtained A(z), it still deviates significantly. The model,
presented in equation 3.8, fits the area function perfectly for indentation depths larger
than 100nm. However, for indentation depths lower than 100 nm, the fit deviates
significantly from the experiment. To quantify this deviation, the relative fit error e, ¢;
is calculated by

Aewp — A

ensin =~ [ %100 %. (3.9)
exp

Aezp and Ay from equation 3.9, denote the experimentally obtained and fitted area
function, respectively. It is observed that an error of up to 20 % is introduced when the
indentation depth is between 40 nm and 100 nm. The relative error of the fit displayed
in figure 3.7a is given in figure 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 figure 3.5a.

(a) 1x10° (b)
b experiment O
[|A(z) =124z + 2.852%- 0.0004 23
8x10°H A(z) = 4.567522 ] © 1
L A(z) = 2.5522 =
I S
E 6x10° | . = 1
N . =
N L
T 4x10°¢ ] e ]
g ®
2X105+ ] o
O’HHHHHHH’ e
0 100 200 300 400 500 0 100 200 300 400 500
z/nm z/nm

Figure 3.7.: (a) Comparison of theoretically obtained area functions (blue and red), a fit
according to equation 3.8 (black line), and the experimentally obtained value
(black circles). (b) Relative error of the fit according to equation 3.9.

To counter the effects of a finite tip apex, the first 100 nm are fitted separately by
equation 3.8. This ensures that the fit error is kept low, even for indentation depths of
only 30nm. Large errors below that are of no concern, since the minimal indentation
depth observed was around 40 nm. In figure 3.8a, a fit of the first 100 nm is compared
to a fit of the whole data set. In conjunction with the respective fit errors presented
in figure 3.8b, it is made clear that a separate fit of the first 100 nm yields improved
results.
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Figure 3.8.: (a) A fit of the first 100 nm (black line) is compared to a fit of the whole data
set (red line). (b) The relative fit errors of the respective fits in (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 different 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 replaced by 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 is the 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 effort of measurement and evaluation
would simply be too high for a characterization which should be carried out before
the start of every experiment. Additionally, there are the resolution limits of SEM
which come into account when the first 100 nm of the tip are of interest. Therefore,
instead of reconstructing the entire tip, one would measure the 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 finite 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 um is necessary for the linear term to be less
than 5% of the total area. Since most of the indentations were between 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 from an SEM image, a method
was proposed [37] where the widths of the side planes are measured and used to calculate
the area at different heights. Then, the data are fitted with a second order polynom.
This method will most likely yield better results than calculating the area function
from the measured angles, however, it suffers 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 function A.(z) (see subsection 3.2.1) will be disturbed by the
debris attached to the tip. In figure 3.9a, a contaminated tip after 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°C 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 five different spots leads to a perfectly clean tip, as is presented in
figure 3.9b.

(b) :

Figure 3.9.: Contaminated (a) and cleaned (b) full diamond tip.

Initially, the cleaning procedure was performed on microtome cross-sections of vis-
cose fibers as well as of paper sheets. Viscose fiber cross-sections are approximately
circular with a diameter of 20 um to 30 um and provide, therefore, only a very limited
usable area. On paper sheet cross-sections, only the cell walls of the individual fibers
can be used to clean the tip, since the gaps between the fibers as well as their lumina
are either empty or filled 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

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.

Scan the sample’s surface in intermittent contact mode and find a suitable place
to indent.

Set up a load schedule and indent into the surface.
Scan the surface again to verify if residual imprints are visible.

Move to a different position and start again from step 4.

Evaluation procedure

After P-z plots were recorded according to the measurement procedure described
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 E, are
extracted follows.

10.

. Subtract the cantilever’s deflection z; from z to get the indentation depth z;

according to equation 2.16.

Determine the thermal drift rate Z; by fitting a line to the holding segment towards
the end of the unloading part.

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

. Find the end of the loading segment and extract the holding part at Py,z.

Identify the creep rate at the end of the holding time ¢, . by fitting equation 2.12
to this segment.

. Find the unloading part and fit it with the model presented in equation 2.15 and

calculate S.
Correct S according to equation 2.13 and obtain S*.
Calculate the contact depth z. with equation 2.14.

Determine the area function A(z) by fitting the experimentally determined data
with equation 3.8.

Calculate the hardness H and the reduced modulus E, according to equations 2.4
and 2.7, respectively.

All values of H and F, 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
fibers (Kelheim Fibres GmbH, Kelheim, Germany) were embedded in epoxy resin and
microtome cut to access their cross-sections. Then, H and F, 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 significant influence on H
and E,, 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 difference in tip geometries and the
fact that fibers investigated by NI are from a different producer, this is a remarkable
finding and proves the usefulness of AFM-NI for soft materials.

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

Source Tip geometry  Fiber producer H / MPa E, / 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 films

Amorphous cellulose films were used as model systems, to simulate pure cellulose sur-
faces. The films were produced at Graz University of Technology by spin coating silicon
wafers with a 20 £ solutions of trimethylsilyl cellulose (TMSC) in toluene. Subsequently,
the TMSC film was exposed to a vaporous 10 % hydrochloric acid (HCI) solution for
3min, which transforms TMSC into cellulose [77]. This process is repeated four times
to create a film with a thickness — determined by reflection-absorption infrared spec-
troscopy [78] — of 315 nm + 75 nm [38,79].

The same method was used to prepare films for topographical investigations as well
as AFM-NI. Additionally, cellulose films with a single top layer of xylan were created
to simulate the presence of hemicelluloses. Both types of model films were investigated
in air, in water, and in a 0.1 mTOI CaCl; solution. Those samples were allowed to swell
in the respective liquid for 4h to 6 h [38,79].
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3.3.2. Pulp fibers

The investigated pulp fibers were bleached and unbleached, unrefined, industrial kraft
pulp fibers. This pulp is a mixture of spruce and pine fibers with a diameter between
20 pum and 30 um and a length of approximately 3mm to 5mm. All samples arrived
as never-dried pulp and were stored in a refrigerator to keep them in their initial state
and to inhibit the growth of mold on the samples. For topographical investigations,
the fibers were placed on a piece of a silicon (001) wafer on top of a steel sample holder
and glued at their ends with nail polish. The silicon substrate was scratched randomly
to provide an orientation aid (see figure 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 fiber would not be fixed securely.

(a) steel sample holder (b)
nail polish . . pulp fiber
nail polish
random
scratches

pulp fiber silicon substrate

(c)
— — —
G

nail polish water droplet pulp fiber

Figure 3.10.: Schematical illustration of the preparation of (a) pulp fibers for topographical
investigations, (b) dried pulp fibers for AFM-NI, and (c¢) never-dried pulp fibers
for AFM-NIL.

Pulp fibers for AFM-NI measurements were placed on top of a drop of uncured
nail polish to ensure that the fibers cannot move vertically during indentation, as is
presented schematically in figure 3.10b. Then the nail polish was left to cure at room
temperature for at least 12h. If a fiber had to be investigated in its never-dried state,
a sequence of preparation steps as indicated in figure 3.10c was employed. First, small
water droplets were placed outside the nail polish, without touching it. The pulp fiber
was then placed on the nail polish in such a way that its ends were sticking into the
water droplets, as drawn in figure 3.10c. It was found that the best fixation of the fibers
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 fibers were stored in the water to ensure complete swelling.

3.3.3. Viscose fibers

Two different types of viscose fibers were investigated: classical or regular viscose with
a typical diameter of 20 ym and fibers with a rectangular cross-section, 200 um wide
and 5 um thick. All fibers had been already cut to a length of 4 mm by the supplier,
Kelheim Fibres GmbH (Kelheim, Germany). The samples are sketched in figure 3.11.
Classical viscose fibers feature a cross-section which can be described as cloud-shaped
(figure 3.11a). The flat rectangular viscose fibers exhibit smooth surfaces with shallow
trenches running along their longitudinal direction (figure 3.11b). In order to study
the tunability of the fibers’ swelling behavior, modified samples of each fiber 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
fibers and cationic starch (CS) yielded cationic fibers. A complete list of samples
including the amount of additives is presented in table 3.4.

Table 3.4.: Sample designations and amount of modifications present in the viscose fiber
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 fiber modification COOH N
designation type type % w/w % w/w
cRF none 0.77 -
cAF1 ) . 2.60 -
cAF2 classical anionic 5 78 ]
cCF1 cationic ) 0.26
cCF2 - 0.13
rRF none 0.52 -
rAF rectaneular 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
fiber samples were prepared in the same way as dried pulp fibers. Classical viscose
samples could also be prepared in this way for characterization in their fully swollen
state in water. However, the rectangular fibers had to be prepared in compliance
with the method developed for never-dried pulp fiber samples. When the fibers 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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3.3. Samples

During swelling, they expand laterally and shear off from the nail polish and detach.
All samples characterized in their fully swollen state were stored in distilled water for
at least 12h before AFM-NI characterization.

(b)

Figure 3.11.: Schematic representation of (a) classical viscose fibers and (b) flat and rectan-
gular viscose fibers.
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4. Results

4.1. Roughness characterization of cellulose films

Two amorphous cellulose films were prepared as model systems for fiber-fiber bonds.
Both films were first 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 films 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
films’ surfaces by AFM was carried out. The preparation of the cellulose films 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 o, &, and «
from the HHCF's, equation 2.46 was fitted to the experimental data using a Levenberg-
Marquardt algorithm [80,81].

4.1.1. Pristine films

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

Figure 4.1.: Optical image of the cellulose film during AFM imaging with (a) width of ap-
proximately 1 mm and (b) 300 pm.

45



4. Results

Figure 4.1b reveals that even the smaller patches of different height extend later-
ally for several tens of micrometers. Since the maximum scan size of the AFM is
90 um x 90 um, the larger patches cannot be fully analyzed using HHCF. Therefore,
the focus is on smaller features which are around 10 um, at largest. Such structures
are revealed by AFM topography scans recorded in tapping mode and are observed on
both cellulose films. 60 ym x 60 pm images of cellulose films one and two are presented
in figures 4.2a and 4.2c.

Figure 4.2.: AFM topography of cellulose film 1 (a) 60 um x 60 um image, z-scale: 250 nm
and (b) 2pm x 2 pum image, z-scale: 35nm as well as of cellulose film 2 (c)
60 um x 60 pm, z-scale: 250 nm and (d) 2 ym X 2 ym, z-scale: 35nm.

Obviously, both samples exhibit a very similar surface morphology down to 2 um x 2 um,
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4.1. Roughness characterization of cellulose films

as is seen by comparing figures 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-affine random rough surfaces — outlined in subsec-
tion 2.5.3 — to analyze the films’ surfaces, the scaling behavior of the RMS roughness o
was investigated. If o is related to the observation length L according to equation 2.43,
self-affinity can be assumed. The randomness of the surface is already visible from
figure 4.2, where no periodic features are observed. Figure 4.3 displays the scaling of o
in a linear and a logarithmic scale. From figure 4.3a, the cut-off length &, is identified at
around 30 pm, whereas the Hurst parameter « is extracted from the slope of the linear
part from figure 4.3b by a linear least squares fit. It was found that o = 0.82 + 0.07.

(a) 50 (b) 100

E 40 n . li

o ]

It ]

£ L ™ ] Z 10 r b

2 20+ . °

8 L 4

S 10 } . " .

o [ ] r Experiment —&—
P ] Fit: log(o) = C; + a log(L)

0 e v v v e b e e b ey 1 L L L 1 L L L L
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observation length L / um L/ um

Figure 4.3.: The scaling behavior of cellulose film 1 visualized with (a) a linear scale and (b)
a logarithmic scale. The fit in (b) determines C; to be 0.88 4+ 0.18 and « as
0.82 £ 0.07.

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

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

It is noteworthy that figure 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 o 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 x 512 px.
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Figure 4.4.: Height-height correlation functions and their fits obtained from 60 ym x 60 pm
AFM topography images recorded on (a) cellulose film 1 and (b) cellulose film 2.

Table 4.1.: Roughness parameters o, £, and « of pristine cellulose films from different scan
sizes. All analyzed images were recorded with a resolution of 1024 x 1024 px.

scan side film 1 film 2

length o / nm ¢/ nm a/l o / nm ¢/ nm a/l
60 pm 31.2£5.5 1130200 0.90£0.05 31.3+£4.2 1130£60 0.90+0.05
50 pm 39.0 1500 0.80 - - -

30 pm 32.2+£0.8 104070 0.85+£0.05 - - -

20 pm 24.2 920 0.85 - - -

10 pm 11.0£3.6 620100 0.80=£0.15 - - -

2 pm 45421 1604+£130 0.60£0.15 4.0+0.8 90£20 0.75+0.05
1 pm 2.8£0.1 50£5 0.80£0.05 - - -

At length scales between 2 um and 10 pm, the surfaces of amorphous cellulose films
appear to deviate from self-affine random rough surfaces with a cut-off. In figure 4.5,
a 10um x 10 pm and a 2 pum x 2 um AFM topography scan are displayed with their
respective HHCFs. Both HHCF plots feature a distinctive kink, which is marked in
figures 4.5¢ and 4.5d by arrows. Obviously, this fact does not hinder the determination
of o, whereas £ and a 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 different parameters. This seems likely when observing figure 4.5a. There, a fine-
grained sub-structure is visible that resembles noise. A zoom of the surface is presented
in figure 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.

Suppose z(z) = z1(x) + 22(x) with 21, 22 € R then, according to equation 2.20
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Figure 4.5.: 10 um x 10 pum AFM topography image (a) z-scale: 150 nm and (b) 2 ym x 2 pym,
z-scale: 35nm and (c), (d) the respective HHCFs. The inset in (c) is a magnifi-
cation of the region where p < 300 nm.

By expanding [z1(z) + 2z2(x)] - [21(x + p) + 22(x + p)], the HHCF becomes a sum of
four integrals
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C(p) = / 2 (x) - z1(x + p)dr + / 21(x) - zo(x + p)dz +
T T (4.2)
+ / 20(x) - 21 (x + p)dr + / 29(x) - z2(x + p)dx

which represent, according to equations 2.19 and 2.20 HHCF's (ACovFs) and CCovFs

C(p) = Ci(p) + Chrz(p) + Car(p) + Ca(p). (4.3)

If z1(x) and zy(x) are uncorrelated, then Ci5(p) = Co1(p) = 0 and C(p) is a super-
position of the individual HHCFs

C(p) = Ci(p) + Ca(p). (4.4)
An appropriate description of the surface could then be obtained by

1ol el

201 209

C(p) = afe_< 1) + 036_<7) (4.5)

if z1(z) and 29(z) are self-affine and random rough with a cut-off. The square of the

overall RMS roughness is obviously o2 = C(0) = C1(0) + C3(0) = 07 + 03. Note that

this would be a non-linear fit with six parameters, which is not guaranteed to converge.

By expressing, e.g., 03 as 03 = 02 — o3 and fixating 0% = C(0), the fit parameters are

reduced to five. If further the initial parameters are chosen correctly, it is most likely
that a good fit is achieved.

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

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

Evaluating all 10 gm x 10 gm and 2 gm x 2 pm images using equation 4.5, yields the
results presented in table 4.2. The overall RMS roughness o is similar to the one listed
in table 4.1, which is as expected. Splitting o, &, and « into two sets for each sur-
face, reveals that parameters with index ¢+ = 1 compare well for 10 gm x 10 ym and
2 pm X 2 pm images, whereas the parameters with ¢ = 2 differ between scan sizes. In
other words, o, and & scale with the scan size, whereas o, and & do not. Addition-
ally, o, and &; are always smaller than oy and &. This leads to the conclusion that
the parameters with ¢ = 1 describe the fine-grained, noise-like structures observed in
figure 4.5a, whereas the parameters with ¢+ = 2 correspond to the smooth large scale
background.
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Figure 4.6.: HHCF plots of the (a) 10 um x 10 um and (b) 2 pum x 2 um AFM topography
scans, presented in figure 4.5 and fitted with equation 4.5. The inset in (a) is a
magnification of the region where p < 300 nm.

A likely explanation for this kind of surface structures is that the background is
defined by the substrate’s properties and/or defects induced during the spin-coating
process. Such defects could be air bubbles or dust particles incorporated at the interface
between the substrate and the cellulose film. The fine-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 films according to equation 4.5,
presented as average values with standard deviations.

scan side o ; o; & «;
length nm nm nm 1
1 25403 50410 0.80+0.10
10 pm HOE36 5 107437 660140 0.90+0.05
1 26401 40+5 0.8040.05
2 pim BAEL6 5 519 260460 0.95+0.05

4.1.2. Films after rupture

After the films were ruptured, a change in morphology was observed, see figure 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 films together.
On 2 pm x 2 um AFM topography images, a fine structure of worm-like features is ob-
served, as is displayed in figure 4.7b. This is similar to the pristine films, however the
features on the ruptured films are finer and the surface is much smoother.
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Figure 4.7.: AFM topography of a cellulose film after it has been ruptured (a) 60 pm x 60 pm,
z-scale: 250 nm and (b) 2 um x 2 um, z-scale: 20nm. The square in (a) indicates
the position, where (b) was recorded.

From the pristine films, it could be concluded that both surfaces are identical. The
same is true for the ruptured films which are, therefore, not distinguished from each
other in the presentation of the results. The roughness analysis revealed that the rup-
tured films’ surfaces are best described by two parameter sets of o, £, and «, according
to equation 4.5 even at an image size of 60 um x 60 um. In table 4.3, the results of
the roughness analysis obtained on 60 ym x 60 gm and 2 ym X 2 pm images are listed.
Compared to the pristine films, the overall RMS roughness ¢ on images with 60 ym
side length is smaller by a factor of more than 2. The lateral correlation lengths & and
&5 are respectively smaller and larger than the single £ of the pristine films, whereas
the «; are approximately the same as a.

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

scan side o . o; & Q;
)
length nm nm nm 1

1 11.3+1.2 5504+60 0.80%£0.05
2 6.7x24 3560£570 0.95+0.05
1
2

60 ym  13.2+2.1

1.0+£04 30£20  0.70£0.10

Zpm 2300 90107 190460 0.80+0.15

How can one interpret these results: The fact that the surface of the ruptured films
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is isotropic and smoother than the pristine films 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 films in water — the surfaces become soft enough
to gain almost full contact when pressing the films together.

4.2. Mechanical properties of cellulose films

In the previous section, it was found that amorphous cellulose films 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 properties allow such deformations.
To determine how much cellulose films soften when they are swollen, AFM-NI was em-
ployed and the hardness H as well as the reduced modulus £, 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 film with xylan was used to change the material itself. Since
hemicelluloses are present on paper fibers as well, this modification 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 film — can be
kept incorporated into the material [84]. This turned out to be an additional possibility
to change the material’s properties and to influence the mechanical properties of the
swollen film.

The addition of salt to the swelling medium — distilled water — was investigated as a
way to influence the swelling behavior of cellulose films externally. It has been known
for a long time that salts provide this possibility for cellulosic materials [85]. The
effect 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 CaCl,. Here, an aqueous
CaCly solution with a concentration of 0.1 mTOI was selected.

Figure 4.8 summarizes the results of AFM-NI on pure cellulose films in dry and
swollen states and presents exemplary P - z; plots. AFM-NI performed on dry cellulose
films (¢, = 0.45, ¥ = 24°C) with three-sided pyramidal tips (ND-DTIRS) yielded a
hardness H = 190 MPa and a reduced modulus F, = 6.3 GPa. The AFM topography
image displayed in figure 4.8a shows residual imprints on a dry cellulose film surface. In
comparison, figure 4.8b presents residual imprints on a fully swollen cellulose film. Both
images feature the same lateral scale. Hardness and reduced modulus of the swollen
film decreased to 6 MPa and 56 x 10~% GPa, respectively.

Apparently, swelling of cellulose in distilled water leads to a decrease of H by a factor
of 30 and E, by a factor of 100. This fact is emphasized by comparing the residual
imprints in figures 4.8a and 4.8b, created with the same load schedule. Exemplary
P-z; plots of dry and swollen films are presented in figure 4.8c. They clearly show
that swelling leads to an increase in indentation depth and a decrease in stiffness, as is
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Figure 4.8.: 5 ym x 5 um AFM topography of a (a) dry and (b) fully swollen cellulose film
after AFM-NI was performed. The z-scales are (a) 75nm and (b) 50 nm. (c)
Exemplary P -z; plots of a dry (red) and a swollen (blue) cellulose film.

expected.

A summary of H and E, from cellulose and xylan/cellulose films is listed in table 4.4
and visualized in figure 4.9. Before interpreting these results, it should be noted that
the film thickness in the dry state is only ~300nm. This low thickness has the effect
that the mechanical properties of the film might be influenced by the underlying hard
substrate. Pelegri and Huang performed finite element simulations of soft thin films
on hard substrates and concluded that the hardness is not affected by the substrate.
However, the reduced modulus was found to be overestimated in such a system [87].
Since all films have approximately the same thickness, this overestimation of E, would
be the same for all films and is hence of no concern. Only when comparing the values
to other materials, it is important to note that E, values are higher than they would
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4.2. Mechanical properties of cellulose films

be in a bulk material.

The addition of xylan to the cellulose film leads to a decrease of the dry film properties
as well as the ones of the swollen film. If CaCl, is present in the swelling solution, pure
cellulose films will become harder and stiffer, whereas xylan/cellulose films will become
softer and more compliant compared to the ones swollen in pure, distilled water. The
largest decrease of H (by a factor of 56) and E, (by a factor of 190) was found when
DMSO is still present in the film. Each of the differences in table 4.4 and figure 4.9 are
significant according to a Welch test [88] at a significance level of 0.05. The Welch test
was preferred over the t-test since not all samples were from populations with equal
variances.

Table 4.4.: H and E, of cellulose films determined by AFM-NI. The last two columns (rg
and rg) are the ratios of H and E, with respect to the first line (pure cellulose
in air). These data were published in [38,79].

film medium H E, rg rg Nr. of
type MPa GPa 1 1 indents
air, ¢, = 0.45 190 + 24 6.3£1.0 1.0 1.0 10
cellulose H,O (dist.) 6.0+0.3 (56+2)x107% 32 113 9
H,O (dist.) + CaCl, 7.7+0.5 (63+£3)x 1072 25 100 20
air, ¢, = 0.49 150+ 15 47+£1.0 1.3 1.3 29
cellulose  H,O (dist.) 394+01 (46+1)x 1072 49 137 10

txylan  H,O (dist.) + CaCl, 35+0.1 (42+1)x1073 54 150 9
H,O (dist.) + DMSO 34402 (33+1)x 103 56 191 10

The presence of pure water in cellulose and xylan/cellulose films always leads to a
reduction of H and E, 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 films are inherently
softer than cellulose films and it is, therefore, no surprise that the same is also true for
fully swollen films.

To explain the behavior of cellulose and xylan in the presence of CaCly, 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 fixed 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 fibers
[85]. In this model, the increased swelling of xylan/cellulose films in a salt solution is
then caused by osmotic pressure. Xylan exhibits acidic (COOH) groups which attract
the metallic salt ions (Ca?') and lead to an increased salt concentration inside the gel.
To equilibrate the concentration difference, a net flow 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 than in the solution. Again, a
net movement of water caused by osmotic pressure is the result, however, in this case
water will flow out of the bulk and the cellulose will deswell [38].

The effect of DMSO on H and FE, is also not surprising. DMSO is a solvent for
xylan that breaks the hydrogen bonds apart and, therefore, weakens the structure of
the film [84].
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Figure 4.9.: Mechanical properties of swollen cellulose and xylan/cellulose films presented as
(a) hardness H and (b) reduced modulus E, determined by AFM-NI.

To test the effect of swelling on bond formation, cellulose films 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 films 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 films in such a way that low H and low FE,
lead to a high bond strength. Figure 4.10 presents the measured bond strength plotted
versus H and E, to emphasize this correlation.

30 [y 30 ey
(a) : xylan ] (b) r xylan
25 | +gach : 25 | Tk
g | - ;
= 20 E xylan E = 20 ¢ | xylan 1
=] [ +DMSO ] 5 [ xylan f ]
2 151 xylan ] 2 15[ +DMSO i cellulose ]
2 r : cellulose 1 2 r : 1
v [ s : q 7] r H ; ]
oS P cellulose e t H H cellulose;
g 10} »% +cacl, g 10} * ;o +cach ]
5¢F ] —— = 5¢F & o 1
[ HH ] [ HaH 1
0 T S T T I TS O O SR N S SR 0 S I Y O S WS NS S SRR
0 2 4 6 8 10 0 0.02 0.04 0.06 0.08
Hardness / MPa Reduced modulus / GPa

Figure 4.10.: Bond strength of cellulose films 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 films swollen in CaCly is by far the
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4.3. Mechanical properties of viscose fibers

highest of all samples, even though the films 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 Ca?' ions from the swelling liquid. The fact
that pure cellulose films swollen in CaCl, have the lowest bond strength, indicates
that in this case no Coulomb interactions are present, which apparently need xylan to
establish [79)].

4.3. Mechanical properties of viscose fibers

The description of mechanical properties of viscose fibers will start with the fully swollen
state in accordance with cellulose films from the previous section. A focus will be
set on possibilities to tune the swelling capability of viscose fibers by modifying the
raw material with additives. Furthermore, a clear relation between swelling as an
increase of physical dimensions and a decrease of H and E, will be pointed out. Then,
a comprehensive study of the effect of relative humidity on viscose fibers’ hardness
and modulus will be presented. For this purpose, classical viscose fibers 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 fibers.
The application of the results presented in the following are twofold. First, viscose
fibers are viewed as sophisticated model systems for paper fibers, allowing insights into
bonding mechanisms such as hydrogen bonding and Coulomb interactions. Second,
also industrial applications of viscose fibers — such as additives to paper — could profit
from these investigations.

4.3.1. Tuning hardness in the wet state

Classical viscose fibers as well as viscose fibers with a rectangular cross-section were
investigated by AFM-NI. The fibers were modified by the supplier, Kelheim Fibres
GmbH, with additives (see table 3.4) to influence 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 modifications, respectively. By producing single
viscose fiber-fiber bonds, it was found by F. Weber et al. that increased swelling is
indeed beneficial and leads to stronger bonds [23]. Since the modifications change the
surface charge of the fibers, Coulomb interactions are also likely to influence the bond
strength between two fibers.

Topography

An AFM topography scan of a classical viscose fiber is presented together with a typical
line profile in figure 4.11. Due to the fibers’ large curvature, 8 um x 8 um was the
maximum possible scan size. The surface is dominated by bulges, which are aligned
parallel to the fiber’s long axis. These bulges vary in width between 1 ym and 3 pum, as
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4. Results

is visible from the line profile in figure 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 E, would be affected
too much. For AFM-NI, a scan size of 5 um x 5 um was used to minimize the effect of
surface curvature. The disadvantage of such a small scan size is that the number of
indents per scan is also small.

Viscose fibers with a rectangular cross-section are much smoother and thus provide
access to large surface areas. Therefore, the AFM topography scans displayed in fig-
ure 4.12 could all be recorded with a scan size of 20 ym x 20 um. Note that in figure 4.11
a z-scale of 2 um was used, whereas in figure 4.12 300 nm is sufficient. Both fibers fea-
ture the aforementioned bulges and large trenches parallel to the main axis of the fiber.
Rectangular viscose fibers, however, lack the surface curvature which defines the mor-
phology of classical viscose fibers and, hence, appear more smooth in the AFM scans.
Because of this smooth surface, it is much easier to collect a large amount of indents
in one region of the fibers. Still, indents have to be placed on locally flat positions or
at a local maximum, but wide scan sizes can be used which include a high amount of
suitable positions.

(b)

2.0

height / pm

0 1 2 3 4 5 6 7 8
lateral distance / um

1.6 um I

Figure 4.11.: The surface of a classical viscose fiber without additives. (a) 8 um x 8 um AFM
topography image, z-scale: 2 yum. The main fiber axis is parallel to the straight,
almost vertical trenches as is indicated by the blue dot and dash line. (b) Line
profile extracted from (a) at the position indicated by a dashed line. (Modified
from [50].)

Since the flat, rectangular viscose fibers provide a well accessible surface morphol-
ogy, with the possibility of large scan sizes, they were used to examine if there is a
relation between surface morphology and the presence of additives. The 1D-HHCF was
calculated from 20 pm x 20 um images along the horizontal direction and fitted with
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4.3. Mechanical properties of viscose fibers

equation 2.46 to obtain o, £, and a. Inspecting figure 4.12 reveals that the surfaces of
the flat viscose fibers are not random rough, but anisotropic in the fibers longitudinal
direction. However, ¢ and ¢ still carry some information for characterizing the surface.
Obviously, o 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 significant parameter.

The results of the roughness analysis are listed in table 4.5. The anionic fibers
rAF exhibit the lowest RMS roughness, while the cationic fiber rCF has the highest
o. Considering the large standard deviations, no significant difference is present. A
similar argument can be made for £&: While the average lateral correlation lengths differ,
a significant distinction is not permitted due to the large standard deviations.

It is apparent from figure 4.12 that the fibers’ main axes are not perfectly parallel
to the y-axes of the images. Thus, the determined values for £ are overestimated
compared to parallel aligned fibers. A geometrical consideration immediately yields
that the corrected lateral correlation length & would be & = ¢ cos (f), with 5 denoting
the tilt angle of the fiber with respect to the y-axis. The maximum observed tilt angle
was 10°, which would result in & = 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 significant change of neither the results nor their interpretation.

Table 4.5.: Roughness parameters obtained from 20 ym x 20 pm AFM topography images of
flat, rectangular viscose fibers. All values are obtained from eight positions on
two fibers, except the values for rRF, which are from four positions on one fiber.

rRF rAF rCF rACF

o /nm 4424240 28.6+6.8 69.1+28.4 49.7+33.9
¢ /nm 9804130 920+410 720£160 850 £240
a /1 0.8£0.1 0.7+0.1 0.8£0.1 0.7£0.1

A qualitative observation from figure 4.12 is that all surfaces feature trenches with a
fractal appearance which are aligned approximately perpendicular to the fibers’ main
axes. These fractal trenches seem to be most pronounced on the reference fiber rRF (fig-
ure 4.12a) and the cationic fiber rCF (figure 4.12¢). On both of these samples, trenches
with a length of more than 20 yum are observed. The three arrows in figure 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 fiber types, rAF and rACF (figure 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 identified. The depth of these shallow trenches
is 15 nm at maximum. Note that these faintly visible trenches are present on all fiber
types. Only on rRF and rCF the pronounced, large trenches are dominating the surface.
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Figure 4.12.:
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20 um x 20 um AFM topography images of flat, rectangular viscose fibers: (a)
rRF, (b) rAF, (e) rCF, and (f) rACF. All z-scales are 300nm. The black
arrows mark exemplary fractal-like trenches. The main fiber axes are in all
cases parallel to the straight, almost vertical trenches. (c),(d),(g), and (h) are
line profiles extracted from the images directly above them, the exact positions
are indicated with dashed lines.
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4.3. Mechanical properties of viscose fibers

AFM-NI

All AFM-NT experiments here were performed using the four-sided pyramidal tips ND-
DYIRS. It is, therefore, not easy to compare with results from the swollen cellulose
films discussed earlier. The benchmark experiments carried out on viscose fiber cross-
sections (table 3.3), however, suggest that H and F, obtained by four-sided tips are
50 % to 60 % higher than H and E, measured by three-sided tips. The viscose fibers
were embedded in nail polish in the fully swollen state, according to subsection 3.3.3.
In order to exclude an influence 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 fiber
thickness of 4 um, no significant influence on H and E, 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 figure 4.13, P - z; plots of the modified fibers are compared. Classical viscose fibers
(figure 4.13a) and flat viscose fibers (figure 4.13b) respond in a similar manner to the
additives. It is clearly visible that all modifications have a significant effect on the
fibers’ mechanical properties.
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Figure 4.13.: Exemplary P - z; plots recorded on (a) classical and (b) flat, rectangular viscose
fibers with different modifications incorporated.

Hardness and reduced modulus obtained from all samples are summarized in table 4.6
and visualized for classical and rectangular fibers in figures 4.14 and 4.15, respectively.
Unmodified classical fibers exhibit a hardness of about 14 MPa with a reduced modulus
of 51 x 1073 GPa. The addition of CMC to the fiber (cAF1) leads to a decrease of H
by a factor of 2 and a reduction of E, 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 fibers investigated. The incorporation of CMC into
the fiber is, therefore, decreasing both parameters drastically. CS, on the other hand
leads to a slight increase in H and E, at low concentrations (cCF2) and to a decrease
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for higher concentrations (cCF1). All differences are significant under a Welch test at
a significance level of 0.05.

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

fiber sample H E, Nr. indents
type designation ~ MPa GPa (Nr. fibers)

cRF 14410 (51+£11)x 1073 37 (3)
cAF1  69+13 (18442)x10% 50 (5)
cAF2 44409 (83+1.9)x10~% 40 (3)
cCF1 13420 (44+3.4) x 1073 46 (3)
cCF2  16+0.9 (64+£48)x1073 53 (4)

'RF 16423 (54+£16) x 1073 124 (4)
rectangular rAF 7240.9 (174£3.4)x 1073 91 (3
fibers rCF 10+1.1  (274+4.8)x 1073 85 (4
TACF 46405 (10£0.8)x 108 101 (4)

classical
viscose
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cRF CcAF1 cAF2 cCF2 cCF1 cRF CcAF1 cAF2 cCF2 cCF1

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

The values of H and E, of the flat reference fiber (rRF) are similar to the ones ob-
served for the classical fiber without modifications (see table 4.6). rAF, which contains
an amount of CMC comparable to that of cAF1, exhibits a hardness and reduced mod-
ulus which are almost identical to the values found for cAF1. Only the cationic fiber
rCF differs significantly from its counterpart cCF1. However, H and E, 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 fits in principle into the series. Slight variations
during the production process could explain the discrepancy between cCF1 and rCF,
however, the amount of CS in both fibers is approximately the same (see table 3.4).
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4.3. Mechanical properties of viscose fibers

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

A different study by F. Weber et al. dealt with the swelling behavior of the classical
viscose fibers listed in table 4.6 [23]. There, the geometric swelling was measured by
employing an optical microscope and quantified as the swelling ratio s,:

(4.6)

with d, and dy denoting the diameter — or width for rectangular fibers — of the
swollen and dried fiber, respectively. In figure 4.16, H and FE, of classical viscose fibers
are plotted against the swelling ratio. Apparently, cRF, ¢cCF1, and cCF2 swell by
approximately the same amount, but differ significantly in their mechanical properties.
Both anionic fibers cAF1 and cAF2 clearly swell more than the reference fibers, which
is in good agreement with their decreased H and E, values. It seems that there is a
definite relation between the geometrical swelling and the mechanical properties, when
inspecting figure 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 effect on the mechanical properties seems to be large for small increases of
s, from the initial value. Increasing s, further, seems to affect the mechanical properties
less and less.

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

that the unmodified reference rRF as well as the cationic fiber rCF 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 fibers’ widths. Flat fibers
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 fibers to swell differently 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 fibers.

Another interesting observation is that rACF swells approximately by the same
amount as the unmodified fibers, while being the softest and most compliant rect-
angular fiber. To compare rACF with the other fibers, 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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erate reduction in H and E,.. 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 effective charge compensation leaving only a small net
charge — positive or negative, depending on the absolute amounts — which will naturally
have a low effect on the geometrical swelling. The large decrease in H and FE, could be
caused by the agglomerated additives which act as impurities and disrupt the cellulose-
cellulose interactions locally. To some extent, this effect is expected to be present in
all samples.

By combining the samples’ morphologies, mechanical properties, and swelling be-
havior another observation arises. All rectangular viscose fibers exhibited fractal-like
trenches, aligned approximately perpendicular to the fibers’ main axes. It turns out
that these trenches are most pronounced on the hardest fiber rRF and only faintly visi-
ble on the softest fiber rACF (compare figures 4.12 and 4.15). A qualitative correlation
between the number of pronounced trenches and the fibers’” mechanical properties is
observed. The swelling, on the other hand, seems to be not correlated to the trenches,
since TACF 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 first drying of the
fiber, directly after its production, it will shrink geometrically. The outermost regions
will dry faster than the core of the fiber, hence, stresses on the surface are created. Ad-
ditionally, a longitudinal strain is applied to the fibers 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 fiber is softer and more compliant, 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 films revealed that fully swollen films are about
30 times softer and 110 times more compliant than a film 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 fiber is needed. In order to
record the mechanical properties of viscose fibers as a function of the surrounding air’s
relative humidity, the setup presented in subsection 3.1.2 was employed. The viscose
fibers were embedded in nail-polish in the dried state, as is described in subsection 3.3.3.

The relative humidity ¢, is first decreased to a value between 0.05 and 0.10 as a
starting point and then increased step wise. A typical schedule of ¢, is presented in
figure 4.18a. To verify if a fiber has reached its equilibrium in swelling, consecutive
AFM scans were performed. If the fiber is still taking up water and changing its
geometry, a drift will be present in the AFM image. Only when the equilibrium state
is reached, no drift is observed and two consecutive AFM scans will be congruent. In

65



4. Results

figure 4.18b, the temperature evolution during the experiment is shown. An increase
from the initial temperature of 28°C to 34°C is observed. It has been reported that
the temperature has only a minor effect on the ability of cellulosic materials to take up
water at constant relative humidity [95-98]. Classical viscose at ¢, = 0.6, e.g., exhibits
a decrease in equilibrium water content by mass from 10% to 9.7 % when increasing
the temperature from 20°C to 36°C [97]. A rise in temperature by 6°C during a 22h
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-NT experiment with controlled relative humidity.

AFM topography images were recorded after AFM-NI, and are presented for single
indents at various relative humidities in figure 4.19a. Vertical line profiles, as indicated
by the dashed line in the leftmost image of figure 4.19a, are displayed in figure 4.19b.
The vertical orientation of the line profiles was chosen for better representation of the
indent, which is affected by fiber curvature and the pile-up effect discussed below. An
example of a horizontal profile is given in figure 4.20. By comparing the depths of the
residual indents in figure 4.19, an increase of the depth from around 30nm to about
50nm with increasing humidity is found. A similar observation can be made for the
widths of the indents, which are approximately 150nm at ¢, = 0.10 and which rise
to 400nm at ¢, = 0.94. Both, depth and width evolution of the indents, indicate a
softening of the material with increased ¢,. All indents performed at ¢, < 0.9 feature
a pile-up of material on the left and right sides, as indicated on the second image in
figure 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 fibers leads to an aniostropic pile-up effect. The last hypothesis could be verified
by indenting a fiber turned by 90° with respect to the cantilever or indenting amorphous
cellulose films. If the pile-ups would then be still at the same positions, the influence
of the anisotropy can be excluded. This verification, 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 z. and thereby also A(z.). According to equations 2.4 and 2.7, this will
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4.3. Mechanical properties of viscose fibers

cause an overestimation of H and F, [99].
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Figure 4.19.: 1 ym x 0.6 um AFM topography images after AFM-NI (a) and vertical line-
profiles 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 profiles. 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 profiles across the indent, the di-
mensions a, b, and ¢ are extracted as shown in figure 4.20, with a and b denoting the
minor radii of the two ellipses and ¢ the common major radius. The minor radii are
determined by superimposing a line profile of the indent with one just outside of the
indent (blue dashed line in figure 4.20a). When the fiber does not change much, a and
b are then given as the difference between the intersection of the two profiles and the
maximum of the respective pile-up. To determine ¢, a profile along the long axis of one
of the pile-up regions is extracted (green dashed line in figure 4.20a) and the length of
the pile-up is measured according to figure 4.20c. The additional projected area caused
by the pile-up, A,,, is then calculated as

Ay = %C(a +b). (4.7)

It was found that at low relative humidities, the hardness is overestimated by up to
73 % and the reduced modulus by 32 % when using equation 2.14. At ¢, = 0.84, the
error in H and E, was 17 % and 8 %, respectively.

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

H((Pr) = Ho + her,

4.8
Er(‘Pr) = ET,O + err. ( )
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Figure 4.20.: Procedure of pile-up correction in AFM-NI according to [100].
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Hy and Ej, denote the respective properties at ¢, = 0, whereas h and e, describe by
how much H and F, will change from ¢, =0 to ¢, = 1.
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Figure 4.21.: Hardness (a) and reduced modulus (b) of classical viscose fibers as a function
of ¢,.. All values have been corrected for pile-up.

Fitting equations 4.8 to the data yields

H(p,) = (386 + 1) MPa — (309 + 1) MPa - ¢,
(9.6 + 1.2) GPa — (8.0 £ 2.3) GPa - ¢,.

E.(¢r)

(4.9)

Extrapolating to ¢, = 1 using the relations 4.9, yields H(y, = 1) = (79 £ 1) MPa
and E, (¢, = 1) = (1.6 £ 1.5) GPa. In comparison, the quantities of fully swollen fibers
measured in water — according to table 4.6 — are Hye; = (14 + 1.0) MPa and E, et =
(51 £ 11) x 1072 GPa. It appears that compared to the extrapolated values at ¢, = 1,
H and FE, 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
E, could jump to lower values when the material is swelling in water. In this case, the
prediction for ¢, = 1 would be correct, but additional effects — only present when the
fiber is subjected to bulk water — cause the mechanical properties to decrease further.
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4.3. Mechanical properties of viscose fibers

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

The hardness H fits the linear model much better than E,. Apparently, E, exhibits
a kink at ¢, ~ 0.75, after which it decreases stronger. When considering the large
standard deviations in E,, it is unclear if the kink is a real phenomenon or caused by
random fluctuations. 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 of H respectively E, with ¢,.. 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 defined as w = my,/ma,, with m,
denoting the mass of a material with sorbed water and mg,, the dry mass. At a given
temperature, w is non-linear with regard to ¢,. In figure 4.22, a sorption isotherm of
cationic classical viscose fibers is displayed. The curve was recorded with a sorption
microbalance, details of the setup are given elsewhere [101,102]. A least squares fit
using the Guggenheim-Anderson-de Boer (GAB) [103-105] model is also included in
figure 4.22. The GAB model is frequently applied to cellulose materials and other
polysaccharides [106] and provides a good fit to the present data.
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Figure 4.22.: Sorption isotherm of cationic classical viscose fibers. From [107].

In the literature, experimental evidence has been reported that 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 films [109] as well as for cellulose films [110] had been found.
Theoretical considerations, however, state that the Young’s modulus E of hydrogen
bond dominated solids follows the exponential relation

(w) A-B
= w 4.10
Tl —ed-se, (4.10)

with Ey, A and B being material constants [111]. To check if this relation holds
for the data presented in figure 4.21, the relative humidity ¢, was transformed to the
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4. Results

water content w using the GAB fit of the isotherm in figure 4.22. Then, H and E, were
fitted with equation 4.10 as well as with a linear model for comparison. The results are
presented in figure 4.23. A visual inspection immediately leads to the conclusion that
both H and FE, follow a linear behavior rather than equation 4.10. Especially E,(w)
deviates strongly from the exponential fit. Although equation 4.10 was developed to
work for any solids which are dominated by hydrogen bonds, an actual verification
was only presented for paper sheets, where a good agreement with experimental results
was found. For regenerated fibers, a fit with equation 4.10 was performed but not
displayed [111].

It has to be considered, however, that in figure 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 fibers, whereas
the mechanical properties were determined from unmodified fibers. In the previous
subsection, however, it was found that cationic fibers swell approximately the same
amount as unmodified fibers. Therefore, the influence of using the sorption isotherm
from cationic fibers should be minimal.
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Figure 4.23.: Hardness (a) and reduced modulus (b) as a function of the fibers’ water content.

The linear fits in figure 4.23 result in

H(w) = (407 + 1) MPa — (1319 + 5) MPa - w,

411
E,(w) = (11.0 + 0.5) GPa — (34.3 + 3.8) GPa - w. (4.11)

The water content at ¢, = 1isw = 0.307, which leads to the extrapolations according
to equations 4.11: H(w = 0.307) = (2£1) MPa and E,(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 ¢, = 1 would be negative. However, it can also be interpreted in such a
way that H and E, 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 for E,.(w = 0.307).

Another interesting observation is that the ratio A = % is mostly independent of .,
as is demonstrated in figure 4.24. It was found that A\ obeys the value of 23.8 +4.2,
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4.3. Mechanical properties of viscose fibers

when H and E, are measured in humid air. Fully swollen fibers in water exhibit a
ratio Ag,o 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 high humidities, \ seems
to decrease slightly, which is a natural effect of the kink in F, that is observed at
©, &~ 0.75 in figure 4.21b. One data point at ¢, = 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 finally achieve in the fibers’ fully
swollen state.

40: T ]
2 T NI
25 fon] LTt H { ;
UIE“ 20; % lJJ I I H H J } ............ ]
E’ 15; I 1 ,
102* E ’;
Tl nwee—
0O 0.2 0.4 0.6 0.8 1

Relative humidity ¢,/ 1

Figure 4.24.: The ratio between reduced modulus F, and hardness H plotted vs. the rel-
ative humidity ¢,. The dashed line is the ratio of the line fits according to
equation 4.9.

Hardness and reduced modulus of viscose fibers are strongly affected by the relative
humidity of the surrounding medium. An approximately linear relationship with ¢,
was found for H and FE,. Surprisingly, both quantities seem also to depend linearly on
the relative water content w, although, ¢, and w are not linearly related. The reason
for this is that due to the scattering of the data — even if it is low for H — a non-linearity
is not detectable. To compare both models (equations 4.11 and 4.9), the corresponding
results of the fits are displayed in table 4.7.

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

T T H Er, H Er,
Eq H1 E’/',l F(l) E’r,(l) Hwit Er,woet
MPa GPa 1 1 1 1

49 T79+1 16+15 49401 60£57 28£20 19047
411 24£1 —-044+£08 200£100 —28+55 29+£20 220448

t The index 717 is shorthand for ¢, = 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 fit yields slightly lower and thus more conservative values than equation 4.11. For
fully swollen fibers, no approximations are needed, because their mechanical properties
were directly determined by AFM-NI. Apparently none of the two presented models
yield good predictions for fully wet fibers. However, equation 4.11 describes H and
E, 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 difficult 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 P,,,, in an AFM-NI experiment, a
continuous increase of the indentation depth z; is noticed. This is represented by
the horizontal lines at the highest points in, e.g., figure 4.13. This effect is caused
by creeping, a typical behavior for viscoelastic materials. Due to the fact that the
indenter’s area function A(z;) is increasing with z; but P, is held constant, the
applied stress will decrease. Such a behavior is different from the classical creep effect,
where the stress is constant. Nonetheless, a quantitative evaluation of nanoindentation
creep would be possible if P-z; would have been recorded with varying P, [112].
This quantitative investigation of creep effects, however, has not been performed in the
present work.

In figure 4.25, the change of z; due to creep is plotted as a function of ¢,. While
no material parameters can be extracted from such a plot, it is an indication for the
change in viscoelastic properties of cellulose fibers 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 Pp,q; = 10 uN.
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4.4. Pulp fiber swelling

The creep distance zgreep follows an empirical relation with the relative humidity:

Zcreep(gor) =a; + 2Py + a36a4cpr7 (412)

with a; = 3.63nm, ay = 16.7nm, a3 = 7.09 x 10~ nm, and ay = 13.7, determined
by a non-linear Levenberg-Marquardt least squares fit.

Also, a value extracted from fibers fully swollen and measured in water was added in
figure 4.25 and included in the fit. The creep distance of fully swollen fibers matches
the other data quite well. Apparently, no additional creep effects take place when
a viscose fiber 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 < ¢, < 1.0, an interval which is not accessible using the humidity
controlled AFM-NI setup.

4.4. Pulp fiber swelling

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

Figure 4.26.: 10 umx10 um AFM topography scans of (a) a never dried pulp fiber in water,
z-scale: 500nm and (b) a different pulp fiber after drying, z-scale: 1 um. The
fibers’ long axes are approximately vertically aligned. From [83].
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It is possible that when a pulp fiber is swelling, water will incorporate between the
microfibrils and increase the fibril-fibril separation. Additionally, the fibrils’ diameter
will rise due to water uptake. Both effects would then lead to an enhanced visibility of
microfibrils on swollen pulp fibers.

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

Figure 4.27.: Optical microscopy image of (a) a pulp fiber fixed in the never dried state and
(b) one that was dried before fixation. 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 < ¢, < 0.84 and measuring the distance between two surface wrinkles
as well as their heights. In figure 4.28, AFM topography images which were recorded
on a fiber that had been prepared in its never dried state are shown. The scans were
performed at ¢, = 0.06 and ¢, = 0.82. It is apparent that at higher humidities
(figure 4.28b), the surface wrinkle’s separation is increased compared to the dried state
(figure 4.284a).

The wrinkle distance d(¢p,) is determined by extracting two to five line profiles from
an AFM topography image and measuring the distance between the maxima of two —
not necessarily adjacent — wrinkles, as is illustrated in figure 4.29. A wrinkle’s height is
gained by averaging the wrinkle height on both sides, i.c., h(g,) = 3[h(p,) + ha(e,)].
According to figure 4.29, hy(¢,) and ha(g,) denote the height at a certain relative
humidity ¢, on the left and right side of the wrinkle, respectively.
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4.4. Pulp fiber swelling

Figure 4.28.: 10 um x10 pum AFM topography image of a pulp fiber that was fixed in its never
dried state at (a) ¢, = 0.06 and (b) ¢, = 0.82. The z-scale is 1 ym for both
images. The dot and dash lines indicate the fiber’s long axis and the horizontal
solid lines mark the position of the profiles presented in figure 4.29.

To compare the change in wrinkle distance and height between independent profiles,
the relative changes with respect to the initial values are calculated:

d(pr) — d(0)

Td(SOT) = d )
(0)

The initial values d(0) and h(0) were approximated by the values measured at the
lowest reachable humidity, i.e., ¢, = 0.06, as is indicated in figure 4.29a.
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Figure 4.29.: Line profiles extracted from figure 4.28 at (a) ¢, = 0.06 and (b) ¢, = 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 figure 4.30. The presented data were obtained from two independent
positions of the pulp fiber. As expected, the wrinkle distance increases with increasing

@, while the wrinkle height decreases.
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Figure 4.30.: Relative change of (a) wrinkle distance and (b) wrinkle height with relative
humidity of a pulp fiber prepared in its never dried state.

Both quantities seem to follow an exponential relation of the form

r(pr) = a1 + age™?, (4.14)

which provided a good fit, as is illustrated by the dashed lines in figure 4.30. This
fit would predict a change in wrinkle distance of approximately 80 % at ¢, = 1 and a
decrease in wrinkle height by 50 %.

An unexpected result was found for pulp fibers which were dried before gluing them
to the sample holder. Almost no change in wrinkle distance and wrinkle height could be
detected. AFM topography images obtained on such fibers are presented in figure 4.31.

Figure 4.31.: 10 pumx10 pm AFM topography of a pulp fiber that was fixed after drying freely
at (a) ¢, = 0.05 and (b) ¢, = 0.80. The z-scale in both images is 1.5 ym. The
dot and dash lines indicate the fiber’s long axis.
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4.5. Mechanical properties of pulp fibers

The relative humidity in figure 4.31a was ¢, = 0.05 and in figure 4.31b ¢, = 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 fibers at altogether six
positions, the change in wrinkle height only at one position. Both quantities are plotted
in figure 4.32 and confirm that on these fibers the wrinkles appear to be not influenced
by ¢,.. Even at high humidities of ¢ > 0.8, no significant increase of r4 or decrease of
r;, 18 detected.

A hypothesis for this behavior is that the method of sample preparation has an
influence. Due to the twisting of the fiber during drying, large scale plastic deformations
could occur which hinder the dewrinkling of the fibers. It is an experimental fact that
non-reversible deformations occur when a fiber is drying, i.e., if a fiber has twisted,
it will not untwist, even when it is placed in water. However, the plastic deformation
could be a localized effect, meaning that it should be possible to find positions on a fiber
which exhibit significant dewrinkling upon water uptake. Indications for this are two
data points in figure 4.32a, which have a value of about 0.07 — or 7% — at humidities of
@, = 0.55 and ¢, = 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 relative humidity
of freely dried fibers.

4.5. Mechanical properties of pulp fibers

The mechanical properties of pulp fibers were characterized as humidity dependent H
and FE,, using AFM-NI and the setup to control relative humidity inside the AFM’s
fluid cell. In accordance with the previously described investigation of viscose fibers,
hardness and reduced modulus are presented as a function of relative humidity ¢,
including the fully wet state. Additionally, the creep behavior at varying ¢, will be
given as the increase of indentation depth at a constant applied force.
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4. Results

4.5.1. Humidity dependence

For these AFM-NI investigations, softwood kraft pulp fibers 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 fiber 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
effect. In an area such as region I in figure 4.33a, no AFM-NI can be performed.
Only areas such as region II will be flat enough to place indents and extract useful
nanomechanical information. An actual AFM topography image with severe dilation
effects at the left border is presented in figure 4.33b. The upper right region of the
image, however, was flat enough to place indents.

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

Initial AFM-NT investigations on kraft pulp fibers — as well as cellulose films, see
section 4.2 — were performed by using three-sided pyramidal tips (ND-DTIRS) as in-
denters. Later, these tips were no longer produced by the manufacturer and four-sided
pyramidal tips (ND-DYTRS) were used as a replacement. To allow a comparison of pulp
fibers with viscose fibers, H and E, were also determined by using the four-sided tips.
The four-sided tips lead to pile-up also on pulp fiber surfaces, hence a correction [100]
of the values was necessary. Unfortunately, due to the rough structure of the pulp fiber
surfaces, the pile-up could not be determined directly with the method used for viscose
fibers. Therefore, the average of the pile-up area determined on viscose fibers was used
to correct the values of pulp fibers. Taking the average pile-up area is justified since
the area did not depend strongly on ¢,..
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AFM-NI revealed that H and E, of pulp fibers were decreasing with increasing
relative humidity, in a similar manner as was observed for viscose fibers. The results
are visualized in figure 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 significant influence on H and FE,., with E,. being affected the
strongest.

Again, a linear fit for H and F, 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®(p,) = (270 + 1) MPa — (243 + 1) MPa - ¢,

, (4.15)
HW(p,) = (350 £ 1) MPa — (276 + 1) MPa - ¢,

with H®) and H® describing the fits for three-sided and four-sided tips, respectively.
Similarly, the fits for the reduced moduli resulted in

E®(p,) = (3.24+1.4)GPa— (3.0 + 2.4) GPa- ¢,

, (4.16)
EW(p,) = (6.9 £2.2) GPa — (5.2 4 3.8) GPa - ¢,.

According to the errors of the parameters in equations 4.15 and 4.16 it is confirmed
that the hardness follows the linear model to a higher extent than 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 fibers 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 fibers 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-81ded tlps the hardness values are
different. However, the large standard deviation of 2y decreases the significance a

wet
bit. This is emphasized with the ratios Hl(ue)t /H, (3 and E* / E® . also listed in
table 4.8.

r,wet T wet’
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4. Results

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

tlp Hwet Er,wet Hl(u?t/Ht(vBe)t Eﬁi?)et/E'r{iZet
shape MPa GPa 1 1

3-sided 2.7+0.7 (32+6)x 1073
Asided 69428 (46+17) x 1073

26+£1.2 1.4+0.6

In analogy with viscose fibers, the ratio A = % was calculated from the results ob-

tained with four-sided tips and plotted in figure 4.35 against the relative humidity. The
average value for A is 20.1 £ 5.7 and seems to decrease for higher humidities. In water,
Am,0 = 6.7+ 3.7 which is similarly low as the value for viscose fibers. Interestingly, the
ratio at ¢, = 0.93 is almost as low as the one of the fully swollen fiber.
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Figure 4.35.: The ratio A = E,/H as a function of relative humidity, obtained by four-sided
pyramidal tips. The dashed line indicates the ratio of the linear fits.

The elastic modulus of softwood pulp fibers 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 for E, of ~ 10 x 1073 GPa [47] and ~ 5 x 1072 GPa,
with a maximum value of 50 x 1073 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 of E, = (182 + 50) x 1073 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 first 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 for F, of wet kraft pulp fibers are reported to be several times lower or higher as
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4.5. Mechanical properties of pulp fibers

the values presented here. These discrepancies could be caused by the different 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 effect
of the tip shape itself, as was discussed above and is clearly visible in figure 4.34.

4.5.2. Creep behavior

Nanoindentation creep was determined in the same way as for viscose fibers, by extract-
ing the change of the indentation depth between the start and the end of the holding
time at P,,q.. The results — obtained by four-sided pyramidal tips — are presented in
figure 4.36. Equation 4.12 was again used to fit the data by a Levenberg-Marquardt
least squares fit, which is also plotted in figure 4.36. The fit coefficients resulted in
a; = 3.28nm, ap = 24.1nm, a3 = 9.50 x 1072 nm, and a, = 29.3.

These values for 2., recorded on pulp fibers seem to increase linearly in the humidity
range 0.05 < ¢, < 0.93. Only in the fully swollen state a stronger increase is observed.
It is possible that pulp fibers behave in this regard differently from viscose fibers 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 fibers, whereas
25 data points were obtained on viscose fibers. Additional measurements, performed
at higher humidities (¢, > 0.7) would clarify the exact creep behavior of pulp fibers.

This evaluation was also applied to P-z; plots obtained by three-sided pyramidal
tips, but the results are not shown here. There, a similar relation as the one presented
in figure 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 P, =
10 uN. The red data point at ¢, = 1 was obtained on a fully swollen fiber 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 films, vis-
cose fibers, and kraft pulp fibers is presented. A summary of all data for H and FE, 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 fibers. The reason
for choosing pulp fibers as the reference is twofold. First, pulp fibers were the driving
force that initiated this work and are industrially the most important ones. Second,
only pulp fibers 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 unmodified materials are listed.

material tlp HO H0.5j'- H’wet Ho/H1 HO/Hwet
shapel  MPa MPa MPa 1 1
Cellulose films (3) - 190+£24 6.0£0.3 - 32 +4.3"

Viscose fibers (4) 386+t1 250+£20 14£10 49+£01 28£20
(3) 2701 110+46 2.7+0.7 104+£0.2 100+ 25
(4) 350+1 213+24 69+£28 4.7£01 51£21

T (3) ...three-sided pyramid, (4) ...four-sided pyramid
¥ Obtained from a single data point measured at ¢, = 0.5 £ 0.05.

pulp fibers

* The ratio is in this case Hy5/Hyet, since Hy is not available.

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

material tip E. E, o5t E: wet Eo/Ern ErofErwet
shapef GPa GPa GPa 1 1
Cellulose films  (3) - 6.3+1.0 (56+2)x1073 - 113 + 18*

Viscose fibers (4) 96+12 53+1.1 (b1+£11)x107% 6.0+£5.7 190447
Pulb fiber (3) 32414 21417 (324£6)x107° 17+118 100+ 48
P HbErs (4) 69422 54+19 (46+17)x 1073 41453 150 +73

T (3) ...three-sided pyramid, (4) ... four-sided pyramid
1 Obtained from a single data point measured at ¢, = 0.5 £ 0.05.
* The ratio is in this case Eg 5/ FEuyet, since Eq is not available.

A direct comparison of cellulose films and viscose fibers is omitted, since these two
materials were characterized using tips with a different shape. However, it should be

82



4.6. Comparison

noted that viscose fibers and amorphous cellulose films are expected to be very similar.
Mainly, because both are regenerated cellulose, with viscose fibers exhibiting a large
amorphous fraction of about 70 %.

4.6.1. Viscose fibers vs. pulp fibers

Viscose fibers are harder than pulp fibers, 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 differences of both
materials. Wood fibers are composed of cellulose microfibrils which are held together by
hemicelluloses and lignin [14]. During pulping, the latter two components are extracted
from the fibers, leaving cellulose fibrils which are weaker bound than before. If water
is added to the fibers, the bonds between the fibrils are weakened even more, which
results in an increase of the fibril-fibril separation (see figure 4.26). Indenting into the
fiber will lead to plastic deformation, which is enhanced by the ability of the microfib-
rils to rearrange easier due to weakened fibril-fibril bonds. Viscose fibers also exhibit
fibrils which are, however, embedded in a matrix of amorphous cellulose [113]. When
adding water to a viscose fiber, the material will swell, but there is no reason for the
fibrils 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 influenced by plasticity. Hence, in
comparison to pulp fibers a higher hardness is observed for viscose fibers.

The reduced modulus is related to the Young’s modulus and is a purely elastic prop-
erty. Moreover, E, 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 fibers, are mainly composed
of cellulose the elastic response should be similar, as is observed.

4.6.2. Cellulose films vs. pulp fibers

Cellulose films are harder and less compliant than pulp fibers, in water as well as in
ambient conditions. To some extent, a similar argument that was used to explain the
higher hardness of viscose fibers, can also be applied here. However, it cannot explain
why cellulose films exhibit also a reduced modulus which is higher than that of pulp
fibers. For this, it should be considered that the cellulose films investigated are only
~ 400 nm thick and have been spin coated onto a silicon wafer. An influence of the
substrate cannot be entirely excluded and is the most likely explanation. This effect
of the substrate would not affect the comparison of the cellulose films with each other,
since all have approximately the same thickness and the influence of the underlying
silicon would be the same for all measurements.
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5. Conclusions and Outlook

In the present work, three types of cellulosic materials were studied: cellulose model
films, viscose fibers, and kraft pulp fibers. The purpose was to investigate the effect 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 fibers. Cellulose model films and
viscose fibers acted here as model systems for pulp fibers and offered homogeneous
compositions with well-defined surfaces. The detailed conclusions will be made for
each material individually, for clarity’s sake.

5.1. Cellulose model films

The surface morphology of cellulose model films was investigated under ambient con-
ditions before and after a bond was formed between two films. Before bond formation,
the surfaces could be regarded as self-affine and random rough at high length scales
(30 um x 30 um and above). At smaller length scales (10 um x 10 um 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 o, &, and
a.

After the formation and the subsequent rupture of the bond between the two char-
acterized films, the surface became much smoother. An RMS roughness o three times
lower compared to that of the unbonded film 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 films was
best described by two superimposed self-affine random rough surfaces even at a scan
size of 60 pm x 60 pm.

The mechanical properties of cellulose model films were investigated at relative hu-
midities ¢, =~ 0.5 and in the fully swollen state. Between these two conditions, a
decrease in hardness H by a factor of about 30 and a decrease in reduced modulus
E,. by a factor of about 115 was found. For cellulose films with an additional layer
of xylan added, a further decrease of H and E, in water by approximately 50 % and
20 %, respectively, could be determined. Replacing distilled water as the swelling liquid
with an aqueous 0.1 mTOI CaCly solution decreases the swelling of pure cellulose films but
enhances the swelling of cellulose/xylan films. The highest decrease of H and E, was
discovered for cellulose/xylan films with DMSO — a solvent for xylan — still incorporated
into the film.
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5. Conclusions and Outlook

It can be concluded that due to their initially smooth surfaces, pure cellulose films
become soft and compliant enough to form full — or almost full — area in molecular
contact. The roughness is a crucial parameter, since smooth and flat surfaces do not
need a large deformation to conform to each other during bond formation and subse-
quent drying. This is a knowledge that can also be applied to pulp fiber-fiber bonds:
The smoother and softer the pulp fiber 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 films is demonstrated in an ongoing study of the
adsorption behavior of xylan particles on cellulose surfaces, where cellulose films 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 differentiation 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
CHjs-groups, on the other hand, provide hydrophobic tips and are less affected by water
adsorbed on the surface. Both functionalizations result in an adhesion force to xylan
which is lower than that to cellulose. In figure 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 found on elongated and round
features, which correspond to xylan precipitates [115].

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

It is furthermore possible to extract the reduced modulus F, from such force maps,
which would allow the characterization of elastic properties on the nanometer scale
[119]. In this case, unmodified silicon tips would be the preferred choice. The function-
alization would introduce ambiguity in quantifying F,., since it is a layer with unknown
mechanical properties coating the tip. Also, the functionalization will increase the
effective tip radius and thus reduce the resolution. The ultimate goal, of course, is
the application of AFM force mapping to pulp fibers. A preliminary result of a force
map recorded on a pulp fiber surface is presented in figure 5.2. Topography, adhesion
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5.2. Viscose fibers

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 fiber surfaces, a negative influence of the topography
is to be expected. The smooth and homogeneous cellulose model films are, therefore,
an ideal system to assess the topographical influence on the adhesion force and on E,.

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

5.2. Viscose fibers

Two types of viscose fibers were investigated: classical viscose with a highly curved sur-
face and flat, rectangular fibers. The flat viscose fibers exhibited a surface roughness
comparable to unbonded cellulose films. Classical viscose fibers were not characterized
regarding their surface roughness, but a preceding study [25] revealed an RMS rough-
ness that is five to ten times higher than the one of flat, rectangular fibers. This is one
reason why unmodified classical viscose fibers cannot form bonds between them while
flat rectangular fibers can [23,50,120].

Employing AFM-NI, the possibility to tune mechanical properties of swollen viscose
fibers was demonstrated using cationically and anionically modified viscose fibers of
both types. It could be confirmed that an increase in geometrical swelling leads to a
decrease in H and E,. Furthermore, it was found that viscose fibers which are softer and
more compliant allow the production of sheets which are stronger than those formed
from harder and stiffer fibers [23,50,120]. It is reasonable that besides an effect of
the mechanical properties, also Coulomb interactions contribute to the fiber-fiber bond
formation. This is supported by the fact that the cationic fibers cCF1 — which are only
slightly softer than the reference fibers cRF — allowed already the formation of sheets,
whereas cRF did not.

For unmodified, classical viscose fibers a full characterization of the dependence of
H and E, on ¢, was performed. Both quantities decreased almost in a linear manner
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with increasing relative humidity .. At ¢, &~ 0.75, E, decreased stronger than before
that, whereas the hardness appeared to follow a linear relation until ¢, =~ 0.95. Using
water sorption data of viscose fibers, it was possible to plot H and E, as a function
of the fibers’ 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 different
interpretation in both cases. Comparing the extrapolated values of H and FE, at ¢, =0
with results from fully swollen viscose fibers in water yielded that H decreases in water
by a factor of about 30 and E, by a factor of 190. This decrease of E, in water was the
highest decrease measured for all materials investigated here.

Comparing classical viscose fibers with pulp fibers leads to the observation that in
the fully swollen state, E, of both materials is approximately the same, however, the
hardness of viscose fibers is at least twice the value of that for pulp fibers. This fact
together with the high surface roughness of classical viscose fibers hinders the formation
of interfiber bonds between them. By modifying the fibers with additives, 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
fibers could open a novel path of bond engineering. When two fibers with different
swelling behaviors are bonded, stress could be introduced systematically into a bond
and enhance the bond strength by this way.

5.3. Kraft pulp fibers

Kraft pulp fibers exhibit a wrinkled surface after being dried the first time. In the
never dried state, a very smooth surface is observed with microfibrils clearly visible in
AFM topography images. It could be shown that the wrinkles move apart from each
other and decrease in height when the surrounding relative humidity is increased. This
phenomenon is due to the fiber swelling during uptake of water from the atmosphere.
However, not all fibers exhibited a distinct de-wrinkling, possibly because this effect is
localized.

AFM-NTI investigations at varying relative humidity revealed a behavior similar to
that of viscose fibers. The hardness H and the reduced modulus E, decrease almost
linearly with increasing ¢,. Only at high humidities ¢, > 0.8, a stronger decrease of
E, is observed, while H still follows a linear trend. Fully swollen in water, the pulp
fibers’ hardness is decreased by a factor of 50 to 100, which is the largest decrease in
H found in this work. E, 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 fibers.

A simulation of the drying procedure taking only the decline of the fibers’ elastic
properties — which were determined in the present work — into account was conducted
by B. N. J. Persson [83]. It yielded that upon drying almost a full area in molecular
contact in fiber-fiber bonds is possible. Due to the gradual removal of water during the
formation of interfiber bonds, capillary bridges between the surfaces will form and pull
the fibers in even closer contact. Furthermore, the smoother a 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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5.3. Kraft pulp fibers

full area in molecular contact is facilitated by even softer and smoother surfaces. The
roughness of kraft pulp cannot be influenced much and is already very low for never
dried fibers 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 fibers. A similar effect was found to take place
when the ionic strength of the swelling solution is increased by using salts like CaCl,. 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 fibers’ fibrillar structure, so called mechanical interlocking of fibrils
and fibril bundles has been found of having an enhancing effect to fiber-fiber bonds [17].
Further insight into this mechanism could be obtained by combining the setup for
controlling relative humidity with a setup to test fiber-fiber bonds in the AFM [121].
Such mechanical interlocking is usually activated by refining kraft pulp fiber to increase
the number of dangling fibrils. Comparing the bond strength of refined interfiber bonds
with unrefined bonds — or viscose fiber bonds — at high relative humidities (¢, > 0.9)
should result in a decreased strength of bonds between unrefined fibers. Refined fibers,
on the other hand, should retain some strength if indeed mechanical interlocking is a
dominating mechanism [121]. Preliminary experiments were conducted by applying a
drop of water in close vicinity of a fiber-fiber bond, in such a way that at least one fiber
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 interfiber bond in a defined way is the
most promising way to conduct such experiments. A possible realization of humidity
controlled bond strength tests on the basis of the available AFM based fiber-fiber bond
tester [121] is presented in figure 5.3.

fluid cell
membrane

AFM cantilever

holder
setup to control

relative humidity

N, with defined o,
fiber-fiber
bond tester

outlet

polymer bag

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

A different way to assess the importance of water to pulp fibers and interfiber bonds
is to quantify the fibers’ surface energy by contact angle measurements. With this
method, direct information on the tendency of water to wet the pulp fibers’ 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 80p¢ [122]. It could be demonstrated that such
droplets can be placed on single pulp fibers, using water and methylene iodide (CHsls)
as deposition liquids [123]. Determining the surface energies of modified fibers — i.e.,
different grades of refining, incorporation of additives, and swelling the fibers in aqueous

solutions of salts — could yield information on how large the influence of water to the
final fiber-fiber 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 influence 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 fibers 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 according to 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.

import gwy
import pygtk

i| pygtk.require(’2.0")

import gtk, gobject

# Generate a new item ”Data Evaluation” and subitem ”Area Function”
# in the menu, which is used to call the script.

plugin_.menu = ”/Data Evaluation/Area Function”

plugin_type = "PROCESS”

class InterfaceWindow:
progress_value = 0.0

def delete_event (self , widget, event, data=None):
return False

def destroy(self, widget, data=None):
gtk . main_quit ()

# Update function to allow progress bars to move and show the progress
def update(self):
self .pbar.set_fraction (self.progress_value)

percent = self.progress_value * 100
percent = str(int(percent))

self .pbar.set_text (percent + "%")
return True
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Appendix A. Program code

# Here, the GUI, such as buttons and text/number entry fields are

def get_spin_button (self):

return self.spin_button.get_value_as_int ()

def run(self):

gobject . timeout_add (100, self.update)

# defined and initialized .

92

def __init__(self):

self .window = gtk .Window ( gtk . WINDOW_TOPLEVEL)
self .window.set_resizable (True)
self .window.set_title (" Area Function”)

self .window.connect (" delete_event”, self.delete_event)

self .window. connect (” destroy”, self.destroy)
self .window.set_border_width (10)

vbox = gtk.VBox(False, 5)
vbox.set_border_width (10)
self . window.add (vbox)
vbox .show ()

align = gtk.Alignment (0.5, 0.5, 0, 0)
vbox.pack_start (align, False, False, 5)
align . show ()

self .pbar = gtk.ProgressBar ()
align .add(self.pbar)
self.pbar.show ()

separator = gtk.HSeparator ()
vbox.pack_start (separator , False, False, 0)
separator .show ()

table = gtk.Table(1, 2, False)
vbox.pack_start (table, False, True, 0)
table .show ()

label = gtk.Label(”Range (%): ”)
table.attach(label, 0, 1, 0, 1)
label .show ()

adjustment = gtk.Adjustment (50, lower=0, upper=100, step_incr=1,
page_incr=5, page_size=0)

self.spin_button = gtk.SpinButton (adjustment ,
table.attach(self.spin_button, 1, 2, 0, 1)
self .spin_button .show ()

separator = gtk.HSeparator ()

0.0, 0)
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vbox.pack_start (separator, False, False, 0)

separator .show ()

table = gtk.Table(2, 1, False)
vbox.pack_start (table, False, True, 0)
table .show ()

button = gtk.Button(” Start Calculation”)

button.connect (7 clicked”, self.Calculation)

table.attach (button, 0, 1, 0, 1)
button .show ()

button = gtk.Button(” Close”)

button.connect_object (7 clicked”, gtk.Widget.destroy, self.window)

table.attach (button, 0, 1, 1, 2)
button .show ()

self .run()
self.window.show ()

# This is the actual calculation of the area function, the heart of the

# script.
def Calculation (self , widget, data=None):

¢ = gwy.gwy_-app-data_browser_get_current (gwy.APP.CONTAINER)

# Get the filename ...

filename = c.get_string_by_name(”/filename”)
# ... and remove ”.gwy” (the last four characters).
filebase = filename[0: —4]

# Store (a pointer to) the currently active channel

# (topography, hopefully) in the variable

7d7

d = gwy.gwy_app_data_browser_get_current (gwy.APP DATA FIELD)
# Get the maximum height value. Minimum should be 0!

z-max = d.get_max ()

# Get resolution and physical dimensions of the topography map.

xres = d.get_xres ()
yres = d.get_yres ()
xreal = d.get_xreal ()
yreal = d.get_yreal ()

# Make a DataField with the same properties as ’d’, the currently

# active channel.

grains = gwy.DataField (xres ,yres,xreal,yreal ,True)

# Initialize ’area’ to 0.

area = 0

# Multiply the input for how many percent
# areafunction should be calculated

# by 10, so the resolution is then 0.1%.
# increase the variable by integers.)

of the MaxHeight the

(The FOR-Loop can only
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131 max_pzt10 = 10xself.get_spin_button ()
13: # Generate and open a textfile , with the name ’filebase’_arfun.txt.
f = open(filebase4” _arfun.txt”, "w”)

134
# FOR-Loop where the actual calculation of the areafunction is
137 # performed

for hgt_pztl0 in range(0, max_pztl0):

139 # Percentage to write in the progress bar.
self . progress_value = float (hgt_pzt10)/float (max_pzt10—1)
141 self .run()

# Allow updating of the progress bar.
143 while gtk.events_pending():
gtk. main_iteration_do ()

144 # 100% means tip apex, but we want the top to be 0%.
hgt_pzt = 100 — float (hgt_pzt10)/10.0
147 # Mark the projected area of the indenter by the given threshold
# ’hgt_pzt’ and store the marked area
148 # in the ’grains’ datafield. As a binary height map (only 0 and 1).
d.grains_mark_height (grains, hgt_pzt, False)
151 # Get the binary height map of the grains datafield.
A = grains.get_data()
15: # Initialize the number of pixels to 0
pixel =0
159 # Loop through the height map A’ and if a pixel is not 0
# (meaning, it is 1) then increase the number of pixels.
157 for i in range(0,xres—1):
for j in range(0,(yres—1)):
159 if A[ix512+j] > 0:
pixel 4+=1
161 # The area of one pixel is determined by the resolution and the
# physical dimensions.
16: pixel_area = xreal/xres *x yreal/yres
# Multiply the pixel area by the number of pixels.
167 area = pixel % pixel_area x 1el8

# Calculate the distance from the tip apex to the current
167 # position

hgt = z_max*(1—hgt_pzt /100.0)x1e9

16¢ # ... and write it to the opened file.

f.write(str(hgt) + 7 7 4+ str(area) +”\n”)

# Close the file to ensure no further modification and free it for
17: # further use.
f.close ()

def main(self):
177 gtk . main ()

17d) def run():

181 interface = InterfaceWindow ()
interface .main ()
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N

Automated AFM-NI procedure

The Octave script printed in listing A.2 is designed to extract H and E, from AFM-NI
experiments. It is especially written to work with force-vs-distance plots stored in the
binary .ibw-files outputted by the Asylum Research software. Note that this script
requires the input of 16 parameters by the user. Therefore, a graphical 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 experiments.

function savename = INDmain(loadname, diols, k, loadrate, holdtime,
thermaltime , thermprcnt, samplerate, epsilon, basefit , holdred,
thermred , holdpnt, thermpnt, areafunc_file, uld_fit_nr)

Y%Import IgorPro .ibw files as ASCII text, then scale the values
%accordingly

xy0 = IBWtoTXT (loadname) ;

xy0(:,2) = xy0(:,2)%1e9;

%Subtract the thermal drift from the data (separate function, not
Ysshown )

INDpreproc (loadname, samplerate, thermaltime);

Ifm = length (loadname) —4;

corrname = [loadname (1:1fm), "z_corr.txt”];

xy0(:,1) = load(corrname);

xy = xy0;
1 = length(xy (:,2));

%Get the maximal value (v) and its index (i)
[v,i]=max(xy (1l:holdpnt,2))

%Find the zero force line by a line fit and subtract it from the data
zero_line = INDlin_leasqr (xy(100:100+ basefit ,1) ,xy(100:100+ basefit ,2));
xy (:,2)=xy(:,2)—(zero_line (2)*xy (:,1)+zero_line (1)*ones(l,1));

%Calculate the RMS of noise level, set it to 0.1 if it is lower than
%that
noise = std(xy(100:100+ basefit ,2))
if (noise < 0.10)
noise = 0.10
endif

%Locate point of contact, using the noise level as a reference
J = 13
while xy(j,2) > 4xnoise;

=31

x-zero = xy(j,1);

x_zero_index = j;
endwhile
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96

%Subtract deflection

from distance to get

xy(:,1) = xy(:,1)—xy(:,2);
%Calculate force from deflection

xy(:,2) = xy(:,2)xk;
%Shift all values so
xy (:,1)=xy (:,1)—x_ze

%split the experiment in a loading curve and an unloading

xy-load (:,1)=xy(1:i,
xy-load (:,2)=xy(1:1,

that the point
rokxones(l,1);

1)
2);

xy-unldl (:,1)=xy(i+1:1,1);
xy_unldl (:,2)=xy(i+1:1,2);

m = int32(samplerate

xholdtime) ;

lull = length (xy-unldl (:,1));

xy-unld (:,1)=xy_unld
xy-unld (:,2)=xy_unld

1(m—1:1ull 1);
1(m—1:1ull ,2);

xy_-load2 (:,1)=xy_unldl (1:m—1,1);
xy_load2 (:,2)=xy_unldl (1:m—1,2);

112 = length(xy-load2 (:,1));

factor2 = holdred;
p = 1;
for j=1m-1

if (mod(j,factor2)

xy-load3(p,1) =
xy_-load3(p,2) =
p = p+l;
endif
endfor

%Decrease number of
%(faster pdf—plot!)
Fmax = max(xy_unld (:
uld1l_time = (thermpr

— 0)

xy-load2(j,1);
xy_-load2(j,2);

datapoints in thermal drift

2));

cnt+*Fmax) /(loadrate*1000)

uldl_index = thermpnt;

xy_unldb = xy_unld (1

xy_unld6 = xy_unld (uldl_index+1:uldl_index+14+int32 (thermaltimex

samplerate) ,:) ;
xy-unld7 = xy_unld(u

xy-unld (:,1)) ,:);
factor3 = thermred;
p = 1;

for j=1:int32 (thermaltimexsamplerate)

if (mod(j,factor3)

xy-unld6b(p,1) =
xy_unld6b(p,2) =
p = pt+l;

endif

:uldl_index ,:) ;

ld1_index+1+int32 (thermaltimexsamplerate)+1:length (

— 0)

xy-unld6 (j,1);
xy_unld6 (j,2);

indentation

of contact

compensation hold
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endfor

t_therm = thermaltimex(0:length (xy_unld6 (:,1))—1)"/(length (xy_unld6
(:,1))-1);

time_load = ((x_zero_index:length(xy_load (:,1)))’ — x_zero_index) /(
length (xy-load (:,1)) — x_zero_index);

time_hold = time_load (length (time_load)) 4+ (holdtimex(1l:length(xy_-load3
(:.1))) ) /(length (xy load3 (:,1)))

time_unld5 = time_hold (length (time_hold)) 4+ (uldl_time=x(1l:length (
xy-unld5 (:,1))) ") /(length (xy_unld5(:,1)));

%Fit the beginning of the unloading curve to obtain the

%unloading stiffness

unld5_length = length (xy_unld5 (:,1));

[uld_fit , uld_.p, uld_cvg, uld_.iter] = leasqr(xy_unld5(1:uld_fit_nr ,2),
xy_unld5 (1:uld _fit_nr ,1) ,[50, 1, 1, 1, 1],@QINDpower_law, 0.001, 1000);

Fmax = max(xy(:,2));

stiffness_fit = inv ((1/2)*uld_p (2)*Fmax"(—1/2) + (1/4)*uld_p (3)*Fmax
“(=3/4) + (1/8)*uld_p (4)*Fmax"(—7/8));

%Creep and thermal drift correction of the unloading stiffness

t_crp = holdtime x(0:length (xy_load3 (:,1))—1)’./(length (xy-load3(:,1))
—1);

[crp_fit, crp.p] = leasqr(t_crp, xy-load3(:,1),[40, 1.5, 1.0, 1.0],
@INDcreep_time, 0.001, 1000);

h_dot_tot = (1/2)*crp_p(2)*holdtime"(—1/2) + (1/4)*crp_p(3)*holdtime
“(=3/4) + (1/8)*crp_p(4)*holdtime"(—7/8)

stiffness = inv(1/stiffness_fit + h_dot_tot/(loadrate=1000));

x-max = max([xy-load3 (:,1); xy-unld(:,1)]);
x0 = x_max — epsilon*xFmax/stiffness;
area_xy = load(areafunc_file);

if (x0 >= 100)
[area_fit , p_area] = leasqr(area_xy(:,1),area_xy(:,2),[500, 10, 10],
@INDareafunc_fit ,1e—5,1000);
elseif (x0 <100)
area_fit_end = 0;
i=1;
while (area_xy(i,1) < 100)
area_fit_end = i;
i++;
endwhile
%Fit the experimentally obtained area function
[area_fit , p_area] = leasqr(area_xy (l:area_fit_end ,1),area_xy (1:
area_fit_end ,2) ,[500, 10, 10],@INDareafunc_fit ,1e—5,1000);
endif

%Calculate the contact area at indentation depth from the fitted

%area function
A = INDareafunc_fit (x0,p_area);

97



Appendix A. Program code

154 plot (area_xy (:,1), area_xy (:,2) ,(0:550) " ,INDareafunc_fit ((0:550) "’

p-area));
print ('—dpng’, ’testd.png’);

%Calculate reduced modulus and hardness
sdl  Er = sqrt(pi)/2x(stiffness/sqrt(A));
H = Fmax/A;

%Calculate a line with the unloading slope for visualization

14¢ stiffn_d = Fmax — stiffnesssxy_unld(1);

stiffn_y = xy_unld(1:int32 (sampleratexuldl_time) ,1)*stiffness +
stiffn_d;

44| xy-fit = [xy_unld (1:int32 (sampleratexuldl_time) ,1),stiffn_y |;

144 names = ["x0/[nm]\t\t\t”, "Fmax/[nN]J\t”, "A/[nm" 2]\ t\t”, "Er/[GPa]\ t\t”
, "H/[GPa]” ]
save.x0 = [x0, Fmax, A, Er, HJ;

14€

save_rslt = save_x0;

14 save_rslt (2) = save_rslt(2)/100
sl = strchr (loadname,’.’) — 1;

15¢ savename = loadname (1,1:s1);
savename_load = [savename,” _load.dat” ];

154 savename_hold = [savename,” _hold.dat” ];
savename_unld = [savename,” _unld.dat” ];

154  savename_fit = [savename,” _fit.dat”];
savename_x0 = [savename, " _x0.dat”];

15¢ savename_rslt = [savename, ” _results.dat”];

5] xy-load (:,2) = le—3xxy_load (:,2);
xy_unld (:,2) = le—3xxy_unld (:,2);
16( xy_-load3 (:,2) = le—3xxy_load3(:,2);

K

xy_fit (:,2) le—3xxy_fit (:,2);
164

%Save the results and the information necessary to plot the data
164 save (savename_load , ’xy_load’,’—ascii’);

save (savename_hold , Xy,load?) '—ascii’);
16¢ save (savename_unld, ’xy_unld’,’—ascii’);

save (savename_fit , ’xy_fit’, ’—ascii’);
164 save (savename_x0, ’‘names’, save_x0");

save (savename_rslt, ’'save_rslt’, ’'—ascii’);
17C

end
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