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Abstract

The present study was designed to independently study the sorption-induced creep and the
creep induced by an externally applied load. As the key incentive was the separation of these
frequently overlapping effects, special focus was put on the experimental design. Therefore,
the moisture content was evaluated from dynamic vapor sorption experiments at the applied
three moisture levels of 25%, 50% and 80% relative humidity. In order to verify, whether the
applied pre-load affects the sorption induced strain-rate, the cross-sectional area of the
previously tested fibers was obtained from microtome slices and the resulting stress was
calculated. The results indicate that the applied pre-load does not significantly affect the
sorption induced strain-rate, which, indeed, enables for studying the long-term deformation
behavior of pulp fibers exclusively induced by sorption. The strain during wetting can be
clearly categorized in three parts, including (1) initial surface adsorption, (2) swelling during
RH increase, and (3) creep at constant RH. The swelling strain-rate at the applied moisture
levels follows a second order polynomial growth, whereas the creep strain-rate linearly
increases with elevating moisture levels. In the present study, when the fibers were exclusively
stressed by the sorption process between 50% and 80% RH and the applied pre-load, MSC was
not observed. The absence of MSC is related to matrix polymers entering their rubbery state
enabling facilitated stress migration. In addition to this, creep experiments were performed
with dry pulp fibers in order to study the impact of the mechanically applied load. The results
further suggest that during drying the MFA decreases as the cell wall significantly deformed
even when the fibers had reached their maximum dry state. After load application this process
is reversed, and the MFA continuously increases while the fibers plastically deform to a high

extent.



Kurzfassung

Das Quellverhalten von Zellstofffasern wirkt sich negativ auf die dimensionale Stabilitat von
Papier aus, das daraus resultierende beschleunigte Kriechverhalten und dessen
zugrundeliegende Prozesse sind jedoch bis heute nur unzureichend verstanden. Ein Grund
dafir ist die gleichzeitige Einwirkung einer von aullen aufgebrachten Last und der
Umgebungsfeuchte auf die Faser, die in weiterer Folge zu kriechen beginnt. Das
Hauptaugenmerk der vorliegenden Arbeit liegt auf der Beobachtung dieser beiden Effekte
unabhangig voneinander mittels eigens entworfenen Experiment-Designs. Der Feuchtegehalt
von Zellstofffasern und dessen Auswirkungen auf deren Kriechverhalten wurden bei drei
verschiedenen Umgebungsfeuchten von 25, 50 und 80% bestimmt. Um zu lberpriifen, ob die
angelegte Vorspannung die sorptionsinduzierte Dehnungsrate beeinflusst, wurden die
Querschnittsflachen der zuvor getesteten Fasern an Mikrotomschnitten bestimmt und der
resultierende Stress berechnet. Die Ergebnisse zeigen, dass die angelegte Vorspannung die
sorptionsinduzierte Dehnungsrate nicht signifikant beeinflusst, wodurch die Untersuchung
des langfristigen Verformungsverhaltens auf Grund des Quellvorgangs von Zellstofffasern
ermoglicht wird. Die Faserbeanspruchung wahrend des Quellvorgangs kann in drei Bereiche
eingeteilt werden, die (1) anfangliche Oberflachenadsorption, (2) Quellung wahrend des
Anstiegs der relativen Luftfeuchtigkeit und (3) Kriechen bei konstanter relativer
Luftfeuchtigkeit. Die Dehnungsraten wahrend des Quellens bei den vorab definierten
Umgebungsfeuchten folgen einem Polynomwachstum zweiter Ordnung, die Dehnungsraten
wahrend des Kriechens bei konstanter Feuchte nehmen mit steigender Umgebungsfeuchte
linear zu. Weiters wurde bei den Experimenten kein beschleunigtes Kriechen (mechano-
sorptive creep, MSC) beobachtet, wenn die Fasern ausschlieBlich durch den Quellvorgang
zwischen 50% und 80% relativer Luftfeuchtigkeit und der applizierten Vorspannung
beansprucht wurden. Das Nichtauftreten von MSC kann durch den u{berschrittenen
Glasibergangszustand der Matrixpolymere und die damit einhergehende erleichterte
Stressmigration erklart werden. Darliber hinaus wurden Kriechversuche mit trockenen
Zellstofffasern durchgefiihrt, um den Einfluss der mechanisch aufgebrachten Last zu
untersuchen. Die Ergebnisse legen ferner nahe, dass der Microfibrillen-Winkel (micro-fibrillar
angle, MFA) wahrend des Trocknens abnimmt, da sich die Zellwand kontinuierlich weiter
verformt, selbst wenn die Fasern bereits einen Grofteil ihre Feuchte an die Umgebung
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abgegeben haben. Nach dem Aufbringen der Last kehrt sich dieser Vorgang um und der MFA

steigt kontinuierlich an, wahrend sich die Fasern in starkem Ausmal plastisch verformen.



Motivation

Modern society is filled with products made of plastics and many of them are treated as single-
use plastics. These plastics, however, do not biodegrade but slowly break down into smaller
pieces of plastic, known as micro- and nano-plastic 1. Over the past decades these plastics
have been polluting our planet and are still continuously accumulating on earth 2. Fortunately,
people all around the world now start to realize that we need an alternative to single-use
plastics and even force politics to take action . Products made of and derived from wood,
therefore gain more and more attraction as a renewable- and biodegradable-solution in order
to reduce and replace single-use plastics. Besides, wood already has a broad range of
application, as it is used in paper and packaging materials, in furniture and in building
constructions. In addition, the last few years have seen a growing interest in nature-based
organic products, and there is good reason to believe that wood will remain an important and

sustainable material for future generations.

Wood is by far the most abundant source for the production of paper. But pulp fibers can be
extracted from almost any vascular plant found in nature. In addition to that, they exhibit a
number of advantages that fulfill the requirements of the papermaking industry. As a
hydrophilic material, the interaction between wood and water plays a key role. When wet
fibers are brought together during the sheet forming process, the bonding between individual
fibers is promoted by the attraction forces between water and the constitutive polymers, such
as cellulose and hemicellulose. During sheet drying, water molecules evaporate, enabling
individual fibers to interact and further bond with each other by means of hydroxyl groups 3.
The affinity of pulp fibers to water, however, has a serious effect on the dimensional stability
of paper. Since the constitutive polymers in pulp fibers belong to a class of polymers based on
cellulose and hemicellulose, they are sensitive to moisture. When pulp fibers are in contact
with water they swell, thereby changing their dimensions and altering the material structure 4.
This phenomenon can crucially affect the performance of paper and with that its usage in

many applications.

For wood engineering purposes, another interesting behavior affecting the product
performance of wood-based materials is viscoelasticity. The viscoelastic nature of pulp fibers
is described by their time-dependent mechanical response to stress. When a fiber is exposed

to a constant load, it first rapidly changes its dimension in direction of the applied load and
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further only slowly deforms. Upon load removal this process is reversed, hence the fibers
quickly contract at first and then, slowly change their dimensions again. A total recovery of
the initial dimension is favored as it determines the long-time applicability of paper-based
products. In pulp fibers, however, a residual deformation, called permanent set, remains, even

after a prolonged recovery time 3.

Besides, the viscoelastic nature of wood-based materials is strongly influenced by moisture.
Moisture-induced structural changes inside the fiber cell-wall have a dramatic effect on the
mechanical properties of pulp fibers and consequently affect the performance of nearly every
paper-based product such as corrugated containers, printing and writing papers, and
laminates °. The time-dependent deformation upon change in relative humidity can cause
significant deterioration in the load-bearing capacity of paper-based materials during storage.
A box under load, for instance, fails within 72 days at constant ambient environment. When
the same box is exposed to a cycling ambient humidity between 30% and 80% relative
humidity every 12 hours it fails already within four days ®. This so called mechano-sorptive
creep or accelerated creep, is still not fully understood. Understanding the effect behind
mechano-sorptive creep, however, is crucial in order to predict macroscopic paper
performance and to ensure product quality. As paper is a composite, it consists of many
individual but interconnected pulp fibers, all responsible for the resulting creep.
Consequently, there is a need of study creep on the single fiber-level as well, in order to
separate the paper-creep from the individual fiber-creep. These investigations of the tensile
creep are usually performed under the additional influence of moisture 7. The main drawback
of these methods is that the obtained creep of the tested fibers is always induced by both, an
external load and the sorption process itself. Accordingly, there is a need to independently
study the sorption-induced and the mechanically induced creep in order to understand the
fiber response to either one of these two performance-influencing factors. The aim of this
thesis therefore is to provide an experimental design which enables to independently study
the creep of individual pulp fibers induced by either the sorption process or by the externally
applied load. The study offers some relevant insights into the time-dependence of sorption-
induced strain and provides information which can further extend our knowledge about the
viscoelastic nature of dry pulp fibers. This, in turn, can help to minimize dimensional instability

and may even encourage the use of paper in other relevant industrial fields.



Chapter 1: Wood polymers and their purposes

Cellulose for industrial use is mainly obtained from wood pulp and cotton. Both are
hierarchically structured materials with several levels of organization. The characterization
and interpretation of the behavior of wood pulp-fibers therefore requires profound
knowledge of the composition and structural organization from the molecular level up to the
macroscopic structure °. The main constitutive polymers of wood are the biopolymers
cellulose, hemicellulose and lignin. Cellulose, an organic compound with the formula
(CsH100s)n, is a polysaccharide consisting of several hundred to many thousands of B(1->4)
linked D-glucose units. Cellulose is one of the most important structural components in
nature, and as such it is an essential ingredient in green plants, many forms of algae and of
oomycetes. The cellulose content in cotton fibers is about 90%, that of wood about 40-50%,
and that of hemp is about 57% 1°. The smallest unit of cellulose are anhydroglucose units,
which when linked together by a B(1->4) covalent-bond, polymerize as a straight chain,
figure 1. Cellobiose units condense with their reducing end, and no coiling or branching occurs

in contrast to other polymers present in plant fibers.

Cellobiose based unit

A
e A
OH
oH 1 4 0 OH 1
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N _ - >
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Non-reducing end group =13 nm Anhydroglucose unit Reducing end group

Fig.1 Cellulose polymer chain consisting of cellobiose units, which are two single anhydroglycose units (1->4) covalently-
bound. Each cellulose polymer has a reducing and non-reducing end group 11.

The degree of polymerization (DP) of cellulose varies to a high extent, depending on its source
and the processing steps during cellulose isolation. The DP of cellulose in wood can be up to
10000 2. Once processed, the DP of cellulose in pulp decreases, varying between 300 to 1700.
Regenerated cellulose has a DP of only 250 to 500. Still regenerated cellulose is characterized
by a high tenacity and strength °. This is based on its superior ability to interact with itself
using the hydroxyl-groups at the positions C2, C3 (both secondary, equatorially bonded) and
C6 (primarily bonded). Those hydroxyl-groups build up hydrogen-bonds to neighboring

cellulose polymers, thereby they agglomerate to form fibrils. Up to 36 cellulose chains



intermolecularly bond to form hexagonally alighed microfibrils in softwood '3, figure 2(a).
Cellulose in nature-based fibers usually obtain a cellulose Ig crystal lattice structure,

figure 2(b).

0.53-0.54 nm
(a) [« Cellulose chain (b)

0.801 nn?:

1.036 nm

0.60-0.61 nm I s

> crystal size, c.

crystal size, ¢,

Fig. 2 (a) Cellulose unit cell® and (b) Cross-section of a microfibril with 36 hexagonally aligned cellulose chains 13.

The unit cell has dimensions of a = 0,817 nm, b =1,036 nm, c = 0,801 nm, and a = 97,3°. The
a-b plane bears the planes of the anhydroglucose units, whereas the axes of the cellobiose
units are parallelly aligned to the b-axis. In sum, three types of forces hold together the unit
cell. The B1,4-glucosidic primary valence bond holds the glucose units together along the b-
axis 3. Along the ag-axis, cellulose chains are held together by hydroxyl groups with an
estimated distance of about 0,53 nm. Along the c-axis the nearest distance of the cellulose
chains are reported to be in the range of 0,60 nm, indicating that van der Walls forces are
holding the lattice together 3. Aggregated celluloses, traditionally called crystalline fibrils,
occur in nature in two polymorph-states, cellulose |, and cellulose Ig. The relationship of
celluloses Iy to Ig varies with the source of the cellulose, with the Ig form being dominant in
higher plants, such as in trees !>, The next higher level of organization is termed
microfibril 6. Cellulose within a wood cell wall can exist either as a part within the fibrils, in its
crystalline form, or in its amorphous form. Crystallization is, however, favored by the linearity
of the molecule and its tendency to form hydrogen bonds with adjacent cellulose chains,

which allows a tight packaging of the polymers 3.

In wood, another important constituent within a single cell wall is hemicellulose. Whereas
cellulose is based on anhydrous glucose units as its constitutive monomer, hemicellulose
consists of several different sugar units. The most abundant monomers used to build up the

polysaccharide are xylose and arabinose. Besides these sugars, built up from five carbons,
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mannose, galactose and rhamnose are building blocks for hemicellulose #. Thus, a large family
of several wood polymers exists in a single cell wall, with arabinoglucuronoxylan and
galactoglucomannans being present in the largest amount in softwood 7, figure 3. As their
building blocks are far more versatile than those of cellulose, hemicelluloses are branched

polysaccharides with a rather low degree of polymerization.

OH OH OH OH OH OH
RO RO RO RO
/Q/ /<‘:2/ ) o o
o}
OH OH OH OH RO RO
OH OH OH
o]} OH OH
| HO
CH3 d
0
OH OH

Fig. 3 Chemical structure of two most common hemicelluloses present in wood: arabinoglucuronoxylan (left) and
galactoglucomannans (right). R=CH3CO- or H-*

Like hemicellulose, lignin is a branched polymer and the third essential polymer necessary to
build up the cell wall. In contrast to hemicellulose and cellulose, lignin contains aromatic
monomers. Three types of building blocks are used for its polymerization, called mono-lignols.
Liginins present in softwood are mainly built up by the mono-lignol coniferyl alcohol 7.
According to the route of polymerization, two different types of lignin are found in softwood;

condensed and non-condensed ones #18, figure 4.

Non-condensed Monomer Condensed CHs
&h,
H,COH cou (I‘.H:, clm3 CHy
HC—0 CH,CH,CH, cnz c|H2
Hy II CH, i“a
OCH, HE—N o
— —_— O O - 3
OCH, HyCO OCH,
OCH4
[o]
~° r / OH
0

Fig.4 Typical structures and bonding patterns of lignins as found in wood 4.

Hemicellulose is sometimes also referred to as matrix-polysaccharide, as it is found

accompanied by condensed lingnin between the cellulose microfibrils. Glucomannan



hemicellulose was observed to be the component closest to the microfibrils %29, followed by
xylan and condensed lignin, which are covalently bonded to each other ?'. Non-condensed
lignin is found farthest from the microfibrils and forms the outermost layer of the cell wall.
There is evidence that glucomannan, xylan, and lignins are all parallelly oriented to the
microfibrils 22, The constitutive biopolymers are organized into composites and form the cell
walls of the tracheid, figure 5. Several tracheid cells are further parallelly arranged into wood
tissues. A tracheid cell is a hollow tube typically, about 2-4 mm long and 0,02-0,04 mm wide,
figure 5(a). The inner void volume is called cell lumen which is surrounded by the 0,002-0,008
mm thick cell wall 2. The cell wall can be further divided into the primary (P) and the
secondary (S) cell wall, where the secondary cell wall is the dominating layer, building up about
80% of the total cell wall 4. The secondary cell wall consists of three more layers, namely S,

S,, and Ss.

Cellulose aggregate
Glucomannan
Condensed lignin
Xylan

Cellulose aggregate
size distribution

Non-condensed lignin

Concentric
lamellas

(b)

Undulating cellulose

aggregate structure S, fibril (a)

angle

Fig. 5 (a) Schematic drawing of the wood cell-wall in softwood (tracheid). (b) Section of the S2 layer, where aggregated
cellulose (fibrils) is embedded in the amorphous matrix, showing undulating cellulose aggregate structure and variability of
cellulose aggregate sizes (c) Constitutive polymers of the cell-wall matrix, all parallelly arranged between fibrils 1922,

The S2 layer is characterized by the highly ordered pattern of cellulose fibrils and
hemicellulose and as such is key to an in-depth understanding of the mechanical performance

of the whole cell wall, figure 5 (b+c). These fibrils align in a helical structure which varies
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between the different layers. Regarding the secondary cell wall, the helix has a rather low
inclination towards the fiber axis within the S1 and S3 layer, whereas the inclination of the
helix is rather large within the S2 layer ?2. A more random alignment of the fibrils was observed
in the primary cell wall. The inclination of the fibrils towards the fiber axis is known as

microfibril angle (MFA).

All wood polymers are more or less hydrophilic. Accordingly, wood can accommodate a
substantial amount of water inside the wood cell wall. This affinity to water derives from the
presence of hydroxyl groups in all wood polymers. Therefore, the so-called sorption sites are
the most important chemical groups in terms of attracting water. Other chemical groups, such
as carboxyl groups are also capable of adsorbing water, but their amount in the cell wall,
compared to the amount of hydroxyl groups, is negligible 2°. The maximum amount of water
able to accumulate inside a wood cell wall is referred to as fiber saturation point (FSP),
although definitions vary throughout the literature. The FSP in softwood was obtained by
several authors and was shown to be in the range of 35- 42wt% moisture content 26728, For an
in-depth understanding of the definition and measurement techniques available to define the
FSP, the reader is referred to the review “a critical discussion of the physics of wood-water

interactions” 2°.
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Chapter 2: Interaction between wood and water

One question has the attraction of researchers since the early 1980s, when a profound
knowledge of wood-water interaction became increasingly important in order to predict the
performance of wood-based materials: Does water freeze in wood? Back then, Nakamura et
al. observed two different phase shifts in a temperature range of 10 to -70°C by applying
Differential Scanning Calorimetry (DSC) on wood samples, which they related to the freezing
point of water 39, The initial phase shift occurred between 10 to -20°C and was therefore
referred to as freezing bound water, whereas the phase shift at lower temperatures down to
-70°C was referred to as non-freezing bound water 2°. Accordingly, it would seem natural to
separate water present in wood into three categories, namely; free water, freezing bound
water and non-freezing bound water. This nomenclature is still frequently used, although
there is reasonable doubt whether water freezes in wood at all. Low field nuclear magnetic
resonance relaxometry (LFNMR), for instance, did not reveal the presence of any freezing
bound water down to -20°C in wood 3!. Zelinka et al. in 2012 further found considerable
doubts on the interpretation of the DSC signals previously made by Nakamura and Berthold.
They suggested that the DSC-signal, previously referred to as freezing bound-water, is
identical with the homogeneous nucleation of free water and as such, water inside a wood
cell wall would not reach the frozen state. Zelinka et al. argued that water being bound close
to the constitutive hydrophilic polymers of wood, might be ordered in a defined pattern which
could induce nucleation 32. Nucleation describes the primary step in order to establish a new
thermodynamic phase and is defined as the process that determines the speed of transition
into a new stable phase. If an amount of water, for instance, gets cooled down below 0°C it
will freeze. If the same amount of water, although cooled down only a few degrees below 0°C,
it often stays completely free of ice for a long period of time. That is because nucleation under
these conditions is very slow. Depending on its environment, water can be kept in the state of
nucleation without reaching a new thermodynamic frozen phase. Within a wood polymer it is
therefore probable that water does not reach the frozen state. Thus, the newer interpretation
of Zelinka et al. clearly points out the difficulty of the observation of wood-water interactions.
These observations require a continuum, hence a thermodynamic equilibrium, which is
difficult to reach with nearly all applied measurement techniques 2°. Moreover, the more
general question that arises from the results of Zelinka et al. is, how to correctly interpret the

freezing point depression of water in wood. In wood the strong effect of bonding and the
11



formation of a possible bonding pattern of adsorbed water molecules largely influence the
freezing point of water. Naturally, water bound directly to the constitutive polymers
experiences attraction forces larger than water located only in the proximity of such
polymers 33. Accordingly, freezing bound water has been assumed to be less confined and only
loosely bound to the cell wall, whereas non-freezing bound water was argued to largely
experience the attraction forces of the constitutive polymers 3*3°. Analytical techniques in
order to quantify and visualize bound and free water are: Differential Scanning Calorimetry
(DSC), Nuclear Magnetic Resonance (NMR), Raman spectroscopy and infrared

spectroscopy 30:36:37,
Chapter 2.1: Water accessibility inside wood structures

From a chemical point of view rather than from a physical one, one can determine the amount
of possible sorption sites. Sorption sites are known as possible sites for water to adsorb.
Hydroxyl-groups are the most important chemical components in terms of attracting water
molecules 32 and as such characteristic for most of the available sorption sites in wood. It is
well known that hemicellulose has the highest number of sorption sites, followed by cellulose
and lignin 2°. As previously mentioned, cellulose interacts with itself in order to form
aggregates, and two-third of its hydroxyl-groups are bound already to neighboring cellulose
chains constituting the microfibril °. As a consequence those hydroxyl groups are not
accessible to water and only hydroxyl groups present on the fibril’s surface are potential
sorption sites 4041, Some sorption sites located in the amorphous matrix are additionally
inaccessible for water. Constitutive matrix-polymers interact with themselves and sterically
hinder water to adsorb at few more sorption sites. Nonetheless, the hemicellulose-rich matrix
is the region where most of the water molecules primarily adsorb. However, this evaluation
could be used as an estimation only and it expresses a theoretical upper limit. The estimated
number of water molecules per sorption site indicates that only 1 to 2 water molecules bond
to each sorption site 2>*2, By measuring the sorption enthalpy of adsorbed water in
amorphous cellulose, Joly et al. found a threshold after which the previously constant sorption
enthalpy suddenly decreases %3. The sorption enthalpy was reported to be constant up to
40% - 50% RH and related to the binding of one water molecule per glucose unit. A similar
observation was made by Fringant et al. on various other polysaccharides, and in both studies

the sorption enthalpy decreased in the range of 50 to 85% RH. The decreased sorption
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enthalpy was further related to the increased water uptake of a second water molecule per
glucose unit. Interestingly, the adsorption of a single water molecule on the cellulose crystal-
surface obviously is energetically favored, as the obtained sorption enthalpy was increased at
lower humidity levels. The authors therefore concluded, that water favorably adsorbs to two

neighboring sorption sites of the constitutive polymers 43.
Chapter 2.2: The sorption isotherm of wood

The amount of moisture present in the wood cell wall depends on the surrounding
environment. By performing dynamic vapor sorption measurements, the amount of water
held by a wood cell wall at specific ambient conditions can be obtained. Thereby a defined
mass of wood is exposed to a defined relative humidity at constant temperature and vapor
pressure while the increasing mass during water adsorption is detected. If the moisture
content is further plotted against the surrounding relative humidity the so-called sorption
isotherm could be obtained. Thus, a sorption isotherm illustrates different equilibrium
moisture states between wood and its environment, attained at constant temperature and
water vapor pressure. Sorption isotherms of wood typically show a sigmoidal relation
between water content and relative humidity and illustrates either water uptake (adsorption)

or release (desorption) from the cell wall, both processes with long duration, figure 6.

Moisture Content [%]

0 ] ] ] ] ]
0 20 40 60 80 100

Relative Humidity [%]

Fig. 6 Wood sorption isotherm during adsorption and desorption illustrated by hysteresis.

Sorption is a thermodynamically complex process involving both a change in temperature and
volume, thereby heat and work are involved in the process of attaining the new

thermodynamic equilibrium. In dynamic vapor sorption (DVS) measurements an equilibrium
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moisture state of wood is attained when there is no measurable exchange of moisture
between a defined amount of wood and its surrounding. Again, this method expresses a
theoretical upper limit as the sorption process constantly progresses. Besides the necessity of
long-time measurements in order to attain a new thermodynamic equilibrium, applied
measurement conditions are unsuitable for detecting and compensating small fluctuations in
temperature, vapor pressure and mass. In addition to the dependency of the sorption
isotherm on relative humidity and temperature, the sorption isotherm of wood is influenced
by its moisture history. This becomes obvious as drying (desorption) from a saturated state in
defined climatic conditions yields a higher equilibrium moisture content (EMC) than
moistening (adsorption) from a dry state to the same conditions. Therefore, sorption

isotherms from adsorption to desorption follow a characteristic shape called hysteresis.

However, sorption isotherms of hydrophilic porous media are usually obtained as a type Il
sorption isotherm which represents the sorption of deformable solids accompanied with
significant heat of sorption %4, Various phenomena were suggested to be responsible for the
physical background leading to this shape of the isotherm. The more general interpretation,
based on the Park’s model, divides the absorption process into three parts >%¢: The initial
water uptake up to around 10% RH, proceeds according to Langmuir’s mode and is related to
the adsorption of single water molecules gradually covering the internal surface of the cell
wall 4. As previously discussed, those sorption sites are hydroxyl-groups of amorphous
cellulose and hemicellulose, or carboxylic functions of pectins 8. As the ambient humidity
increases, the inner surface becomes fully covered by water, which leads to a linearly
increasing water concentration with the ambient relative humidity. This part of the isotherm
can be mathematically described by Henry’s law up to an ambient relative humidity of about
65%. This behavior is related to the porous structure of wood, where water is free to diffuse.
The third part is mathematically well described by a power law which is related to the
agglomeration of water and capillary condensation %°. The precise mechanisms governing the
transport and the distribution of water through the cell wall in nature-based fibers, however,
are still unknown. Capillary condensation for instance has been speculated to be possible only
above 90% RH, whereas the upward bend of the sorption isotherm starts already at around
60-70% RH. In addition, Thygesen et al. showed that capillary condensation apparently does

not play any significant role in water vapor sorption of wood below 99,5% RH 3.
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Interestingly, the sorption isotherm of many polymeric materials has been shown to follow a
sigmoid shape. For amorphous polymers, such as hemicellulose, it has therefore been
suggested by various authors that the upward bend in sorption isotherms is related to the
softening of these polymers >%>2, The softening of amorphous polymers is usually related to
increased temperature levels. The glass transition temperature (Tg) of amorphous polymers
describes the transition from a glassy state to a rubbery state. Thereby both, viscosity and
rigidity, decrease, accompanied by an increased free volume, which thus could increase the
sorption capacity of wood at higher humidity-levels. The same process is further suggested to
be responsible for the appearance of sorption hysteresis. It is well known that the glass
transition of such polymers could be shifted to lower temperatures by the presence of

moisture, which is known as plasticization, figure 7.
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Fig. 7 Softening of hemicellulose (diamonds) and lignin (triangles) in wood as function of the moisture content. Isohumes

between 10% and 95% RH are illustrated in grey 2°.

Under dry conditions hemicellulose has an estimated glass transition temperature between
150°C and 220°C °3. Salmén et al. have shown that around 60% RH hemicellulose in wood
softens already at room temperature, whereas pure hemicellulose extracted from wood
softens at around 80% RH and room temperature 24, In contrast to that, lignin’s glass
transition temperature never drops below room temperature in the entire sorption range up
to the FSP >>°%, Thus, at room temperature and at a relative humidity between 60 to 80% RH,

corresponding to 11-15wt% moisture, hemicellulose enters the rubbery state. This range
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further is characterized by a percolation threshold, after which moisture-induced structural

damage becomes increasingly important >’.
Chapter 2.3: Modeling of wood sorption isotherms

The complexity of the sorption process itself made it hardly possible to invoke every single
thermodynamic step into a mathematical model and fully describe the sorption isotherm in
its hygroscopic range. Thus, a large number of models has already been proposed for sorption
isotherms with sigmoid shape, many of them being empirical approaches. Excluding the
empirical models in order to predict sorption isotherms, two theoretical models describing
the typically s-shaped sorption isotherm can be found in literature. One model, the BET-
model, considers sorption to be a surface phenomenon %4, whereas the other model considers
sorption to be a solution phenomenon °8. A drawback of the BET-model and its newer
modification into the Dent model is the inconsistency with the thermodynamic aspects of
sorption 2°. The second approach, attributable to the Hailwood and Horrobin model, considers
different grades of hydrated wood, dry wood and dissolved water as an ideal solution 2. This
model thus fits best to experimentally obtained data, as evaluated by Simpson 38, Nonetheless,
this model does not accurately describe the thermodynamics behind sorption as it does not
consider heat of sorption and other accompanying quantities typically occurring during a
thermodynamic state change. Even though some empirical models adequately fit
experimentally obtained data, all sorption models proposed for wood in literature obviously
show several flaws related to the actual thermodynamics behind the sorption process. Until
now, there are too many assumptions necessary in order to model and predict the sorption
behavior of wood. In most cases these assumptions are questionable, since significant parts
of the complex process of attaining equilibrium moisture state are not considered 2°. As
Engelund has argued in his critical review concerning the physics behind wood-water
interactions: the sensitivity of a seemingly simple test, which concerns the measurement
techniques to quantify the mass difference of wood specimen at two different equilibrium

moisture states has been and still is apparently underestimated.
Chapter 2.4: Water transport in wood

The previously discussed studies of wood-water interaction unfortunately do not reveal
anything about the actual water distribution inside a cell wall. Water transport through the

cell wall is a complex mass transfer including coupled processes of water in different phases,
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and in many aspects it is still not understood. Thus, the focus will be put on the presence of
vapor inside the cell wall only, as this is the most common case when moisture transport
through wood is observed. This assumption is valid as long as the wood specimen being
observed are not in direct contact with water, and therefore true for the whole sorption range
up to at least 90% RH. For this most common case, water transport theoretically is governed
by the initial diffusion of vapor in the porous system, adsorption of water on the inner
available surface, and diffusion of adsorbed/bound water through the wood cell wall >°. Each
diffusion step can be mathematically described by a Fickian equation, thus having a different
diffusion coefficient when vapor diffuses through the porous structure or when bound water
diffuses inside the cell wall €. The diffusion of vapor through the cell wall is further controlled
by the chemical properties and by structural resistance of the material 1. The adsorption step
between vapor and bound water diffusion influences the water transport trough the cell wall
in several aspects: Energy set free during adsorption increases the interface temperature
based on the positive sorption enthalpy of the system. This leads to an increased activity of
bound water and thus decreases the driving force of adsorption. The driving force could be
explained as the gradient in water activity between water vapor and interface bound water %°.
The increased water activity at the interface further increases the transport of bound water
into the cell wall, which is driven by the bound-water concentration-gradient between
different regions of the cell wall. Hence, even small temperature fluctuations as occurring
during sorption drastically influence the moisture transport. In addition, the observation of
bound water diffusion is experimentally difficult, as diffusion of molecularly adsorbed water
is several times slower than the diffusion of vapor through the porous cell wall. For that
reason, the transport of bound water is of little significance at least in larger wood

specimen 2,

However, diffusion characteristics are obtained by measuring the water vapor permeability
through thin films. Thereby obtained diffusion coefficients were reported to be in the range
of 10'*2 m?/s for thin hemicellulose films and uncoated cellophane films 3. It is expected that
the diffusion coefficient for bound water in the wood cell wall is in a similar range.
Furthermore, permeability measurements have revealed that the diffusion coefficient
increases exponentially with increasing moisture content ®. Accordingly, an equilibrated
moisture state should be achieved faster the higher the initial moisture content is, although

contradictive results have been reported 9. The experimental observations of Christensen
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have shown that the time to reach equilibrium increases with increasing initial moisture
content. In agreement, the sorption rate was shown to decrease with the initial moisture
content for hemicellulose thin films. These observations consequently indicate that water
transport is not controlled by diffusion and that another mechanism is responsible for the

obviously increasing sorption capacity of wood polymers at higher moisture levels.
Chapter 2.5: Relaxation as driving force of sorption

Since the early 1950s authors have been suggesting that polymer relaxation might largely
influence the speed of sorption. In material science relaxation can be obtained from the stress
response of polymers to strain, which is decreasing as the polymers relax. Thereby polymer
chains deform as a function of time which leads to structural changes at the molecular level.
Stress relaxation in wood was described by shearing of constitutive polymers in material
direction 66758, As stress relaxation progresses, the sorption capacity of the cell wall increases,
as predicted by several authors %°. This might be explained by the total free volume increase
induced by relaxation. As a consequence thereof, the cell wall’s sorption capacity increases,
which is even more pronounced, once the amorphous polymers soften, figure 8. During the
incorporation of water, constitutive polymers are forced apart, a process which could further
induce a slippage of polymers between the microfibrils . This includes the breaking and re-

bonding of hydrogen bonds, a process strongly dependent on time and the applied stress.
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The hierarchically structured wood cell-wall might further produce stress concentrations and

induce stress gradients based on the restraining effect of the cellulose fibrils on the swelling
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amorphous polymers. Thus, this effect would additionally insert a significant amount of stress
relaxation, which influences moisture transport and sorption capacity to a large extent.
Consequently, the sorption rate should be related to the speed of relaxation, which was first
addressed by Crank et al. Crank suggested non-Fickian sorption behavior in polymers due to
relaxation of adsorption (moisture)-induced shear stresses . In order to model creep in wood
Engelund et al. have already used an expression for time dependent swelling as a function of
the swelling pressure 7%, thereby considering stress relaxation. The glass transition significantly
influences stress relaxation and consequently the equilibrium moisture state. Softening
further increases the polymers’ flexibility in order to adjust structural changes on the
molecular level and to accommodate the volume change induced by sorption . Above 75°C,
after hemicellulose has entered the rubbery state, sorption hysteresis therefore disappear, as
suggested by some researchers °271, Vrentas further related the theory of free volume to the
sorption hysteresis in order to explain the increased sorption behavior of wood specimen after
drying and remoisturizing. When amorphous polymers enter their glassy state during
desorption, an amount of free volume could be temporarily locked in a new thermodynamic
state, which is re-accessible once the polymers are remoisturized. Therefore, the equilibrium
moisture content during adsorption of amorphous polymers increases with each sorption step
and is further significantly influenced by their moisture history 1. However, in order to model
the diffusion kinetics of water through the cell wall, most of the authors historically used a
classical Fick diffusion model 72. Although, the results often differ from the experimental
observations. From a mathematical standpoint Hill et al. have shown that the sorption kinetics
can be modeled as the sum of two exponential decays; a fast and a slow sorption process 73.
This model is known as the parallel exponential kinetic (PEK) model, and thus correlates well

with the obtained data from sorption experiments.

To sum up, water transport in nature-based materials are complex phenomena, and
comprehensive understanding is still missing. The urgent need of simulating and modeling the
long-term deformation behavior of wood-based materials under the influence of moisture
have led to several approaches to mathematically describe the phenomena. A single
mathematical law to describe and predict sorption still does not exist. Theoretically, all water
is directly or indirectly bound to the constitutive polymers. Possible sorption sites are mainly
hydroxyl groups covalently bound to the constitutive polymers. The largest number of

hydroxyl groups are found in hemicellulose. Cellulose agglomerates to form fibrils and only
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the surface hydroxyl-groups are accessible to water. In consistence with the measured
sorption enthalpy, one to two water molecules can bind to a single hydroxyl-group. Wood
changes its sorption capacity with each drying step. Thereby the fiber-saturation point
increases, leading to the typically derived sorption hysteresis of wood. The phenomenon still
is not fully understood, but undeniable, the behavior of wood largely depends on its sorption
history. In order to explain the hysteresis effect, the theory of the free volume of amorphous
polymers was developed. The theory is based on the softening and hardening of amorphous
polymers, processes strongly influenced by moisture. Several researchers have described the
adsorption of water inside the cell wall by a two-stage process. The first stage of water
adsorption obviously could be mathematically described by means of the Fickian law, whereas
the second stage proceeds quicker and becomes increasingly pronounced as the
concentration of bound water increases 747>, The second stage of adsorption is highly
pronounced above 40-50% RH, where stress relaxation proceeds faster as hemicellulose
enters the rubbery state. Water distribution through constitutive polymers was therefore
suggested to be influenced by stress relaxation due to the swelling pressure and by phase
changes with respect to the present moisture content. Meanwhile, researchers have realized
that the sorption process is rather governed by the swelling process and induced stress
relaxation than by Fickian diffusion kinetics. Stress relaxation becomes increasingly important
when wood materials are stressed in the moisturized state, as the mobility on the molecular
level is enhanced. Understanding and predicting the mechanical behavior of wood-based
materials under the influence of moisture is one of the main goals of wood-researchers all

over the world.
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Chapter 3: The mechanical behavior of wood

On the macroscopic level, the fibers’ ability to withstand mechanical stress is generally
governed by the orientation of the constitutive polymers and their interaction with each
other. As stress is applied, the fiber deforms (on the macro-level) and polymers relax
(deformation on the molecular level) in dependence of their initial orientation. Upon external
loading stress migration proceeds from the pliant matrix polymers to the stiff cellulose and
vice versa %2. Matrix polymers are highly flexible polymers and crucial in order to transmit and
distribute the stress along the fibrils. The specific bonding pattern at the interface between
fibrils and matrix, which is mainly governed by strong hydrogen bonds, therefore plays an
essential role. The non-covalent bonding pattern yields a flexible and strong composite
structure being able to withstand stress 2. The stress response on the molecular level differs,
between the aggregated cellulose and the amorphous matrix polymers. The load is carried by
both, covalent and hydrogen bonds in the case of cellulose, which has been observed by
applying infrared and Raman spectroscopy °. Micromechanical in situ tests combined with
nano-structural observation are commonly used to observe and study the deformation
behavior on the molecular scale and to identify the load bearing unit. In these experiments
the fibers are strained by applying an external load and the applied stress is detected. The
initial stress response, defined by the linearly increasing stress with the applied low strain-
rate, is referred to as elastic modulus. The elastic modulus describes the fibers ability to
elastically and reversibly deform under an applied strain. The elastic deformation is mainly
governed by the long cellulose chains agglomerated to fibrils, which deform through changes
in cellulose fibril orientation and stretching of the C-O-C bridge between two glucose
molecules in a cellulose fibril 122, In contrast to cellulose, the covalent bonds of hemicellulose
and lignin do not seem to respond upon loading 6. Modeling studies have confirmed these
observations, showing that the covalent bonds of amorphous cellulose under small loads are
not affected. However, lengthening of hydrogen bonds has also been reported 7. Similar
results were achieved by other modeling studies, which have shown that secondary chemical
bonds, such as hydrogen bonds and van der Waals interactions are the physical bonds
primarily affected by the externally applied load 787°. Accordingly, it is assumed that the
mechanical properties of the matrix polymers, hemicellulose and lignin are entirely dominated

by hydrogen bonding. The stiffness of the fiber therefore is governed by the covalent bonds
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of the cellulose fibrils, which are known to be the load bearing unit of the whole cell wall. The

inclination of the fibrils further plays a key-role to either store or release the applied stress 4.

Studies on individual single fibers 882 and on tissues &3 have revealed that a relation between
the MFA and the fibers’ elastic modulus exists. Fibers which initially had a high MFA usually

show a decreased elastic modulus in comparison to those fibers which initially had a low MFA,
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Fig. 9 (a) Relationship between elastic modulus and fibril inclination within the S2 layer 172, (b) Stress-strain curve of

individual softwood fibers in dependence of their MFA 180,

A much higher resolution can be achieved by applying X-ray diffraction techniques, in order to
detect and observe the reorientation of the fibrils under an applied load. Thereby the distance
between the crystal lattice of the cellulose-fibrils is monitored by X-ray diffraction
techniques %38485, By following the lattice spacing, d200 and doos of the crystalline cellulose
within the cell wall under an applied stress one can follow the mechanical stress response of
the fibrils in-situ. Studying the deformation of the crystal-lattice enables the calculation of the
Poisson's ratio, which describes the ratio of relative contraction to relative expansion of the
fibrils . Pronounced changes of the initial fibril orientation were observed for wet wood
tissues with high initial MFA by Keckes et al. The results suggest a relationship between the
applied strain-rate and the observed decrease of the MFA, indicating that the cellulose fibrils
are continuously shifted towards the cell axis. Keckes et al. also reported a slight increase of
the MFA, which spontaneously occurred after rupture. This observation was referred to the
partly elastic characteristic of the fibrils 8. Thus, when the applied stress exceeds a certain
stress-level, the MFA decreases with the applied strain. It is believed that trees utilize this

functional relationship to re-orientate the fibrils in order to achieve optimum mechanical
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resistance against stress. Thereby they can naturally adjust their MFA to the site of stress
application and are better prepared to react towards growth-stresses such as bending- and
stretching- stresses. Young trees are known to have more cells with a high MFA, which are less
stiff but highly flexible in order to resist different wind-loads 8. During wood ageing the MFA
changes and matured wood fibers exhibit a significantly lower MFA. Another typical
characteristic of a wood fiber with high MFA upon loading is their tendency to plastically
deform to a large extent. In contrast, fibers with low MFA show only small deformation before

rupture 228086 figyure 10.
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Fig. 10 Stress-strain curves of two individual wood fibers with high and low MFA, respectively. In contrast to fibers with low

MFA (black line), fibers with high MFA (grey line) show a broad region of plastic deformation 22,

The underlying mechanism has been discussed several times in literature, and it is generally
accepted that a decrease of the MFA occurs 22. This theory is only applicable for fibers with
initially high MFA. For fibers with low MFA, the decrease of such upon external loading has
not yet been observed. However, the mechanical properties of wood are substantially
influenced by moisture. Several experiments have shown that the initial fiber stiffness
decreases with the moisture content. This influence of moisture is attributable to the
formation of hydrogen bonds. In the absence of water, constitutive polymers use their
hydroxyl groups to form hydrogen bonds with each other. When water enters the cell wall,
single water molecules force the constitutive polymers apart, leading to the breakage of the
existing hydrogen bonds %°. Upon adsorption, hydrogen bonds between constitutive polymers
are replaced by water. Thereby single water molecules occupy space between constitutive

polymers and the fiber cell wall starts to swell, figure 11.
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Fig. 11 Schematic illustration of swelling in wood and the effect of a water molecule on the spacing between constitutive

polymers (hydroxyl-group interactions are illustrated by dotted lines) 4.

Consequently, the breaking of the hydrogen bonds by water molecules weakens the cell
structure. Several studies addressing the mechanical properties of wood under the influence
of moisture have shown that elastic modulus and stiffness decrease with the moisture
content 2. This effect is originally described by the theory of hydrogen bond dominated solid
materials 8. However, the wood cell wall does not only elastically respond to external
loadings. A significant portion of the fibers’ deformation is non-elastic. Depending on the
duration of the mechanical excitation, wood fibers plastically deform. The time-dependent
non-elastic response has been described by the sliding of polymers between microfibrils >4,
This process is governed by the breaking and reforming of hydrogen bonds between
constitutive polymers, as they continuously slide past each other. When water enters the cell
wall, this slippage is further facilitated as the constitutive polymers are forced apart. Water
therefore is commonly known as a plasticizing agent. The sliding of constitutive polymers past
each other is documented by molecular modeling and mainly responsible for the time-
dependent mechanical properties . Notably, this time-dependent sliding of amorphous
polymers was observed for different polymeric fibers 2°. Eyring and co-workers have
developed a model describing the deformation kinetics beyond the sliding of polymers °%°1. In
their theory, the sliding of polymers is described as an activated process, where polymers must
pass a certain energy barrier in order to attain a new configuration. When no external load is
applied, the potential energy of the molecules equals the thermally induced molecular
motion. The highest energy level is known as the activation energy, figure 12. A certain
percentage of the polymers’ potential energy will have a potential energy equal to the
activation energy, and hence, can move freely °2.
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Fig. 12 Energy barrier (activation energy) of moving polymer segments between the energy ground level and the energy

level after successful interlocking in a new position 4.

For any chemical and physical reaction, the lowest energy level is generally favored.
Consequently, the favored movement is limited to the lowest energy level which yields an
intermediate state with lowest free energy. Although the process is defined by the breaking
and re-forming of hydrogen bonds, the actual process might be a more continuous one *.
Jeffery and Saenger therefore suggested that an intermediate state with a three -center bond
dominates the deformation kinetics. In their work a three-center bond is described by a single
hydroxyl group simultaneously interfering with two further hydroxyl groups of the constitutive
polymers 23. The energy of such an intermediate state is lower than that of an intermediate
state with completely broken hydroxyl groups (unbonded state), figure 13. The same is

possibly true for the sliding of wood polymers past each other.
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Fig. 13 Activation energy of two different intermediate states: a non-bond intermediate state (upper activation energy level)

and a three-center hydrogen-bond intermediate state (lower activation energy level) 4.

If no external load is applied the probability of mobile units moving both forward and
backwards is equal. Consequently, the overall movement of the polymers appears to be zero,
and the polymers are in “rest”. If an external load is applied, the energy needed to pass the

energy barrier of the activated state is enhanced, figure 14.
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Fig. 14 Change of the energy barrier during stress application 4.

Thereby, the sliding along the direction of the applied force is favored over that in the opposite
direction. The deformation rate can be further described by the mechanical work and the
contribution of the movement of a polymer-segment. The induced mechanical work increases
the initial energy ground-level and further lowers the energy level on the opposite side of the
energy barrier %%, For cellulosic materials the moving segment has been estimated to be
0,68 nm3°%. The volume is similar to that of the cellulose unit cell, which was experimentally

determined to be around 0,65 nm?3 at room temperature .

However, besides the understanding of the decrease of the MFA of fibers and tissues with
initial high MFA, the influence of moisture on the long-term deformation behavior is less
understood. This is based on the unpredictable contribution of polymer relaxation when the
moisture content increases. In addition, all mechanical tests performed under the influence
of moisture show a coupling effect between the stress relaxation due to externally applied
loads and the stress relaxation induced by moisture. Until now, it has not been possible to
separate these two effects in order to study either the stress response from the externally
applied load or the stress response due to moisture adsorption. Besides the essential role of
the MFA, the influence of moisture to the stress response becomes highly dominating when
the available moisture content (MC) increases 31. Thereby stress-relaxation increases and
might even affect the decrease of the MFA. As stress-relaxation on the molecular-level
increases, shear-forces towards the fibrils increase which, after exceeding a critical shear-
stress, might even result in gliding or slipping of the cellulose fibrils. Exceeding the critical
shear-stress implies that the matrix adapts a highly viscous state in order to transfer sufficient
shear-stress onto the fibrils ®8. This state might even imply reaching the Tg and is highly
correlated with the present MC in the cell wall. Adding to the complexity of the fibrils’ ability
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to move within the matrix, the possible transition of the matrix from rather glassy to rubbery
does not facilitate the prediction of the long-term deformation behavior of wood-fibers.
However, it is not sufficient to translate the global deformation-pattern to a single observed
mechanism. The MFA clearly plays a fundamental role predicting the mechanical performance
of single wood fibers. Additionally, the impact of the matrix, more precisely the interface
between the matrix and the fibrils, becomes increasingly important in order to understand

the deformation pattern of wood.
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Chapter 4: Creep in wood fibers and tissues

Cellulose-based fibers exhibit viscoelastic material properties when exposed to an externally
applied load. Viscoelasticity is a term describing a material characteristic that combines both,
elastic and flow-like behavior, related to either solid or viscous material properties. The
time-dependent deformation could be described by the tendency of the solid material to
creep or flow under the influence of a persistent mechanical stress, previously discussed as
the sliding of amorphous polymers. Thereby, creep could increase during long-term exposure
to high levels of stress that are still below the yield strength of the material. Theoretically,
creep experiments allow to distinguish between the initially occurring elastic material
response and the time-dependent viscous response after a mechanical load has been applied.
The creep compliance usually is separated into three components; primary, secondary and
tertiary creep, figure 15. The primary creep describes the initially rather elastic material
property, whereas the secondary creep describes the time-dependent creep component. The
secondary creep is responsible for the occurrence of permanent material deformation, also
referred to as permanent set. The rate of deformation is a function of a material’s initial
properties, exposure time and the applied stress. Depending on the magnitude of the applied
stress and duration, material deformation largely increases and may lead to accelerated creep,

normally indicating material failure. Accelerated creep is described by the tertiary creep

component.
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Fig. 15 Schematic illustration of a creep experiment and its evaluation.
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Primary creep represents the time-dependent, recoverable creep component which is
thought to be due to configurational changes of the molecular structure induced by the
mechanically applied load. The molecular structure of amorphous polymers is rather randomly
aligned and void spaces, known as the free volume, are present in the solid configuration.
Accordingly, the packaging of the polymers is less than optimum, enabling the polymers to
move in a new position when they are subjected to an external stress. Molecular movement,
also known as relaxation, therefore can occur when void spaces are available for polymers to
be occupied 7. In addition, sufficient energy has to be inserted to the system in order to
overcome the attraction forces between constitutive polymers, defining the initial molecular
configuration. In pulp fibers such a movement requires the breaking of secondary bonds which
are able tore-bond in a new position, e.g. in void spaces. However, after the externally applied
stress has been removed, the release of the inserted stress, also known as elastically stored
energy, forces the polymers to return to their normal, rather randomly aligned molecular
configuration. Thus, primary creep describes a reversible phenomenon. Unlike primary creep,

the secondary creep describes the time-dependent non-recoverable component of the creep.

The amorphous matrix of pulp fibers is reinforced by crystalline regions, and both differently
respond to the applied stress. As fibrils have far stiffer mechanical properties than the
amorphous matrix, their response to an applied tensile stress is expected to be fully elastic.
The co-existing crystalline- and amorphous-regions exhibit a large number of interfaces, which
are only governed by weak secondary bonds. These secondary bonds are predetermined to
break during stress exposure and may or may not re-bond in a new position. Depending on
the amount and stability of the newly formed bonds between constitutive polymers, a
material may change irreversibly its mechanical behavior, making the theoretical treatment
of creep in hierarchically structured materials difficult. As creep is a time-dependent
phenomenon, a material could return to its initial mechanical properties during a long period
of time, after the stress has been released. A distinctive boundary between primary and
secondary creep, in order to distinguish between reversible and non-reversible mechanisms,
therefore is difficult. Thus, a portion of primary creep may not be recoverable at the
experimental conditions but might be restored at evaluated temperatures or in the swollen
state. Accordingly, the experimental conditions largely influence the reversibility of the

material mechanical properties.
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However, if a viscoelastic material is stressed configurational changes occur, leading the
material to deform and under some circumstances, the material irreversibly changes its
mechanical properties. The formation of new secondary bonds can therefore lead to an
irreversible creep after removal of the applied stress, if the stored energy of the system is
insufficient to break the newly formed bonds 3. The breaking and formation of secondary
bonds and accompanied molecular configuration changes are thermodynamic processes. The
time required to attain a thermodynamic equilibrated state is one of the factors largely
influencing the resulted mechanical properties and the creep. If a metastable equilibrium
state is reached, permanent deformation will occur. Permanent deformations thereby are
caused by (1) viscous flow, (2) irreversible crystallization and (3) molecular chain rupture. The
term viscous flow is used to explain the stress response and as a consequence thereof,
permanent deformation in amorphous polymers when these polymers enter the glassy state.
In crystalline materials the flow or relative movement of entire molecules is prohibited by the
firmly formed network. Fibrils establish much stronger secondary bonds than amorphous
polymers and far more energy is necessary to induce a phase change enabling them to melt.
True viscous flow, therefore, is limited to amorphous polymers. In contrast to that, irreversible
crystallization is limited to cellulose. Induced crystallization requires a huge amount of energy,
as the growth of crystals demands a very high secondary bond density at the fibril surface.
Some researchers argue that shear forces at the interface between fibrils and amorphous
matrix might become sufficiently high in order to induce crystallization of the para-crystalline
cellulose located at the fibrils surface. But the evidence for this phenomenon is indirect and

inconclusive.

A typical phenomenon observed during creep experiments often wrongly referred to as
“increased crystallinity” is strain hardening. Although strain hardening is a phenomenon
simply described by a final configuration exhibiting a higher ordered configuration than the
initial one. Only amorphous regions are considered to contribute to strain hardening. This
could be explained as the amorphous, previously entangled polymers, tend to realign towards
the applied stress. After the stress has been released a highly oriented structure could be
achieved, yielding a different mechanical performance. Thus, strain hardening should not be
mistaken for real crystallization, which could only occur at the surface of the fibrils. A final

important response mechanism during creep is the rupture of primary valence bonds. Thereby
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premature material failure is induced, which is described by an accelerated strain towards the

end of the experiment.
Chapter 4.1: Accelerated or mechano-sorptive creep in wood

For hydrophilic polymers, such as present in pulp fibers, water adsorption additionally stresses
the material, often causing increased creep behavior. This accelerated creep should not be
mistaken for induced material failure and the breakage of primary valence bonds, as described
by the proper meaning of accelerated, tertiary creep. Another, more meaningful expression
therefore is mechano-sorptive creep (MSC), which describes the coupling between an
externally applied stress and stresses induced due to the sorption process. Surprisingly,
materials such as paper deform much more during moisture cycling than in their most
compliant state when exposed to a mechanically applied load, even in the humid state 8. The
proclivity of materials to perform MSC has unfortunate practical ramifications, as they fail
much sooner when stored in an inconstant environment. Obviously, it is necessary to
understand the causes of accelerated creep to profit from this phenomenon rather than to

suffer from its consequences.

Accelerated creep was first reported to occur in wood-based products in the early 1960s by
the pioneers Armstrong and Kingston °°. They have shown that cellulose-based materials
under load exhibit an extra compliance when alternatingly exposed to adsorption and
desorption processes. Contemporaneously, a similar observation was made on concrete, first
triggering the discussion of the mechanism behind such a phenomenon. It took ten more years
to initially demonstrate the occurrence of accelerated creep in paper-based products %
Afterwards, many researchers have contributed to the verification and the extent of
accelerated creep in paper-based products 09193 However, after nearly fifty years of trying

to understand and predict MSC, still no generally accepted mechanism explaining MSC exists.

In the early 1960s, accelerated creep was described to be an unknown consequence of stress
coupling between the moisture transport and the mechanically applied load. Accelerated
creep established a status of a totally new phenomenon requiring its own unique
explanation %4, In various ways, moisture diffusion was directly related to the decrease of the
mechanical compliance. This was explained by the moisture transport, causing additionally
existing bonds between constitutive polymers to brake, leading to an extra portion of creep.

In 1972, Amstrong was the first who studied creep on individual pulp fibers, namely hollow
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wood cylinders %1%, |n his work he was unable to demonstrate accelerated creep on single
fibers. He argued that accelerated creep is a consequence of an uneven stress distribution,
and as such does not occur on the single fiber-level when it is exposed to a constant moisture
gradient, e.g. a constant moisture gradient from the inside to the outside of a hollow cylinder.

Based on his results he claims that a link between moisture transport and compliance exists.

Led by Ranta Maunus in 1975, the next generation of researchers directly related accelerated
creep to the changing moisture content 1%, They claimed that accelerated creep is a function
of the time-rate of the changing moisture content °7.1% Hence, the creep is related to the
moisture increase, whether the material is instantaneously exposed to a changed
environmental humidity or whether the humidity was increased by a defined rate. In 1980,
Salmen et al. have revealed the moisture induced glass transition of amorphous cellulose at
room temperature and 11 to 13wt% present moisture 1%°. 10 years later, these results were
further used to define a completely new interpretation of accelerated creep by Padanyi in the

early 1990s.

Padanyi et al. have done some provocative and pioneering thinking regarding the influence of
the moisture history on the mechanical compliance of paper. He made a connection between
accelerated creep and physical aging, a phenomenon observed in the field of polymer
rheology. Back then, physical aging was observed when an amorphous polymer was cooled
from above to below its glass transition temperature. The consequence was a reduction of the
specific volume or enthalpy, and an apparent shift of the creep response to longer times. In
its proper meaning, physical aging of polymers was referred to the progression of polymers in
order to attain a thermodynamic equilibrium after it had been exposed to a temperature
below its glass transition. Above its glass transition temperature, an amorphous polymer in its
glassy state shows a high entropy, accompanied by considerable free volume and by
appreciable polymer backbone mobility. Such a condition is characterized by a high material
compliance. The transition from one physical state to another cannot be achieved
immediately and needs time to progress. When the temperature falls below the glass
transition temperature a part of the previously available free volume could be preserved,
leading to an increased free volume once the polymer again passes its glass transition
temperature. Thus, a thermodynamic phase change requires polymer backbone motion,

which requires available free volume. The increased polymer mobility at evaluated
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temperatures allows the rapid progression of the phase change. In contrast to this, decreasing
the temperature leads to the solidification of the polymers with considerably less backbone
mobility. Thereby the polymer continually loses some of its compliance. The rate of attaining
a new equilibrated state greatly depends on the availability of free volume, which is steadily
decreasing. Hence transition processes are self-retarding processes, as the free volume is
gradually occupied by the polymers passing their glass transition. The phase change from a
rubbery to a glassy state with the accompanied loss of compliance is called physical aging. It
differs from chemical aging, as its original compliance could be restored by exposing the
material again to temperatures above its glass transition. Padanyi’s provocative thinking was
based on the argument that moisture adsorption additionally impacts the available free
volume. He concludes that aging could be triggered by moisture changes as well as by
temperature changes, as previously seen in paper. The results reported by Salmen et al. were
further argued to be a consequence of the increased free volume, achieved as the material
was quickly passing from a high to a low moisture content. Thereby, the material very slowly
approaches a new thermodynamic equilibrium with increased free volume. Thus, the material
after desorption would be more compliant than it was initially and ages during the process of
slowly approaching a new thermodynamic equilibrium. To prove evidence, Padanyi performed
standard aging creep tests after dropping the moisture content instead of the temperature
and the experimental results were remarkably similar to standard aging curves. Therewith,

accelerated creep was proposed to be a manifestation of sorption-induced physical aging 1°.

Since then, several materials have shown to exhibit larger creep compliances under moisture
cycling conditions than under humid but stable conditions. Accelerated creep has been
reported in wood %, concrete 11, paper %8, polyurethane foams 2 and Kevlar-composites >°.
Still, some approaches have been made, trying to link the phenomenon to a paper specific,
fiber-level mechanism. Sorenmark and Feller, for instance, presented a “physico-mechanical”
model that employs moisture induced stress re-distribution inducing extra dislocations,
whereas Haslach proposed a long explanation including anisotropic swelling and the motion
at the interface between individual fibers &9, In addition, specific cell wall mechanisms were
sometimes proposed to be responsible for the putative sorption rate dependence of creep.
To verify whether accelerated creep in paper is based on individual fiber properties or whether
it originates from the fiber-network, it was necessary to test single pulp fibers rather than

paper. However, individual fibers were small, fragile and therefore unable to be observed in
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common testing devices. Individual fiber experiments, therefore, started in the late 1990s
accompanied with the development of self-made tensile testers. Since then, creep
experiments further prove the occurrence of accelerated creep in several polymeric fibers.
Besides Kevlar, accelerated creep was reported to occur in regenerated cellulose fibers, and
to a small extent, in nylon fibers 11°, Nature-based fibers such as pulp, however, have a far
more complex structure than single component polymeric fibers. Pulp fibers are composites
and characterized by a sophisticated hierarchical structure designed by nature. Sedlacheck
first performed creep experiments on individual pulp fibers and unfortunately was unable to
show accelerated creep 3. Whether accelerated creep occurs in pulp fibers obviously is
dependent on the experimental conditions. Haberger and Coffin argued that the moisture-
rate increase and the sorption time of the material are crucial parameters in order to observe
accelerated creep . In Sedlacheck’s experiments, the moisture-rate increase was at least as
large as the sorption time (pulp fibers adsorb moisture rapidly and the rate of moisture
increase to sorption time was estimated to be 15:1 seconds), and the cycle time was much
larger than the sorption time. According to Haberger et al., accelerated creep also demands
long sorption times and rapid changes in the ambient humidity in order to occur, as based on
the theory of moisture induced stress-gradients. Sedlacheck’s creep experiments with pulp
fibers therefore were argued to be on the verge of showing accelerated creep. Recently in
2014, Salmén et al. were able to prove the occurrence of accelerated creep in pulp fibers,
which led to the acceptance that accelerated creep in paper is rather a phenomenon based
on individual fiber properties than on the fiber network formation 7. For nature-based fibers
accelerated creep was reported to occur in ramie and in wood fibers 119, Still physical aging
and moisture induced stress gradients are largely discussed to be responsible for accelerated
creep. But all above mentioned hypotheses are plausible and each mechanism may contribute
to the mechano-sorptive creep to some extent. Making this topic even more complex, recently
accelerated creep was observed in nanocellulose thin films and aerogels. Nanocellulose thin
films consist of mainly crystalline regions and the film thickness of a few um does not allow
the development of large moisture induced stress-gradients. The results provided by
Lindstrom et al., however, revealed that accelerated creep occurs to a similar extent in both,
thin films and aerogels 3114, This is surprising as aerogels have a far higher porosity than
nano-cellulose thin films. These results further suggest that none of the aforementioned

mechanisms alone is responsible for the observation of accelerated creep. The effect of
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physical aging and accompanied induced glass transitions should be much more pronounced
in aerogels than in highly crystalline cellulose thin films. In addition, the through-thickness
stress gradient plausibly established during humidity changes is diminishingly small in thin
films. Therefore, none of the aforementioned theories has become generally accepted as the
primary mechanism for mechano-sorptive creep and once again accelerated creep or

mechano-sorptive creep has the attention of the researchers all over the world.
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Chapter 5: Method and experimental design

The mechanical performance of paper in terms of tensile strength and elastic modulus is
known to be highly affected by the moisture content of the fiber network 19115, Paper is a
viscoelastic material which exhibits a distinctive creep behavior 116121, The pulp fibers forming
the network in paper-based materials are also known to show viscoelastic response.
Quantification of the creep-rate of pulp fibers therefore is of high importance to be able to
predict long-term creep behavior of paper. Recently, the creep behavior of individual pulp
fibers has been studied by Salmén et al.”8. Also for other plant fibers the creep behavior has
been evaluated ?2712°, As pulp fibers are derived from wood, their creep deformation is
related to the one of wood, which has been researched extensively >866130-138 The creep in
pulp fibers results from a combination of differently induced stresses such as mechanical
stress combined with temperature and moisture gradients. Accordingly, the mechanical
properties differ with respect to the ambient environment and the amount of moisture
adsorbed by the cell wall. Increase in temperature or moisture content of the fibers increases
the creep of the material 3°. Indeed, the creep intensity of paper is enhanced when it is
exposed to varying relative humidity, e.g. adsorption and desorption cycles. This coupling
between varying moisture content and load-induced creep-deformation is referred to as
mechano-sorptive creep or accelerated creep °. A widely accepted explanation for
accelerated creep has been given by Habeger and Coffin who concluded that accelerated
creep was driven by the non-uniform moisture uptake of the individual fiber. Thereby, locally
induced stress-gradients during the process of swelling increase the creep intensity 0. As
stress migration on the molecular level, in particular the mechanism of cell-wall creep, has
been a topic of research for decades, several proposed mechanisms exist trying to manifest
the underlying phenomenon behind creep. But besides significant progress, the creep of wood
fibers under moisture influence still is not yet fully understood 133141142 The extraction of
reliable data and their comparison aggravates in many cases, due to differences in sample
treatment prior to testing, the testing device itself and the coupling effects between varied
ambient humidity and the mechanically applied load %2137, Mechano-sorptive creep in
wood 107,132,133,135137,141 5nd in cellulose related fibers 78110143 has been studied extensively,
as it correlates with the long-term creep behavior. To the author’s knowledge, no literature is
available emphasizing the creep of single fibers exclusively under steady-state moisture

influence. The first section of this thesis will therefore examine the influence of relative
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humidity (RH) on the sorption-induced creep of pulp fibers at three different moisture levels:

25%, 50% and 80% RH. After knowing the sorption induced creep at constant ambient

conditions, pulp-fibers were exposed to a cycling ambient humidity between 50% and 80% RH

in order to investigate mechano-sorptive creep. The second part of this thesis treats the creep

of dry pulp fibers. The experimental design specifically addresses the following influencing

factors, relevant for the creep-behavior of pulp-fibers under moisture influence:

1.

2.

Dynamic vapor sorption (DVS) measurements were performed in order to estimate the
present moisture content at given relative humidity.

The fiber specimen in the present study, monitored under the influence of moisture
were exclusively stressed by the applied pre-load of 1ImN and the increasing ambient
humidity. All experiments were started from a dry fiber-state. Accordingly, the strain-
rate in tensile direction of individual pulp-fibers during swelling was obtained. This is
in contrast to traditional creep experiments, which require the application of a
mechanically applied load before determining the creep-rate. It is well known that
polymers under strain can increase their orientation in direction of the applied stress
which alters the mechanical properties. In order to separate the effect of the
mechanically applied load from the applied stress due to moisture sorption on the
deformation behavior of pulp fibers, no further external load was applied before
determining the strain-rate at each moisture-level.

The creep experiments were performed on the single fiber-level. The stress applied by
the pre-load used to keep the fiber in tensile direction was obtained by evaluating the
cross-sectional area of each previously tested fiber. The influence of the applied pre-
load on the obtained creep rate was further examined. Commonly, the material stress
is calculated by direct or indirect measurement of the mean fiber cross-sectional area.
It is, however, well known that the true cross-sectional area of pulp fibers differs to a
huge extent, according to the site of harvest and the natural variation of the fibers
within the trees. In order to know the stress applied on the individual fibers it is
therefore necessary to evaluate the actual cross-sectional area of the previously tested

fibers.
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Chapter 5.1: Fiber preparation

Fiber sample preparation followed the procedure according to Jajcinovic et al 14414>, A water-
suspension containing 0.01wt% of soft-wood pulp was prepared. One droplet of the
suspension was placed between two Teflon-foils and subsequently dried in a Rapid-Kéthen
sheet former for 1 h at 94 + 2°C. The dried fibers were carefully chosen (fibers with kinks and
bends were sorted out) and glued to a custom designed acrylate-based sample holder with
solvent free 2-component epoxy resin 144 14> After gluing the individual fiber onto the sample
holder, the bridges were afterwards molten through, figure 16. After separating the upper
from the lower part of the sample holder, the sample holder is only connected by the fiber,
figure 16 (a) and (b). As the sample holder is several orders of magnitude stiffer than the
mounted fibers the forces and displacements recorded in the dynamic mechanical analyzer
(DMA) originated from the fiber in the free span. The tested fibers were named after the
source of the wood and chronologically ordered. SP is the abbreviation for spruce, and the
following number shows the consecutive sample number. At that point, it is worthwhile to
mention, that during the experiment not a single fiber broke before it was demounted from
the DMA afterwards. Fiber fraction during demounting from the testing device occurs
primarily in the middle of the fiber-length. Nevertheless, some fibers broke at the site of
fixation and were further excluded from the evaluation. Tensile experiments involving the use
of resins to glue the fiber on sample-holders should be carefully evaluated in order to identify
any contribution of the resin to the tensile strain measured from the fiber. Therefore, left fiber
samples, which were not further subjected to the microtome addressing those fibers which
break on the side of fixation, were additionally examined, employing scanning electron
microscopy (SEM). SEM images indicated the influence of the resin. Hereby it was observed
that approximately 10% of the fiber-surface might have been covered with resin. Still, epoxy
resins are frequently used to apply single fibers to sample holders though it could affect the

tensile strain.
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Chapter 5.2: Evaluation of true fiber cross-sectional area and true stress

Following the creep measurement, each fiber tested in the DMA was embedded in resin, cut
in @ microtome and the fiber’s cross-sectional area was imaged using light microscopy. The
effective fiber cross-section was then analyzed from three different images obtained from the
same fiber. The outlines of the fiber cross section, shown in figure 16 (d), were drawn manually
and the cross-sectional area was calculated using a MATLAB routine. The effective cross-
sectional area was used to calculate the true stress applied for each fiber during
measurement. A detailed description of the embedding, cutting and imaging procedure is

given in 146,

part1

’ I

) S e
(a) (b) |

Fig. 16 (a) Sample holder (b) Sample holder with molten bridges (c) sample installation in the DMA testing device (d) Fiber
cross-section as obtained from the microtome.
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Chapter 5.3: Dynamic vapor sorption (DVS)

DVS measurements were performed using a dynamic vapor sorption instrument (DVS Intrinsic,
Surface Measurement Systems, Alperton-London, UK). The sorption kinetics were evaluated
at three different moisture levels to obtain an estimated moisture content present in the cell

wall at specific ambient humidity under isothermal conditions.
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Fig. 17 Evaluation of the equilibration time (a) measurement method (b) equilibration time with respect to the % of moisture
content obtained after 210 min.

For the estimation of the MC at each humidity-level, the relative humidity (RH) was cycled
between 0% and 30%, 50% or 80 %, and back to 0% RH, figure 17 (a). The resulting changes in
sample mass were recorded with the DVS at constant 25°C for 12 hours. The deviation from
constant mass after 200 minutes is below 0,002% for pulp at 80% RH (black line in figure
17 (b)) and below 0,0002% for pulp at 30% and 50% RH (red and blue lines in figure 3(b)). The
amount of absorbed water is 9,7wt% at 80% RH, 6,9wt% and 4,7wt% at 50% and 30% RH,
respectively. It is important to note, that an accurate sorption-kinetic could not be calculated
from the DVS-measurement, as depicted. The sorption-kinetics are influenced by the rate of
humidity increase, whereas the DVS uses a defined volume of either dry gas (nitrogen) or gas
loaded with a defined amount of water. This mixture is further instantaneously supplied to
the measurement chamber, as soon as the experiment starts. As pulp fibers are known to
adsorb water from the environment very quickly, the sorption rate during the first five minutes
of continuous exposure to moisture was obtained. After the first five minutes, the sorption-

rate drops below E-3.
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Chapter: 5.4 DMA measurements

All experiments were performed using a Dynamic Mechanical Analyzer (DMA, Q800 purchased
from TA Instruments), in controlled force mode. The instrument provides control of force,
temperature and the ambient humidity. Typical operating ranges of 0-90% RH are possible,
whereas at very high or very low adjusted humidity the maximum deviation is defined with
+ 1%pt. The driving shaft is decoupled from friction and the displacement is detected by an
optical encoder showing a resolution of 1 mN. All other results were calculated from the

recorded displacement and the applied force, using the following equations:

Strain [€] €=

where [ is the applied gauche length and Al is the changing length after load application.
Recovery Strain [€] e=¢g.—&(t)
where ¢, is the strain during load application (creep strain) and &, is the strain after load

release (recovery strain).

Stress [o] o= %

where F is the applied force and A is the true cross-sectional area.

. . . _ Ae

Strain Rate [£] €=

where Ac¢ is the changing strain during the time interval At.

Creep Compliance [/] J= ?

where ¢ (t) is the changing strain and ¢ is the applied stress.

Relaxation Modulus [G] G = —
J(®)

where J(t) is the creep compliance.

The instantaneous and delayed modulus were obtained from the highest and the lowest value

of the relaxation modulus during stress exposure.
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Chapter 6: Sorption induced creep

The mechanical performance of paper in terms of tensile strength and elastic modulus is
known to be highly affected by the moisture content of the fiber network 19115 As a
viscoelastic material, paper exhibits a distinctive creep behavior and single pulp fibers, which
paper consists of, essentially contribute to this long-term creep behavior 116121, Mechanical
analysis under defined ambient conditions of wood-based materials are very often performed
on the sheet level of either paper- or wood-slices. The small length and only a few um in
diameter make fiber handling and application to testing devices difficult. As the time- and
moisture-dependent creep of individual pulp fibers is characterized by complex physical and
chemical processes, several parameters significantly influence the results of mechanical
analysis, such as the true cross-sectional area, applied ambient conditions and the fiber
history, e.g. degree of processing and storage conditions. In addition, water accessibility in
pulp fibers is highly dependent on their hierarchical structure, composition and porosity. A
major problem when it comes to the simulation of the time- and load-dependent
deformations of wood-based materials is the moisture content of the individual fibers. An
increased moisture content induces a shift of the composites glass-transition (Tg) towards
lower temperatures, known to highly influence the mechanical fiber properties. Several
authors, therefore, have examined the influence of hemicellulose on the creep behavior of

plant-based materials.

Whereas the mechanical properties under continuously increasing loads are fairly well known,
little has been reviewed on the topic of moisture-induced creep. The reason behind the lack
of knowledge of moisture-induced creep is a phenomenon called mechano-sorptive creep
(MSC). During the observation of MSC, specimens are alternatingly exposed to adsorption and
desorption processes, while they are stressed by a mechanically applied load. Necessarily,
stress-coupling related to both, the moisture uptake and the applied tensile stress, occurs
within the material. The phenomenon of MSC was observed in several wood- and paper-based
materials, on the individual fiber level, however, results are highly contradictive. In addition,
the generalizability of much published research on this issue is problematic because
experimental conditions, sample preparations and pretreatment (often not even mentioned)
differ to a huge extent from experiment to experiment. Hence, there exists a large variety of

approaches to simulate and to describe the mechanism governing viscoelastic properties of
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wood-based materials, but no mechanism is known by the author, which entirely captures the
mentioned phenomena. It is further doubtful that a single mechanism exists describing MSC

of pulp fibers. The present chapter treats the moisture-induced creep.

The lack of knowledge is further aggravated by the rather unknown dry fiber properties, when
moisture is absent from the cell wall. Only a few studies, for instance have investigated the
creep of a dry pulp fiber. Although, in order to understand the moisture induced creep, the
knowledge behind dry fiber creep is inevitably necessary for a deeper understanding. Little
has also been reviewed on the topic of defects influencing the mechanical performance of
pulp fibers. During wood processing a variety of defects are induced and processing conditions
can even dissolve constitutive polymers from the fiber cell wall. In addition, water accessibility
to the fiber cell wall is known to significantly increase after processing. Thus, these defects
may influence the mechanical performance of pulp fibers to a huge extent. Chapter 7 treats

dry fiber creep.

However, most simulations are based on the results generated from wood-fibers separated
by hand and the experimental data are rather controversial, as there is no general agreement
about the mechanism beyond sorption-induced creep ?2. This clearly indicates the need to
generate reliable results for pulp fibers and to further investigate the physical and chemical
mechanism beyond the long-term creep behavior of these fibers. Therefore, the major
objectives of this study were to investigate an experimental design which enables the use of
the results in simulations and the deeper understanding of the interaction between water and

pulp fibers.
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To date various methods have been developed and introduced to measure the mechanical
behavior of pulp fibers. Traditionally, the stress response of pulp fibers has been assessed by
continuously increasing the fiber strain. In the simplest way, the fiber behavior during drying
can be visualized by measuring the strain of a fixed fiber as the ambient RH decreases. In order
to shrink, the fiber has to compensate the constantly applied stress, until a negative strain can
be detected. One advantage of such a measurement method is that the fiber drying can be
studied in-situ. Therefore, the fibers were previously fixed onto a sample-holder according to
the procedure of Hirn et al. and stored at 25°C and 25% RH. The measurement method, as
explained, was used here to study 12 individual pulp fibers during 8 hours of drying at 25°C,
figure 18. Thereby, the fibers were kept in position by the applied tensile load (=preload) of
1 mN throughout the experiment and the displacement was recorded, figure 18 (a). From each
fiber previously tested the cross-sectional area was obtained from microtome slices. A preload
of 1 mN corresponds to a stress of about 522 MPa, according to a cross-sectional area of about
235+73 um?. The evaluation of the resulting strain trajectory during drying was performed by
using a logarithmic time-scale. The longitudinal shrinkage of pulp fibers non-linearly proceeds
with time and is further separated into three parts, figure 18 (b). Part | and lll are characterized
by a linear decrease of the strain with the logarithmically scaled time, illustrated in red and
blue, respectively. Part Il, illustrated in black, is characterized by a non-linear strain decrease,

indicating a change in the porous structure.
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Fig. 18 (a) Measurement schedule for load (black) relative humidity (blue) and strain evaluation (red) (b) average resulting
strain obtained from 12 individual pulp fibers during drying.

As the surface is the first area in contact with the dry environment the first linear segment

(red) illustrates water removal from the surface, which is quickly achieved after 1,2 seconds
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(-1,5 LOGmin). The second segment (black) after the first yield-point is characterized by the
induced pore collapsing and successive water desorption, which dominates the strain for
further 75 minutes (1,9 LOGmin). Afterwards the inclination [de/dt] significantly changes,
initiating the third strain segment, characterized by a linear decrease of the strain over 400
minutes (2,8 LOGmin). The strain-rate [de/dt] for pulp fibers is further obtained from Part Il of
the strain-curve by linear regression after 200 minutes (2,3 LOGmin) of exposure to dry

nitrogen, figure 19 (range of linear regression is indicated by a grey dotted line).
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Fig. 19 In-situ drying strain of 12 individual fibers during 8 hours of exposure to dry nitrogen at 25°C.

The fiber cell wall starts to collapse immediately after the surface has been dried. The
transition from surface drying to pore collapsing is characterized by a change of the drying
strain from a rather restricted shrinkage behavior (Part Il -1,0 LOGmin) to a progressive,
accelerated one (Part Il 1,0 LOGnmin). Clearly, this region of transition is described by the
decreased amount and size of the present pores and voids. In addition, the tensile shrinking
of the fiber increases as the moisture content decreases, which is in agreement with previous
studies 147, As drying proceeds, the strain continuously develops, seemingly initiating further

accelerated pore collapsing.
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Fig. 20 In-situ drying strain of 12 individual fibers classified according to the obtained strain-rate (a) equilibrium strain (b)
dry pulp-fibers that have obtained a low strain rate and (c) dry pulp-fibers that have obtained a high strain rate.

The average strain-rate of 12 individual pulp fibers after 8 hours of exposure to dry nitrogen
at 25°Cis-0,8 + 0,4 %&/LOGnmin, but it differs to a high extent from sample to sample, figure 20.
An equilibrium state is observed for a single fiber sample, namely SP9, whereas all other

samples still show a persistent and progressive shrinking at very low moisture content, table 1.
Tab. 1 Strain-rates of 12 individual pulp fibers in the dry state with an applied pre-load of 1 mN.
de/dt %/LOGmin ~ %/LOGmin ~ %/LOGmin ~ %/LOGmin ~ %/LOGmin ~ %/LOGnmin
Equilibrium -0,03_SP9 -- -- -- -- --
Low -0,8_sp3  -0,3_Sp11 -0,3_SP12 -0,3_SP13 -0,5_SP14 -0,8_SP15

High -1,1_SP4  -1,2.SP5 -1,0 SP17 -1,0_SP19 -1,2_SP20 -

As estimated from the DVS-measurements the moisture content insignificantly changes by
0,002% after 60 minutes of exposure to dry nitrogen (1,75 LOGmin), while the cell wall collapses
with decreasing moisture content. The results therefore suggest, that the fiber has reached
its maximum dry state according to the applied drying treatment. The pulp fibers’ drying strain

after 75 minutes of exposure to a dry environment linearly proceeds with the logarithmically
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scaled time, indicating exponentially decreasing sorption kinetics. Obviously, the last drying
segment has the highest impact on the overall deformation pattern and continuously
develops, which might be an important information for ongoing research simulating the pulp
fiber long-term creep behavior. The results further prove evidence that the fiber after drying
for 8 hours in dry nitrogen at 25°C still has not reached a thermodynamically equilibrated
state. Consequently, DVS-measurements are not appropriate to predict the time necessary to
achieve a thermodynamic equilibrium. This is explained by a structural reorganization on the
molecular level, which can still proceed even after long-time stress exposure, and may
additionally release some strongly bound water. Besides the willingness of the fiber to achieve
a thermodynamic equilibrium, the viscoelastic nature of pulp fibers is based on intense Van-
der-Walls interactions (VdW-forces) between constitutive polymers. VdW-forces further
strongly depend on the distance between the constitutive polymers. As the fiber contracts,
the distance between the constitutive polymers decreases and attraction and/or repulsion
increases. The increased attraction between constitutive polymers might enable the
supramolecular structure to highly densify as the distance between constitutive polymers
decreases. Modelling studies have shown that hydrogen bonds and van der Waals interactions
dominate the strain energy. Thereby, they are controlling most of the deformation upon
loading and unloading of amorphous polymers 707879, Contrary to the amorphous matrix,
which rather randomly collapses, the crystalline parts do not alter due to drying, as the interior
of a fibril is not accessible to water. There is further evidence that the microfibrils as a whole
experience a change in dimensions 477150, As mentioned in the literature review, by applying
FTIR spectroscopy it was shown that cellulose elastically deforms at the side of the C-O-C
bridge, which connects the adjacent glucose-rings °. Within the past ten years, XRD-
measurements have favorably been used to describe the crystalline lattice of the cellulose
microfibrils 6871,84147,148,151-155 Erom the obtained diffraction pattern one can determine the
length and the width of a single cellulose crystal-unit described by the d. and doos lattice
distance, respectively 1>2. The findings confirmed a dimensional change of the microfibrils
when they were stressed. After drying of wood-based samples, an expansion of the
microfibrils in direction of the MFA was reported, although on the macroscopic scale, the fiber
length decreased '*#’. When dry wood samples are further strained, the fibril width was
reported to additionally decrease, which was shown to correlate with the applied strain. Peura

et al. showed for dried wood fibers of small MFA, that the doos lattice space continuously
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decreased with increasing strain 24, although a change of the MFA was not observed. This
indicates that the cellulose microfibril elongates in the direction parallel to the cellulose
chains, whereas the distance between the hydrogen bonded sheets of cellulose chains
decreases. Similar results were obtained by Hill et al., who studied the MFA of wood tissues
during drying 7*. Both authors reported that the observed dimensional changes of the fibrils
were partly reversible, when either the strain was released, or the fibers were rewetted. In
addition to that, Hill et al. found a decrease of the monoclinic angle of a single cellulose unit-
cell when the MFA was obtained from an un-strained specimen during drying. The expansion
of the cellulose fibrils was attributed to the collapsing matrix during drying, inducing a
transversal stress onto the fibrils, forcing them to elongate and further reduce the distance
between single cellulose chains. More recently, Lube et al. found that the initial MFA of wood
specimen significantly decreases after drying at evaluated temperatures to a target moisture
content of 15wt% and 8wt% 1°°. The observed increase of the MFA was even more
pronounced the more the moisture content was decreasing. Abe and Yamamoto observed the
MFA of wood specimen after drying to a certain moisture content below 25%, where the
specimens were previously dried at different relative humidity and at 20°C. The weight and
length of each specimen was further found to correlate with the changing MFA, with the
moisture content and with the shrinking behavior. Similar to the observed shape of the drying
strain in the current study, Abe and Yamamoto observed a nonlinear relation between the
longitudinal shrinkage of the wood specimen and the moisture content. The degree of
nonlinearity was further reported to increase as the initial sample MFA decreases. More
captivatingly, the deviation from linearity increased as the moisture content dropped below
10% 147148 These findings further support the idea that differences in the obtained drying
strains in the current study can be attributed to the pulp fibers’ initial MFA. In agreement, the
current study confirms accelerated longitudinal shrinkage at a moisture content below 10%.
The accelerated shrinkage might be explained by the VdW-attraction forces between the
constitutive polymers, which considerably increase as the moisture content decreases and the
fiber shrinks. However, the phenomenon described by following the lattice space of the fibrils
during drying, clearly captures the fibers’ willingness to rotate or twist. This would cause an
increased elongation of the cellulose chains accompanied by a decreased distance between
the hydrogen-bonded microfibrils. Mentionable, the fiber samples in the current study were

previously glued onto a sample-holder, and the single cell wall is only minorly allowed to twist.
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In wood tissues the cell walls are parallelly aligned and glued together by lignin, so that
rotation of the single cell wall should be allowed up to a comparable, small extent. For that
reason, the mechanical behavior of a single cell wall and the behavior of thin wood tissues are
often reported as being essentially the same, or at least similar to each other 8. Besides the
initial MFA, torsion of the pulp fibers additionally might play a huge role during drying and
swelling and might even enable the fiber to reversibly decrease its MFA as the pore volume
collapses. In summary, it is suggested that the observed shrinking behavior of pulp and wood
is characterized by an initial expansion of the fibrils in direction of the MFA, as the matrix starts
to collapse. Once a certain low moisture content is reached, the elongated microfibrils start
to linearly shrink in tensile direction, decreasing the fibril width when they are strained.
Accordingly, the drying stress might be explained by an elastically elongated and densified
microfibril which, in order to release the stress, tends to elastically deform back to its initial

dimensions once the fiber is rewetted.

However, once a dry fiber is remoisturized swelling stresses occur, which are described by the
debonding and separation of the solid polymers due to the adsorbed water. The water forces
constitutive polymers apart, thereby generating free volume. Thus, in the wet state cellulose
fibers, be they native or processed, have a porous structure 6, According to the applied
humidity change, sorption does not necessarily occur uniformly. As a consequence, induced
moisture- and stress-gradients were previously suggested to produce unpredictable creep
behavior 3. In addition, the mobility of polymers and, more precisely, the relaxation behavior
is triggered by the moisture uptake and defined by their physical state, whether they are solid
or in a more viscous state. In contrast to the dry state, relaxation of wetted polymers is
enhanced, leading to the well-known plasticizing effect of water on hydrophilic materials 1.
When moisture desorbs, amorphous polymers enter the glassy state. Thereby an amount of
free volume apparently is “frozen” and further re-accessible once the fiber is remoisturized >2.
Therefore, the total volume of swollen glassy polymers is less than the total volume of glassy
polymers and swelling agents >>1>7. Hence, the free volume is locked in a local thermodynamic
equilibrium and is not necessarily equal to the global thermodynamic equilibrium. Thus,
excess free volume might occur once the fiber is remoisturized and accordingly, one
memorized thermodynamically stable state is approached again by relaxation. The mechanical
behavior under the influence of moisture therefore is much more complex than that of dry

polymers. The creep of wood-based materials exhibits a phenomenon called mechano-
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sorption, which is a collective term describing accelerated deformation under an applied load
once the specimen is exposed to cyclically changing humidity of the ambient atmosphere. In
comparison to the achieved deformation under a constant high ambient humidity, the average
creep rate under cyclic conditions is significantly higher 14°. Mechano-sorptive creep (MSC)
was first observed in the late 1950s and further found to occur in many wood- and paper-
based materials >118121, Besides, mechano-sorption was also observed in other hydrophilic
polymers, whether they were nature-based or synthetically spun, suggesting that mechnano-
sorption is induced by physical aging. Indeed, MSC was also reported to occur in single pulp
fibers . But the topic is highly contentious and results exist in contradiction to the observed
MSC in pulp fibers 3110, Accordingly, no widely accepted explanation for accelerated creep in
wood exists. In general, MSC in cellulose-based materials has been related to either moisture-
induced physical aging of glassy materials or macroscopic moisture gradients accompanied by
enhanced stresses 3. The induced stress is further discussed to affect the supramolecular
structure, such as changes in the fibril structure 1*3. However, the phenomenon of moisture
induced creep critically affects the use of wood in composite materials, and thus deserves to
be studied in more detail. Following the proper meaning of the word creep the observed
specimen has to be instantaneously stressed by a mechanically applied load. Up to now,
moisture induced creep has only been studied under mechanically applied stresses. In
addition, the macroscopic swelling of individual wood fibers due to sorption has only been
approached by comparing fiber dimensions before and after moisture uptake 8. So far, no
study exists describing the in-situ deformation of pulp fibers during continuously increasing
(swelling) and under constant ambient humidity (creep) without additionally stressing the
specimen with a mechanically applied load. A change of the initial MFA was usually related to
the mechanical application of a certain tensile stress, although it is yet unknown to which
extent water influences the fibril structure. In order to prevent stress-coupling between
mechanically applied loads and sorption-induced stresses, pulp fibers were only subjected to
an applied pre-load of 1 mN and further exposed to dry environmental conditions. After drying
the specimen for eight hours, the fibers were subsequently remoisturized at three different
moisture levels and the deformation rate was obtained at constant ambient humidity. The
resulting strain curves were separated into three parts, namely (1) surface adsorption, (2)
swelling and (3) creep, figure 21. Surface adsorption and swelling were induced by the

continuously increasing humidity, whereas creep was obtained under constant ambient
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humidity. The deformation rate was calculated during swelling (referred to as swelling-rate),
immediately after the RH had been kept constant (referred to as minimum strain-rate) and
during creep (referred to as maximum strain-rate). After the experiment the true cross-
sectional area was obtained from microtome slices of each previously tested fiber and the
applied stress induced by the required pre-load was calculated. By increasing the ambient
humidity with a defined rate of 2% per minute, non-uniform moisture uptake resulting in

concentration- and stress- gradients was minimized 43,
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Fig. 21 Evaluation of the average in-situ strain of 12 individual fibers at three different moisture levels (a) Interpretation (b)
in-situ strain at 25% RH (c) in-situ strain at 50% RH (d) in-situ strain at 80% RH.

The results show that during RH change the strain increases faster than during constant RH,
which is related to the spontaneous moisture uptake during swelling. Thus, the water uptake
proceeds slower at lower moisture content and further accelerates with increasing moisture
content. This is in agreement with the observed sorption behavior of fibrous, hydrophilic
polymers, which were reported to follow at least two stages of sorption '*°. Thereby, the
sorption kinetics of cellulose-based fibers, be they natural 7#7> or regenerated, 199161 have

been satisfactorily described by the parallel exponential kinetic model (PEK). The PEK-model
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describes two stages of adsorption of different speed both following an exponential growth.
The slow process is further associated with the initial moisture uptake, referred to as mono-
layer adsorption, whereas the fast process is related to poly-layer adsorption, describing the
mobile water phase. A differentiation between these two processes is necessary as water
molecules bound to constitutive polymers experience much stronger cohesive forces than
single water molecules within the poly-water layers 162, Mono-layer adsorption therefore is
directly associated with the binding capacity of the constitutive polymers. Notably, these
processes could also occur simultaneously once the RH changes instantaneously. Accordingly,
the rather slow increase of the strain during the initial RH increase might be attributed to the
reopening of the internal porous structure due to mono-layer adsorption. After the yield
point, the previously closed pores seem to be sufficiently reopened to allow poly-layer
adsorption, leading to a linearly increasing strain with the logarithmically scaled time,
figure 22 (a) (range of linearly increasing strain is separated by the black dotted line). Thus,
poly-layer adsorption is induced after approximately 10 minutes of RH-increase with 2%/min.
The linearly increasing strain until constant ambient conditions thereby indicates an
exponential growth of the tensile deformation during RH change. To achieve a constant
humidity of 25% and 50% RH, 12,5 minutes corresponding to 1,1 LOGmi, are necessary,
whereas 15 minutes corresponding to 1,2 LOGnin are necessary to increase humidity from
50% RH to 80% RH. The linearly increasing strain with the logarithmically scaled time clearly

indicates exponential growth.
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Fig. 22 (a) Swelling during RH increase to three different moisture levels (accelerated creep indicated by a grey dotted line)
(b) Evaluation of the swelling strain-rate at three different moisture levels, obtained in the region of linear strain-increase.
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The average swelling strain-rate, obtained within the linear regime increases from
1 %g/LOGmin to 1,2 %&/LOGmin and even up to 5,1 %&/LOGmin, when the humidity is
increased from 0% to 25%, to 50% and from 50% to 80%. The fitting of the data with various
mathematical growth functions further reveals that the swelling strain-rate follows a second
order polynomial growth with the increased moisture-level, figure 22 (b). This result suggests
that it is possible to separate the observed two sorption-processes by increasing the ambient
humidity by a defined and slow rate. With a moisture-rate of 2% per minute, the system
obviously has sufficient time to adequately respond to the changed environment, resulting in
a polynomial increase of the swelling strain when the ambient humidity is doubled. But in
order to evaluate which growth function could be applied for the sorption behavior of pulp
fibers at different moisture levels, additional experiments should be carried out. However,
when a previously dried pulp fiber is re-wetted, water molecules first adsorb at available
sorption sites on the inner and outer surface of the cell wall. Thereby they occupy space
between constitutive polymers in the matrix and at the surface of the fibrils, which leads to
an opening of the transient microcapillary network 33, Since there are about three sorption
sites per glucose unit in wood polymers, one water molecule per glucose unit corresponds to
around 0,33 H,O0 per sorption site (= 1 water molecule per glucose unit), not counting the
unavailable hydroxyl groups within the microfibril 2°. It was shown that 0,33 H,0 per sorption
site roughly correspond to 5-6wt% moisture, which represents the amount of moisture
absorbed by the cell wall at 25% RH, as estimated from DVS measurements 2>42, Accordingly,
up to 25% RH only strongly bound water, experiencing the attraction forces of the constitutive

polymers, is adsorbed by the cell wall.

Moisture induced fiber creep is often referred to as the interaction of single water molecules
with the surrounding matrix when hydrogen-bonds break, move and re-form. As the sorption
enthalpy decreases at higher moisture content, water is expected to be highly mobile, thereby
facilitating stress migration °. Thus, water can more easily migrate to those sorption sites
exhibiting a smaller energy barrier to overcome, thereby enabling the systems’ entropy to
decrease. During transition from an increasing ambient humidity to a constant one, both
mechanisms, elastic- and creep- compliance, simultaneously contribute to the stress
relaxation. Whereas during swelling the elastic fiber-compliance is expected to be dominated
by the volume expansion, the creep-compliance is mostly dominated by the water-

migration °. The transition from the instantaneous fiber response, referred to as swelling, to
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the delayed fiber response, referred to as creep, seemingly expands at higher humidity,
figure 23. Accordingly, the contribution of the delayed creep- compliance increases at higher

moisture levels.
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Fig. 23 Transition zone between RH increase and constant RH at three different moisture levels (constant conditions are indicated
by a grey dotted line).

It is generally accepted that a mechanically applied load stresses the load-bearing fibrils more
than the amorphous matrix, and stress relaxation is performed by the controlled lengthening
and/or rotation of covalent (backbone-relaxation) and hydrogen bonds (side-chain relaxation)
inside the fibrils, which could be described by polymer-vibration ?2. Thereby the polymers have
to be able to transmit the stress towards and through the amorphous matrix. However, a
significant portion of stress is also put on the fibrils by the matrix during swelling, as the cell
volume increases. Thereby, the fibrils are not able to fully release the stress by backbone-
relaxation and VdW-interaction seemingly have a growing effect on stress-migration when the
moisture content increases. This is further shown as the creep-strain at each moisture level
accelerates after one hour (=1,75 LOGmin) of exposure to constant RH and non-linearly
proceeds with the logarithmically scaled time. The divergence from a linear relationship of the
creep is rather small at 25% RH, but it increases with the moisture level and becomes highly
pronounced at 80% RH. Thus, the first stage adsorption related to the adsorption of strongly
bound water appears to be almost independent of the overall sorption history, as the creep-
strain rather linearly increases at constant 25% RH. At higher humidity levels the creep-strain

largely deviates from linear growth, figure 24 (a).
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Evaluation of the minimum and maximum strain-rate, obtained instantaneously after the RH was kept constant and during
the last 20 minutes of exposure to constant RH.

Consequently, up to 25% constant ambient humidity water molecules directly bond to the
constitutive polymers and might lead to additional cross-linking of the fibrils with the
surrounding matrix, thereby forming a hydrogen-bond network. Besides, the swelling strain-
rate during sorption up to 25% RH is similar to that of the long-term creep strain-rate under

constant conditions (1,0 vs. 0,8 %/LOGmin).

A continuously developing, load-induced creep-strain above 25% RH has also been observed
by other researchers, and discussed as the influence from the sorption history 3°. Creep
experiments of wood-based materials at an ambient humidity below 30% RH have not been
reported in literature. In the present experiment the fibers were previously dried under
tension before rewetting. Thereby the fibrils were found to partly increase their length and to
decrease their width. Accordingly, upon rewetting, the fibrils are expected to elastically
deform back into a more extended cross-section, but shortened length. A decrease in fibril
length and an increase of the fibril width upon rewetting was also shown to occur in cellulose
thin-films?83, In the present experiment, this process might be responsible for the initially
observed slower creep strain, as soon as the RH was kept constant. Thus, the pulp fibers did
obviously not reach a thermodynamic equilibrium, as polymer relaxation still proceeds after
the main water uptake was accomplished. Consequently, when a dry wood-based fiber is
exposed to changing ambient humidity, its attainment of constant moisture content, as for
instance obtained with DVS-measurements, does not necessarily mean that complete

equilibrium has been reached. Obviously, significant relaxation processes (and perhaps barely
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detectable moisture- and pressure-gradients) continue for a long period of time, thus having
profound effects on the fibers’ subsequent behavior. Hence, it is necessary to additionally
introduce substrate deformation, e.g. relaxation induced by swelling, as being a rate-limiting
process during sorption 663164 Sybstrate deformation could originate from a decrease of the
initial MFA, additionally generating free volume between the fibrils and the amorphous
matrix, allowing more moisture to be adsorbed. The enhanced moisture content further
induces an increased shear stress at the fibril surface. In order to withstand these shear
stresses, the fibrils might adapt their fibril structure towards the fiber axis, thereby increasing
the overall fiber stiffness. It is generally accepted that water preferably adsorbs within the
amorphous matrix, thereby significantly increasing polymer relaxation. Besides preferred
water adsorption at the amorphous matrix, Kulasinski et al. recently revealed that water
additionally prefers to adsorb at the interface between fibrils and matrix. This sorption site
was significantly preferred at high (above 10wt%) and at low (below 5wt%) moisture content.
This is plausible, as the interface is characterized only by hydrogen bonds and weak
interactions, whereas the polar interactions between hemicellulose are much stronger, also
including covalent bonds. It is further known that water has no accessibility to the fibril inside,
as the highly crystalline properties do not allow water adsorption. The incorporation of water
between constitutive polymers of the matrix demands a larger energy barrier to be overcome,
as hemicellulose needs to be stretched and reorganized, which efforts more energy than
simply breaking up existing hydrogen-bonds and weak polar-interactions at the interface.
Hence, there is evidence that water accumulates at the interface between the matrix and the
fibrils, besides the generally accepted water accumulation in the amorphous matrix.
Accordingly, the creep-strain does not linearly increase with time and accelerates during long
time exposure to constant RH as excessive water adsorption at the interface might occur. This
might be directly related to a change of the MFA, thereby generating additional free volume.
Such behavior enables facilitated stress transmission through the amorphous matrix, as water
placed between matrix and fibrils can function as stress transmitter. In combination, these
two processes would increase the fiber strength by the reduction of the MFA and facilitate

stress transmission through VdW-interactions.
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However, the delayed creep response, both the minimum and maximum strain-rate, follow
the same increase with the moisture content, indicating that the initial fibril contraction upon
re-wetting influences the long-term creep behavior to a huge extent. The maximum and
minimum strain-rate increase by a factor of 4 when the humidity changes from 25% to 80%
RH and seemingly linearly increase with the moisture content, figure 24(b). This is in
agreement with previously reported dimensional changes during moisture uptake of wood,
which were observed to proportionally increase between a moisture content of 5 to
20wt% 3>18, The pulp fibers tested in the present study have approximately achieved a
moisture content in the range of 5 to 10wt% when exposed to an ambient humidity between
25 and 80%. In consistence with the linear growth of the creep-rate the moisture content
linearly increases with the ambient humidity, whereas the swelling strain rate largely deviates

from linear growth, figure 25 (a+b).
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Fig. 25 (a) Evaluation of the strain-rate at different sorption stages (b) Increase of moisture content and creep strain-rate
with RH.

From the results, it is further apparent that around 50% RH, corresponding to a moisture
content of about 7wt%, some additional mechanisms significantly add to the delayed creep.
An increased moisture content of 2wt% from 5 to 7wt% already leads to an increased strain-
rate by a factor of two. After pores have been completely filled, the cell wall necessarily has
to increase its free volume, which could be achieved by hemicellulose entering the rubbery
state. The Tg of hemicellulose was reported to be at 25°C and about 60% RH ©7109 More
precisely, it seems plausible that the Tg of hemicellulose at 25°C already occurs at 50%
ambient RH. From the experiment it is obvious that at 50% RH the swelling strain-rate

increases, and the delayed creep-response significantly deviates from linearity, further
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influencing the creep at 80% RH. In addition to this, evidence has been found as the swelling
strain-rate is significantly enhanced at 80% RH. After passing the Tg the free volume
tremendously increases, leading to excessive water adsorption and increased viscosity of the
amorphous matrix. By that, shear forces at the fibril surface become increasingly high, which
might even induce slippage of single cellulose-chains through the amorphous matrix. The
softening of the matrix implies an enhanced strain-rate at 80% RH, additionally, the stiffness
of the composite strongly decreases. Some fibers tested at 80% RH showed a typical strain
pattern of fiber failure, figure 26 (a). Keckes et al. observed a similar strain pattern during
tensile testing of wetted wood fibers when a certain mechanical stress was applied. Further
loading resulted in a complete recovery of the initial fiber stiffness. Keckes et al. argued that
the softened matrix carried along cellulose chains from the fibril structure. The delocalized
cellulose-strains further re-bond at another position, thereby restoring some of the initial fiber
stiffness. As the load-bearing unit, fibrils are highly stressed in direction of the applied tensile-
load when their MFA is low. With increasing MFA, the fibrils are stressed more in their cross-
direction than towards the applied tensile-stress, which leads to decreased stress transfer
accompanied by deteriorated mechanical properties. Consequently, a significant loss of the
elastic fiber-properties could be detected when the initial MFA was high 2. Interestingly, the
same fiber specimen which show a typical strain pattern of fiber failure at 80% RH were
suggested to have reached a large MFA during drying, namely SP 9,12 and 14. As those fiber
samples are suggested to experience higher stresses during the swelling process, it seems

reasonable that these specimens first show characteristics of fiber failure.
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The linear relationship between strain-rate and moisture level would imply that the effect of
the pre-load is diminished or at least similarly influences the strain-rate at each moisture level.
Indeed, the strain-rate according to the applied stress rather scatters in the same range at
each moisture level, and suddenly increases, when the mechanically applied load exceeds
7 MPa, figure 26 (b). It is assumed that after 7 MPa the stress significantly impacts the
moisture induced strain-rate, as it was shown in previous work 22. At small stresses in the
range of 2 to 7 MPa, however, fibril relaxation seems to be sufficiently compensated by the
surrounding matrix. The results therefore suggest that the apparent strain-rate is rather
controlled by the swelling than by the applied pre-load. Table 2 summarizes the obtained

strain-rates according to their moisture content with an applied pre-load of 4 MPa in average.

Tab. 2 Average strain-rates of 12 individual pulp fibers according to their moisture content.

Moisture Swelling Maximum Minimum Max.
content Strain Rate  Strain Rate Strain Rate Elongation
Moisture
Level wt% %¢/108min %€/108min %¢/108min %
25% RH 4,7 1,0+0,15 0,80£0,09 0,32+0,07 0.9910,15
50% RH 6,9 1,2+0,21 1,43+0,13 0,58+0,09 1,47+0.24
80% RH 9,7 5,1+0,50 2,91+0,41 1,31+0,32 3.17+0,88

From the results it is further apparent that the deviation from the mean strain-rate is rather
small compared to the deviation of the strain-rates obtained from dry pulp fibers (max. strain-
rate: 0,8+0,40 %¢&/logmin). In consistence with the increasing stress with the moisture content,
the deviation from the mean value increases. Thus, the highest deviation from the mean
strain-rate is achieved at dry conditions. This might imply that, in accordance with the
moisture content, a maximum deflection of the MFA exists. According to the volume change,
the highest stress at the fibrils occurs at 0% RH and at 80% RH, when the cell wall is either dry
or in its fully swollen state. Under these conditions the fibrils are tremendously stressed, and
the mechanical properties might be strongly controlled by the MFA. Thus, the strain-rate will

more strongly deviate from the mean strain-rate. The maximum fiber elongation at each
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humidity level further is increased by 1,0% at 25% RH, by 1,5% at 50% RH, and by 3,2% at 80%
RH, which is in accordance with the linearly increasing creep strain-rates and the
macroscopically observed tensile deformation between 5 and 20wt% moisture 5>, Notably,
during demounting the individual fibers from the testing device, each fiber broke in the middle
of the applied gauche length. Fibers previously tested, which broke at the site of fixation, were
excluded from further evaluation. Nonetheless, all tested fibers obviously were at the edge of

failing.

In order to evaluate the accelerated creep behavior in more detail, three pulp fibers were
subjected to the same pre-drying step as applied in the previous experiment and subsequently
exposed to changing ambient humidity-cycles. In a first step the ambient humidity was
increased with a defined rate of 2% per minute to constant 80% RH and the fiber was allowed
to relax for 20 minutes to ensure matrix softening. Afterwards, the humidity was cycled
between 50% and 80% RH in an interval of 30 minutes, figure 27 (a). Once the respective RH
had been attained, the RH was immediately changed again to the previouse moisture level.
Thereby the fibers were not allowed to slowly equilibrate under the new environmental

condition, and desorption and adsorption were limited to 15 minutes during the RH change.
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Fig. 27 (a) Measurement schedule for load (black) and relative humidity (blue) (b) resulting strain of three single pulp-fibers.

The tested pulp-fibers show flow-like behavior rather than a solid one. This is described by a
steep strain increase when the humidity is increased from 50% to 80% RH and the quick fiber
response when humidity is decreased again from 80% to 50% RH. Thereby, the cell wall is
alternatingly exposed to drying- and swelling- processes. It is assumed that the matrix is

present in its softened state, and therefore stress migration should be facilitated, resulting in
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less accelerated creep. Indeed, accelerated or mechano-sorptive creep does not occur under
the conditions applied in the present experiment. Thus, no external load was applied to the
fibers prior to the humidity cycling, and the obtained strain illustrates the strain of pulp fibers
obtained exclusively under the influence of adsorption and desorption cycles. The resulting
creep-rate during cycling humidity thereby is five times lower than the observed creep-rate at

constant relative humidity, figure 28.
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Fig. 28 Average strain of three individual pulp fibers during humidity cycling between 80% and 50% RH at constant 25°C.

The results are in agreement with previously evaluated creep-experiments performed by
Sedlachek and Habeger et al., who studied sorption induced creep in pulp and cellulosic
fibers 3119, Notably, the applied conditions in the present experiment are not conducive for
the observation of strong moisture-gradient driven creep, as pointed out by Habeger et al.
The sorption time, which is defined by the time of constant RH exposure, is kept as low as
possible, which only allows surface swelling and drying. By keeping the sorption time lower
than the applied moisture-rate increase, moisture-induced stress-gradients should also be
minimized and the obtained strain should not accelerate as a result of the applied cycling
parameters 119143 |n addition, the matrix stays in its softened state, which seemingly plays a
key role to mitigate and relieve stress. Mechano-sorptive creep in pulp fibers was observed in
experiments in which the environmental humidity was cycled between 30% and 80% RH 7. In
addition to this an external load of 70 mN was applied to the tested fibers before determining
the creep-rate. At 30% RH the matrix, however, is insufficiently moisturized in order to
adequately relieve the stress from the sorption process by polymer relaxation due to the
glassy state of the hemicellulose. In addition, drying the fiber from 80% to 30% RH generates

a larger amount of free volume than drying from 80% to 50% RH. Besides, the influencing
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factor of the softened matrix interfaces between fibrils and matrix seemingly play an essential

role.

As stated by Habeger, the observation of accelerated creep on the single fiber level is difficult,
as stress gradients, usually occurring through the thickness of the material, are minimized by
the already thin individual fibers. The thicker a material becomes the larger the induced stress
gradients are due to sorption from the materials’ surface to the inner core of the material. In
the case of hydrophilic pulp fibers, which are about 3 to 8 um thick, sorption happens
immediately through the whole fiber structure, and the presence of sorption-induced stress
gradients is diminished 1016 |nterestingly, accelerated creep or mechano-sorptive creep
occurred in nanocellulose thin films of various film thickness as well. As reported by Lindstréom
et al. mechano-sorptive creep in those films were independent of the film thickness.
Moreover, for nanocellulose thin films, they found, that as long as there is sufficient time for
moisture equilibration during each step of the RH cycle, the mechano-sorptive creep-rate does
not significantly depend on the rate of moisture increase of the environment 13, These results
are in contradiction to the hypothesis of moisture-induced stress-gradients proposed by
Habeger. When, however, moisture-induced stress gradients were induced on the single fiber-
level, they were largely compensated by the softened matrix, as seen in the present results.
The results of the present study in comparison with those of Lindstrém consequently lead to
the suggestion, that stress migration changes, whether the amorphous polymers are in their
softened or in their glassy state. Amorphous cellulose is not expected to soften through the
whole applied sorption range, which implies that amorphous cellulose within the
nanocellulose thin films was present in its glassy state 167, Reported accelerated creep in
nanocellulose thin films and in single pulp-fibers therefore might be a consequence of the
amorphous polymers in their glassy state. In their non-softened state, interfaces between
crystalline parts and amorphous parts of the material might become crucial for stress
migration. When the matrix is not sufficiently moisturized and flexible, stress concentrations
might occur especially at those interfaces. If the material further is dried insufficiently, those
interfaces will stay intact and grow during each applied moisture cycle. As suggested by
Lindstrém, mechano-sorptive creep might be a local phenomenon, occurring when crystalline
polymers are embedded in a matrix of amorphous polymers. It is now further suggested that

mechano-sorptive creep further depends on the physical state of the amorphous polymers,
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namely their softened or their glassy state. Another influencing factor of mechano-sorptive

creep is the sorption history of the material.

The sorption history of a material dictates the movement of the crystalline parts, once the
material is remoisturized. It is generally accepted that amorphous polymers swell more than
crystalline polymers of the same material. Once wetted, crystalline regions memorize their
latest path and configuration, which might be induced by the swollen state of the amorphous
polymers. During drying, the additionally generated free volume from moisture uptake, e.g.
at the interface between crystalline and amorphous regions of the material, is apparently
locked and remains accessible when the material is again rewetted. Repeated water
adsorption at the interface promotes the reorientation of the crystal parts in direction of the
applied stress, whereby the crystalline parts can adapt their configuration according to the
swollen state of the amorphous polymers. From molecular dynamic simulations, it is known
that water preferably adsorbs at interfaces, where VdW-forces are decreased. This would
imply that free volume is generated at these very interfaces during sorption. Exposing the
material to drying and rewetting cycles increases the volume of the interfaces. Hence, those
interfaces might grow during each drying step, and with this the sorption capacity of the
material. In addition, stress transfer is interrupted by the increased distance of the
constitutive polymers at the interface. Consequently, interfaces are prone to stress
concentrations, especially when the matrix is present in its glassy state and stress transfer is

already diminished by the rigid matrix.

The present results illustrate how remarkably pulp fibers respond to rather quick changes of
the ambient humidity when a sufficiently high moisture content facilitates polymer-relaxation.
In addition, accelerated or mechano-sorptive creep was not observed. This can be referred to
the matrix, which is supposed to be in its softened state. Creep observations made during pulp
fiber testing are rarely found in literature, and authors include creep at constant RH addressing
mechano-sorptive creep (MSC) and physical aging rather than constant creep 3119143 |n order
to gain a deeper understanding of the underlying mechanism the moisture-induced creep of
pulp fibers was obtained under diminishingly small loads. Strain-rates at constant humidity
reported in literature were either evaluated from experiments carried out after successive
loading- and unloading- cycles, or at varying temperatures >134136138 Consequently, the

methods used to determine creep strain-rates, differ to a high extent from the present
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experiments in terms of fiber pre-conditioning and fiber stress-history. The main distinction
from the presently discussed experimental design, however, is that no additional external load
was applied to the pulp fibers before determining the creep-rate. The fibers, although kept in
tensile direction by a pre-load of 1 mN, were therfore in a rather unstrained state.
Conventional creep-experiments require the application of an external load before evaluating
the creep-rate. Thereby the fibers are additonally stressed by a force corresponding to around
50% of the fibers’ maximum tensile strength. Seemingly, the stress applied by an external load
drastically prolongs the ability of pulp fibers to creep due to sorption. This becomes obvious
when comparing the creep-rates obtained inhere with the creep-rates reported in literature.
Presented sorption-induced creep-rates are increased by a factor of 10 as compared to those
creep-rates obtained from fibers additonally stressed by an externally applied load. One
reason could be that the applied external load directs the polymer relaxation, wheras during
sorption the polymers are free to adjust their configuration to the randomly distributed stress.
Thereby they can fully expand in any direction and are not restricted to the direction of the

externally applied load.
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The presented experimental set-up provides an important opportunity to advance the
understanding of moisture-induced fiber creep. The pulp fibers tested were initially stressed
by a preload of approximately 4 MPa, dried and subsequently remoisturized. After the
experiment, the cross-sectional areas of the previously tested pulp fibers were obtained from
microtome slices. The results in comparison with the available literature discussing wood-
water interactions suggest that the MFA increases during drying, whereas upon rewetting the
MFA decreases. From previous observations of moisturized wood-based specimen, it is known
that the MFA influences the mechanical properties to a huge extent 222168163 A strong
relationship, for instance, was shown to exist between the elastic modulus and the initial MFA
of wood-based materials 8. Accordingly, stress-strain curves of wetted wood specimens as
well as nature-based individual fibers, exhibited non-linearity 2#12°, The non-linearity occurred
only for samples with initially high MFA, whereas fibers with initially low MFA showed the
expected linear relationship between stress and strain %2. In addition, the fracture behavior of
wood-based fibers significantly differs with respect to the MFA %8170 Unfortunately, little
experimental evidence has been achieved to support the idea of changing MFA with the
moisture content >14%171 However, the influence of moisture was observed for several plant-
and wood-based fibers and was shown to significantly enhance the fiber creep. Thereby a
decrease of the fiber strength with the increased moisture content was reported for several
plant-based fibers 7122125127 \Whereas it is generally accepted that the fiber strength
decreases with moisture content, studies also exist which show an increased fiber strength at
lower moisture content 12172, The present results support the idea that the time-dependent
mechanical behavior of pulp fibers is determined by the moisture content and its effect on the
MFA. This is consistent with observed long-time moisture-induced creep behavior of a
tracheid °. At a moisture content below 5wt%, the present study suggests that the MFA does
not significantly change, instead, the adsorbed water stabilizes the cell wall. In contrast to
that, at a moisture content above 7wt%, accelerated strain during the long-term exposure to
constant RH has been observed, which was attributed to the successive water adsorption at
the interface between fibrils and matrix, thereby the MFA might increase. Besides, there is
evidence that hemicellulose softens at around 50%RH and 25°C, which additionally induces
excessive water adsorption, as the free volume increases. After comparing the obtained stress
on the cross-sectional area with the obtained strain-rate at different moisture levels, the

results suggest no significant effect of the applied preload on the respective creep strain-rate.
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Accordingly, below 5wt%, the water on the one hand allows fibrils to perform stress-relaxation
within the surrounding amorphous matrix and on the other hand reinforces the cell wall by
cross-linking the load-bearing unit with the matrix by establishing hydrogen bonds. The
reinforcing effect was further related to the adsorption of strongly bound water. Such an
observed anti-plasticization effect would imply that water preferably adsorbs at the fibril
surface at lower moisture content. Notably, this so-called anti-plasticization effect at low
moisture content was observed for several cellulose-based materials 173, The present results
are further supported by the information gained from molecular dynamic simulations of a
matrix based on hemicellulose reinforced by cellulose-based fibrils during sorption. Besides
the amorphous matrix, the interface between the fibrils and the matrix was shown to be a
favorable site for water accumulation ¥4, The results revealed that water sorption at the
interface was particularly enhanced at very low and very high moisture levels and thereby
showed that a threshold exists after which the water plasticizes the composite /417>, Above
5% moisture content, water adsorbed by the cell wall seems to be sufficiently mobile to
significantly increase the shear stresses at the fibrils, allowing them to reduce its angle
towards the fiber axis. This would imply that the fiber strength increases above 5% moisture
content. On the macroscopic level, although, the strength of wood was shown to decrease
upon moisture uptake. This is plausible as the effect of weakening is related to the breaking
of hydrogen bonds between wood polymers due to the water uptake. Above the critical
moisture content of 5wt% water molecules tend to break more than one hydrogen bond
between constitutive polymers, which is related to poly-layer water adsorption 8. This
amount of moisture corresponds to approximately one water molecule per sugar unit,

figure 29.
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Fig. 29 Sorption isotherm for wood at room temperature (Forest Products Laboratory 2010) and average number of water
molecules per sorption site (Berthold et al. 1996).

Below 5wt% moisture content, entering water molecules result in less swelling as seen from
the present experiments and perhaps even establishing an ordered hydrogen-bonding pattern
which reinforces the fiber cell wall. Above 5wt% moisture content a larger degree of swelling
is observed, indicating that a larger number of hydrogen bonds has been broken, and poly-
layer water adsorption has begun. Consequently, during moisture uptake, the strength loss is
much higher due to the increasing distance between the constitutive polymers than the
achieved strength-increase by a changed MFA. On the macroscopic scale of a tracheid it has
already been shown that this effect is a marked weakening of the transverse elastic- and
shear-moduli accompanied by a reorientation of microfibrils, i.e. a change in MFA >. The
presently described mechanism of water-induced structural changes of pulp fibers are further
supported by dynamic mechanical-analysis of moisturized Sixta spruce. The results have
revealed an increased storage modulus up to a moisture content of 5wt%, whereas further
moisture uptake led to a decreased storage modulus. In agreement, the observed loss-tangent
declined between 1 and 5wt% moisture content and further increased, up to a moisture
content of 7wt%. The maximum of the loss-tangent at 7wt% moisture content indicates a
glass-transition, most likely that of hemicellulose '72. The influence of hemicellulose on the
creep behavior of wood-based samples was studied by several authors and all agreed that the
softening of hemicellulose could enhance the creep behavior 341, Additionally, many
determinations of sorption isotherms of cellulosic materials have revealed that they exhibit a
reduced sorption hysteresis at progressively higher isotherm temperatures, which is
consistent with sorption interactions occurring with a glassy solid below the glass transition

temperature >%7>%7 Accordingly, the assumption that matrix softening adds to the creep
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behavior of wood-based materials above 50%RH and 25°C is warranted. The present results
support the idea of hemicellulose softening above a moisture content of 7wt% and 25°C. This
phase change was shown to significantly increase the swelling strain-rate at 80% RH, and it
was further suggested to have a marked influence on the MFA. In order to prove evidence a
direct analytical method such as SAXS-measurements enabling the detection of the MFA are
necessary. However, the presently obtained swelling strain-rate during sorption and the creep
strain-rate during constant ambient humidity at three different moisture levels have shown a
significant relationship. Whereas the swelling strain-rate polynomial increased with the
moisture content, the creep strain-rate linearly increased with the moisture content. During
the sorption process the strain exponentially increased, which is consistent with previously
determined sorption kinetics of cellulose-based materials 74, The results further confirm the
observed macroscopic deformation behavior of wood-based materials and provide useful

information about the understanding of the mechanical behavior of pulp fibers 2158,
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Chapter 7: Dry fiber creep

Whereas the creep of individual pulp fibers under the influence of moisture has been widely
observed, little is known about the fiber creep when moisture is absent from the cell wall. In
the dry state, a pulp fiber has an increased contact area between constitutive polymers, a fact
which was already suggested to improve the fiber strength. In contrast to this, when a fiber is
freely dried, amorphous polymers randomly collapse and fibrils located close to collapsing
pores are even forced to change their direction. Thereby the fibrils transversally align towards
the fiber axis, a mechanism referred to as tension-buckling. This leads to observable
misaligned fibrils throughout the cell wall which can critically affect the mechanical properties
of pulp fibers 176, These regions are also known as kinks, slip planes, nodes, or micro-
compressions, and in the following will be referred to as dislocations. It is, however, rather
uncertain how dislocations behave during creep and whether they are truly affecting the
mechanical properties. For synthetic fibers, it has already been proven, that an applied strain
can increase the orientation of the constitutive polymers which leads to an increased fiber
strength, a phenomenon known as strain hardening. In the case of individual pulp fibers, strain
hardening has not been observed until now. Another objective of this thesis therefore is to
observe the mechanism behind the dry pulp-fiber creep and to further evaluate whether the
orientation of the constitutive polymers could be improved in order to positively impact their

mechanical properties.

For the creep and creep-recovery experiments 9 individual pulp fibers were subjected to the
same pre-treatment of drying for 8 hours at 25°C and 0% RH under the tensile load of about
4 MPa. Thereafter, dry fibers were instantaneously stressed by an external load of about
180 MPa, which was kept constant for 20 minutes. 180 MPa correspond to approximate 15%
of the ultimate tensile strength of pulp fibers. After 20 minutes of stress exposure the external
load was removed, and the fibers were allowed to rest for further 20 minutes before the next
load cycle was applied. Prior to the application of the external load, the strain was set to zero.
This treatment was repeated six times, while the displacement was recorded, figure 30 (a). In
each load cycle, the slope [de/dt] significantly decreased after 6 to 10 minutes of stress

exposure, thereafter the creep rate was evaluated.
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Fig. 30 (a) Measurement schedule, (b) resulting strain function and its interpretation after exposure to a single load cycle.

Each load cycle is described by the initial extension due to the applied external load, by the
fiber creep during constant force application, and the recovery after the load has been
removed, figure 30 (b). Permanent set or secondary creep was observed during each load
cycle, which describes the non-recoverable part of the creep, figure 31 (a+b). During the
measurement two fiber specimen broke during the first load cycle, namely SP33 and SP36
(illustrated in light and dark brown). SP31 (green) broke during the fifth load cycle and SP32
(violet) in the final load-cycle. Five of the measured fibers withstood the successive loading
and unloading through all six load cycles. The fibers which broke during the initial load cycle,
namely SP33 and SP36 were further excluded from the evaluation. The single inter-fiber
variation is in accordance with previously published literature and illustrates the variability of
the physical structure of natural wood fibers. It is believed that this variation is mainly caused

by the load bearing unit, and therefore related to the MFA.
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Fig. 31 Resulting (a) strain and (b) strain-recovery functions of 9 individual dry pulp fibers, after their exposure to six load
cycles with 180 MPa at 25°C. 70



The creep and creep-recovery experiments show that, after the externally applied load has
been removed, the strain immediately drops down to values close to 0%, which correspond
to a recovery of almost 100%. Nevertheless, none of the fibers fully recovered its initial gauche
length, which is particularly expressed in the initial load cycle. The obtained permanent set
induced during each load cycle is attributed to plastic deformations inside the fiber cell wall.
From the results it is further apparent that the initial load cycle has the highest impact on the
materials’ subsequent deformation pattern, which implies that most of the obtained plastic
deformation was already induced during the initial load cycle. When excluding this load cycle,
the resulting permanent set was remarkably low and varied between 1% to 5% of the initial

gauche length, figure 32 (a).
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Fig. 32 Data distribution of (a) the strain recovery and (b) the maximum elongation illustrated by a box plot and mean values
of the tested fibers during each load cycle illustrated in blue.

At a first glance, the maximum elongation does not significantly vary according to the apparent
standard deviations, figure 32 (b). Nonetheless, the mean values of the obtained elongations
continuously decrease during the first five load cycles, which leads to continuously increasing
values of the strain recovery, seemingly approaching a constant value of 97%. Consequently,
after the initial load cycle, the observed recovery indicates a highly elastic material. During the
fourth load cycle, the deviation from the mean value for both, the maximum elongation and
the recovery strain, is the highest, which might be related to a fully extended fiber state. The
underlying natural divergence of the MFA becomes strongly dominant when the fibrils are
fully strained and, accordingly, the standard deviation from the apparent mean value is

expected to increase. Initially applied load cycles therefore might have increased the
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orientation of the fibrils, while during the fifth load cycle premature fiber failure might already
have been induced. Captivatingly, the obtained recovery strain significantly varies during the
initial load cycle in the range between 42% and 95%. Thereby SP32, SP35 and SP37 recovered
only 74%, 42% and 44% of their initial gauche length, whereas the others recovered at least
85% of their initial shape, figure 33 (a+b, SP32, SP35 and SP37 are illustrated in red).

Surprisingly, already within the second load cycle, these three samples achieved values of

86%, 89% and 91%, respectively.
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Fig. 33 Mean values of the recovery strain of the (a) initial and (b) the second load cycle.

However, values of the creep-rate vary between 10,02% and 12,11 % per ten minutes,
figure 34 (a). The average creep-rate decreases during the first three load cycles and suddenly
increases during the fourth load cycle from 9,889 %/LOG(min) to 11,91 %/LOG(min).
Consequently, the deviation from the mean value increases. In consistence with the maximum
elongation and with the recovery strain the deviation from the mean value obtained its
maximum range during the fourth load cycle. Similar to the obtained recoveries, the
decreasing ability to creep during the initial three load cycles suggests a strengthening of the

fiber network, whereas the increase of the fiber creep rather indicates a strength loss, possibly

related to premature fiber failure.
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Fig. 34 (a) Data distribution of the maximum elongation and (b) resulting strain-function of the fiber specimen SP37, after
their exposure to six load cycles with 180 MPa at 25°C.

Mentionable, the strain pattern of sample SP37 shows an unexpected strain-step during the
fourth load cycle. Afterwards, the maximum elongation increases slightly from 2,4% to 2,7%,
as does the creep-rate, which increases from 13,4 %/LOG(min) during the third load cycle to
22,0 %/LOG(min) after the step during the fifth load cycle, figure 34 (b). For the same fiber
specimen, the recovery after the fourth load cycle significantly decreases from 93,5% to
83,8%. This loss of the ability to recover indicates already induced small damages of the load
bearing unit. Captivatingly as well, the fiber sample SP31 spontaneously broke during the fifth
load cycle, without any previous sign of failure or crack initiation. This clearly supports the
assumption that after the application of four load cycles with 180 MPa some fibers are on the

edge of failure.

The results of the relaxation moduli are less conclusive, and obtained values are similarly
distributed through each applied load cycle. The relaxation moduli vary between 1600 MPa
and 25000 MPa within the initial load cycle and further rather increase, figure 34 (a). At a first
glance the stress relaxation of dry pulp fibers similarly behaves during each load cycle, figure

35 (b).
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blue.

The data distribution visualized in the boxplots defines either SP32, or SP35 and SP37, which

are more than 25% apart from the average value, as outliers. The same fiber specimens have

obtained conspicuously high creep-rates and relaxation moduli. In addition to that, there is a

marked difference between those samples which have achieved a high relaxation modulus

and those obtained a low relaxation modulus. While SP25, SP27, SP30 and SP31 are in an

equilibrated state after 6 to 10 minutes of stress exposure, for the fiber samples SP32, SP35

and SP37 the strain and the relaxation moduli still develop, figure 36 (a+b).
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Fig. 36 Strain and relaxation modulus after separating the outliers from the sample batch. (a) Fiber specimen which are not
more than 25% apart from the mean value, (b) outliers.

It seems therefore possible that the results describe the influence of the dry pulp fibers’ load
bearing unit during stress exposure. For fibers with initially high MFA, a decrease of the MFA
is feasible at much lower shear forces, as the stress concentrates at the interface between
fibril surfaces and matrix. Under an applied tensile load, fibers with initially high MFAs could
logically be expected to respond to a greater degree than a specimen with a relatively small
initial MFA. Thus, fibers with initially high MFA are expected to creep more than fibers with
initially low MFA. In addition, an increasing creep implies increased stress relaxation on the
molecular level. One possible explanation for the enhanced relaxation moduli of the fiber
samples SP32, SP35 and SP37 therefore might be the continuously decreasing MFA under
tensile loads 171, Obviously, the behavior of those fibers defined as outliers describes the
behavior of fibers with initially high MFA, whereas for those fibers within the defined standard
deviation of 25%, the MFA remains rather constant during stress exposure and the creep
follows the behavior of fibers with initially low MFA. As stress relaxation is increased for fibers

with high MFA, itis also reasonable, that these fibers did not reach an equilibrated state within
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the applied set time of 20 minutes. For fibers with initially high MFA, plastic fiber response
becomes increasingly imminent as the fibrils move or slip through the matrix. Thus, there is
evidence that the fiber response significantly differs with respect to the initial inclination of
the fibrils inside the fiber cell wall. After separating the results into two groups, the findings
therefore clearly suggest that one observed deformation pattern describes the creep of fibers
with initially high MFA (SP32, SP35, SP37), whereas the other deformation pattern describes
the creep of fibers with initially low MFA (SP25, SP27, SP30, SP31). The mechanical behavior
of these two groups essentially differs in the amount of creep, the amount of recovery and by

the amount of stress relaxation, table 3.

Tab. 3 Mechanical behavior upon loading of dry pulp fibers with different initial MFA.

Pulp fibers MFA Equilibrium  Creep-Rate Relaxation  Deformation
MFAow Constant reached low low elastic
MFAnhigh Decrease not reached high high plastic

The mechanism behind the plastic deformation becomes obvious by looking at the relaxation
moduli and the strain recovery in more detail. The instantaneous moduli of the outlier
specimens, further referred to as fibers with initially high MFA, are enhanced fivefold, which
suggests increased fibril movement and increased stress levels inside the cell wall,

figure 37 (a+b).
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Fig. 37 Instantaneous and delayed moduli after separating the outliers from the sample bath. (a) Fiber specimen which are
not more than 25% apart from the mean value, (b) outliers.

Theoretically, the instantaneous modulus of dry pulp fibers describes the polymer-backbone
vibration of the load-bearing unit after stress exposure. Accordingly, the instantaneous
modulus represents the highest value of the relaxation modulus after the force has been
instantaneously applied in tensile direction. The stress further is transported to the polymer
sidechains, which represents the hydroxyl-groups of the cellulose chains and the delayed
modulus, respectively. Thus, the delayed modulus is obtained from the lowest value of the
relaxation modulus during stress exposure. At the fibril surface the hydroxyl-groups of the
cellulose chains must be able to relax into the neighboring amorphous matrix to further
reduce and distribute stress. In the dry state, this transfer is expected to be reduced or even
diminished, due to the rigid and inflexible matrix. Consequently, shear stresses at the interface
may additionally increase, causing the decrease of the MFA for fibers with initially high MFAs.
Thus, backbone and side-chain relaxation are tremendously enhanced for fibers with initially
high MFA, compared to fibers with initially low MFA, where the fibrils are capable of
withstanding the applied stress. The results from the relaxation moduli therefore clearly
capture the higher overall stress level in fibers with high MFA when an external tensile load is

applied. The stress level in fibers with low MFA is reduced, as fibrils are almost parallelly
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aligned to the fiber axis, enabling the fibrils to withstand tensile stress to a much higher extent.
Consequently, the applied stress can be almost entirely stored elastically and significantly less
stress relaxation occurs. The amount of induced stress relaxation of fibers with initially low
MFA is therefore related to the realignment of fibrils at the site of dislocations, leading to a
strengthening of the fiber. This is supported by the recovery strain of these fibers which
continuously increases. The recovery of fibers with initially low MFA is close to 95% already
during the initial load application, and further approaches a constant value of 99%. The strain
of these fibers therefore describes a highly elastic material that plastically deforms only

marginally and rather strengthens through all applied load cycles, figure 38.
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Fig. 38 Strain recovery of fiber specimens with initially low MFA during six load cycles with 180 MPa at 25°C.

In contrast to that, the moduli of fibers with initially high MFA pass through a maximum during
the fourth load cycle (figure 37; maximum moduli are illustrated in red). After the initial load
cycle, delayed moduli continuously increase from the second to the fourth load cycle, whereas
instantaneous moduli stay rather constant. This is related to the hydroxyl-groups seeking for
a new partner to re-bond with, enabling the fibrils to fixate in another position. Accordingly,
the hydroxyl-groups may not be able to relax towards the matrix and fracture might occur
somewhere at the load-bearing unit, yielding maximum stress relaxation within the fourth
load cycle. Within the same load cycle the strain function of the sample SP37 shows a strain
step, which indicates induced fracture of the load bearing unit. The following load cycle leads
to a reduced recovery and decreasing moduli, indicating that the fibrils were further able to
interlock in a new position. A similar picture can be gained from the strain recovery of the

fiber sample SP32, figure 39 (SP37 illustrated in olive green and SP32 illustrated in violet). The
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recovery strain for this fiber even exceeds 100% during the fourth load cycle, in which
maximum stress relaxation occurs. This may be explained by an elastic recovery after the load
bearing unit has been broken. The same fiber specimen withstood another load cycle before
it entirely broke during the last load cycle. In consistence, stress relaxation during the fifth

load cycle decreases, which is related to the previous fixation of the broken fibrils in a new

position.
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Fig. 39 Strain recovery of fiber specimen with initially high MFA during six load cycle with 180 MPa at 25°C (outlier specimens).

For both categories of pulp fibers, regardless whether they have a high or a low MFA, the
realignment of the fibrils at the sites of dislocation is expected 8170, Overall, the decrease of
the MFA leads to a fourfold increase of the relaxation modulus, compared to the achievable

relaxation modulus by dislocation straining.
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As mentioned in the literature review, the creep of pulp fibers is influenced by several factors.
Besides the effect of moisture, the physical properties of the cell wall, especially the S2-layer
is known to control the mechanical properties of pulp fibers. Prior studies have already
pointed out the importance of the MFA as load bearing unit in wood-based
materials %2266:8084176,177 Mechanical properties, such as the elastic modulus, significantly
differ whether the initial MFA is high or low, and the fiber strength accordingly changes 22.
Lotfy et al. suggested that the extent of creep in wood differs according to the initial MFA,
which was related to the decrease of the MFA during stress exposure . The present study
proves evidence of the existence of two different deformation patterns governing the creep
behavior of dry pulp fibers. More precisely, the results show that the extent of creep and
induced stress relaxations of dry pulp fibers significantly differ in accordance with the initial
inclination of the fibrils to the fiber axis. Plastic deformation of fibers with high MFA can
therefore be related to the decrease of the MFA. From the results of the present study it is
further apparent that fibers with initially low MFA are able to elastically deform to a high
extent, whereas plastic deformation is rather minimized. The small extent of plastic
deformation occurring in fibers with initially low MFA is referred to the straining and fixation
of the fibrils at the site of dislocations, which leads to a reinforcement of the fiber cell wall.
This is in consistence with the observations of Peura et al., who found evidence that the MFA
of dry wood specimens with initially low MFA (up to 10 °) does not decrease after straining.
Overall, these cases also support the view that has been given by Kim et al., who observed the
ultimate tensile strength (UTS) of pulp fibers of different MFA under increasing tension stress
during drying. For fibers with initially high MFA, an increased fiber strength during straining
was observed, and the obtained UTS achieved a maximum according to the applied stress. In
contrast to this, fibers with initially low MFA did not significantly change their initial UTS. Kim
et al. concluded that fibers with initially high MFA decrease their MFA in order to respond to
the applied stress, while fibers with initially low MFA can be strengthened by the removal of
dislocations 8%, The increasing fiber strength reported by Kim et al. mirrors the increasing
relaxation moduli for fibers with initially high MFA observed in the present study and further
confirms the slightly increased relaxation modulus for fibers with initially low MFA. Whereas
the removal of the dislocations contributes to the strengthening of fibers with initially high
MFA, for fibers with initially low MFA the removal of such defects is the only mechanism to

strengthen the cell wall. This implies that the strengthening of fibers with initially low MFA is
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possible to a much lower extent. The observed slightly increased relaxation moduli for those
fibers are therefore explained by the presence of dislocations and the possibility to strengthen
these areas by the realignment of the fibrils in direction of the applied stress. The
strengthening of the sites of dislocation can further explain why dislocations were not found
to contribute to the mechanical properties of nature-based fibers. For slightly moisturized
wood fibers (tested at 30% RH and 25°C), observations of the elastic properties of the cell wall
have shown that dislocations only minorly affect the fiber’s tensile strength, but the cell wall
fracture has been induced in proximity to these defects 22141176 |n contrast to that, Eder et al.
showed that, under continuous loading, previously damaged pulp fibers showed nearly the
same UTS as compared to an undamaged reference fiber 7. Although dislocations were
reported to minorly influence the mechanical properties of wood-based fibers, evidence
exists, that these regions are prone to locally concentrate stress 1221767178  Duyring
characterization, these regions can be strained, inducing a reinforcement within the cell wall,
which has led to the assumption that dislocations do not affect the mechanical properties of
wood-based fibers. This, however, is related to a strengthening of the fiber during the process
of characterization, as the initial fiber strength can be restored by the realignment of the fibrils
at the site of dislocation. Placet et al. studied the mechanical behavior of single hemp fibers
at 30% RH and 25°C. For that reason, they applied load cycles to the single fibers similar to the
experiments performed in this study. Contrary to our experiments the stress was increased
from cycle to cycle, and in sum these stresses exceeded 180 MPa. Additionally, the force was
ramped in a way that the applied stress was continuously increased and then kept constant
for a time period of 30 minutes as soon as the desired stress was reached. In-situ polarized
light microscopy thereby confirmed that fibrils have been re-aligned mainly in the area of
dislocations, a process already suggested to occur in wood fibers during straining 1’8. The
realigned fibrils in the area of dislocations obtained an MFA close to zero, as they oriented
themselves nearly parallel to the fiber axis. More importantly, the removal of dislocations was
found to be stress- and time-dependent as well as reversible. This additionally adds to the
complexity of studying the effect of dislocations on the mechanical properties of wood-based
fibers. However, the present study set out with the aim of assessing the role of the MFA of dry
pulp fibers during creep experiments, and whether and how dislocations affect the mechanical

behavior of pulp fibers. The present study clearly shows that two different mechanisms are
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involved during the creep of dry pulp fibers and obtained results largely corroborate the

findings of previous work done in this field.
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Chapter 8: Conclusion

The present study was designed to independently study the sorption-induced creep and the
creep induced by an externally applied load. As the key incentive was the separation of these
frequently overlapping effects special focus was put on the experimental design. The results
indicate that the applied pre-load does not significantly impact the sorption induced strain-
rate, which, indeed, allows studying the long-term deformation behavior of pulp fibers
exclusively induced by sorption. In the following, results which could elucidate the relation

between molecular mechanisms and macroscopic wood performance are briefly reviewed.
Chapter 8.1: Fiber during drying

The drying strain of pulp fibers can be categorized in three parts, including (1) water
desorption from the available outer and inner surface of the cell wall, (2) drying of the porous
network, and (3) densification of the molecular structure without significant moisture loss.
The strain in part (3) linearly decreases with the logarithmically scaled time, whereas the
moisture content remains rather constant. Although the moisture content does not
significantly change during the final observation interval in which the ambient humidity is kept
at a minimum, the obtained strain rate is enhanced as compared to the strain rate during the
first and the second strain segment. Even when the cell wall is almost dry, the pulp fibers still
deform significantly. The final strain segment therefore is governed by structural
densifications accompanied by an increase of the microfibril angel. This is explained by
increasing Van der Waals-forces as the distance between constitutive polymers continuously

decreases.
Chapter 8.2: Fiber during rewetting

Corresponding to the abovementioned behavior, the strain during rewetting can be
categorized in three parts, including (1) initial surface adsorption, (2) swelling during RH
increase, and (3) creep at constant RH. The swelling strain-rate at the applied moisture levels
follows a second order polynomial growth, whereas the creep strain-rate linearly increases

with elevating moisture levels.
Chapter 8.3: Fiber during adsorption/swelling

When the ambient RH is increased at a rate of 2% per minute the swelling strain develops

exponentially, which is in consistence with previously reported sorption kinetics of wood-
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based materials. This can be explained by the process of water entering the cell wall: The
energy necessary to reopen the porous structure is enhanced as compared to the following
facilitated adsorption of water molecules onto already existing layers of water. As a
consequence, the strain at the beginning only proceeds slowly and further linearly develops

with increasing RH.
Chapter 8.4: Fiber during constant RH

In addition to the aforementioned processes observed during moisture increase, fiber
specimens show a different behavior under constant ambient RH. The strain increases linearly
with the logarithmically scaled time at constant 25% RH. Thereby, the achieved swelling strain-
rate and the creep strain-rate are in the same range. This is in contrast to the strain
development during 50% and 80% RH levels, where the swelling strain-rate is significantly
enhanced in relation to the creep strain-rate. This implies that the sorption capacity of pulp
fibers significantly increases at 50% RH, explained by the water-induced Tg-shift of the matrix
polymers. When hemicellulose starts to soften the free volume increases contributing to the
observed accelerated creep at 50% and 80% RH. As water preferably adsorbs at the interface
between the fibrils and the matrix, intensifying shear stresses might additionally force the
fibrils to reduce their inclination towards the cell axis. Accordingly, the decrease of the MFA
may add to the sorption-induced accelerated creep at constant 50% and 80% RH, even when

no external load is applied.
Chapter 8.5: Fiber during humidity cycling

In general, mechano-sorptive creep is seen as a consequence of a coupling between an
externally applied load and the sorption process itself. In the present study, when the fibers
were exclusively stressed by the sorption process between 50% and 80% RH, MSC was not
observed. Additionally, MSC in pulp fibers only occurred when the ambient humidity was
cycled between 30% and 80% RH ’. The absence of MSC in the present study is related to
matrix polymers entering their rubbery state enabling for facilitated stress migration. Also, in
other cellulose related materials, MSC is exclusively observed when the matrix was present in
its non-softened state. Therefore it seems plausible that interfaces between the fibrils and the
matrix play a key role when MSC is observed. Applied stresses are expected to concentrate at

this very interface, hence increasing the free volume when the material is alternatingly
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exposed to drying and swelling processes. Accordingly, the sorption capacity of the cell wall

increases and induces accelerated creep.
Chapter 8.6: Dry fiber creep

While previous sub-chapters mainly referred to the sorption-induced phenomena, the
following experiments address the load-induced creep of dry fibers. The results of the creep
and creep-recovery experiments show that dry pulp fibers strengthen during exposure to the
first three out of six load cycles. This is concluded from the increasing recovery strains and the
decreasing creep-rates and attributed to the higher ordering of the supramolecular structures.
The findings further suggest that in general the stress response of the fibrils dominate the dry
pulp-fiber creep enabling the differentiation of fibers having a high or a low MFA. By
separating the sample batch into two groups of fibers with either high or low fibril inclinations,
defining of the different mechanisms underlying plastic deformation of the fibers is made
possible. Fibers with an initially low MFA barely deform plastically, mainly driven by fibril
rearrangement at the fiber dislocations. Fibers with an initially high MFA, however, plastically
deform to a high extent as a consequence of the MFA decrease during load application. This
different mechanical response of fibers with initially low or high MFA is also clearly visible in
the obtained relaxation moduli. From these, it is obvious that stress relaxation in fibers with
initially high MFA is significantly enhanced as compared to stress relaxations occurring in fibers
with initially low MFA. The increased relaxation moduli of fibers with initially high MFA clearly
suggest an increased molecular movement related to the decrease of the MFA during stress

exposure in tensile direction.
Chapter 8.7: Summary and outlook

In general, the findings explained above contribute to our knowledge about the viscoelastic
nature of pulp fibers and enhance our understanding of plastic deformation in dried pulp
fibers during creep. The findings further point towards an interesting new focus of future
research. From the obtained results and the literature available, it can be concluded that the
creep behavior of pulp fibers may significantly be influenced by the interface between fibrils
and matrix. Accordingly, a promising focus of future research could be laid on the observation
of said interfaces during drying and/ or wetting. During sorption, these interfaces may grow
and further lead to increased and unpredictable creep behavior. In the past, many researchers

have claimed that creep of wood mirrors the creep of concrete, which is governed by the
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propagation of micro cracks inside the material. As previously discussed, the stress at the
interface between fibrils and matrix is expected to continuously increase and, with that, the
probability of crack initiation rises. The amount of generated free volume increases as the
matrix passes its Tg during each sorption cycle; the matrix in its glassy state is unable to adapt
the dimensional changes occurring during the sorption process. With each sorption cycle,
interfaces and cracks therefore grow. This may significantly add to the creep of the cell wall
and may further explain the observed similarity in the creep behavior between wood and
concrete. In the case of individual wood fibers, however, the mechanism behind MSC seems
to be more complex. It is expected that the available free volume between fibrils and matrix
during the adsorption cycle is continuously occupied by water. Thereby the number of
hydroxyl-groups at the interface increases, facilitating stress migration by VdW-interactions
further minimizing the stress concentration at these sites. As a consequence, MSC is not
observed when the matrix is present in its softened state. As it was shown in previous work,
MSC in wood fibers does not occur when the humidity is cycled between 50% and 90% RH,
even when an external load is applied 1. Further work is needed in order to establish the
impact of the mechanically applied load elevating the creep of wood fibers during humidity
cycling. A logical continuation of this work therefore would be to analyze the creep of pulp
fibers in the absence of an applied mechanical load during humidity cycling between 30% and
80% RH. In this moisture interval the matrix passes its Tg, which is supposed to strongly
contribute to the phenomenon of MSC. The occurrence of MSC under such conditions would
elucidate MSC as a phenomenon originating from the amorphous matrix passing its Tg. The

applied mechanical load, however, could additionally amplify the MSC.

Another factor strongly affecting the creep of pulp fibers is related to the initial inclination of
the fibrils towards the fiber axis. The mechanical behavior of pulp fibers obviously differs to a
high extent according to their initial MFA. From creep experiments of wood-based materials
reported in here, it becomes obvious that some specimens never reach steady-state
conditions, whereas some specimens quickly achieve a quasi-equilibrium state. The present
study further suggests that this difference arises from the initial inclination of the fibrils, which
can change during characterization. Plastic deformations in dry pulp-fibers with high MFA is
significantly enhanced due to an increased fibril movement. In contrast to that, fibers with low
MFA barely plastically deform and show highly elastic response, as the obtained recovery

strain approaches 99% of the initial gauche length. For a deeper understanding of creep in
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wood and pulp fibers it is therefore necessary to test fibers with initially high and low MFA,

separated from each other.
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