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Abstract

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

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

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

All materials' mechanical properties were determined by AFM-Né&s reduced modulus
{ a measure for the Young's modulus { and hardness under cootled humidity as well
as in water. Viscose and pulp bers both exhibited a reduced rdalus in water of about
0:05 GPa. For viscose bers, this corresponds to a reduction layfactor of almost 200
compared to the dried state. Pulp bers, on the other hand, @& more compliant in dry
conditions and, therefore, the reduced modulus in water deased only by a factor of
100 to 150. The surface hardness of viscose bers in water [gpeoximately 14 MPa
which is a decrease by a factor of 30 compared to the fully diistate. Pulp bers, on
the other hand, exhibited a hardness of 7 MPa in water, whiclocresponds to a decrease
by a factor of 50 to 100, with respect to the dried state. Both mterials exhibited an
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approximately linear relation between hardness and modwdwvith relative humidity. A
deviation from the linear behavior was observed only at highumidities 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 aglvas fully swollen materials
in water.
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Kurzfassung

Cellulosische Materialien bilden die Basi2if vielerlei moderne Produkte wie zum Bei-
spiel verschiedene Papiersorten, Medizin- und Hygiene&el und Bausto e. Dabei ist
Papier einer der wichtigsten Vertreter mit Anwendungen die an Datenspeicherung
bis hin zu Verpackungsmaterial reichen. Obwohl die Papieehstellung seit mehreren
tausend Jahren praktiziert und sendig verbessert wird, sind die Ursachen, die die
Bindung zwischen zwei Papierfasern ausmachen, noch niclullstandig gekkrt. Zwar
wurden verschiedene Mechanismen, beginnend mit Wasserstaickenbindungen bis
hin zu formschhissigen Verbindungen, vorgeschlagen, doch ist weder bekamit wel-
chem Ausma sie beitragen, noch ob bereits alle identi zierntvorden sind. Genau diese
Informationen sind jedoch von erbhter Wichtigkeit, wenn die Festigkeit von Papier
gesteigert werden soll, ohne aber die Menge an Material zihehen.

Wassersto breickenbindungen und vergleichbare Wechselwirkungen habaginn einen
maximalen E ekt, wenn die Flache der Faserbindung in molekularem Kontakt so gro
wie meglich ist. Dies ist dann der Fall, wenn deren Oberchen gleichm ig bescha en,
weich und nachgiebig sind. Um die Struktur und die mechaniseh Eigenschaften von
Ober achen zu bestimmen, wurde in dieser Arbeit Rasterkraftmikekopie (AFM) und
AFM basierte Nanoindentation (AFM-NI) eingesetzt. Ein speziell etwickelter Mes-
saufbau ermoglichte, die relative Feuchtigkeit zu kontrollieren und 8 den Ein uss von
Wasser auf die untersuchten Materialien zu studieren. Ebsa wurden Messungen an
vollstandig gequollenen Proben in Wasser emglicht. Dies ist der Zustand in dem sich
Bindungen wahrend der Papierherstellungen ausbilden. Da Papierfasezin komplexes
und inhomogenes System bilden, wurden zuerst amorphe Chlke Ime und Viskose-
fasern als Modellsysteme charakterisiert. Diese chemisghd strukturell homogenen
Materialien erlauben, den Fokus gezielt auf einzelne Mectiamen zu richten.

Topographische AFM Untersuchungen an Cellulose Imen bevor dnnachdem eine
Bindung zwischen ihnen hergestellt wurde, zeigten dass dirfangliche Rauigkeit von
30nm auf ein Drittel abgesunken war. Weiters war die resuéirende Obereache ho-
mogen und begitigte damit, dass glatte Ober achen die Mbglichkeit haben eine hohe
Flache in molekularem Kontakt auszubilden.

Die mechanischen Eigenschaften aller Materialien wurdenittels AFM-NI in Form
von reduziertem Modul { ein Ma fur den Elastizitatsmodul { und Eindringharte be-
stimmt. Die Messungen wurden unter verschiedenen Luftfeniggkeiten sowie in Wasser
durchgetihrt. Sowohl Viskose- als auch Papierfasern wiesen in Wasséren reduzierten
Modul von 0:05 GPa auf. Dies bedeutetfr Viskosefasern eine Reduktion um einen Fak-
tor von fast 200 verglichen mit dem getrockneten Zustand. Beerfasern, andererseits,
sind im Trockenen etwas nachgiebiger, daher nimmt der redeste Modul nur um einen
Faktor zwischen 100 und 150 ab. Die Obesachenharte von Viskosefasern be#gt in
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Wasser 14 MPa, was einer Abnahme um den Faktor 30, verglicheiit sdem getrockneten
Zustand, bedeutet. Papierfasern wiesen in Wasser allerdseine Harte von nur 7 MPa
auf, was einer Reduktion um einen Faktor von 50 bis 100 bezogeuf den getrockneten
Zustand entspricht. Beide Materialien wiesen in etwa einelinearen Zusammenhang
von Harte und Modul mit der relativen Feuchte auf. Ein Abweichen deon konnte erst
bei hoher Luftfeuchtigkeit voneber 80 % beobachtet werden. Es wurde mit der Studie
gezeigt, dass au erdem AFM-NI ein geeignetes Werkzeug ist, urallalosebasierte Ma-
terialien zu untersuchen, sowohl in verschiedenen relagiv Luftfeuchtigkeiten als auch
im gequollenen Zustand in Wasser.

viii
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1. Motivation

Cellulose is the most abundant bio-polymer on the face of ¢lamwith an annual produc-
tion of about 1:5 10% tons [1]. It is not surprising that cellulose-containing m&erials
were one of the earliest to be used by our ancestors. Cottorax, jute, and others were
appreciated as base materials for textile fabrics [2], whesas wood could be shaped into
tools and used as a construction material. By disintegratqmwood (and other cellulosic
materials gathered from plants) into its cells, it was possie to form exible sheets out
of it { paper. Most of these materials are still used in a veryisilar fashion as they
were millennia ago.

1.1. Paper

One of the most important cellulose based materials is papdt was developed several
thousand years ago [3] and is used as an information carripgckaging material, and
for hygiene products, such as tissues. Although paper is knovand produced for
thousands of years, the detailed mechanisms holding the meatl together are still

elusive. Nevertheless, ve mechanisms that could contribatto the strength of a bond
between two paper bers have been identi ed [4]:

. hydrogen bonds

. van der Waals interactions

1

2

3. Coulomb interactions

4. interdi usion of cellulose molecules
5

. mechanical interlocking

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

The detailed knowledge of ber- ber bonding is important wren one seeks to improve
paper for a certain application. Cement bags, for instancehould withstand the weight
of their contents and still be permeable when lling the bag wh a gas stream. Another
example are shopping bags: They need the strength to hold tgeoceries, 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 Iporous paper, with

ber- ber bonds tuned to yield maximum strength. To have an ntimate understanding
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of how the bers in the paper network interact with each othemwould allow to pinpoint
and manipulate the correct parameters { push the right buttos, in a sense { and
produce paper optimally suited for the application.

From the ve bonding mechanisms listed above, numbers one tour would lead to
a stronger bond when the area in molecular contact is maxingd. The fth mecha-
nism, on the other hand, depends on the surface structure aid features. To gain
understanding of these mechanisms, the mechanical propest of the paper bers' sur-
faces and their morphology needs to be known on tim@anometer scale { the scale on
which bond formation takes place. Moreover, bonds are irdliy formed between highly
swollen bers in an aqueous environment and it is usually imscient to consider the
properties of dried bers. Both, the mechanical parameterand surface morphology
will change drastically { and to some degree irreversibly [ after water is removed
from the Dber.

1.2. Model systems

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

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

1.3. This work

In this work, a focus is set on mechanical properties of cdldsic materials and on the
in uence water has on them. The majority of the ber- ber bonding mechanisms listed
above rely on a high area in molecular contact. Hence, a meastior the bers' ability

to conform to each other is needed. It is long known that yieldtrength and Young's
modulus are such measures. On the nanometer scale, classieaoindentation is usu-
ally employed to determine these properties. Due to the robghature of paper bers,
the application of this method is limited and likely to resul in a large scattering of
the data. Therefore, an AFM-based version of nanoindentatiors used in this work
to approximate these material parameters. By employing a &g to control the envi-

ronment's water content, the e ect of water uptake is studid beginning with the fully
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dried state until highly swollen materials. While the goal isultimately to understand
the importance of ber swelling during bond formation in pagr, a comprehensive me-
chanical characterization of cellulosic materials is aded as well. The present study
does not only compare the dry and wet states of cellulose magds, but aims to indicate
the transition from one to the other and to demonstrate the eectiveness of industrially
available ways to in uence the swelling behavior.

This study leads to the result that in the presence of water,hie hardness of paper
bers is decreased by a factor of 50 to 100 compared to the dtistate. Simultane-
ously, the sti ness of paper bers reduces by a factor of 10@t150 times. While the
decrease in hardness for paper bers is the highest obsernwedhis work, the sti ness is
decreasing the most for viscose bers which become in watgrpsioximately 200 times
more compliant.






2. Theoretical background

2.1. Cellulose bers

All cellulose bers investigated in this work originated fran wood. Wood itself is a
natural polymer composite consisting mostly of cellulos¢nemicelluloses, and lignin
which are organized in a hierarchical structure. The sma#eelements in the hierarchy
are the single molecules, with cellulose being the most inmemt one.

2.1.1. Cellulose, hemicelluloses, and lignin

Cellulose is a polysaccharide of cellobiose, i.e., the rapieg 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 usuallyrefers to the number
of D-glucopyranose units and not to that of cellobiose unitsThe structural formula
of cellulose is sketched in gure 2.1. Cellulose, like manyolymers, is able to form
crystalline regions which are separated by amorphous areds wood, for example, as
much as 65 % of the cellulose is crystalline [10].

OH OH OH
HO oH HO oH HO OH
O o o, o O. _o P
OH OH OH on |HO OH
n

OH

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

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

Lignin, similar to hemicelluloses, is a group of diverse, mahed and amorphous poly-
mers. However, these bio-polymers are not polysaccharidasg lbonsist of a complex,
three-dimensional structure of aromatic units [10].



2. Theoretical background

2.1.2. Wood

The aforementioned hierarchical structure of wood is skédted in gure 2.2, using soft-
wood tracheids as an example. Cellulose chains pack togetteeform elementary brils
with crystalline and amorphous regions. The elementary his (<10nm in diameter),
in turn, bundle to form micro brils (10 nm - 60 nm in diameter) [11,12]. These micro b-
rils compose the cell wall of wood cells by winding helicalground a central void called
the lumen (L). Such cells are composed of layers, with the primary layéP) being the
outermost one. Beyond P, the secondary layers one to threel(S52, S3) follow, where
S2 is by far the thickest layer and determines the mechanicptoperties of the cell. In
the P layer, the micro brils are arranged in a disordered fdson, whereas in the layers
S1 to S3 highly oriented brils are found. After S3, the lumens located, which is used
for water transport in the tree. Between the cells, the midd lamella (ML) is located,
which is rich in lignin. Lignin and hemicelluloses are locatl between the nano- and
micro brils and are thought of as a glue that adds sti ness tathe wood [13,14].

elementary  bril
S3— (~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. Theniis in
brackets denote the characteristic length scale of the respectiveiérarchy level.

Tree cells are mostly aligned in the longitudinal directiorof the stem and are alive
only in its outer region. This region is calledcambium and is protected from outside
in uences by the bark. The cambium is the growth zone of a treavhere cell division
takes place. In this zone, the lumina of the cells are still Iéd with protoplasm. The
protoplasm is excreted when the cells mature and turn into cjic arrest to form the
xylem the part of a tree which is commonly known as wood. In a livingee, the trunk
consists mostly of dead cells which provide mechanical stggh 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 { aonifers { which are gymnosperms and hard-
woods, which are angiosperms. The wood of conifers consissically of only two types
of cells: the longitudinally alignedtracheids (shown in gure 2.2), andrays, which con-
nect the tracheids radially. Tracheids in softwood providehannels for water transport
in their lumina and { at the same time { are also responsible foa tree's mechanical
stability due to their thick S2 layer. Cells of hardwoods, orthe other hand, are more
di erentiated. So-called bers with thick cell walls provide mechanical strength to the
plant, whereasvesselsfunction as conduits for water. The aforementioned rays are
also present in hardwood [15,16]. In addition, the amount anthe types of hemicel-
luloses and lignin present in the wood di er between softwaoand hardwood as well.
While the most common hemicelluloses in softwoods are galaghucomannan and ara-
binoglucuronoxylan, in hardwoods glucuronoxylan and gleeannan are the dominant
ones [10,16].

2.1.3. Kraft pulp bers

To produce paper, the aforementioned wood cells have to berexted from the wood
rst. This can be achieved by mechanical and/or chemical mabds. Afterwards,
the freed cells { commonly named pulp bers { are dispersed iata dilute agqueous
suspension and basically poured onto a Iter. The water is dined and the bers move
closer together, forming a loose sheet. During drying, bosdorm between the pulp
bers and the sheet gains strength.

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

(b)

~30 um

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

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

2.1.4. Regenerated cellulose bers

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

Viscose bers

In the viscose process, pulp is rst treated with sodium hydixide (NaOH) to form
sodium (Na) cellulose. The swollen Na-cellulose is then treat with carbon disul de
(CS,) to generate cellulose xanthogenate, which is soluble inwpus NaOH. This
yields a viscous solution, called the&iscose dope Dissolved cellulose xanthogenate is
then spun through a spinneret into bers, which are regenetad in a spinning bath
consisting mainly of aqueous sulfuric acid (#860,). The result is a pure cellulose ber
where the cross-section is determined by the shape of the éwin the spinneret. To
adjust the length, bers can be simply cut into the desired llegth directly after spinning.
Compositional modi cations are achieved by adding substaes directly into the viscose
dope [1,11].

Viscose bers di er in composition and structure from pulp bers. Regenerated cel-
lulose exhibits a crystalline structure di erent from the ae found in wood. Crystalline
wood cellulose is called cellulose I, whereas regeneratellutose crystallizes as cellulose
lI. It is believed that cellulose 1l is the thermodynamicaly more stable structure [1].

The amount of crystalline domains in viscose bers is repat to be mostly between
30% and 50%, [1,18,19] but can be as much as 68% [20]. This namthowever,
seems strongly dependent on the exact process parameterd amodi cations. Large
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variations between bers of di erent manufacturers are, terefore, expected.

The DP of cellulose in viscose is approximately 300, which msuch lower than the
one of pulp bers (DP 1000 to 2000) [11,19{21].

Applications of viscose bers range from textiles and hygienarticles to special papers
such as for money bills. For some time, the ability of viscosbers to enhance the
mechanical properties of paper has been investigated [2R].academic research, viscose
bers have recently been used as model systems to investigahechanisms of ber- ber
bond formation in paper [23].

2.2. Atomic force microscopy

Atomic force microscopy (AFM) is a technique where a sharp tiptathe end of a
cantilever is scanned across a surface to record its topoging [24]. The operation
principle of AFM is presented in gure 2.4a. Frequently, the saple is scanned laterally
in X and y directions, while the cantilever is xed in a holder which ca move only in
z direction. The movement inx, y, and z is usually achieved by employing piezo
actuators, which allow sub-nm position accuracy. Scanning performed by moving
the cantilever along a line in its longitudinal direction (he fast scanning axix) and
incrementally increasing the slow scanning axis coordirey after a line was scanned
back and forth.

(a) split

photodiode diode (b)

displacement
on photodiode

7 cantilever
de ection

force

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

In most commercially available systems, a laser beam re ext from the cantilever's
backside onto a split photodiode is used to detect its de eicin (see gure 2.4b). This is
achieved by subtracting the light intensity recorded at thephotodiode's lower quarter
from the one of the upper quarter. By analyzing the intensitydi erence between the
right and left quarters, the cantilever's torsion can be deicted. For small de ections
Zq4, it is possible to calculate the force that leads to the bendly of the cantilever by the
linear relation

F = kzg: (2.1)



2. Theoretical background

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

Ebs®
k = BEE (2.2)

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

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

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

fop= 20 (2.3)

Zafree

The great advantage of intermittent contact mode is that it @an be performed in air
as well as in liquids [28] and is comparably gentle. The latdrresolution is determined
by the radius of the tip apex and is typically below 10 nm. Foraft samples, such as
a variety of biomaterials, this technique is the preferredhmice [29{31]. Additionally,
by recording the phase shift between the exciting oscillatn and the cantilever's actual
oscillation, qualitative information on a material's meclanical properties is obtained
[32]. This phase shift is the result of oscillation energy sBipated into the material
due to the tip's periodic contact with the surface. A so-ca#ld phase image is then
generated by plotting the phase shift as a function of andy coordinates. This method
is commonly used on soft samples such as polymers [33,34] palib bers [35].

2.3. Nanoindentation

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

10



2.3. Nanoindentation

a de ned shape and known elastic properties (elastic modw@iE; and Poisson's ratio
i) into a material's surface. During this process, the applieload and the resulting
deformation { measured by thandentation depthz; { is recorded constantly. From such
a load-vs-indentation depth P -z) plot, the hardnessH and the reduced modulus,
are determined according to the method of Oliver and Pharr § which is described in
the following.
The hardnessH, which is a measure for a material's yield strength, is caltated by

Pmax

= — 2.4

A) 9

with Pyax denoting the maximum applied load andA(z.) the indenters projected

area at contact indentation depthz.. It is noteworthy that z. is neither the indentation

depth at maximum load, zyax , NOr the depth of the persistent indentz, but somewhere
in between, as is illustrated in gure 2.5.z. can be determined by the relation

Pmax

Zc = Zmax S : (2.5)

where S is the unloading sti ness atPnax. It can be determined asS = ‘é—FZ’jzmaX like
it is indicated in gure 2.5b. The factor in equation 2.5 depends only on the indenter
shape and ranges between 0.72 and 1. For the purpose of thiskyo is assumed to be
0.75 which is equivalent to a Berkovich indenter. To gai®, the unloading part of the

P -z plot (as indicated in gure 2.5b) is rst tted by the functio n

P(z)=C(z z)™: (2.6)

Evaluating the derivation %—ijmax of equation 2.6 with the obtained t parameters
C, z,, and m yields the unloading sti nessS.

In equation 2.4, the projected area at contact deptl\(z;) is usually determined by
evaluating the indenter's area functiorA(z) at z = z.. A(z) is obviously only dependent
on the indenter's geometry and is obtained by either calibteag the indenter on a
material with known mechanical properties [36] or by dirett imaging the indenter by
SEM or AFM [37,38]. A discussion about methods to experimentglobtain the area
function is presented in subsection 3.2.1.

The reduced modulusE, is calculated via
P- g
—p— 2.7

2 Azo) @7
and is a measure for a material's Young's moduluss [36]. If the material under
investigation is isotropic { like, e.g., polycrystalline netals { E, and Es obey the relation

r

1_@a 3y,.a p

Er Es Ei -

denotes the Poisson's ratio and indicesand i identify sample and indenter prop-
erties, respectively. IfE;  E;, then equation 2.8 can be simpli ed to

(2.8)

11



2. Theoretical background

Es
Er —; 2.9
which has the advantage of being independent from the indeatproperties. However,
equation 2.9 requires still the Poisson's ratio of the sangl .

(@ (b) A
©  p=o @ . T

loading

Load P

unloading

4 Indentation depthz |

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 mmbers.

2.3.1. Modi cations for viscoelastic materials

Viscoelastic materials { such as polymers, including celbde { feature a time dependent
behavior when a load is applied. This time dependence marsifein e ects such as creep
and relaxation or a load rate sensitivity of the deformatiomesponse. These three e ects
are sketched qualitatively in gure 2.6.

(a) Ioadclie:f:onst. (b) defon;eelzzinzo 2 const. (C) load rate dependence

— high

== low load rate

1

1

1

1

1
N 1
c 1
S , e e
T h I} 15 .
£ ' k=l ° .
S ! steady state »”
[} *
kel ! .

1 L4

1 L

L
1 b
1 (24
time t time t deformation z

Figure 2.6.: Qualitative illustration of the time and load rate dependence of viscodastic ma-
terials. In (a) the load is constant and the deformation increases with tme, in
(b) the deformation is constant, and (c) depicts the e ect of the load rate.
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2.3. Nanoindentation

Creep (gure 2.6a) and load rate dependence ( gure 2.6c), Wobviously in uence
the determination of H and E,. Especially during the unloading segment, a so-called
nosecan form due to creep e ects, which is sketched in gure 2.789,40]. The resulting
unloading stiness S as well as the reduced modulug, would appear to be negative
(according to equation 2.7). To prevent the occurrence of ase, a holding timet,.. at
maximum load Pyax can be introduced [39{41]. This time of constant load needs be
long enough to ensure that the steady state creep, indicatéa gure 2.6a, is reached.
Only in this case, the creep ratc—:‘jdz—tc will be at a minimum. A qualitative load schedule
with tn.. 6 0 including a possibleP -z plot is shown in gure 2.7b.

€Y (b)
A A A
1
S<0
o a ol o
e} e] e] =]
IS @ IS @
o o o o
time t B indentation z i' time t B indentation z

Figure 2.7.: (a) A triangular load schedule and a possible response from a viscoelastma-
terial are sketched. Note that the beginning of the unloading segment fatures
a negative sti ness, which is called anose (b). If a holding time at the load

maximum is introduced, the nose can disappear and the stinessS becomes
positive.

Although the introduction of ty.. reduces the in uence of creep e ects ok, it does
not cancel the creep e ects completely. In order to improvehe determination ofE, as
well asH of viscoelastic materials, a modi cation of Oliver and Phats method was
proposed [39,40]. First of all, the obtained -z plot needs to be corrected for thermal
drift e ects. For this purpose, a thermal holding timety, is introduced near the end of
the unloading part. A typical load schedule used for viscaadtic materials is presented
in gure 2.8, featuring t.. and ty. To determine the thermal drift rate ‘fjitl = z, the
thermal holding part of the unloading segment is tted with

z(t) = z0+ zt: (2.10)
Then, z(t) is corrected by subtracting the thermally induced changefa;, i.e.

zi(t)y= 2(t) zt (2.11)

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

13



2. Theoretical background

In the next step, the steady state creep ratéft—cjS = Zgsis determined from the holding
segment atP,.x by tting the temporal evolution of the creep induced indenation z;
with

(1) = Zoo+ At to)? + Mt to)i+ ot 1ot (212)
Equation 2.12 has been found empirically to be the best t [40 z..s is then gained
by di erentiating equation 2.12 with respect to time at the end of the holding segment,

i.e. zs(th,c). It was shown that an improved value forE, is then obtained by using the
creep-reduced unloading sti ness

1
s = 1y &he o (2.13)

S R
with jRj denoting the absolute value of the unloading rate [39]. To gaan improved
value for the hardnesd, the contact depth is calculated by substitutingS with S in

equation 2.5 [40] which yields

P
Zc = Zmax gax : (2.14)

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

z(P)= z,+ dP? + ePi + fP 5; (2.15)

instead by equation 2.6 [40]z,, d, e, and f are parameters to be determined from a
least squares t. Note that while equation 2.6 expressd3(z), equation 2.15 describes
z(P).

P_r_n_ax

load P

~0.05P

I -
—— >
thi Emax

t .
0 e time t

Figure 2.8.: For viscoelastic materials, the load schedule of NI experiments shodlfeature a
holding time tn.c at Pmax to reduce creep e ects and a second holding time,
close toP =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 dhe sample under in-
vestigation will in uence the results. Height uctuations with the same or a higher
magnitude as the indentation depth and lateral uctuationssimilar or smaller as a
characteristic size of the indent during contact will distar the determination of A(z.)
and thereby E, as well asH. Figure 2.9 presents the e ects of surface roughness
schematically. In the ideal case (gure 2.9a), the contactraa behaves as is assumed
by the area functionA(z). If, however, a spike protruding from the surface has conta
with the indenter ( gure 2.9b), the indentation depth z is not de ned properly, since
no indentation takes place. A possible result would be an uatkestimation of E; and

H by measuring az. larger than in the ideal casez!’. When the tip indents at a
position where a depression in the surface is located ( gu&9c), a contact area much
lower than the actual contact area (indicated in gure 2.9c)s calculated from the P z
plot. Thus, E;, and H would be overestimated. It would be, therefore, an asset to
image the surface before indentation and select approprgapositions to indent. Al-
though modern nanoindenters have scanning capabilitiesnlp contact mode imaging
is possible which is likely to damage soft samples and to cantinate the indenter with
debris. AFM, on the other hand, implements the comparatively entle intermittent
contact mode. This feature is the main reason to combine AFM WitNI to perform
AFM-based nanoindentation (AFM-NI).

@) (b) ()

o
3 | > 5
s} : T g -
- : S o/ ‘_8 z,<z
H - OV A
indentation z ; indentation z ; indentation z |

Figure 2.9.: The in uence of surface roughness in nanoindentation. (a) presents th ideal
case. In (b), only one side of the indenter has contact with the samplewhereas
in (c) a hole is indented. The red lines are an indication for the arean contact.

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

(P -2) plot. In this case, the distancez is the piezo's movement in the vertical direction,
measured from the point of contact with the sample (see gur2.10). Naturally, z is not

only composed of the indentation deptlz; but includes also the cantilever's de ection
Zq4. Therefore, the cantilevers de ectiorzy has to be subtracted fronz for all collected

data points after contact to gainz;. This is easily performed by

zi(t) = z(t)  zy(1); (2.16)

with t starting at the point of contact t = 0 and ending att = tpyax, Which is the
end of the load schedule as indicated in gure 2.8. After applyg equation 2.16, the
resulting P -z plot is evaluated using the procedures given previously fatassical NI,
including the modi cations for viscoelastic materials.

(@) (b) 1
z=0
a
e]
IS
o
R e
<
.2
U . .
N ® piezo diStance 7z =
N 2 _ de ec_tlonz [ —
_ i indentation Z |  ee—
= L -
X i distance z, 1z, z;

Figure 2.10.: Schematic representation of (a) an AFM-NI experiment and (b) the correpond-
ing P -z plot. Please note that to get the P -z plot, the de ection z4 has to be
subtracted from the piezo distancez, as is illustrated.

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

While classical NI is still the best choice for studying metaJghe use of AFM-NI is
popular when characterizing soft matter such as polymersqf#4], cells [45], viruses [46],
and pulp bers [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 surroundingair, the relative hu-
midity ' , is the most important parameter to know. Commonly, | is de ned as

. PH.0
= : (2.17)
" Puo®)

Here, py,o0 denotes the partial water vapor pressure, i.e. the absolutmount of
water present in the air andp,,o(#) refers to the saturation water vapor pressure.
Py,o(#) describes the maximum amount of gaseous water that can beegent at a
certain temperature# and is given by the relation

Po(#) = exp T # (2.18)

with #in %, =6:112hPa, =17.62, and = 243.12%o [51].

It is obvious from equation 2.18 and gure 2.11a that the maxium possible amount
of water vapor increases greatly with increasing temperate. Therefore,' ; will de-
crease with increasing temperature, sincgy,o will remain constant. On the other
hand, if the temperature is lowered, ; will increase until p,,o(#) = pn,0 at which

point condensation will occur, as indicated in gure 2.11b.

(@) (b)
| 1 \ ‘szozl‘OhPa ]
g 0.8 ]
< . H —
g 100 | %\
— :
g > o6 iék
= NN
5 N
g . s 04 \8§
g 50 = 8\;
S 02 ;
3 0 P R RS R RS  B R O’H"m”‘\””\””\”‘
0 10 20 30 40 50 0 10 20 30 40 50
temperature / °C temperature / °C

Figure 2.11.: Temperature in uence to (a) the saturation water vapor pressure and (b the
relative humidity. Note that in (b) at # 7%, ' ; > 1 and thus, condensation
would occur.

2.5. Roughness characterization

Atomic force microscopy allows to record a sample's topogray with nanometer res-
olution in lateral directions and sub-nanometer resolutio in z-direction as a two-
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2. Theoretical background

dimensional height map (see section 2.2 for further detgilsThis fact facilitates the

use of statistical methods to comprehensively analyze a spleis morphology. In this
section, the necessary statistical and mathematical baakgind 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-heightarrelation function (HHCF) C( )
is known as the autocovariance function (ACovF) [52]. The AGWH- is a special case
of the cross-covariance function (CCovFE( ); (p; 09 2 f 1; 2g of the two functions
fp(X), f4(x). By assumingf,, fy to be in general complex valued functions with their
meanshf ,(x)i = i 4(x)i =0 and limiting the problem to one dimension, the CCovF is

given as
A

Coal )= f,(x) fq(x+ )dx: (2.19)
1

In the above equation, is called thelag and denotes the shift between the two functions
fp andfg, f, denotes the complex conjugate df,!. The ACovF of, e.g.f,, is given by
setting g = p which leads to

2
Coo( )= Co( )= o (x) fox+ )dx (2.20)

1

Henceforth, if only a single functiorf (x) is consideredC,( ) will be further abbreviated
to C( ) and called the HHCF off (x).

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

Discrete form

When analyzing AFM topography scans, one has to deal with a nitssample size
consisting of discrete data points in arM N matrix. Therefore, it is necessary to
rewrite the equations presented so far in their discrete for. The function f (x) or
f (x;y) will hence be denoted ad (x,) and f (Xp;Yyq) respectively. The indices of the
arguments indicate the discrete nature of the sample. Furdimore,p2f1; 2, :::; Mg
andq2f1l; 2 :::; Ngwith M;N 2 N.

LFor a complex numberz = a+ ib = Re' , the complex conjugate isdenedasz = a ib=Re ',
sothatz z = a?+ ? = R? = jzj:
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Figure 2.12.: The generation of the HHCF (see equation 2.20). In (a) the shift of the functon
f(x) by ,f(x+ ),isillustrated for three values of . The resulting HHCF is
drawn in (b), where the circles indicate the respective lags in 4).

A discrete form of equation 2.20 in 2D representation wouldeb

Clmi n)=H(Xp+ miYg+ n) hfXpya)illf (Xp;iye) hf(xpiyg)ili;  (2.21)

m2fl 2 :::;Mgandn 2 f1;2:::; Ng [53]. To simplify the notation of this
equation, f (X,; yq) is abbreviated asf (5 q and the sample mear¥ ;i asf with

1 M X
f=uN f oy (2.22)

p=1 g=1
In equation 2.21 the lags , and |, are also discrete values,, 2f 1; »;:::; mgand
n2f 15 27015 ~gand can be described asy = Xpem  Xp @nd = Ygen  Ya
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respectively. Thereforef (Xp+ m;Yq+ n) = f (Xp+m:Yq+n) and can be abbreviated to
f(p+ m)(q+n) s which leads to

Cimymy = Hf pemyarny  fllf g fli (2.23)
or, alternatively,
_ 1 I\x m IX n .
Comm = (M m)(N n) - fprmyigrn) fllf g fl: (2.24)

Note that f can be subtracted beforehand, as was assumed before. It isnediately
obvious that whenm = n =0, C ) =

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

1 XM m

N(M m) [Form@  fllfea  fI (2.25)

q:]_ p:]_
When a general ACovF is regarded, two points df(x) with distance can be con-

sidered correlated ifC( ) is signi cantly larger than zero. To statistically check br
signi cance, the so called auto-correlation function (ACF)can be employed, which is

given as
_C() _ C().
G()=—"= co)
The maximum of this function is obvioustG(Q)_= 1. If f(x) is random, signi cant

correlation can then be assumed &( ) > 2= N, whereN describes the number of
independent observations [52].

Cim) =

(2.26)

Alternating terminology

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

Hmym = Hf prmyarny Fa@li =2 [ Gumym]: (2.27)

with G(myny being the discrete 2D ACF, analogous to equation 2.26. Usuallyt nyn)
is named HDF, according to its calculation of height di erence Furthermore, using
HHCEF for Cmyn) underlines the function's statistical meaning and will ths 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 delopers of the SPM
image analysis software Gwyddion [57]. In Gwyddion, the HHCFsinamed 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 cquex-valued Fourier
transform (FT) as a real-valued function. Both can be used tadentify 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 prigkes an additional way
to calculate the HHCF. Unfortunately, PSD and FT are de ned di erently in di erent
elds. Therefore, this subsection is solely dedicated to dee FT and PSD for the use
in this work and give alternate descriptions of equations 29 and 2.20 as well as the
discrete HHCF (equation 2.23). Again, the analytical represéations will be covered
rst.

Analytical form

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

iven b
g y 2

F(f)(ks) = F(ky) = f(x) e ®Xdx: (2.28)
1
In equation 2.28,i = P ~ 1is the imaginary unit, leading to a complext (ky) in general.
The inverse transformation is
2
F YFk))(x)=f(x)= Zi F(ky) € *dk,: (2.29)
1

Note that the assumptionhf (x)i = 0 is not necessary, however, it will simplifyF (ky).
Assumeg(x) = f (x) + g with g = hg(x)i & 0, then obviously
A 2 VA

F)(ky) = g(x) e ®dx= f(x) e ®dx+ g e ®*dx: (2.30)

1 1 1

R .
And since i g e kxdx=2 g (k) [58], with (ky) denoting the delta distribution,

equation 2.30 can be shortened to

F(9)(k) = F(F)(X)+2 g (ky): (2.31)

This demonstrates that for functionsg(x) with non-zero mean, a delta peak ak, =0
is introduced. Wheng is subtracted from g(x), the FT is simplied and easier to
visualize, since one does not have to deal with plotting thealue F(x) = 1 , which
is especially problematic in numerical calculations. Alsoate that the nature of the
function g(x) is not changed wherg is subtracted beforehand.

Using equation 2.28, the PSD shall be de ned as

P(ka) = F (ka)F (k) = JF (ke)j*: (2.32)
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Per de nition, the PSD is { in contrast to the FT { a real valued function. The PSD

and the FT are often used to visualize and quantify orientatio in an AFM image, as
well as identifying periodic or quasi-periodic structure§s3]. Another use of PSD and
FT is the calculation of CCovF and HHCF (ACovF). Taking the FT of the CCovF

yields

2 22
F(Cpa)(kx) = Coo( ) € kg = fo(x) fq(x+ )dx e kx d =
1 1 1
2 22 3
= fp(x) 4 fq(x+ ) e ik x d 5dX:
1 1
A

f,00 F(fo)(ke) €<*dx =
1

F (fo)(ke) F(fa)(ks): (2.33)

In equatigg 2.33 the fact thatF (f (x  &))(kx) = F(f (x))(k«)e "~?is used [58,59]. Note
also that i f (x)g* = F (ky) is used. For the HHCF (or ACovF), equation 2.33
results in

F(C)(ko) = F (koF (k) = jF (ka)i® = P(ky); (2.34)

which means that the HHCF can be calculated by performing the werse Fourier trans-
form (iFT) of the PSD. The advantage of this relation for practcal calculations will be
discussed below.
Since AFM scans yield a two-dimensional (2D) height map, the 2BT is frequently
applied:
4 2
F(f)(ks; ky) = F (ke ky) = f(x;y) e '(kx*k¥gxdy: (2.35)
1 1

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

Discrete form

The discrete Fourier transform (DFT) off (5 in 2D form shall be de ned as

1MW

F (@) (kmikn) = Famym = g fipyq € 'tmXerknYa): (2.36)
p=1 g=1

The variables in the exponent are

2z=Re ,z =Re' ) S=Re' e k=Rel Mands’=Re ' ek=Re 'l W=75
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2.5. Roughness characterization

Xp =P x:pM,
— — Ly.
Yo=( Y—QW, ,
2 (2.37)
Kpm=m km:mL—;
X
2
kn=n kn=n—
n m Ly

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

2 nC)I( (2.38)
KnYq = T:
Now equation 2.36 can be rewritten as
_ 1 X 2i_(Nmp+Mnq).
Femm = N Fog € , (2.39)
p=1 g=1

and the inverse transformation is

1 X 2 (Nmp+Mnq).
F(m(® = F(m)Uﬂ EMN . (2.40)
p=1 g=1
Both equations 2.39 and 2.40 have the advantage of being ipgadent from the
physical size of the sample. The discrete PSD is de ned acdorgly to equation 2.32

Pimnyny = iFmymi? (2.41)
and yields the 2D HHCF as

Cioxa = Fpjiq (Pamym): (2.42)

The advantage of equation 2.42 becomes apparent, when thetf&ourier transform
(FFT) [60] is used instead of equation 2.39. To calculate a DFT aording to equa-
tion 2.39, N2M 2 steps are needed and to compute the HHCF as given in equation£.2
%(N 2 N)(M? M) steps would be necessary. In contrast, the number of stephiem
using an FFT algorithm is of the orderO(NM logNM ), which implies that it is
still much faster to compute two FFTS instead of calculating the HHCF according to
equation 2.24 one timé

30ne DFT to calculate the PSD and an iDFT to get the HHCF.
“Note that the calculation of the DFT according to equation 2.39 of data with size 1024 1024 can
take several hours even on a modern computer.
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2. Theoretical background

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

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

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

/L (2.43)

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

log(' )

Y

log(L)

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

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

Di = De+1 (2.44)

where D, represents the topological dimension [62]Note that if = 1, the fractal

and topological dimensions coincide and the surface is naadtal. On the other hand, if
= 0, the surface would have a dimension @; = D;+1 and according to equation 2.43
= const: at all length scales.

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

One could in principle characterize a surface's topographyomprehensively using

, ¢ and by recording AFM images with varying sizes, instead of using alone.
The drawback is that such an endeavor would be tedious and temconsuming. It is,
however, possible to extract, , and a measure for. from a single AFM scan. This is
performed by calculating the HHCF of a surface according to,@, equation 2.23 and
t C(m)n) using the function [67]

c()= 2 (). (2.45)

Here, =[ «; y]%is the vector of the lags inx andy directions. Since only isotropic
surfaces are considered in this work, a 1D HHCF is calculated byeraging the HHCF
of each line or performing a radial average. Equation 2.45rcéghen be simpli ed to

CG = C(): (2.46)

In equation 2.45, describes a lateral correlation length and is di erent fronthe
cut-o length .. The lateral correlation is a measure for lateral roughnessctuations
or { in other words { denotes the maximum distance for which tw points are still
considered to be correlated. In gure 2.14, the physical memg of is illustrated by
two line pro les which were generated using the convolutiomethod [55]. It is evident
that the prole in gure 2.14b features more hill-like structures as the one presented
in gure 2.14a at the same lateral scale. To relate the latelaorrelation length to the
cut-o length, it should be noted that . . This makes sense, since will only be
independent ofL, when the topographical structures de ned by are small compared
to the observing length. Therefore, the larger, the larger . becomes and / . [68].

0 64 1;8 1;2 2;6 320 3‘84 448 512 0 64 1‘28 1;2 2;6 3‘20 3‘84 448 512
lateral distance lateral distance

Figure 2.14.: Simulated surface pro les to illustrate the lateral correlation length . In (a),

is four times larger than in (b). and are the same in both graphs.

The other parameters, and , have the same meaning as discussed before. The
physical meaning of can be considered as thjaggednessf the surface under con-
sideration. It is obvious why this terminology was chosen veém comparing the two
simulated surface pro les shown in gure 2.15. While the prde in gure 2.15a ap-
pears perfectly smooth, the prole in gure 2.15b is jaggedrad one would consider it
more rough than the one in gure 2.15a.
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2. Theoretical background

(a) S (b)
E 0.6 E 06
2 f=y
Q 04 | Q 0.4
< <
0 64 128 Iatéglfal diZSSEanCézo 384 448 512 0 64 128 |atg?a| df;ianciiéo 384 448 512
Figure 2.15.: Simulated surface pro les to illustrate the Hurst parameter . In(a), =1:0,
whereas in (b) =0:5. and are the same in both graphs.
On a side note, equation 2.45 has the drawback that it becomewalid for ! O.

Therefore, a more complex function { the K-correlation mod€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 thigork was an Asylum
Research MFP-3D (Santa Barbara, CA), equipped with a planar ased loop sample
scanner. Its maximumx -y scan size is 90m 90 m, and the z-range is 15 m. In
this AFM system, the cantilever is tilted by 12 { which is the case for most commercial
AFMs.

3.1.1. Probes

Basically, two types of AFM probes were used: one for imaging daanother for AFM-
NI. Probes for imaging should provide a low tip apex radius and low opening angle
to gain a high resolution. On the other hand, probes for AFM-NI stuld feature a
tip geometry that is easy to characterize { meaning a high opéeng angle (see subsec-
tion 3.2.1) { and the cantilever should be sti enough to app} a su ciently high load.

It is further bene cial for the tip to be hard and sti, so that it will not deform during
indentation or is even damaged. For soft materials, such aglltlose, this is easily
achieved, since commonly used tip materials (silicon, siin nitride, diamond, etc.) are
much harder and sti er than cellulose.

Imaging

For imaging, Olympus AC160TS-R3 and AC240TS-R3 silicon pres (Tokyo, Japan)
with aluminum re ex coating at the back side of the cantileve were used. Both feature

a tetrahedral tip at the very end of the cantilever with a fron angle of @, a back angle

of 35, and side angles of I5(see gure 3.1a). The tip apex radius is typically 7 nm.
AC160TS-R3 probes feature an average spring constant of%“gb‘whereas AC240TS-R3
probes have a spring constant of % Average resonance frequencies are 300 kHz and
70kHz, respectively. The cantilevers' dimensions are listen table 3.1.

AFM-NI

For AFM-NI, ND-DTIRS full diamond probes with aluminum re ex coating (Advanced

Diamond Technologies, Romeoville, IL) were used at rst. Thir three-sided pyramidal
tips have a front and back angle of 65and side angles of 35 At the apex, the radius of
curvature is 15nm in average and at least smaller than 50 nm.oget exact results for

27



3. Experimental

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

probes.
designation length/ m width/ m thickness/ m shape
AC160TS-R3 160 40 3.7 rectangular
AC240TS-R3 240 40 3.3 rectangular

the applied forces, the cantilevers' spring constants wedegtermined using the thermal
sweep method [73] (see below) and were found to be betweer{i5nd 653
After the rst AFM-NI results were obtained on pulp bers and cellulose Ims,

the ND-DTIRS probe line was discontinued by the manufacturer As a replacement,
ND-DYIRS probes from the same manufacturer were introduced. hEse are also full-
diamond probes with aluminum re ex side coating, but featug a regular, four-sided
pyramid as a tip. The front, back and side angles are all 4%see gure 3.1b) and
the apex radius is also 15nm in average and less than 50 nm. i8grconstants were
determined to be between 4% 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/ m width/ m thickness/ m shape
ND-DTIRS 120 33 3 rectangular
ND-DYIRS 135 33 3 rectangular
(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-NI.

Calibration of cantilever spring constants

In order to measure forces with an AFM, the cantilever's springonstantk as well as
the optical lever sensitivity So s have to be determined precisely. The sensitivity is
the ratio between the signal at the diodé/sp and the cantilever's actual de ectionzg

28



3.1. AFM Instrumentation

Vpp = Sois  Zd: (3.1)

It is calibrated by pressing the cantilever on a hard substta and recordingVpp
as a function of the piezo movement. If the substrate does not deform, this is a
straight line and, obviously,z = z4. Plotting Vpp versuszy and measuring the slope
yields directly So.s. Note that this method implies a calibratedz-piezo or an active
z-sensor, otherwise the de ectiorzg cannot be determined. In this work, a silicon
wafer with native oxide was used as the hard substrate. To vbr if a silicon wafer is
appropriate, the calibration of Sg s has been cross-checked on a diamond coated fused
silica substrate where no di erence was detectable. Note than the Asylum Research
software, the inverse optical lever sensitivitySio s = Soﬁs is calibrated.

The spring constant can be determined aftebo, s is known using the thermal sweep
method [73]. This procedure is a built-in function of the Asyim Research MFP-3D's
software.

3.1.2. Controlled relative humidity

To control relative humidity inside the uid cell, the setup presented schematically in
gure 3.2 is employed. A ow of dry nitrogen is divided into two lines with adjustable
ow rates. One line is kept dry, whereas the other one is leadhtough 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 thesystem,’ ; of the humid
line will decrease below 1 outside the bubbler. Heating the bhler by two 3W PTC
heating foils (thermo Technologies, Germany) above roomrngerature, ensures that
'+ cannot drop below its initial value. This is a direct consegence of equations 2.17
and 2.18.

After the bubbler, the dry and saturated nitrogen lines are nrged together, leading
to a mixture with a water content according to the ow rates ofthe two lines. Before
the uid cell, a bu er volume is located which absorbs uctuaions in relative humidity.
This is necessary, since the uid cell has a volume of only 10 mSince temperatures
of up to 32%. are observed in the uid cell, the bu er as well as the tubes beeen
bubbler and uid cell are also heated. This, however, is raakd with a HST IIl heating
wire (Carl Roth, Germany), operated at a power of 50W. Separate heating circuits
for bu er and bubbler result in a high exibility in the tempe rature pro le and allow to
reach very high relative humidities in the uid cell. For exanple, without heating the
bu er, the maximum ' ; was 0.8, whereas by heating it, a relative humidity of up to
"+ =0:95 can be generated inside the uid cell. Note that at, = 0:95 a temperature
decrease from 3%o to 29:11%o results already in condensation. Condensation inside
the uid cell can be a problem, since the sample will then be biject to bulk water and
not only humid air. Also, the humidity sensor might be coveredvith water droplets,
causing short-circuits, false readings, and { in the worstase { permanent damage to
the sensor.

For the bubbler as well as the bu er, 500 m DURAN glass gas-washing bottles (Carl
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3. Experimental

@ bubbler heating
IN ouT IN:
owmeter (humid) > -
N2 IN :
H bubbler
IN ouT :
owmeter (dry) > :
............................................. : Y I
IN ouT Y ouT
- v
uid cell : : bu er IN
ouT

atomic force
microscope

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

Roth, Germany) were used. The connection tubes are transgat Rotilabo PVC tubes
with a diameter of 10 mm (Carl Roth, Germany). The ow meters b regulate and
monitor the nitrogen are acrylic Omega FL 4213 rotameters (&inford, CT). Sensirion
SHT 21 humidity sensors (Staefa, Switzerland) are positionddside the uid cell as
well as the bu er. The sensors record the relative humidity ith a tolerance of 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 maximm tolerance of 04 %o
between 360 and 60%.. During the course of an experiment, the SHT 21 sensor in the
uid cell is constantly logging data, whereas the sensor irhe bu er, is used only for
troubleshooting purposes. Note that the thickness of the pried circuit board on which
the sensor is mounted had to be reduced by approximately 50 %g it would t into
the uid cell.
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3.1. AFM Instrumentation

3.1.3. Fluid cell

For AFM measurements in water as well as experiments under coolled relative hu-

midity, an Asylum Research uid cell was employed. The setupot control relative

humidity requires in- and outlets for nitrogen and connectins to the humidity sensor.
Therefore the uid cell body drawn in gure 3.3a was used in alosed con guration,

in order to establish a stable environment. The cell's inteor was sealed completely
(gure 3.3c), allowing only the passing of the controlled nrogen ow through the open

ports.

€Y (b)

(e} o
(] u
ports
© (d) before approach
membrane cantilever holder M\ /N
w \ / [ e i
-
| : c T~ oo | water drop

1 after approach

sample ) | |
cantilever

uid cell body ) ((

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

Samples completely submerged in water were investigatedings the portless uid
cell body, presented in gure 3.3b. The reason for that is thtghe lack of ports and any
additional openings reduces the risk of water leaking fronhé cell. To permit a large
range of movement and to allow easy access to the sample, tpe con guration of the
uid cell was chosen for experiments in water. Only a drop of ater with a diameter of
about 10 mm was added to the sample. After approaching with theantilever, a water
meniscus between the sample and the cantilever holder witrin and produce a stable
environment (see gure 3.3d).
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3. Experimental

3.2. AFM based nanoindentation

AFM based nanoindentation is carried out using the Asylum Resezh MFP-3D AFM.
First, the surface is scanned in tapping mode to locate su crly at regions. Then,
P -z plots were recorded in contact mode at a desired position. Fall measurements,
the load schedule featured a hold time at maximum load and ac@nd hold towards
the end of the unloading segment, as is presented in gure 2.8he parameters were
Prax =10 N, jRj =10 -2, the = 105, andty, = 30s.

3.2.1. Determination of the area function

The area functionA(z) of an indenter describes the projected area at a certain thsice

z from the tip apex. A(z) is an essential input parameter for calculating hardnes$ and
reduced moduluskg, correctly, as is obvious from equations 2.4 and 2.7, respgety.
In classical NI, this function is usually calibrated by indeting into a material with
varying indentation depths [36]. In AFM-NI, however, a direct inaging of the indenter's
geometry is easily achieved by scanning the tip across a gudgth sharp spikes, a so-
called tip characterizer. If the opening angle of the spikeas less than the indenter's
opening angle, the indenter is imaged, as is drawn schematlg in gure 3.4. This
is commonly known astip-sample dilation [74] and is sometimes misleadingly called
convolution

resulting image
——> sharp spike

/AN SR SR

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

To image the tip, the commercially available TGTO1 calibrabn grid (NT-MDT,
Moscow, Russia) was employed. On this grid, spikes with an @ping angle of 30 and
a tip radius of 10 nm are arranged periodically. Scanning thigrid yields already good
representations of the indenter. To improve the result evemore, the obtained image
is erodedwith the modeled spike geometry (24-sided pyramid with an @ming angle of
30° and an apex radius of 10 nm) using Gwyddion's built in functies. Erosion, in this
case, denotes the inverse operation of dilation and is siarlly miscalled deconvolution
Now, the area function is calculated by intersecting a horimbal plane with the tip
geometry at any distancez from the apex (see gure 3.5a) and counting the pixels
within the intersection. Since the physical dimensions ofne pixel are known,A(z) is
the direct result and displayed in gure 3.5b. This procedu will henceforth be called
the dilation method according to the principle of which the tip's geometry is reorded.
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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 foan ideal pyramid is
derived and compared to experimentally observed data. Theigpose is to nd a model
that can be used to reliably tthe area function in an automaed evaluation procedure.

@) (b)

N
=
o
T
|

A(z) I nmz

N

10 L 1

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 quadrilateralin (a)
correspond to the circles with the respective color in (b). A nite 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 pymaid with a square base,
a half opening angle and tilted by the angle , its area function can be calculated
analytically. A sketch of such a tip at the end of a cantilevers presented in gure 3.6a.
Due to the tilt, the tip becomes asymmetric (with respect to he surface) with a front
opening angle of + and a back opening angle of . The area is then a trapezoid,
with side lengthsc, d and height e, as is drawn in gure 3.6b. Dividing the tip's side
view into two regions which form right-angled triangles wh the adjacent legz. e is
then equal to the sume = a+ b, with a, b being the respective opposite legs (see
gure 3.6b). Then,

a=ztan( + );
b= ztan( ); (3.2)
e= a+ b= z[tan( + )+tan( )] :

To obtain the side lengthsc and d, one can consider them as part of squares with

respective side lengths, when = 0° and z; = s;cos( ), i 2 f1;29. In this case, the
front, back, and side angles are all and
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3. Experimental

c=2s;sin( );
3.3
d=2s,sin( ): (3.3)
By using
S; = z ;
1= 7 . !
cos( +
B (z )_ (3.4)
52 = cos( )’
equations 3.3 read
_2zsin
"~ cos( + )’
_ 2zsin (3-5)
~cos( )’

Then, since the areaA of the trapezoid is obviouslyA = % c+ d) (right side of
gure 3.6b), the area function is

1 1

cos( + )+ cos( ) (3.6)

A(z) = Z%[tan( + )+tan( Y sin( )

(b) : ;

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

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

A(z) = 4:567%% (3.7)

Here, it was assumed that , does not depend on the cantilever's de ectiomgy. This
is justi ed when the cantilever lengthl  z4. In this work, the maximum load Py =
10 N resulted in a de ection ofzy 200 nm, by assuming a spring constant &
50%. For a cantilever lengthl of 135 m, itistruethat |  z4 and the de ection would
change by approximately 0:1°. Thus, it is save to assume that 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 ohé form A(z) = CS)ZZ,
with the superscript (t) referring to a theoretically obtained value. However, detenin-
ing A(z) of ND-DYIRS tips experimentally, using the dilation method,a function that
is best tted by the model

A(z) = C¥z+ clPz%+ cl9z8 (3.8)

is obtained, with (€) marking experimentally obtained parameters. By evaluatig
53 area functions of all together 14 tips of the same type, th@e cients amount to
cl® = (248 98)nm,C{? =2:49 0:36, andC{® =(2:64 104 1:02 10 3nm L.
The cubic term can be viewed as a correction for non-ideal tgeometries and is not
discussed further. Nonetheless, theory and experiment dotrmoincide with each other.
First, the theory predicts only a quadratic function, wherea in practice an additional
linear term is observed. And secondly, the coe cients for thgarabolic part of the
theoretical and experimental area function@ét) and Cée), respectively, di er strongly
from each other.

A likely explanation for the linear term is that the pyramid is not perfect and has char-
acteristics of a paraboloid of rotation. Itis likely to be arartifact from the manufactur-
ing process. A paraboloid of rotation has an area function tifie form A(z) = Cipara)z
and would thus explain the linear term.

The dierence in Cét) and Cée) arises from the fact that the front, back, and side
angles of the pyramidal tip are not 45 as is specied. Instead, it was found that

=37:2° 0:6°. The tilt angle could be obtained from the tip asymmetry (compare
gure 3.6b) and amounted to = 10:8° 0:5° which is as speci ed. Note that the
tips were all characterized with a closed-loop scan and aitehted z-piezo. Hence, the
determined angles are expected to be correct. By using thepeximentally determined

, equation 3.6 yields the coe cientcgt) = 2:55, a value very close t@ée) =2:49 0:36.

In gure 3.7a, a comparison between the area functions of @mids with 45°, 37:2°,
and equation 3.8 is presented. While the measured angle ofZB7sed in equation 3.6
is closer to the experimentally obtained\(z), it still deviates signi cantly. The model,
presented in equation 3.8, ts the area function perfectlydr indentation depths larger
than 100nm. However, for indentation depths lower than 100 nnthe t deviates
signi cantly from the experiment. To quantify this deviation, the relative t error e
is calculated by

100 % (3.9)

Aexp and Ay from equation 3.9, denote the experimentally obtained andited area
function, respectively. It is observed that an error of up t@0 % is introduced when the
indentation depth is between 40 nm and 100 nm. The relative rer of the t displayed
in gure 3.7a is given in gure 3.7b, where an error of approxnately 13% is present
at an indentation depth of 40 nm. These deviations at low indeation depths are due
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3. Experimental

to the fact that the tip apex is not pyramidal but usually rounded, as is shown in the

inset of gure 3.5a.
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Figure 3.7.: (a) Comparison of theoretically obtained area functions (blue and red), at
according to equation 3.8 (black line), and the experimentally obtainel value
(black circles). (b) Relative error of the t according to equation 3.9.

To counter the e ects of a nite tip apex, the rst 100nm are t ted separately by
equation 3.8. This ensures that the t error is kept low, everor indentation depths of
only 30nm. Large errors below that are of no concern, sinceetiminimal indentation
depth observed was around 40 nm. In gure 3.8a, a t of the rstl00 nm is compared
to a t of the whole data set. In conjunction with the respectve t errors presented
in gure 3.8Db, it is made clear that a separate t of the rst 100 nm yields improved

results.
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Figure 3.8.: (a) A t of the rst 100nm (black line) is compared to a t of the whole data
set (red line). (b) The relative t errors of the respective tsi n (a).
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3.2. AFM based nanoindentation

Area function from SEM images

While it is in principle possible to image a tip with scanning kectron microscopy (SEM),
it is not a preferred method. One reason is that using SEM ismie consuming. The
tip has to be introduced into the SEM system, imaged at di erst angles at a high
enough resolution, and then transferred back to the AFM systemAny additional step,
where the AFM probe is handled manually increases the risk of daking it. When
using the dilation method, only the sample has to be replacduy a characterization
grid and scanned subsequently. However, the most importaneéason, why the use of
SEM to collect an indenter's area function is discouraged tbe linear term in equa-
tion 3.8. While it is perfectly possible, it would be practicly unfeasible to generate
a 3D image out of a series of SEM scans. The e ort of measurermand evaluation
would simply be too high for a characterization which shouldbe carried out before
the start of every experiment. Additionally, there are the reolution limits of SEM
which come into account when the rst 100 nm of the tip are of iterest. Therefore,
instead of reconstructing the entire tip, one would measurthe angles of the tip's side
planes. From this, it is possible to derive an analytical expssion for the area func-
tion by considering the tip geometry, similar to, e.g., equeon 3.6. The problem of
this approach was already discussed: While the theoreticalea function is described
by a purely parabolic relation, a linear term is introducedn the experimental area
functions by imperfections such as curve side faces or a tipex with a nite radius.
Obviously, the linear term of A(z) will become negligible at high indentation depths.
For the four-sided pyramidal tips (ND-DYIRS) considered aba®, this would mean an
indentation depth of approximately 16 m is necessary for the linear term to be less
than 5% of the total area. Since most of the indentations wereetween 40 nm (dry
cellulose) and 500 nm (highly swollen cellulose), the lineterm of equation 3.8 could
never be neglected.

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

3.2.2. Tip cleaning

While performing indentations, the tip might pick up loose naoscale debris from the
surface under investigation. In fact, this should be a dynaim process of picking up
and losing contaminations during the progress of the experent. It can hardly be

avoided but seems of minor concern during indentation, siaco degenerative change
in hardness or reduced modulus was observed. However, if the is used again, the

determination of its area functionA.(x) (see subsection 3.2.1) will be disturbed by the
debris attached to the tip. In gure 3.9a, a contaminated tipafter a series of indents
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is displayed. The easiest way to clean such a contaminateg s to indent it into an
epoxy layer with a thickness of at least several hundred miareeter. This layer was
prepared by placing a drop of two component epoxy glue (UHU Eneit 300) on a steel
plate with a diameter of 18 mm, covering most of the plate's siace. The material was
then cured at 100%o for approximately 10 min in an oven. Performing indents on th
epoxy surface while the cantilever is excited at its resonem frequency and repeating
this at three to ve dierent spots leads to a perfectly cleantip, as is presented in
gure 3.9b.

(b)

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

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

3.2.3. Measurement and evaluation procedure
Measurement procedure

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

1. Determine the spring constant of the cantilever accordinto subsection 3.1.1.

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

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

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

5. Set up a load schedule and indent into the surface.
6. Scan the surface again to verify if residual imprints areisible.

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

Evaluation procedure

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

1. Subtract the cantilever's de ection zq4 from z to get the indentation depth z
according to equation 2.16.

2. Determine the thermal drift ratez;, by tting a line to the holding segment towards
the end of the unloading part.

3. Subtract the thermal drift from z, according to equation 2.11.
4. Find the end of the loading segment and extract the holdingapt at Pay .

5. ldentify the creep rate at the end of the holding timey,.. by tting equation 2.12
to this segment.

6. Find the unloading part and t it with the model presented in equation 2.15 and
calculate S.

7. Correct S according to equation 2.13 and obtairs .
8. Calculate the contact depthz, with equation 2.14.

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

10. Calculate the hardnessl and the reduced modulugk, according to equations 2.4
and 2.7, respectively.

All values of H and E, presented in this work were evaluated using this procedure.
To allow the analysis of a large amount of data, an Octave [75¢ript 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 des yield meaningful
results, a comparison to literature values [76] was perfoad. For this purpose, viscose
bers (Kelheim Fibres GmbH, Kelheim, Germany) were embeddechiepoxy resin and
microtome cut to access their cross-sections. Theh, and E, were determined by
using a three-sided pyramid as well as a four-sided pyrami@d &ndenters. The results
are presented in table 3.3. Apparently the tip shape has a sigrant in uence on H
and E,, which is true for the AFM-NI values as well as the ones obtained/tNI. While
the results from AFM-NI do not completely coincide with the reslis from NI, they
are undoubtedly in a close range. Considering the di erende tip geometries and the
fact that bers investigated by NI are from a di erent producer, this is a remarkable
nding and proves the usefulness of AFM-NI for soft materials.

Table 3.3.: Comparison of AFM-NI results obtained from viscose ber cross-sections ith
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 8 126 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 Ims

Amorphous cellulose Ims were used as model systems, to siatel pure cellulose sur-
faces. The Ims were produced at Graz University of Technolgdoy spin coating silicon
wafers with a 20¢ solutions of trimethylsilyl cellulose (TMSC) in toluene. Sbsequently,
the TMSC Im was exposed to a vaporous 10 % hydrochloric acidHCI) solution for
3 min, which transforms TMSC into cellulose [77]. This pross is repeated four times
to create a Im with a thickness { determined by re ection-albsorption infrared spec-
troscopy [78] { of 315nm 75nm [38,79].

The same method was used to prepare Ims for topographicalviestigations as well
as AFM-NI. Additionally, cellulose Ims with a single top layer d xylan were created
to simulate the presence of hemicelluloses. Both types of d& Ims were investigated
in air, in water, and in a 01 ™ 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. Samples

3.3.2. Pulp bers

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

(@)

nail polish

steel sample holder

(b)
ul ber
nail polish pulp
random
scratches

pulp ber silicon substrate

- - - '
nail polish

water droplet pulp  ber

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

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

3.3.3. Viscose bers

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

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

sample ber modi cation COOH N
designation type type % wiw % wiw
cRF none 0.77 -
cAF1 . L 2.60 -
CAE2 classical anionic 378 )
cCF1 cationic i 0.26
cCF2 - 0.13
rRF none 0.52 -
rAF rectanaular anionic 2.54 -
rCF 9 cationic - 0.25
rACF an./cat. 1.42 0.31

For AFM-NI investigations in air or in a controlled humidity environment, viscose
ber samples were prepared in the same way as dried pulp bersClassical viscose
samples could also be prepared in this way for characterizat in their fully swollen
state in water. However, the rectangular bers had to be prepad in compliance
with the method developed for never-dried pulp ber samplesWhen the bers with
rectangular cross-sections were glued in their dry state @rthen placed in water to
swell, they would always detach from the nail polish surfacédt is possible that due to
their large width, they do not sink into the nail polish but meely adhere to its surface.
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3.3. Samples

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

(b)

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

4.1. Roughness characterization of cellulose Ims

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

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

4.1.1. Pristine Ims

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

Figure 4.1.. Optical image of the cellulose Im during AFM imaging with (a) width of ap-
proximately 1 mm and (b) 300 m.
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Figure 4.1b reveals that even the smaller patches of di ererlieight extend later-
ally for several tens of micrometers. Since the maximum scaize of the AFM is
90 m 90 m, the larger patches cannot be fully analyzed using HHCF. Theme,
the focus is on smaller features which are around 16, at largest. Such structures
are revealed by AFM topography scans recorded in tapping modadhare observed on
both cellulose Ims. 60 m 60 m images of cellulose Ims one and two are presented
in gures 4.2a and 4.2c.

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

Obviously, both samples exhibit a very similar surface mohplogy downto2 m 2 m,
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4.1. Roughness characterization of cellulose Ims

as is seen by comparing gures 4.2b and 4.2d. The most notibdafeatures on the large
scale scans are round hills with a diameter of several micretars and a height between
200 nm and 500 nm.

Before applying the theory of self-a ne random rough surfaes { outlined in subsec-
tion 2.5.3 { to analyze the Ims' surfaces, the scaling behaor of the RMS roughness
was investigated. If is related to the observation lengthL according to equation 2.43,
self-a nity can be assumed. The randomness of the surface @ready visible from
gure 4.2, where no periodic features are observed. Figure84isplays the scaling of
in a linear and a logarithmic scale. From gure 4.3a, the cub length . is identi ed at
around 30 m, whereas the Hurst parameter is extracted from the slope of the linear
part from gure 4.3b by a linear least squares t. It was foundthat =0:82 0:07.

(@) 50 ey (D) 200
E a0 [ - ] li
g 0T % B £
2 L ™ ] £10 -
Ny = 4 L
2 20 ¢ .
E L 4
(7)) L
S 10 } 7 . )
4 [ ] r Experiment +#— 1
P ] Fit:log( )=C 1+ log(L)
0 e v v v e b e e b ey 1 L L L 1 L L L
0 10 20 30 40 50 60 1 10 100
observation length L / um L/ pum

Figure 4.3.. The scaling behavior of cellulose Im 1 visualized with (a) a linear €ale and (b)
a logarithmic scale. The tin (b) determines C; to be 088 0:18 and as
0:82 0:07.

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

Im number one and two, respectively.

The resulting , ,and data obtained from analyzing AFM scans on several length
scales are listed in table 4.1. At scan sizes above 30 30 m, all parameters become
approximately constant. The RMS roughness is around 30 nm, the lateral correlation
length is approximately 1 m, and the Hurst parameter is about 0.85. Note that

from the RMS scaling (gure 4.3) is 0.82, which is in good ageenent and further
supports the assumption of the cellulose Ims being self-ane random rough surfaces
with a cut-o .

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

Table 4.1.. Roughness parameters, , and of pristine cellulose Ims from di erent scan
sizes. All analyzed images were recorded with a resolution of 10241024 px.

scan side Im 1 Im 2

length / nm / nm /1 / nm / nm /1
60 m 31.2 55 1130 200 0.90 0.05 31.3 4.2 1130 60 0.90 0.05
50 m 39.0 1500 0.80 - - -
30 m 32.2 0.8 1040 70 0.85 0.05 - - -

20 m 24.2 920 0.85 - - -
10 m 11.0 3.6 620 100 0.80 0.15 - - -

2 m 45 21 160 130 0.60 0.15 40 08 90 20 0.75 0.05
1 m 28 0.1 50 5 0.80 0.05 - - -

At length scales between 2m and 10 m, the surfaces of amorphous cellulose Ims
appear to deviate from self-a ne random rough surfaces witla cut-o. In gure 4.5,
ald0m 10 mand a2 m 2 m AFM topography scan are displayed with their
respective HHCFs. Both HHCF plots feature a distinctive kink, whih is marked in
gures 4.5c and 4.5d by arrows. Obviously, this fact does ndiinder the determination
of , whereas and can only be approximated. A possible explanation of the kink
could be that the surface is a superposition of two uncorretad random rough surfaces
with di erent parameters. This seems likely when observinggure 4.5a. There, a ne-
grained sub-structure is visible that resembles noise. Aam of the surface is presented
in gure 4.5b, where the small features { which lead to the nse-like appearance on
larger length scales { are resolved. In the following, a moldeased on equation 2.46
will be developed that allows the description of these sudas.

Supposez(x) = z1(x) + zx(x) with z;;2z, 2 R then, according to equation 2.20
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Figure 4.5.: 10 m 10 m AFM topography image (a) z-scale: 150nmand (b)2m 2 m,
z-scale: 35nm and (c), (d) the respective HHCFs. The inset in (c) isa magni -
cation of the region where 300 nm.

By expanding E:1(X) + zo(x)] [zi(x+ )+ zx(x + )], the HHCF becomes a sum of
four integrals
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2 2
C()=  z(X) zalx+ )dx+  zy(x) zp(x+ )dx+

1 1
2 2 (4.2)

t o (X) z(x+ )dx+  Z(X) zp(x+ )dx
1 1

which represent, according to equations 2.19 and 2.20 HHCFs (&-s) and CCovFs

C()=Ca( )+ Cpa( )+ Cu( )+ Co( ): (4.3)

If z;(x) and z,(x) are uncorrelated, thenCy,( ) = Cy1( ) =0 and C( ) is a super-
position of the individual HHCFs

C()=Cu( )+ Cy): (4.4)
An appropriate description of the surface could then be obtaed by

ii 21 ii 22

C()= % & + 2 3 (4.5)

if z;(x) and z,(x) are self-a ne and random rough with a cut-o. The square of the
overall RMS roughness is obviously? = C(0) = C4(0) + C,(0) = 2+ 3. Note that
this would be a non-linear t with six parameters, which is nbguaranteed to converge.
By expressing, e.g.,5as 5= 2 Zand xating 2= C(0), the t parameters are
reduced to ve. If further the initial parameters are chosercorrectly, it is most likely
that a good t is achieved.

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

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

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

A likely explanation for this kind of surface structures is hat the background is
de ned by the substrate's properties and/or defects induak during the spin-coating
process. Such defects could be air bubbles or dust particilesorporated at the interface
between the substrate and the cellulose Im. The ne-grairg structures would then
be a result of the actual conformation of the cellulose sude.

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

scan side i i i i
length nm nm nm 1

25 03 50 10 0.80 0.10
10.7 3.7 660 140 0.90 0.05

1
2
1 26 01 40 5 0.80 0.05
2 34 19 260 60 0.95 0.05

10 m 11.0 3.6

2 m 44 1.6

4.1.2. Films after rupture

After the Ims were ruptured, a change in morphology was obseed, see gure 4.7a
for comparison. Now, holes dominate the surface instead ofl$j and the overall ap-
pearance is more smooth. A possible explanation for this efge in morphology is that
the hills were actually bubbles which imploded while pressj the two Ims together.

On2 m 2 m AFM topography images, a ne structure of worm-like featuressi ob-

served, as is displayed in gure 4.7b. This is similar to thergstine Ims, however the

features on the ruptured Ims are ner and the surface is muclsmoother.
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Figure 4.7.: AFM topography of a cellulose Im after it has been ruptured (a) 60 m 60 m,
z-scale: 250nm and (b) 2m 2 m, z-scale: 20nm. The square in (a) indicates
the position, where (b) was recorded.

From the pristine Ims, it could be concluded that both surfaces are identical. The
same is true for the ruptured Ims which are, therefore, not wtinguished from each
other in the presentation of the results. The roughness aryalis revealed that the rup-
tured Ims' surfaces are best described by two parameter sebf , , and , according
to equation 4.5 even at an image size of 66n 60 m. In table 4.3, the results of
the roughness analysis obtained on 66n 60 mand 2 m 2 m images are listed.
Compared to the pristine Ims, the overall RMS roughness on images with 60 m
side length is smaller by a factor of more than 2. The lateraberelation lengths ; and

o are respectively smaller and larger than the single of the pristine Ims, whereas
the ; are approximately the same as.

Table 4.3.: Results of the roughness analysis of both cellulose Ims after rupturgpresented
as average values with standard deviations.

scan side . i i i
[
length nm nm nm 1

11.3 1.2 550 60 0.80 0.05
6.7 24 3560 570 0.95 0.05

1
2
1 10 04 30 20 0.70 0.10
2 20 0.7 190 60 0.80 0.15

60 m 13.2 21

2 m 23 0.6

How can one interpret these results: The fact that the surfacef the ruptured Ims
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is isotropic and smoother than the pristine Ims suggests tht the whole surface except
the holes was in molecular contact. It implies further that dring bond formation {
which is performed after swelling the Ims in water { the surbces become soft enough
to gain almost full contact when pressing the Ims together.

4.2. Mechanical properties of cellulose Ims

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

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

The addition of salt to the swelling medium { distilled water{ was investigated as a
way to in uence the swelling behavior of cellulose Ims extmally. It has been known
for a long time that salts provide this possibility for celllosic materials [85]. The
e ect of swelling on the mechanical parameters of cellulgseowever, has only been
investigated by quartz crystal microbalance and not by diret means, such as NI [86].
Common salts to be used for these studies are NaCl and CaClHere, an aqueous
CacCl, solution with a concentration of 01 ™ was selected.

Figure 4.8 summarizes the results of AFM-NI on pure cellulose Imin dry and
swollen states and presents exemplaB -z plots. AFM-NI performed on dry cellulose
Ims (', = 0:45, # = 24 %0) with three-sided pyramidal tips (ND-DTIRS) yielded a
hardnessH = 190 MPa and a reduced modulu€, = 6:3GPa. The AFM topography
image displayed in gure 4.8a shows residual imprints on aycellulose Im surface. In
comparison, gure 4.8b presents residual imprints on a fyllswollen cellulose Im. Both
images feature the same lateral scale. Hardness and reducendoius of the swollen
Im decreased to 6 MPa and 56 10 3GPa, respectively.

Apparently, swelling of cellulose in distilled water leadsata decrease dfl by a factor
of 30 andE, by a factor of 100. This fact is emphasized by comparing thesidual
imprints in gures 4.8a and 4.8b, created with the same loadchedule. Exemplary
P -z plots of dry and swollen Ims are presented in gure 4.8c. The clearly show
that swelling leads to an increase in indentation depth and decrease in sti ness, as is
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Figure 48.: 5 m 5 m AFM topography of a (a) dry and (b) fully swollen cellulose Im
after AFM-NI was performed. The z-scales are (a) 75nm and (b) 50nm. (c)
Exemplary P -z plots of a dry (red) and a swollen (blue) cellulose Im.

expected.

A summary of H and E,; from cellulose and xylan/cellulose Ims is listed in table 4
and visualized in gure 4.9. Before interpreting these re#ts, it should be noted that
the Im thickness in the dry state is only 300nm. This low thickness has the e ect
that the mechanical properties of the Im might be in uencedby the underlying hard
substrate. Pelegri and Huang performed nite element simuleons of soft thin Ims
on hard substrates and concluded that the hardness is not acted by the substrate.
However, the reduced modulus was found to be overestimatedsnch a system [87].
Since all Ims have approximately the same thickness, thisverestimation of E, would
be the same for all Ims and is hence of no concern. Only whenmngparing 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 Ims

be in a bulk material.

The addition of xylan to the cellulose Im leads to a decreasaf the dry Im properties
as well as the ones of the swollen Im. If CaGlis present in the swelling solution, pure
cellulose Ims will become harder and sti er, whereas xylagellulose Ims will become
softer and more compliant compared to the ones swollen in myrdistilled water. The
largest decrease dfl (by a factor of 56) andE, (by a factor of 190) was found when
DMSO is still present in the Im. Each of the di erences in talde 4.4 and gure 4.9 are
signi cant according to a Welch test [88] at a signi cance el of 0.05. The Welch test
was preferred over the t-test since not all samples were fropopulations with equal
variances.

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

Im medium H E, ry re  Nr. of
type MPa GPa 1 1 indents
air, '  =0:45 190 24 6.3 1.0 1.0 1.0 10
cellulose HO (dist.) 6.0 0.3 (56 2) 10°% 32 113 9
H,O (dist.) + CaCl, 7.7 05 (63 3) 103 25 100 20
air, ' 1 =0:49 150 15 47 1.0 1.3 1.3 29
cellulose HO (dist.) 39 01 (46 1) 103 49 137 10

+xylan H,O (dist) +CaCl, 35 01 (42 1) 103 54 150 9
H,O (dist) + DMSO 3.4 0.2 (33 1) 103 56 191 10

The presence of pure water in cellulose and xylan/cellulosens 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 increa the mobility of the molecule
chains, yielding an easily deformable material [89]. Xylacgllulose Ims are inherently
softer than cellulose Ims and it is, therefore, no surpriséhat the same is also true for
fully swollen Ims.

To explain the behavior of cellulose and xylan in the preseacf CaC}, a model
developed by F. G. Donnan in 1911 to describe the swelling ofdmggels is applied.
This model views the hydrogel and the salt solution as two ligds separated by a semi-
permeable membrane. Charged groups of the hydrogel canneingtrate the membrane
{ since they are xed to the bulk { whereas small ions are ablect move freely. This
theory is known as the Donnan theory [90] and was successfudpplied to pulp bers
[85]. In this model, the increased swelling of xylan/cellobe Ims in a salt solution is
then caused by osmotic pressure. Xylan exhibits acidic (COOHjroups which attract
the metallic salt ions (C&*) and lead to an increased salt concentration inside the gel.
To equilibrate the concentration di erence, a net ow of waer into the xylan bulk is
generated due to osmotic pressure. Pure cellulose, on thdet hand, has no acidic
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groups and the concentration of salt in the bulk is lower thaim the solution. Again, a
net movement of water caused by osmotic pressure is the réshlowever, in this case
water will ow out of the bulk and the cellulose will deswell 88].

The e ect of DMSO on H and E, is also not surprising. DMSO is a solvent for
xylan that breaks the hydrogen bonds apart and, therefore, eakens the structure of
the Im [84].
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Figure 4.9.: Mechanical properties of swollen cellulose and xylan/cellulose Ims pesented as
(a) hardnessH and (b) reduced modulusk, determined by AFM-NI.

To test the e ect of swelling on bond formation, cellulose ins prepared the same way
as the ones listed in table 4.4 were made to form bonds. Subsewtly, the bonds were
ruptured and the bond strength was detected. Again, the prepation, bonding, and
tensile testing of the cellulose Ims was performed at the stitute of Solid State Physics
of Graz University of Technology [79,84]. Hardness respedly reduced modulus seem
to correlate to the bond strength of cellulose Ims in such a ay that low H and lowE,
lead to a high bond strength. Figure 4.10 presents the measdreond strength plotted
versusH and E, to emphasize this correlation.
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Figure 4.10.: Bond strength of cellulose Ims 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 Ims swollenni CaCl, is by far the
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4.3. Mechanical properties of viscose bers

highest of all samples, even though the Ims with DMSO are symwsed to be softer
and more compliant. This large increase in bond strength isandication of Coulomb

interactions, which are enabled by the C4 ions from the swelling liquid. The fact
that pure cellulose Ims swollen in CaC} have the lowest bond strength, indicates
that in this case no Coulomb interactions are present, whicapparently need xylan to

establish [79].

4.3. Mechanical properties of viscose bers

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

Both investigations aim to deepen the understanding of wateuptake of cellulose
and its implications on mechanical properties and bond foration between two bers.
The application of the results presented in the following ar twofold. First, viscose
bers are viewed as sophisticated model systems for paperels, allowing insights into
bonding mechanisms such as hydrogen bonding and Coulombeirgctions. Second,
also industrial applications of viscose bers { such as adilres to paper { could prot
from these investigations.

4.3.1. Tuning hardness in the wet state

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

Topography

An AFM topography scan of a classical viscose ber is presentedgether with a typical
line prole in gure 4.11. Due to the bers' large curvature, 8 m 8 m was the
maximum possible scan size. The surface is dominated by bedg which are aligned
parallel to the ber's long axis. These bulges vary in width btween 1 m and 3 m, as
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is visible from the line prole in gure 4.11b. The height of these structures is locally
only several hundred nanometers, but due to the curvature agaed by the approximately
circular cross-section the surface appears much roughemdénts can only be performed
on a local maximum, i.e., on the top of a bulge. Otherwisé] and E, would be a ected

too much. For AFM-NI, a scan size of 5m 5 m was used to minimize the e ect of
surface curvature. The disadvantage of such a small scanesis that the number of
indents per scan is also small.

Viscose bers with a rectangular cross-section are much sntber and thus provide
access to large surface areas. Therefore, the AFM topograploass displayed in g-
ure 4.12 could all be recorded with a scan size of 266 20 m. Note thatin gure 4.11
a z-scale of 2m was used, whereas in gure 4.12 300nm is su cient. Both bes fea-
ture the aforementioned bulges and large trenches paraltelthe main axis of the ber.
Rectangular viscose bers, however, lack the surface cutuee which de nes the mor-
phology of classical viscose bers and, hence, appear momeosth in the AFM scans.
Because of this smooth surface, it is much easier to collectaage amount of indents
in one region of the bers. Still, indents have to be placed olocally at positions or
at a local maximum, but wide scan sizes can be used which indéua high amount of
suitable positions.

(b)

2.0

height / pm

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

1.6 um

—_—

Figure 4.11.: The surface of a classical viscose ber without additives. (a) 8m 8 m AFM
topography image, z-scale: 2m. The main ber axis is parallel to the straight,
almost vertical trenches as is indicated by the blue dot and dash line(b) Line
pro le extracted from (a) at the position indicated by a dashed line. (M odi ed
from [50].)

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

58



4.3. Mechanical properties of viscose bers

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

The results of the roughness analysis are listed in table 4.5The anionic bers
rAF exhibit the lowest RMS roughness, while the cationic berCF has the highest

. Considering the large standard deviations, no signi cantli erence is present. A
similar argument can be made for: While the average lateral correlation lengths di er,
a signi cant distinction is not permitted due to the large standard deviations.

It is apparent from gure 4.12 that the bers' main axes are no perfectly parallel
to the y-axes of the images. Thus, the determined values forare overestimated
compared to parallel aligned bers. A geometrical considation immediately yields
that the corrected lateral correlation length would be °= cos( ), with  denoting
the tilt angle of the ber with respect to the y-axis. The maximum observed tilt angle
was 10, which would result in °= 0:985 . This means that in the worst case, the
values of are overestimated by 15 %. Considering the already discussed large standard
deviations of (see table 4.5), the correction was not applied, since it wiolinot lead
to a signi cant change of neither the results nor their intepretation.

Table 4.5.: Roughness parameters obtained from 20m 20 m AFM topography images of
at, rectangular viscose bers. All values are obtained from eight positions on
two bers, except the values for rRF, which are from four positions on ore ber.

rRF rAF rCF rACF

Inm 442 240 286 6.8 69.1 28.4 49.7 33.9
/nm 980 130 920 410 720 160 850 240
/1 08 01 0701 0801 0.7 0.1

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

AFM-NI

All AFM-NI experiments here were performed using the four-sidiepyramidal tips ND-
DYIRS. It is, therefore, not easy to compare with results fronthe swollen cellulose
Ims discussed earlier. The benchmark experiments carriemlit on viscose ber cross-
sections (table 3.3), however, suggest thad and E, obtained by four-sided tips are
50% to 60 % higher thanH and E, measured by three-sided tips. The viscose bers
were embedded in nail polish in the fully swollen state, acabng to subsection 3.3.3.
In order to exclude an in uence of the substrate on the meased properties, a model
developed for classical NI on coated substrates was appli€l]l The hardness and
reduced modulus of the nail polish in the dried state were maared with a three-sided
pyramid and found to be 100 MPa and b GPa, respectively. By assuming a ber
thickness of 4 m, no signi cant in uence on H and E; was detectable [38]. Since no
swelling of nail polish in water was observed, this fact iss0 true for investigations of
fully swollen materials in water.

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

Hardness and reduced modulus obtained from all samples arenarized in table 4.6
and visualized for classical and rectangular bers in gure4.14 and 4.15, respectively.
Unmodi ed classical bers exhibit a hardness of about 14 MPa ith a reduced modulus
of 51 10 3*GPa. The addition of CMC to the ber (cAF1) leads to a decrease ofi
by a factor of 2 and a reduction ofE, by a factor of almost 3. If more CMC is
added (cAF2), the hardness is decreased by a factor of 3 and theduced modulus
by a factor of 6 compared to cRF. cAF2 exhibits the lowest valuesif hardness and
reduced modulus of all the viscose bers investigated. Thadorporation of CMC into
the ber is, therefore, decreasing both parameters drasafly. CS, on the other hand
leads to a slight increase iH and E, at low concentrations (cCF2) and to a decrease
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for higher concentrations (cCF1). All di erences are signi ant under a Welch test at
a signi cance level of 0.05.

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

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

cRF 14 1.0 (51 11) 103 37 (3)
CAF1 69 1.3 (18 42) 103 50 (5)
CAF2 44 09 (83 1.9 103% 40 (3)
CcCF1 13 20 (44 3.4) 103  46(3)
cCF2 16 0.9 (64 4.8) 103 58 (4)

rRF 16 23 (54 16) 10° 124 (4)
rectangular rAF 72 09 (17 34) 10°3 91 (3)
bers rCF 10 1.1 (27 48) 10°3 85 (4)
rACF 46 05 (10 0.8) 10°3 101 (4)

classical
viscose
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cRF CcAF1 CcAF2 cCF2 cCF1 cRF cAF1 CAF2 cCF2 cCF1

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

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

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

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

(4.6)

with ds and dy denoting the diameter { or width for rectangular bers { of the
swollen and dried ber, respectively. In gure 4.16H and E, of classical viscose bers
are plotted against the swelling ratio. Apparently, cRF, cCFl,and cCF2 swell by
approximately the same amount, but di er signi cantly in th eir mechanical properties.
Both anionic bers cAF1 and cAF2 clearly swell more than the refence bers, which
is in good agreement with their decreased and E, values. It seems that there is a
de nite relation between the geometrical swelling and the ethanical properties, when
inspecting gure 4.16. Such a behavior is to be expected, sengeometrical swelling is
nothing more than an increase in volume by the uptake of wateiThis { as discussed
in section 4.2 { induces a higher mobility of the cellulose eims and results in a softer
material. The e ect on the mechanical properties seems to b@rge for small increases of
s, from the initial value. Increasings; further, seems to a ect the mechanical properties
less and less.

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

that the unmodi ed reference rRF as well as the cationic berCF swell less than their
classical viscose counterparts. Only rAF is comparable tcsitlassical equivalent. This
discrepancy might be caused by the method of detecting the drs' widths. Flat bers
have a width to thickness ratio of about 40, enabling them towist easily. Such twists
cannot always be detected during the swelling experimentavithe optical microscope
and will lead to a corruption of the measured widths. Additioally, an anisotropy in
swelling might be present, causing the bers to swell di enetly 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 moduk of
rectangular viscose bers.

Another interesting observation is that rACF swells approxnately by the same
amount as the unmodi ed bers, while being the softest and mst compliant rect-
angular ber. To compare rACF with the other bers, the amouns of incorporated
CMC and CS have to be considered (see table 3.4). In rACF, les8/IC than in rAF
is present, whereas the amount of CS is larger than in rCF. If éhadditives would act
synergetically, one would expect a slight increase in swel§ accompanied by a mod-
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4.3. Mechanical properties of viscose bers

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

By combining the samples' morphologies, mechanical propies, and swelling be-
havior another observation arises. All rectangular viscosbers exhibited fractal-like
trenches, aligned approximately perpendicular to the bes’ main axes. It turns out
that these trenches are most pronounced on the hardest beRF and only faintly visi-
ble on the softest ber rACF (compare gures 4.12 and 4.15). Ayualitative correlation
between the number of pronounced trenches and the bers' nfemical properties is
observed. The swelling, on the other hand, seems to be not@ated to the trenches,
since rACF swells by the same amount as rRF while exhibitingondistinctive trenches.
A more quantitative investigation of the relation between \ater uptake, number of
trenches, and mechanical properties is currently in progse [92]. Nonetheless, a tenta-
tive explanation for the trenches can already be given. Dung the rst drying of the
ber, directly after its production, it will shrink geometr ically. The outermost regions
will dry faster than the core of the ber, hence, stresses oiné surface are created. Ad-
ditionally, a longitudinal strain is applied to the bers during spinning. These stresses
could exceed the material's strength and induce localizedacks on the surface. This
would explain also the fractal appearance of the trenchesnpse many fracture surfaces
have a fractal character [93,94]. If a ber is softer and moreompliant, it can sustain a
larger deformation before breaking and hence less cracksr{tenches { are observed
on its surface.

4.3.2. Humidity dependence of mechanical properties

The investigations of cellulose model Ims revealed that fly swollen Ims are about
30 times softer and 110 times more compliant than a Im at a rative humidity of
0.45 (see table 4.4). To understand the mechanics of bondrf@tion, knowledge of the
transition between the dried and fully swollen state of a beis needed. In order to
record the mechanical properties of viscose bers as a fuimt of the surrounding air's
relative humidity, the setup presented in subsection 3.1.&as employed. The viscose
bers were embedded in nail-polish in the dried state, as isdcribed in subsection 3.3.3.
The relative humidity ' , is rst decreased to a value between 0.05 and 0.10 as a
starting point and then increased step wise. A typical schete of ' , is presented in
gure 4.18a. To verify if a ber has reached its equilibrium n swelling, consecutive
AFM scans were performed. If the ber is still taking up water ad changing its
geometry, a drift will be present in the AFM image. Only when theequilibrium state
is reached, no drift is observed and two consecutive AFM scandlwe congruent. In
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gure 4.18b, the temperature evolution during the experimet is shown. An increase
from the initial temperature of 28%o. to 34%o. is observed. It has been reported that
the temperature has only a minor e ect on the ability of celllosic materials to take up

water at constant relative humidity [95{98]. Classical visose at' , = 0:6, e.g., exhibits

a decrease in equilibrium water content by mass from 10% to7%6 when increasing
the temperature from 2(6o to 36%o [97]. A rise in temperature by 66 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-NI experiment with controlled relative humidity.

AFM topography images were recorded after AFM-NI, and are presexd for single
indents at various relative humidities in gure 4.19a. Verical line pro les, as indicated
by the dashed line in the leftmost image of gure 4.19a, are splayed in gure 4.19b.
The vertical orientation of the line pro les was chosen for teer representation of the
indent, which is a ected by ber curvature and the pile-up e ect discussed below. An
example of a horizontal pro le is given in gure 4.20. By comaring the depths of the
residual indents in gure 4.19, an increase of the depth froraround 30 nm to about
50 nm with increasing humidity is found. A similar observatin 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, indicatea
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 indicate on the second image in
gure 4.19a. One possible reason for the occurrence of pilp-only on these two sides,
is a lateral force component induced by the bending of the ddever (and therefore a
tilting of the indenter tip) during loading. Another reason ®uld be that the anisotropy
of the bers leads to an aniostropic pile-up e ect. The last lpothesis could be veri ed
by indenting a ber turned by 90° with respect to the cantilever or indenting amorphous
cellulose Ims. If the pile-ups would then be still at the sarma positions, the in uence
of the anisotropy can be excluded. This veri cation, howevewas not performed vyet,
but it is planned to do so.

Pile-up is not accounted for in equation 2.14 and leads to amderestimation of the
contact depth z. and thereby alsoA(z.). According to equations 2.4 and 2.7, this will
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4.3. Mechanical properties of viscose bers

cause an overestimation ol and E, [99].
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Figure 4.19.: 1 m 0:6 m AFM topography images after AFM-NI (a) and vertical line-
pro les across the residual indent (b) at various relative humidities, increasing
from left to right. The vertical dashed line in (a) denotes the position of the
line proles. The z-scales in (a) are all 120 nm.

In order to correct the measured properties for pile-ups, €laindent has to be ana-
lyzed individually. The projected pile-up area was approriated as two semi-ellipses,
one on both sides of the indents [100]. From line pro les a@® the indent, the di-
mensionsa, b, and c are extracted as shown in gure 4.20, wita and b denoting the
minor radii of the two ellipses andc the common major radius. The minor radii are
determined by superimposing a line pro le of the indent withone just outside of the
indent (blue dashed line in gure 4.20a). When the ber does rtachange much,a and
b are then given as the di erence between the intersection ofi¢ two pro les and the
maximum of the respective pile-up. To determine, a pro le along the long axis of one
of the pile-up regions is extracted (green dashed line in ge 4.20a) and the length of
the pile-up is measured according to gure 4.20c. The additnal projected area caused
by the pile-up, Apy, is then calculated as

Ap = %(a+ b: 4.7)

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

The pile-up corrected values for hardness and reduced moutsilof four classical vis-
cose bers (cRF) are presented as a function of relative humig in gure 4.21. A
total of 25 measurements on four di erent bers was perfornek To illustrate the re-
producibility, data points are grouped with respect to themdividual bers by di erent
colors. Surprisingly, both quantities exhibit approximatly a linear dependence oh,,

H much stronger so thanE,. Therefore, by using a linear least squares approach,
hardness and reduced modulus were tted with the models

H(l r): Ho+ h' ¢;

4.8
Er(' r): Er;0+erlr: ( )
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Figure 4.20.: Procedure of pile-up correction in AFM-NI according to [100]. @)
1 m 06 m AFM topography image with a z-scale of 200nm. (b) and (c)
are line pro les at positions indicated by the dashed lines with the respective

colors in (a).

Ho and E, denote the respective properties dt, = 0, whereash and e, describe by
how muchH and E, will change from' , =0to ', =1.
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Figure 4.21.: Hardness (a) and reduced modulus (b) of classical viscose bers as a ftiion
of ' . All values have been corrected for pile-up.

Fitting equations 4.8 to the data yields

H(,)=(386 1)MPa (309 1)MPa ' ,;
E;(‘/)=(096 L1L2)GPa (80 23)GPa ',:

Extrapolating to ' ; = 1 using the relations 4.9, yieldsH(' , = 1) = (79 1)MPa
andE, (', =1)=(1:6 1.5)GPa. In comparison, the quantities of fully swollen bers
measured in water { according to table 4.6 { aréH,et = (14 1:0)MPa and E,yet =
(51 11) 10 3GPa. It appears that compared to the extrapolated values dt, = 1,
H and E, in water are decreased by a factor of 5.5 and 32, respectiveljhere are
in principle three explanations for this. First, the modelsn equation 4.8 could be
physically incorrect. In such a case, extrapolations arekély to fail. Second,H and
E, could jump to lower values when the material is swelling in vier. In this case, the
prediction for ' ; = 1 would be correct, but additional e ects { only present whe the
ber is subjected to bulk water { cause the mechanical propées to decrease further.

(4.9)
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4.3. Mechanical properties of viscose bers

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

The hardnessH ts the linear model much better than E,. Apparently, E, exhibits
a kink at ',  0:75, after which it decreases stronger. When considering tharde
standard deviations inE,, it is unclear if the kink is a real phenomenon or caused by
random uctuations. Also, H deviates slightly from the linear behaviorat  0:95, but
to a lesser extent than the reduced modulus. Both observatis could be an indication
for a non-linear relation ofH respectivelyE, with ' ;. Another consideration to take
into account arises from water sorption isotherms of cell$ic materials. For this, the
relative water content w of a material shall be de ned asw = my=mg,, with m
denoting the mass of a material with sorbed water anthy,, the dry mass. At a given
temperature, w is non-linear with regard to' . In gure 4.22, a sorption isotherm of
cationic classical viscose bers is displayed. The curve svaecorded with a sorption
microbalance, details of the setup are given elsewhere [1I@MP]. A least squares t
using the Guggenheim-Anderson-de Boer (GAB) [103{105] modsl also included in
gure 4.22. The GAB model is frequently applied to cellulose aterials and other
polysaccharides [106] and provides a good t to the presenai.
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Figure 4.22.: Sorption isotherm of cationic classical viscose bers. From [107].

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

E(w) _ w.
. - et Bv: (4.10)

with Eo, A and B being material constants [111]. To check if this relation hds
for the data presented in gure 4.21, the relative humidity’ ; was transformed to the
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4. Results

water contentw using the GAB t of the isotherm in gure 4.22. Then, H and E, were
tted with equation 4.10 as well as with a linear model for corparison. The results are
presented in gure 4.23. A visual inspection immediately &ds to the conclusion that
both H and E, follow a linear behavior rather than equation 4.10. Espedig E,(w)
deviates strongly from the exponential t. Although equation 4.10 was developed to
work for any solids which are dominated by hydrogen bonds, aactual veri cation
was only presented for paper sheets, where a good agreemadtit experimental results
was found. For regenerated bers, a t with equation 4.10 waperformed but not
displayed [111].

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

The linear ts in gure 4.23 result in

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

Er(w)=(11:0 05)GPa (343 38)GPa w: (4.11)

The water contentat' ; = 1is w = 0:307, which leads to the extrapolations according
to equations 4.11:H(w =0:307) = (2 1)MPaandE,(w=0:307)=( 04 0:8)GPa.
These results might not seem as good as predictions from etjoia 4.9, since the reduced
modulus at' ; = 1 would be negative. However, it can also be interpreted in sh a
way that H and E, become very soft at high humidities and only due to statistal
errors, a negative modulus is predicted. This is supported/lthe large error, which is
twice the actual value fork, (w = 0:307).

Another interesting observation is that the ratio = i—f is mostly independent of ,
as is demonstrated in gure 4.24. It was found that obeys the value of 23.8 4.2,
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4.3. Mechanical properties of viscose bers

when H and E, are measured in humid air. Fully swollen bers in water exhiih a
ratio p,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 highumidities, seems
to decrease slightly, which is a natural e ect of the kink inE, that is observed at
"+ 0:75in gure 4.21b. One data point at' ; = 0:93is 9 1, which is the lowest
value observed in air. This could be a hint that the reduced natwlus in humid air is
already directed towards very low values, which it will naly achieve in the bers' fully
swollen state.
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Figure 4.24.: The ratio between reduced modulusg; and hardnessH plotted vs. the rel-
ative humidity ' .. The dashed line is the ratio of the line ts according to
equation 4.9.

Hardness and reduced modulus of viscose bers are stronglyeated by the relative
humidity of the surrounding medium. An approximately linearrelationship with ',
was found forH and E,. Surprisingly, both quantities seem also to depend linegrbn
the relative water contentw, although, ' , and w are not linearly related. The reason
for this is that due to the scattering of the data { even if it islow for H { a non-linearity
is not detectable. To compare both models (equations 4.11chA.9), the corresponding
results of the ts are displayed in table 4.7.

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

Er, Er,
Eq H ])./ Egl :_1 Er (1) HF\:‘/Zt Er;weot
MPa GPa 1 1 1 1

49 79 1 16 15 49 01 60 57 28 20 190 47
411 2 1 04 08 200 100 28 55 29 20 220 48

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

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

this t yields slightly lower and thus more conservative valies than equation 4.11. For
fully swollen bers, no approximations are needed, becausigeir mechanical properties
were directly determined by AFM-NI. Apparently none of the two pesented models
yield good predictions for fully wet bers. However, equatio 4.11 describedH and

E, at high water contents at least qualitatively, provided tha w = 0:307 and the
presence of bulk water are comparable states. Due to the n&ga values, however,
an interpretation is rendered di cult and for further comparison, equation 4.9 will be
used also in this case.

4.3.3. Creep behavior

During the holding time at the maximum load P in an AFM-NI experiment, a
continuous increase of the indentation deptly; is noticed. This is represented by
the horizontal lines at the highest points in, e.g., gure 4.3. This e ect is caused
by creeping, a typical behavior for viscoelastic materialsDue to the fact that the
indenter's area function A(z) is increasing with z; but Pna is held constant, the
applied stress will decrease. Such a behavior is di erenoin the classical creep e ect,
where the stress is constant. Nonetheless, a quantitativeadwation of nanoindentation
creep would be possible iP -z would have been recorded with varyindPmax [112].
This quantitative investigation of creep e ects, howeverhas not been performed in the
present work.

In gure 4.25, the change ofz due to creep is plotted as a function of ;. While
no material parameters can be extracted from such a plot, isian indication for the
change in viscoelastic properties of cellulose bers witlelative humidity.
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Figure 4.25.. Viscoelastic creep of classical viscose as a function of relative hunitig obtained
by AFM-NI with a constant load of Ppax =10 N.
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4.4. Pulp ber swelling

The creep distancezq e, follows an empirical relation with the relative humidity:

Zcreep(I ()= gt a  + a3ea4' r (4.12)

with a; = 3:63nm, a, = 16:7nm, ag = 7:09 10 ®nm, and a, = 13:7, determined
by a non-linear Levenberg-Marquardt least squares t.

Also, a value extracted from bers fully swollen and measureith water was added in
gure 4.25 and included in the t. The creep distance of fullyswollen bers matches
the other data quite well. Apparently, no additional creep eects take place when
a viscose ber is placed in water for swelling and equation ¥ is valid for humid
materials as well as those subjected to bulk water. This walisupport the hypothesis
that mechanical properties of cellulosic materials decrea with a smooth transition
from the humid to the fully wet state. However, the strongest dcrease might take
place between ®5< "' | < 1.0, an interval which is not accessible using the humidity
controlled AFM-NI setup.

4.4. Pulp ber swelling

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

€Y (b)

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

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

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

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

The wrinkle distanced(' ;) is determined by extracting two to ve line pro les from
an AFM topography image and measuring the distance between timeaxima of two {
not necessarily adjacent { wrinkles, as is illustrated in gre 4.29. A wrinkle's height is
gained by averaging the wrinkle height on both sides, i.eh(' ;) = %[hl(' )+ ha(' )l
According to gure 4.29, hy(' ;) and hy(' ;) 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 ber swelling

(a) (b)

Figure 4.28.: 10 m 10 m AFM topography image of a pulp ber that was xed in its never
dried state at (a) ' ; = 0:06 and (b) ' 1 = 0:82. The z-scale is 1 m for both

images. The dot and dash lines indicate the ber's long axis and the horiantal
solid lines mark the position of the pro les presented in gure 4.29.

To compare the change in wrinkle distance and height betwe@ardependent pro les,
the relative changes with respect to the initial values areatculated:

. d( ) d(0)
ra(’ r) = rd(—O);
, (4.13)
. y_ h(Cr) h(O)
(' r) = W
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 gure 4.29a.
d(0.06) )
(@) e00 (®) 600
£ 400 400
; 200 “®) h‘(o/o:\ E 200
g 0 T T T T T T N T A WM S | E’ 0 Ll
1 1.5 2 25 3 35 0 1 2 3 4 5
lateral distance / pm lateral distance / pm
Figure 4.29.: Line pro les extracted from gure 4.28 at (a) 'y = 0:06 and (b) ' ; = 0:82.

Exemplary wrinkle distances and wrinkle heights are indicated by te blue and
red lines, respectively.

Plots of the relative change in wrinkle distance and heightersus relative humidity
are presented in gure 4.30. The presented data were obtathérom two independent
positions of the pulp ber. As expected, the wrinkle distancéencreases with increasing

"+ while the wrinkle height decreases.
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(@) (b)

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

Both quantities seem to follow an exponential relation of th form

r(' )= ag+ ae® ', (4.14)

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

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

@)

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

The relative humidity in gure 4.31a was' , = 0:05 and in gure 4.31b' ;, = 0:80.
Except a slight shift of the images' positions, no change ité morphology is apparent.
The relative change in wrinkle distance was measured on botiers at altogether six
positions, the change in wrinkle height only at one positionBoth quantities are plotted
in gure 4.32 and con rm that on these bers the wrinkles appear to be not in uenced
by ' ;. Even at high humidities of' > 0:8, no signi cant increase ofr4 or decrease of
ry is detected.

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

4.5. Mechanical properties of pulp bers

The mechanical properties of pulp bers were characterizeas humidity dependentH

and E,, using AFM-NI and the setup to control relative humidity inside the AFM's

uid cell. In accordance with the previously described inv&igation of viscose bers,
hardness and reduced modulus are presented as a function efative humidity ' |,

including the fully wet state. Additionally, the creep behavor at varying ' ; will be
given as the increase of indentation depth at a constant apet force.
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4.5.1. Humidity dependence

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

As was seen in the previous section, pulp ber surfaces exhibirough and wrinkled
surface topography. It is, therefore, possible that tip-saple dilation will obscure parts
of the surface which are then also not accessible for AFM-NI. Figri4.33 depicts this
eect. In an area such as region | in gure 4.33a, no AFM-NI can be grformed.
Only areas such as region Il will be at enough to place indestand extract useful
nanomechanical information. An actual AFM topography image wh severe dilation
e ects at the left border is presented in gure 4.33b. The uper right region of the
image, however, was at enough to place indents.

() (b)

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

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

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

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

H®C )=(270 1)MPa (243 1)MPa ' ,: (4.15)
H®C )=@350 1)MPa (276 1)MPa ',: '

with H® andH® describing the ts for three-sided and four-sided tips, rgzectively.
Similarly, the ts for the reduced moduli resulted in

E®@C)=(@:2 14)GPa (30 24)GPa ';
E@D(C )=(6:9 22)GPa (52 38)GPa ',:
According to the errors of the parameters in equations 4.15 @rl.16 it is con rmed

that the hardness follows the linear model to a higher extehan the reduced modulus.
This seems true for both tip shapes.

(4.16)
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Figure 4.34.: Hardness (a) and reduced modulus (b) of pulp bers as a function of relatve
humidity. Values determined by using a three-sided pyramidal ip are plotted
as red circles and those obtained by four-sided tips as blue triangles.

Also, the mechanical properties of fully swollen bers wereedermined using both
tip shapes and are presented in table 4.8, for easy comparnisdhile the determined
moduli are similar between the three- and four-sided tips,he hardness values are
di erent. However, the large standard deviation ofHV(V‘Qt decreases the signi cance a
bit. This is emphasized with the ratiosHV(v“e)t:Hv(fgt and EfﬁaetzEfﬁ\),et, also listed in
table 4.8.
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4. Results

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

. 4 3 4 3
tip Hwet Er.wet H\fvcgt:H\Eve)At E \wet =

rwet rwet

shape MPa GPa 1 1

3-sided 27 07 (32 6) 10°3
4-sided 69 28 (46 17) 10°3

26 1.2 14 06

In analogy with viscose bers, the ratio = EH—f was calculated from the results ob-
tained with four-sided tips and plotted in gure 4.35 againsthe relative humidity. The
average value for is 201 5:7 and seems to decrease for higher humidities. In water,

H,0 = 6:7 37 which is similarly low as the value for viscose bers. Intestingly, the
ratio at ' ; =0:93 is almost as low as the one of the fully swollen ber.
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Figure 4.35.: The ratio = E,=H as a function of relative humidity, obtained by four-sided

pyramidal tips. The dashed line indicates the ratio of the linear ts.

The elastic modulus of softwood pulp bers in the fully wet site using AFM based
methods, has been reported several times in the literatur8y applying loads in the or-
der of approximately 50 nN, values foE, of 10 10 *GPa[47]and 5 10 3GPa,
with a maximum value of 50 10 3GPa [48] were determined. In both cases, fully
elastic behavior was assumed. More recently, an AFM-NI apprdasimilar to the
one presented in this work was also applied to investigatefseood pulp in the wet
state, where a reduced modulus dE, = (182 50) 10 3GPa and a hardness of
H = (140 38)MPa was found [37]. In all three works, standard AFM tips { dsigned
for topography measurements { were used. The rst of the lisd works relied on an
estimation of the tip radius [47], the second assumed a petlg conical indenter [48]
and the third reports a tip characterization using SEM [37].In summary, literature
values forE, of wet kraft pulp bers are reported to be several times loweor higher as
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4.5. Mechanical properties of pulp bers

the values presented here. These discrepancies could beseduby the di erent ways
of taking the tip geometry into account and also by the applié evaluation procedures,
which assumed either elastic or elastic-plastic behavioAdditionally, there is an e ect

of the tip shape itself, as was discussed above and is cleaiilsible in gure 4.34.

4.5.2. Creep behavior

Nanoindentation creep was determined in the same way as fosedse bers, by extract-
ing the change of the indentation depth between the start anthe end of the holding
time at Pnax. The results { obtained by four-sided pyramidal tips { are pesented in
gure 4.36. Equation 4.12 was again used to t the data by a Leanberg-Marquardt
least squares t, which is also plotted in gure 4.36. The t e cients resulted in
a; =3:28nm,a, =24:1nm, a; = 9:50 10 ?nm, and a, = 29:3.

These values fozgep recorded on pulp bers seem to increase linearly in the humitygl
range 005<' ;, < 0:93. Only in the fully swollen state a stronger increase is obsed.
It is possible that pulp bers behave in this regard di erenty from viscose bers and
do not change the mechanical properties continuously fronhe¢ humid to the fully wet
state. On the other hand, only seven data points were recomiéor pulp bers, whereas
25 data points were obtained on viscose bers. Additional mearements, performed
at higher humidities ( . > 0:7) would clarify the exact creep behavior of pulp bers.

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

4.6. Comparison

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

Table 4.9.. Comparison of characteristic hardness values for all materials investiga&d in this
work. Only unmodi ed materials are listed.

material tlp HO H0;5Z Hwet H():Hl H0=Hwet
shapeé MPa MPa MPa 1 1
Cellulose Ims 3) - 190 24 60 03 - 32 43

Viscose bers (4) 386 1 250 20 14 1.0 49 01 28 20
(3) 270 1 110 46 27 07 10 02 100 25
(4) 350 1 213 24 69 28 47 01 51 21
Y (3) ...three-sided pyramid, (4) ...four-sided pyramid
Z Obtained from a single data point measured at' ; =0:5 0:05.

The ratio is in this case Hg.5=Hwet, SinceHq is not available.

pulp bers

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

material tip Ero Ero:5° Erwet Er0=Er1  Ero=Erwet
shapé GPa GPa GPa 1 1
Cellulose Ims  (3) - 63 10 (56 2) 10°3 - 113 18

Viscose bers (4) 9% 12 53 1.1 (51 11) 1032 60 57 190 47
3) 32 14 21 17 (32 6) 10°% 17 118 100 48

Pulp bers (4 69 22 54 19 (46 17) 10° 41 53 150 73

Y (3) ...three-sided pyramid, (4) ... four-sided pyramid
Z Obtained from a single data point measured at' ; =0:5 0:05.

The ratio is in this case Eq.5=Ewet, SinceEq is not available.

A direct comparison of cellulose Ims and viscose bers is dtted, since these two
materials were characterized using tips with a di erent shge. However, it should be
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4.6. Comparison

noted that viscose bers and amorphous cellulose Ims are pgcted to be very similar.
Mainly, because both are regenerated cellulose, with viseo bers exhibiting a large
amorphous fraction of about 70 %.

4.6.1. Viscose bers vs. pulp bers

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

The reduced modulus is related to the Young's modulus and ispaurely 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 plasally and the initial response
upon unloading is elastic [36]. Since both, viscose and puliers, are mainly composed
of cellulose the elastic response should be similar, as isetved.

4.6.2. Cellulose Ims vs. pulp bers

Cellulose Ims are harder and less compliant than pulp bersin water as well as in
ambient conditions. To some extent, a similar argument thawvas used to explain the
higher hardness of viscose bers, can also be applied herewduwer, it cannot explain
why cellulose Ims exhibit also a reduced modulus which is d¢iher than that of pulp
bers. For this, it should be considered that the cellulose Ims investigated are only

400 nm thick and have been spin coated onto a silicon wafer. Anuence of the
substrate cannot be entirely excluded and is the most likelgxplanation. This e ect
of the substrate would not a ect the comparison of the cell@se Ims with each other,
since all have approximately the same thickness and the inamce 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 werstudied: cellulose model
Ims, viscose bers, and kraft pulp bers. The purpose was tonvestigate the e ect that
water has on these materials' mechanical properties and oneiir surface morphologies.
Such information is important when considering the bond fonation in paper, which
takes place initially with fully swollen, wet pulp bers. Cdlulose model Ims and
viscose bers acted here as model systems for pulp bers anceied homogeneous
compositions with well-de ned surfaces. The detailed cohusions will be made for
each material individually, for clarity's sake.

5.1. Cellulose model Ims

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

After the formation and the subsequent rupture of the bond be&teen the two char-
acterized Ims, the surface became much smoother. An RMS rdugess three times
lower compared to that of the unbonded Im was determined. M®over, the surfaces
were found to be homogeneous, indicating a high area in mal&r contact when a bond
had still been present. Interestingly, the surface morphadyy of the ruptured Ims was
best described by two superimposed self-a ne random roughudaces even at a scan
sizeof 60 m 60 m.

The mechanical properties of cellulose model Ims were irsteggated at relative hu-
midities ' , 0:5 and in the fully swollen state. Between these two conditian a
decrease in hardnesbl by a factor of about 30 and a decrease in reduced modulus
E, by a factor of about 115 was found. For cellulose Ims with andditional layer
of xylan added, a further decrease dfi and E, in water by approximately 50% and
20 %, respectively, could be determined. Replacing diséil water as the swelling liquid
with an aqueous 01 ™ CaCl, solution decreases the swelling of pure cellulose Ims but
enhances the swelling of cellulose/xylan Ims. The highestecrease oH and E, was
discovered for cellulose/xylan Ims with DMSO { a solvent fo xylan { still incorporated
into the Im.
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It can be concluded that due to their initially smooth surfaes, pure cellulose Ims
become soft and compliant enough to form full { or almost fulf area in molecular
contact. The roughness is a crucial parameter, since smoaihd at surfaces do not
need a large deformation to conform to each other during borfdrmation and subse-
guent drying. This is a knowledge that can also be applied toufp ber- ber bonds:
The smoother and softer the pulp ber surfaces are, the highé the area in molecular
contact and the higher the strength of the bond will be.

A further use of cellulose model Ims is demonstrated in an going study of the
adsorption behavior of xylan particles on cellulose surfas, where cellulose Ims are
used as substrates [114,115]. By employing AFM force mappirigl§] with function-
alized tips [117,118], it is possible to obtain chemical mfmation on the nanometer
scale. A di erentiation between xylan and cellulose is achved by using tips function-
alized with OH- and CH;-groups. The OH-groups lead to hydrophilic tips, whereas the
CHgs-groups, on the other hand, provide hydrophobic tips and afess a ected by water
adsorbed on the surface. Both functionalizations result ian adhesion force to xylan
which is lower than that to cellulose. In gure 5.1, a topogrphy and phase image as
well as an adhesion force map recorded with an OH-functioregd tip are presented.
A lower phase shift as well as a lower adhesion force are fowrdelongated and round
features, which correspond to xylan precipitates [115].

(@)

Figure 5.1.. 1 m 1 m AFM images of cellulose Ims with xylan precipitates. (a) To-
pography recorded in intermittent contact mode, z-scale: 30nm, (b) hase im-
age, recorded at the same time as (a), phase scale: °2@8nd (c) adhesion force
map (64 64 pixel) obtained with OH-functionalized tips, force scale: 30nN.
(From [115].)

It is furthermore possible to extract the reduced modulug&, from such force maps,
which would allow the characterization of elastic properéis on the nanometer scale
[119]. In this case, unmodi ed silicon tips would be the prefred choice. The function-
alization would introduce ambiguity in quantifying E,, since it is a layer with unknown
mechanical properties coating the tip. Also, the function&ation will increase the
e ective tip radius and thus reduce the resolution. The ultmate goal, of course, is
the application of AFM force mapping to pulp bers. A preliminary result of a force
map recorded on a pulp ber surface is presented in gure 5.Zlopography, adhesion
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force, and reduced modulus were all acquired using an AC24®Eilicon probe with-
out functionalization. It is obvious that both, adhesion foce and reduced modulus, are
strongly distorted by the topography. Also when employing factionalized tips to study
the chemical composition of pulp ber surfaces, a negativa uence of the topography
is to be expected. The smooth and homogeneous cellulose nholdes are, therefore,
an ideal system to assess the topographical in uence on thdheesion force and ork,.

(a) (b)

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

5.2. Viscose bers

Two types of viscose bers were investigated: classical ease with a highly curved sur-
face and at, rectangular bers. The at viscose bers exhilited a surface roughness
comparable to unbonded cellulose Ims. Classical viscosbers were not characterized
regarding their surface roughness, but a preceding studys]2evealed an RMS rough-
ness that is ve to ten times higher than the one of at, rectagular bers. This is one

reason why unmodi ed classical viscose bers cannot form bds between them while
at rectangular bers can [23,50,120].

Employing AFM-NI, the possibility to tune mechanical propertes of swollen viscose
bers was demonstrated using cationically and anionicallynodi ed viscose bers of
both types. It could be con rmed that an increase in geometcal swelling leads to a
decrease irH and E,. Furthermore, it was found that viscose bers which are softr and
more compliant allow the production of sheets which are stnger than those formed
from harder and stier bers [23,50,120]. It is reasonablehat besides an e ect of
the mechanical properties, also Coulomb interactions caitiute to the ber- ber bond
formation. This is supported by the fact that the cationic bers cCF1 { which are only
slightly softer than the reference bers cRF { allowed alredy the formation of sheets,
whereas cRF did not.

For unmodi ed, classical viscose bers a full characterizeon of the dependence of
H and E, on' , was performed. Both quantities decreased almost in a linearanner
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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 reflan until ',  0:95. Using
water sorption data of viscose bers, it was possible to pldad and E, as a function
of the bers' approximate water contentw. Also here, a linear decrease of both prop-
erties was found, mainly because the scattering of the dataddnot permit a di erent
interpretation in both cases. Comparing the extrapolatedalues ofH andE; at' ; =0
with results from fully swollen viscose bers in water yieldd that H decreases in water
by a factor of about 30 andE, by a factor of 190. This decrease &, in water was the
highest decrease measured for all materials investigatedreé.

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

5.3. Kraft pulp bers

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

AFM-NI investigations at varying relative humidity revealed abehavior similar to
that of viscose bers. The hardnes#d and the reduced modulus€, decrease almost
linearly with increasing' . Only at high humidities ' ; > 0:8, a stronger decrease of
E, is observed, whileH still follows a linear trend. Fully swollen in water, the pup
bers' hardness is decreased by a factor of 50 to 100, whichtie 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 thaff @iscose bers.

A simulation of the drying procedure taking only the decline fothe bers' elastic
properties { which were determined in the present work { inteaccount was conducted
by B. N. J. Persson [83]. It yielded that upon drying almost a fllarea in molecular
contact in ber- ber bonds is possible. Due to the gradual renoval of water during the
formation of inter ber bonds, capillary bridges between tle surfaces will form and pull
the bers in even closer contact. Furthermore, the smoothex surface is, the higher the
area in molecular contact will be after drying [83]. The botim line is that reaching a
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full area in molecular contact is facilitated by even softeand smoother surfaces. The
roughness of kraft pulp cannot be in uenced much and is alrdg very low for never
dried bers in water. However, the mechanical properties ofxllen cellulosic materials
can be tuned, as was shown in this work. Incorporating add#es such as CMC could
yield softer and more compliant pulp bers. A similar e ect was found to take place
when the ionic strength of the swelling solution is increaddy using salts like CaCj. In
addition to obtaining preferable mechanical properties,lso the formation of Coulomb
interactions is enabled by these methods. Thus, the bond strigth could be enhanced
by stimulating two bonding mechanisms simultaneously [230,120].

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

uid cell
membrane

AFM cantilever

holder
setup to control

relative humidity

N, withde ned

ber- ber
bond tester

outlet

polymer bag

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

A di erent way to assess the importance of water to pulp bersand inter ber bonds
is to quantify the bers' surface energy by contact angle mearements. With this
method, direct information on the tendency of water to wet tle pulp bers' surface
is obtained. By employing a so-called picoliter contact amhg 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 bers, using water andathylene iodide (CHl,)
as deposition liquids [123]. Determining the surface energ of modi ed bers { i.e.,
di erent grades of re ning, incorporation of additives, ard swelling the bers in aqueous
solutions of salts { could yield information on how large then uence of water to the
nal ber- ber bond will be.

5.4. General conclusions

AFM based nanoindentation has been employed as a novel and siganethod to reveal
mechanical properties of cellulosic materials on the naneter scale under controlled
relative humidity. Using AFM-NI, the mechanical properties of ellulose based materi-
als were studied under the in uence of varying relative hurdity and in water. All the
materials under consideration exhibited a decrease in harelss and reduced modulus
by up to two orders of magnitude only due to their uptake of wadr. This behavior
distinguishes cellulosics from classical engineering reaals such as metals, ceramics,
and many synthetic polymers. However, a bond between two adtdse bers can only
be established due to this unique property. A property, whit 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 Gwddion and extracts
the area function of an AFM tip, which has been imaged according the dilation

method described in section 3.2. In order for this script toddetected 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 Miosoft Windows port of
Gwyddion should also provide support for user-made Pythorcspts, 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
pygtk.require('2.0")
import gtk, gobject

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

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

plugin_type = "PROCESS"

class InterfaceWindow:
progressvalue = 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 pogress
def update(self):
self.pbar.setfraction(self.progressvalue)

percent = self.progressvalue * 100
percent str(int(percent))
self.pbar.settext(percent + "%")
return True

91



29

31

33

35

37

39

1]

43

45

47|

49

514

53

59

61f

63

67

69

71

73

79

77

Appendix A. Program code

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

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.
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def __init__(self):

self.window = gtk.Window(gtk .WINDOW TOPLEVEL)
self.window. setresizable (True)
self.window. set title ( "Area Function")

self .window.connect('delete_event", self.deleteevent)

self.window.connect(‘destroy” , self.destroy)
self.window.setborder_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()

are

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,
separator.show()

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

button = gtk.Button( "Start Calculation" )

0)

button.connect("clicked", self.Calculation)

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

button = gtk.Button( "Close")

button.connect_object("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,

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

c = 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

vdu

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
xres = d.get_xres ()

yres = d.get_yres()

xreal = d.get_xreal()

yreal = d.get_yreal()

of the topography map.

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

# active channel.

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

# Initialize 'area' to O.
area = 0

# Multiply the input for how many percent of the MaxHeight the

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

(The FOR Loop can only

the heart of the
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Appendix A. Program code

max_pztl0 = 10*self.getspin_button ()

# Generate and open a textfile , with the name 'filebase '_arfun.txt.
f = open(filebase+" _arfun.txt" , "w"

# FOR Loop where the actual calculation of the areafunction is
# performed
for hgt_pztl0 in range (0, maxpztl0):
# Percentage to write in the progress bar.
self.progressvalue = float(hgt _pzt1l0)/float(max _pzt10 1)
self.run()
# Allow updating of the progress bar.
while gtk.events_pending():
gtk. main _iteration _do ()
# 100% means tip apex, but we want the top to be 0%.
hgt_pzt = 100 float(hgt _pzt10)/10.0
# Mark the projected area of the indenter by the given threshold
# 'hgt _pzt' and store the marked area

# in the 'grains' datafield. As a binary height map (only 0 and 1).

d.grains_mark_height(grains, hgt_pzt, False)
# Get the binary height map of the grains datafield.
A = grains.get_data()
# Initialize the number of pixels to O
pixel =0
# Loop through the height map 'A' and if a pixel is not O
# (meaning, it is 1) then increase the number of pixels.
for i in range(0,xres 1):
for j in range(0,(yres 1)):
if A[i*512+j] > O:
pixel += 1

# The area of one pixel is determined by the resolution and the
# physical dimensions.
pixel_area = xreal/xres * yreall/yres
# Multiply the pixel area by the number of pixels.
area = pixel * pixel_area * 1el8
# Calculate the distance from the tip apex to the current

# position

hgt = z_max*(1 hgt_pzt/100.0)*1e9

# ... and write it to the opened file.
f.write(str(hgt) + " " + str(area) +"nn")

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

def main(self):
gtk . main ()

def run():

interface = InterfaceWindow ()
interface.main()
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Automated AFM-NI procedure

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

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

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

%Import lgorPro .ibw files as ASCIl text, then scale the values
%accordingly

xy0 = IBWtoTXT(loadname);

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

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

%shown)

INDpreproc(loadname, samplerate, thermaltime);
Ifm = length(loadname) 4;

corrname = [loadname(1:1fm), "z _corr.txt" ];
xy0(:,1) = load(corrname);

Xy = xyO0;

I = length(xy(:,2));

%Get the maximal value (v) and its index (i)
[v,i]=max(xy(1:holdpnt,h2))

%Find the zero force line by a line fit and subtract it from the data
zero_line = INDIlin _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 referemnx
=0
while xy(j,2) > 4*noise;
j =] 1
x_zero = xy(j,1);
X_zero_.index = j;
endwhile
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Appendix A. Program code

%Subtract deflection from distance to get indentation

xy(:,1) = xy(:,1)

xy(:,2) = xy(:,2) *k;
%Shift all values so that the point of contact

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

xy(:,1)=xy(:,1) x_zero*ones(l,1);

%split the experiment in a loading curve and an unloading cuwre

xy_load (:,1)=xy(1l:i,1);

xy_load (:,2)=xy(1:i,2);

xy_unldl (:,1)=xy(i+1:1,1);

xy_unld1 (:,2)=xy(i+1:1,2);

m = int32(samplerate * holdtime);
lull = length(xy_unldl(:,1));
xy_unld (:,1)=xy _unldl(m Z1:lull ,1);
xy_unld (:,2)=xy _unldl(m 1:lull,f2);
xy_load2 (:,1)=xy _unld1(1:m 1,1);
xy_load2 (:,2)=xy _unld1(1:m 1,2);

I12 = length(xy_load2(:,1));

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

if (mod(j,factor2) = 0)

xy_load3(p,1)
xy_load3(p,2)
p = pt+l;
endif
endfor

%Decrease number of datapoints

%(faster pdf plot!)
Fmax = max(xy_unld (:,2));

uldl_time = (thermprcnt *Fmax)/(loadrate *1000)

xy _load2(j,1);
xy _load2(j,2);

uldl_index = thermpnt;
xy_unld5 = xy _unld (1:uld1_index ,:);

xy_unld6é = xy _unld(uldl _index+1:uld1 _index+1+int32 (thermaltime *

samplerate) ,:);

xy_unld7 = xy _unld(uldl _.index+1+int32 (thermaltime *samplerate)+1:length(

xy_unld (:,1)),:);
factor3 = thermred
p=1;

for j=1:int32(thermaltime *samplerate)

if (mod(j,factor3) = 0)

xy_unldéb(p,1)
Xy _unld6b(p,2)

p = p+l;

endif
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endfor

t_therm = thermaltime *(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)) + (holdtime *(1:length(xy_load3
(:,1)))"/( length(xy_load3(:,1)));

time_unld5 = time _hold(length(time_hold)) + (uldl _time *(1: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],@INDpowerlaw, 0.001, 1000);
Fmax = max(xy(:,2));

stiffness_fit = inv ((1/2) *uld_p(2)*Fmax"( 1/2) + (1/4) *uld_p (3)*Fmax

A 3/4) + (1/8) *uld_p(4)*Fmax”™( 7/8));

%Creep and thermal drift correction of the unloading stiffness

t_crp = holdtime *(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],
@INDcreeptime, 0.001, 1000);

h_dot_tot = (1/2) *crp_p(2)*holdtime”( 1/2) + (1/4) *crp_p(3)*holdtime
N 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)1);
X0 = x_max epsilon*Fmax/stiffness;
area xy = load(areafunc_file);

if (x0>= 100)

[area_fit, p_area] = leasqr(areaxy(:,1),areaxy(:,2),[500, 10, 10],
@INDareafuncfit,1e 5,1000);
elseif (x0 <100)

area_fit_end = 0;

i = 1;

while (area.xy(i,1l) < 100)

area_fit_.end = i;

i ++;
endwhile
%Fit the experimentally obtained area function
[area_fit, p_area] = leasqr(areaxy(l:area_fit_end ,hb1),areaxy(1:

area_fit _end ,2) ,[500, 10, 10],@INDareafundit,le 5,1000);
endif

%Calculate the contact area at indentation depth from the fitted

%area function
A = INDareafunc _fit(x0,p _area);
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Appendix A. Program code

plot (area_xy(:,1), area_xy(:,2) ,(0:550) ',INDareafunc_fit((0:550) ',
p-area));
print (' dpng', 'testd.png');

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

%Calculate a line with the unloading slope for visualization

stiffn_d = Fmax stiffness*xy_unld (1);

stiffn_y = xy _unld (1:int32(samplerate*uldl_time) ,1)* stiffness +
stiffn_d;

xy _fit = [xy _unld (1:int32(samplerate*uldl_time) ,1),stiffn _y];

names = ["X0/[nm] ntntnt" , "Fmax/[nN] nt" , "A/[nm"2] ntnt" , "Er/[GPa] ntnt"
, "H/[GPa]" 1;
savex0 = [x0, Fmax, A, Er, HJ;

save_rsit = save_x0;

save_rslt(2) = save _rslit(2)/1000;

sl = strchr(loadname, '.") 1;

savename = loadname(1,1:sl);

savenameload = [savename ' _load.dat"];
savenamehold [savename," _hold.dat" ];
savenameunld [savename ," _unld.dat" ];
savenamefit = [savename," _fit.dat" ];
savenamex0 = [savename, " _x0.dat"];
savenamerslt = [savename, " _results.dat"];

xy_load (:,2) le 3*xy_load(:,2);
xy_unld (:,2) le 3*xy_unld(:,2);
xy_load3(:,2) = 1le 3*xy_load3(:,2);
xy_fit(:,2) = 1e 3*xy_fit(:,2);

%Save the results and the information necessary to plot the dta

save(savenameload, 'xy_load',' ascii');
save(savenamehold, 'xy_load3',' ascii');
save(savenameunld, 'xy_unld',' ascii');
save(savenamefit, 'xy _fit', ' ascii');
save(savenamex0, 'names', 'save.x0');
save(savenamerslt, ‘'save_rslt', ' ascii');

end
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