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Abstract

Paper is a versatile, cheap and environment-friendly material. Nevertheless, there are
several factors limiting its usefulness, and one of the major issues is that cellulosic and
ligno-cellulosic fibres spontaneously sorb water. At the same time, the water uptake
changes the dimensions of the paper. This phenomenon is usually referred to as a lack
of dimensional stability and is often evident as misregister during multicolour printing,
or curl, cockle and wavy edges during printing, copying, and storage, or, in a wider
perspective, as a shortened lifetime of boxes during storage due to mechano-sorptive
creep.

This thesis aims to improve the understanding of the mechanisms behind the di-
mensional (in)stability of paper. It looks beyond finding the best starting material and
explores what can be done chemically to further improve the dimensional stability.
Furthermore, it compares traditional hygroexpansion measurements, where the dimen-
sional change is measured as a function of atmospheric relative humidity, and dimen-
sional changes caused by liquid water, referred to here as hydroexpansion.

The main parameters which have been studied are the ability of the fibres to join
together and their ability to sorb water. In other words, how the degree of molecular
contact within the fibre joints, as well as how the fibres are dried, affect the dimensional
stability of the final paper, and whether it is possible to reduce the sorptivity of the
fibres, and thus their ability to expand, by chemically cross-linking the fibre-wall.

It was found that the degree of fibre-fibre contact, modified by drying or adsorp-
tion of polyelectrolyte multilayers, had little influence on the hygroexpansion or on the
hydroexpansion if the sheets were dried under restraint, whereas freely dried sheets
with a reduced degree of contact showed a slightly better dimensional stability, at least
during hygroexpansion. What, however, had a positive effect on both hygro- and hy-
droexpansion was the fibre-wall cross-linking. In this work, cross-linking was achieved
by oxidising the cellulose to dialdehydecellulose which can form cross-links with ad-
jacent cellulose molecules, and thus reduce the rate of water diffusion into the fibre
and hence the uptake of water. In the case of the most oxidised and cross-linked fibres,
the diffusion coefficient was found to be 2–3 times lower than that of the non-oxidised
reference. The effect of the cross-linking was, however, the most prominent the first
time the moisture content of the paper was increased since cycled samples no longer
show this lower adsorption rate. It is suggested that this is due to the formation of a
new pore system when the moisture content is increased, and the slow creation of this
pore system reduces the moisture uptake of the sample.

If hygroexpansion is compared with hydroexpansion, it is evident that a given
change in moisture content does not correspond to the same absolute expansion, the
maximum hydroexpansion being lower by a factor of 2–3 than the hygroexpansion of
the same paper. This is probably because the applied liquid water is never equally
distributed in the fibre network before it evaporates. Another effect of the more dy-
namic absorption of liquid water and the subsequent hydroexpansion is that at least in
non-restrained samples there is first a rapid initial expansion which is followed 5 to 15
seconds later by a rapid in-plane contraction. It is suggested that this contraction is due
to a combination of the release of dried-in strains, drying, and an increase in surface
roughness.
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Sammanfattning

Papper är ett mångsidigt, billigt och miljövänlig material. Det finns dock ett antal fak-
torer som begränsar papperets användbarhet, och en av de mest problematiska är att
cellulosa- och lignocellulosafibrer spontant tar upp vatten. Samtidigt som papperet tar
upp vatten ändras dess dimensioner. Detta fenomen brukar kallas bristande dimen-
sionsstabilitet och uppträder vanligen i form av registerfel vid flerfärgtryck eller som
krökning ut ur planet, buckling eller vågiga kanter vid tryckning, kopiering och lagring
eller, med en bredare definition, också som en förkortad livslängd hos lådor på grund
av mekanosorptiv krypning.

Den här avhandlingen syftar till att öka förståelsen för mekanismerna bakom pap-
pers dimensions(in)stabilitet och söker förbättringar bortom det bästa utgångsmateri-
alet genom att kemiskt försöka förbättra godtyckligt startmaterial. Vidare har syftet
varit att jämföra resultaten från traditionella hygroexpansionsmätningar, där papperets
dimensionsförändring mäts efterhand som fuktinnehållet ändras vid en given föränd-
ring i relativ luftfuktighet, med de dimensionsförändringar som uppstår då papperet
utsätts för flytande vatten, som i den här avhandlingen benämns hydroexpansion.

De faktorer som huvudsakligen har studerats, är fibrernas förmåga att foga sig
samman med varandra i pappersnätverket och deras förmåga att ta upp vatten. Med
andra ord, hur påverkas dimensionsstabiliteten av en hög respektive låg grad av fiber-
fiberkontakt samt fri respektive inspänd torkning och huruvida det går att minska fib-
rernas förmåga att ta upp vatten, och således deras förmåga att expandera, genom att
kemiskt tvärbinda fiberväggen.

Det konstaterades att graden av fiber-fiberkontakt, förändrad genom torkning eller
adsorption av polyelektrolytmultilager, hade ringa inflytande på såväl hygro- som hyd-
roexpansionen om papperet hade torkats inspänt, medan en något ökad dimensionssta-
bilitet kunde uppnås för fritt torkade ark vid en minskad kontaktgrad. Det som däremot
genomgående påverkade båda expansionssätten positivt var fiberväggstvärbindningen,
som i det här arbetet åstadkoms genom att oxidera cellulosan till dialdehydcellulosa,
vilken i sin tur kan bilda kovalenta bindningar med angränsande cellulosamolekyler.
Detta minskade diffusionshastigheten, mätt som en minskning i effektiv diffusionsko-
efficient, med en faktor 2–3 jämfört med den obehandlade referensen. Det visade sig
dock att tvärbindningen hade bäst effekt första gången fukthalten i papperet ökades,
då papper som utsatts för fuktcykling inte längre uppvisade samma reducerade adsorp-
tionshastighet. Detta misstänks bero på att det bildas ett nytt porsystem när fuktinne-
hållet i fibrerna ökar och att det är den långsamma bildningen av detta som är orsaken
till det långsamma fuktupptaget.

När expansion orsakad en av förändring i relativ luftfuktighet jämfördes med ex-
pansion orsakad av flytande vatten, det vill säga vid jämförelse mellan hygro- och hyd-
roexpansion, visade det sig att vid en given förändring i ett givet pappers fuktinnehåll,
orsakade flytande vatten en 2–3 gånger lägre expansion. Detta är troligen en effekt av
att det pålagda vattnet inte hinner fördelas helt jämnt i fibernätverket innan det börjar
dunsta. En annan effekt av den snabbare och mer dynamiska absorptionen av flytan-
de vatten är att efter en snabb initial expansion börjar papperet kontrahera efter 5 till
15 sekunder. Detta föreslås bero på en kombination av frigörelse av intorkad töjning,
torkning och en ökad ytråhet.
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Preface

In 2008, the world had the capacity to produce about 39700000 t of newsprint whereas the
demand was approximately 35800000 t. The preliminary figures for 2009 are 38400000 t
and 30800000 t, respectively1. This over-capacity puts a demand on the manufacturers to
produce highly competitive newsprint grades at low costs.

One key newsprint property is the paper’s dimensional stability, i.e. how resistent the
paper is to changes in moisture content without any resulting deformation. This property
is important since a small amount of water is transferred to the paper in the printing press,
and if this water causes the paper to expand too much and too fast, the paper will have time
to expand between the first and last printing stations in a mulit-colour printing-press and
hence cause a misalignment, a so-called register error, and severely reduce the quality of
the print. If the dimensional stability is improved, the competitive strength of the product
is increased and market shares can be won.

The traditional way to evaluate the dimensional stability of paper is to measure the
hygroexpansion, i.e how much a paper expands when subjected to a change in relative
humidity from one specified humidity to another. It can, however, be discussed how well
this measurement technique reflects the paper’s ability to perform in a printing press since
the dynamics of the two processes are very different.

This thesis aims to further explore the mechanism behind the traditionally measured
hygroexpansion by altering the ability of the fibres to join together in a network and adsorb
moisture (Papers I and II), and also to compare this traditional evaluation method with
the expansion caused by the absorption of liquid water (Papers III, IV and V), here called
hydroexpansion, in order to try to clarify the similarities and differences between the two
expansion modes and what can be done to reduce the expansion.

Stockholm, 4 March 2010

Per Larsson

1Source: PPPC – the Pulp and Paper Products Council
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1 Introduction

Without exaggeration, paper is one of the most important innovations in the history of
mankind. In a recent report by the US Foreign Policy Research Institute, paper was ranked,
mainly due to its importance as a bearer of knowledge, as the 16th most important innova-
tion of all time, only one place behind the wheel.1

At first sight, paper appears to be something simple, but in fact it is a complicated in-
homogeneous network of heterogeneous fibres. Papers are today formed at high speeds,
up to 2000 m/min, from a very dilute suspension where the water is a prerequisite to swell
and soften the fibres and facilitate their joining together as the water is removed. The
individual pulp fibres can swell since ligno-cellulosic fibres not only have a high affinity
to water but also a complex architecture with cellulose molecules arranged in crystalline
areas, amorphous areas and fibre pores which can hold more than the fibre’s own weight
of water. This also means that the final product, the paper, has this affinity to water, but
for most products, tissue products excluded, this is more of a disadvantage, where water
uptake both as liquid and from humid air not only weakens the paper by breaking hydrogen
bonds but also alters its dimensions. The ability to withstand these dimensional changes
as the paper’s moisture content is changed, is called dimensional stability, and in printing,
copying and converting operations, this is often a critical parameter. Insufficient dimen-
sional stability may cause misregister during multicolour printing, generate curl, cockle
and wavy edges during printing or copying, and in the case of packaging papers, it may
also lead to substantial problems in packaging machines and for boxes problems in the
form of mechano-sorptive creep during storage.

During a four-colour offset printing operation, 0.2–0.3 g/m2 water is transferred to
the paper per colour (Thalén et al. 1994, Trollsås 1995). For a paper with a grammage
of 40 g/m2, this means an increase in moisture content of 2–3 percentage units, which
for papers made from most pulp types corresponds to an expansion of about 1.5 mm/m
between the first and last colour2, i.e. an expansion clearly visible to the human eye. In
addition, the increase in moisture content reduces the modulus of the paper, which can not

1Lawrence A. Husick, "From Stone to Silicon: A Brief Survey of Innovation", 2008.
2Calculation based on hygroexpansion data from Nanri and Uesaka (1993) under the assumption that hygro-

and hydroexpansion are the same phenomena.

1



1. INTRODUCTION

only increase the expansion but also increase the risk of mechanical failure of the paper
web during the printing operation.

Although the effects of fibre swelling on fibre dimensions during papermaking have
been extensively studied (e.g. Stone and Scallan 1967, Lindström and Carlsson 1978,
Grignon and Scallan 1980, Laine et al. 2003), there is still no complete understanding
of the fundamental mechanism(s) and parameters controlling the dimensional changes of
either individual fibres or entire fibre networks as it is subjected to water, especially in the
high solids-content region.

It is well known that the swelling of sheets when soaked in water can be dramatically
reduced by cross-linking the fibre wall (e.g. Cohen et al. 1959, LeBel et al. 1968, Caulfield
1994). It is also a common belief (cf. Uesaka and Qi 1994) that a smaller degree of contact
in the fibre joint, decreased for example by aging and humidity cycling (Eklund 1969),
results in a greater degree of dimensional stability.

1.1 Objective and outline of the thesis

The objective of this thesis was not primarily to improve the dimensional stability or to
solve any problems associated with the hygro- and hydroexpansion of paper, but rather to
add some more pieces to the puzzle of how paper interacts with water and elucidate any
eventual differences between the two sorption/expansion modes. This knowledge can later
be used to develop highly competitive paper products.

The two principal parameters studied were the influence of the fibre joints and the effect
of fibre-wall cross-linking, where the effects on hygroexpansion were studied in Paper I
and Paper II and the effects on hydroexpansion were studied in Paper IV and Paper V.
To be able to study the hydroexpansion, a new method was developed, and this method is
described in Paper III.

In the thesis the mechanical properties are first compared for sheets made from the
differently modified fibres. Their ability to adsorb and desorb water from moist air as well
as absorption of liquid water is then described. Finally, the hygro- and hydroexpanion
behaviours of the different sheets are compared.
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2 Background

2.1 The wood fibre

Wood can be described as a heterogeneous multilevel composite, where individual wood
fibres are embedded in a matrix of lignin and pectic substances (Panshin and De Zeeuw
1980). During the pulping process, whether mechanical or chemical, the fibres are sep-
arated into individual fibres, which consist mainly of cellulose, hemicellulose and lignin.
The proportions of the different polymers, vary with wood source, pulping process and
not least the yield of the pulping process. The cellulose molecules, i.e. β(1→4) linked
D-glucopyranose units, are ordered as fibrils with both crystalline and amorphous regions,
which in turn form fibril aggregates. These, together with hemicelluloses and lignin, then
form a laminate-like structure divided into four distinct layers with different fibril angles
in relation to the fibre axis; the primary wall, the S1, S2 and S3 layers of the secondary
fibre wall, where the S2-layer is the major component and hence also contributes most to
the fibre’s mechanical strength (Panshin and De Zeeuw 1980, Salmén 1986). The native
wood fibres are hollow and this space is called the lumen.

During the processing of the pulp, refining, cooking, bleaching, beating etc., compo-
nents are removed, chemical groups are introduced, and fibril lamellae are separated, and
these processes in some way alter the pore structure of the fibres and their ability to swell
and form a strong paper (Scallan 1978, Wågberg and Annergren 1997).

2.2 Swelling, shrinkage and moisture adsorption of fibres and paper

As described above, no two fibres are alike, and different fibres will in absolute terms not
behave in the same way. They do, however, in general terms show the same behaviour
since they are composed of the same building blocks.

When fibres, free or in a network such as paper, sorb water within the fibre wall,
whether as liquid or from humid air, hydrogen bonds are broken and the fibril lamellaes in
the fibre wall are separated from each other (Scallan 1978), resulting in a swelling of the
whole fibre and hence a change in the dimensions of the entire network.

Fibre swelling under aqueous conditions can be understood in terms of the theories of

3



2. BACKGROUND

gel swelling derived by Donnan and Proctor at the beginning of the 20th century. From
this starting point, Grignon and Scallan (1980) developed a model that can be realised
for fibres by virtually positioning a membrane just above the fibre surface. The acidic
groups bound to the fibre surface cannot move through this virtual membrane, but water
molecules and simple ions can. This difference in mobility creates an osmotic pressure
across the membrane. Based on this model, Grignon and Scallan showed that it is possible
to estimate the swelling of fibres as a function of the concentration of simple salts and
the dissociation constants of the acidic groups inside the fibre wall. Grignon and Scallan
(1980) also showed that a highly charged fibre swells more than a fibre with a lower charge.
This was, however, later found to be true only for bulk-charged fibres, since Laine et al.
(2003) and Torgnysdotter and Wågberg (2003, 2004) found that an increase in surface
charge of the fibres has no significant influence on the swelling of the fibre wall.

If a single fibre is allowed to dry freely it decreases its length by only a couple of
per cent, whereas it can shrink in the transverse direction by 10–30 % (Tydeman et al.
1966). A major part of this shrinkage is recovered if the fibre is re-wetted or subjected to
a high relative humidity. In a network with infinitely small connection points, it can easily
be understood that the in-plane dimensional change in the net-work is governed by the
longitudinal deformation of the individual fibres. However, the fibres will shrink more in
its longitudinal direction if inter-fibre interactions, i.e. fibre crossings, are allowed to force
the fibres into greater shrinkage. Page and Tydeman (1962) showed that this shrinkage can
be about 12 %, which in their experiments was equal to the mean shrinkage of the entire
paper. Page and Tydeman concluded that this is caused by wrinkles due to compression
failure at the fibre joints, commonly referred to as microcompressions. They also found
that these microcompressions can only be arranged orthogonal to a in-plane direction dried
without any drying-restraint, i.e. free shrinkage is a prerequisite for microcompressions to
be formed.

Paper is a hygroscopic material, i.e. the fibres spontaneously lower their free energy by
adsorbing water (cf. Hollenbeck et al. 1978), and a dry paper will readily adsorb moisture
in a moisture-containing atmosphere and thus cause an expansion of the fibre wall since
the dry fibre wall contains no pores (Stone and Scallan 1967), a process usually referred to
as hygroexpansion of the fibres (see Section 2.3.1).

The water uptake from the surrounding air is much slower than that when the fibres
are subjected to liquid water. It can, as shown by Jarrell (1927), take several hours for
paper to reach an equilibrium moisture content, depending on the paper grade and on the
amplitude of the relative humidity change. Jarrell also found that desorption is more time-
consuming than adsorption. Leisen et al. (2002) concluded that moisture adsorption is
the rate-determining factor for the moisture uptake since the rate of inter-fibre diffusion is
much faster than the rate of the adsorption process. The coupling, i.e. the exchange of heat
and moisture between the paper and the surrounding air, also has a significant influence on
the rate of sorption, and thus also on the rate of dimensional change (Brecht and Hildebrand
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Figure 2.1: Schematic water adsorption isotherms illustrating how temperature affects the adsorption

1960). The effect of temperature on the adsorption of water can easily be understood by
considering the Gibbs free energy:

∆G = ∆H−T ∆S (2.1)

where a negative change in free energy, i.e ∆G < 0, indicates a spontaneous process. Since
the system becomes more ordered during adsorption, the entropy decreases (∆S < 0) and
the enthalpy (∆H) has to be negative, i.e. adsorption is an enthalpy-driven process, and if
the temperature is increased the change in free energy will be lower and less water will be
adsorbed (Figure 2.1). This reduction in adsorbed amount is significant and can easily be
measured (e.g. Hollenbeck et al. 1978, Foss et al. 2003).

There are several ways in which water can be absorbed into a fibrous material; as free
water in the pores between the fibres, in the lumen of the fibres or in the fibre wall, or
as bound water within the fibre wall. If the definitions of Yoshida et al. (1992) are used,
there are two types of bound water; freezing bound water and non-freezing bound water,
i.e. water that shows no phase transition down to a temperature of 130 K. Berthold et al.
(1994) later argued that the presence of charged groups is a prerequisite for non-freezing
bound water to exist in cellulose fibres.

2.2.1 Sorption history dependence

The sorption of moisture from air exhibits a significant hysteresis, i.e. the equilibrium
moisture content is not a unique function of the relative humidity of the surrounding air but
depends on the sorption history. This is illustrated in Figure 2.2. If the relative humidity, is
increased from 0 % RH, the moisture content follows the lower adsorption curve to point A
via point B. If the humidity is then decreased, the moisture content does not return to
point B but instead to B1, and if the humidity is again increased, the moisture content
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Figure 2.2: Schematic picture of a typical water adsorption and desorption isotherm with its typical
hysteresis behaviour

will follow line B1-A1 instead of returning to point A (cf. Urquhart 1960, Chatterjee et al.
1997). There are several, well discussed explanations of why paper presents a hysteresis
effect, of which the most common are mentioned below.

Urquhart (1960) proposed that the hysteresis is due to a difference in carboxyl group
availability during adsorption and desorption, whereas Barkas (1949) explained the hys-
teresis as being due to a plastic deformation of the cellulose gel.

One effect that contributes to the rate of adsorption is the heat/mass coupling, i.e. the
exchange of heat and moisture, between the paper and the surrounding air (Brecht and
Hildebrand 1960), and this may also contribute to the hysteresis, since the adsorption is an
exothermic process, and the temperature at the fibre surface will increase during adsorption
and consequently lower the relative humidity close to the fibre surface and thus reduce the
driving force for further adsorption unless heat is transferred away from the surface. During
desorption the effect will be the opposite.

Another contribution to the hysteresis of cellulosic and lignocellulosic materials is the
“bottleneck”, or “ink-bottle”, effect (schematically shown in Figure 2.3), which occurs
in non-uniform capillaries with narrower and wider sections. According to the Kelvin

water menisci 

Figure 2.3: Schematic representation of a “bottleneck pore” during sorption where the water meniscus
hinders the moisture from diffusing further into, or out from, the pore.
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equation (Equation 2.2), narrower capillaries will be filled with water at a lower relative
humidity during adsorption and thus hinder the diffusion into, and the adsorption within,
the wider sections of the capillary. During desorption, the narrower sections will prevent
desorption away from the wider sections that should desorb at higher vapour pressures.
This will contribute to the hysteresis effect, especially if all pores have been water-filled at
a high relative humidity.

ln
p
p0

=
−2γM
rρRT

(2.2)

where

p
p0

= the relative vapour pressure
γ = the surface tension of water
M = the molecular mass of water
r = the radius of the capillary
ρ = the density of water

In line with the mechanisms proposed by Barkas (1949), it should also not be forgot-
ten that cellulose fibres age with time (see Section 2.4.1) and that an increase in moisture
content lead to a partial recrystallisation of parts that been decrystallised during the pulp-
ing process (Caulfield and Steffes 1969) with a consequential change in the cellulose free
volume (Pekarovicova et al. 1997).

Everett and Whitton (1952) developed a theory of independent domains describing
the sorption hysteresis in a general material. Later both Peralta (1995) and Chatterjee et al.
(1997) applied this theory with good results to their experimental sorption data for different
wood and paper sources to describe the sorption behaviour of the material.

2.2.2 Liquid water transport within fibre networks and fibres

The ability of a paper to allow transport of water is to a large extent described by its pore-
system and includes not only the pores between the fibres but also the pores within the
individual fibres. The inter-fibre pore distribution can be determined with various liquid
extrusion/intrusion techniques if a typical pore-shape is assumed, and Corte (1958) showed
that a typical average pore radius of a sheet is of the order of 0.5–2 µm. The intra-fibre-
pores on the other hand are much smaller and hence more difficult to measure.

Three measures are commonly used nowadays, all with their own assumptions and
somewhat different results, for the determination/estimation of the pore size distribution of
the fibre wall. These are SEC (e.g. Stone and Scallan 1967, 1968), NMR-relaxation (e.g. Li
et al. 1993, Andreasson et al. 2003) and thermoporosimetry (e.g. Maloney and Paulapuro
1999), or a combination of the latter two, i.e. cryoporosimetry (e.g. Strange et al. 1993,
Östlund et al. in press). The measured average pore sizes vary from a few Angstrom up
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to about 20 nm for a swollen fibre wall, where SEC-measurements give somewhat lower
values than the NMR-technique.

When an untreated, i.e. hydrophilic, paper comes into contact with liquid water, a rapid
capillary absorption takes place. In an ideal uniform capillary of length l, radius r and
contact angle θ, the time to fill the capillary can be described by the integrated form of the
Lucas-Washburn equation:

t =
l2η

rγ cosθ
(2.3)

A good summary of liquid absorption in paper and a discussion of the subsequent fibre
swelling can be found in Bristow (1986).

If the paper on the other hand is hydrophobic, i.e. θ > 90◦, no capillary absorption
will occur. This does not, however, mean that no water is transported into the paper, since
the water molecules can diffuses through the interface into the fibre wall. Diffusion can
mathematically be described by Fick’s first and second laws of diffusion:

J = D
∂φ

∂x
(2.4)

∂φ

∂t
= ∇(D∇φ) (2.5)

where the first law describes the flux J as a function of the concentration gradient ∂φ

∂x and
the second law the propagation of the water front. The diffusion constant D for pulp fibres
has been found to increase exponentially with increasing moisture content (Ahlen 1970,
Topgaard and Söderman 2001). Under the assumption of a constant D-value, Equation 2.5
can however be solved analytically in one dimension:

φ(x, t) = φ0 erfc
(

x
2
√

D · t

)
(2.6)

2.3 Dimensional stability

In strict terms, a paper’s dimensional stability is its resistance to deformation as a result of
a change in temperature, moisture, pressure or any other external perturbation. Presumably
the resistance should also be time-independent, involving all the time-dependent deforma-
tions that occur in viscoelastic materials, such as creep and mechano-sorptive creep (cf.
Byrd 1972a,b).

However, in a papermaker’s world, dimensional stability usually means the resistance
to deformation upon a moisture content change and in some cases also temperature change,
as is for example the case in xerography where the paper curls if it does not contract
homogeneously throughout the thickness direction of the paper.
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2.3. Dimensional stability

Traditionally, dimensional stability is measured as hygroexpansion, i.e. the expansion is
measured as a function of the change in relative humidity, but since there is great difference
in sorption and hence expansion dynamics, the dimensional stability should preferably also
be evaluated in contact with liquid water, i.e. as hydroexpansion.

2.3.1 Hygroexpansion

The in-plane dimensional stability of paper is often quantified as the hygroexpansion of
the paper as a result of a change in relative humidity:

εh =
∆l
l

(2.7)

and it is often normalised with respect to the change in moisture content (∆MC) or relative
humidity (∆RH) as a hygroexpansion coefficient:

βMC =
εh

∆MC
(2.8)

The dimensional stability of paper is a history-dependent property, not only because
of the sorption hysteresis described in Section 2.2.1, but also due to an irreversible release
of dried-in strains (also often referred to as built-in stresses or internal residual strain),
induced in the restrained drying of the paper, when the paper is re-wetted or subjected to a
change in relative humidity (cf. Larocque 1936, Uesaka et al. 1989).

Beating of the fibres increases the hygroexpansion in general and the hydroswelling in
particular, as well as the shrinkage of freely dried sheets (Brecht et al. 1956, Brecht 1958).
Brecht (1958) concluded that beating had a greater influence on the dimensional change
than on the increase in moisture uptake, i.e. that the beating process led to an increase in the
βMC-value. Nordman (1958) showed that there was a linear relationship between shrinkage
during drying and hygroexpansion, while Salmén et al. (1987) later concluded that this is
true only when the sheets are wet-pressed to the same density. On the other hand, at zero
shrinkage, i.e. when dried under restraint, there is little or no correlation between density
and in-plane hygroexpansion (Salmén et al. 1987, Uesaka 1991, Lyne et al. 1994).

Nanri and Uesaka (1993) measured the βMC-value of sheets from several different pulps
with different shrinkages (Table 2.1), and they came to the conclusion that even though
TMP and SGW pulps had the lowest drying shrinkages, they did not have the lowest βMC-
values and that the lower shrinkage was a result not of a lower hygroexpansion coefficient
but rather of a smaller change in moisture content from the onset of shrinkage to dryness.
Nanri and Uesaka (1993) also found a linear relationship between the difference in βMC-
values of freely dried sheets and sheets dried under restraint (βMC, free−βMC, restraint) and
the sheet shrinkage, where the mechanical pulps showed the lowest difference between the
two drying strategies, which implies that drying under restraint has a smaller effect on the
βMC-values of mechanical pulps.
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The out-of-plane hygroexpansion decreases with both increasing density and increas-
ing shrinkage, i.e. when the in-plane shrinkage during drying is increased, the in-plane
hygroexpansion is increased at the same time as the out-of-plane expansion is decreased
(Lyne et al. 1994). These authors also concluded that the volume of the voids in the paper
increased less than the volume of the paper as a whole when the paper was subjected to an
increasing relative humidity, i.e. that paper swells less than the individual fibres.

The hygroexpansion of paper is dependent not only on the drying mode, but also on
the degree of anisotropy. Compared to an isotropic sheet, the expansion of a anisotropic
sheet is lower when more fibres are aligned in the direction of the measured expansion
and greater in the cross-direction (e.g. Brecht and Hildebrand 1960). There is also a com-
plex relation to the fibre morphology. Uesaka and Moss (1997) showed that the βMC-value
of sheets dried under restraint decreased only slightly with decreasing fibre length when
the fibres were mechanically cut to different fibre lengths. When the pulp was fraction-
ated, however, it was found that the βMC-value was higher in the shorter length fractions.
This was especially true for CTMP-fibres, where the βMC-value was significantly higher
in sheets made from fractions with an average fibre length of ca. 1.2 mm and less. Ue-
saka and Moss (1997) also found that the shorter fibre fractions had a higher extinction
angle, suggesting that the cell-wall structure, e.g. the microfibril angle, affects the fibre
hygroexpansion.

Table 2.1: Hygroexpansion coefficients (βMC-value) and drying shrinkages for seven papers made of
different pulps and fibre treatments (Nanri and Uesaka 1993).

Mechanical pulps Chemical pulps
SGW1 TMP2 CTMP3 CMP4 LYS5 LYS BKP6

(beaten) (beaten)

βββ-value (%/%)
Restraint-dried 0.068 0.057 0.063 0.081 0.048 0.063 0.053
Freely dried 0.086 0.074 0.087 0.125 0.075 0.123 0.092

Sheet shrinkage (%) 1.50 1.40 1.99 3.06 2.35 4.60 3.23

1Stone Grind Wood
2Thermo Mechanical
3Chemical Thermo Mechanical Pulp
4Chemical Mechanical Pulp
5Low Yield Sulphite
6Bleached Kraft Pulp

2.3.2 Hydroexpansion

The literature reports only a few attempts to measure the hydroexpansion of paper. Boström
(2001), Ketoja et al. (2001) and Thalén et al. (1994) all used roll contact transfer methods
to apply a controlled amount of water to the paper. The transfer of water to the paper
demands, however, that a pressure is applied, and this pressure has been found to result in
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paper deformation, and this deformation is measured as an expansion when the pressure
is released, i.e. the contact application technique induces an expansion in the paper even
without any water transfer (Tattari and Niskanen 1998a, Ketoja et al. 2001). In the method
proposed by Boström (2001) it was only possible to record the expansion first after a few
tenths of a second, and this makes it hard to compare these with other results.

Thalén et al. (1994) measured the expansion on a web by placing ink-jets at different
locations along the web and manually measuring the expansion afterwards. By varying the
speed of the web, the expansion could be plotted as a function of time. One second after
the application of 1.16 g/m2 water, the newsprint had expanded 0.06 %, which is in the
same order as in the experiments with a stationary camera monitoring the expansion by
Ketoja et al. (2001), where 1.8 g/m2 applied to a book paper led to an expansion of 0.1 %
one second after application.

Belle (2001) measured the dynamic hydroexpansion as the elongation of the paper
when it was soaked in water. However, since it is hard to control the amount of water
absorbed, and since this is also much greater than the amount in the contact transfer tech-
niques, it is difficult to compare any results.

Tattari and Niskanen (1998b) stated that the amplitude of the hydroexpansion seems
to be less than the hygroexpansion of the corresponding paper, even though they did not
monitor until equilibrium.

2.4 Fibre modifications and the formation of fibre joints

The specific forces holding the fibres together in a paper are still not fully understood.
However, it is a well-known fact that the fibre joints (often referred to as fibre bonds) play a
most important role. Since individual fibres can be extracted from a sheet without breaking,
Davison (1972) concluded that the fibre-fibre joints are the weakest link contributing to the
paper strength. Davison also showed that the strength of a paper is significantly less than
the strength of the individual fibres. It has also been shown theoretically by Page (1969)
that the paper strength increases asymptotically towards a strength limited by the strength
of the individual fibres with increasing joint strength and increasing fibre-to-fibre contact
area. The asymptotic value that found by Cox (1952) to be one third of the strength of the
individual fibres.

According to Eklund (1969), the hygroexpansivity is reduced, i.e. the dimensional sta-
bility is improved, after a couple of drying cycles or re-uses of the pulp as the fibres age
and become hornified, i.e. show a reduced swelling (Jayme 1944) and a reduced fibre-fibre
contact (Torgnysdotter and Wågberg 2006). It is hence a common belief that this reduced
hygroexpansivity is due to a reduced fibre-fibre contact and that the lower the degree of
fibre-to-fibre contact the greater is the dimensional stability (cf. Uesaka and Qi 1994).
However, using a finite-element model, Uesaka and Qi (1994) proposed that the degree
of contact affects the hygroexpansion to only a very small extent as long as the fibres are
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Figure 2.4: Degree of contact in the fibre joint, defined as the ratio between the area not accessible
to rosanilin and the total area, as a function of the amount of adsorbed PAH for polyelectrolyte multi-
layers (PEMs) and polyelectrolyte complexes (PECs). The figure is reprinted here and in Paper I with
permission from Torgnysdotter and Wågberg (2006).

dried under restraint.
Torgnysdotter and Wågberg (2006) showed, as shown in Figure 2.4, that the molecular

contact between the two fibres in a fibre joint is significantly reduced when the fibres are
dried, i.e. become hornified, and that the degree of contact can be improved by applying
polyelectrolyte multilayers (PEMs) onto the fibres. In the case of cellulose fibres, the
build-up of multilayers consisting of polyallylamine and polyacrylic acid has been shown
to significantly increase both the tensile strength and the strain at break, due both to a higher
degree of molecular contact between the fibres as and to a better adhesion in the contact
zone (Wågberg et al. 2002, Eriksson et al. 2005, Torgnysdotter and Wågberg 2006).

Since both hygro- and hydroexpansion are caused by the uptake of water, it has long
been believed (cf. Cohen et al. 1959, LeBel et al. 1968, Caulfield and Weatherwax 1978)
that the dimensional stability would be improved by reducing the water uptake and hence
the swelling, e.g. by introducing cross-links within the fibre wall. Most cross-linking mea-
surements have, however, been performed as swelling experiments upon soaking in water
and not with small changes in moisture content like the changes in a printing press. As an
example, Caulfield and Weatherwax (1978) saw no significant difference in degradation in
stiffness between cross-linked sheets and the reference sheet as long as the moisture con-
tent was below the fibre saturation point (FSP) of the respective fibres. Nevertheless, since
cross-linking has a potential, as shown by Caulfield (1994), to reduce the mechano-sorptive
creep, cross-links are likely also to have an effect on the hygroexpansion.

This thesis thus primarily focuses on the effects of these three different fibre modifica-
tions, i.e. hornification, PEM-treatment and fibre cross-linking, on the dimensional stability
of paper.
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2.4.1 Hornification

Even though the term is commonly used in the pulp and paper industry, hornification is a
somewhat arbitrary concept. It is used to describe all the physical and chemical changes
that reduce the swelling, and thus the ability of the fibres to hold water, and the strength of
papers made from these fibres. In 1944, Jayme quantified hornification as the loss in water
retention value (WRV), i.e.

Hornification =
WRVi−WRVh

WRVi
(2.9)

where WRVi is the initial water retention value and WRVh the value of the “hornified”
sample. The hornification process has been found to occur below a certain critical water
content, the fibre saturation point (Laivins and Scallan 1993).

Hornification is a complex process, probably consisting of several mechanisms, and
several theories have been proposed to explain the process. Besides defining the concept
of hornification as in Equation 2.9, Jayme (1943) explained the phenomenon as an aggre-
gation and tighter structure of the polysaccharide chains as water is removed. Lundberg
and de Ruvo (1978) concluded that, since the equilibrium moisture content is not affected
by hornification, no drastic changes occur and that the most plausible explanation is the
closure of large pores, a result also found by Stone and Scallan (1966, 1968). It has also
been shown that the degree of hornification increases with increasing degree of hydrogen
bonding (Lindström and Carlsson 1982), which presumably induces a tighter structure of
the cellulose fibrils in the fibre wall. Lindström and Carlsson (1982) also showed, on the
other hand, that if the fibres were dried in their sodium form the hornification process was
more or less stopped, provided that the charge of the fibres was sufficiently high. This has
later also been shown by Laivins and Scallan (1993).

It has been proposed that hornification is due to both a generation of covalent cross-
links and “irreversible hydrogen bonding” , i.e. the formation of hydrogen bonds that do
not break when the fibres are re-wetted. Lactone formation has also been suggested as
a mechanism to explain hornification (cf. Samuelson and Törnell 1961, Lindström and
Carlsson 1982, Fernandes Diniz et al. 2004) but, since the acid content of the pulps does
not change during the hornification (Scallan and Tigerström 1992), the idea of lactone
cross-links is questioned.

Yet another proposed mechanism is that, with the loss of water, the fibre crystallinity
is increased, i.e. that the cellulose chains become more ordered with a larger amount of
hydrogen bonds between the chains (cf. Weise 1998, Newman 2004).

Since hornification is closely linked to the recyclability of pulp fibres, the literature
on hornification is very extensive and for more extensive reviews the reader is referred to
e.g. Fernandes Diniz et al. (2004), Kato and Cameron (1999), Laivins and Scallan (1993),
Nazhad and Paszner (1994) and Weise (1998).

13



2. BACKGROUND

2.4.2 Polyelectrolyte multilayers

The adsorption of polyelectrolytes onto a surface depends not only on the charge of the
surface and the charge of the polyelectrolyte, but also on the conformation of the poly-
electrolyte, which in turn depends on internal electrostatic repulsions within the polymer
chain. This internal repulsion can be screened by adding salt or, in the case of a weak poly-
electrolyte, changed by changing the pH-value to achieve a different degree of dissociation
and thus a change in the charge density (e.g. Dautzenberg et al. 1994).

The concept of polyelectrolyte multilayers (PEMs) involves consecutively treating a
charged surface with cationic and anionic polyelectrolytes, an idea first developed during
the early 1990s by Decher and co-workers (cf. Decher 1997). A polyelectrolyte is ad-
sorbed onto a surface and thus recharges the surface, after which the surface is rinsed with
deionised water to wash away any unadsorbed polyelectrolyte, followed by the adsorption
of an oppositely charged polyelectrolyte and yet another rinsing step. This procedure is
then repeated until the desired number of layers has been adsorbed onto the surface. The
adsorption is entropy-driven, simply by the fact that counter-ions are “kicked out” from the
surface during the adsorption resulting in an increased entropy. Wågberg et al. (2002) later
used the PEM-technique with success on pulp fibres to improve the mechanical properties
of their papers.

By using not only different polyelectrolytes but even nanoparticles, a great variety
of properties, such as increased strength, electric conductance and colour changes upon
certain stimuli, can be imparted to the substrate (Iler 1966, Agarwal et al. 2006, Zheng
et al. 2006, Wistrand et al. 2007, Wågberg et al. 2008). By using weak polyelectrolytes
and controlling the pH, i.e. changing the charge density of the polyelectrolyte, the amount
of polyelectrolyte adsorbed, and hence the properties of the multilayer, can be optimised
(cf. Eriksson et al. 2005).

2.4.3 Cross-linking

It has long been known that the fibre-swelling can be reduced by cross-linking the fi-
bre wall. Cohen et al. (1959) used formaldehyde to induce cross-links into the fibre wall
and Stamm (1959) showed that cross-links can be induced via a catalysed heat treatment.
LeBel et al. (1968) soaked paper with polyfunctional chemicals, such as polyepoxides
and dialdehydes, with the ability to react with the hydroxyl groups of the cellulose and
to form cross-links both within the fibre-wall and between the individual fibres, and thus
increase the dimensional stability of the paper measured as wet-swelling, probably both
by preventing the fibres from swelling and by eliminating adsorption sites available to
water molecules. Weatherwax and Caulfield (1978) later showed that fibres cross-linked
with formaldehyde contained smaller pores, and probably an increased “bottleneck pore”
formation (see Figure 2.3), and a lower moisture uptake.

By oxidising the C2–C3-bond of 1,4-glucans with periodate ions as oxidation medium
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2.4. Fibre modifications and the formation of fibre joints

and forming two reactive aldehyde groups which can react with hydroxyl groups within
the pulp fibre and form hemiacetal linkages (Zeronian et al. 1964, Back 1967, Ghosh and
Dalal 1988), the fibre wall can be cross-linked. Kim et al. (2000) showed that the oxidation
also reduces the cellulose crystallinity and that the oxidation is unevenly distributed over
the fibre surface and creates more flexible fibres.

Hou et al. (2007) used periodate to oxidise bleached kraft fibres to dialdehyde cellulose
(DAC) and then formed sheets with many times greater dry and wet tensile strengths. Hou
et al. also sulfonated the DAC by reacting it with bisulfite. This resulted in even better
strength properties up to oxidant dosages of 50 wt-%. It was suggested that the increase
in tensile strength of the sheets in this case was due both to changes in the fibre surface
morphology and to an increased swelling of the fibres, since sulfonate groups are more
hydrophilic than carboxyl groups.
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3 Experimental

3.1 Materials

3.1.1 Fibres and paper

An unbeaten virgin softwood kraft pulp, fully bleached according to a (OO)Q(OP)(ZQ)(PO)-
sequence, i.e. a TCF-sequence (SCA Forrest Products AB, Östrand Mill, Sweden), was
used as reference pulp throughout the work. Fines were removed by spray screening
through a wire with a mesh size of 75 µm in an equipment developed at STFI (now In-
nventia AB), Stockholm. The pulp was washed and the carboxyl groups of the fibres were
converted to their sodium form (Wågberg and Hägglund 2001). The fibres had a total
charge, determined according to the method of Katz et al. (1984), of 48 µeq/g and a sur-
face charge of 2 µeq/g, determined according to a method outlined by Winter et al. (1986).

In Paper III a commercial magazine paper was used and in Papers IV and V the same
pulp as was used for the magazine paper was used for comparison with the TCF-pulp.
The pulp was a spruce thermo-mechanical pulp produced at an energy consumption of
2200 kWh/adt, with a freeness of about 75 ml, and the magazine paper had a filler content
of 12 % measured as ash content (all information according to the supplier – Holmen Paper
AB, Hallstavik, Sweden). To avoid microbial growth, the pulp was placed in a freezer upon
delivery and thawed just before use.

Microfibrillated cellulose (MFC), or nanocellulose, provided by Innventia AB was used
as a model of a sheet without any fibre joints in Paper V. Prior to the homogenisation
the pulp had been carboxymethylated and the fibrils had as a consequence a charge of
89 µeq/g.

3.1.2 Chemicals

Polyallylamine hydrochloride (PAH) with a molecular weight of 15000 Da and polyacrylic
acid (PAA) with a molecular weight of 7000 Da, both delivered by Aldrich, were used to
build multilayers on the fibres in Papers I, II, IV and V. The PAH was received as powder
and dissolved in deionised water prior to use, and the PAA was delivered as a 50 % aqueous
solution and diluted with deionised water to the desired concentration before use.
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Sodium metaperiodate (NaIO4) used for the oxidations (Papers II, IV and V) and
hydroxylamine hydrochloride (NH2OH·HCl) for carbonyl determination (Paper II) were
both delivered in solid form from Sigma-Aldrich. Both were used as received.

The Alkyl ketene dimer (AKD) used in this work to make some sheets hydrophobic
was delivered by BIM Kemi AB.

The hydrochloric acid, sodium hydroxide, sodium chloride and sodium bicarbonate,
were all of analytical grade.

3.2 Methods

3.2.1 Fibre modifications

Hornification

One part of the pulp was hornified by dewatering an aqueous suspension of fibres, leaving
a small amount of water at the surface of the filter cake to minimise the effect of the
capillary forces during dewatering. Thereafter, the filter cake was left to dry at 30 ◦C in a
fan dryer in order both to minimise cleavage of the cellulose chains during the subsequent
temperature treatment (Kato and Cameron 1999) and to minimise fibre-joint formation
during drying. After drying, the fibres were cured for 24 hours at 105 ◦C. This reduced
the WRV from 1.27 g/g to 0.82 g/g, i.e. a degree of hornification of 35 % according to
Equation 2.9 (Jayme 1944).

Polyelectrolyte multilayers

The fibres were treated consecutively with PAH and PAA (Wågberg et al. 2002). The
adsorptions were performed in a 4 g/l fibre suspension with a background electrolyte con-
centration of 0.01 M NaCl. Amounts of 30 mg/g fibre of the two polyelectrolytes were
added separately and were allowed to adsorb for 20 min. Five layers of polyelectrolytes
were adsorbed prior to sheet forming. Between each adsorption step, the fibres were thor-
oughly rinsed with deionised water. PAH and PAA were adsorbed at pH 7.5 and pH 3.5,
respectively to optimise the adhesion (Eriksson et al. 2005). After formation, some of the
PAH/PAA-treated sheets were heat-treated for 30 min at 160 ◦C to induce cross-links in the
multilayer structure, and thus to further increase the tensile strength of the sheets (Eriksson
et al. 2006)

Fibre cross-linking

Fibres were oxidised in a 6.3 g/l fibre suspension using sodium periodate according to
three oxidation strategies based on the theoretical amount of oxidisable C2–C3-bonds in
pure cellulose and on time;
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Figure 3.1: Schematic representation of how the periodate ion oxidises the C2–C3-bond of the cellu-
lose into dialdehyde cellulose (DAC) followed by a possible mechanism for the cross-linking reaction.
(Paper II)

• the theoretical amount of NaIO4 (1.36 g/g) to oxidise all C2–C3-bonds for one hour
(denoted sample PI),

• twice the theoretical amount of NaIO4 (2.72 g/g) for two hours (denoted sample
PII), and

• four times the theoretical amount of NaIO4 (5.43 g/g) for four hours (denoted sam-
ple PIII).

The oxidation and a proposed cross-linking mechanism are shown in Figure 3.1. The
suspension was stirred all the time and kept in the dark to minimise side reactions such
as cellulose chain scission (Symons 1955). The oxidations were stopped by washing the
fibres thoroughly with deionised water, followed by immediate sheet formation.

To assess the degree of oxidation, the amount of aldehyde formed was determined by
addition of hydroxylamine hydrochloride, which reacts quantitatively with all available
carbonyls while releasing protons. To 25 ml of a 0.25 M solution of hydroxylamine hy-
drochloride, adjusted to pH 4, about 0.1 g of fibres were added and stirred for two hours.
After this time, the fibres were filtered off and dried, and the filtrate was titrated back to
pH 4 using sodium hydroxide. The degree of oxidation was calculated from the amount
of sodium hydroxide required, a determination method similar to that used by Zhao and
Heindel (1991).

3.2.2 Handsheet preparation

Sheets dried under restraint

Handsheets were prepared using tap water in a “Rapid Köthen” sheet former (Paper Test-
ing Instruments GmbH, Pettenbach, Austria). The sheets were dried at 93 ◦C under a
reduced pressure of 95 kPa for 10–15 min. Some of the PAH/PAA-treated sheets were,
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PTFE-wires Stabilisation bars

Spacer

Figure 3.2: Drying frame equipped with two stretched PTFE-wires to give as little restraint as possible
during drying. The sheet visible between the wires has a diameter of 20 cm. (Paper I)

as mentioned above, further heat-treated for 30 min at 160 ◦C to induce cross-links in the
multilayer structure (Eriksson et al. 2006).

TMP-sheets containing fines were prepared by first accumulating an equilibrium con-
tent of fines in the white water by making and rejecting ten sheets before preparing the
sheets to be used for further measurements.

All sheets were stored at 23 ◦C and 50 % RH until tested.

Freely dried sheets

Sheets were formed in the “Rapid Köthen” sheet former using tap water, but the sheets
were then dried for only one minute at 93 ◦C under a reduced pressure of 95 kPa. Instead of
conventional blotting papers, two 105 µm mesh PTFE (Utildi AB, Laholm, Sweden) wires
were used to ease the transfer to the specially designed drying frame shown in Figure 3.2.
After one minute of pressurised drying, the sheet was transferred to the drying frame and
placed between two stretched PTFE-wires separated by four spacers to minimise the risk
of curling and buckling. The sheet was dried to equilibrium dryness at 23 ◦C and 50 % RH
and kept there during storage. The PAH/PAA-treated sheets were further heat-treated for
30 min at 160 ◦C to induce cross-links in the multilayer structure and possibly between the
PAH and the fibres (Eriksson et al. 2006) before storage.

To measure the sheet shrinkage during drying, two pairs of holes were made perpendic-
ular to each other, (140 mm apart within each pair) with a marking tool. After conditioning
at 23 ◦C and 50 % RH, the sheet was flattened by a PMMA-disc. The disc was equipped
with marks similar to those made by the marking tool and this set was used for calibration.
A digital camera was used in combination with image analysis in MATLAB® to measure
the shrinkage of the sheet. The error of a single measurement was estimated to be about
0.10 % over a width of about 140 mm, i.e. a value less than the natural scatter in shrinkage
among freely died sheets.
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MFC-sheets

The MFC used in Paper V was diluted with deionised water to a concentration of about
1.6 g/l and dispersed for 10 min with an Ultra Turrax disintegrator. The fibril suspension
was then filtered through a microporous membrane (Durapore® DAWP29325) with a pore
size of 0.65 µm placed in the sheet former according to a procedure described elsewhere
(Sehaqui et al. submitted). Sheets were made with grammages of 50 and 100 g/m2 and
dried at 93 ◦C under a reduced pressure of 95 kPa for 15 and 25 min respectively.

3.2.3 Sheet testing

Mechanical testing

After conditioning at 23 ◦C and 50 % RH, sheet grammage was determined and dry tensile
testing was performed according to the SCAN-P 67:93 and ISO 1924-3 standards (in Paper
II wet strength was also measured according to SCAN-P 20:95). Sheet thickness and
density were evaluated by measuring the thickness according to a method developed at
STFI, nowadays Innventia AB (Schultz-Eklund et al. 1992).

Dynamic mechanical analysis

The storage modulus was measured at ∼30 ◦C using a Perkin-Elmer Instrument Dynamic
mechanical analyser (DMA) combined with a moisture generator. The samples were first
subjected to 30 % RH for 90 min and the humidity was then increased stepwise to 90 % at
a rate of 0.5 %-units/min, i.e. during two hours.

Dynamic vapour sorption

A DVS, dynamic vapour sorption, equipment (Surface Measurement Systems Ltd.) was
used to obtain near equilibrium sorption isotherms (Paper I and Paper II), and to study the
sorption dynamics of the differently treated fibres at a temperature of ∼33 ◦C. To achieve
the desired relative humidity, dry and saturated air currents were mixed in the appropriate
ratio. A microbalance continuously measured the weight of the sample. The weight at
0 % RH was used as the dry weight to calculate the moisture content of the sample.

Dynamic absorption measurements

The water absorption (and contact angle) was evaluated using to two different drop sizes in
two slightly different experimental setups in Paper V, both utilising high-speed cameras
and image analysis. For larger drops, ca. 4 µl, a “DAT 1100 Dynamic Absorption and
Contact Angle Tester” (Fibro Systems AB, Stockholm, Sweden) was used, and for smaller
drops, ca. 342 pl, a µ-DAT apparatus developed at STFI-Packforsk AB (now Innventia AB)
utilising a micro-capillary equipped with a piezo-actuator to dispense the drops was used,
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which has the effect that the drop hits the surface with a velocity of about 1.5 m/s. The
latter technique is described in more detail by Ström et al. (2008).

Nuclear magnetic resonance

Two different nuclear magnetic resonance (NMR) setups were used; one to collect solid-
state 13C spectra and one to measure the self-diffusion of water within papers with high
moisture contents.

The solid-state spectra were recorded on samples packed uniformly in a zirconium
oxide rotor. The CP/MAS-13C-NMR-spectra were recorded (at 290±1 K) on a Bruker
Avance AQS 300 WB instrument operating at 7.04 T. The MAS-rate was in the 4–5 kHz
range. A 7 mm double air-bearing probe was used. Acquisition was performed with a CP-
pulse sequence, using a 4.3 s proton 90◦ pulse, a 800 s ramped (100–50 %) falling contact
pulse and a 2.5 s delay between repetitions. A TPPM15-pulse sequence was used for pro-
ton decoupling. Glycine was used for the Hartmann-Hahn matching procedure, an also as
an external standard for calibration of the chemical shift scale relative to tetramethylsilane
((CH3)4Si). The data point of maximum intensity in the glycine carbonyl line was as-
signed a chemical shift of 176.03 ppm. The intensities of the measured cellulose samples
were normalised with respect to the signal from the glucose C4-carbon of the starting ma-
terial, a method used and described in greater detail in Larsson et al. (1997) and Wickholm
et al. (1998).

The NMR-diffusion measurements were performed on a Bruker Avance III 500 MHz
spectrometer equipped with a diffusion probe (DIFF30) providing a maximum magnetic
field gradient of 1800 G/cm. A pulse gradient stimulated echo sequence (PGSTE) with
bipolar gradient pulses and longitudinal eddy current delay (LED) was used (Cotts et al.
1989, Gibbs and Johnson 1991). The gradient encoding/decoding time was set to δ =
0.7 ms and the diffusion time to ∆ = 600 ms. The gradient strength g was varied in 32
linear steps from 40 to 1500 G/cm and the diffusion constants D were estimated by the fit
of the echo intensity dependence on the gradient strength to a double component Gaussian
function:

S(g) = S0(1)e(
D1(2πγgδ)2(∆+δ/3)) +S0(2)e(

D2(2πγgδ)2(∆+δ/3)) (3.1)

where S0(1), D1, S0(2) and D2 are fitting parameters (γ = 4257 Hz/G).

Hygroexpansion

To study the dimensional movement and dimensional stability of the sheets, a dimensional-
stability-meter developed at STFI (now Innventia AB) was used. Paper strips, 15 mm wide,
were mounted horizontally between two clamps, where one of the clamps was free to move.
This movement was monitored, in Paper I using a LVDT-sensor and in Paper II with a
laser measuring device. The two measuring methods gave, for unknown reasons, different
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results for the same sheets, but, this does not affect the interpretation within a given test
series.

To adjust the relative humidity, a moisture generator mixing saturated and dry air
streams was connected to the dimensional-stability-meter-box. The moisture content of
the strips inside the humidity-controlled box was determined gravimetrically by placing
test pieces of the papers to be tested within the chamber.

To ensure that equilibrium had been reached, the strips were equilibrated for at least
seven hours between two relative humidity changes.

The hygroexpansion coefficient is here defined as the relative change in length divided
by the change in equilibrium moisture content ( ∆l

l ·∆MC ) after all dried-in strain had been
released, i.e. after several moisture cycles when the expansion reached reversibility.

Hydroexpansion

To evaluate the dynamic hydroexpansion, a new equipment was developed in collaboration
with Innventia AB, utilising electronic speckle photography (ESP) to measure the dimen-
sional change of a paper piece when highly atomised water, with an average drop size of
about 80 µm as shown in Figure 3.3, is sprayed evenly onto the paper to be tested. A
schematic representation of the setup is shown in Figure 3.4a. The sample was pinned in
the middle to a PTFE-surface and kept orientated in the plane by a second PTFE-surface
with a 30×30 mm2 hole, placed on top of the sample. The amount of water applied was
controlled by controlling the spray-time (Figure 3.4b). Depending on the spray-time, 6–
10 % of the surface was covered in one spraying (Figure 3.3a).

The technique is described in more detail in Paper III.
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Figure 3.3: (a) Computer-enhanced image of a 30 x30 mm2 region of a non-absorbent polyethylene film
sprayed for 0.06 s with 1.0 bar water pressure and 1.0 bar air pressure after subtraction of the blank image.
In this image, 6.2 % of the surface was recorded as being covered by water (Paper III) (b) Histogram of
the drop sizes in (a) calculated in “National Instrument’s Vision Assistant 8.6”
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Figure 3.4: (a) Schematic setup of the hydroexpansion equipment, and (b) the amount of water applied
as a function of spray-time. (Paper III)
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4 Results and Discussion

4.1 Mechanical properties

4.1.1 Effect of fibre joint modification

For sheets dried both under restraint and with free shrinkage, the application of PEMs en-
hanced the mechanical properties substantially, whereas the use of heavily hornified fibres
impaired the mechanical properties (Figure 4.1). This is in agreement with previous results
that have reported a significant increase in strength properties of the paper (Wågberg et al.
2002, Eriksson et al. 2005) and hence an increase in fibre joint contact area (Torgnysdotter
and Wågberg 2006) when PEMs are applied to wood fibres, as well as a decrease in the
contact area upon drying (Torgnysdotter and Wågberg 2006). There is thus a difference
the degree of molecular contact within the fibre joints as well as a significant difference in
mechanical properties between the sheets made from the differently treated fibres, and this
should affect the dimensional stability if the joint properties are of significant importance.

It could, of course, be argued that the degree of contact could be studied by studying
fibres with different degrees of beating. This would, however, not only affect the joint for-
mation but also generate an unwanted partial delamination of the fibre-wall fibril-lamellae,
i.e. fibre swelling (Stone et al. 1968, Swerin et al. 1990), which has been shown to increase
the hygroexpansivity (Brecht et al. 1956, Brecht 1958).

4.1.2 Effect of fibre wall oxidation and cross-linking

In agreement with earlier reported findings (Zeronian et al. 1964, Hou et al. 2007), Fig-
ure 4.2 clearly shows how an increasing degree of oxidation increases both the dry and the
wet tensile strength. The figure also shows that the strain at break of the sheets increased
and passed through a maximum in the case of the dry sheets before the sheets became brit-
tle, whereas the wet strain at break reached a plateau at about 5 % strain. The relative wet
tensile strength of the sheets produced from the most oxidised fibres (PIII) reached a level
of 40±5 %.

It is difficult to show in a straightforward way that the fibres are cross-linked by hemi-
acetal linkages, since these bonds are very similar to the already existing acetal bonds
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Figure 4.1: Mechanical properties of (a) restraint-dried and (b) freely dried sheets. All differences are
normalised with respect to the virgin pulp and the bars indicate 95 % confidence limits. The absolute
values for the different sheet properties are given above the respective bars. (Paper I)
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Figure 4.2: (a) Dry and wet tensile strength index and (b) dry and wet strain at break as a function
of carbonyl content in the periodate-oxidised fibres. Filled symbols indicate dry properties and open
symbols indicate wet properties. The bars indicate 95 % confidence limits. (Paper II)

between the glucose units in the cellulose molecules. Indirectly, the amount of cross-
linking can be quantified by measuring the amount of oxidised C2–C3-bonds groups as
the total carbonyl content of the fibres, especially since the background carbonyl content is
very low, about 5–50 µmol/g (Röhrling et al. 2002), and below the precision of the method
used. However, since, as shown in Figure 4.2, the strength properties in general and the wet
strength in particular were significantly increased, and in the case of relative wet strength
up to about 40 % in the sheets made of the most oxidised fibres, it is very probable that
covalent cross-links had been formed both within the fibre wall and between individual
fibres since covalent linkages are usually assumed to be a prerequisite for achieving a rel-
ative wet strength above 30 % (Taylor 1968, Espy 1995). In addition, it was basically
impossible to re-pulp the sheets in deionised water, although it was found to be readily
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Figure 4.3: (a) Density and (b) stiffness as a function of the carbonyl content in the periodate-oxidised
fibres. Filled symbols indicate dry properties and open symbols wet properties. The bars indicate 95 %
confidence limits. (Paper II)

possible under alkaline conditions (pH 11.8). An alternative way to study the presumed
formation of cross-links is to study solid-state 13C-NMR spectra of the modified fibres.
This is discussed further on Page 30.

The densities of the sheets are shown in Figure 4.3a, where it is seen that the perio-
date oxidation led to an increase in density of the sheets at the highest degree of oxidation.
The improvement in mechanical properties of the sheets of the most oxidised fibres is thus
partly a consequence of the increased fibre joint strength caused by the greater consolida-
tion and densification during forming, pressing and drying (Lindström et al. 2005).

As is shown in Figure 4.3b, there was a linear relation between the tensile stiffness of
the sheets and the carbonyl content of the pulps for carbonyl contents below 0.6 mmol/g,
i.e. where no densification occurred. However, if the stiffness in Figure 4.3b is normalised
with respect to density instead of grammage (Figure 4.3a), there is a linear relationship
over the whole range of oxidation studied (r2 = 0.99).

The relative change in storage modulus was measured with the DMA and, as is evident
in Figure 4.4, the oxidised fibres exhibited a smaller loss in relative modulus when sub-
jected to a stepwise change in relative humidity from 30 to 90 % RH over two hours at a
rate of 0.5 percentage units per minute, i.e. the storage modulus of the oxidised fibres had
a greater ability to withstand rapid changes in relative humidity. The reason for this be-
haviour is further discussed on the following pages. In addition, it should be noted that the
sheets made from oxidised fibres also had a higher initial modulus (Figure 4.3b). These two
features are promising from a mechano-sorptive creep point of view (Byrd 1972a,b), and
indeed Gimåker et al. (2009) found that the isocyclic creep of sheets made from periodate-
oxidised fibres was less than that of sheets made of untreated fibres.
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Figure 4.4: relative change in storage modulus when the relative humidity was changed stepwise from 30
to 90 % RH at a rate of 0.5 percentage units per minute, i.e. storage modulus measured at non-equilibrium
conditions. (Paper II)

4.2 Water sorption

4.2.1 Uptake from humid air

In Figure 4.5, which shows the equilibrium moisture content as a function of the relative
humidity, no major differences can be seen between sheets made from reference fibres
(virgin), hornified fibres and/or PEM-treated fibres except that the never-dried fibres that
had been PEM-treated showed a somewhat greater hysteresis, both as a conditioned sam-
ple (23 ◦C, 50 % RH) and after six 20–85 % RH cycles. The humidity cycling reduced
the amount of adsorbed water for all samples (Figure 4.5), which is probably a conse-
quence of recrystallisation of crystallites damaged during pulping (Caulfield and Steffes
1969, Pekarovicova et al. 1997). Interestingly, the already hornified fibres showed both
the same sorptivity and the same decrease in equilibrium moisture content as the virgin
fibres after being subjected to several moisture cycles (Figure 4.5); an observation in ac-
cordance with Lundberg and de Ruvo (1978), who argued that hornification does not affect
the equilibrium moisture content under moist conditions. Furthermore, the treatments did
not significantly affect the rate of moisture pickup (results not shown).

A factor which did however affect both the equilibrium moisture content as function
of relative humidity as well as the rate of moisture uptake was the periodate-oxidation-
induced cross-links (Figures 4.6 and 4.7a). Figure 4.6 shows how papers made from fibres
with an increased degree of oxidation, presumably due to a lower cellulose crystallinity
(Kim et al. 2000), had a higher moisture content at lower relative humidities. At the same
time, these papers took up less water as the humidity was increased, which is shown in
Figure 4.7a, as a much slower adsorption in the oxidised than in the untreated fibres. This
is also most likely the reason for the improvement in relative storage modulus when mea-
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Figure 4.5: Sorption isotherms for restraint-dried sheets, (a) before and (b) after six 20–85 % RH cycles.
(Paper I)

0

2

4

6

8

10

12

14

16

18

0 10 20 30 40 50 60 70 80 90 100
Relative humidity (%)

M
oi

st
ur

e 
co

nt
en

t (
%

)

Ref
PI
PII
PIII

Figure 4.6: Sorption isotherms for sheets made of untreated and periodate-oxidised fibres. (Paper II)

suring the modulus as function of relative humidity (Figure 4.4), i.e. during the two hours
of humidity increase there was only a limited moisture uptake and hence the modulus did
not deteriorate to any great extent during this time.

A possible explanation for this altered sorption behaviour (Figures 4.6 and 4.7a) could
be that the oxidation has two opposite effects on the interaction between the fibres and
moisture. Firstly, the oxidation creates covalent cross-links in the fibre wall and this both
improves the integrity of the fibre wall (Caulfield 1994) and removes possible sites for wa-
ter sorption onto the cellulose surfaces. Secondly, the periodate decreases the crystallinity
of the cellulose within the fibres (Kim et al. 2000) making the hydroxyl groups of the
cellulose available for the sorption of water molecules. Assuming that these factors are
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Figure 4.7: Rate of sorption of moisture by oxidised fibres when subjected to a change in relative
humidity from 30 to 90 % RH (a) before and (b) after first time exposure to 98 % RH. (Paper II)

of the same order of magnitude, the fibres should absorb similar amounts of water at low
relative humidity and this can indeed be seen in Figure 4.6. As the absorption continues,
the available surfaces start to become saturated with water molecules and, as established
earlier by Haselton (1954), a monolayer coverage (of N2-molecules) is achieved around a
relative nitrogen pressure of 30 %. Above this level, a multilayer adsorption takes place
and this will start to separate the concentric lamellae of cellulose fibrils constituting the
fibre wall. This will be easier in non-oxidised fibres than in the oxidised fibres containing
cross-links between the fibril lamelleas. This type of behaviour can also be detected in
Figure 4.6 when the most oxidised fibres and the non-oxidised sample are compared.

The oxidation-induced cross-linking also results in a greater hysteresis, which is an
indication of a change in pore structure (cf. Weatherwax and Caulfield 1978) to a state
with a larger fraction of non-uniform “bottleneck pores”.

Another very interesting aspect of the sorption behaviour of the periodate-oxidated
fibres is that, if the same sorption experiment as in Figure 4.7a is repeated with a sample
that has been exposed to a high relative humidity (measured after collecting the sorption
isotherm shown in Figure 4.6), the sorption rate is more or less identical for all degrees
of oxidation, i.e. the separation of the fibril lamellae is easier the second time they are
separated.

In Paper II, it was suggested that the change in moisture uptake rate was due to a hy-
drolysis and breakage of the cross-links formed within the fibre wall at humidities where
capillary condensation could occur. The hydrolysis could not, however, be complete since
the sheets had such a high wet strength and could not be disintegrated under neutral condi-
tions. However, the solid-state-NMR 13C-spectra (Figure 4.8) from the non-oxidised fibres
and the most oxidised fibres (PIII), before and after soaking in water for 24 h, clearly
shown that the soaking in water does not affect the types of carbon bonds found in the
cross-linked samples but only leads to a slight change in the supramolecular structure; a
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Figure 4.8: Solid-state 13C-NMR spectra of untreated bleached kraft fibres (TCF) and periodate-oxidised
fibres (PIII). After oxidation, sheet formation and drying, one part of the sheet was soaked in water for
24 h and the other part was dissolved in sodium hydroxide at pH 11.8. The signal intensities of the
different samples have been normalised with respect to the C4-carbon signal of the starting material.

change barely greater than the noise from the background signal. The figure also shows the
spectra from a sample where the hemiacetal bonds had been hydrolysed at pH 11.8 and re-
dried before measurement, and the spectra is indeed very similar to that of the non-treated
starting material.

From these results it is thus evident that there is no major hydrolysation upon contact
with liquid water, and hence not at high relative humidities. Since the sheets still have a
significant wet-strength, it can be suggested that the swelling pressure caused by the water
sorption breaks ordinary hydrogen bonds between the fibril aggregates opening up new
fibril surfaces, i.e. the pore system present during the sheet formation does not open again
due to the cross-links, but instead a new pore system is created as illustrated in Figure 4.9.
When the fibres are later dried again, the original bond structure will not reform and the
fibres will hence adsorb moisture much faster the next time they are exposed to a higher
relative humidity, as is shown in Figure 4.7b, where no difference could be found between
the reference and the oxidised samples after exposure to 98 % RH.

Interestingly, the non-soaked samples used for the NMR-measurements, which (as for
the PIII-sample in Figure 4.2b) could not be folded without breaking, became readily fold-
able after soaking in water for 24 h. To study the mechanical properties in a more quanti-
tative manner, fibres were oxidised with NaIO4 (5.43 g/g for four hours). After drying and
conditioning (23 ◦C, 50 % RH), parts of the sheets were soaked in water for 24 h, followed
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Drying Moisture

Drying
Cross-linking

Moisture

Figure 4.9: Illustration of how cross-links (|) binds the separated fibril lamellae tightly together upon dry-
ing, and how they withstand re-moistening and how this opens a new pore system between two previously
not separated lamellae.

Table 4.1: Mechanical properties of sheets made from oxidised fibres (5.43 g/g for four hours), before
and after soaking in water for 24 h. The tensile values are means of six strips given with 95 % confidence
limits.

Density Tensile strength index Strain at break Tensile stiffness
(kg/m3) (kNm/kg) (%) (MNm/kg)

Non-soaked 702 59.7 ± 1.3 2.23 ± 0.16 5.99 ± 0.65
Soaked 698 61.0 ± 0.7 2.01 ± 0.12 5.89 ± 0.49

by drying and conditioning. The results of the tensile testing are shown in Table 4.1, which
shows that in this case the soaking did not alter the tensile properties at all. This can partly
be explained by comparing the strain at break and density in the non-soaked sample in Ta-
ble 4.1 with the corresponding properties shown in Figures 4.2b and 4.3a, which indicate
that something disturbed the cross-linking mechanism since the same properties was not
achieved. This was also qualitatively established by the fact that the non-soaked sheets in
Table 4.1 could be folded without breaking. Repeated experiments must be performed to
understand under which conditions soaking affects the mechanical properties of the paper.

4.2.2 Uptake of liquid water

When a macroscopic drop was placed on a sheet made of PEM-treated fibres in the dy-
namic absorption tester (Figure 4.10), it was found that an extra heat-treatment was a pre-
requisite to make the sheet hydrophobic and that in this case evaporation was the only
macroscopically visible mass transport mechanism since there were no difference between
the non-absorbing plastic film and the sheet. The figure also shows that the slightly denser
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Figure 4.10: (a) Water drop size and (b) contact angle as a function of time for a drop with an initial size
of 4 µl on differently treated TCF-fibres an a non-absorbing polyethylene film. The bars indicate 95 %
confidence limits. (Paper V)

sheets made of oxidised fibres (Figure 4.3a) had a lower absorption rate. The absorption
by sheets made of hornified fibres was even faster than that of the reference (results not
shown). When the absorption rate into TCF-sheets was compared to that into TMP-sheets
(see Paper V), it was shown that the lignin-containing and hemicellulose-rich TMP-fibres
were less hydrophilic (cf. Jacob and Berg 1993) and absorbed water more slowly than the
TCF-sheets and that the presence of fines influenced the absorption by making the absorp-
tion even slower. If the TMP-fibres were rendered hydrophobic with AKD, evaporation
was the dominant transport mechanism at the highest AKD load whereas there was obvi-
ously a capillary absorption at the lower AKD load, even though the apparent contact angle
was well above 90◦. This indicates that there still were spots with lower surface energy
draining the drop.

As mentioned in Chapter 2, the absorption of liquid water through capillary absorption
is very rapid, which indeed is evident for the hydrophilic samples in Figure 4.10. If the
one-dimensional Lucas-Washburn equation (Equation 2.3) is used to estimate time for the
filling of a 300 µm long capillary (about twice the sheet thickness of a 90 g/m2 hand
sheet) with a contact angle of 85◦ as in the case of the non-heat-treated PEM-sheet in
Figure 4.10 and with a diameter of 1 µm, it will take only 26 ms to fill the whole capillary.
Experimentally, this time dependance can be a challenge to measure for a real fibre network
with its irregular pores, both in shape and size, and its complex 3D-system, as well as
from a measurement technology perspective. It can nevertheless be concluded that, the
absorption occurs in less than one second (cf. Yamazaki and Munakata 1993, Kettle et al.
1997)
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Figure 4.11: Amount of water on the surface as a function of time. The slope of the curves gives the
sum of the mass transport (evaporation and diffusion) from the drop. The bars indicate 95 % confidence
limits. (Paper V)

4.2.3 Diffusion of water into and within the fibre wall

By placing smaller drops than those used in the DAT (Figure 4.10), ∼340 pl instead of
∼4 µl, on papers made from periodate-oxidised fibres (PIII) and non-oxidised fibres that
had been PEM-treated and further heat treated, i.e. hydrophobic sheets, it was possible
to observe the diffusion into the fibres. This is shown in Figure 4.11, which shows a
clear difference in mass transport away from the two paper surfaces. For a non-absorbing
Mylar® polyester film, the mass transport away from the surface through evaporation
was 10.4 g/m2, whereas the mass transport, evaporation plus diffusion into cellulose fi-
bres, from the non-oxidised PEM-treated paper surface was 21.1 g/m2, i.e. approximately
10.7 g/m2 diffuses into the paper. When the same comparison is made for the PEM-treated
oxidised fibres, it was found that the diffusion was reduced to approximately 3.6 g/m2.

By applying Fick’s fist law of diffusion (Equation 2.4) to the diffusive fluxes of the
picolitre drops shown in Figure 4.11, under the assumption that the same concentration
gradient is present in both the oxidised and the non-treated fibres, i.e. calculating by the
ratio between the diffusive fluxes into the sheets, a factor of three difference in the apparent
diffusion coefficient was found (10.7/3.6 = 3.0).

As suggested by Crank (1979), the early part of a sorption step in a sheet can be de-
scribed as:

Mt

M∞

= 4

√
D

π · l2 ·
√

t (4.1)

which means that if the dimensionless weight gain Mt/M∞ is plotted versus
√

t the av-
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Figure 4.12: Determination of the apparent diffusion constant from sorption isotherms according to
Crank (1979). (data from Paper II)

erage diffusion coefficient can be derived from the slope of the early linear part. This is
valid for a solid, non-swelling sheet with constant D-value, i.e. it is not really applicable
for paper. However if the adsorption of water in the non-oxidised and the most oxidised
sample in Figure 4.6 (PIII) are plotted versus

√
t as shown in Figure 4.12, when the rel-

ative humidity is changed from 50 to 60 % RH, and the thickness l is set to the thickness
measured at 50 % RH, 171 µm and 127 µm respectively, the average diffusion coefficient
can be estimated to be 7.5·10−12 m2/s in the non-oxidised reference and 2.5·10−12 m2/s
in the most oxidised sample. These values are unexpectedly close to the extrapolated value
of 4.5·10−12 m2/s found by Topgaard and Söderman (2001) at the same moisture content.
The ratio between the values is 3.0, i.e. the same ratio as was calculated from the microdrop
absorption measurements shown in Figure 4.11.

Self-diffusion measured with NMR on samples conditioned at 94 % RH, resulting in
moisture contents of 14.1 % and 15.0 % respectively, in the non-oxidised and the most oxi-
dised fibres, did not however show any difference in diffusion coefficient. When the NMR-
data ware fitted to Equation 3.1, the diffusion coefficients D1 and D2 was calculated to
1.00·10−11 and 0.92·10−12 m2/s for the reference and 0.99·10−11 and 1.00·10−12 m2/s
for oxidised fibres, giving the order of magnitude of the diffusion coefficient. These mea-
surements were performed after several weeks of conditioning, i.e. at an equilibrium mois-
ture content, and it is hence likely that a new pore system had been formed and that there
is no difference in molecular movement at equilibrium.

Figure 4.13 shows calculated one-dimensional moisture-content-profiles based on Equa-
tion 2.6 for three different D-values, where the highes value corresponds to the literature
value for a saturated fibre wall (Araujo et al. 1993). As shown in the figure, the water
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Figure 4.13: Calculated moisture-content profiles at four different times assuming three different and
constant diffusion coefficients in the one-dimensional solution (Equation 2.6) of Fick’s second law. The
moisture content is assumed to be 6 % initially and the FSP, i.e. saturation moisture content, to be 1 g/g
(cf. Stone and Scallan 1967). (Paper V)

front has diffused only about 10–30 µm into the material one second after a liquid drop
has been placed on a surface without any capillary absorption. This is important for the
hydroexpansion measurements reported later.

4.3 Hygroexpansion

4.3.1 Influence of fibre-joint formation

When the dimensional stability was measured on the sheets made of hornified and surface
modified fibres by exposing them to humidity cycles between 20 and 85 % RH, as shown
in Figure 4.14, no major difference in amplitude of either the dimensional changes or the
moisture adsorbance were found for sheets dried under restraint. However, in the studied
humidity interval, the restraint-dried PEM-treated fibres seemed to adsorb slightly more
moisture. The amplitude of the dimensional change was, as shown in Table 4.2, somewhat
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Figure 4.14: Equilibrium hygroexpansional strain and equilibrium moisture content as a function of rela-
tive humidity for (a) restraint-dried and (b) freely dried sheets. The bars indicate 95 % confidence limits.
Filled symbols indicate dimensional change and open symbols indicate moisture content. (Paper I)

lower in the sheets made from hornified fibres than in those made from both the virgin
and the multilayer-treated fibres when dried freely. These results agree with the lower
shrinkage of the sheets made from hornified fibres shown in Table 4.2 (Nordman 1958,
Salmén et al. 1987, Nanri and Uesaka 1993).

The restraint-dried sheets showed a significant permanent shrinkage, i.e. release of
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Table 4.2: Amplitude of dimensional change, change in moisture content (∆MC) and hygroexpansion
coefficient (βMC) for restraint-dried and freely dried sheets after all the dried-in strain had been released
by moisture cycling. The values are taken from the last desorption from 85 to 20 % RH in Figure 4.14,
but are calculated as an expansion. The expansion values are given with 95 % confidence limits. (Paper I)

Restraint-dried Freely dried
Expansion ∆∆∆MC βββMC Shrinkage Expansion ∆∆∆MC βββMC

(%) (%) (%/%) (%) (%) (%) (%/%)

Virgin 0.469 ± 0.027 7.76 0.060 5.38 ± 0.31 0.890 ± 0.062 8.57 0.104

Hornified 0.503 ± 0.017 7.83 0.064 3.25 ± 0.12 0.797 ± 0.020 8.33 0.096

Virgin
+ PEM

0.528 ± 0.043 8.13 0.065 5.07 ± 0.13 0.936 ± 0.047 7.41 0.126

Hornified
+ PEM

0.466 ± 0.016 7.61 0.061 3.59 ± 0.21 0.829 ± 0.027 7.45 0.111

dried-in strains, after being subjected to several relative-humidity cycles as shown in Fig-
ure 4.14. This shrinkage was not as pronounced for the freely dried sheets, i.e. when no
or little strain was built-in during the drying. As a consequence, the restraint-dried sheets
followed a non-linear relationship during the first moisture cycle but, as the dried-in strain
was released, the behaviour became linear. The freely dried sheets, on the other hand,
showed in agrement with earlier findings (Larocque 1936, Uesaka et al. 1992) a linear and
reversible relationship for all cycles.

When the hygroexpansional strain was measured as a function of time (see Paper I),
no significant difference in expansion rate was found between the different fibre treat-
ments, and the time to reach equilibrium dimensional change was about the same for both
restraint-dried sheets and freely dried sheets, i.e. freely dried sheets exhibited not only a
greater absolute expansion but also a faster absolute expansion rate than restraint-dried
sheets. The same behaviour was found during adsorption as well as during desorption (see
Paper I).

There is a significant difference in fibre-fibre contact area between never-dried fibres,
dried fibres and PEM-treated fibres (Torgnysdotter and Wågberg 2006). Nevertheless, there
was no major difference in in-plane dimensional movement between restraint-dried sheets
prepared from the differently treated fibres, as is shown in Figure 4.14a. This implies, in
agreement with Uesaka and Qi (1994), that neither the fibre-to-fibre contact area nor the
adhesion properties have any significant influence on the dimensional stability of paper
as long as the sheet has been dried under restraint. For freely dried sheets, however, it is
evident, as shown in Table 4.2, that the PEM-containing sheets expanded just as much as
or more then the non-PEM-treated sheets when exposed to a given change in relative hu-
midity, despite the fact that the change in moisture content for the given change in relative
humidity was lower in the PEM-treated sheets, i.e. they possessed a larger βMC-value.
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Figure 4.15: Proposed schematic representation of the fibre joint configuration depending on drying
strategy and whether or not PEMs are adsorbed onto the fibre surface. (Paper I)

Since the density of freely dried sheets is significantly lower (see Paper I), the fibre
joints have a greater extension in the out-of-plane direction, schematically shown in Fig-
ure 4.15. The PEM-treatment also creates a larger contact zone, and not only a increased
degree of contact, between the fibres when PEMs are applied on dried fibres1, as is also
indicated in Figure 4.15. Once the fibres expand due to moisture adsorption, the joints
with a greater extension in the out-of-plane direction will transfer a greater fraction of the
transverse expansion into the in-plane direction; an idea earlier demonstrated by Uesaka
and Qi (1994) using finite element modeling.

The restraint-dried and freely dried sheets showed a significant difference in dynamic
hygroexpansion when this was studied as a function of the moisture content of the sheets.
In the first part of the adsorption process, both freely dried and restraint-dried sheets ex-
pand with a similar slope (Figure 4.16). At a certain point, sheets dried under restraint
cease to expand whereas, at more or less the same moisture content of 10–11 %, the freely
dried sheets start to expand with a greater slope. This behaviour was not seen by Niskanen
et al. (1997) when using their vertical experimental setup for hygroexpansion measure-
ments. However, with a horizontal set-up the machine-direction ceased to expand much
earlier (i.e. at a lower moisture content) than the cross-machine direction, i.e. a behaviour
similar to the present results shown in Figure 4.16. The explanation may be that, like the
restraint-dried sheets, the freely dried sheets showed a linear in-plane expansion in the lon-
gitudinal direction of the fibres and later, at higher moisture contents, a straightening of

1personal communication from Torgnysdotter and Wågberg (2006)

39



4. RESULTS AND DISCUSSION

0

0.1

0.2

0.3

0.4

0.5

0.6

2 4 6 8 10 12 14
Moisture content (%)

D
im

en
si

on
al

 c
ha

ng
e 

(%
)

Virgin
Hornified
Virgin + PEM
Hornified + PEM

Time

(a)

0

0.2

0.4

0.6

0.8

1

2 4 6 8 10 12 14
Moisture content (%)

D
im

en
si

on
al

 c
ha

ng
e 

(%
)

Virgin
Hornified
Virgin + PEM
Hornified + PEM

Time

(b)

Figure 4.16: Hygroexpansion as a function of moisture content in (a) restraint-dried sheets and (b) freely
dried sheets when subjected to a humidity change from 20 to 85 % RH after all dried-in strain was re-
leased. The bars indicate 95 % confidence limits. The broken line serves as a guide to the eye. ( Paper I)

kinks in the free sections between the fibre joints and microcompressions in the bonded
areas; compressions that are only formed when the fibres are allowed to shrink, i.e. when
the paper is dried freely (Page and Tydeman 1962).

4.3.2 Influence of oxidation-induced fibre-wall cross-linking

The oxidative treatment of the fibre wall resulted, as shown in Figure 4.17, in a rather sub-
stantial increase in dimensional stability, measured as a reduced hygroexpansion when the
paper was subjected to a given change in relative humidity. The amplitude of the equilib-
rium dimensional change after the release of dried-in strain, i.e. when reversible hygroex-
pansion has been achieved and there is constant permanent shrinkage, when changing the
relative humidity from 20 to 85 % RH was reduced by approximately 30 % for the most
oxidised fibres compared to the reference. Figure 4.17 shows, in line with Figure 4.6,
that this was primarily due to a lower change in moisture content of the oxidised fibres
as a result of the given change in relative humidity. The hygroexpansion coefficients, i.e.
the expansion as a linear function of the moisture content of the sample, are similar for
the reference and for the two lower degrees of oxidation (PI and PII), but notably higher
for the most oxidised fibres (PIII). This is further clarified in Table 4.3. One of the most
striking physical differences, apart from the difference in degree of oxidation between the
most oxidised fibres and the other samples, is the increase in density (Figure 4.3a). It is
tempting to put these pieces together, but this is not, however, a likely explanation since
the density, as shown by Salmén et al. (1985), only slightly affects the hygroexpansion of
restraint-dried sheets. Hou et al. (2007) suggested that the increase in strength properties
found by them was due to an increase in fibre-fibre contact but, as discussed in above (and
in Paper I), the joint properties have no major impact on the hygroexpansion. On this ba-
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Figure 4.17: Equilibrium hygroexpansional strain and equilibrium moisture content as a function of rela-
tive humidity – filled symbols indicate dimensional change, and open symbols indicate moisture content.
The bars indicate 95 % confidence limits. (Paper II)

Table 4.3: Amplitude of dimensional change, change in moisture content (∆MC) and hygroexpansion
coefficient (βMC) after all dried-in strain had been released. The values are taken from the last desorption
from 85 to 20 % RH in Figure 4.17, but calculated as an expansion. The expansion values are given with
95 % confidence limits.

Carbonyl content Density Expansion ∆∆∆MC βββMC

(mmol/g) (kg/m3) (%) (%) (%/%)

Ref ∼0 622 0.689 ± 0.027 7.83 0.088
PI 0.26 616 0.615 ± 0.006 7.23 0.085
PII 0.57 623 0.560 ± 0.009 6.24 0.090
PIII 1.21 733 0.495 ± 0.009 4.66 0.106

sis, it is suggested that the increase found in the βMC-value was a result of the significantly
higher moisture content at 20 % RH and a less porous fibre wall which is more sensitive to
changes in moisture content.

In Paper II it was concluded that the lower moisture-adsorption rate shown in Fig-
ure 4.7a was not reflected in the dynamics of the hygroexpansion (Figure 4.18a). This
conclusion was, however, partly an effect of the normalisation made to the initial dimen-
sions at 20 % RH, since the rapid expansion shown initially was only slightly greater than
an expansion back to the dimensions at 50 % RH at which it had been stored after the sheet
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Figure 4.18: Hygroexpansion of sheets made from oxidised fibres as a function of time during (a) an
on-step increase in relative humidity from 20 to 85 % RH, (b) a 50–20–85–20 % RH cycle. The bars
indicate 95 % confidence limits. (Paper II)

preparation, i.e. the plateau shown in Figure 4.18a is not the equilibrium value and little
“new” area is opened during this rapid expansion, as discussed on Page 31. This is better
shown in Figure 4.18b, which shows the preceding decrease in relative humidity and the
non-normalised expansion from 20 to 85 % RH in Figure 4.18a, followed by a decrease
and increase in relative humidity, and again there is a fast expansion until the strips has ex-
panded to the point where it had reach its maximum expansion in the preceding humidity
cycle. When Gimåker et al. (2009) measured the moisture content of periodate cross-linked
fibres as a function of time when the relative humidity was cycled, the same behaviour was
found. This indicates that the earlier suggested creation of a new pore system (Page 31)
is a continuous process and occurs at any moisture content greater than that at which the
cross-links are formed. This also explains the fact that the maximum expansion of the
most oxidised sample in Figure 4.18b is not the same as that shown in Figure 4.17, i.e. the
sample in Figure 4.18b has not yet reached equilibrium.

4.4 Hydroexpansion

Since the conclusion of Section 4.3 is that the fibre joints have no effect on the hygroex-
pansion of restraint-dried papers and that that earlier reported improvement in dimensional
stability through cross-linking was probably only a result of a reduced and slower water up-
take and not to a smaller hygroexpansion coefficient (βMC), the question is whether or not
hygroexpansion can be used to evaluate the printability or runnability of printing papers?
To try to answer this question, a new technique was developed to study the expansion due
to liquid water. The technique utilises electronic speckle photography (EPS) to monitor
the in-plane expansion when a highly atomised water burst is sprayed onto the sample (see
Section 3.2.3 or Paper III). The technique was used not only to evaluate the same materials
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as those used for the hygroexpansion measurements, i.e. sheets with altered fibre joints as
well as periodate-cross-linked fibres, but also on a commercial magazine paper/improved
newsprint to evaluate the applicability of the method on commercial anisotropic papers.

4.4.1 Influence of sheet grammage and dying-mode

Figure 4.19a showns how sheets with different grammages respond to the same amount of
water (1.8 g/m2), whereas Figure 4.19b shows the response of sheets of a given grammage
(90 g/m2) to three different amounts of water, i.e. different ways to alter the moisture
content increase in the samples. It was clearly shown that the greater moisture-content
change, the greater was the expansion as well as the initial expansion rate. However, the
most noticeable, and perhaps most unexpected effect was the sudden contraction after a
couple of seconds.

In none of the hydroexpansion studies by Thalén et al. (1994), Boström (2001) or
Ketoja et al. (2001) was the expansion monitored for longer than 2–3 s and hence no con-
traction was detected. However, in his licentiate thesis, Kananen (2003) used the same
equipment as Ketoja et al., but monitored the expansion of the paper for up to ten seconds,
and after about three seconds an expansion maximum was reached followed by a contrac-
tion. If this contraction is assumed to be a linear function of time, the estimated time to
zero expansion would be about 30 s, i.e. about three times shorter than with the present
spray technique, which is probably an effect of the mode of water application.

The natural explanation of the rather rapid contraction would perhaps be that it was
caused by a release of dried-in strain similar to the permanent shrinkage for restraint-
dried sheets during a relative-humidity-induced moisture-content change (see Section 4.3).
However, when the same experiment as shown in Figure 4.19a was performed on freely
dried sheets (Figure 4.20), a similar contraction was initiated only a couple of seconds
later.

It could also be argued that the time difference shown between the two drying modes
(Figures 4.19 and 4.20) is due to strain release and that the rest of the contraction is shrink-
age caused by the drying of the sample through evaporation. However, when the moisture
content was monitored with a NIR-probe giving the moisture content measured as a volt-
age, which is shown in Figure 4.21, it was clear that the paper had an increased moisture
content several minutes after the initiation of the contraction. In Paper III, where this af-
fect was also found for commercial paper grades (Figure 4.27) an explanatory model was
proposed (Figure 4.22) but, before studying this model closer, it should be remembered
that several transport mechanisms are simultaneously initiated when liquid water comes
into contact with cellulose fibres; a) water is transported into the sheet through capillary
absorption, b) water diffuses into the fibre wall, and c) water evaporates from the surface
since the water is applied to paper which is in equilibrium with the ambient relative hu-
midity. If only capillary absorption occurred, the water would not change the total volume
or dimensions of the paper (cf. Bristow 1971) as long as no fibre joints were broken. On
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Figure 4.19: Cumulative hydroexpansion of restraint-dried TCF handsheets; (a) with different gram-
mages for a water transfer of 1.8 g/m2 and (b) with constant grammage of 90 g/m2 at different water
transfer. The figures in the plots are the maximum amplitude of change (εmax), the time to reach half the
maximum expansion (thalf εmax ) and the slope ((dε/dt)initial) within the time interval of 0.05–0.55 s. All
values are the means of 12 measurements with 95 % confidence limits. (Paper IV)
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Figure 4.20: Cumulative hydroexpansion of freely dried TCF handsheets; (a) with different grammages
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the means of 12 measurements with 95 % confidence limits. (Paper IV)
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Figure 4.21: Long-time cumulative hydroexpansion and moisture content as functions of time for
restraint-dried and freely dried 90 g/m2 TCF handsheets at a water application level of 1.8 g/m2. The
starting MCA-voltage was 1077±3 mV. Up to 90 s the expansion values are the mean values of 18 mea-
surements and moisture content values the mean values of 12 measurements. After 90 s, all the values are
means of six measurements. All values are given with 95 % confidence limits. (Paper IV)

the other hand, if all the water diffused into the fibre wall, there would eventually be an
“equilibrium expansion” comparable with that caused by the same change in moisture con-
tent through a change in relative humidity. However, neither of these scenarios can alone
explain the data presented here. This implies that only a part of the water, even after longer
times, is absorbed into the fibre wall and/or that the water content is sufficiently high at the
surface of the sheet to break fibre joints and that the subsequent dewatering of the surface
due to capillary absorption and diffusion deeper into the paper allows a contraction and
re-conformation of the fibres in the top layers of the sheet as indicated in Figure 4.22. The
latter process is supported by the fact that the paper contracted, as shown in Figure 4.21,
long before all the water had evaporated.

The model also proposes that, as water is placed on one side of the sheet and absorbed
through it, not only do the fibres re-conform but also, in accordance with the findings of
Forseth and Helle (1997, 1998) and Åslund et al. (2005), this increases the surface rough-
ness of the paper. It should also be remembered that the samples were free to shrink and
might form microcompressions, as shown by Page and Tydeman (1962) on the surfaces of
fibres if they are dried freely. Interestingly, no rapid contraction was seen on a microscopic
scale by Sjödahl and Larsson (2004) when they studied a drop of water that was allowed to
absorb and penetrate in the plane through a studied square millimetre area of a test piece.

If the calculated parameters, i.e. the maximum expansion (εmax), the time to half max-
imum expansion (thalf εmax) and the initial expansion rate ((dε/dt)initial), are plotted versus
the change in moisture content as shown in Figure 4.23, and a hydroexpansion coefficient is
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Figure 4.22: Schematic model of how a thin water film could possibly alter the structure of the paper
surface as a function of time when 2 g/m2 of water is applied and absorbed into the sheet, causing a
contraction of the surface layer of the paper although the average moisture content of the sheet is raised.
The arrows indicates fibre movements. (Paper III)

defined as the linear slope from zero expansion through the plotted maximum expansion as
in Figure 4.23a, this coefficient is found to be a factor of 2–3 lower than the hygroexpansion
coefficient of a sheet made from the same pulp (cf. Section 4.3). There are several possible
explanations of this behaviour. Firstly, it could be due to the lower mobility of liquid water
and that the fibre wall is therefore less delaminated even though the same amount of water
is absorbed, i.e. the water is never equally distributed within the whole fibre. Secondly, the
absence of expansion could be due to the fact that not all the water is absorbed within the
fibre wall but is instead retained within the capillary structure or at the surface of the fibres.
Finally, it could be explained by the same mechanisms as proposed for the sudden contrac-
tion (Figure 4.22), i.e. as being due to a re-conformation of the top fibre layers allowing
the fibres to take a less extended conformation in the plane of the sheet.

The time for the expansion to reach half of its maximum, which is a measure of the
relative expansion rate, and was constant over the studied moisture-content-changes, as
shown in Figure 4.23b. This implies that the maximum expansion and the expansion rate
follow the same trend, as is indeed shown in Figure 4.23c. The fact that the rate of ex-
pansion increases linearly with increasing change in moisture content in the freely dried
sheets suggests that there is no accumulation of liquid water between the fibres, i.e. that
the water is almost immediately absorbed by the fibres after application, at least at these
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Figure 4.23: The key parameters, i.e. (a) maximum expansion, (b) time to half maximum and (c) initial
slope for the TCF handsheets shown in Figure 4.19 and 4.20, as functions of the change in moisture
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low water levels, and that the different local expansions are additive. If the same argu-
ment is applicable for restraint-dried sheets, the absence of linearity in the expansion rate
should be due to a release of dried-in strain, i.e. the same effect as during hygroexpansion
measurements. This means that the sorbed water has two effects on the sheet-properties;
a release of dried-in strains and an expansion of the fibre wall. Depending on the drying
conditions, these different processes will have different relative influences on the overall
change in paper dimensions when the paper is exposed to liquid water.

It could, of course, be argued that the fitted curves in Figure 4.23a and Figure 4.23c
should not be forced through the origin, but this choice has no effect on the initial-expansion-
rate-fit in Figure 4.23c (intercept at −0.001 %) and only a minor effect on the maximum-
expansion-fit in Figure 4.23a (intercept at 0.028 % using all data and 0.013 % if the last
point is excluded) of freely dried hand sheets where there is little dried-in strain. The prob-
lem occurs in the case of the restraint-dried sheets where there is a permanent shrinkage
when the moisture content is increased. In the ideal case it would be desirable to sepa-
rate an expansion curve into one curve showing the “pure” hydroexpansion and one curve
showing the contraction due to the release of dried-in strains (and perhaps one for the pro-
posed surface roughening effect). This is not, however, a simple task, and to be able to
extrapolate the present results to lower changes in moisture content, i.e. expansions rele-
vant for printing applications (cf. Thalén et al. 1994, Trollsås 1995), the assumption was
made that an infinitely small change in moisture content will not cause a sudden non-linear
expansion corresponding to the intercept of an unbiased curve fit. This assumption should
of course be tested, but in the present experimental setup it is not possible to achieve lower
water application levels without setup modifications.

4.4.2 Influence of fibre joint strength, hydrophobicity and fibre wall
cross-linking

Figure 4.24 shows the expansion behaviour of sheets made from untreated, PEM-treated
and oxidised (PII) fibres, and it is clear that the only treatment that really affected the
initial phase of the expansion was a further heat treatment of the sheets made of PEM-
treated fibres, a treatment that changed the sheets from absorbant to non-absorbant when
a drop of water was placed on the sheet (Figure 4.10), by delaying the expansion some
tenths of a second. With respect to the maximum expansion, the hornified fibres, i.e.
fibres with a reduced degree of fibre-fibre contact, showed a slightly smaller expansion
than the reference, while the PEM-treated sheets, i.e. the sheets consisting of fibres with
an increased degree of fibre-fibre contact, showed a greater expansion. Interestingly, the
PEM-treated sheets that had been subjected to further heat treatment after drying showed
an even greater maximum expansion than those that had not been heat-treated, despite
having the same amount of adsorbed PEMs. This indicates that it is not the PEMs per se
that cause this increased expansion maximum, but that it is an effect of the hydrophobicity
of the sheet, which was also shown in Paper V where AKD-treated fibres showed a greater
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Figure 4.24: Cumulative hydroexpansion of handsheets made of reference fibres, hornified fibres, fibres
treated with 5 layers of PEMs and periodate-oxidised fibres with a grammage of 90 g/m2 for two differ-
ent amounts of water (a) 1.8 g/m2 and (b) 2.3 g/m2. The figures in the plots are the maximum amplitude
of change (εmax), the time to reach half the maximum expansion (thalf εmax ) and the slope ((dε/dt)initial)
within the time interval of 0.05–0.55 s. All values are the means of 12 measurements with 95 % confi-
dence limits. (Paper IV)

maximum in expansion than the non-modified sheets.
The periodate oxidation to a carbonyl content of 0.6 mmol/g (PII) did not, as shown

in Figure 4.24, affect the hydroexpansion at all, which is well in line with the equilibrium
hygroexpansion coefficient shown in Table 4.3. Nevertheless, since the sheets made of
fibres with the highest degree of oxidation, i.e. 1.2 mmol/g (PIII), showed such a consid-
erable reduction in diffusion rate and moisture uptake (Figures 4.7a and 4.11), hydroex-
pansion measurements were also performed on sheets made of these fibres. As shown in
Figure 4.25, the oxidation can indeed affect the dimensional stability measured as initial
hydroexpansion. If the fibres after oxidation were PEM-treated (and heat-treated after dry-
ing), the figure shows that the initial expansion rate could be reduced even further, but
without any decrease in maximum expansion.

If it is simply assumed that a given moisture content profile, such as those shown in Fig-
ure 4.13, results in a given expansion, i.e. that the product D · t in Equation 2.6 is constant
at a given expansion, the relative difference in diffusion coefficient between the oxidised
and the non-treated fibres can be estimated. If this comparison is made for the early parts
of Figure 4.25 where the expansion is still a linear function of time, it can be concluded
both for the hydrophobic and for the hydrophilic samples that the D-values for the oxidised
and the non-oxidised fibres differ by a factor of 2–3, i.e. the same factor as was obtained
from the µ-DAT-measurement (Figure 4.11) and by using Equation 4.1 on the adsorption
curves in Figure 4.12.

49



4. RESULTS AND DISCUSSION

10
−1

10
0

10
1

10
2−0.01

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

D
im

en
si

on
al

 c
ha

ng
e 

(%
)

Time (s)

(a)

 

 

ε
max

 

: 0.03±0.002%

t
half ε

max
 
: 0.45±0.07 s

(dε/dt)
initial 

: 0.037±0.004%/s

ε
max

 

: 0.029±0.003%

t
half ε

max
 
: 0.9±0.11 s

(dε/dt)
initial 

: 0.023±0.004%/s

ε
max

 

: 0.04±0.004%

t
half ε

max
 
: 0.67±0.08 s

(dε/dt)
initial 

: 0.04±0.006%/s

ε
max

 

: 0.054±0.006%

t
half ε

max
 
: 1.44±0.15 s

(dε/dt)
initial 

: 0.025±0.005%/s

ε
max

 

: 0.043±0.006%

t
half ε

max
 
: 4.82±0.77 s

(dε/dt)
initial 

: 0.01±0.002%/s

Reference (TCF)
Highly oxidised
PEM
PEM+heat
Highly oxidised + PEM+heat

−0.5 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
−0.01

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

D
im

en
si

on
al

 c
ha

ng
e 

(%
)

Time (s)

(b)

.
 

 

Reference (TCF)
Highly oxidised
PEM
PEM+heat
Highly oxidised + PEM+heat

Figure 4.25: Cumulative hydroexpansion of handsheets made from TCF-fibres, oxidised fibres, PEM-
treated fibre and treated according to both procedures. All with a grammage of 90 g/m2 for a water
transfer of 1.8 g/m2. (a) Logarithmic time scale up to 100 s and (b) linear time scale up to 4.5 s. The
figures in the plots are the maximum amplitude of change (εmax), the time to reach half the maximum
expansion (thalf εmax ) and the slope ((dε/dt)initial) within the time interval of 0.05–0.55 s. All values are
the means of 12 measurements with 95 % confidence limits. (Paper V)

In both Figure 4.24 and Figure 4.25, the hydrophobic sheets show a greater expan-
sion maximum than the corresponding hydrophilic sheets. This could be argued to be in
agreement with the suggested rupture of fibre joints in Section 4.4.1, i.e. that the joints
are broken/loosened as for the untreated sheets, but at a later stage. This is not, however,
a satisfying explanation since the sheets made of periodate-oxidised fibres had such an
increased wet strength (Figure 4.2a) and were impossible to re-pulp. So, the explanation
of the increased maximum expansion of hydrophobic sheets is more likely to be found in
the fact that the water has to diffuse from the sheet surface. As a consequence of this (cf.
Figure 4.13), the top fibre layers in a hydrophobic sheet will have a much higher moisture
content after a couple of seconds than in a corresponding hydrophilic sheet where the water
has been quickly distributed through the capillaries, and the maximum measured expansion
will hence be greater.

To further investigate whether the answer to the rapid contraction nevertheless can be
found in the formation of the fibre joints, handsheets were made from microfibrils, which
are the main building-blocks building up the fibre wall of a kraft-cooked, bleached fibre,
i.e. making a sheet that mimics the fibre wall. The hydroexpansion of one low grammage
(50 g/m2) and one high grammage (100 g/m2) MFC-sheet is shown in Figure 4.26. The
figure shows an expansion behaviour very similar to that of regular paper, which means that
it is less likely that it is the earlier proposed rupture of fibre joints that is the major mecha-
nism causing the contraction. This probably also means that no joints are broken/weakened
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Figure 4.26: Cumulative hydroexpansion of handsheets made from MFC with a grammage of 50 and
100 g/m2 for a water transfer of 1.8 g/m2. (a) Logarithmic time scale up to 100 s and (b) linear time
scale up to 4.5 s. The figures in the plots are the maximum amplitude of change (εmax), the time to
reach half the maximum expansion (thalf εmax ) and the slope ((dε/dt)initial) within the time interval of
0.05–0.55 s. All values are the means of 12 measurements with 95 % confidence limits. (Paper V)

in an ordinary paper upon spraying, or at least that this presumptive weakening does not
affect the hydroexpansion to any great extent.

For the thin, about 45 µm, low grammage MFC-sheet there were macroscopically vis-
ible cockles after the measurements, which partly explain the greater contraction of this
sheet. Since it is well established that a paper surface becomes rougher when wetted
(Forseth and Helle 1997, 1998, Åslund et al. 2005), it seems most probable that this, to-
gether with the release of dried-in strains, is also the primary cause of the rapid contraction
of the heavier MFC-sheet as well as of the sheets made from pulp fibres. It could also be
argued, since the samples were allowed to dry freely, that the contraction was at least partly
caused by microcompressions (Page and Tydeman 1962), but no such compressions were
revealed with a scanning electron microscope after the sprayings.

4.4.3 Commercial magazine paper

For industrial purposes, the hydroexpansion method has to be applicable also for anisotropic
papers, i.e. papers with different fibre orientations and different properties in different in-
plane directions. The applicability was tested by performing hydroexpansion measure-
ments on a commercial magazine paper made from TMP. Samples were chosen both from
an edge reel and from a middle reel of the paper machine. Some of the middle-reel samples
were also pre-cycled twelve times between 50 and 90 % RH to release dried-in strains. The
results are shown in Figure 4.27, and, as found by comparing Figure 4.27a and 4.27c, sam-
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Figure 4.27: Cumulative hydroexpansion of a commercial magazine samples with a grammage of
52 g/m2 from (a) a middle reel of the paper machine, (b) a middle reel of the paper machine pre-
cycled 12 times between 50 and 90 % RH, and (c) an edge reel of the paper machine subjected to
1.3 g/m2 and 2.0 g/m2 water, which approximately corresponds to changes in moisture content of
2.2 and 3.3 percentage units respectively. The figures in the plots are the maximum amplitude of change
(εmax), the time to reach half the maximum expansion (thalf εmax ) and the slope ((dε/dt)initial) within the
time interval of 0.05–0.75 s. Filled symbols indicate CD and open symbols MD. All values are the means
of 12 measurements with 95 % confidence limits. (Paper III)
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Figure 4.28: (a) Cumulative hydroexpansion of handsheets made from the same TMP as the magazine
paper in Figure 4.27, with the same grammage of 52 g/m2 and (b) the geometric mean of the dimensional
change in MD and CD in Figure 4.27a, when subjected to 1.3 g/m2 and 2.0 g/m2 water, which approxi-
mately correspond to changes in moisture content of 2.2 and 3.3 percentage units respectively. The figures
in the plots are the maximum amplitude of change (εmax), the time to reach half the maximum expansion
(thalf εmax ) and the slope ((dε/dt)initial) within the time interval of 0.05–0.75 s. All values are the means
of 12 measurements with 95 % confidence limits. (Paper III)

ples from the edge reel reached as anticipated from hygroexpansion measurements (e.g.
Kajanto and Niskanen 1996), a higher maximum expansion than samples from the central
reel subjected to the same amount of water. At the same time, there was no significant
difference in initial expansion rate. When the dried-in strains had been released through
repeated humidity cycling, the maximum expansion increased significantly (Figure 4.27b),
which is the same behaviour as that found during hygroexpansion measurements (Uesaka
et al. 1989, 1992). The major difference between these measurements and hygroexpansion
measurements is hence that the samples, as in the case of the handsheets above, expand less
for a given change in moisture content than could be anticipated from a typical equilibrium
hygroexpansion (cf. Uesaka et al. 1992).

In the pursuit of chemical and/or mechanical fibre modifications that can improve the
initial dimensional stability during printing, it is vital to be able to work with handsheets,
which are usually isotropic. It is hence necessary to be able to transform isotropic prop-
erties into anisotropic, and vice versa. Traditionally, isotropic properties are related to
anisotropic ones as the geometric mean of the values in two orthogonal directions (Schrier
and Verseput 1967, Htun and Fellers 1982), e.g. for a machine paper the invariant property
is often given by

√
MD ·CD.

In order to be able to compare the machine-made sheets with isotropic sheets, hand-
sheets of the same grammage (52.5±1.1 g/m2) were made from the same TMP, but with-
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4. RESULTS AND DISCUSSION

out fillers or any retention aids. As shown in Figure 4.28, the results for the handsheets
are of the same order as the geometric mean of the MD and CD curves in Figure 4.27a.
There are differences, but these can at least partly be explained by the fact that there were
differences in drying restraint and wet-pressing, since Htun and Fellers (1982) concluded
that the sheets have to be pressed to the same density and with the same drying restraint
for the geometric mean to be invariant. Another plausible contribution to the difference be-
tween the curves in Figures 4.28a and 4.28b, is the fact that the commercial paper contains
non-absorbing fillers (ca. 12 %), i.e. each fibre has to absorb more water, which should
probably result in a greater expansion.
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5 Conclusions

In Paper I, it was shown that the degree of contact between the fibres in the fibre joint had,
as proposed by Uesaka and Qi (1994), little influence on the in-plane hygroexpansion of
paper. However, there was a relation between the degree of contact and the hygroexpansion
of freely dried sheets where sheets with an improved fibre-fibre contact, i.e. in this work
the sheets made of PEM-treated fibres, showed a greater hygroexpansion coefficient. This
effect can probably be traced back to the formation of the joint where the free drying
allows an extended out-of-plane conformation and thus a better transfer of the transverse
fibre expansion into a longitudinal expansion of the crossing fibres (Uesaka and Qi 1994).

After oxidising the cellulose (Paper II) and introducing cross-links into the fibre wall,
sheets made of these fibres showed a relative wet strength of about 40 % and a significantly
lower, and slower, moisture adsorption as well as a reduced dimensional change for a given
change in relative humidity, which has also been found to reduce the mechano-sorptive
creep (Gimåker et al. 2009). The treatment did not, however, improve the moisture-
content-normalised hygroexpansion. On the contrary, the hygroexpansion coefficient was
even higher for the most oxidised fibres. Interestingly, this reduced sorption rate could not
be found during a second adsorption cycle, indicating that as the fibre swells a new pore
system is created, which has a fundamental impact on which modifications can be made
and under what conditions they are useful.

In Paper III a measuring technique was developed to measure the hydroexpansion,
i.e. the effect of liquid water, to investigate whether hygroexpansion really can be used to
rank printing papers. The method showed that there is a significant difference in dynamics
between hygro- and hydroexpansion, where the hydroexpansion measurement showed a
rapid initial expansion and a maximum expansion after 5–15 s, even though the paper still
had a higher moisture content. It has to be further investigated whether this is an effect of a
surface roughening utilised by the fact that there is no tension on the test pieces during the
measurement. It was also found (Paper IV) that the maximum measured hydroexpansion
for a given change in moisture content is a factor of 2–3 lower than the corresponding
hygroexpansion anticipated from changing the moisture content by increasing the relative
humidity.

When fibres oxidised to a carbonyl content of about 0.6 mmol/g, which in Paper II
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reduced the rate of moisture adsorption, were tested in the hydroexpansion tester, no dif-
ference in expansion behaviour could be found (Paper IV). However, if the fibres were
oxidised to a carbonyl content of about 1.2 mmol/g it was found (Paper V) that the water
diffusion rate into the fibres was reduced by a factor of about three, which also showed
up as a significantly reduced initial hydroexpansion rate (but no difference in maximum
expansion). It was also found that the initial hydroexpansion could be further reduced,
4–5 times lower than that of the untreated reference, by combining the oxidation-induced
cross-links with a polyelectrolyte multilayer treatment with hydrophobic polyelectrolytes,
i.e. by not only reducing the rate of water diffusion into the fibres, but also increasing the
diffusion length and forcing the water to diffuse from the top of the sheet. However, if
the fibres are made hydrophobic so that diffusion is the dominating mechanism for water
uptake, the top fibre layers will have a greater increase in moisture content than the corre-
sponding hydrophilic sheet, and hence show a greater maximum expansion in the present
technique.

Overall, it has been shown that it is difficult to significantly reduce the dimensional
changes of paper for a given equilibrium change in moisture content, either by moisture
adsorption or by absorption of liquid water, using chemical modifications. It is, however,
feasible to reduce the rate at which the expansion occurs. Finally, caution should be taken
when using equilibrium hygroexpansion measurements, if they should be used at all, to
predict the results of a dynamic process such as hydroexpansion.

5.1 Suggestions for future work

This work has elucidated how cross-linking affects several fundamental paper properties
however, much work remains to fully understand the change in pore structure and the
creation of new pore systems upon swelling and how this limits the use of such materials.

Clearly, more experiments are needed to truly understand what causes the contraction
of the paper when liquid water is applied. New knowledge could be gained by studying the
effect of web tension during water application as well as by being able to simultaneously
monitor the out-of-plane deformation, i.e. by utilising the stereo speckle technique.

Finally, an interesting work would be to study whether the effect of reducing the water
diffusion found here when spraying water onto the sheets also has the same affect when
water is pressed into the paper as in a real printing press.
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