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ABSTRACT

A rise in the production capacity and runnability of paper-web provides an opportunity to
increase papermaking industry profits. However, the increase of the speed of a paper machine is
accompanied by an increased number of web breaks due to internal stresses, which develops in
the paper web, especially in the drying section. The drying process is not momentary, so the
time-dependent (rheological) properties of the web affect paper behavior, in particular, the stress
relaxation.

In this work, the influence of loading force and such pulp properties as water content,
composition, and degree of beating on the internal stress development and stress relaxation
during drying were investigated. The mechanical properties of hand-made and industrially
produced paper (kraft-paper and exercise-book paper) were evaluated prior to and during drying
in order to optimize the conditions of the relaxation process. Further, the determination of stress
dynamics in the structure of paper during relaxation and drying was carried out.

It was determined that the web tension in the drying section should be kept below the value of
the loading force in the effective point on the load-elongation curve in order to prevent web
breakage.

It was shown that the highest relaxation and the lowest increase of the internal stress was
observed when the loading force was equal to one third of the breaking force (Fy). At loading of
1/10 Fy the highest stress development during drying took place in the samples with the highest
water content. Relaxation had the highest compensating effect on paper with a dryness of 87-90
wt. % when the loading force was equal to one third of the breaking force.

Investigation of the influence of beating degree showed that it was more important for the
unbleached samples than for the bleached ones. Too fine beating is similar to the chemical effect
during bleaching and makes the mechanical properties of unbleached pulp similar to the
mechanical properties of bleached pulp.

It was conformed that the drying rate affected the development of the internal stress. It was
shown that the rate of relaxation and stress development during drying were always higher for

the unbleached samples than for the bleached ones.

Key words: stress relaxation, internal stress, drying, paper structure, mechanical properties of

paper.
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1 INTRODUCTION
1.1 Background

Paper has been known for more than 2000 years [1]. During this time people have used it in a
variety of applications. Consequently, the requirements on the properties of paper have become
stricter, and as a result, a lot of research is carried out in order to improve paper properties and to
optimize the papermaking process.

A modern papermaking machine is a complex, continuously working equipment. It starts with a
head box where the pulp is fed with a dry solid content of 0.1-1.3% while the dry solids content
in the final paper is 92-96% [2]. During the removal of water from the paper web, the successive
dewatering methods (natural flow, suction, pressing and drying) should affect the paper web as
much as it is able to endure without decreasing the properties of the final paper [2].

It is known that not more than 1.5 % of all the water is removed in the drying section [3];
moreover, evaporation is 10-12 times more expensive than pressing and 60-70 times more
expensive than dewatering in the wire section [3]. However, the water which is impossible to
remove by mechanical methods is removed by evaporation on a multi-cylinder paper drier [2].
Drying changes the physical and mechanical properties of paper due to the alteration of
temperature, water content, web tension and deformation at different stages of drying, and
finishes the process of web consolidation due to shrinkage [4].

During drying, the paper web in stretched condition goes through the groups of drying cylinders;
moreover, stretching is increased while drying. The drying process is not momentary, so it is
necessary to keep in mind time-dependent phenomena such as rheological properties when
investigating paper behavior during drying. Rheological behavior of paper is expressed mainly in
the form of stress relaxation, i.e. a decrease of stress in the paper structure with time [2].

Modern papermaking industry is prone to raising the production capacity and increasing the
runnability of paper. Production increase is mainly achieved by increasing the speed of a paper
machine. In order to decrease the amount of web breaks, several requirements are to be met
when speeding up a paper machine including high wet strength of the paper web and high
rigidity. Therefore, it is important to study the relationship between the water content of the
paper web and its viscoelastic properties in order to optimize the drying process and to improve

the quality of paper.
1.2 Scope of the present work

The scope of the present work was to quantify the dependency of the speed of relaxation on

certain technological parameters, such as applied load, beating degree and water content. For this



purpose, stress-relaxation behavior of wet paper samples of hand-made and industrially produced
paper was investigated. In addition, several complementary tests were done in order to illustrate
the basic mechanical properties of paper such as load-elongation behavior, zero-span tensile

strength and interfiber forces.



2 THEORY
2.1 Types of water bonded in paper

The changes of the properties of a material during drying take place due to different types of
bonding between the absorbed water and the material [5]. According to the classification of P.A.
Rebinder [5], bonds between the liquid and the material are divided into the following groups:

1. Chemical bonds formed in strict stoichiometric proportions;

2. Physical-chemical bonds formed in not strictly defined proportions;

3. Physical-mechanical bonds, when the liquid is attached to the material in undefined
quantities.

The first type of bonding is the strongest one; it cannot be destroyed by drying. However,
calcination or imposing to chemical treatment can be effective to remove the water which in this
case is included in the composition of the material.

Physically-chemically bound water is present in two forms: adsorptive and osmotic. When water
is adsorbed by a colloidal material, swelling heat is generated and contraction of the system
occurs. Bonding of osmotic water implies selective diffusion of water through a semipermeable
membrane, resulting in swelling and increasing size of the material. The process of swelling
consists of two steps: bonding of adsorptive water with heat generation and bonding of osmotic
water without heat generation.

Capillary and cell water is held in the material by the physical-mechanical bonds [3]. If the water
content is 35-45 %, all the water is physically-chemically bound. In this case, besides the energy
for evaporation, additional energy is needed to destroy the bonds between the water and the
material [6].

According to the classification of materials introduced by P.A. Rebinder [5], all wet materials are
divided into 3 groups depending on their colloidal physical properties:

1. Typical colloidal materials (elastic gel). During drying their structure is compressed,
but keeps its elastic properties;

2. Capillary-porous materials (fragile gel). During drying their structure becomes brittle
and badly compressible (e.g. charcoal);

3. Capillary-porous colloidal materials. They have the properties of the first two groups,
and their physical properties can change depending on the duration of drying (e.g. paper, skin,
and clay).

Paper belongs to the group of cohesive disperse materials in which the dispersed particles form

more or less strict three-dimensional structure.



2.2 Theory of drying

The purpose of drying is not only to remove water from the paper web but also to consolidate the
web by creating new bonds between the fibers. The bonds which determine such properties of
paper as mechanical strength, blotting capacity and air permeability are formed in the drying
section due to shrinkage. By adjusting the drying conditions, the properties of paper can be
altered depending on the requirements to the final product [3].
Paper drying is commonly done on a multi-cylinder paper dryer. The drying process includes
two types of drying: contact drying on the hot surface of an iron cylinder and convective drying
in the free draw between the cylinders. The ratio of these two types of drying depends on the
speed and design features of the paper machine. Traditionally, the drying section is arranged in
two rows of cylinders staggered above each other. Some modern paper machines are built in one
row. Most of the water is removed by contact drying, when heat conduction takes place through
the surface of the cylinder to the paper web. But with increasing speed of the paper machine,
convective drying is also increased. In the space between two neighboring cylinders evaporation
of water and cooling of the web occur. Here, the convective heat transfer between the
surrounding hot humid air and the web takes place [7].
Convective and contact drying of the paper web occurs in three stages:

1. heating of the material;

2. drying with constant rate;

3. drying with decreasing rate.
At the first stage, the temperature of the material is increased up to the evaporation temperature.
The rate of the second stage is limited by external diffusion of free water from the surface of the
material. The rate of the third stage is limited by internal diffusion of bound water and is thus
decreasing.
During convective drying, the water content is higher inside the material than on its surface but
the temperature is higher on the surface resulting in a deceleration of convective drying. The rate
of evaporation depends on the partial pressure of water vapor at the surface of evaporation and in
the surrounding air, the temperature of the paper and air humidity.
During contact drying, at the first stage the heat- and the mass transfer occur at the molecular
level, at the third stage — at the molar level. And the second stage is transitional. The stage of
contact drying with constant speed takes 50-65% of the total time [1]. The temperature of the
material at this stage is constant. At the stage of drying with decreasing rate, the paper

temperature is increased and the temperature gradient inside the paper vanishes. The main



factors affecting contact drying are the temperature of the heating surface and the thickness of

paper [1].
2.3 Fibers and bonds

Fibers are the main structural elements of paper. The properties of fibers as well as their strength
and number of bonds between them determine the properties of the final paper. In the
papermaking process, dewatering of the paper web gives rise to formation of bonds between the
fibers resulting in a fiber network [6].

The sheet of paper breaks at the weakest point during the strength test. Usually, the weakest
point is bonding between the fibers and not the fibers themselves. It is possible to observe fiber
pull-out from the bulk paper at the point of rupture. Only a small number of fibers tears in the
longitudinal direction. So when a crack propagates in the fiber network four mechanisms may
take place: elongation of fibers, breakage of bonds or fibers, and fiber-to-fiber friction when
fibers are pulled out [9].

Dried sheets of paper retain its structure due to cohesive forces between the fibers which are
formed during the drying process. The cohesive forces include Van der Waals forcees, chemical
and hydrogen bonding [5].

Van der Waals forces in the macrostructure of paper is an intermolecular interaction of cellulose
with a typical energy of 0.8-8.16 kJ/mol [9]. This type of forces occurs during polarization of
molecules and is weaker than chemical bonding.

A hydrogen bond is the attractive force between a hydrogen atom covalently bonded to an
electronegative atom and an electronegative atom in another molecule. The energy of the
hydrogen bond is 5-30 kJ/mol, i.e. less than the energy of the covalent bonds (155 kJ/mol);
however, hydrogen bonds have a big influence on physical and structural properties of paper [9].
Besides hydrogen bonds and Van der Waals force, friction forces between the contacting fibers
surfaces are also important for the strength of paper [4].

The water in paper has a great effect on fiber-to-fiber forces. Wet paper differs in strength
compared to dry paper because fiber-to-fiber bonds are stronger in the latter. Surface tension of
the water film compresses the fibers and brings them together. After the removal of water, fiber-
to-fiber bonds are affected by other types of forces, mainly by the molecular cohesion [10].
When pulp is soaked in water, the water penetrates into the spaces between the fibers and
increases the distance between them, breaking fiber-to-fiber bonds [1].

When dryness is 10-12 %, spaces filled with air are formed in the paper web [2]. Additional
surface tension forces are generated in the paper web when a new air-water interface is formed

[2]. The system of fibers in water is transformed to the system of fibers and air in water; as a
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result, surface tension is increased. When dryness is below 15-20%, tensile strength depends on
the flexibility of fibers. The maximum air-water interface corresponds to the maximum surface
tension. Further, when dryness is increased, the water film breaks down and the system of fibers
and water in air is formed, as a result, surface tension forces are decreased which in turn leads to
a slow increase in tensile strength, as compression of the fibers decreases. At the dryness of 35-
50% an increase in tensile strength takes place due to the formation of bonds between the fibers
[2].

Therefore, the key features of drying are formation of a supramolecular structure of a composite
material, change of physical (relaxation) properties of its components and creation of new bonds
between the components [8]. The strength of the bonds between the fibers in the final paper
depends on the physical and chemical properties of the fiber surface and on the papermaking
process [1]. The formation of fiber-to-fiber forces is affected by the drying conditions. Slow
drying provides maximum interaction between the fibers, while fast drying causes the water

vapor to break through the bulk paper thus destroying its structure [1, 3].

2.4 Deformation of paper

The mechanical properties of a material are its ability to resist deformations and destruction,
likewise its ability to be elastically and plastically deformed by the action of external mechanical
forces [2].

Any object can be deformed; moreover, different parts of an object can be deformed in different
ways. Deformations can be divided into two types: stretching (compression) and shear [11].

For mathematical description of the viscoelastic plastic properties of paper it is convenient to use
the method of mechanical model analysis, see Figure 1. In such models, elastic element
according to Hooke's law is presented as a spring (1 in Figure 1 (a)), and viscous element
according to Newton's law is presented as a dashpot (2 in Figure 1 (b)) [10]. Other more complex
models are based on these two models. For example, the Voigt model (Figure 1 (c)) consists of a
spring and a dashpot in parallel implying that the strain in each element equals to the total strain,
and the total stress equals to the sum of stresses in each element. Another example is the
Maxwell model (Figure 1 (d)), where the spring and the dashpot are connected in series, thus, the
total strain equals to the sum of strains in each element, and the stress in each element equals to

the total stress [2, 11].
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Figure 1. The Hooke (a), Newton (b), Voigt (c) and Maxwell (d) models [10]. 1 — spring, 2 —
dashpot.

To determine the stress-strain relationship, it is necessary to know the connection between them.
It is important to know whether any time-dependent phenomena exist in the material, if the
material is elastic, viscoelastic or complex. In other words, knowledge about the rheological
behavior of the materials is very important.

Rheology is a part of physics, which considers deformation with time; it derives common laws of
initiation and development of deformations in the materials with time, depending on their
structure and the surrounding conditions [2].

The rheological behavior of paper is characterized by the phenomena of stress relaxation and
creep. Stress relaxation is the change of stress in paper as a function of time at a given constant
strain. Creep is the change of strain in paper as a function of time at a given constant stress [6].
First, let us consider the process of stress relaxation. As a result of stretching, changes in paper
appear at the molecular level, not at the macroscopic one. During stretching, the macromolecules
and the fibers are kept under load, for this reason the macromolecules in fibers or the fibers
move with respect to each other, taking more beneficial position from the energy point of view.
This process takes some time, and the material acts as elastic. However, prolonged stretching
load of the material leads to the accumulation of permanent strain. The material acts as a viscous
fluid. When increasing the temperature, the movement of the molecules is also increased,
relaxation process is speeded up and the material behaves more like fluid. To describe this
process, the Maxwell model is used, see Figure 1 (d).

Second, let us consider the process of creep. If paper is exposed to loading conditions for a long
period of time, elongation of paper is observed. However, after the load is removed, paper
returns slowly to its original size due to its elastic properties. Here, the position of the
macromolecules is retained, but their conformation changes. To describe this process, the Voigt
model is used, see Figure 1 (c) [11].

Knowledge about creep and stress relaxation is important in order to produce paper with required

properties. In practice, these processes act together, during load and stretching [6].
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It is known that the structure of the fiber wall contains amorphous and crystalline areas [12].
This fact explains viscous behavior of paper. While crystalline areas are elastic, amorphous areas
are characterized by the glass transition temperature, below which they are glass-like, above
which they are fluid-like. They are able to deform and to flow depending on the softness of the
material and on the external load [1, 6, 12]. In the fiber structure, these amorphous areas are
made of lignin and hemicellulose. Cellulose is more crystalline and forms a frame. The spiral
arrangement of cellulose microfibrils provides the cell walls with mechanical strength. Lignin
and hemicellulose fill the spaces between cellulose fibrils [12]. Thus, it can be concluded that
such components of fibers as lignin and hemicellulose influence the rheological behavior of
paper [6].

Theory of elastic behavior does not consider loading history of the material while theory of
plastic behavior takes into account loading history of the material, previous strains, temperature
etc. [2]

The behavior of paper in a paper machine is similar to the Voigt model. However, none of the

models could describe stress-relaxation and creep considering all the aspects [2, 6, 11].
2.5 Load-elongation curve

The load-elongation curve characterizes the mechanical properties of paper and the deformation
process. It shows the increase in sample length with increasing loading force, see Figure 2. Load-
elongation curves are rather difficult to interpret. When applying a stretching force to a capillary-
porous material, such as pulp, paper or board, there are several phases of deformation before the
final breakage, see Figure 2.

At the beginning of the deformation process (region 0-1), elongation increases linearly with
increasing loading force. This region represents the elastic phase. The next part of this curve
(region 1-2) is non-linear. This region represents the slow down elastic phase. At the end of the
deformation process (region 2-3), the loading force increases insignificantly with increasing
elongation. This region represents the phase before breaking where deformation occurs at the
conditions of intensive breaking processes and finishes when the sample is divided into parts. E

is the point of the mean value, characterizing the slow down elastic phase.
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Figure 2. Load-elongation curve of paper.
2.6 Shrinkage of paper

During the evaporation of water from the paper capillaries, fibers are brought together due to
surface tension. This phenomenon is evaluated by the shrinkage of paper. The larger the
shrinkage, the more consolidated and strong is the sheet. At the same time, pore diameter, air
permeability, blotting capacity decreases.

Shrinkage of paper during drying depends on the nature of fibers and their hydration properties,
lignin and hemicellulose content, beating degree of the pulp and on the papermaking conditions,
such as web tension and felt tension [1].

Shrinkage of paper occurs in three directions (thickness, length, width). The main shrinkage
takes place in the thickness direction because the tension of the paper web protects it from
shrinkage in the other directions.

During drying, an internal stress is generated and further partly relaxed in the paper web. The
longer the drying and the milder the conditions, the better the relaxation of the internal stress.
Consequently, the structure of the composite material formed is affected by the kinetics of heat
transfer [8].

The drying process influences the physical and mechanical properties of the final paper. The
shrinkage of paper affects such properties as elongation, folding resistance, bursting strength and
others [10].

Paper made from 100 % well-beaten pulp is characterized by more intense shrinkage. Beaten
pulp swells better, and shrinkage starts at a dryness of 20-30 %, while for the non-beaten pulp
shrinkage begins at a dryness of 40-50%. The higher the hemicellulose content, the higher the
swelling and shrinkage of paper [4, 6].
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Initially, when cell water is evaporated, inter-fiber shrinkage occurs, followed by the shrinkage
of single fibers [4]. The process of shrinkage can be divided in five stages. At the first stage, with
dryness of 50-55%, fiber morphology does not change, inter-fiber water evaporation occurs. At
the second stage, with dryness of 50-55% to 60-65%, water diffuses from the microfiber spaces,
evaporation from the fiber surface continues. Here the compression of fibers starts in the areas
between them. At the third stage, with dryness of 60-65% to 70-75%, cell wall shrinkage starts
due to water removal from the cell wall. At the fourth stage, with dryness of 70-75% to 80-85%,
transverse shrinkage takes place in the regions where fibers are not bound to each other.
Wrinkling of fibers takes place as well. At the fifth stage, with dryness of 80-85 % and higher,
transverse shrinkage takes places in the regions with fiber-to-fiber bonding [6].

So in general, it is possible to divide the process of shrinkage into two phases: dependent and
independent on changes in morphology, in other words, shrinkage occurs due to the shrinkage of

the morphological units in the fiber cell and due to the bound water removal [1, 6].
2.7 Deformation of paper after damping

Increase of the wet paper sheet size edgewise, as a percentage of the initial size of a dry paper-
sheet, is called linear damping stretch. Decrease of the wet paper-sheet size during drying, as a
percentage of the initial size of a dry paper-sheet, is called linear deformation while drying.
Linear deformation during paper drying and conditioning is called linear permanent deformation
of paper.

When soaking in water or due to the increase of air humidity, the dimensions of a paper sheet
increases as swelling presents. Porous paper types are characterized by a minimal damping
stretch, while compact paper types made of low-beaten pulp have the maximum damping stretch
[4].

It is known that water plasticizes polymeric components of paper affecting its viscoelastic
properties. During treatment with sufficient amounts of water, for example soaking, cellulose
transforms from one physical state to another [12]. The process becomes more complicated
during the interaction of cellulose with water vapor. In this case, the plasticizing effect is
decreased due to the lack of water and different sorption degree of the individual structural
elements of cellulose.

During the papermaking process compression of fibers, fibril bundles and fibrils takes place in
the paper web due to the shrinkage stress resulting in formation of knots characterized by tensed
structure. Hemicellulose plays a key role in the creation of knots, especially in the case of
bleached sulfite pulp. There are two balanced components of the shrinkage stress in the knots:

the forces of secondary adhesive-cohesive contacts and the elastic resistance of the structure.
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With an increasing amount of water in an individual knot, the energy of adhesive-cohesive
interaction is decreased due to the partial substitution of hydrogen bonds between hemicellulose
and cellulose macromolecules by hydrogen bonds between these macromolecules and water. The
elastic resistance of the structure is also decreased due to the addition of a plasticizer — water.
With increasing air humidity for every knot there is a moment when the forces of the elastic
resistance of the structure become higher than the adhesive-cohesive forces, and as a result,
capillary-porous structure of the knot is restored. With decreasing air humidity the reverse
process takes place [13].

The internal stress which arises in the structure of paper during drying becomes permanent due
to the glass transition of cellulose. The result is the unbalanced structure of paper where the
internal stress is expressed in the form of permanent deformation. The structure of paper
becomes balanced when the internal stress is totally relaxed, for example, after several cycles of
damping-drying. The permanent deformation in such conditions is absent [4].

Deformation further depends on the following factors:

1. Direction and orientation of fibers: during damping the diameter of the fibers is increased
more than their length, so machine direction (MD) deformation is less than cross
direction (CD) deformation. Consequently, more uniform arrangement of fibers in paper
is observed resulting in less difference in MD and CD deformations.

2. Beating degree: deformation is linearly increased with the increase of the beating degree.
Non-uniformity of deformation at the edges and in the middle of the paper web is caused
by the variation of the felt tension, cylinder surface temperature and air humidity. Felt
tension has a great influence on the deformation of paper: with the increase of the felt
tension damping tension is decreased but permanent deformation is increased [4, 5].

It is known that formation of the paper web has a great effect on the mechanical properties of the
final paper, but web tension in the drying section has got the same importance. With increasing
web tension tensile strength of the final paper is decreased. It should be noted that web tension
before the last press has almost no effect on the properties of the final paper. Consequently, the
speed of the electric drive in the drying section should be more carefully controlled compared to
the wet end.

Strength and other properties of the final paper depend on pulping conditions and papermaking
conditions such as beating degree, pulp and paper composition, web and felt tension, drying
conditions, speed of a paper machine and so on. But drying should be recognized as a critical

process for the final properties of paper [2].
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3 EXPERIMENTAL
3.1 Industrially produced paper

Two types of industrially produced paper were investigated: kraft-paper produced at
Arkhangelsk Pulp and Paper Mill (APPM) and exercise-book paper which is produced at
Solombala Pulp and Paper Mill (SPPM). According to GOST (

Russian national standard) 8273-75 kraft-paper composition includes 100 % of unbleached
softwood pulp. The density is 86 g/m”. Exercise-book paper composition includes 80 % of
bleached hardwood pulp and 20 % of bleached softwood pulp. According to TY (technical
condition) 5432-018-00279195-2003 its density is 62 g/m”. The ash content is 12 %.

The dryness of paper was determined according to the method described in 3.2.2. For the kraft-
paper, it was 39 % after press, 92% after Yankee cylinder, 93 % at the reel section. The dryness
of the exercise-book paper was 52 % after the first group of cylinders in the drying section, 92 %
after the third group of cylinders in the drying section), 95 % at the reel section.

3.2 Preparation of hand-made paper sheets

3.2.1 Grinding of pulp

When preparing hand-made samples of paper, grinding was performed in a centrifugal refiner
with several bronze cylindrical vessels, analogue of the Jokro mill. The internal surface of the
vessel has fine refining bars and the refining cylinder has grooved outer surface. The refining
cylinders are pressed to the internal walls of the vessels by centrifugal force created when the
refiner starts rotating.

A 6 wt. % suspension of pulp in distilled water is prepared and left for swelling during 30 min

before refining is performed. Grinding of pulp with different properties is performed separately.
3.2.2 Determination of the beating degree

The beating degree is determined in Shopper-Riegler degrees (°SR) according to the Shopper-
Riegler method using a required amount of 6 wt. % pulp suspension.

Pulp is placed into a glass beaker and diluted up to 1000 ml. The beating degree has high
dependency on the viscosity of water so it should be determined in water at 20 °C. Increasing the
temperature of water by 1 °C will decrease the beating degree by 0.46 °SR.

The well mixed suspension is poured in the Shopper-Riegler device. The suspension starts to
dewater through the lower part of the device. Well-refined pulp dewaters slowly and almost all
the water goes through the narrow central outlet. Pulp with a low beating degree dewaters faster
and the water goes through the wide side outlet, which is placed higher than the narrow central
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outlet. The beating degree (BG) is calculated using Equation 1 [11]. The measurement is
repeated twice.

1000 — ¥
1
m (1)

BG =

where V - volume of the water collected from the side outlet, ml;

1000 — total volume of suspension, ml;

10 — volume corresponding to 1°SR, ml.
The hand-made paper sheets were prepared with different Shopper-Riegler degrees (°SR):
unbleached samples with 17, 28, 44 °SR and bleached samples with 18, 32, 45 °SR.

3.2.3 Laboratory papermaking

The composition of the hand-made sheets of the bleached pulp is 67% of hard wood and 33% of
soft wood. The composition of the hand-made sheets of the unbleached pulp is 67% of soft wood
and 33% of hard wood. For proper mixing of different types of pulp before making the sheets it
1s necessary to mix the pulps in a blender with some amount of water (up to 4 1) for 1 min. Then
this suspension is diluted to the concentration of 0.53 wt. %.

The hand-made paper sheets are made in a sheet former LA-3. Based on the paper density of
about 100 g/mz, the surface area of a sheet of 0.0314 m?, and the water content of paper equal to
7%, one can calculate the volume of the 0.53 wt. % suspension required to make one sheet
(0.5931).

The forming chamber of the sheet former is filled with water to a level of 7 1. The pulp
suspension is poured into the sheet former and diluted to a volume of 8 1. The suspension is
mixed very carefully, without creating foam. Then water is poured out of the forming chamber
through the outlet. During the dewatering, a layer of fibres starts to form. When the water level
in the forming chamber reaches 2 1, the vacuum-pump is switched on. After dewatering, the
sheet of cardboard with the density of 200 g/m? is placed on the paper sheet and a heavy cylinder
is rolled over. After that the sheets of paper are subjected to drying to a certain water content.
Five hand-made sheets with different water content are prepared from the bleached pulp and five
— from the unbleached. The water content is regulated by varying the time of drying. First, the
water content is controlled by weighing using an analytical balance, after that — more accurately
by the method described in below [11, 15].

In order to determine the network forces according to the method developed by Ivanov [11],
double-folded paper sheets are prepared, see Figure 3. Before drying the paper sheets are folded
in the middle with 2 threads placed between the halves at the distance of 40 mm between each

other in order to simplify the separation of the paper layers after drying [11].
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Figure 3. Schematic image of the threads position for the preparation of the folded sheets.
3.3 Testing of paper

3.3.1 Determination of thickness

Measurements are performed using a micrometer. A static pressure of 0.1 MPa is applied to an
area of 2 cm®. The results are expressed in mm or pm. The measurements are performed at 3

different points of each sheet and the thickness of the sheet is calculated as an average value

[11].

3.3.2 Determination of the water content

The water content of paper is determined by drying 2 g of paper in a drying oven at the
temperature of 100-105 °C until the constant weight of paper is achieved.
The water content (W) is calculated in percent using Equation 2 [11].

m —m
w=—5_"¢2 100 (2)

my, —m,
where mg; - weight of a glass beaker dried to the constant weight with the wet paper
placed inside it, g;
myg, - weight of the glass beaker with the paper inside it after drying, g;

m, — weight of the empty glass beaker, g.

3.3.3 Determination of the network forces

For the determination of the network forces according to the method developed by Ivanov [11],
the double hand-made paper sheets described in 3.1.3 are used. Samples with the size of 50%15
mm are cut out from the sheets. The threads are removed from the sample with a needle, and
then each sample is divided into 2 layers holding the middle of the sample with the tweezers with

the width of 3 mm.
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Figure 4. Schematic image of the network forces test, where c is the width of the contact area,
mm [11].
The tensile strength test is performed using the tensile testing machine “Testsystem — 105”.
The final value of the network forces is calculated as an average of the results for the samples
prepared from the same sheet. Five samples are made from each sheet.
The value of the network forces (F,) is calculated in MPa using Equation 3 [11].
F = £ 3)

b-c
where F — breaking force, N;

b — width of the sample, mm;

¢ — width of the contact area, mm.

3.3.4 Load-elongation test

The experiment is carried out using the laboratory testing complex, which includes the tensile
testing machine “Testsystem — 105 connected to a computer [11]. To obtain a load—elongation
curve, the samples with the size of 160x25 mm are prepared. The speed of tension is 10 mm/s
and the distance between the clamps is 50 mm. For industrially produced papers this test is
performed both in the machine and in the cross directions. The number of paper samples for one

test point is four.

In each characteristic point of the curve for each sample several values are calculated using the
software: breaking force (F), N; elongation (Al), mm; stress (), MPa; deformation (strain) (),
%; work (A), mJ; elastic modulus (E), MPa; modulus of total deformation (Eo), MPa; stress-

relaxation time (n), s.
3.3.5 Determination of stress change dynamics in the structure of sample during drying

For this test, samples with a width of 25 mm are prepared both from the hand-made and
industrially produced papers.

Testing device is the same as described in 3.2.4. The sample is stretched to 1/3 and 1/10 of the
breaking force determined in the previous test and the values of the force are collected as a

function of time.

19



Testing while drying is performed in the same way. The heating fan is used as a drying device;

the temperature of the air in this case is 87 “C.

The obtained data is used to calculate the following characteristics: The work of internal stress
(Q, %) is calculated as the relative change of the area under the internal stress curve. For the
process of relaxation the change of initial stress (AF,, N) is calculated by subtraction of the
initial stress from the final stress, but for the process of drying this value (AF4ry, N) is calculated
by subtraction of the minimal stress from the final stress. The stress change in percent for
relaxation and drying (AFy.1, % and AF4y, %, respectively) is calculated as a ratio of stress
change in absolute units to initial stress for the relaxation and to minimum stress for the drying

process in order to avoid the influence of the initial stress.
3.3.6 Determination of zero-span tensile strength

Zero-span tensile strength is measured by the tensile testing machine using special clamps for
testing at the length close to zero. In this case the strength of a fibre is determined. This test is
used for industrially produced papers. The size of the sample is 15%34 mm [11, 15].

Zero-span breaking length (L) of paper is calculated in meters using Equation 4 [11].

L, = 4)
where F — breaking force, N;

b — width of the sample, m;

myy,” — paper density, g/m”.
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4 RESULTS AND DISCUSSION
4.1 Analysis of samples with different water content and beating degree

4.1.1 The effect of water content, pulp composition and beating degree on load—elongation

curves

Before investigating the relaxation process, the data on the mechanical properties of the paper
samples was collected in form of load-elongation curves in order to optimize the conditions of
the relaxation process.

Examples of the load-elongation curves obtained for the hand-made paper samples are presented
in Figure 5. The load-elongation curves for other samples of the hand-made and industrially

produced papers are presented in Appendices 1 and 2, respectively.
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Figure 5. Load-elongation curves for the hand-made paper made of bleached pulp with the

beating degree of 17 °SR. The numbers in % represent water content of different samples.

The analysis of the obtained curves shows that the load, which the samples can stand without
breaking, increases with decreasing water content, implying than the strength of the samples also
increases with decreasing water content as expected. The maximum elongation for hand-made
papers made of pulp with different beating degrees is observed at a water content of 17-25 %
(see Appendix A.1). The shape of the curves also changes with increasing water content: the
slope of the initial linear part of the curve characterizing paper stiffness in the elastic region
decreases; the slope of the final part of the curve characterizing paper stiffness in the region
before breaking decreases; the load corresponding to the point E of the curve knee (elastic strain)

decreases.
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The duration of the phase before breaking (region 2-3 of the load-elongation curve in Figure 2)
sharply increases with increasing water content (Figure 5). This part of the curve is nearly linear;
in the case of high water content the change of load is insignificant, so we can conclude that the
stiffness of the paper is almost constant due to the fact that the fiber pull-out occurs in the wet
material without considerable deformation of fiber as bonding between the fibers is weak.
However, with decreasing water content during drying the stiffness of the paper continuously
increases.

According to the curves in Appendix A.l, stiffness and elongation increase with the increase of
the beating degree, moreover, the elastic part decreases, the phase before breakage increases. As
the paper becomes stronger after refining due to the development of the cohesive forces, it is able
to preserve its structure at higher strains. Such behavior is observed for papers made of both
bleached and unbleached pulp.

The figures in Appendices A.1 and A.2 confirm that unbleached fibers can withstand higher load
compared to the bleached ones as bleaching affects the fiber wall making the fiber and
consequently the paper structure weaker.

The slope of the load-elongation curve in the middle of the region 2-3 (Figure 2) increases for
the samples with 17-25 wt. % water content as compared to the samples with different water
content under elongation, independent of the beating degree and composition, as the structure of
paper consolidates at this water content due to the presence of tortile and loopy elements in the
paper structure. Upon mechanical action these elements become straightened and oriented
resulting in the increased yield point which is defined as stress at which permanent strain
achieves definite small value.

The main differences between the hand-made and industrially produced papers are the
orientation of fibres in the machine direction and presence of chemical additives in the latter.
The load-elongation curve for the machine direction tends to go higher than for the cross
direction, especially in the case of the exercise-book paper (see Appendix A.2). The difference
between the machine and cross directions is larger in dry paper while in wet paper this difference
is insignificant. As the kraft-paper is made of unbleached pulp, it can withstand higher loads at
high dryness compared to the exercise-book paper; however, at low dryness there is no
significant difference between these paper types. As the effect of fiber-to-fiber bonds on the
paper strength is minimal at low dryness, fiber properties and fiber orientation have secondary

importance. Only friction forces between fibers have a significant effect on the paper strength.
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4.1.2 The effect of dryness on the mechanical properties of paper

The results of load-elongation curves processing for the hand-made and industrially produced

papers are presented in Figures 6-8 and 10-13.
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Figure 6. Breaking force as a function of paper dryness for the hand-made (a) and industrially
produced (b) paper samples. b — handmade paper prepared from the bleached pulp, unb —
handmade paper prepared from the unbleached pulp, 18,17,32,28,45,44 — beating degree (SR),
k/p — industrial produced kraft-paper, e/p — industrial produced exercise-paper, MD — machine

direction, CD — cross-direction.
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Figure 6 represents the breaking force as a function of dryness for the hand-made and
industrially produced papers. Where b18 is handmade paper prepared from the bleached pulp
with the BG 18 SR; b32 is handmade paper prepared from the bleached pulp with the BG 32 SR;
b45 is handmade paper prepared from the bleached pulp with the BG 32 SR; unb17 is handmade
paper prepared from the unbleached pulp with the BG 17 SR; unb28 is handmade paper prepared
from the unbleached pulp with the BG 28 SR; unb44 is handmade paper prepared from the
unbleached pulp with the BG 44 SR; e/p MD is industrially produced exercise-paper, sample in
the machine direction; e/p CD is industrially produced exercise-paper, sample in the cross
direction; k/p MD is industrially produced kraft-paper, sample in the machine direction; k/p CD
is industrially produced kraft-paper, sample in the cross direction. Well-refined samples are
characterized by higher breaking force values as compared to those with low beating degree, as
during refining the new bonds are created making the structure of the paper stronger and able to
withstand higher loads.

However, at low dryness this difference is minimal as here the beating degree does not have any
considerable influence due to the fact that the beating degree affects the cohesive forces which
determine the strength of the dry paper. The unbleached samples are characterized by higher
values of the breaking force. During bleaching, the secondary fibre wall partly collapses, while
in the unbleached pulp the secondary fibre wall is not damaged and provides high chemical
resistance resulting in the increased fibre strength.

In the case of the industrially produced papers (see Figure 6 (b)), the same tendency is observed,
confirming the conclusions made for the hand-made samples. The kraft-paper is unbleached
while the exercise-book paper is bleached; moreover, the kraft-paper has higher density; as a
result, the breaking force for the kraft-paper is higher than for the exercise-book paper. The
difference between the machine and cross directions is insignificant at high water content, but
the paper is stronger in the machine direction at the final dryness.

The force at the point E characterizes paper elasticity, i.e. the load that the paper can stand
without any permanent deformation. To investigate this characteristic the next samples are used:
b18 - handmade paper prepared from the bleached pulp with the BG 18 SR; b32 - handmade
paper prepared from the bleached pulp with the BG 32 SR; b45 - handmade paper prepared from
the bleached pulp with the BG 32 SR; unb17 - handmade paper prepared from the unbleached
pulp with the BG 17 SR; unb28 - handmade paper prepared from the unbleached pulp with the
BG 28 SR; unb44 - handmade paper prepared from the unbleached pulp with the BG 44 SR; e/p
MD - industrially produced exercise-paper, sample in the machine direction; e/p CD -
industrially produced exercise-paper, sample in the cross direction; k/p MD - industrially

produced kraft-paper, sample in the machine direction; k/p CD - industrially produced kraft-
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paper, sample in the cross direction. Figure 7 illustrates that the samples with the beating degree
of 28-32 °SR have more elastic structure as compared to the well-refined samples and samples
with low beating degree. The well-refined samples have stiff structure and are thus characterized
by the lower value of the force at the point E. Lower beating degree yields weaker structure of
paper, unable to withstand high loading forces. Consequently, the samples with the low beating

degree are characterized by low values of the force at the point E.
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Figure 7. The force at the point E as a function of paper dryness for the hand-made (a) and
industrially produced (b) paper samples. b — handmade paper prepared from the bleached pulp,
unb — handmade paper prepared from the unbleached pulp, 18,17,32,28,45,44 — beating degree
(SR), k/p — industrial produced kraft-paper, e/p — industrial produced exercise-paper, MD —

machine direction, CD — cross-direction.
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The force at the point E is of high importance for the papermaking process as it shows the
optimal loading which can be applied to the paper on the paper machine without changing the
properties of the final paper. Similar to the breaking force, the force at the point E is higher for
the kraft-paper than for the exercise-book paper due to the common nature of these

characteristics.
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Figure 8. Breaking stress as a function of paper dryness for the hand-made (a) and industrially
produced (b) paper samples. b — handmade paper prepared from the bleached pulp, unb —
handmade paper prepared from the unbleached pulp, 18,17,32,28,45,44 — beating degree (SR),
k/p — industrial produced kraft-paper, e/p — industrial produced exercise-paper, MD — machine

direction, CD — cross-direction.
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The breaking force as a characteristic of the paper strength possesses one disadvantage: it
depends on the size of the samples. To exclude this disadvantage, the breaking stress is used
instead (see Figure 8). The breaking stress is calculated as breaking force divided by size of the
samples. In this way at the figure b18 - handmade paper prepared from the bleached pulp with
the BG 18 SR; b32 - handmade paper prepared from the bleached pulp with the BG 32 SR; b45 -
handmade paper prepared from the bleached pulp with the BG 32 SR; unb17 - handmade paper
prepared from the unbleached pulp with the BG 17 SR; unb28 - handmade paper prepared from
the unbleached pulp with the BG 28 SR; unb44 - handmade paper prepared from the unbleached
pulp with the BG 44 SR; e/p MD - industrially produced exercise-paper, sample in the machine
direction; e/p CD - industrially produced exercise-paper, sample in the cross direction; k/p MD -
industrially produced kraft-paper, sample in the machine direction; k/p CD - industrially
produced kraft-paper, sample in the cross direction. In general, the curves of the breaking force
(Figure 6), breaking stress (Figure 8) and force at the point E (Figure 7) as a function of dryness

follow the same trend, which can be explained by the effect of the network forces.
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Figure 9. Network forces as a function of paper dryness for the hand-made samples.

Network forces appear to affect the behaviour of the most listed above characteristics. It is
confirmed by the fact that the network forces curve (see Figure 9) has the shape similar to those
described above. The double handmade samples are investigated to network forces (see 3.3.3):
b18 - handmade paper prepared from the bleached pulp with the BG 18 SR; b32 - handmade
paper prepared from the bleached pulp with the BG 32 SR; b45 - handmade paper prepared from
the bleached pulp with the BG 32 SR; unb17 - handmade paper prepared from the unbleached
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pulp with the BG 17 SR; unb28 - handmade paper prepared from the unbleached pulp with the
BG 28 SR; unb44 - handmade paper prepared from the unbleached pulp with the BG 44 SR. The
network forces increase with the increasing dryness due to the development of the cohesive
forces as the distance between the fibres during drying decreases due to water removal and
shrinkage of the fibres. Figure 9 illustrates that the network forces start to increase intensively at
70-90 % dryness. The network forces for the well-refined samples increase at lower dryness than
for the samples with the beating degree of 18-19 °SR. It can be explained by the effect of
refining: the well-refined samples have larger surface so the network forces can develop at lower
dryness; otherwise, the fibres should be brought closer to each other to create the network forces,
implying higher dryness.
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Figure 10. Elongation at the point of breakage as a function of paper dryness for the hand-made
(a) and industrially (b) produced paper samples.
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The elongation at the point of breakage as a function of dryness (see Figure 10) shows different
behaviour as compared to the characteristics listed above. At the figure the samples are presented
as b18 - handmade paper prepared from the bleached pulp with the BG 18 SR; b32 - handmade
paper prepared from the bleached pulp with the BG 32 SR; b45 - handmade paper prepared from
the bleached pulp with the BG 32 SR; unb17 - handmade paper prepared from the unbleached
pulp with the BG 17 SR; unb28 - handmade paper prepared from the unbleached pulp with the
BG 28 SR; unb44 - handmade paper prepared from the unbleached pulp with the BG 44 SR;

e/p MD - industrially produced exercise-paper, sample in the machine direction; e/p CD -
industrially produced exercise-paper, sample in the cross direction; k/p MD - industrially
produced kraft-paper, sample in the machine direction; k/p CD - industrially produced kraft-
paper, sample in the cross direction. The curves of the elongation at the point of breakage (see
Figure 10) go through a maximum which is found at different values of dryness depending on
the pulp composition and the beating degree. The maximum elongation at the point of breakage
for the industrially produced papers is observed at 73 % dryness, for the unbleached hand-made
samples — at 78 %, and for the bleached hand-made samples — at 68 %. Below this dryness, the
fibre pull-out from the structure occurs without fibre destruction while with the increased
dryness and the amount of the network forces the fibres become destroyed. The highest
elongation is observed in the case of unbleached hand-made samples with the beating degree of
28 and 45 °SR.

In general, such factors as fibre length and flexibility as well as the network forces between the
fibres determine elongation of the material. The increase of water content in paper results in
higher flexibility but at the same time weakens the network forces. Higher elongation is believed
to cause redistribution of stress thus protecting the sheet from dangerous stress localization at
certain areas.

Figure 11 shows the deformation at the point of plastic strain as a function of dryness. A critical
point is observed at the dryness of 75-80 %. The position of the critical point with respect to
paper dryness can be explained by the fact that high deformation at the point of plastic strain is

observed in plastic materials and low deformation — in brittle materials.
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Figure 11. Deformation at the point of plastic strain as a function of paper dryness for the hand-

made (a) and industrially produced (b) paper samples.

The initial elastic modulus as a function of paper dryness is shown in Figure 12. The curves

follow the exponential function.
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Figure 12. Initial elastic modulus as a function of paper dryness for the hand-made (a) and

industrially produced (b) paper samples.

The value of the initial elastic modulus was higher for the well-refined and unbleached materials.
The explanation of such behavior is the same as for the breaking force, the force at the point E
and the breaking stress: the elastic modulus increases with the increased stiffness of the material,

which, in turn, increases with the increased network forces and dryness.
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Figure 13. Work at the breaking point as a function of paper dryness for the hand-made (a) and
industrially produced (b) paper samples.

The curve of the work at the breaking point as a function of paper dryness (see Figure 13)
follows the exponential function due to the increasing paper structure stiffness until the dryness
of 85 % when the fibres become brittle, elongation decreases and less work is required to destroy
the samples. For the industrially produced papers (see Figure 13 (b)), it is more difficult to see
this dependency as there are less experimental points in the plots. Nevertheless, the last point at
the highest dryness is found below the previous one confirming the conclusion made for the

hand-made samples.
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Zero-span breaking length of paper (see Figure 14) characterizes the strength of fibres that
decreases when the fibres become brittle due to excessive drying of paper. In contrast to the
network forces, no rapid increase in the zero-span breaking length is observed with the increased
dryness for any of the samples. It means that the network forces affect the mechanical properties
discussed above more than the strength of fibres. The industrial produced paper are tested to
determine zero-span breaking: e/p MD is industrially produced exercise-paper, sample in the
machine direction; e/p CD is industrially produced exercise-paper, sample in the cross direction;
k/p MD is industrially produced kraft-paper, sample in the machine direction; k/p CD is

industrially produced kraft-paper, sample in the cross direction.
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Figure 14. Zero-span breaking length as a function of paper dryness for the industrially produced

paper samples.

It should be noted that the mechanical characteristics of the hand-made paper samples are higher
as compared to the industrially produced papers. The reasons for that are higher density of the
hand-made samples and fewer process parameters affecting the laboratory papermaking as

compared to the industrial process.

4.2 Investigation of stress dynamics in paper structure during relaxation and drying
4.2.1 Diagrams of stress dynamics

In order to estimate the effect of different parameters on relaxation and internal stress dynamics
during drying, it is necessary to collect diagrams of stress dynamics in paper structure at
different conditions.

During drying, shrinkage of the paper web takes place as a result of the reduced distance

between the fibres, development of the network forces and internal stress. If sample dimensions
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are locked by the clamps of a testing machine in one of the directions (cross or machine), then
the shrinkage in this direction can be excluded. Reduction of the distance between the fibres
creates stress in the sample, which can be measured and used for quantitative evaluation of the
paper structure formation during drying. This information, in its turn, provides the possibility to
optimize the drying process.

An example of internal stress diagram is shown in Figure 15. Diagrams for handmade paper and

industrially paper samples are presented in Appendices A.3 and A.4, respectively.

0 40 80 120 160 bS
relax.1/3 drying 1/3 relax.1/10 drying1/10

Figure 15. Internal stress as a function of time for the unbleached handmade paper sample with
the beating degree of 32 "SR and water content 40 wt. % during relaxation at 1/3 of the breaking
force (1), drying at 1/3 of the breaking force (2), relaxation at 1/10 of the breaking force (3),
drying at 1/10 of the breaking force (4).

Figure 15 illustrates that the decrease of internal stress takes place during relaxation (curves 1
and 3). On the contrary, internal stress increases during drying (curves 2 and 4) due to the
formation of new bonds upon the increase of dryness. During drying, these two opposite
processes occur simultaneously.

The initial decrease of internal stress upon drying is due to the relaxation process, which
dominates in this region. After approximately 10 seconds the curve rises steeply indicating the
increase of stress due to the increased dryness.

Moreover, during the first 20 seconds the decrease of internal stress occurs faster in the case of
drying as compared to relaxation (curves 2 and 1 in Figure 15, respectively). As at higher
temperature the mobility of molecules increases, the process of relaxation increases too.
However, after 20 seconds curve 2 starts to rise due to increasing dryness.

By means of the obtained diagrams of stress dynamics in paper structure during relaxation and
drying (Appendix A.3 and Figure 15) it is possible to predict the influence of initial loading on

internal stress. Internal stress during drying increases with decreasing initial loading as evident
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from the results: the distance between the curves corresponding to drying at 1/3 F, and 1/10 Fy is
reduced with time in all the diagrams. Relaxation is more pronounced at loading of 1/3 F,, than at
loading of 1/10 F, so the compensating effect of relaxation on increasing internal stress during
drying is higher in the first case resulting in less increase of internal stress at loading of 1/3 Fy as
compared to loading of 1/10 F,.

The increase of the internal stress during drying is much higher for the wet samples (Figure 15)
than for the samples with high dryness (Figure 16). The increase in the initial dryness of a
sample leads to less development of the internal stress upon drying (curve 4 in Figures 15 and
16). This can be explained by the lower speed of drying of the samples with a higher initial

dryness due to the fact that they contain less free, easily removed moisture.
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Figure 16. Internal stress as a function of time for the unbleached handmade paper sample with
the beating degree of 32 "SR and water content 7 wt. % during relaxation at 1/3 of the breaking
force (1), drying at 1/3 of the breaking force (2), relaxation at 1/10 of the breaking force (3),
drying at 1/10 of the breaking force (4).

For the driest samples, stress increase during drying can be observed only at loading of 1/10 F
(curve 4 in Figure 16). In this case the effect of the relaxation process is less than the effect of
drying. For loading of 1/3 F;, (curve 2 in Figure 16) the relaxation process has stronger influence
on the shape of the curve resulting in the decrease of the internal stress during drying. Moisture
in the sample with high dryness is hard to remove, so drying hardly occurs in this case. Some of
the relaxation curves for low initial loading (curve 3 in Figure 16 and in Appendix A.3) have
areas of increasing internal stress caused by the change of the water content in the samples
during the testing procedure possibly caused by air humidity.

The results indicate that samples with the highest water content at loading of 1/3 F, have the
maximum rate of relaxation while at loading of 1/10 F, they have the maximum increase of

stress during drying.
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Considering the industrially produced papers (see Appendix A.4), the wet exercise-book paper
has the highest increase of stress; however, there is a significant difference between MD and CD
as compared to the samples of kraft-paper. As the initial water content of kraft-paper is higher
than of exercise-book paper, drying of exercise-book paper is finished faster than of kraft-paper,
as indicated by faster levelling out of the stress dynamics curves corresponding to drying of
exercise-book paper as compared to kraft-paper.

The rate of the relaxation processes and stress development during drying can be estimated from
the slope of the linear regression fitted to the experimental data plotted in semi-logarithmic scale.
Examples of such diagrams for the handmade and industrially produced samples with the highest
water content are presented in Appendix A.3 and A.4.

Figure 17 shows the change of the water content with time during drying for the industrially

produced papers.
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Figure 17. Water content as a function of time during drying of the industrial produced papers.

According to Figure 17 (where e/p MD is industrially produced exercise-paper, sample in the
machine direction; ¢/p CD is industrially produced exercise-paper, sample in the cross direction;
k/p MD is industrially produced kraft-paper, sample in the machine direction; k/p CD is
industrially produced kraft-paper, sample in the cross direction.), the curves are steeper at the
beginning of the process indicating higher drying rate due to the removal of water weakly bound
to paper. The final dryness after 150 s is approximately the same for all the paper types despite
the fact that the initial water content of the samples differed significantly. These results suggest
that 150 s is a sufficiently long time for the experiment.

The change of the internal stress and dryness with time for the kraft-paper and the exercise-book

paper is shown in Figure 18. The shape of the curves for dryness and internal stress is similar for
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both paper types independent of their direction (MD or CD) suggesting that the speed of drying

and stress increase are interrelated values.

a
c,% F,N
100
85
70
55
40
b
c,% F,N
100 16
14
90 —1 12
10
80 -1 8
6
70 — 4
2
60 t,s0

0 40 80 120 160

Figure 18. Dryness of samples (¢, %) in MD (-#-) and CD (-0-) and internal stress (F, N) in MD
(-A-) and CD (-x-) as a function of time for the kraft-paper (a) and the exercise-book paper (b)
during drying.

4.2.2 The influence of the process parameters on stress characteristics in paper structure

during relaxation and drying

The data obtained from processing of relaxation and drying curves according to the method
described in 2.4 is presented in Tables 1 and 2 in Appendix A.5. In order to compare the
influence of the beating degree and pulp composition on the stress change during relaxation and
drying of different samples, column diagrams in percent are plotted for different water contents

(Figeres 19-23).

37



8¢

U 01/1 Jo Sutkip — p 194 0[/] JO UonELXe[dI — 9 9 ¢/ JO SUIAIP — q 9 ¢/[ JO UOEXE[AI — ©
%"IM 19-(f JUJUOD J1dJem PIm so[dures 10 d3uryd 9010J JO SWRIFLIP UWnN[o)) "¢ INII

p B}
%T90) %TIAN %8vAD %BPAN %Iy  %9F %0y %15  %Sv %7900 %TIAN %8vAD %8YAN %Iv  %9v %0V  %IS %9
am am d/e d/® ppqun gyq 8zqun geq 8T dsy d/ d/e d/@ vyqun Spq gzqun zEQ  8Iq
0 0
1 -1 --#--- --:-- - t--1 B4 oos
- - - L - ] B st
1 1-B--1 -1 - - 000T
- - - - - A B oe
1 1--BR--1 |--B------------ o] - 00ST ||
T ] | }4{ o0cOc | [ ||-|-||. L I I sy
00Sst 09
701/1 8whig % 4V 401/1 uonexe|ay % 4V
q e
%1900 %TIAN %8vAD %8YAW %Iy  %9F %0y  %IS %9 . . . . . . . . .
dM  dm  dfs  dfe pyqun cpq szqun zeq  8Tq %T9AD %TIAN %8YAD %8YAW %Iy  %9r %OV  %IS %9
0 d/y dp d/e d/e ppqun Spq  gzqun Zeq  8Iq
: O
-1 -1 |- ---—--- - -- --1 }H ooz
-1 F-- -1 -1 F-F - -] H st
-1 -1 |- ------------- -- --1 }{ oov
-1 F--B--1 -1 F--F - -1 B os
- - -l L 009
|||||||||||||||||||||||||||||||||||||||||||||||||| 008 Sinninieiein i i s B by W S e Sy
000T
9¢/1 Sulhi ‘ q o
4€/1 sulhia % IV 4€/T uonexe|ay % 47




6€

U 01/1 Jo Sutkip — p 194 0[/] JO uonexXe[dI — 0 9 ¢/ JO SUIAIP — q 9 ¢/[ JO UOHEXE[AI — ©
0% “IM $€-1 € JUUO0D J1djeM s so[dures 10 d3ueyd 9010J JO SWRIFRIP UwWn[o)) *()Z dINII

p )
%EE %CE %TE %€ %TE %EE %CE %1€ %VE %1€
v qun St q gz qun Z€q LT qun v qun S q gzqun ceq LT qun
0 0
- |- ----- --- oog I e D R I Y D B I
................................... --- 009
- -1 -1 -t -- og
........................................ -~ 006
T T T T - sy
............................................... 002T
00ST 09
940t1/1 Sulliqg % 4V 940T1/T uonexe|ay % 4V
q e
%EE %ze %TE %ve %1€ %EE %ee %le %ve %1€
0 0
- - |- -----1 F----- --4 oot -S| |- -] )
..................................... --4 oot ] o
............................................. --4 oog
............................. -1 Sv
............................................. --1 oov
00S 09
q
9y¢/T Suhig % 4V 4€/T uoilexe|ay % ‘4V




% 01/1 3o Sulkip —p 94 01/ JO uonexe[ar — 9 94 ¢/ Jo Sulkip — q {9 ¢/[ Jo uonexejor — e
0% IM G7-/ JUUOD 1djem i so[duwres 10 d3ueyd 9010J JO SWRIFLIP UWN[0)) *[Z INII

P 8]
%S¢ %LT %81 %CC %TC %1¢C %S¢ %LT %81 %CC %TC %TC
vy qun v q gcqun ceq LT qun 8T 9 v qun v q gcqun ceq LT Qqun 8149
0 0
L]
-- - - - - - ----- - - - - ----J- - - - L - osT
-1 -1 V-1 -1 |- | ot
......................................... L-{ oog
- ----1 ----p----- |------------- - 0t
......................................... - osv
||||||||||||||||||||||||||||||||||||||||||||| — Oow |~ T T T Om
0SsL q ov
9jo0t/1 S8ulAig % ‘4V 40T /T uonexe|ay % 4V
q e
%S¢ %LT %8T %CC %T¢C %TC %S¢ %LT %81 %CC %TC %TC
v qun St q gcqun ¢eq LTqun  8T(q v qun S q gcqun ¢eq L1qun  8T(q
0 0
- |- —---J- - - - L o1
LdJ---t=q - -4 |- | o
N O e REE ) B | oz
.......................................... - 08
- .| |- —---J- - - |- o¢
.............................................. -1 0TT I S S I I g
09T q 0Ss
94¢/1 Suihig % 4V 4€/T uonexe|ay % 4V




% 01/1J0 Sulk1p —p 94 01/1 JO UonexXe[dI — 9 194 ¢/ Jo SUIKIp —q 9 ¢/ JO UONeXE[oI —©
0% 1M £ T-71 JUU0D JJeM M so[dures 10§ 93ueyd 9910F JO SWRISBIP UWN|[0)) ‘77 INJI

U o)
%cl %yl %cl %91 %L %CT %¥1 %CT %91 %L
|| ° — 0
= 1 | --4 o0t
R eEEEEE N N CLELCTTEEEET R PR --4 o1
........................................... --4 oot
-+ t----1 - 0z
........................................... --4 00€
.................................................. 00V et B 01>
00S (0)%
940t1/1 3uihig % 4V 940T/T uonexejay % 4V
q e
%CT %V1T %CT %91 %LT %CT %V1T %CT %91 %LT
v qun svq ggqun ceq 8149 v qun svq gcqun ceq 8Tq
_ _ _ _ 0 0
......................................... --1 ot
-1 |--—-—--}ll-----1 |----- - ot
............................................. --4 0o¥
-1 -1 -1 |-----1 [|-----1 -4 ot
............................................. --4 09
- -1 -1 [|---------------1 --- 0€
............................................. --- 08
00T oV
94¢/1 8uihig % 4V 94¢/1 uonexe|ay % 4V




(47

% 01/1J0 Sulk1p —p 94 0/1 JO Uonexe[dr —9 194 ¢/ Jo Sulkip — q 9 ¢/ JO uonexelo1 — e
04" 1M §-G JUIUOD JoJeM M so[dures 10§ d3ueyd 9910] JO SWRISBIP UWN[0)) €7 INII

p B)
%SAD %SAW %LAD %LAN %S %S %L %9 WL %9 %S0AD %SAW %L0D %LAW %S %S %L %9 %L %9
d/a d/s d/m d  vPqun GyQq 8zqun gEgq /Tqun 8T( d/a d/s d/y d/)y vvyqun Ssygq gzqun geq ,LIqun 8Tq
0
.| =
- -- -- -- -- -- -- -- -- -- 4 o1
- - - - I - - - - I - ON B T T, T 1 | 1 | M
- -- -- -- -- -- -- -- -t ------1 o€
||||||||||||||||||||||||| — O —— w
- . =y Ve I — ) -] o —
o I SR B EEEEEEETESETTETETPESTTETRRREEEIT  EEERELE s | b ] 6
||||||||||||||||||||||||||||||||||||||||||||||||| L | 09 —
oL 4 4
4
901/T Suihig % 4V 40T/T uoljexe|ay % 4V
q 3
%S0 %SAN %LAD %LAN %S %S %L %9 %L %9 %Sdd %SAN %/0D %LAN %S %S %L %9 %L %9
/e dfe APt dp wpdun svq 8zqun zeq /TN 814 d/e d/e dp d/ vvqun S¥q gzqun ZEQ LTqun 8T(q
0
0
- - - - — — — — — ] L — — - - - . m
- A— [ L - — - - — — E— - - — - \V
- - - - B D O I S D R 81 - - p------ -- -1 - 8
- -- -- -- -4 b ve || 1 L. =] -
S I B e N 0€
.......................................................... 91
b 9€
147 0t
94¢/1 8ulhig % ‘4V 94¢/T uonexejoy % 4V




The obtained results indicate that for the samples produced from bleached pulp and subjected to
relaxation at loading of 1/3 Fy the stress decreases by approximately 47 % regardless of the
beating degree (see Appendix A.5). For the samples produced from unbleached pulp the value of
stress decrease upon relaxation decreases from 51% to 42% with the increase of the beating
degree due to the fact that grinding makes the paper structure stiffer and firmer, so the structure
is less affected by the relaxation process.

The development of stress during drying (AFgy) at 1/3 F, for the wettest bleached samples
decreases with the increase of the beating degree while for unbleached samples it decreases
significantly only at the highest beating degree. This might be caused by a small difference in
initial loading for the samples with the beating degree of 18 °SR and 28°SR (8 N and 10.5 N,
respectively) and significant difference for the sample with the beating degree of 44 °SR (44 N),
which depends on the strength of the sample, its basic mechanical properties (see Appendix A.5).
The results for the wettest samples tested at 1/10 F, are different. The stress change during
relaxation is minimal for the bleached samples and maximum for the unbleached ones with the
beating degree of 32 °SR. There is no difference in the stress change during relaxation for well-
refined bleached and unbleached samples. However, at the lowest beating degree unbleached
samples are characterized by a higher stress change. On the contrary, the stress increase during
drying is maximum for the bleached samples and minimal for the unbleached ones with the
beating degree of 32 °SR. For well-refined bleached and unbleached samples there is almost no
difference in the stress change during drying. At the lowest beating degree bleached samples are
characterized by a higher stress change.

For the industrially produced papers with higher water content the processes of relaxation and
drying are more pronounced in MD, independently of initial loading. During drying, the stress
change is higher for the exercise-book paper; during relaxation in the MD the stress change is
higher for the kraft-paper while in the CD it is nearly the same for these two kinds of paper.

The difference in the behaviour of bleached and unbleached samples is absent at water content of
31- 34 wt. %; value in percent %, which are calculated to avoid the influence of initial loading as
proportion of change of force in absolute units to initial loading for drying process for relaxation
process stress change (AF, %) is bigger for unbleached samples. The decrease of the stress
change with the increase of the beating degree is observed in all the cases except the relaxation at
1/10 Fy, where the curve goes through a minimum.

At the water content of 17-25 wt. %, the decrease of the stress change with the increase of the
beating degree is observed during drying. During relaxation, the stress change increases for the

bleached samples and decreases for the unbleached ones with the increase of the beating degree.
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At the water content of 12-17 wt. %, the stress change for the bleached samples goes through a
minimum with the increase of the beating degree at the initial loading of 1/3 F, while for the
unbleached samples this value constantly decreases. At the initial loading of 1/10 F, during
relaxation the increase of the stress change with the increase of the beating degree is observed.
During drying, the stress change decreases for the bleached samples and increases for the
unbleached ones upon the increase of the beating degree.

The increase of the stress change with the increase of the beating degree is observed for dry
samples. It is higher for the bleached samples than for the unbleached ones when the beating
degree is 28 - 45 °SR. The stress change is higher in the machine direction for the exercise-book
paper both during drying and relaxation as compared to the kraft-paper. The stress change almost
does not vary in the cross direction for any kind of paper.

Therefore, the behaviour of bleached and unbleached samples differs depending on the initial
water content. The development of the network forces during drying occurs faster for the
unbleached papers especially at the low beating degree. Development of the network forces
depends on the accessibility of the hydroxyl groups, which are present in larger amounts in
hemicelluloses due to their branched structure and low crystallinity. Hemicellulose content is
higher in the unbleached samples due to the fact that during bleaching both lignin and
hemicelluloses are destroyed. For this reason, the amount of the network forces and the speed of
their development are decreased in the bleached paper. However, when the beating degree is
higher than 30 °SR, the amount of accessible hydroxyl groups increases due to the mechanical
development of the fibre surface, which in turn promotes the formation of new bonds.

Figures 24 and 25 show the rate of relaxation (G) and stress change during drying (t) as a
function of paper dryness. It is evident from Figure 24 that the rate of relaxation for the
unbleached samples is higher than for the bleached ones. Besides, most of the relaxation curves
go through a minimum at the dryness of 80-90 wt. % suggesting that the behaviour of the
overdried samples is different from the behaviour of the underdried samples. The rate of

relaxation is higher at the loading of 1/3 Fy than at the loading of 1/10 F,.
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Figure 24. Rate of relaxation as a function of dryness for the handmade samples during
relaxation at 1/3 Fy (a) and 1/10 F,, (b).

The rate of stress change during drying (Figure 25) is always higher for the unbleached samples
than for the bleached ones. The beating degree only slightly affects the speed of stress change
during drying of the bleached samples while it is of significant importance for the unbleached
samples. Too fine grinding of the unbleached pulp makes its mechanical properties similar to the
properties of the bleached pulp because fine mechanical treatment during grinding gives an

effect similar to the chemical effect during bleaching.
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Figure 25. Rate of stress change during drying as a function of paper dryness for the handmade
samples during drying at 1/3 Fy (a) and 1/10 Fy, (b).
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5 NOTATIONS AND SHORTENINGS

Ay, — work at the breaking point, mJ;

BG — beating degree, °SR;

E| — initial elastic modulus, MPa;

F — network forces, MPa;

Fy, — breaking force, N;

F. — breaking force at the effective point, N;

F, — network forces for the laboratory samples, MPa;
F, — theoretical force of experiment, N;

G — rate of relaxation;

t —time, s;

W — water content, %;

€4 — deformation at the point of plastic strain, %;.

T —rate of increasing of internal stress during drying.
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6 CONCLUSIONS

In this work, the methodology for the quantitative assessment of the internal stress in the paper
structure was proposed.

The maximum permissible value of the web tension in the drying section was obtained by
processing the load-elongation curves. This value should be less than the force in the effective
point.

Structure stiffening during the elongation test was observed for all samples with a water content
of 17-25 wt. %.

The dependency of the breaking force, force at the point E, breaking stress, network force,
elongation at the point of breakage, deformation at the point of plastic strain, initial elastic
modulus, work at the breaking point, zero-span breaking length on dryness was determined. The
obtained equations allow predicting the values of these characteristics at different dryness.

It was experimentally confirmed that the network forces affected the mechanical properties of
paper more than the strength of fibers.

The processes of relaxation and drying were described quantitatively.

It was shown that at loading of 1/3 of the breaking force the relaxation was more pronounced
compared to other cases and the internal stress was less developed as the relaxation provided a
compensating effect. At loading of 1/10 of the breaking force the maximum increase of stress
during drying was observed for the samples with the highest water content.

It was found that the shape of the curves describing stress dynamics and dryness as a function of
time was almost identical. This confirms the relation between the drying speed and the
development of the internal stress.

The beating degree has an essential importance for the unbleached samples. Fine mechanical
treatment during grinding gives an effect similar to the chemical effect during bleaching.

It was shown that the rate of relaxation and stress development during drying was always higher

for the unbleached samples than for the bleached ones.
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APPENDIX A.1 Load-elongation curves for the hand-made paper.
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Figure 26 — Load-elongation curves for the bleached samples
with the beating degrees of 17 °SR (a), 32 °SR (b), and 45 °SR

(c). Numbers in % represent water content of the samples.
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Figure 27 — Load-elongation curves for the unbleached

samples with the beating degrees of 17 °SR (a), 32 °SR (b),

and 45 °SR (c). Numbers in % represent water content of the

samples.
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APPENDIX A.2 The load-elongation curves for the industrially produced paper samples.
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Figure 28 — Load-elongation curves for industrially produced

kraft-paper (a) and exercise-book paper (b). Numbers in %

represent water content of the samples.
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APPENDIX A.3 Stress dynamics in hand-made paper during relaxation and drying
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Figure 29. Paper loading as a function of time during relaxation and drying of the bleached

samples with BD of 18 “SR (a), 32 "SR (b), 45 °SR (d), and unbleached samples with the BD of

28 "SR(c), 44 "SR (e). 1 —relaxation for 1/3Fy; 2 — drying for 1/3F; 3 — relaxation for 1/10Fy; 4
— drying for 1/10F,
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Figure 31. Paper loading as a function of time during drying of the bleached samples with BD of
18 °SR (a), 32 °SR (b), 45 °SR (d), and unbleached samples with the BD of 28 *SR(c), 44 °SR

(e).

1 — drying for 1/3Fy; 2 — drying for 1/10F},
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Figure 32. Paper loading as a function of time during paper relaxation and drying of the bleached
samples with BD of 32 “SR (b), 45 °SR (d), and unbleached samples with the BD of 17 °SR (a),
28 "SR(c), 44 "SR (e). 1 —relaxation for 1/3Fy; 2 — drying for 1/3F%; 3 — relaxation for 1/10Fy; 4

— drying for 1/10F,
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Figure 33. Paper loading as a function of time during paper relaxation and drying of the bleached
samples with BD of 18 “SR (a), 32 °SR (c), 45 °SR (e), and unbleached samples with the BD of
17 °SR (b), 28 "SR (c), 44 °SR (f). 1 — relaxation for 1/3Fy; 2 — drying for 1/3F}; 3 — relaxation

for 1/10Fy; 4 — drying for 1/10F}
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Figure 34. Paper loading as a function of time during paper relaxation and drying of the
bleached samples with BD of 18 °SR (a, b), 32 °SR (¢), 45 °SR (e), and unbleached samples
with the BD of 28 "SR (d), 44 °SR (f). 1 —relaxation for 1/3Fy; 2 — drying for 1/3Fy; 3 —
relaxation for 1/10Fy; 4 — drying for 1/10F}
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Figure 35. Paper loading as a function of time during paper relaxation and drying of the bleached
samples with BD of 18 "SR (a), 32 "SR (c), 45 °SR (e), and unbleached samples with the BD of
17 °SR (b), 28 "SR (c), 44 °SR (f). 1 — relaxation for 1/3Fy; 2 — drying for 1/3F}; 3 — relaxation
for 1/10Fy; 4 — drying for 1/10F3,
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APPENDIX A .4 Stress dynamics in industrially produced paper samples during relaxation and

drying
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Figure 36. Paper loading as a function of time during relaxation and drying of kraft-paper samples
in the machine direction (a, ¢, €) and cross direction (b, d, f). 1 — relaxation for 1/3Fy; 2 — drying
for 1/3Fy; 3 — relaxation for 1/10Fy; 4 — drying for 1/10F
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Figure 37. Paper loading as a function of time during relaxation and drying of exercise-book paper
samples in the machine direction (a, c, ) and cross direction (b, d, f). 1 — relaxation for 1/3Fy; 2 —
drying for 1/3Fy; 3 — relaxation for 1/10Fy; 4 — drying for 1/10F,
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Figure 38. Paper loading as a function of time during paper relaxation of samples exercise-book
paper in the machine direction (a) and cross direction (c) and kraft-paper in the machine
direction (b) and cross direction (d). 1 — relaxation for 1/3Fy; 2 — relaxation for 1/10F},
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Figure 39. Paper loading as a function of time during drying of samples exercise-book paper in
the machine direction (a) and cross direction (c) and kraft-paper in the machine direction (b) and

cross direction (d). 1 — drying for 1/3Fy; 2 — drying for 1/10F}
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APPENDIX A.5 Characteristics of relaxation and drying for the hand-made and industrially

produced papers
Table 1. Characteristics of relaxation and drying for the hand-made paper
&',) BD, c, Fy, F/F, F, AF,., AF.4, AF4, AFg, G T Q
SE SR % N N N % N % %
1 2 3 4 5 6 7 8 9 10 11 12 13
94 145 51,0 2,82 5,5 5,91 15 -0,675 -0,614 3,61
90 108 358 932 26,0 3,35 14 -1,968 1,434 21,00
83 50 1/3 155 5,65 36,5 11,29 80 -0,992 4,208 31,66
79 35 93 2,88 31,0 12,70 149 -0,651 6,031 26,23
17 54 9 3,0 1,45 483 13,92 689 -0,268 8,841 39,93
94 145 21,1 0,13 0,6 5.29 26 0,434 2,113 -
90 108 13,3 0,51 3,8 8,98 68 -0,212 2,620 2,74
83 50 1/10 5,0 0,64 12,8 16,10 383 -0,176 5,492 10,11
79 35 32 0,76 23,8 17,45 671 -0,198 6,577 18,33
54 9 1,0 037 37,0 16,76 2095 -0,101 10,760 26,26
94 210 74,0 8,17 11,0 16,81 30 -1,374 -0,528 8,94
84 147 52,0 13,43 25,8 6,20 18 -2,108 3,327 23,13
78 111 1/3 36,0 12,57 349 11,12 46 -1,733 6,845 31,06
9 66 31 10,0 5,00 50,0 14,95 228 -0,877 7,535 43,55
S 32 49 12 4,0 1,86 46,5 9,71 406 -0,330 7,738 37,08
§ 94 210 27,0 0,92 3,4 9,42 39 -0,163 3,776 2,85
= 84 147 17,0 3,39 19,9 18,60 168 -0,787 8,723 15,42
78 111 1/10 13,0 3,30 254 22,50 206 -0,836 11,480 20,54
66 31 3,0 0,96 32,0 20,38 1199 -0,177 11,830 25,76
49 12 1,2 0,67 55,8 7,67 783 -0,132 5,631 45,10
95 243 86,0 15,70 18,3 16,14 23 -3,281 -2,663 13,76
86 154 51,0 18,30 35,9 9,50 29 -2,690 4,985 31,28
83 128 1/3 42,0 1525 36,3 10,66 37 2,112 6,278 31,60
68 48 16,0 7,27 454 14,90 142 -1,111 6,301 38,17
45 54 28 9,0 425 47,2 13,38 224 -0,679 6,853 38,48
95 243 29.0 3,02 10,4 9,42 33 -0,695 4281 7.21
86 154 16,5 4,75 28,8 19,15 136 -1,047 8,661 22,51
83 128 1/10 16,5 3,74 22,7 21,80 170 -0,544 12,020 20,30
68 48 5,0 1,70 34,0 12,55 344 -0,256 5,238 28,40
54 28 2.8 1,42 50,7 12,38 720 -0,231 8,352 42,42
93 180 60,0 4,19 7.0 10,58 21 -0,682 -1,342 5,65
79 60 1/3 20,0 8,61 43,1 17,44 108 -1,443 9,524 37,87
18 69 23 8,0 4,06 50,8 21,48 443 -0,733 14,320 42,51
93 180 22,0 0,96 4,4 12,40 60 -0,232 5,588 3,38
79 60 1/10 6,0 1,82 3,3 23,72 516 -0,549 10,850 23,82
69 23 2,5 1,30 52,0 20,95 1132 -0,263 12,640 43,72
§ 93 261 93,0 8,07 8,7 15,10 22 -1,167 -4,519 7,47
2 88 213 72,0 24,53 34,1 3,98 9 -3,053 2279 28,08
= 82 139 1/3 46,0 17,98 39,1 14,35 47 2,785 9,875 33,83
5 69 56 18,7 925 49,5 2495 208 -1,453 18,810 42,06
28 60 33 10,9 5,17 47,4 25,35 406 -0,869 20,150 37,93
93 261 33,0 0,30 0,9 10,15 33 -0,172 3,133 0,56
88 213 26,0 0,60 2,3 13,19 55 -0,109 3,992 1,65
82 139 1/10 14,5 4,89 33,7 25,10 237 -0,829 13,740 28,87
69 56 6,0 2,29 38,2 30,20 795 -0,443 22,340 32,63
60 33 3.4 1,61 47,4 27,85 1211 -0,339 19,330 39,30
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2 3 4 5 6 7 8 9 10 11 12 13
95 257 86,0 10,50 12,2 19,20 27 2,470 -2,848 8,87
88 225 72,0 22,65 31,5 4,05 8 -3,403 1,984 26,53
75 146 1/3 45,0 13,87 30,8 14,35 44 234 6,928 25,75
it 67 64 20,5 8,53 41,6 20,25 134 -1,346 8,818 33,76
§ 44 59 44 14,5 6,09 42,0 19,72 173 -0,996 9,743 33,83
,%é 95 257 32,0 2,16 6,8 12,25 43 -0,521 3,304 4,88
) 88 225 24,0 6,02 25,1 19,45 97 -1,017 8,595 21,93
75 146 1/10 15,5 4,48 28,9 22,90 231 -0,756 9,309 25,54
67 64 6,2 2,83 45,6 28,10 502 -0,463 10,040 38,39
59 44 4.5 2,26 50,2 23,15 842 -0,330 12,980 52,78
Table 2. Characteristics of relaxation and drying for the industrially produced paper
é _ S Direc. F,, F/F, F, AF,,, AF,,, AF,, AFg, G Q
SE o N N N % N % %
93 164 58,0 4,25 7,3 14,88 35 -0,778 -6,542 5,77
92 ™MD 74,5 1/3 28,0 2,69 9,6 1,69 7 -0,419 0,905 7,80
39 5,2 1,8 0,79 44,1 10,37 830 -0,130 6,914 3546
93 87,0 31,2 2,90 9,3 7,15 29 -0,396 -0,517 8,06
92 CD 713 1/3 26,3 4,05 154 0,66 3 -0,603 0,412 12,32
39 4.3 1,5 0,60 40,0 8,15 741 -0,102 6,099 32,98
E 93 164 22,5 0,49 2,2 6,42 30 -0,065 3,286 1,81
g 92 ™MD 74,5 1/10 10,9 0,48 44 7,58 74 -0,061 4,215 3,41
g 39 5.2 0,7 027 386 9,00 1800 -0,050 7,330 28,75
§ 93 87,0 12,5 038 3,0 728 67 -0,104 4,097 2,15
92 CD 71,3 1/10 8,1 0,25 3,1 6,83 88 -0,054 4,073 2,16
39 4.3 0,6 0,24 40,0 8,89 1933 -0,054 7,699 28,65
42 CD 10,1 0,57 3,5 1,50 429 6,24 178 -0,328 3,032 36,14
42 CD 8,7 0,35 50 1,81 362 812 331 -0380 4,141 29,75
44 MD 15,1 0,554 41 1,75 432 7,95 153 -0376 6,331 3542
44 MD 13,8 0,27 7,5 2,60 34,7 9,18 329 -0,554 6,304 28,75
95 100 39,0 3,70 9,5 8,08 28 -0,657 -1,162 7,69
92 MD 892 1/3 31,0 8,74 282 0,60 3 1,474 0317 22,90
.52 8,7 30 1,33 443 12,89 641 -0,244 9,155 35,89
B 95 36,9 12,5 1,21 9,7 3,46 38 -0,208 0,370 7,14
E 92 CD 35,5 1/3 12,1 2,79 23,1 4,23 54 -0,427 -0,019 18,17
é 52 5,7 2,0 0,75 37,5 8,58 452 -0,145 3,880 31,57
5 95 100 145 0,64 44 5,50 43 -0,119 2,586 3,69
S 92 MD 892 1/10 10,5 055 52 280 34 -0357 1,610 3,47
L% 52 87,0 1,0 0,45 45,0 13,07 1841 -0,072 8,303 34,73
95 36,9 49 0,15 3,1 2,39 53 -0,163 1,086 1,53
92 CD 35,5 1/10 3,9 0,18 46 2,17 59 -0,117 0,988 3,59
52 5,7 0,6 0,19 31,7 890 1679 -0,045 4,156 24,94
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