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Abstract

Paper is a very versatile material. Nevertheless, there are several factors limiting
its usefulness, and one of the major issues is that cellulosic and ligno-cellulosic fibres
lower their free energy by sorbing water and this water 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, with a wider definition, also as a shortened
life-time of boxes during storage due to mechano-sorptive creep.

The work described in this thesis aims to study and quantify the importance of the
different mechanisms causing water-induced dimensional changes in a fibre network
and to investigate how to improve the dimensional stability of ligno-cellulosic mate-
rials. This has been done both by altering the fiber properties such as the moisture
sorptivity and by changing the adhesion and degree of contact within the fibre-fibre
joints. The properties of the fibre-fibre joints have been varied by drying laboratory
sheets both under restraint and freely to minimise the generation of built-in stresses.

Bleached kraft fibres were treated using the polyelectrolyte multilayer (PEM) tech-
nique to improve the adhesion between the fibres and to increase the molecular contact
within the joints. In contrast, the degree of contact was impaired by hornifying the
fibres before sheet preparation. For sheets allowed to dry freely, the PEM-treatment
increased the hygroexpansion coefficient, i.e. the dimensional movement normalised
with respect to the change in moisture content, when subjected to changes in relative
humidity whereas the hornification process resulted in a slightly lowered hygroexpan-
sion coefficient. However, when the sheets were dried under restraint, the different
joint and fibre modifications led to no difference in hygroexpansion coefficient. This
was interpreted as being a result of an increase in the total contact zone between the
fibres when the sheets were dried under restraint, with a greater extension in the out-
of-plain direction of the joint resulting in a transfer of a larger part of the transverse
swelling to the in-plane expansion.

The sorptivity of the fibres was changed by oxidising the C2-C3 bond of the 1,4-
glucans with periodate. This most likely created covalent cross-links in the fibre wall
both improved the integrity of the fibre wall by locking adjacent fibril lamellae to each
other and also removed possible sites for water sorption onto the cellulose surfaces.
Periodate oxidation also led to a decrease in the crystallinity of the cellulose within the
fibres, making more cellulose hydroxyl groups available for the adsorption of water
molecules. This means that the oxidation both decreased and increased the interaction
between the fibre wall and moisture but, on two different structural levels. The cross-
links significantly reduced the sorption rate when the papers was subjected to changes
in relative humidity, as long as the fibres were not subjected to humidities close to
saturation. The smaller change in moisture content when the relative humidity was
changed between 20 and 85 % RH meant that the dimensional stability of the cross-
linked sheets was increased. On the other hand, the hygroexpansion coefficient was
increased in the case of papers made from fibres with the highest degree of oxidation,
i.e. the sheets became more sensitive to absolute changes in moisture content.
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Sammanfattning

Papper är ett mycket mångsidigt material. Trots detta finns det ett flertal egenskaper
som begränsar papperets användbarhet. Ett av de större problemen med cellulosa- och
lignocellulosafibrer är att de sänker sin fria energi genom att sorbera vatten, och denna
sorption förändrar papperets dimensioner. Detta fenomen kallas vanligtvis för bristfäl-
lig dimensionsstabilitet och uppträder i form av registerfel vid flerfärgstryck eller som
krullning, buckling och vågiga papperskanter vid utskrift, kopiering och lagring, eller
med en vidare definition som förkortad livslängd hos lådor på grund av mekanosorptivt
kryp.

Avsikten med denna avhandling har varit att studera och kvantifiera vilka egenska-
per som styr, och hur de påverkar, den vatteninducerade dimensionsförändringen som
sker hos ett fibernätverk, samt hur dess dimensionsstabilitet kan förbättras. Detta har
studerats både genom att ändra fiberns fuktsorptionsegenskaper och genom att föränd-
ra adhesionen och kontaktgraden mellan fibrerna i fiber-fiberfogarna. Fogegenskaperna
har också varierats genom att tillverka laboratorieark torkade under inspänning samt
ark torkade fritt för att minimera mängden inbyggda spänningar i arket.

Blekt kraftmassa har behandlats med polyelektrolytmultilager (PEM) för att för-
bättra adhesionen mellan fibrerna och för att öka kontaktgraden mellan fibrerna i fogen.
Kontaktgraden har även minskats genom förhorning av fibrerna före arkformning. För
de ark som fick torka fritt gav PEM-behandlingen en ökad hygroexpansionskoefficient,
det vill säga dimensionsförändringen normaliserad mot förändringen i fuktinnehåll, vid
samma förändring i relativ luftfuktighet medan förhorningen minskade hygroexpan-
sionskoefficienten något. Om arken emellertid torkades under inspänning observerades
ingen skillnad i hygroexpansionskoefficient mellan de olika fibermodifieringarna. Det-
ta tolkades som ett resultat av en ökad kontaktzon och en större utbredning ut ur fogens
plan, när arken torkades utan inspänning. En utbredning som medför att en större del
av fiberns transversella expansion överförs som expansion i pappersplanet.

Fibrernas fuktsorptionsegenskaper förändrades genom natriumperjodatoxidering
av 1,4-glukanernas C2-C3-bindning. Detta skapade sannolikt tvärbindningar i fiber-
väggen som förbättrade fiberväggens tålighet både genom att låsa fibrillerna närmare
varandra och genom att ta bort potentiella adsorptionssäten som annars är tillgängliga
för vattenadsorption. Perjodatoxidationen minskar också fibrernas kristallinitet och så-
ledes frigjorde oxidationen hydroxylgrupper där vattenmolekyler kan adsorbera. Detta
innebar att oxidationen både minskade och ökade interaktionen mellan vatten och fiber-
vägg, men dock på olika strukturell nivå. Tvärbindningarna visade sig också märkbart
reducera sorptionshastigheten när arken utsattes för en förändrad luftfuktighet så länge
de inte tidigare utsatts för relativa luftfuktigheter nära mättnad. Som ett resultat av den
lägre förändringen i fuktinnehåll vid en förändring i luftfuktighet från 20 till 85 % RF
minskade dimensionsförändringens amplitud för de tvärbundna arken upp till 30 %.
Emellertid uppvisade de tvärbundna arken en högre hygroexpansionskoefficeint, vilket
innebär att de blev mer känsliga för absoluta förändringar i fuktinnehåll.
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Introduction

Dimensional stability is the ability of paper to withstand outer and inner perturbations such
as changes in temperature or moisture content without changing its dimensions. In print-
ing, copying and converting operations, dimensional stability is often a critical parameter.
Insufficient dimensional stability may cause misregister during multicolour printing, gen-
erate 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 during storage.

During a four-colour offset printing operation 0.2− 0.3 g/m2 water i transferred to
the paper per colour (Thalén et al. 1994). For a paper with a grammage of 40 g/m2, this
corresponds to a total increase in moisture content of 2− 3 percentage units, which for
most pulp types corresponds to an expansion of about 1.5 mm/m1 between the first and
the last colour, i.e. an expansion clearly visible to the human eye. In addition, the increase
in paper moisture content reduces the strength and stiffness of the paper, which increases
the risk of mechanical failure of the paper web in 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 only a limited understanding
of the fundamental mechanism(s) controlling the dimensional changes of both individual
fibres and entire fibre networks.

It is well known that the dimensional stability can be dramatically increased by cross-
linking the fibre wall (Cohen et al. 1959). It is also a common belief that a smaller degree of
contact in the fibre-fibre joint, decreased for example by hornification, results in a greater
degree of dimensional stability of paper (Uesaka and Qi 1994) and the objective of this
thesis is to further explore how the fibre-fibre joint influences the dimensional stability and
in what way fibre wall cross-linking increase the dimensional stability of paper.

1Calculation based on hygroexpansion data from Nanri and Uesaka (1993).
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Background

Water uptake and swelling

When fibres absorb liquid water, hydrogen bonds within and between the fibres are broken
and the fibrils are separated from each other in the fibre wall, resulting in a swelling of the
fibre wall, and this dimensional change is transferred throughout the whole fibre network.

When a single fibre shrinks it decreases its dimensions by only a couple of per cent
in length, while the transverse direction of the fibre can shrink between 10 and 30 per
cent (Tydeman et al. 1966). A major part of this shrinkage is recovered when the fibre is
re-wetted or subjected to a high relative humidity. However, if inter-fibre interactions are
allowed to force the fibres into greater shrinkage Page and Tydeman (1962) showed that
this shrinkage can be about 12 per cent, which is equal to the mean shrinkage of the entire
paper.

From the theories considering gel swelling derived by Donnan and Proctor at the begin-
ning of the 20th century, Grignon and Scallan (1980) developed a model for fibre swelling
in solutions. The mechanisms proposed by Donnan and Proctor 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 mem-
brane. Based on this model, and by assuming that concentration ratios between ions outside
and inside the “gel-phase” can be used instead of activities, Grignon and Scallan (1980)
showed that it was possible to estimate the swelling of fibres as a function of the concen-
tration of simple salts and the dissociation constants of the acidic groups inside the fibre
wall.

It has also been shown that a highly charged fibre swells more than a fibre with a lower
charge (e.g. Grignon and Scallan 1980). This was found to be true for bulk-charged fibres,
and Laine et al. (2003) and Torgnysdotter and Wågberg (2003, 2004) have shown that an
increase in surface charge has no significant influence on the swelling properties of the
fibre wall.

Paper is a hygroscopic material, i.e. the fibres spontaneously lower their free energy by

3
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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 has been shown to contain no pores at all (Stone and Scallan 1967). This is
usually referred to as hygroexpansion of the fibres. The water uptake from the surrounding
air is much slower than that when the fibres are subjected to liquid water. It can take several
hours for paper to reach equilibrium moisture content, depending on the paper quality and
on the amplitude of the relative humidity change (Jarrell 1927). 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 adsorption/desorption, and thus also on the rate of
dimensional change (Brecht and Hildebrand 1960).

There are several ways in which water can be absorbed into a fibrous material; either
as free water, i.e. as inter-fibre water in the pores between the fibres or intra-fibre water in
the lumen of the fibre, or as bound water. And, using the definitions of Yoshida (1992),
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) argued that below complete saturation, i.e. at relative humidities below 100 %, the
presence of charged groups is a prerequisite for non-freezing bound water to occur.

Sorption hysteresis

Sorption of moisture from the air presents a significant hysteresis, i.e. the equilibrium
moisture content is not a unique function of the relative humidity of the environment.
There are several explanations of why paper presents a hysteresis effect.

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

An effect that contributes not only to the hysteresis effect but also to the rate of the
humidity-induced dimensional change is the heat/mass coupling, i.e. the exchange of heat
and moisture, between the paper and the surrounding air (Brecht and Hildebrand 1960).
Since adsorption is an exothermic process, the temperature at the fibre surface will increase
during adsorption and thus lower the relative humidity and reduce the driving force for
further adsorption unless the 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” effect (schematically shown in Figure 1), which occurs in non-uniform cap-
illaries with narrower and wider sections. According to the Kelvin equation (1), narrower
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water menisci 

Figure 1: Schematic representation of a “bottleneck pore” during sorption where the water meniscus
hinders the moisture from diffusing further into, or out from, the pore.

capillaries will be filled with water at a lower relative humidity during adsorption and
thus hinder the diffusion to, and the adsorption within, the wider sections of the capil-
lary.During desorption, the narrower sections will prevent desorption away from the wider
sections which wish to desorb at higher vapour pressures and this will contribute to the
hysteresis effect.

ln p

p0
= −2γM

rρRT
(1)

where

p
p0

= The relative vapour pressure
γ = Surface tension of water
M = Molecular mass of water
r = Radius of capillary
ρ = Density of water

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 isotherm data
for different wood and paper sources to describe the sorption behavior of the material.

Dimensional stability

The in-plane dimensional stability of paper is often quantified as the hygroexpansive strain
of the paper upon a change in relative humidity:

εh = ∆l
l

(2)

a figure often normalised with respect ro the change in moisture content (∆MC) or relative
humidity (∆RH) as a hygroexpansion coefficient:

βMC = εh
∆MC

(3)
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The dimensional stability of paper is a history-dependent property due to the release of
built-in stress induced during the drying process when the paper is re-wetted or subjected
to a change in relative humidity, but also due to the fact that paper exhibits a sorption
hysteresis (cf. Larocque 1936, Uesaka et al. 1989).

Beating of fibres increases the hygroexpansion in general and the hydroswelling in par-
ticular, as well as the shrinkage of freely dried sheets (Brecht et al. 1956, Brecht 1957).
Brecht (1957) also concluded that beating had a greater influence on the dimensional
change than on the increase in moisture content, i.e. an increase in the βMC-value due to
the beating process. 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 no or little correlation be-
tween 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 and at different shrinkages (Table I). They came to the conclusion that even though
TMP and SGW pulps presented the lowest drying shrinkages, they did not present the
lowest βMC-values and that the lower shrinkage was a result not of a lower hygroex-
pansion coefficient but rather of a smaller change in moisture content from the onset
of shrinkage till dryness. Nanri and Uesaka (1993) also found a linear relationship be-
tween the difference in βMC-values of freely dried sheets and sheets dried under restraint
(βMC,free − βMC,restraint) and sheet shrinkage, where the mechanical pulps showed the
lowest difference between the two drying strategies, which implies that drying under re-
straint has a smaller effect on the βMC-values of mechanical pulps.

The out-of-plane hygroexpansion decreases with both increasing density and increas-
ing shrinkage, i.e. when the shrinkage during drying is increased the in-plane hygroexpan-
sion is increased at the same time as the out-of-plane expansion is decreased (Lyne et al.
1994). The authors also concluded that the volume of the voids in the paper increased less
than the paper as a whole when the paper was subjected to an increased relative humidity,
i.e. that paper swells less than the individual fibres.

The hygroexpansion of paper is not only dependent on the drying mode, but depends
on the degree of anisotropy, where the expansion of a anisotropic sheet compared with
an isotropic sheet, is lower when more fibres are aligned in the direction of the measured
expansion and greater in the cross-direction (Brecht and Hildebrand 1960). There is also
a complex 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
fractionated, 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 signifi-
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cantly higher in sheets made from fractions with an average fibre length of ca. 1.2 mm and
shorter. Uesaka 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 I: 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)

β-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

The fibre-fibre joint

The specific forces holding the fibres together in a paper are still unknown. However, it is
a well-known fact that the fibre-fibre joints (often referred to as fibre-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 weak links contributing to paper
strength. Davison also showed that the strength of a paper is significantly less than the
strength of the individual fibres. It was also 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.

According to Eklund (1969), the hygroexpansivity is reduced, i.e. the dimensional sta-
bility is improved, after a couple of drying cycles or re-use of the pulp as the fibre ages and
becomes hornified. It is a common belief (Uesaka and Qi 1994) that the lower the degree
of fibre-to-fibre contact, the greater is the dimensional stability.

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

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 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 = WRVref −WRVh
WRVref

(4)

where WRVref 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 hornification process. Besides defining
the concept of hornification as in Equation 4, Jayme (1943) explained the phenomenon
as an aggregation 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 closure of large pores, a result also found by Stone and Scallan (1966, 1968). It has also
been shown that the degree of hornification is increased 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 that if
the fibres, on the other hand, were dried in their sodium form the hornification process was
more or less stopped, provided the charge of the fibres was sufficiently high. This has later
also been shown by Laivins and Scallan (1993).

It has also been proposed that hornification is to be 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. the cellulose chains are more ordered with a larger amount of hydrogen
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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).

Polyelectrolyte multilayers

The adsorption of polyelectrolytes onto a surface depends both on the charge of the surface
and the charge of the polyelectrolyte, but it also depends 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 weak poly-
electrolytes, changed by changing the pH-value to achieve another degree of dissociation
and thus a change in the charge density (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 by
Decher (1992). A polyelectrolyte is adsorbed onto a surface and thus recharges the surface,
thereafter the surface is rinsed with ionised water to wash away any potentially 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. Wågberg et al. (2002) used this technique with success
on wood fibres to increase the sheet strength properties.

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 and Colloid 1966, Agarwal et al.
2006, Zheng et al. 2006, Wistrand et al. 2007, Wågberg et al. 2008). By using weak
polyelectrolytes and varying the pH, i.e. changing the charge density of the polyelectrolyte,
amount of the polyelectrolyte adsorbed, and hence the properties of the multilayer, can be
controlled (cf. Eriksson et al. 2005).

Cross-linking

It has long been known that the dimensional stability can be increased by cross-linking the
fibre 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, probably both by preventing the fibres from
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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 1), and
a lower moisture uptake.

By oxidising the C2-C3-bond of 1,4-glucans with periodate and consequently forming
two reactive aldehyde groups, which can react with hydroxyl groups within the pulp fibre
and form hemiacetal linkages (Ghosh and Dalal 1988, Zeronian et al. 1964), 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 to both changes in the fibre surface
morphology and to an increased swelling of the fibres, since sulfonate groups are more
hydrophilic than carboxyl groups.



Experimental

Materials

Fibres

Unbeaten, fully bleached, virgin softwood kraft pulp (SCA, Östrand Mill, Sweden) was
used throughout this work. Fines were removed by spray screening through a wire with a
mesh size of 75 µm in an equipment developed at STFI-Packforsk. The pulp was washed
and the carboxyl groups of the fibres were converted to their sodium form (Wågberg and
Hägglund 2001).

Chemicals

Polyallylamine hydrochloride (PAH) with a molecular weight of 15, 000 Da and poly-
acrylic acid (PAA) with a molecular weight of 7, 000 Da were used to build multilayers on
the fibres. 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.

Sodium metaperiodate for the oxidations and hydoxylamine hydrochloride for carbonyl
determination were delivered in solid form and both were used as received.

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

Methods

Hornification

One part of the pulp was hornified according to the following procedure. An aqueous
suspension of fibres was dewatered leaving a small amount of water at the surface of the
filter cake to minimise the effect of the capillary forces during pulp dewatering. Thereafter,
the filter cake was left to dry at 30 ◦C in a fan dryer in order both to minimise cleavage

11
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of the cellulose chains during the subsequent temperature treatment (Kato and Cameron
1999) and to minimise fibre-fibre joint formation during drying. After drying, the fibres
were cured for 24 hours at 105 ◦C.

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 minutes. Five layers of polyelec-
trolytes were adsorbed prior to sheet forming. Between each adsorption step, the fibres
were thoroughly rinsed with deionised water. PAH and PAA were adsorbed at pH values
of 7.5 and 3.5, respectively (Eriksson et al. 2005). After formation, the PAH/PAA-treated
sheets were heat-treated for 30 minutes at 160 ◦C to induce cross-links in the multilayer
structure, and thus to 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 oxidations strategies based on the theoretical amount of oxidisable C2-C3-bonds in
pure cellulose and on time;

• 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 ofNaIO4 (5.43 g/g) for four hours (denoted sam-
ple PIII).

The periodate oxidation mechanism and a proposed cross-linking mechanism are shown
in Figure 2. The suspension was stirred all the time and kept dark in the 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 forma-
tion.

Carbonyl content determination

To assess the degree of oxidation, the amount of aldehyde formed was determined by
addition of hydroxylamine hydrochloride, which reacts quantitatively with all available
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Figure 2: Schematic representation on how the periodate ion oxidises the C2-C3-bond of the cellulose
into dialdehyde cellulose (DAC) followed by a possible mechanism for the cross-linking reaction.

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 filter off and dried, and the filtrate was titrated back to pH
4 using sodium hydroxide. From the amount of sodium hydroxide required, the degree of
oxidation was calculated. A determination method similar to that used by e.g. Zhao and
Heindel (1991).

Sheet preparation

Sheets dried under restraint

Sheets with an average grammage of 110 g/m2 were prepared using tap water in a “Rapid
Köthen” sheet former (Paper Testing Instruments, Pettenbach, Austria). The sheets were
dried at 93 ◦C under a negative pressure of 95 kPa for 10− 15 minutes. The PAH/PAA-
treated sheets were further heat-treated for 30 minutes at 160 ◦C to induce cross-links
in the multilayer structure (Eriksson et al. 2006). Since hygroexpansion is a history-
dependent behaviour (Uesaka et al. 1989), the sheets were stored at 23 ◦C and 50 % RH
until tested.

Freely dried sheets

Sheets with an average grammage (after shrinkage) of about 110 g/m2 were formed in the
“Rapid Köthen” sheet former using tap water, but the sheets were dried for only 1 minute
at 93 ◦C under a negative pressure of 95 kPa. Instead of conventional blotting papers,
two 105 µm mesh PTFE wires were used to ease the transfer to the specially designed
drying-frame shown in Figure 3. After one minute of pressurised drying, the sheet was
transferred to the drying-frame and placed between two stretched PTFE wires separated
by four 0.92 mm thick 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.
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Figure 3: Drying-frame equipped with two stretched PTFE wires to give as little restraint as possible
during drying. The sheet between the wires has a diameter of 20 cm.

The PAH/PAA-treated sheets were further heat-treated for 30 minutes at 160 ◦C to induce
cross-links in the multilayer structure and possibly between the PAH and the fibres (Eriks-
son et al. 2006) before storage.

Shrinkage measurements

Before the sheet was transferred to the drying frame, two pairs of holes were made per-
pendicular to each other (140 mm apart within each pair) with a marking tool. After equi-
libration 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 recognition 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.

Sheet testing

Mechanical testing

After conditioning at 23 ◦C and 50 % RH, sheet grammage was measured and both dry
and one hour wet tensile testing was performed according the SCAN-test standards SCAN-
P 67:93 and SCAN-P 20:95, respectively (only dry strength in Paper I). Sheet thickness
and density were evaluated by measuring the thickness according to a method developed
at STFI-Packforsk (Schultz-Eklund et al. 1992).
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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 minutes and the humidity was then increased stepwise to
90 % at a rate of 0.5 units/minute.

Dimensional stability measurements

To study the dimensional movement and dimensional stability of the sheets, a dimensional-
stability-meter developed at STFI-Packforsk was used. 15 mm wide paper strips 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
results when measuring the same sheets. However, 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 estimated 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.

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 built-in stresses had been
released, i.e. after several moisture cycles when the expansion reached reversibility.

Dynamic vapour sorption

A DVS, dynamic vapour sorption, equipment (Surface Measurement Systems Ltd.) was
used to obtain near equilibrium sorption isotherms 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 to calculate the moisture content of the sample.





Results and Discussion

Joint influence on the dimensional stability

For sheets dried both under restraint and with free shrinkage, the application of PEMs
dramatically enhanced the mechanical properties, while the use of heavily hornified fibres
impaired the mechanical properties (Figure 4). This is in agreement with previous results
that have reported a significant difference in strength properties of the paper (Wågberg et al.
2002, Eriksson et al. 2005) and hence in the fibre-fibre joint contact area (Torgnysdotter
and Wågberg 2006) when PEMs are applied to wood fibres.

The shrinking process was fast as soon as a the moisture content dropped below a crit-
ical level, in the case of the never-dried pulp a dry content below about 50 % (Figure 5a).
The never-dried pulps shrank to a greater extent than the hornified ones when dried freely
and, when dried under restraint, the never-dried pulps became more consolidated, i.e. they
displayed a higher density (Figure 5b). The PEM-treatment also had a slight effect on the
sheet density, which was found to be somewhat higher for the PEM-treated sheets.

When the dimensional stability of the sheets was measured, by exposing them to hu-
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Figure 4: 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.
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Figure 5: (a) Shrinkage and moisture content as a function of time for a freely dried sheet made from
virgin pulp when dried at 50 % RH and (b) the shrinkage and density of freely dried and restraint-
dried sheets. The bars indicate 95 % confidence limits.

midity cycles between 20 and 85 % RH, no major difference in amplitude of either the
dimensional changes or the moisture adsorbance was seen for the sheets dried under re-
straint. However, in the studied humidity interval, the restraint-dried PEM-treated fibres
seemed to adsorb somewhat more moisture (Figure 6a). The amplitude of the dimensional
change was, as shown in Table II, somewhat lower for the hornified pulp than for both
the virgin and the multilayer-treated pulps when dried freely. These results agree with the
lower shrinkage of the hornified pulps shown in Figure 5b (cf. Nordman 1958, Salmén
et al. 1987, Nanri and Uesaka 1993).

The restraint-dried sheets showed a significant permanent shrinkage after being sub-
jected to the relative humidity cycles. This shrinkage was not as pronounced for the freely
dried sheets, i.e. when the built-in stress was smaller. Due to the higher moisture con-
tent after cycling, the multilayer-treated sheets presented a somewhat smaller permanent
shrinkage (Figure 6).

Figure 7, where the values in Figure 6 have been replotted as dimensional change
vs. moisture content, clearly shows that the hygroexpansional strain of the restraint-dried
sheets followed a non-linear relationship during the first moisture cycle but that, as the
built-in stresses were released, the behaviour became linear. The freely dried sheets, on the
other hand, showed a linear, and reversible, relationship for all cycles. This is in agreement
with earlier findings (cf. Larocque 1936, Uesaka et al. 1992).

Kinetic measurements of the hygroexpansional strain during adsorption (Figure 8)
showed no significant difference in expansion rate between the different fibre treatments
and the time to reach equilibrium dimensional change was about the same for sheets dried
under restraint and dried freely, i.e. due to the greater absolute expansion, the freely dried
sheets expanded at a faster absolute rate than the restraint-dried sheets. The same behaviour
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Figure 6: Equilibrium hygroexpansional strain and equilibrium moisture content as a function of
relative 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.
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Table II: Amplitude of dimensional change, change in moisture content (∆MC) and hygroexpansion
coefficient (βMC ) for restraint-dried and freely dried sheets after all built-in stresses were released by
moisture cycling. The values are taken from the last desorption from 85 to 20 % RH in Figure 6, but
calculated as an expansion. The expansion values are given with 95 % confidence limits.

Restraint-dried Freely dried
Expansion ∆MC βMC Expansion ∆MC βMC

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

Virgin 0.469 ± 0.027 7.76 0.060 0.890 ± 0.062 8.57 0.104
Hornified 0.503 ± 0.017 7.83 0.064 0.797 ± 0.020 8.33 0.096
Virgin + PEM 0.528 ± 0.043 8.13 0.065 0.936 ± 0.047 7.41 0.126
Hornified + PEM 0.466 ± 0.016 7.61 0.061 0.829 ± 0.027 7.45 0.111
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Figure 7: Equilibrium hygroexpansional strain as a function of equilibrium moisture content for (a)
restraint-dried and (b) freely dried sheets. The figure shows the first three cycles of Figure 4. The bars
indicate 95 % confidence limits.
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Figure 8: Kinetics of hygroexpansional strain and moisture content changes in (a) restraint-dried
sheets and (b) freely dried sheets subjected to a humidity change from 20 to 85 % RH after all built-
in stresses were released. Every fourth value is given with 95 % confidence limits. Filled symbols
indicate dimensional change and open symbols indicate moisture content.
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Figure 9: Schematic representation of the fibre-fibre joint configuration depending on drying strategy
and whether or not PEMs are adsorbed onto the fibre surface.

could be seen during both adsorption (Figure 8) and desorption (see Paper I). On the other
hand, there was no clear difference in the relative rate of dimensional change (percentage
of the equilibrium strain) between restraint-dried and freely dried sheets except that the
papers made from hornified fibres dried under restraint showed the slowest relative change
when subjected to the humidity change (see Paper I).

There is 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 sheets prepared with
the differently treated fibres (Figure 6). This implies, in agreement with Uesaka and Qi
(1994), that neither the fibre-to-fibre contact area nor the adhesion properties, i.e. whether
or not there are covalent linkages, has any significant influence on the dimensional stabil-
ity of paper as long as the sheet has been dried under restraint. For freely dried sheets,
however, it is evident in Table II that the PEM-containing sheets seemed to show an ex-
pansion equal to or greater than that of the non-PEM-treated sheets when exposed to the
same change in relative huidity, despite the fact that the change in moisture content for the
given change in relative humidity was lower for the PEM-treated sheets, i.e. they presented
a larger βMC-value.

Since the density was significantly lower in the freely dried sheets (Figure 4), the fibre-
fibre joints have a greater extension in the z-direction, schematically shown in Figure 9.
The PEM-treatment also creates a larger contact zone, and not only a larger degree of
contact, between the fibres when PEMs are applied on dried fibres2, as is also indicated
in Figure 9. Once the fibres expand due to moisture adsorption, the joints with a greater

2personal communication of data from Torgnysdotter and Wågberg (2006)
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Figure 10: 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 built-in stresses
were released. The bars indicate 95 % confidence limits. The broken line serves as a guide to the eye.

extension in the z-direction transfer a greater fraction of the transverse expansion into the
in-plane direction. An idea mathematically demonstrated by Uesaka and Qi (1994).

The restraint-dried and freely dried sheets showed a major difference in dynamic hy-
groexpansion when this was studied as function of sheet moisture content. In the first part
of the adsorption process, both freely dried and restraint-dried sheets expand with a similar
slope (Figure 10). At a certain point, sheets dried under restraint cease to expand whereas,
at more or less the same moisture content around 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 measurements. However,
with a horizontal set-up, and assuming the same moisture sorption rate (moisture content
was not monitored), their machine-direction samples ceased to expand much earlier than
the cross-machine samples, i.e. a behaviour similar to the present results shown in Fig-
ure 10. The explanation may be that, like the restraint-dried sheets, the freely dried sheets
showed a linear in-plane expansion in the longitudinal direction of the fibres and later, at
higher moisture contents, a straightening of microcompressions and kinks in the free sec-
tions between the fibre-fibre joints. These compressions and kinks are not formed in the
machine-direction, i.e. when sheets are dried under restraint (Page and Tydeman 1962).

Moisture sorptivity and fibre wall cross-linking

The hornification process and the use of PEMs had little effect, with the exception of
the PEM-treated never-dried fibres, on the moisture sorptivity of the papers, as shown in
Figure 11. The decrease in moisture content upon cycling (Figure 11a vs. 11b) is a result
of a recrystallisation at higher relative humidities of the cellulose crystallites, which have
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Figure 11: Sorption isotherms for restraint-dried sheets, (a) before and (b) after all built-in stresses
were released.
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Figure 12: Sorption isotherms for sheets of untreated and periodate-oxidised fibres.

been partly decrystallised during the pulping process (Caulfield and Steffes 1969). As a
consequence, this will also result in a change in the cellulose free volume (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 11); an observation in accordance with Lundberg and
de Ruvo (1978), who argued that hornification does not affect the equilibrium moisture
content under moist conditions. If the fibres, on the other hand, were cross-linked, the
sorption behavior was, as shown in Figure 12, significantly changed due to a lowered
crystallinity and thus a changed availability for water-molecules to the sorption sites, such
as carboxyl groups, within the fibre wall. This is discussed further below.

It is difficult to show in a straightforward way that the fibres are cross-linked through
hemiacetal linkages, since these bonds already exist between the glucose units in cellulose.
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Figure 13: (a) Dry and wet tensile strength index and (b) dry and wet strain at break as 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.
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Figure 14: Sorption rate of 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.

Indirectly, the amount of cross-linking can be quantified by measuring the amount of ox-
idised hydroxyl groups as the carbonyl content of the fibres. However, since the strength
properties, see Figure 13, in general, and the wet strength in particular, were significantly
increased and in the case of wet strength up to about 40 % for the most oxidised fibres,
it is very probable that covalent cross-links had been formed both within the fibre wall
and between individual fibres. It was also basically impossible to re-pulp the sheets in
deionised water, but it was found to be readily possible under alkaline conditions. The
tensile stiffness of the sheets made from the cross-linked sheets was also increased and the
DMA-measurements showed that these sheets had a greater ability to withstand changes
in storage modulus when subjected to rapid changes in relative humidity (see Paper II),
which is promising from a mechano-sorptive creep point of view (Byrd 1972a,b).
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(a)

(b)

Figure 15: Schematic representation of the structure of (a) a cross-linked fibre wall during mois-
ture sorption at lower moisture levels, and (b) how the cross-links eventually rupture as the moisture
sorption is increased above a critical level corresponding to capillary condensation.

Not only was the equilibrium sorption altered, but the dynamics of both adsorption and
desorption were also significantly changed. When the sheets were subjected to a change in
relative humidity from 30 to 90 % RH during a time of two hours, the most cross-linked
fibres showed only a very limited moisture adsorption (Figure 14a).

A possible explanation of these detected effects of the periodate treatment (Figure 12
and 14) could be that it has two opposite effects on the interaction between the fibres and
moisture. Firstly, the periodate creates covalent cross-links in the fibre wall and this both
improves the integrity of the fibre wall and removes possible sites for water 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 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 12. As the absorption continues, the available surfaces
start to become saturated with water molecules and, as been 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 for the non-oxidised fibres than for the oxidised fibres containing cross-links within
the fibre wall. This type of behaviour can also be detected in Figure 12 when the most
oxidised fibres and the non-oxidised sample are compared. For the non-oxidised sample
there is an increase in moisture content from 3.9 % to 7.7 % when the relative humidity
is increased from 30 to 70 % RH whereas the increase for the oxidised sample is from
4.5 % to 7.6 %.

On the other hand, after the fibres had been subjected to a relative humidity of 98 % RH
(Figure 14b), there was no notable difference in sorption rate, indicating a breakage of the
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Figure 16: Dynamic dimensional change when papers from oxidised fibres were subjected to a change
in relative humidity from 20 to 85 % RH (a) before and (b) after first time exposure to 98 % RH and
all built-in stresses were released. The bars indicate 95 % confidence limits.

cross-links within the fibre wall. However, since there was still a significant wet strength
upon complete wetting, there was most probably only a limited breakage of bonds at higher
humidities where capillary condensation is noticeable. It can be suggested that this is due
to a slow breaking up of areas adjacent to covalent cross-links, as schematically demon-
strated in Figure 15a. As the moisture level in the fibre wall is increased above the capillary
condensation limit, i.e. > 98 % RH (Stone and Scallan 1967), with liquid water present,
the acetal linkages may start to hydrolyse and permit an expansion of the surfaces area
within the fibre wall, as schematically shown in Figure 15b. It is naturally difficult to de-
termine the exact point where capillary condensation starts to occur readily but, according
to the Kelvin equation (1), all capillaries with a radius smaller than 10 nm are filled at
90 % RH and capillaries smaller than 20 nm at 95 % RH. Andreasson et al. (2003) have
measured the average pore size of a wet chemical pulp to be between 10 and 25 nm at pulp
yields below 60 %. Since the papers from the differently treated fibres show no difference
in moisture adsorption kinetics after they have been subjected to higher relative humidities
(Figure 14b), this supports the hypothesis that partial breakage of acetal linkages occurs
within the fibre wall at higher moisture contents (Figure 15b).

The exposure of papers to almost saturated humidities will naturally affect the dimen-
sional stability properties of the papers. Interestingly, as Figure 16b shows, a major part of
the dimensional stabilisation effect remained even though the rate and amount of moisture
adsorption were similar (Figure 14b), which also indicate that there are still considerable
amounts of cross-links available. Due to the release of built-in stress, it is unfortunately
difficult to study the kinetics of the dimensional change of non-cycled samples (Figure 16a)
in the same way as the sorption kinetics (Figure 14a).

The oxidative treatment of the fibre wall also led to a significant increase in the equi-
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Figure 17: (a) Equilibrium hygroexpansional strain and equilibrium moisture content as a function of
relative humidity – filled symbols indicate dimensional change, and open symbols indicate moisture
content; (b) Equilibrium hygroexpansional strain as a function of equilibrium moisture content. The
bars indicate 95 % confidence limits.
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Table III: Amplitude of dimensional change, change in moisture content (∆MC) and hygroexpan-
sion coefficient (βMC ) after all built-in stresses were released. The values are taken from the last
desorption from 85 to 20 % RH in Figure 17, but calculated as an expansion. The expansion values
are given with 95 % confidence limits.

Expansion (%) ∆MC (%) βMC (%/%)

Ref 0.689 ± 0.027 7.83 0.088
PI 0.615 ± 0.006 7.23 0.085
PII 0.560 ± 0.009 6.24 0.090
PIII 0.495 ± 0.009 4.66 0.106

librium dimensional stability when the paper was subjected to changes in relative humidity
(Figure 17a). The amplitude of the equilibrium dimensional change after release of all
built-in stress, i.e. when reversible hygroexpansion has been achieved and there is no more
permanent shrinkage, when changing the relative humidity from 20 to 85 % RH, was re-
duced by approximately 30 % for the most oxidised fibres, compared to the reference.
Figure 17a shows that this was primarily due to a lower moisture uptake by the oxidised
fibres. The hygroexpansion coefficients, i.e. the slopes in Figure 17b, are similar for the
reference and the two lower degrees of oxidation (PI and PII), but notably higher for the
most highly oxidised fibres (PIII). This is further clarified in Table III. One of the most
striking differences, apart from the difference in degree of oxidation between the most ox-
idised fibres and the other samples, is the increase in density (see Paper II), but this is not,
however, a likely explanation since the density only slightly affects the hygroexpansion of
restraint-dried sheets (Salmén et al. 1986). Hou et al. (2007) suggested that the increase
in strength properties was due to an increase in fibre-fibre contact but, as shown in Pa-
per I, the joint properties have no major impact on the hygroexpansion. On this basis, it
is reasonable to suggest that the increase in the βMC-value is a result of a significantly
higher moisture content at 20 % RH and a less porous fibre wall which is more sensitive
to changes in moisture content.



Conclusions

In the first part of this work, the influence of the fibre-fibre joint properties and the effects
of hornification of the fibre wall on the dimensional stability of paper were studied. The
results showed that, when the degree of fibre-to-fibre contact was decreased through horni-
fication or increased by adsorbing polyelectrolyte multilayers onto the fibres prior to sheet
formation, there were no effect on the dimensional stability, when the relative humidity
was changed from 20 to 85 % RH, for sheets dried under restraint, but that in freely dried
sheets an increase in contact area decreased the dimensional stability by means of a higher
hygroexpansion coefficient. This was probably due to an increase in the out-of-plane con-
formation of the fibre-fibre joint.

In the second part of the work, the effect of moisture sorptivity on the dimensional
stability of paper was studied. A decrease in moisture sorptivity was achieved by cross-
linking the fibre wall through oxidation with sodium periodate to form dialdehyde cellu-
lose, which can react into hemiacetal linkages with available hydroxyl groups. The results
showed that the dimensional movement was significantly lower for the cross-linked sheets
because of a lower, and slower, change in moisture content when the relative humidity was
changed from 20 to 85 % RH. However, the periodate cross-linking seemed to increase
the hygroexpansion coefficient of highly cross-linked sheets, i.e. made them more sensi-
tive to absolute changes in moisture content. The cross-linked sheets also showed a slower
degradation in storage modulus with changing relative humidity due to the slower moisture
uptake by the sheets.

Future work

Since it is evident that the result, in terms of dimensional stability, depends on whether this
is expressed as βMC or as βRH values, it would be interesting to further examine the paper
expansion when exposed to liquid water, i.e. to measure the hydroexpansion. The dynamic
hydroexpansion is also of great interest for understanding the mechanisms of dimensional
stability during offset printing.

The βRH was dramatically decreased by treating the fibres with periodate and since

29
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a lower βRH is assumed to result in improved mechano-sorptive creep properties (Byrd
1972a,b), it would be of interest to examine the creep properties of sheets made from
periodate oxidised fibres.

Finally, the true mechanisms behind the change in sorptivity of cross-linked fibres are
still unclear and further research is evidently needed. It would for example be interesting
to study how the periodate cross-linking influences the pore-size distribution of the fibres,
to see whether the expected decrease in average pore-size can be confirmed.
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