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Abstract 

 
Fibre modification might be a way to improve the performance of paper, to 
increase its cost competiveness and enable new paper-based products to be 
developed. Therefore, the influence of fibre modification (with polyelectrolytes or 
by fibre cross-linking) on the mechanical properties of special importance for 
packaging paper grades was studied. 
 
Creep deformation under varying humidity conditions (i.e. mechano-sorptive 
creep) is of outmost importance for the stacking life of paper-based boxes. The 
influence on creep behaviour of adsorbing polyallylamine (a cationic 
polyelectrolyte) to fibre surfaces or throughout the fibre walls was studied. 
Adsorption to fibre surfaces reduced the creep at constant humidity. The 
mechano-sorptive creep was not however influenced. The use of polyelectrolytes 
did not thus appear to be a feasible strategy for reducing mechano-sorptive creep.  
 
Polyelectrolytes can however be efficient in improving other mechanical 
properties. The use of multilayers consisting of polyallylamine (PAH) and 
polyacrylic acid (PAA) was for example shown to significantly increase the 
strength of paper with much less densification and build-up of residual stress than 
is obtained by beating. 
 
Cross-linking by oxidation with periodate radically decreased the mechano-
sorptive creep of sheets made from the oxidised fibres. The basic mechanism 
behind the reduction in mechano-sorptive with cross-linking was found to be that 
the cross-linking slowed down the moisture sorption kinetics. A lower sorption 
rate led to smaller moisture content variations during the mechano-sorptive creep 
testing, and thus less sorption-induced swelling and stress concentrations at 
fibre/fibre joints. However, for cross-linking to be a practical way to reduce creep, 
the large problem of embrittlement must be solved. 
 
The shear strength of couched sheets was measured to study the interaction 
between the sheets at different solids content. The shear strength was low until a 
solids content of approximately 60−70% was reached, which suggests that 
interactions important for the strength at complete dryness start to develop at this 
solids content. The effect of different fibre modifications and additives on how the 
fibres interact during the consolidation process is not always well understood. The 
method of shear strength determination could in the future be applied to modified 
fibres to hopefully increase the understanding of how different modifications 
influence the fibre/fibre interactions. A deeper understanding might reduce the 
time for the development of new and improved fibre modifications. 
  



Sammanfattning 
 
Fibermodifiering kan vara en möjlig väg att förbättra egenskaperna hos papper och 
på så sätt möjliggöra lansering av nya pappersbaserade produkter samt öka 
kostnadseffektiviteten hos redan existerande produkter. Därför studerades 
inverkan av fibermodifiering (genom polyelektrolytadsorption eller fiberväggs-
tvärbindning) på mekaniska egenskaper som är av särskild stor betydelse för 
papper som används till förpackningar. 
 
Krypdeformation hos papper under varierande klimatbetingelser (s.k. mekano-
sorptiv krypning) har stor inverkan på hur länge papplådor kan stå staplade utan 
att kollapsa. Därför adsorberades polyallylamin (en katjonisk polyelektrolyt) på 
fiberytor samt i fiberväggar för att undersöka effekten på krypbeteendet hos de 
resulterande pappersarken. Kryphastigheten under konstanta klimatbetingelser 
minskades signifikant när polyallylamin hade adsorberats till fiberytorna. Någon 
effekt på den mekanosorptiva krypningen kunde dock inte ses. Fibermodifiering 
med polyelektrolyter verkar därför inte vara ett lovande alternativ för att minska 
den mekanosorptiva krypningen.  
 
Användandet av polyelektrolyter kan emellertid vara väldigt effektivt för att 
förbättra andra mekaniska egenskaper. Tillsats av polyelektrolyter visade sig till 
exempel ge styrkeökning med mycket mindre densifiering och uppbyggnad av 
restspänningar än om fibrerna maldes.  
 
Fiberväggstvärbindning uppnådd genom oxidation med perjodat minskade den 
mekanosorptiva krypningen radikalt. Mekanismen bakom reduktionen i mekano-
sorptiv krypning visade sig vara att tvärbindningen minskade fuktsorptions-
hastigheten. En lägre sorptionshastighet resulterade i mindre fuktvariationer i 
pappret under den fuktcykling som användes vid krypprovningen och därmed 
mindre fibersvällning och stresskoncentrationer i fiberfogarna. För att tvär-
bindning ska vara ett realistiskt alternativ för att minska den mekanosorptiva 
krypningen måste dock försprödningsproblematiken lösas. 
 
Mätning av skjuvstyrka hos guskade ark användes för att bestämma växelverkan 
mellan arken vid olika torrhalt. Skjuvstyrkan var låg fram till en torrhalt på ca 
60−70%, vilket antyder att krafter som är viktiga för att hålla ihop fibrerna i det 
torra arket börjar utvecklas just vid denna torrhalt. Om denna metod för mätning 
av skjuvstyrka kombineras med olika fibermodifieringar kan förståelsen för hur 
dessa fibermodifieringar påverkar interaktionen mellan fibrer ökas. En ökad 
förståelse för hur olika fibermodifieringar påverkar fibrerna och pappret, kan 
förhoppningsvis minska den tid det tar att utveckla nya och förbättrade metoder 
för fibermodifiering.  
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Introduction 
 
Paper is a material with many uses. The main functions that paper provides is 
to serve as an information carrier (printing papers), to protect goods 
(packaging paper) and to serve as an absorbent (hygiene papers). From a 
sustainability viewpoint, paper has the advantage, compared to oil-based 
materials such as plastics, that it is produced from a renewable resource. Paper 
also has the advantage of being biodegradable and recyclable. Plastics can also 
be recycled but not all plastics are easily biodegradable. Cellulose is also the 
most common biopolymer on earth, which implies that there will probably be 
good access to wood and other plants at a rather inexpensive cost for many 
years to come. For materials based on oil, however, there is a risk that the 
easily available oil supplies will run dry, drastically increasing the cost for the 
production of such materials. In the future there may however be a keen 
competition for the earth’s biomass to produce bio-based energy, possibly 
jeopardising the inexpensive access to these resources for the production of 
biofibre-based materials. However, converting the biomass into highly 
processed products would create more added value and contribute more to the 
economic growth.  
 
Clearly, from as sustainability viewpoint, wood-fibre-based materials have 
many advantages, but in terms of product performance they also have many 
weaknesses. One of the most obvious is their sensitivity towards water and 
moisture. A second major disadvantage is that, compared to plastics, paper 
cannot easily be formed into complex geometrical shapes. A third major 
disadvantage is that paper materials have relatively low toughness and easily 
suffer permanent deformation, such as wrinkling, which limits their use for 
many applications. In the light of the environmental and sustainability benefits 
of paper, it would be advantageous to increase the use of paper and other 
biofibre-based materials, but for them to be able to compete with plastics and 
increase the use, thus assuring the cost competitiveness of the forest-based 
sector, it is absolutely necessary to improve the performance of paper and to 
create new biofibre-based materials. 
 
The modification of fibres with additives or by direct chemical reaction can be 
a way to improve the performance of paper, increasing it cost competiveness 
and opening the way to new paper-based products, and that is exactly what the 
work described in this thesis has explored. 
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Objective of  the work and outline of  the 
thesis 
 
The objective of the work described in this thesis was to explore the 
possibilities of using fibre modifications to improve the mechanical 
properties of paper and to seek to establish the mechanisms behind the 
improvements obtained. The work had a special focus on properties that 
are important for packaging grade papers. 
 
Creep, the time-dependent deformation of a sample held under a constant 
load, affects paper and many other materials. For paper-based boxes loaded 
in compression for a long time, the inherent creep of paper can eventually 
lead to the collapse of the boxes. Varying humidity accelerates the creep 
rate, so that the creep during cycling between low and high humidity 
exceeds the creep found at a high constant humidity. This phenomenon is 
usually referred to as mechano-sorptive creep or accelerated creep. Despite 
the importance of time-dependent mechanical behaviour such as creep for 
the performance of paper-based packaging, most previous studies on the 
influence of fibre modifications and chemical additives on the mechanical 
properties of paper are limited to studies of the elastic behaviour and 
ultimate strength. Accordingly, the possibilities of reducing creep by fibre 
modification were explored in Papers I, II and III.  
 
The fibre/fibre joints and the fibre walls are known to influence the 
mechanical properties of paper in different ways. It is generally considered 
that the properties of the fibre/fibre joints determine the ultimate strength, 
whereas the properties of the fibres themselves determine the viscoelastic 
behaviour of the fibre network up to failure. In most previous studies on 
the influence of chemical additives on the mechanical properties of paper, 
no direct evidence for the location of the added additives has been 
presented. Therefore, it was an explicit objective of the present study to 
consider the location of the added polyelectrolytes and to see whether there 
are differences if only the fibre surfaces are modified with polyelectrolyte 
(Paper I) and if the fibre walls are also modified either with polyelectrolyte 
(Paper II) or by cross-linking (Paper III). 
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Cross-linking has previously been shown to reduce mechano-sorptive creep 
in paper (Caulfield 1994), but no experimental support regarding the 
mechanisms by which cross-linking reduces mechano-sorptive creep was 
presented. Since mechano-sorptive creep is a direct consequence of the fact 
that paper easily sorbs moisture, the intention of this work was also to 
examine the influence of fibre wall cross-linking on the moisture sorption, 
in order to increase the understanding of the mechanism by which cross-
linking reduces mechano-sorptive creep (Papers III, IV). Cross-linking is 
usually associated with severe embrittlement of the resulting paper, and 
might thus not be a practical way to reduce mechano-sorptive creep. 
However, an understanding of the mechanisms underlying the reduction in 
mechano-sorptive creep by cross-linking might in turn generate new ideas 
as to how to reduce mechano-sorptive creep without causing 
embrittlement. 
 
Other mechanical properties that are of special importance for packaging 
grades papers are residual stresses and shear strength. As described in the 
introduction, the ability to convert paper into different geometrical shapes, 
such as boxes, is very important. Paperboard is generally converted into 
boxes and other shapes by introducing creases, where the paperboard is 
subsequently folded and glued to its final shape. For successful creasing it is 
very important that the paperboard easily delaminates, and the ease of 
delamination is controlled by the shear strength profile of the paper, i.e. the 
local shear strength through the thickness of the material.  
 
Despite the importance of shear strength for paperboard performance, only 
two previous investigations, to the knowledge of the author, have been 
devoted to examining how the shear strength of paper develops with 
moisture removal (Alince et al. 2006; de Oliveira et al. 2008). These studies 
investigated how shear strength developed with moisture removal in 
specimens made of previously dried blotting paper sheets rewetted and 
couched together. The fact that the blotting papers had previously been 
dried might limit the applicability of the results when it comes to explaining 
shear strength development in paperboards in which various layers of 
never-dried fibres are couched together. Furthermore, the shear strength 
was only tested at a relatively low solids content (<60%), and not all the 
way to complete dryness. The objective of the work presented in paper VI 
was accordingly to study the shear strength development during drying to 
complete dryness in couched sheets made of both never-dried and 
previously dried fibres. 
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An understanding of the development of shear strength during drying is 
valuable for optimising the shear strength profile in paperboards, and will 
give vital clues to the fibre interactions during drying, the nature of these 
interactions, and how fibres should be treated to optimise these 
interactions.  
 
Residual stresses are the stresses that remain in a piece of material when all 
external forces are removed. In paper, the residual stress state can influence 
the likelihood of crack formation during the folding of paperboard, and 
may thus be important for the convertibility of paperboard. Beating the 
pulp is known to induce additional shrinkage gradients in multi-ply 
paperboard and to increase the magnitude of the residual stresses (Östlund 
et al. 2004a). However, there are no published studies on the effect of 
chemical additives on the residual stresses in paper. Accordingly, studies 
were undertaken to clarify whether fibre modification with polyelectrolytes 
can influence and control the residual stress state in paper (Paper V). 
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Background 
 
Paper is made from a suspension of fibres in water and when the water is 
removed the fibres bond to each other without additional additives. Paper 
is thus not a composite but a self-bonding fibrous material. The fibres are 
usually obtained from wood, but sometimes also from other plants, by 
either a mechanical or a chemical process. During paper production, the 
fibre suspension is dewatered by different machine elements such as foils, 
blades, suction boxes, suction rolls and press nips, and finally dried on 
steam-heated cylinders so that only a little water is left in the final paper.  
 
At a low fibre concentration, the fibre network is held together mainly by 
mechanical entanglement. When water is removed during the production 
process, the fibres are brought into close contact by capillary forces arising 
from the water meniscus formed between the fibres (Lyne and Gallay 
1954). At a high solids content the fibres are brought into such close 
contact that strong forces acting at the molecular level can develop, giving 
the final paper its high strength. Forces that may possibly act to hold the 
fibres together in the dry paper include: mechanical entanglement of fibres 
and fibre surface fibrils, inter-diffusion of polymers across the fibre/fibre 
interface, covalent bonds, ionic bonds, hydrogen bonds, polar interactions 
and van der Waals interactions (Lindström et al. 2005). 
 
The complex structure of paper and its constituent fibres, in combination 
with the wide variety of possible forces acting to hold the fibres together, 
make paper one of the most complex engineering materials available 
(Haslach 2000; Alava and Niskanen 2006). It is not therefore clear how all 
these different factors influence the mechanical properties of paper, even 
though a lot of research has been dedicated to the subject. The mechanical 
behaviour of paper is also difficult to fully characterise, since it shows a 
complex time-dependence, so that the mechanical response depends on the 
rate of straining or stressing (Haslach 2000; Coffin 2009). For example, if 
the stress is applied rapidly, paper shows a higher strength and stiffness but 
a lower extensibility than if the stress is applied at a lower rate. Paper also 
shows creep and stress-relaxation. Creep is the slow continuous 
deformation of a material subjected to a constant stress, whereas stress-
relaxation is the slow decay of stress in a material subjected to a constant 
strain.  
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Both the fibres and the forces holding them together are strongly 
influenced by moisture, and water can easily disrupt the fibre/fibre joints, 
unless they are protected by chemical means. Therefore moisture has a 
large effect on the mechanical properties of paper. For example, the 
strength and stiffness of paper are reduced under high humidity conditions. 
Similarly, creep in paper specimens occurs at a faster rate under high 
moisture conditions (i.e. with larger amounts of adsorbed water). 
 
 

Paper strength and the formation of fibre/fibre joints 
 
The exact nature of the different forces acting to hold the fibres together in 
the paper sheet, and the contribution of each kind of force, is not known. 
However, it is known that the fibre/fibre joints are very important for how 
large a load a paper can withstand before failure (Van den Akker 1950; 
Davison 1972). Davison (1972) found that the potential strength of paper 
calculated from the strength of single fibres is less than the strength found 
in practice. He also found that intact fibres are often pulled out in the 
rupture-zone, even in strong papers, and he thus concluded that the 
fibre/fibre joint is the weak link in a dry paper. Of course the fibre strength 
ultimately limits the strength that theoretically can be reached in a paper. 
Page (1969) developed a theory that describes how paper strength increases 
asymptotically with increasing shear bond strength and increasing relative 
bonded area to approach a maximum limited by the fibre strength. 
 
Since paper strength to a large extent is determined by the strength of the 
fibre/fibre joints, it is necessary to understand how the fibre/fibre joints 
are formed during the paper manufacturing process and what determines 
the number of created fibre/fibre joints and their strength. 
 
Van der Waals forces, i.e. dispersion forces and dipole interactions, 
between two atoms or molecules have the range of a few nanometres or 
less. But for two colloidal particles suspended in a medium, the atoms in 
one particle are to some extent able to interact with all of the atoms in the 
other particle and these interactions are to some degree additive. The very 
important consequence of this partial additivity is that the van der Waals 
force between colloidal particles has a much longer range than the van der 
Waals force between individual atoms or molecules. Since long-range van 
der Waals forces originate from fluctuations in the electron clouds of the 
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atoms (i.e. dispersion forces) they exist between all materials. Cellulosic 
fibres are to some extent coated with hemicelluloses and in water the fibres 
will have an anionic charge due to carboxylic groups on the hemicelluloses. 
An electrostatic double-layer force will hence also always be present 
between fibres in water. If two fibres are brought sufficiently close 
together, the entropy loss of confining the dangling hemicellulose chains 
will result in a repulsive entropy force, referred to as steric repulsion. 
 
When water is removed from the fibres during the papermaking process, so 
that air enters the sheet, water menisci will form between fibres and fibrils 
and pull them closer due to capillary action (Lyne and Gallay 1954; Clark 
1985; van de Ven 2008). The balance between the attractive forces, 
(capillary and van der Waals forces) and the repulsive forces (electrostatic 
double layer forces and steric repulsion), determines how close together the 
fibres come at a given solids content (Wågberg and Annergren 1997). Once 
the fibres come into sufficiently close contact different interactions such as 
mechanical entanglement of fibre surface fibrils, inter-diffusion of polymers 
across the fibre/fibre interface, covalent bonds, ionic bonds, hydrogen 
bonds, polar interactions, and van der Waals interactions can develop 
between the fibres (Lindström et al. 2005).  
 
The relative importance and contribution of each of all the possible 
interactions between cellulosic fibres have not yet been quantified. Much 
more research in this area is probably necessary to accomplish this 
demanding task. One feasible way to study fibre/fibre interactions is to use 
model cellulose surfaces. The AFM colloidal probe technique has for 
example been used to study the interaction between two cellulose surfaces 
(Notley et al. 2004; Stiernstedt et al. 2006). The JKR method has been 
applied to study the adhesion between poly(dimethylsiloxane) (PDMS) caps 
and Langmuir–Blodgett cellulose surfaces (Rundlöf et al. 2000). However, 
even though the model experiments are well defined, they suffer from the 
drawback of not using actual fibres and it is also difficult to dry the surfaces 
together in a manner similar to that occurring in paper making. 
 
Shear testing of papers that have been couched together can be another 
feasible way to study fibre/fibre interaction (Paper VI). Shear testing, 
compared to in-plane tensile testing, to a large extent avoids the effect of 
mechanical fibre entanglement, as pointed out by Alince et al. (2006). Shear 
testing should therefore be a relatively pure measurement of the 
interactions between the fibres. The author of the present thesis is of the 
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opinion that the measurements on model systems and shear strength 
measurements on wet and dry paper complement each other, and that 
together they are a powerful tool for understanding how the fibre/fibre 
interactions develop during paper manufacture. 
 
 

Mechanical behaviour of paper prior to failure 
 
The deformation behaviour of paper prior to failure has been the subject of 
considerable research over the years. A key issue has been whether the 
time-dependent deformation prior to failure depends on the properties of 
the fibre/fibre joints, on the fibres themselves or on the network structure, 
and also under which conditions these different factors are of importance. 
The literature contains conflicting data and different opinions (Haslach 
2000). One view is that plastic and viscous deformation is due to inter-fibre 
effects, such as bond breakage and inter-fibre frictional effects. For 
example, Rance (1948) hypothesised that permanent deformation is due to 
bond breaking and that additional time-dependent effects are due to inter-
fibre frictional effects. Sanborn (1962) also found that permanent 
deformation includes bond-breakage.  
 
The second view is that both plastic and viscous deformation is due to an 
irreversible deformation within the fibre wall, and that bond breakage 
occurs only close to failure. Page and Tydeman (1961) found that total 
bond breakage is infrequent and argued that it should not be considered as 
a primary contributor to the shape of the stress-strain curve of paper, 
which they attribute more to partial bond breakage at microcompressed 
bonding sites. Furthermore, they concluded that delayed elastic 
deformation (primary creep) is not associated with frictional effects but is 
purely an intra-fibre phenomenon. Another study supporting the view that 
the fibres themselves play an important role was that of Parker (1962), who 
studied the influence of ethylamine decrystallisation on the viscoelastic 
properties of paper. He found that wet-pressing had a large influence on 
creep up to a certain point, but as the sheet strength increased, differences 
in intra-fibre structure became more important. Later, Hill (1967) studied 
the creep of single fibres loaded in tension and found that the basic creep 
results for single fibres are similar to those for paper.  
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Seth and Page (1981) examined the influence of a bonder (locust bean gum) 
and a de-bonder (surfactant) on the stress-strain curve of paper. In the case 
of strong efficiently loaded paper sheets, they found that the additives did 
not influence the shape of the stress-strain curve, only the ultimate failure 
strength and strain. In contrast, in the case of weaker not fully efficiently 
loaded sheets, the additives influenced the shape of the curve. To account 
for the effect of the fibre/fibre joint on the stress-strain curve of paper, 
they introduced the concept of an efficiency factor to describe how 
efficiently the stress is transferred between the fibres in a sheet. Seth and 
Page suggest the efficiency factor to depend on the properties of the fibres 
(length, width and shear modulus) and the relative bonded area in the sheet, 
as determined by light scattering. It must be stressed, however, that 
scattering of visible light only is sensitive down to a fibre separation of 
approximately 200 nm (half the wavelength of light), and can hence not be 
used to obtain information regarding the true molecular bonded area. A 
better measure of the relative bonded area can be obtained by the use of 
nitrogen adsorption (Haselton 1955; Kallmes and Eckert 1964; Eriksson et 
al. 2006). 
 
A value of unity of the efficiency factor corresponds to a fully efficiently 
loaded sheet structure. As the strength and number of active fibre/fibre 
joints are increased by beating or wet-pressing, the efficiency factor 
asymptotically approaches unity. Simultaneously, the modulus of the paper 
approaches a limiting value determined by the properties of the fibres (Page 
et al. 1979; Page and Seth 1980a; Page and Seth 1980b). Since the scaling 
with efficiency factors transposes the stress-strain curves for incompletely 
efficiently loaded sheets to a single curve, Page and his colleagues 
concluded that the viscoelasticity of paper originates from within the fibre 
wall.  
 
DeMaio and Patterson (2005) studied the effect of similar additives as used 
by Seth and Page (1981) on the creep properties of sheets made from a 
previously dried, bleached softwood kraft pulp. Creep compliance data 
showed that the creep curves for treated and untreated sheets were the 
same in the case of sheets wet pressed under a high press load but different 
for sheets wet pressed under a low press load. In agreement with Seth and 
Page, they concluded that for sheets wet pressed at a high load, treatment-
induced changes in specific bond strength do not influence the creep 
deformation because fibre-fibre bonding is at a level where the sheets are 
efficiently loaded structures. They also concluded that the concept of an 
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efficiency factor can be used to account for the degree of bonding in 
incompletely efficiently loaded sheets. 
 
Clearly the general view today is that the inherent creep response of paper 
is primarily a result of intra-fibre creep, so that, in strong fully efficiently 
loaded papers, the creep is determined by the creep of the component 
fibres. However, in weaker paper with an insufficient relative bonded area, 
the load is not optimally distributed within the sheet and the stress in the 
individual fibres is greater. In such sheets, changes in inter-fibre bonding 
influence the creep response in a manner equivalent to that of a shift in 
load or time (Coffin 2005). 
 
If the creep of a strong efficiently loaded paper depends only on the creep 
of the component fibres, what then are the mechanisms responsible for 
creep in fibres composed of cellulose fibrils? Since cellulosic fibres are 
made up of different biopolymers (cellulose, hemicelluloses and lignin), it is 
natural that they show an inherent creep as do all polymeric materials 
(Gedde 1995). There are however few direct studies on the 
micromechanics and molecular mechanisms involved in the viscoelastic 
behaviour of pulp fibres, and the field is not yet fully explored. The first 
study of the creep of individual pulp fibres found that the creep behaviour 
of a single fibre resembles the creep behaviour of a paper sheet (Hill 1967). 
The crystallinity and crystallite orientation in the fibres before and after 
creep was also measured in this study, and it was found that the crystallinity 
did not change but that the crystallite orientation increased. Thus, it was 
concluded that there had been a movement of crystalline regions within the 
fibrils or, more probably, of the fibrils within the fibres during the creep. 
Byrd (1972a) also found that the fibril angle decreased (increased fibril 
orientation) during creep under constant humidity conditions.  
 
Molecular mechanisms involved in the creep deformation of paper have 
also been studied using infrared spectroscopy (Olsson and Salmén 2001). 
Changes in the mid-IR spectra were observed which indicated an 
orientation of the cellulose molecules and a sliding between cellulose chains 
as a result of the creep deformation. Raman spectroscopy has also been 
used to probe molecular deformation mechanisms in natural cellulose 
fibres (Eichhorn et al. 2001). During the tensile deformation of fibres, the 
1095 cm-1 Raman band shifts toward lower wave numbers, and this is 
believed to be due to a deformation of the molecular backbone of the 
cellulose. The Raman spectra were recorded during a constant strain rate 
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tensile test and not during a creep test, but it is possible that similar 
molecular deformations take place also during tensile creep deformation. 
 
The fact that considerable effort has been spent on understanding the 
mechanisms behind creep in paper materials is not surprising, since the 
occurrence of creep deformation has important practical implications. For 
example, when corrugated boxes are piled on top of each other and stored 
for extended times, they creep under the compressive load from the boxes 
above and eventually fail. It is therefore vital to minimise the creep rate to 
achieve the maximum stacking life (Koning and Stern 1977; Leake and 
Wojcik 1993; Henriksson et al. 2007). However, when it comes to the 
performance of boxes, it is important to keep in mind that the rate of creep 
of paper is accelerated by changes in humidity, so that the creep during 
cycling between low and high humidity exceeds the creep observed at a 
constant high humidity (Byrd 1972a; Byrd 1972b). This phenomenon is 
usually referred to as mechano-sorptive creep or accelerated creep and will 
be discussed separately.  
 
 

Moisture sorption in fibres 
 
Dry fibres contain no pores (Stone and Scallan 1967), but in contact with 
water (whether as liquid or vapour) the fibres spontaneously sorb water due 
to the favourable interaction between water and hydroxyl groups in the 
cellulose. So thermodynamically, the driving force for moisture sorption is 
the gain in enthalpy when water molecules are adsorbed to the cellulose. 
Breakage of hydrogen bonds and adsorption of water between fibril 
lamellae will separate them, causing an expansion of the fibre wall (Scallan 
1977). Real fibres also contain amorphous and hydrophilic hemicelluloses 
that will readily adsorb water and further increase the volume of the fibre 
wall. These processes are usually referred to as hygroexpansion. The water 
up-take is much faster if fibres are subjected to liquid water than in moist 
air, since it can take several hours for paper in moist air to reach moisture 
equilibrium (Jarrell 1927). In paper, water can be absorbed not only in the 
fibres but also in the pores between the fibres and in the lumen inside the 
fibres. 
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The interaction between water and paper is possibly the most important 
factor affecting its end-use performance. Water disrupts the forces holding 
fibres together so that the strength of a wet paper, assuming that it contains 
no wet strength agents, is only a small fraction of the strength of the dry 
paper. Many of the mechanical properties described in this thesis are 
directly related to the interaction between fibres and water. Creep 
deformation in paper specimens occurs at a faster rate under high moisture 
conditions (i.e. with larger amounts of adsorbed water), which may be 
explained by the fact that sorbed water increase the mobility of the 
cellulose chains (Froix and Nelson 1975). Mechano-sorptive creep is a 
consequence of the sorption-induced swelling of fibres and paper (Habeger 
and Coffin 2000). Residual stresses arise because paper dries and shrinks 
inhomogeneously (Östlund et al. 2004b). 
 
 

Mechano-sorptive creep 
 
As mentioned earlier, the creep rate of paper is accelerated if the paper is 
subjected to variations in humidity (Byrd 1972a; Byrd 1972b). Since paper 
packaging is often exposed to compressive loads and variations in humidity 
during use, storage and transportation, it is primarily the creep rate during 
varying humidity conditions, i.e. the mechano-sorptive creep rate, that 
determines the stacking life-time (Leake and Wojcik 1993; Henriksson et al. 
2007). 
 
If the moisture content in the air surrounding a paper specimen is altered, 
this results in moisture gradients in the paper. However, Back et al. (1983) 
showed that a constant moisture gradient did not lead to mechano-sorptive 
effects in stress relaxation tests on fibre building board. Hence, it is 
suggested that mechano-sorptive creep is caused by changing moisture 
gradients. 
 
Coffin and Boese (1997) measured the creep in tension of single fibres and 
hand-sheets, and found that the single fibres did not exhibit mechano-
sorptive creep while the hand-sheets did. Later, both ramie fibres (Habeger 
et al. 2001) and wood fibres (Olsson et al. 2007) have been shown to 
exhibit mechano-sorptive creep. It is possible, as pointed out by Habeger et 
al. (2001) that the rate of change in relative humidity in the surrounding air 
has to be related to the rate of sorption for the material investigated in 
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order to obtain significant moisture gradients and mechano-sorptive creep. 
This can explain the lack of single-fibre mechano-sorptive creep in the 
study by Coffin and Boese (1997). The fact that wood fibres have been 
shown to exhibit mechano-sorptive creep suggests that the mechano-
sorptive creep of the individual fibres is one of the mechanisms behind the 
mechano-sorptive creep observed in paper.  
 
Since the discovery of mechano-sorptive creep in the 1970s, it has attracted 
considerable attention and two dominant models to describe mechano-
sorptive creep in paper have evolved. Habeger and Coffin (2000) suggest 
that humidity variations give rise to sorption-induced swelling and that this, 
either by moisture gradients or material heterogeneity, results in localised 
load cycling that in combination with the non-linear creep of paper gives 
rise to an accelerated creep. Alfthan et al. (2002) suggest that the 
anisotropic hygroexpansion of the fibres on exposure to moisture leads to a 
mismatch of hygroexpansive strains at the fibre/fibre bonds, causing large 
stresses at the bond sites, and that these, together with the non-linear creep, 
give rise to an accelerated creep. Since the model of Alfthan is an example 
of sorption-induced swelling in combination with material heterogeneity, it 
can be considered as a special case of the more general model presented of 
Habeger and Coffin.  
 
 

Residual stresses in paper 
 
Residual stresses are the stresses that remain in a material when all external 
forces are removed. Stress is typically the response of a material to an 
external load, but it can exist irrespective of load provided that the average 
force on every cross-section is zero.  
 
In paper, residual stresses originate from the fact that paper dries 
inhomogeneously (Östlund et al. 2004b). For a paper dried so that vapour 
is allowed to escape from both sides of the paper (i.e. two-sided drying), the 
outer layers of the paper dry first (Bernada et al. 1998). As the outer layers 
dry and shrink, the interior of the paper will be compliant, due to its high 
moisture content, and no significant stress build-up will take place. 
However, towards the end of the drying, when the interior of the paper 
dries and shrinks, the shrinkage will be opposed by the already dry and thus 
stiff surface layers. This will cause tensile stresses in the middle layers of the 
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paper that are not able to shrink and compressive stresses in the outer 
layers that oppose the shrinkage.  
 
Residual stresses have several important implications for paper materials. 
An uneven residual stress distribution leads to shape distortion, i.e. curl and 
twist. Curl is an important quality problem within the paper industry, 
especially for papers subjected to high speed printing (Uesaka 1991). It is 
thus desirable to have good control of the residual stress development 
during manufacture. Compressive stress at the surface, as usually found in 
commercial papers, is a disadvantage in the sense that upon exposure to 
water the stress-state is modified leading to dimensional changes that may 
be difficult to predict Tensile stresses on the surface may on the contrary 
be harmful by facilitating fracture and thus reducing the strength of the 
material (Lindström et al. 2005). Surface stresses could for example 
influence the risk for crack formation during the folding of paperboard.  
 
 

Fibre modification and strength additives 
 
Beating can be seen as a physical way to modify fibres and is commonly 
used to improve the strength and mechanical performance of paper. 
Beating has several effects on the fibres. The fibres become more flexible 
with beating (Samuelsson 1964) and thus conform better to each other 
during the consolidation of the paper sheet, increasing the number of 
fibre/fibre joints and the molecularly bonded area in each joint. Beating 
produces fibrillar fines. Fibrillar fines are definitely important for the 
strength of mechanical pulps (Mohlin 1977), but the influence of fibrillar 
fines on the strength of chemical pulps is not as great (Sandgreen and 
Wahren 1960). Beating also results in surface fibrillation, which probably 
increases sheet strength by mechanical entanglement of the surface fibrils. 
Page (1985) showed that beating straightens out fibres and suggested that 
straighter fibres give a better stress distribution in the sheet and thus a 
higher tensile strength (Page et al. 1979). 
 
Although beating is effective for increasing the paper strength, it has 
several drawbacks. The density of the manufactured paper increases with 
beating, due to the fact that beating makes the fibres more flexible so that 
they can pack closer together during the consolidation of the paper 
(Samuelsson 1964). Density is a key property for paper since it has a great 
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influence on bending stiffness, which in turn, has a considerable impact on 
the performance of many paper grades. For example, high bending stiffness 
reduces the tendency for boxes to buckle and fail under a compressive load, 
prevents printing grade papers from folding under their own weight when 
being read, and increases the runnability of sack paper during converting. 
So, in order to maximise the bending stiffness, it is desirable to have as low 
a density as possible while having a high tensile stiffness. Secondly, beating 
increases the swelling and water-retaining ability of the fibres thus 
rendering the dewatering of the paper web more difficult, influencing the 
rate at which paper can be produced on dryer-limited paper machines. 
Thirdly, the energy consumption required for beating is costly. 
 
The literature contains numerous examples of substances that have been 
used to increase both the dry strength and wet strength of paper 
(Lindström et al. 2005). The additives used to increase the dry strength are 
generally water-soluble polymeric substances. The cellulosic fibre has an 
anionic charge, and cationic polyelectrolytes are therefore often used, also 
in combination with anionic polyelectrolytes. By using charged polymers, it 
is possible to increase the adsorption to the fibres and hence achieve a 
greater increase in the dry strength. One example of combining anionic and 
cationic polyelectrolytes is the polyelectrolyte multilayer technique (Decher 
1997; Wågberg et al. 2002), in which fibres are consecutively treated with 
oppositely charged polyelectrolytes to form a multilayer. This makes it 
possible to achieve very large adsorbed amounts and to dramatically 
increase the paper strength. In practice, starch is the most common dry 
strength additive, and it is added both at the wet-end and in the size press. 
For wet-end application, a water-soluble cationic or amphoteric starch is 
usually used. 
 
Chemical additives can be one way to improve certain properties without 
affecting other properties in a negative manner. For example, the build-up 
of polyelectrolyte multilayers on pulp fibres can be used to increase the 
tensile strength with less densification than if chemical fibres are PFI-
beaten (Wågberg et al. 2002) or if the energy input in the refining of 
mechanical pulp fibres is increased (Lundström 2009). Increasing the 
surface charge of chemical pulp fibres by irreversible adsorption of 
carboxymethyl cellulose onto the surface of the fibres has also been shown 
to increase the in-plane tensile strength with less densification than PFI-
beating (Laine et al. 2003). 
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Since chemical additives and beating have been shown to have different 
impact on the properties of paper, the influence of the two was studied in 
more detail in the work presented in Paper V.  
 
As described previously, the types of interaction active in the fibre/fibre 
joints and the relative contributions of each type have long been an active 
area of research, but there is still considerable debate as to the true nature 
of the fibre/fibre joint. Similarly, the exact molecular mechanisms by which 
different additives increase paper strength are not fully known, and 
different polyelectrolytes probably function by different mechanisms. Even 
if the exact mechanisms are not fully understood, there is considerable 
knowledge in the published literature about factors that are important for 
the performance of strength additives. A recent review (Pelton 2004) 
emphasised the importance of polyelectrolyte structure for paper strength; 
the more hydrophilic the polyelectrolyte the greater being its effect. The 
influence of polyelectrolyte multilayers on fibre wettability and wet 
adhesion (studied by the AFM colloidal probe technique) has also been 
reported (Lingström et al. 2007). In contrast to the conclusions drawn by 
Pelton, these authors showed that polyelectrolyte multilayers which present 
a high advancing contact angle for water (i.e. poor water wettability) give 
higher wet-adhesion and also higher paper strength. 
 
The structure and viscoelasticity of polyelectrolyte multilayers have been 
studied using a quartz crystal microbalance (Notley et al. 2005). The more 
viscous and water-rich the polyelectrolyte layer, the higher was the adhesion 
between multilayer-covered silica surfaces, as determined by the AFM 
colloidal probe technique. When the effect of the polyelectrolyte 
multilayers on the adhesion was compared with the effect on the paper 
strength (Eriksson et al. 2005), it was evident that the water-rich 
conformable multilayers gave rise to a higher paper strength. 
 
New methods to determine fibre/fibre joint strength and contact area have 
recently been developed (Stratton and Colson 1993; Torgnysdotter and 
Wågberg 2003). The technique has also been applied to study the effect of 
polyelectrolyte multilayers on paper strength (Eriksson et al. 2006), where it 
was shown that the multilayers increased the paper strength via an 
increased number of fibre/fibre contacts per sheet volume, an increased 
degree of molecular contact in each fibre/fibre joint and the introduction 
of covalent bonds. 
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These different results show the complexity of the influence of additives on 
the fibre-joint and paper strength. It also stresses the need for 
combinations of model experiments and paper testing to increase the 
fundamental understanding of the topic. This is important both from a 
scientific and product optimisation point of view. 
 
As described by Lindström et al. (2005), there is plenty of literature on the 
effect of polymeric additives on paper strength. The influence of polymeric 
additives on the time-dependent mechanical behaviour prior to failure has 
however been less well examined. Two studies on how a bonder (locust 
bean gum) and a de-bonder (surfactant) influence creep and the shape of 
the stress-strain of paper (Seth and Page 1981; DeMaio and Patterson 2005) 
suggest that polymeric additives do not influence the mechanical behaviour 
prior to failure (i.e. viscoelasticity) for strong efficiently-loaded paper 
sheets. There is however a lack of systematic data on how polymeric 
additives of different types and different molecular weights influence the 
viscoelasticity of paper. Since the viscoelasticity is considered to be 
determined by the mechanical properties of the fibres themselves, it should 
be possible to influence the mechanical behaviour prior to failure if the 
added polyelectrolytes alter the properties of the fibres themselves and not 
just the fibre/fibre-joints. Low molecular weight polymeric additives can 
access the fibre wall, as shown by Wågberg et al. (1987). The use of low 
molecular weight polymeric additives should thus make possible the 
modification of the entire fibres and thereby possibly affect the 
viscoelasticity of the fibres and the resulting paper sheets.  
 
It is possible that the introduction of covalent cross-links into the fibre wall 
might hinder molecular motions and relaxations, and thus influence the 
viscoelasticity of the fibre. The wet-strengthening mechanisms of polymers 
containing primary amines have recently been investigated (Laleg and 
Pikulik 1991; DiFlavio et al. 2005). The conclusion drawn from these 
studies is that primary amines can react with aldehydes present in 
lignocellulosic fibres to form imine and aminal linkages. Primary amines 
can also form amide linkages with carboxylic groups at elevated 
temperatures, although this reaction is believed to be less important 
(DiFlavio et al. 2005). Since it is possible for amines to form crosslinks, the 
possibility of using polyallylamine (a polyelectrolyte containing primary 
amines) to reduce the creep of paper was explored in Paper I and II. 
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In order for a polyelectrolyte to influence the mechanical properties of the 
fibres, it must access the fibre wall. The access to the fibre wall can be 
controlled by the molecular mass of the polyelectrolyte and the electrolyte 
concentration during adsorption.  
 
The adsorption of polyelectrolytes generally increases with increasing 
electrolyte concentration to pass through a maximum at some intermediate 
salt concentration and then decrease at high salt concentrations (Lindström 
and Wågberg 1983). The initial increase in electrolyte concentration acts to 
coil the polyelectrolytes. This, in combination with the porous nature of the 
cellulose fibres, means that a greater surface area is available to the 
polyelectrolytes, and this result in an increased adsorption. At very high 
electrolyte concentrations, however, the interaction between the 
polyelectrolytes and the charged fibre diminishes, resulting in a decrease in 
the amount adsorbed.  
 
The adsorption of a polyelectrolyte on cellulosic fibres generally increases 
with decreasing molecular mass. A lower molecular mass is associated with 
a lower radius of gyration, and this increases the number of charges 
accessible to the polyelectrolyte. This has been observed with several 
different types of polyelectrolytes: C-PAM (Tanaka et al. 1990), 
polyethyleneimine (Alince 1990), and polyDADMAC (Wågberg and 
Hägglund 2001). To summarise, a sufficiently low polyelectrolyte molecular 
mass and a sufficiently high electrolyte concentration should lead to such a 
small effective hydrodynamic radius that the polyelectrolyte would probably 
access pores throughout the entire fibre wall, although too strong an 
electrolyte concentration could make the driving force for adsorption too 
small and result in no adsorption at all (van de Steeg et al. 1992; van de 
Steeg et al. 1993). 
 
A recently developed technique, involving labelling the polyelectrolyte with 
a fluorescent dye and examining fibres with adsorbed polyelectrolyte in a 
confocal laser scanning microscope, makes it possible to obtain a visual 
record of where the adsorbed polyelectrolyte is located (Horvath et al. 
2008a). With this technique, the localisation of adsorbed polyallylamine was 
visualised in Paper I and II. 
 
Fibre modification can be achieved not only by the addition of chemical 
additives but also by performing chemical reactions directly on the wood 
polymers. As described previously one of the main focuses of the work 
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described in this thesis was to identify ways to reduce the mechano-sorptive 
creep of paper. It has previously been shown that reacting paper with low 
molecular weight multifunctional carboxylic acids significantly decreases 
the mechano-sorptive creep (Caulfield 1994). The non-polymeric nature of 
these substances allows them to diffuse throughout the fibre walls. In 
combination with a catalyst, they are also very reactive, and can thus cross-
link the fibres. It was suggested that the mechanism for the creep reduction 
was that the covalent cross-links stabilises arrays of moisture-sensitive 
hydrogen bonds and reduce their tendency to creep into a stress-relaxed 
configuration. No direct experimental support for the validity of this 
molecular mechanism was however presented. 
 
Cross-linking with carboxylic acids renders paper very brittle and this may 
thus not be a practical way to reduce mechano-sorptive creep, since the 
toughness of the paper is also very important for the performance of paper 
packaging (Henriksson et al. 2007). However, since cross-linking is the only 
commonly known way to significantly decrease mechano-sorptive creep, 
the effects of cross-linking were explored in Papers III and IV. The 
intention was to increase the understanding of the mechanism by which 
cross-linking reduces mechano-sorptive creep. This might in turn generate 
ideas how to achieve mechano-sorptive creep reduction without causing 
embrittlement. 
 
Cross-linking by multifunctional acids requires an extra immersion step 
after the paper is produced, which might be impractical in an industrial 
perspective. Accordingly, reactive groups were introduced in the fibres 
prior to sheet-making in the present work. The introduced groups then 
reacted during drying and cross-links were formed. The reactive groups 
were introduced by oxidising the fibres with periodate ions. Periodate is 
known to selectively oxidise the C2-C3 bond of 1,4-glucans forming two 
reactive aldehyde groups. These aldehydes can subsequently react with 
other hydroxyl groups in the fibre during drying to form hemiacetal 
linkages (Zeronian et al. 1964; Back 1967; Ghosh and Dalal 1988). The 
oxidation of fibres with periodate has been shown to cause an unevenly 
distributed oxidation and also to reduce the crystallinity of the cellulose 
(Kim et al. 2000). Zeronian et al. (1964) studied the influence of periodate 
oxidation of fibres on the mechanical properties of paper sheets. They 
found that both the dry and wet strength increased with increasing degree 
of oxidation up to a maximum and then decreased on further oxidation.  
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Experimental 
 
 

Materials 

Fibres 
Never-dried softwood kraft pulp fibres (supplied by StoraEnso Skoghall 
Mill, Sweden) that had been oxygen-delignified to kappa 18 and refined to a 
dewatering resistance corresponding to 22 SR were used in Paper I. 
 
Never-dried unbleached softwood kraft fibres (supplied by Kappa 
Kraftliner, Piteå, Sweden) that had been cooked to kappa 76 and Escher-
Wyss beaten to 30 M°SR (corresponding to about 16 SR) were used in 
Papers II, III and VI. 
 
Never-dried unbeaten softwood kraft pulp fibres (supplied by SCA, 
Östrand Mill, Sweden) bleached according to a (OO)Q(OP)(ZQ)(PO) 
sequence were used in Papers IV och VI. 
 
Never-dried laboratory-pulped spruce wood kraft fibres with a yield of 
49.7% and kappa number of 34 were used in paper V. 
 
In order to prepare a pulp that is suitable for evaluating the influence of 
fibre properties on sheet properties, it is necessary to remove most of the 
fines material from the pulp. In Papers I, II, III, and IV, the fines were 
removed from the pulp by successive spraying through a spray disk filter 
fitted with a plastic wire with 75 µm openings. In Paper V, the fines were 
removed using a Britt Dynamic Drainage Jar according to the Tappi T 261 
cm-94 standard. The long fibre fraction was washed at both high and low 
pH in order to remove most of the remaining adsorbed metal ions and 
dissolved and colloidal material. 
 
In Paper VI, fines material was not removed from the pulp, nor was the 
pulp washed at low and high pH. 
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Chemicals 
Polyallylamine hydrochloride (PAH) with molecular masses of 15 kDa and 
70 kDa and polyacrylic acid (PAA) with a molecular mass of 8 kDa were 
purchased from Sigma-Aldrich, Sweden. Polyallylamine with a molecular 
mass of 150 kDa was kindly provided by Nittobo Boseki, Japan. Cationic 
potato starch was supplied by Lyckeby Stärkelsen, Kristianstad, Sweden 
and had a degree of substitution of cationic groups of 0.065.  
 
The potassium polyvinyl sulphate (KPVS) used for polyelectrolyte titration 
was purchased from Waco Pure Chemical Industries, Japan. Ortho-
toluidine blue (VWR, Sweden) was used as an indicator during the titration. 
Fluorescein isothiocyanate (FITC), used for labelling PAH, sodium 
metaperidoate used for fibre cross-linking and hydroxylamine 
hydrochloride used for carbonyl content determination were all purchased 
from Sigma-Aldrich, Sweden. The hydrochloric acid, sodium hydroxide, 
sodium bicarbonate and sodium chloride were all of analytical grade. 
 
 

Methods 

Polyelectrolyte adsorption 
It is extremely important to control the pH during the adsorption of weak 
polyelectrolytes such as PAH and PAA, because changes in pH and thus 
changes in polyelectrolyte charge density influence both the amount 
adsorbed and the polyelectrolyte conformation (Wågberg 2000). 
Consequently the pH was carefully controlled to pH 8 during all the 
adsorption experiments in Papers I, II and V. All the adsorptions were 
conducted at a fibre concentration of 5 g/L. 
 
To determine how much of the added PAH was adsorbed, the nitrogen 
content of the fibres was determined using an elemental analyser (ANTEK 
7000, Model 737). By testing small amounts of fibres or sheets, it was 
possible to determine the amount of nitrogen and hence the adsorbed 
amount PAH from prepared calibration curves. 
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Visualising the location of adsorbed polyelectrolyte 
In order to qualitatively determine the distribution of the adsorbed 
polyallylamine, confocal scanning laser microscopy was used to obtain 
images of thin optical sections of fibres saturated with fluorescently labelled 
polyallylamine. PAH was labelled with fluorescein isothiocyanate (FITC) 
using a general protocol developed for biological macromolecules 
(Hermanson 1996). The charge density of the labelled polymers was 
checked by polyelectrolyte titration, and no differences compared to the 
unlabelled polymers could be detected.  
 
After adsorption of labelled PAH, the fibres were washed in order to 
remove weakly bound polyelectrolyte. The fibres were then immediately 
frozen using liquid nitrogen. The frozen fibre sample was then freeze-dried 
in order to dry the fibres without collapsing the lumen. 
 
A Bio-Rad Radiance 2000 confocal system mounted on a Nikon Eclipse 
800 microscope was used to obtain images of thin optical sections of the 
fibres. A Krypton Argon laser was used for excitation at 488 and 568 nm. 
Images of the fibres were taken using a 100x N.A. 1.4 oil-immersion lens.  
 

Fibre cross-linking 
Fibres suspended in de-ionised water was oxidised by adding different 
amounts of sodium metaperiodate for different reaction times (see Paper 
III and IV for the exact dosages and reaction times). The periodate oxidises 
the C2-C3 bond of cellulose forming two aldehyde groups that can cross-
link with adjacent hydroxyl groups during drying as outlined in Figure 1 
(Back 1967; Ghosh and Dalal 1988). The oxidation reaction was stopped by 
dewatering the fibres in a Büchner funnel fitted with a filter paper and 
repeatedly washing with de-ionised water until the conductivity of the 
filtrate was below 5 μS/cm. 
 
The content of carbonyl groups in the fibres was determined by the 
hydroxylamine hydrochloride method (Zhao and Heindel 1991; Vicini et al. 
2004). Hydroxylamine hydrochloride reacts quantitatively with carbonyls in 
the fibres to form the corresponding oximes, releasing an equivalent 
amount of hydrochloric acid. The amount of hydrochloric acid released and 
hence the carbonyl content can easily be determined by a simple 
potentiometric neutralisation titration.  
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Figure 1. Schematic representation of how the periodate ion oxidises the C2-C3 bond of the 
cellulose into dialdehyde cellulose followed by a possible mechanism for the subsequent cross-
linking reaction. (Papers III and IV) 

 
 
 

Sheet preparation 
The majority of the sheets prepared in this work were isotropic sheets 
made in a Rapid-Köthen sheet preparation apparatus. These sheets were 
dried under restrained conditions at 93°C. In Paper I, some sheets were 
further heat-treated at 160°C for 15 minutes. In Paper III, thin anisotropic 
sheets with a grammage of 20 g/m2 were prepared on a dynamic sheet 
former (Formette Dynamique). These sheets were roll pressed, restrained 
dried at ambient conditions and then post-dried at 93°C for 15 minutes.  
 

Paper testing  
Dry tensile testing was carried out according to the SCAN P:67 standard 
for the tensile testing of laboratory-made sheets. The thickness of the 
prepared sheets was measured as structural thickness (Schultz-Eklund et al. 
1992) and was used to calculate the apparent density. 
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Creep testing 
In Papers I and II, creep was measured under a tensile load at constant 
climates of 50% RH and 90% RH using an apparatus developed at STFI 
(now Innventia AB), Stockholm, Sweden. A detailed description of the 
apparatus can be found elsewhere (Panek et al. 2004). The applied load and 
the resulting strain were monitored as a function of time for 100 or 300 
seconds. The creep behaviour was evaluated by means of isochronous 
stress-strain curves (Kolseth and de Ruvo 1983; Haraldsson et al. 1994; 
Panek et al. 2004). An isochronous stress-strain curve indicates how much 
stress needs to be applied to achieve a certain creep strain at a specific time. 
 
The mechano-sorptive creep of the sheets with a grammage of 140 g/m2 

prepared in Paper III was tested in compression using the same apparatus. 
The apparatus enables the creep to be measured in compression since the 
paper specimen is prevented from buckling by supporting columns. The 
test employed three 50 to 90% RH cycles with each cycle being seven 
hours long and having a ramp time of approximately 20 minutes. The result 
was subsequently analysed using isocyclic stress-strain curves as proposed 
by Panek et al. (2004). An isocyclic stress-strain curve is constructed from 
the measured strain versus time data as shown in Figure 2, and gives the 
relation between stress, total strain and number of humidity cycles.  
 
When studying mechano-sorptive creep, it is important to consider that 
paper can permanently shrink when first exposed to cyclic humidity. The 
magnitude of the shrinkage decays with increasing number of cycles until 
no further permanent shrinkage can be detected. Different terms for this 
phenomenon have been used in the literature, but the term “release of 
dried-in strains” seems to describe the situation best. Without proper 
preconditioning, the strain measured in a mechano-sorptive creep test will 
be a combination of creep strain and release of dried-in strains. 
Accordingly, all the samples used for mechano-sorptive creep testing were 
preconditioned by exposing them to six 50 to 90% RH cycles prior to 
testing.  
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Figure 2. Construction of an isocyclic stress-strain curve for three humidity cycles, from strain 
versus time data. The applied load and sheet grammage is used to calculate the specific stress and 
combined with the strain measured at the end of the third humidity cycle. 
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The mechano-sorptive creep behaviour of single fibres and thins sheets (20 
g/m2) was examined using the method developed by Olsson et al. (2007). 
Prior to testing, all the individual fibres were heated in an oven at 93°C for 
15 minutes, so that they had received the same heat treatment as the fibres 
in the sheets. Dried single fibres and sheet strips were loaded in tension in a 
Perkin Elmer dynamic mechanical analyser (DMA). The samples were first 
loaded under constant humidity (80% RH) for 3 hours to establish the 
creep rate at constant humidity. Thereafter the humidity was cycled 10 
times between 80 and 30% RH, each cycle being one hour long, to 
establish the creep rate at varying humidity. By normalising the creep rate at 
cyclic humidity with respect to the creep rate at constant humidity, it was 
possible to eliminate the experimental scatter due to the large difference 
between individual fibres. This normalised value gives a good measure of 
how much the creep is accelerated by varying humidity compared with the 
creep under constant humidity conditions.  
 

Moisture sorption measurements  
In Paper III, the moisture up-take during the humidity cycling used for the 
mechano-soprtive creep testing was continuously recorded by a balance 
(Sartorius BP 110 S) connected to a PC. The samples used to study the 
moisture up-take were, like the samples used for mechano-sorptive creep 
testing, preconditioned by exposure to six 50 to 90% RH cycles. 
 
In Paper IV, a dynamic vapour sorption equipment (DVS) from Surface 
Measurement Systems Ltd. was used to obtain near equilibrium sorption 
isotherms and to study the sorption kinetics at a temperature of 33±2°C. 
To achieve the desired relative humidity, dry and water vapour saturated air 
currents were mixed in appropriate proportions. 
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Determination of residual stresses 
The through-thickness distribution of residual stress in the plane of the 
paper was determined by a layer removal method published previously 
(Östlund et al. 2005). Thin layers of the paper were removed by surface 
grinding, which changes both the stress distribution and the bending 
stiffness of the substrate, resulting in a change of curvature of the substrate. 
By grinding paper specimens to the middle, from alternate sides, and 
measuring the curvature versus the grinding depth, the stress distribution in 
the original specimen could be calculated. Since the sheet preparation was 
symmetrical, the stress state was assumed to be equibiaxial.  
 

Preparation of specimens for shear testing 
Both sheets made of never-dried fibres and rewetting of dry sheets were 
used for specimen preparation. In the case of specimens made from 
rewetted sheets, papers with a grammage of 300 g/m2 were first prepared 
and dried in the Rapid-Köthen equipment. The paper sheets were then cut 
into 15 mm wide strips, which were subsequently soaked in water for 2 
hours. The wet paper strips were then arranged together as shown in Figure 
3, with an overlap of 15 mm. By configuring the samples as shown in the 
side-view of the specimens in Figure 3 a relatively pure shear stress field 
was created along the contact zone between the two strips when the 
samples were loaded in tension, as shown by the calculations presented by 
Nygårds et al. (2009a). The specimens were subsequently dried for various 
times in the Rapid-Köthen dryers. The specimens prepared were tested as 
described below. 
  
In the case of sheets of never-dried fibres, sheets with a grammage of 300 
g/m2 or 500 g/m2 were prepared in the Rapid-Köthen sheet former. The 
wet paper sheets were cut in half and arranged together according to Figure 
3, with the sheets overlapping 5 or 15 mm. The sheets were then dried for 
various times in the Rapid-Köthen dryers. After being dried, the moist 
sheets were cut into 15 mm wide strips and tested as described below. 
 
The specimens were tensile tested on a horizontal tester. The measured 
peak load was combined with the overlap area to calculate the shear 
strength. Three to ten specimens were tested for each drying time. 
Immediately after testing, the solids contents of the samples were 
determined.  
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Figure 3. Schematic of how the shear testing specimens were prepared. The overlap between the 
strips was 15 mm except for the high-dry-content samples made of never-dried fibres, in which the 
overlap was reduced to 5 mm. (Paper VI) 
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Results and discussion 
 

Fibre modification with polyelectrolytes 
 
Fibres were modified with polyelectrolytes in Papers I, II and V. In Papers 
I and II, the effect of adsorbing polyallylamine (PAH) on the creep of 
resulting hand-sheets was studied. As described in the Background, the 
creep of paper is primarily considered to be determined by the properties 
of the fibres themselves and not by the fibre/fibre joints. Hence, the 
effects of modifying fibres surfaces alone or together with fibre walls were 
studied in Paper II. In Paper V, the influence of polyelectrolyte multilayers 
of polyallylamine and polyacrylic acid on the residual stresses in hand-
sheets was studied. 
 
In order to determine whether the adsorbed polyelectrolyte could penetrate 
throughout the fibre walls, a technique involving labelling of PAH with a 
fluorescent dye and examination of single fibres in a confocal laser 
scanning microscope was used (Papers I and II). Charge density 
measurements showed no difference between labelled and unlabelled PAH 
which was also to be expected considering the low degree of substitution of 
fluorophores (< 0.01). Thus the presence of the fluorophores should have 
no significant effect on the polyelectrolyte conformation or the adsorption 
behaviour (Tanaka et al. 1990). Hence, the images obtained reflect how the 
unlabelled polyallylamine was adsorbed to the fibres. Two different 
adsorption conditions were studied: a short adsorption time (30 minutes) at 
low ionic strength (5·10-3 M NaHCO3) and a long adsorption time (24 
hours) at high ionic strength (5·10-3 M NaHCO3 + 10-1 M NaCl). The 
results for the two cases are presented and discussed separately below. 
 

Low ionic strength 
The idea behind using a low ionic strength and a short adsorption time 
(5·10-3 M NaHCO3 and 30 minutes) was that a low ionic strength gives the 
polyelectrolyte molecules an extended conformation. It is thus improbable 
that they have access to the interior of the porous fibre wall. Figure 4 
summarises the results of the confocal laser scanning microscopy of fibres 
with a kappa number of 76 (Paper II), where, it is seen that the PAH 
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molecules were adsorbed only on the surfaces of all the fibres examined. In 
no case were the molecules able to diffuse into the lumen.  
 
For thin-walled earlywood fibres, however, the thickness of the adsorbed 
layer was close to the thickness of the fibre wall. Thus, in this case, the 
adsorption was not purely limited to the fibre surfaces. Since the adsorbed 
layer had a considerable thickness, it is more appropriate to call it an 
adsorption to the external parts of the fibre wall. Only the results for the 
adsorption to fibres with a kappa number of 76 are shown here. The results 
for fibres with a kappa number of 18 were however very similar (see Paper 
I). 

 
 

 
 
Figure 4. CLSM micrographs of radial cross-sections of fibres (Kappa 76) with fluorescently 
labelled PAH adsorbed at 5·10-3 M NaHCO3 for 30 minutes. The red and green pictures are 
obtained by excitation at 488 nm and 568 nm respectively. At 568 nm there is auto-fluorescence 
from the lignin in the fibre wall, so that the thickness of the fibre cell wall is shown. The PAH 
molecules could reach only the external parts of the fibres, however, a larger fraction of the fibre 
wall was reached by the PAH molecules in the early wood fibres than in the latewood fibres. 
(Paper II) 
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High ionic strength 
The idea of using a high ionic strength (5·10-3 M NaHCO3 + 10-1 M NaCl) 
and a long adsorption time (24 hours) was that a high ionic strength gives 
the polyelectrolyte molecules a coiled conformation and reduced size, so 
that they were thus more likely to be able to access the entire porous fibre 
wall. A high ionic strength screens the electrostatic interaction between the 
charged moieties along the polymer backbone. The polyelectrolyte 
molecules thus coil up and the effective size is reduced compared to that at 
low ionic strength. High ionic strength was combined with a long 
adsorption time and, as seen in Figure 5, this did in fact allow the PAH 
molecules to reach throughout the fibre wall.  
 
To summarise, it has been clearly demonstrated that adsorption at low ionic 
strength for a short time resulted in an adsorption to the external parts of 
the fibres, whereas adsorption at high ionic strength for a long time 
resulted in an adsorption throughout the cell wall. Thus any impact on the 
mechanical properties of the fibres should be considerably greater in the 
case of adsorption at high ionic strength. 
 
 
 

 
 
Figure 5. CLSM micrographs of radial cross-sections of fibres (Kappa 76) with F-PAH 
adsorbed at 5·10-3 M NaHCO3 + 10 -1 M NaCl for 24 hours. The red and green pictures are 
obtained by excitation at 488 nm and 568 nm respectively. The adsorbed PAH molecules 
reached throughout all the examined fibres. (Paper II) 
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Kinetics of fibre wall penetration 
The above results established the conditions suitable for the adsorption of 
PAH to the fibre exterior or throughout the fibre wall. However, the results 
did not reveal whether it was the long adsorption time or the high ionic 
strength that gave fibre wall penetration. Nor did the experiment yield any 
information about the migration kinetics at high ionic strength.  
 
In order to achieve a better understanding of the adsorption process, the 
ionic strength and the adsorption time were varied in smaller steps. The 
migration of polyelectrolyte molecules into the fibre wall was easier to 
study in thick-walled latewood fibres and consequently only such fibres 
were examined in this case. Figure 6 shows that a combination of both high 
ionic strength and long adsorption time was required to achieve full fibre 
wall penetration.  
 
Dynamic laser light scattering analysis of the polyelectrolyte showed that 
the 15 kDa PAH had a hydrodynamic radius of approximately 6 nm at 1 M 
NaCl. The pore radius in unbleached kraft pulp fibres ranges from 13 nm 
to 17 nm according to NMR relaxation measurements (Andreasson et al. 
2005). These two facts together indicate that the PAH molecules should be 
able to enter the porous fibre wall, from a pure geometrical point of view. 
Calculations suggested that the PAH molecules were also small enough at 
lower ionic strengths to be able to enter the fibre pores. However, Figure 6 
shows that, despite the high ionic strength, penetration into the fibre wall 
did not occur at a fast rate, but was a rather slow process since an 
adsorption time between 3 and 24 hours was needed. The kinetics of the 
migration process seemed to be controlled not by polyelectrolyte size but 
rather by chain flexibility and interaction with the anionic fibre, which is in 
accordance with recently published results for similar polyelectrolytes 
(Horvath et al. 2008b; Horvath et al. 2008c). Chain flexibility increases with 
increasing ionic strength and the interaction with the anionic fibre 
decreases. An increase in chain flexibility and a decrease in the electrostatic 
interaction with the fibre wall material would speed up the migration. Since 
this type of behaviour was found in Figure 6, this hypothesis seems 
probable. 
 
In Figure 6, it is also evident that, for certain adsorption conditions, 
adsorption to the fibre exterior is associated with a high average adsorbed 
amount as measured by nitrogen analysis of the fibre material. Since a high 
adsorbed amount suggests that the polyelectrolyte molecules have access to 
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the fibre wall, this result seems to be somewhat contradictory. This can, 
however, probably be explained by the fact that under these conditions the 
polyelectrolyte did have access to the fibre wall of thin and medium-thick 
walled fibres but not to the fibre wall of thick latewood fibres (see Paper 
II). Access to the fibre wall of thin and medium-thick fibres may account 
for the high average adsorbed amount. 
 
 

 
 
 
Figure 6 Micrographs of axial cross-sections of latewood fibres saturated with F-PAH at 
different ionic strengths and for different times. The images were recorded at an excitation 
wavelength of 568 nm so that the thickness of the fibre cell wall is shown by the auto-fluorescence 
from the lignin. The figure includes the adsorbed amounts measured by nitrogen analysis. The 
95% confidence intervals for these values are approximately ± 8 mg/g. (Paper II) 
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Influence of polyelectrolytes on creep and mechano-
sorptive creep 
 

Adsorption to the exterior parts of the fibre wall 
At a low ionic strength and a short adsorption time, polyallylamine 
molecules were preferentially adsorbed onto the exterior parts of the fibre 
wall. This fact was utilised to study the effect which polyallylamine present 
only on the exterior parts of the fibre wall had on the mechanical properties 
of the sheets. 
 
Sheet strength is primarily determined by the strength of and the number 
of fibre/fibre joints per sheet volume (Davison 1972). As mentioned in the 
introduction, polyelectrolytes usually increase the sheet strength by 
strengthening the fibre/fibre joints and the number of efficient joints, at 
least in low density sheets. Sheet strength is thus a good estimate of the 
joint-strengthening ability of an additive. 

 

 
Figure 7. Tensile strength of the sheets produced from the two pulps with different kappa 
number, with and without additives. Initially, the two pulps had slightly different strengths. After 
the addition of polyelectrolytes there was, however, no significant difference in strength between the 
sheets. (Paper I and II) 
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The tensile strengths of the different samples are presented in Figure 7. The 
paper sheets produced from the oxygen-delignified kappa 18 pulp were 
slightly weaker than the paper sheets produced from the high-yield 
unbleached kappa 76 pulp. After the adsorption of polyelectrolytes, 
however, they reached the same strength, and there was no significant 
difference between the effects of starch and polyallylamine, at least for the 
adsorbed amounts studied here. This indicates that the numbers and 
strengths of fibre/fibre joints in all the sheets with added polyelectrolyte 
were similar.  
 
The viscoelasticity of the sheets was evaluated by creep testing. The creep 
strain was recorded as a function of time for the different samples at 
different load levels using the specially designed creep-testing equipment. 
The deformation response in a creep test can be divided into instantaneous, 
delayed elastic and permanent creep. The instantaneous response is an 
idealisation, since it always takes some time for deformation to develop. In 
this study, the instantaneous response was evaluated as the deformation 
detected after one second. In Figures 8 to 11, the delayed creep strain, 
calculated as the difference between the strain at 100 seconds and the strain 
at 1 second, is shown for different load levels at 50% and 90% RH.  
 
Earlier studies have shown that the creep of strong, i.e. efficiently loaded, 
paper sheets is not influenced by the properties of the fibre/fibre joint 
(Parker 1962; DeMaio and Patterson 2005). The sheets produced in this 
study have a high strength and a high density, and should thus be efficiently 
loaded structures. Nevertheless, it is seen in Figures 8 and 9 that the creep 
under different loads at both 50% and 90% RH was significantly reduced 
by the addition of polyallylamine. The filled and unfilled symbols, which 
indicate whether or not the samples were heat-treated at 160ºC for 15 
minutes, in Figures 8 and 9 intermix randomly, and it can hence be 
concluded that this extra heat-treatment had no significant effect on the 
creep behaviour of the samples. 
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Figure 8. Creep deformation during 100 seconds at 50% RH for sheets made from kappa 18 
fibres with different polyelectrolytes adsorbed to the exterior parts of the fibre wall. Filled symbols 
indicate heat-treated and unfilled non-heat-treated samples. The adsorbed PAH reduced the creep 
deformation significantly. (Paper I) 
 
 
 
Starch had a small effect on the creep at 50% RH, but at 90% RH no effect 
at all was seen. The sheets with adsorbed starch or polyallylamine were 
definitely efficiently loaded structures, and had a similar tensile strength and 
thus a similar state of fibre/fibre bonding, but they nevertheless showed 
differences in creep behaviour. This difference in viscoelastic behaviour 
cannot therefore be explained by the concept of efficiency factors. The 
results also show that, even if different polyelectrolytes have the same 
effect on the maximum strength, they can still have different effects on the 
deformational behaviour prior to failure. The exact molecular mechanisms 
behind these differences are still not known. 
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Figure 9. Creep deformation during 100 seconds at 90% RH for sheets made from kappa 18 
fibres with different polyelectrolytes adsorbed to the exterior parts of the fibre wall. Filled symbols 
indicate heat-treated and unfilled non-heat-treated samples. The adsorbed PAH reduced the creep 
deformation significantly. (Paper I) 

 
 
 
In Figures 10 and 11, the delayed deformation during 300 seconds long 
creep tests is shown for sheets made from fibres with a kappa number of 
76. Here, it is seen that the added PAH had no significant effect on the 
creep at 50% RH. At 90% RH however, the addition of 15 kDa PAH 
reduced the delayed deformation significantly. The 150 kDa PAH had no 
significant effect, however, in any of the examined climates. There are thus 
significant differences in effect between the kappa 76 pulp and the kappa 
18 pulp, since for the kappa 18 pulp, significant reductions in creep were 
found at both 50% and 90% RH and for all the different molecular weights 
of PAH.  
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the viscoelastic behaviour of strong and fully efficiently loaded paper 
sheets. As was shown by the fluorescent labelling technique, the 
polyallylamine molecules reached a considerable part of the fibre wall in the 
case of thin earlywood fibres. Taken together, this suggests that a change in 
the fibre wall properties in thin walled fibres could be the cause of the 
difference in creep behaviour, but before any absolute conclusions can be 
drawn, it is necessary to measure the mechanical properties of individual 
fibres, with and without additive. 
 

Adsorption throughout the fibre wall 
The microscopy studies of the fibres with polyallylamine adsorbed at high 
ionic strength for a long time showed that polyelectrolyte molecules were 
present throughout the entire fibre wall of the fibres. This means that the 
adsorbed polyallylamine had a significantly greater potential to affect the 
properties of the fibre cell wall than when the polyallylamine was adsorbed 
only to the exterior parts of the fibre wall. This was utilised to study the 
effect which polyallylamine had on the mechanical properties of the sheets 
when adsorbed throughout the fibre wall. 
 
The result of the tensile testing of the sheets is presented in Table 1, where 
it is evident that the strength of the polymer-treated sheets was at the same 
level as that of the reference. This is somewhat unexpected, since the 
results for the samples treated at low ionic strength clearly showed that the 
presence of polyallylamine on the exterior part of the fibre wall resulted in 
an increase in sheet strength.  
 
The absence of any strength gain can however be explained by the fact that 
cationic polyelectrolytes are known to deswell cellulosic fibres so that both 
the fibre/fibre joint strength and the molecular contact area in each joint 
decreases (Torgnysdotter et al. 2007). Fibre swelling and surface flexibility 
are very important for sheet consolidation. Swollen and flexible fibres give 
an efficient packing and good fibre/fibre contact, which is a prerequisite 
for the formation of strong fibre/fibre joints. Swerin et al. (1990), found 
that a low molecular mass polyelectrolyte that has access to all fibre charges 
gives greater deswelling than a high molecular mass polyelectrolyte that has 
access only to fibre surface charges. This means that the fibre deswelling 
was probably less when polyallylamine was adsorbed to the fibre exterior 
than when it was adsorbed throughout the fibre wall. It can hence be 
suggested that when adsorption occurred only to the exterior parts of the 
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fibre wall, the loss in fibre surface flexibility was compensated for by the 
increase in fibre/fibre joint strength given by the adsorbed polyallylamine, 
and the sheet strength consequently increased. When the polyallylamine 
was adsorbed into the fibre wall, however, the loss in fibre swelling was so 
severe that it could not be fully compensated for by the strengthening 
effect of PAH on the fibre/fibre joints. Accordingly, the sheet strength did 
not increase when PAH was adsorbed throughout the cell wall of the 
cellulosic fibres. 
 

Table 1. The result of tensile testing of sheets made from fibres with PAH adsorbed at high 
ionic strength. The sheets were not significantly weaker or stronger than the reference sheets. 
(Paper II) 

 Reference PAH 15 kDa 
(High ionic strength) 

Tensile Strength Index (kNm/kg) 74.5 ± 1.3 73.4 ± 1.8 

Strain-at-Break (%) 2.87 ± 0.13 2.69 ± 0.09 

Tensile Stiffness Index (MNm/kg) 7.54 ± 0.11 7.50 ± 0.10 

 
 
The effect of the adsorbed PAH on the delayed deformation during creep 
tests performed at 90% RH is shown in Figure 12. The creep actually 
increased, which refutes the initial hypothesis that the creep would decrease 
if the fibre walls were treated with polyallylamine. The creep at 50% RH 
was not however significantly affected by the adsorbed PAH. It is 
suggested that the increased creep at 90% RH can also be explained by the 
deswelling and thus less effective consolidation induced by the adsorbed 
PAH. The decreased consolidation results in fewer fibre/fibre joints per 
sheet volume and also a lower molecular contact area in each joint which 
means a less efficient distribution of stresses in the fibre-network. The less 
efficient stress distribution implies that some fibres will be more stressed 
than the fibres in the reference sheets, and this will in turn explain the 
observed increase in creep. 
 
The initial hypothesis was that the creep of individual fibres would be 
decreased if the fibre cell wall were treated with polyallylamine. The results 
presented here, however, provide no conclusive indication of whether the 
creep of the individual fibres was increased or decreased by the adsorbed 
polyallylamine. Even if it is suggested that the increased creep was the 
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Mechano-sorptive creep 
 
The initial hypothesis was that the creep at 90% RH must be reduced in 
order to reduce mechano-sorptive creep, and for this reason the creep at 
constant relative humidities of 50 and 90% was initially investigated. As 
shown above, the adsorption of polyallylamine to the fibre surfaces 
reduced the creep at constant relative humidities of 50 and 90% (especially 
for the kappa 18 pulp used in Paper I). Therefore sheets with adsorbed 
PAH were tested for mechano-sorptive creep. Figure 13 shows that there 
was no significant difference in mechano-sorptive creep during three 
humidity cycles between the reference sheets and the sheets with adsorbed 
PAH. This means that, even though PAH can be used to reduce creep at 
constant humidity, the use of PAH does not seem to be a feasible way to 
reduce mechano-sorptive creep under a tension load. It is not likely that 
other cationic polyelectrolytes commonly used to increase paper strength 
could reduce mechano-sorptive creep. However, it is possible that 
specifically tailored polyelectrolytes, with for example cross-linking 
capabilities, might prevent moisture sorption and fibre swelling, and could 
in the future be used to reduce mechano-sorptive creep. 
 

  
Figure 13. Isocyclic stress-strain data recorded after three 7 hour long 50 – 90% RH cycles. 
The sheets with adsorbed PAH were heat-treated at 160°C. As seen there was no significant 
difference in mechano-sorptive creep during three humidity cycles between the reference sheets and 
the sheets with adsorbed PAH when loaded in tension. 
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That no reduction of mechano-sorptive creep could be seen could be 
explained by the results of Panek et al. (2005). In their study, pulps were 
beaten in different ways to obtain different fibre shapes and structural 
densities. Figure 14 is reproduced from their work and shows the 
relationship between tensile stiffness index and creep stiffness index for 
their pulps. When the tensile stiffness index was increased by beating, there 
was a substantial increase in isochronous creep stiffness index at 50% RH, 
but the corresponding increase in isocyclic creep stiffness index was 
significantly less (as shown by the slope of the top and bottom curves in 
Figure 14). In fact, the increase in isocyclic creep stiffness index was 
approximately 22% of the increase in isochronous creep stiffness index.  
 
The isochronous creep stiffness index at 50% RH for the kappa 18 pulp 
increased by approximately 23% when PAH was added to the fibre 
surfaces. If it is assumed that the same relationship between improvement 
in isochronous and isocyclic creep stiffness index as found by Panek et al. 
(2005) holds for fibre modification with PAH, the equivalent increase in 
isocyclic creep stiffness index would be 5%. Considering the experimental 
scatter of the mechano-sorptive creep data, it is unlikely that such a small 
improvement as 5% would have been seen in Figure 13. It is not certain 
that the relationship found by Panek et al. (2005) holds for fibre 
modification with PAH, but these results indicate that reductions in creep 
at constant 50 and 90% RH must be large to have a significant effect on the 
mechano-sorptive creep. 
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Figure 14. Data reproduced with permission from (Panek et al. 2005). In this study, pulps 
were beaten in different ways to obtain different fibre shapes and structural densities. The figure 
shows the relationship between tensile stiffness index and creep stiffness index for these pulps. 
When the tensile stiffness index was increased by beating, there was a substantial increase in 
isochronous creep stiffness index at 50% RH, but the corresponding increase in isocyclic creep 
stiffness index was significantly less. 
 
 
  



46 
 

Influence of polyelectrolytes on residual stresses 
 
Polyelectrolyte adsorption was used to study not only the effect on creep 
but also the effect on residual stresses. The effect of adding a single layer of 
polyallylamine (PAH) or a multilayer of polyallylamine (PAH) and 
polyacrylic acid (PAA) compared to beating of the fibres was studied in 
Paper V. The polyelectrolytes were adsorbed in a 10-2 M NaHCO3 buffer 
for 15 minutes. As shown in Figure 6, the treatment with PAH in 10-2 M 
NaCl resulted in adsorption to the exterior of the fibres so the multilayers 
prepared in Paper V should only have been formed on the exterior parts of 
the fibres. 
 
The effect on the tensile strength index of the prepared laboratory sheets is 
presented in Figure 15. The addition of polyelectrolytes increased the 
strength of the sheets considerably, in fact more than could be achieved by 
beating, without any significant densification.  
 
The fact that the tensile strength index increased so significantly without 
densification demonstrates the possibility of producing paper possessing 
both high strength and bulk. The fact that the strength increased without 
densification also indicates that the addition of the current additives caused 
no significant flexibilising or collapse of the fibres during drying, since this 
would have resulted in densification (Samuelsson 1964; Page 1985). 
Previous BET measurements and fibre contact zone analysis of sheets 
treated with PAH/PAA multilayers (Eriksson et al. 2006) suggest that the 
main effect of the additives was to increase the number of fibre/fibre 
joints, the molecular contact area in each joint and the fibre/fibre joint 
strength. The results also indicate that fibre flexibilisation is not necessary 
to obtain high paper strength, but that the surface properties of the fibres 
largely determine the strength of the fibre/fibre joint and the resulting 
paper. Such results and ideas have been previously described by, for 
example, Wågberg et al. (2002), Laine et al. (2003), and Torgnysdotter and 
Wågberg (2004). 
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Figure 15. Tensile strength index for sheets made of beaten fibres or fibres with adsorbed 
polyelectrolytes plotted as a function of the apparent density. (Paper V)  

 
The effect of beating and polyelectrolyte addition on the residual stress 
state was determined according to the above-described procedure and the 
results are shown in Figure 16. The residual stresses were small in the 
reference paper, which agrees with previous results for paperboard made 
from unbeaten pulp (Östlund et al. 2004a). Nevertheless, the stress was 
definitely compressive at the surface of the reference paper, as in the 
stronger papers. This is typical of paper after drying, as indeed of many 
plastics after cooling. The magnitude of the residual stresses increased with 
the number of both beating revolutions and adsorbed polyelectrolyte layers.  
 
Figure 17 shows the residual stress amplitude, i.e., the absolute value of the 
surface stress at the side where it was the highest, as a function of the sheet 
modulus. In the method of residual stress determination, the stiffness is 
simply a scaling factor applied to the measured deformation and geometry 
data. It is thus natural for the influence on the stiffness of beating and 
chemical additives to be manifested also in the residual stress amplitude. 
However, as seen in Figure 17, the residual stress amplitude did not scale 
linearly with the stiffness in the prepared sheets, as the data points would 
then have fallen on the broken line in Figure 17. 
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Figure 16. Distribution of in-plane residual stress in the thickness direction for a) papers with 
added polyelectrolyte and b) papers made from pulps beaten to different degrees. (Paper V) 
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Figure 17. Residual stress amplitude plotted as function of sheet stiffness. The broken line 
shows were the residual state amplitude would have ended-up if the residual stresses scaled linearly 
with the stiffness of the sheets. (Paper V) 

 
 
The fact that the residual stress amplitude did not scale linearly with the 
stiffness means that there must be some additional mechanism apart from 
increased stiffness underlying the increase in residual stresses with beating 
and polyelectrolyte addition. Increased beating is known to increase 
shrinkage during drying (Brecht et al. 1956), whereas the build-up of 
PAH/PAA multilayers on fibres has been demonstrated not to influence 
shrinkage during free drying (Larsson and Wågberg 2008). The fact that 
beating increases dewatering resistance and shrinkage during drying implies 
that there will be greater moisture and shrinkage gradients and thus greater 
residual stresses in sheets made of beaten fibres. The finding of Ivarsson 
(1954), that sheets start to shrink at higher moisture contents the more 
beaten their constituent fibres, also suggests that beating increases the 
moisture content at which load starts to be transferred between fibre layers. 
Earlier load transfer between fibre layers further increases the residual 
stresses. 
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Since the presence of polyelectrolyte multilayers did not influence de-
watering resistance or drying shrinkage (Larsson and Wågberg 2008), the 
increase in residual stresses with the addition of multilayers cannot have 
been because the multilayers increased the moisture and shrinkage 
gradients through the sheet. This suggests that the added polyelectrolytes 
mainly influenced the dry content at which fibres started to interact and 
transfer load and thereby the residual stresses. The fact that adding 
polyelectrolytes produced higher residual stresses than did beating for a 
given sheet modulus in combination with the fact that polyelectrolyte 
addition did not increase de-watering resistance and thus moisture 
gradients, means that the load transfer between fibre layers in sheets 
containing adsorbed polyelectrolyte must have started at a significantly 
higher moisture content than in sheets made of beaten fibres. The presence 
of adsorbed polyelectrolytes probably facilitated capillary forces, the 
development of van der Waals forces, and the interdiffusion of polymer 
chains between adjacent fibres, so that the fibres with adsorbed 
polyelectrolyte started to interact and transfer load at a significantly lower 
solids content. 
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Influence of fibre cross-linking on mechano-sorptive 
creep of hand-sheets 
 
Since the use of polyelectrolytes did not seem to be a feasible way to reduce 
the mechano-sorptive creep, the use of fibre cross-linking through 
periodate oxidation was explored in Paper III. Fibres were oxidised using 
two different periodate dosages and rections times and their carbonyl 
content was determined as described earlier. During drying, the carbonyl 
groups introduced can react with hydroxyl groups in the fibres, as 
suggested in Figure 1, thus introducing cross-links. 
 
The sheets prepared from oxidised fibres were tested for thickness, tensile 
properties (dry and wet) and mechano-sorptive creep. The results of the 
tensile tests are shown in Table 2. The fact that the wet tensile strength for 
the most oxidised sample was 40% of the dry tensile strength is a clear 
indication of the existence of covalent links, since covalent linkages are 
assumed to be a prerequisite for achieving a relative wet strength greater 
than 30% (Espy 1995). The change in solid-state 13C-NMR spectra upon 
oxidation of the fibres as shown in Figure 18 also clearly indicates the 
formation of cross-links, especially since treatment under basic condition 
(pH 11.8), which is known to hydrolyse hemiacetals, changed the spectra 
back to what it was before cross-linking. 
 
As shown in Table 2, cross-linking had no major influence on the apparent 
density, tensile strength index or tensile stiffness index of the sheets. This 
indicates that the oxidation did not influence the interaction between fibres 
in the dry state or during the consolidation process, since this would have 
manifested itself as a difference in tensile strength and/or density. The 
strain at break was, however, severally impaired. These results are similar to 
those found by Caulfield who used multifunctional carboxylic acids to 
crosslink the fibre wall (Caulfield 1994). 
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Table 2. Results of tensile testing of sheets made from periodate-oxidised unbleached pulp, mean 
values and 95%-confidence limits (Paper III). 

Carbonyl 
content 

(mmol/g fibre) 

Desnisty 
(kg/m3) 

Tensile 
index 

(kNm/kg) 

Tensile 
stiffness index 

(MNm/kg) 

Strain-at-
Break 

(%) 

Wet Tensile 
index 

(kNm/kg) 

0 682 75 ± 1 7.5 ± 0.1 2.9 ± 0.1 3.0 ± 0.1 

0.47 ± 0.02 666 83 ± 3 7.8 ± 0.2 2.2 ± 0.1 29 ± 1 

1.12 ± 0.02 695 76 ± 2 7.6 ± 0.1 1.6 ± 0.1 30 ± 1 

 
 
 
 

 

Figure 18. Solid state 13C NMR-spectra of untreated bleached kraft fibres and periodate-
oxidised fibres (1.2 mmol carbonyls per gram fibre). After oxidation, sheet formation and drying, 
one part of the sheet was soaked in water for 24 hour and the other part soaked under alkaline 
conditions (pH 11.8) until the fibres had disintegrated from each other. The signal intensities of 
the different samples have been normalised with respect to the C4-carbon signal of the starting 
material. (Larsson 2010) 
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Mechano-sorptive creep was evaluated as described earlier. Combining the 
strain measured after three humidity cycles with the applied load, the results 
shown in Figure 19 were obtained. It is seen that, for a given stress, the 
creep strain after three cycles was considerably lower for the oxidised 
samples, i.e. the sheets made from oxidised fibres had a greater resistance 
to mechano-sorptive creep. If the nomenclature proposed by Panek et al. 
(2004) is adopted, the slope of the linear part of a isocyclic stress-strain 
curve is called the isocyclic creep stiffness index. The calculated isocyclic 
creep stiffness indices and corresponding carbonyl contents can be found 
in Table 3. For the most oxidised sample, more than a three-fold increase 
compared to the reference was detected, which must be considered to be a 
major improvement. Hence, it is shown that cross-linking can significantly 
decrease the mechano-sorptive creep of paper. Because of the 
embrittlement, cross-linking may not however be a feasible way to achieve 
a resistance to mechano-sorptive creep.  
 
 

 

Figure 19. Isocyclic stress-strain data recorded after three humidity cycles (50-90% RH, each 
cycle being 7 hours long) for paper sheets (140 g/m2) with two different levels of cross-linking. 
Cross-linking through periodate oxidation significantly reduced the mechano-sorptive creep strain 
after three humidity cycles. (Paper III) 
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The two dominant theories for mechano-sorptive creep (Habeger and 
Coffin 2000; Alfthan et al. 2002) have sorption-induced swelling as a 
common factor. The strain response measured during a mechano-sorptive 
creep test is a combination of hygroexpansion and creep. The amplitude of 
the hygroexpansion during the humidity cycling used for mechano-sorptive 
creep testing of the 140 g/m2 sheets was estimated as shown in Figure 20. 
The result is presented in Table 3 together with the corresponding isocyclic 
creep stiffness indices. The hygroexpansion amplitude decreased with 
increased degree of oxidation. A similar behaviour was found for sheets 
made of cross-linked bleached fibres in Paper IV, where the 
hygroexpansion between 20 and 85% RH decreased with increasing degree 
of cross-linking, as shown in Table 4. The lower hygroexpansion was 
primarily due to a smaller change in moisture content in the oxidised 
sheets. 
 
It is thus clear that the periodate-oxidation reduced the sorption-induced 
swelling of the sheets during the humidity cycles used for mechano-
sorptive creep testing. The suggestions of Habeger and Coffin (2000) that 
sorption-induced swelling induces stress concentrations either by moisture 
gradients or material heterogeneity, mean that the reduction in sorption-
induced swelling with cross-linking probably reduces the amplitude of 
stress concentrations within the sheets that arise due to the humidity 
cycling. However, the reason for the reduced hygroexpansion is not clear, 
nor whether stress concentrations are reduced both at the fibre network 
level and at the fibre level (so that the fibres themselves showed reduced 
mechano-sorptive creep). Accordingly, the effects of cross-linking on 
moisture sorption and mechano-sorptive creep of single fibres were 
specifically studied and the results are presented in the following sections. 
 

Table 3. Carbonyl content, hygroexpansion amplitude (during 7 hour long 50-90% RH cycles) 
and isocyclic creep stiffness index at three humidity cycles for sheets made from unbleached fibres 
with different degrees of oxidation. (Paper III) 

Degree of 
oxidation 

Carbonyl Content 
(mmol/g fibre) 

Isocyclic Creep Stiffness 
Index (MNm/kg) 

Hygroexpansion 
Amplitude (%) 

Reference 0 0.71 ± 0.08 0.34 

Low 0.47 ± 0.02 1.54 ± 0.06 0.27 

High 1.12 ± 0.02 2.23 ± 0.13 0.22 
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Figure 20. Strain recorded in a typical mechano-sorptive creep test. By least-squares-fitting lines 
to the maximum and minimum points (indicated by circles), the hygroexpansion during the creep 
test could be estimated. 

 
 
 
Table 4. Carbonyl content, hygroexpansion, and change in moisture content when changing the 
relative humidity from 85 to 20% RH for sheets made from bleached unbeaten fibres with 
different degrees of oxidation. The hygroexpansion and moisture content change were measured 
after the release of dried-in strains. (Paper IV) 

Degree of 
oxidation 

Carbonyl Content 
(mmol/g fibre) 

Hygroexpansion 
85-20% RH (%) ΔMC (%) 

Reference 0 -0.69 ± 0.03 7.83 

Low 0.26 -0.62 ± 0.01 7.23 

Medium 0.57 -0.56 ± 0.01 6.24 

High 1.21 -0.50 ± 0.01 4.66 
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Influence of fibre cross-linking on mechano-sorptive 
creep of single fibres 
 
As indicated above, the reduction in hygroexpansion with increasing cross-
linking is the basic mechanism behind the reduction in mechano-sorptive 
creep. In order to understand whether the reduction in fibre swelling 
reduces the stress concentrations, and hence the mechano-sorptive creep, 
at the fibre level or at the fibre network level, the creep behaviour of single 
fibres was also studied.  
 
The result is shown in Figure 21 where the creep rate in cyclic humidity is 
plotted as function of the creep rate at a constant humidity, which means 
that each fibre is normalised with respect to itself and the scatter in data 
due to large differences between different fibres is avoided. The ratio 
between creep at cyclic humidity and creep at constant humidity gives a 
good measure of how much the creep is accelerated by varying the 
humidity. As seen in Figure 21, the increase in creep rate due to varying 
humidity is the same for the reference and cross-linked fibres, suggesting 
that the fibres themselves were not improved from an accelerated creep 
perspective, even though sheets made from the fibres showed significant 
improvements. This also suggests that any stress concentrations in the 
fibres due to humidity cycling were not affected by the cross-linking. The 
acceleration ratio in this case was 2.4, which is in fairly good agreement 
with previous results where the ratio for single wood fibres isolated by 
maceration with hydrogen peroxide and acetic acid, was found to be about 
three (Olsson and Salmén 2008). 
 
The fact that the mechano-sorptive creep of the fibres themselves was not 
reduced by the chemical cross-linking shows that the improvement found 
at the sheet level does not originate from an improvement in the creep 
resistance of the individual fibres but instead from mechanisms at the fibre 
network level. The fact that fibre/fibre joints are necessary in order for 
cross-linking to reduce mechano-sorptive creep suggests that the reduction 
in hygoexpansion with cross-linking reduced the mismatch of 
hygroexpansive strains and stress concentrations in the fibre/fibre joints, 
and thus reduced the mechano-sorptive creep according to the model 
proposed by Alfthan et al. (2002).  
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Figure 21. Creep strain rate at cyclic humidity versus creep strain rate at constant humidity 
(logarithmic time) for reference and periodate-oxidised single fibres. (Paper III) 

 
 
 
Since the mechano-sorptive creep of the fibres themselves was not 
improved by the chemical treatment it can be concluded that the 
hypothesis proposed by Caulfield (1994) that the cross-links introduced 
stabilise arrays of moisture-sensitive hydrogen bonds and hinder them from 
creeping into a stress-relaxed configuration cannot hold true at the fibre 
level.  
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Influence of cross-linking on moisture sorption 
 
In order to understand the mechanisms behind the reduced 
hygroexpansion of sheets made from cross-linked fibres, the moisture 
sorption of sheets made from cross-linked fibres was studied in Papers III 
and IV. 
 
In Paper IV, the moisture sorption of sheets made from cross-linked 
bleached fibres was studied in a dynamic vapour sorption equipment. The 
moisture content change in the different samples when changing from 30% 
RH to 90% RH at a speed of 0.5% RH/min is shown in Figure 22. The rate 
of moisture sorption was much slower for the most oxidised sheets that 
had not previously been exposed to a high relative humidity. However, 
after the sheets had been subjected to 98% RH, there was no longer any 
difference in the moisture sorption kinetics. This suggests that something 
happens with the cross-linked fibres when they are exposed to a high 
relative humidity and this will be discussed in detail later. 
 
The fact that the sheets from oxidised fibres sorb moisture at a lower rate 
suggests that the reason why the cross-linked sheets showed less 
hygroexpansion during the mechano-sorptive creep testing was that they 
sorbed less moisture. However, the equilibrium moisture sorption 
isotherms in Figure 23, show no significant difference in adsorption 
behaviour between the bleached cross-linked fibres and the reference 
fibres. Hence, it depends upon whether or not the unbleached cross-linked 
sheets reached moisture equilibrium during the mechano-sorptive creep 
testing.  
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Figure 22. Moisture content as a function of time for sheets made from bleached fibres cross-
linked to different degrees, when subjected to a change in relative humidity from 30 to 90% RH 
(a) before and (b) after a first exposure to 98% RH. (Paper IV) 

0

10

20

30

40

50

60

70

80

90

100

2

4

6

8

10

12

14

-20 0 20 40 60 80 100 120 140 160 180

Ta
rg

et
 R

H
 (%

)

M
oi

st
ur

e 
co

nt
en

t (
%

)

Time (min)

Reference
0.3 mmol/g
0.6 mmol/g
1.2 mmol/g
RH

(a)

0

10

20

30

40

50

60

70

80

90

100

2

4

6

8

10

12

14

-20 0 20 40 60 80 100 120 140 160 180

Ta
rg

et
 R

H
 (%

)

M
oi

st
ur

e 
co

nt
en

t (
%

)

Time (min)

Reference
0.3 mmol/g
0.6 mmol/g
1.2 mmol/g
RH

(b)



60 
 

 
 
Figure 23. Equilibrium moisture sorption isotherms for sheets made from bleached fibres cross-
linked to different degrees. The cross-linked fibres sorb approximately the same amount of water 
as the reference fibres, but retain more water during the desorption. (Paper IV) 

 
To ascertain whether or not the cross-linked samples reached moisture 
equilibrium during the mechano-sorptive creep testing, the moisture 
contents of the unbleached reference and cross-linked sheets during the 
humidity cycling used for mechano-sorptive creep testing were determined. 
The result is shown in Figure 24, where it is evident they did not reach 
moisture equilibrium and that the moisture content variation amplitude 
during the 7 hour long 50-90% RH cycles decreased with increasing 
oxidation. It can therefore be concluded that the reason for the reduced 
hygroexpansion of the cross-linked sheets during mechano-sorptive creep 
testing was that they were subjected to smaller variations in moisture 
content. The basic mechanism behind the reduction in mechano-sorptive 
creep with cross-linking was hence a reduction in the moisture content 
changes in the oxidised samples, and not that the cross-links introduced 
stabilised arrays of moisture-sensitive hydrogen bonds and hindered them 
from creeping into a stress-relaxed configuration as suggested by Caulfield 
(1994).  
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The correlation between the degree of mechano-sorptive creep and the 
moisture content variation during the humidity cycling has been found 
previously. Alfthan (2004) found that the creep strain after a certain 
number of moisture cycles increased with increasing moisture content 
variation amplitude. Fellers and Panek (2007) found that the creep 
acceleration due to varying humidity, measured as a mechano-sorptive 
creep factor (creep stiffness at varying humidity divided by creep stiffness 
at constant humidity), increased with increasing difference in moisture ratio 
at low and high humidity. 
 

 
Figure 24. Moisture-sorption for sheets made from unbleached fibre cross-linked to different 
degrees, during the three 50-90% RH cycles used for the mechano-sorptive creep testing. Prior to 
testing, the samples, like the samples used for mechano-sorptive creep testing, had been 
preconditioned by exposing them to six 50 to 90% RH cycles. As seen, the moisture variation 
amplitude decreased with increasing oxidation. (Paper III) 
 
 
The fact that the cross-linked sheets in Figure 22 that had been subjected to 
98% RH no longer showed a slower moisture sorption rate might suggest 
that the cross-links are hydrolysed at high relative humidity. However, the 
solid-state 13C-NMR spectra in Figure 18 show a change in spectra for 
cross-linked sheets of bleached fibres that is not reversed by soaking in 
water for 24 hours, but is reversed by treatment under alkaline conditions 
(pH 11.8), which are known to hydrolyse hemiacetals. This clearly shows 
that water soaking or high relative humidity does not hydrolyse the cross-
links.  
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What is then the reason why the cross-linked sheets no longer sorbed 
moisture at the slower rate after being subjected to 98% RH? A clue to this 
can be found in Figure 24, where for the most cross-linked samples it is 
seen that, at the beginning of the second cycle, the moisture content 
quickly reached the moisture content that had been reached during the first 
cycle, whereupon the moisture sorption was again slow. The same 
phenomenon is also seen in the third cycle, where the moisture content 
quickly reached the moisture content that had been reached during the 
second cycle. This suggests that regions in cross-linked fibres that had 
previously been reached by water take up moisture at a relatively fast rate 
after re-drying. The adsorption isotherms in Figure 23 also suggest that at 
high relative humidities the cross-linked fibres take up as much water as the 
reference fibres, if they are allowed to reach moisture equilibrium.  
 
Taking these facts into consideration, the following scenario (which is 
schematically outlined in Figure 25) is suggested: In ordinary fibres, fibrillar 
lamellae that have collapsed during drying re-expand rather easily and 
quickly upon re-moistening. This means that the moisture sorption in the 
reference samples is a rather fast process. In cross-linked fibres, the 
periodate ions are able to introduce aldehyde groups into all the water-
swollen parts of the fibre wall. When the samples are dried, the fibrillar 
lamellae collapse and the aldehyde groups introduced react with hydroxyl 
groups in neighbouring lamellae, linking the lamellae irreversibly together. 
When the cross-linked samples are re-moistened, the lamellae that have 
been linked together are unable to expand, but new lamellae (not previously 
reached by water) are separated. The process of separating lamellae 
previously inaccessible to water is however proposed to be slow, so that the 
moisture sorption in cross-linked fibres becomes a slow process. If, 
however, the cross-linked fibres are re-dried after new lamellae have been 
separated, these will quickly separate on re-moistening. This explains why 
the fibre regions reached by water in the first humidity cycle in Figure 24 
can quickly expand during the second cycle so that the moisture content 
reached during the first cycle is quickly reached in the second cycle. 
Thereafter, new lamellae must be separated so that the moisture sorption 
rate in the second cycle becomes slow after the moisture content reached 
during the first cycle again had been reached. This proposed mechanism 
also explains why the moisture sorption in cross-linked samples in Figure 22 
again becomes rapid after the samples have been exposed to a high relative 
humidity (98% RH) for a long time. 
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Figure 25. Schematic drawing of how the moisture sorption in untreated and cross-linked 
samples is suggested to take place. In the reference fibres, fibrillar lamellae that have collapsed 
during drying re-expand rather easily and quickly upon re-moistening. This make the moisture 
sorption in reference samples a rather fast process. In periodate-treated fibres, the periodate ions 
are able to introduce aldehyde groups into all the water-swollen parts of the fibre walls. When the 
samples are dried, the fibrillar lamellae collapse and the aldehyde groups react with hydroxyl 
groups in neighbouring lamellae, linking the lamellae together (|). When these cross-linked 
samples are re-moistened, the lamellae that have been linked together are unable to expand. 
However, the cross-linked material still takes up moisture at a slow rate. It is therefore suggested 
that new lamellae (not previously reached by water) are separated, but that the process of 
separating lamellae previously inaccessible to water is slow, so that the moisture sorption in cross-
linked fibres becomes a slow process. If the cross-linked fibres are re-dried after a new pore system 
has been opened, the re-moistening will again be rapid, since the lamellae have now previously been 
separated by water. This explains why the moisture sorption in cross-linked samples again 
becomes rapid after the samples have been exposed to a high relative humidity for a long time. 

 
 
From these data, it is clear that cross-linking does not influence the 
equilibrium moisture uptake (as shown in Figure 23) but only the kinetics of 
the sorption process. Hence, if the moisture cycles shown Figure 24 had 
been continued for a large number of times, the cross-linked fibres would 
eventually have taken up as much water as the reference fibres. Here it is 
important to remember that the samples in Figure 24 had been 
preconditioned with six 50 to 90% RH cycles, which means that the 
moisture changes in the cross-linked samples were even less during the 
preconditioning cycles than in the cycles shown in Figure 24.  
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Since the cross-linked samples would eventually have taken up as much 
water as the reference samples, the hygroexpansion, and thus stress 
concentrations in fibre/fibre joints, would eventually have been the same. 
At this point, there would probably be no difference in the mechano-
sorptive creep rate between the cross-linked and the reference papers. The 
positive effect of cross-linking on the mechano-sorptive creep rate is 
therefore probably only temporary, but it is possible that cross-linking 
reduces the mechano-sorptive creep rate over such long time periods that it 
would significantly improve the stacking life-time of corrugated boxes. For 
cross-linking to be a really feasible way to reduce mechano-sorptive creep, 
the problem of embrittlement must however be solved. 
 
The single fibres tested for mechano-sorptive creep were subjected to 
constant 80% RH for 3 hours before being exposed to a cyclic humidity. 
This might suggest that new pores were opened in these fibres during the 
3-hour period so that they did not show any reduced moisture sorption rate 
during the humidity cycling as did the sheets in Figure 24. This alone could 
be the reason why the cross-linked single fibres exhibited the same degree 
of creep acceleration in Figure 21 as the reference fibres. However, the 
creep properties of sheets with a thickness of only 45 μm (20 g/m2), i.e. 
only a few fibres thick, were also determined in Paper III. Since these 
sheets were very thin, they should absorb moisture almost at the same rate 
as single fibres. These sheets were also subjected to a 3-hour period at 
constant 80% RH prior to exposure to a cyclic humidity. As seen in Figure 
26, the creep rate was still accelerated significantly more for the reference 
sheets than for the sheets made from oxidised fibres. This shows that the 
3-hour long 80% RH period was not the reason why the cross-linked fibres 
did not show any reduction in mechano-sorptive creep when tested 
individually. The testing of the thin sheets also shows that fibre/fibre joints 
are necessary for cross-linking to affect the mechano-sorptive creep. 
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Figure 26. Creep strain rate in a cyclic humidity (80-30% RH, 1 hour long cycles) versus 
creep strain rate in a constant climate (80% RH) for thin (20 g/m2) reference and cross-linked 
sheets. (Paper III) 

 
 
 

Development of shear strength during drying 
 
Shear strength is very important for the how well a paperboard performs 
during creasing and subsequent folding (Nygårds et al. 2009a; Nygårds et al. 
2009b). Understanding the development of shear strength during drying is 
valuable not only in order to be able to optimise the shear strength profile 
in paperboards but also because it may give vital clues to how the fibres 
interact during drying and the nature of these interactions. Shear testing of 
wet paper instead of in-plane tensile testing can give more information 
regarding the interaction between fibres, since mechanical entanglement of 
the fibres can play a vital role besides the adhesion between fibres for the 
results obtained by in-plane tensile testing, as pointed out by Alince et al 
(2006). Accordingly, shear strength development during drying was studied 
in Paper VI.  
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The result of the shear testing of never-dried and rewetted sheets, made of 
beaten and of unbeaten fibres, that had been couched together as described 
in the Experimental section, is shown in Figure 27. In the figure, it is 
obvious that the shear strength of all combinations of the two types of 
fibres (i.e., beaten and unbeaten) and the two specimen preparation 
methods (i.e., never-dried and rewetted sheets) was low (<120 kPa) up to a 
solids content of approximately 60–70%, after which the shear strength 
increased rapidly with increasing solids content. The more water that was 
removed from the sheets, the closer the fibres in the opposite contacting 
sheets could be drawn together by capillary forces, leading to intimate 
contact between the fibres. The kink in the shear strength versus solids 
content plot at 60–70% suggests that interactions important for the 
strength at complete dryness started to develop at this particular solids 
content. The exact nature of the fibre/fibre interactions at different solids 
content cannot however be deduced from the data in this study.  
 
 

 
 
Figure 27. Shear strength of the various sheets couched together, plotted as a function of the solids 
content. The specimens with a 15-mm overlap between the strips are indicated by symbols with a thin 
outline, whereas the specimens with a 5-mm overlap are indicated by symbols with a bold outline. The 
regression lines included in the figure merely serve to guide the eye. 
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As indicated in Figure 27, the shear strength of the paper sheets couched 
together increased with increasing solids content at all solids contents in the 
investigated interval. The results of Alince et al. (2006), who examined 
blotter papers made of bleached unbeaten fibres, indicate that maximum 
shear strength was reached at a solids content of approximately 39%, after 
which the shear strength dropped, reaching zero at a solids content of 
approximately 47%. The rewetted sheets made of unbeaten fibres were not 
found to behave in this way in the present study. The reason for this 
discrepancy is unknown, but may relate to differences between the paper 
sheets used. 
 
As also seen in Figure 27, the highest shear strength, throughout the solids 
content range examined, was achieved with never-dried sheets made of 
beaten fibres, which is as expected since beating is known to increase the 
strength of paper and never-dried fibres are known to give stronger paper 
than previously dried fibres.  
 
The shear strength of the specimens made from never-dried sheets of 
unbeaten fibres was lower than that of the sheets of beaten fibres. This may 
partly be because the unbeaten fibres have a fibre wall with a higher wet 
modulus (Chhabra et al. 2005) and swell less than do the beaten fibres, and 
thus produce weaker fibre/fibre joints. However, it is also likely that the 
more fibrillated surface of the beaten fibres facilitates mechanical 
interlocking and interdiffusion of surface polymers, thus further increasing 
the shear strength of the sheets of beaten fibres (McKenzie 1984; Clark 
1985).  
 
The specimens made from rewetted sheets had significantly lower shear 
strength than did those made from never-dried sheets. The fact that the 
previously dried fibres had a fibre wall with a higher wet modulus (Scallan 
and Tigerström 1992) and swelled less (Jayme 1944; Forsström et al. 2005) 
than did the never-dried fibres could explain why the specimens made from 
rewetted sheets were significantly weaker than those made from never-
dried sheets. However, it is likely that the reduced swelling of the rewetted 
sheets also affected their conformability thus reducing their ability to come 
in close contact and thus achieve greater strength. 
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The author of this thesis is of the firm opinion that shear strength 
measurements on modified fibres could increase the understanding of how 
the modification influences the fibre/fibre interactions and thus give vital 
clues regarding the mechanisms by which the modification improves the 
mechanical performance of the resulting paper. By increasing the 
understanding of the mechanisms by which different fibre modifications 
improve paper performance, the time for the development of new and 
improved fibre modifications can hopefully be reduced. 
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Concluding remarks 
 
Labelling of polyallylamine (PAH) with fluorescent marker and 
examination of fibres with the aid of a confocal scanning microscope 
(Horvath et al. 2008a) generated a visual record of where the adsorbed 
PAH was located. This technique was used to locate the adsorbed PAH 
and to establish the adsorption conditions necessary to ensure that the 
PAH molecules were adsorbed either to the exterior parts of the fibres 
alone or to both the external parts and throughout the fibre walls. By 
preparing and testing the mechanical behaviour of sheets made from fibres 
with polyelectrolyte adsorbed either to the exterior parts alone or into the 
fibre cell walls as well, a link was established between the localisation of the 
adsorbed polyelectrolyte and the mechanical properties. 
 
Creep testing clearly showed that the creep at constant humidity was 
significantly reduced by the adsorption of PAH to the exterior parts of the 
fibre wall. The effect obtained depended, however, on the type of fibres 
used. PAH resulted in a significantly greater reduction in creep than 
cationic starch, even though both treatments induced the same increase in 
tensile strength. To the knowledge of the author this is the first time that 
the use of polyelectrolyte treatment has been shown to be able to reduce 
the creep of paper with high density and strength. This also shows that 
different polyelectrolytes can have different effect on the viscoelastic 
behaviour of paper materials.  
 
The adsorption of polyallylamine into the entire fibre cell wall, however, 
resulted in an increase in creep of the resulting sheets at high humidity 
conditions (90% RH). It is suggested that this may be due to a deswelling 
of the fibres by the adsorbed polyelectrolyte, which leads to fewer 
fibre/fibre contact points and hence a less efficient distribution of stresses 
in the sheets. 
 
These results show the complexity of the topic of reducing creep under 
constant humidity with chemical additives, but also that there is a potential 
for significant improvements provided that the right chemicals are added in 
the right way. 
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It is, however, primarily the mechano-sorptive creep rate and not the creep 
rate at constant humidity that determines the stacking lifetime of paper-
based boxes. No significant effect of adsorbed polyallylamine could be 
detected on the creep during cyclic humidity conditions. It is therefore 
unlikely that any other polyelectrolyte commonly used to improve the 
strength of paper would have any significant effect on the mechano-
sorptive creep. New specifically tailored polyelectrolytes, with for example 
cross-linking capabilities, might however prevent moisture sorption and 
fibre swelling, and could perhaps in the future open new possible routes for 
reducing mechano-sorptive creep. 
 
Polyelectrolytes can however be efficient in improving other mechanical 
properties important for the performance of packaging grade papers, since 
the use of multilayers consisting of polyallylamine (PAH) and polyacrylic 
acid (PAA) significantly increased the strength of paper with much less 
densification and build-up of residual stress than is obtained by beating. 
The use of polyelectrolytes should thus enable the production of paper 
with high strength but low residual stress and density. To the knowledge of 
the author, this is also the first published study on how chemical additives 
influence the residual stress state in paper. The results indicate that the 
added polyelectrolytes increased the residual stress by decreasing the solids 
content at which load transfer between fibre layers starts.  
 
In contrast to the use of polyelectrolytes, cross-linking by the oxidation of 
the fibres with periodate radically decreased the mechano-sorptive creep of 
the resulting sheets. By testing sheets and individual fibres, it was clearly 
shown that the basic mechanism behind the reduction in mechano-sorptive 
in this case was that the cross-linking slows down the moisture sorption. A 
slow sorption rate led to smaller moisture content variations during the 
mechano-sorptive creep testing. Due to the anisotropic swelling of fibres, 
large stress concentrations in the fibre/fibre-joints will arise upon changes 
in moisture content (Alfthan et al. 2002). Smaller moisture content 
variations in the cross-linked sheets during humidity cycling mean less fibre 
swelling and thus less stress concentrations in the fibre/fibre joints. Less 
stress concentrations in the fibre/fibre joints in combination with the non-
linear creep of paper mean less creep acceleration. These results also 
indicate that the mechanism proposed by Caulfield (1994), i.e., that the 
cross-links introduced stabilise arrays of moisture-sensitive hydrogen bonds 
and hinder them from creeping into a stress-relaxed configuration, is most 
probably not the mechanism behind mechano-sorptive creep reduction 
with cross-linking. 
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A major problem with cross-linking is that it causes severe embrittlement. 
However, an understanding that the reduction in mechano-sorptive creep 
with cross-linking is due to a slower moisture sorption might generate new 
ideas as to how to achieve mechano-sorptive creep reduction without 
causing embrittlement. One way to circumvent the problem of 
embrittlement might be to use polyelectrolytes with cross-linking 
capabilities, which might be able to retard the moisture sorption without 
impairing the toughness of the fibres. The effect of cross-linking on the 
moisture sorption kinetics and thus also mechano-sorptive creep is 
however only temporary, although it might nevertheless be sufficient to 
improve the stacking life of boxes. Considering that it has only a temporary 
effect, cross-linking might not in general be the best way to reduce 
moisture content variations under varying humidity and thus mechano-
sorptive creep. 
 
Barrier approaches could be an alternative way to slow down the moisture 
sorption kinetics and thus the mechano-sorptive creep. It is therefore 
suggested that such approaches should be further explored in the future. 
Lamination with plastic foils might be costly, but the development of cheap 
barrier coatings that can be applied in a standard on-line coater or size-
press could be economically feasible. Another option might be to use the 
multilayer technique to apply a moisture barrier coating to each individual 
fibre. This would require an extra process step in the furnish preparation, 
but no extra operation on or after the paper-machine. 
 
The effect of cross-linking on mechano-sorptive creep is relatively well 
understood, but the effects of other fibre modifications and additives on 
the mechanical properties of paper are not however always so well 
understood. The method of determining shear strength at different dry 
solids content presented in this thesis could in the future be combined with 
modified fibres and hopefully increase the understanding of how different 
modifications influence the fibre/fibre interactions. By understanding the 
influence on fibre/fibre interactions, clues regarding the mechanisms by 
which the modifications improve the mechanical performance could be 
gained. A greater understanding of the mechanisms by which different fibre 
modifications improve paper performance could hopefully speed up the 
development of new and improved fibre modifications. 
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The data presented here also appear to be the first presentation of how 
shear strength develops between couched wet sheets during drying all the 
way to completely dry sheets. The results indicate that the shear strength 
increased with increasing solids content at all solids contents investigated. 
The results of Alince et al. (2006), who examined blotter papers made of 
bleached unbeaten fibres, indicate that the maximum shear strength was 
reached at a solids content of approximately 39%, after which the shear 
strength dropped, reaching zero at a solids content of approximately 47%. 
The rewetted sheets made of unbeaten fibres were not found to behave in 
this way in the present study. The reason for this discrepancy is unknown, 
but it may be due to differences between the paper sheets used. 
 
The presented results also showed that the shear strength was low up to a 
solids content of approximately 60–70%, after which the shear strength 
increased rapidly with increasing solids content. The kink in the shear 
strength versus solids content plot at 60–70% suggests that interactions 
important for the strength of dry paper start to develop at this particular 
solids content.  
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