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Abstract

Surface sizing at high at solids contents from 8% to 30% yields up to 75% savings in
afterdrying capacity. Decreasing the wetting of the sheet will also increase paper machine
efficiency by reducing the number of web breaks. Also, the same afterdrying capacity can
be used for both MSP coating and surface sizing at size solids contents of 20%–30%. 

Surface sizing solids contents of up to 30% have not been used due to the insufficient
stability of starch at elevated solids contents and maintaining the binding power of the
starch. Also the ability to maintain the amount of starch at the MSP application at very
high solids contents has been lacking. Here, both the chemistry of the starch solutions and
the application technology used needed to be developed in order to produce the desired
applied starch amount at starch solids contents of up to 30% with desired binding
properties. The features of the base paper also needed to be adjusted to fit the features of
high solids surface sizing.

The findings of this study prove that it is possible to use a wide variety of starch viscosities
and molecular weights even at increased solids contents. Increasing starch solids contents
with more stable starches is therefore not restricted to highly degraded starches only with
their lower binding power. When the solids content of the starch solution is increased from
8% to 30%, less starch penetrates into the sheet and more starch remains on the paper
surface. The concentration of starch on the surface of paper decreases sheet porosity, oil
absorption and internal strength, as well as increases its surface strength and bending
stiffness. At very high solids contents internal strength behavior also suggests that starch
may locally penetrate into the larger sheet pores. This observation is supported by pore size
distribution analysis. The base paper for high solids surface sizing can also be optimized by
adjusting the press to dryer web draw. Here, the aim could be to minimize the press draw
below 2% when internal strength or air permeability are critical. 

A method for obtaining more informative starch distribution curves was developed to
provide a helpful tool in characterizing the effect of various process parameters on the z-
distribution of starch in the sheet. An additional feature of this method is the definition of a
dimensionless penetration number Qtot that can be used to quantitatively compare the
penetration of surface sizing starch in different paper samples. 

A novel interpretation is presented of the role of surface sizing starch with respect to the
elastic modulus and bending stiffness properties of the sheet. When increasing the elastic
modulus or bending stiffness of the sheet, starch may merely promote shrinkage potential
instead, which leads – when shrinkage is not allowed – to increased drying stress that, in
turn, leads to an increase in the elastic modulus of the sheet and a further increase in
bending stiffness.
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followed by a discussion of the possibility of increasing starch solids contents using state-
of-the-art Metered Size Press (MSP) technology (Papers I and II). A novel tool for gaining
a more fundamental understanding of the surface sizing process through the z-directional
penetration of starch in a paper sheet is then introduced (Paper III). A set of sheet
measurements describing the properties of paper as a function of surface size starch
amounts is presented (Paper IV) as a basis for utilizing the analysis method put forth for
the characterization of the sheet structure as a function of local starch content in the z-
direction. Possibilities for optimizing the papermaking process with the specific aim of
compensating for the related negative effects on final paper properties, e.g. decrease in
internal strength, are finally investigated. With respect to the paper making process, basis
weight and press to dryer draw are studied in relation to tuning the internal strength
properties of the paper sheet (Paper V). This dissertation is mainly based upon the
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1. Introduction

Uncoated woodfree grades, such as copier paper, are considered to be among the most
technically developed grades as they have to meet very demanding and comprehensive
manufacturing specifications. High bulk and stiffness are required to ensure acceptable
performance on a sheet-fed press and subsequent folding to reduce the risk of jamming at
higher printing speeds. With office papers good sheet stiffness also typically characterizes
a premium quality sheet. This is normally related to lower filler content, the use of
eucalyptus fiber, and consequently the higher bulk of the sheet. High stiffness demands
introduce additional challenges when a reduction in basis weight is required. Low sheet
porosity increases process speeds by decreasing the drying time of inks, and therefore
reduces setoff. Print-through is also reduced with reduced porosity. Sheet sortability and
finishing are, to a large extent, connected with the curling tendency of the sheet and also
affect its runnability on a printing press. Dustlessness, toner consumption, cleanliness,
maintenance savings, copier/printer durability, and a reduction in the number of defective
pages are all related to the operating and maintenance costs of copiers and printers. The
multifunctional use of laser printers, ink-jet printers and plain paper faxes in addition to
copying is a requirement with higher quality grades. The growth of network printing that
also includes copiers will increase the demand for multifunctional office paper sheets
(Source: Jaakko Pöyry Consulting). 

The development of these properties – while at the same time reducing production costs –
presents a challenge in the development of paper properties. Production and growth rates
for different paper and board grades are illustrated in Figure 1. One can notice in this
figure that woodfree grades are among the fastest growing paper grades, which makes
them important in terms of their market volume also in the future.
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Within the uncoated woodfree grades, the growth rate of office paper sheets (copying and
printing) is expected to exceed 4% annually up to 2013 (Figure 2). 
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The variables that determine the quality and efficiency of papermaking can be derived
from such basic sciences as chemistry and physics, and such applied sciences as
engineering (e.g. mechanical, electrical and automation). In the context of the paper
industry, these fields of science are reflected in papermaking technology through the
desired paper structure, runnability and papermaking concepts (from stock preparation to
roll and ream wrapping processes). These variables contribute to the quality and
productivity of papermaking, which eventually defines the boundaries for the profitability
of the business itself – from a technological point of view. This approach is illustrated in
Figure 3. This study attempts to increase the profitability of uncoated woodfree paper
production by improving the productivity and quality of the surface sizing process. Here,
the objective is to considerably increase starch solution solids contents in surface sizing
with the help of a more economical paper machine concept in order to gain related positive
effects on the structure of paper, runnability, and drying capacity. 

 

 

 

Chemistry
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Engineering

Raw materials
Paper structure

Runnability
PM concept

Quality
Productivity
Profitability

Value

Process
Knowledge

Basic Sciences

Figure 3. Interaction of papermaking profitability and basic sciences through papermaking
process issues.

Surface sizing solids contents of up to 30% have not been used due to the insufficient
stability of starch at elevated solids contents and maintaining the binding power of the
starch. Also the ability to maintain the amount of starch at the MSP application at very
high solids contents has been lacking. Here, both the chemistry of the starch solutions and
the application technology used need to be developed in order to produce the desired
applied starch amount at starch solids contents of up to 30% with desired binding
properties. The features of the base paper also need to be adjusted to fit the features of high
solids surface sizing.

The uncoated woodfree paper manufacturing process consists of a sequence of
subprocesses, all of which play important roles in the overall process. In these various
papermaking processes, water is removed from the fiber network and the paper web is
created as fibers bond with each other mainly through hydrogen bonds. In the surface
sizing process more water is introduced into the sheet, which breaks up the hydrogen bonds
formed in the web. This rewetting is hindering MSP and afterdrying runnability (through
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collapsed web strength and tension holding ability as the hydrogen bonds are released) and
drying capacity (through increased afterdrying needs). These features are illustrated in
Figure 4.
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Figure 4. A schematic illustration of the process phases in manufacturing uncoated
woodfree paper from the viewpoint of sheet dryness at each process phase. 

Surface sizing is an operation in which a sizing agent is applied to the surface of the
previously formed web (Hoyland et al. 1977). The main role of surface size is to strengthen
the surface and bind particles, such as fibers and fillers, to the surface. Starch is also
expected to add internal strength to the sheet through liquid penetration in the z-direction
(Bergh 1984). There are numerous techniques for applying starch on the paper surface,
such as a pond size press, gate roll size press, or a metered size press (MSP). The various
technologies used in surface sizing are widely described in literature (Grön and
Rantanen 2000). Figure 5 illustrates the structure of paper with surface sizing (Lipponen et
al. 2002). There have not been any major technological leaps in WFU surface treatment
techniques since the introduction of film transfer size presses in the 1980s. At the same
time, some fundamental process innovations have been introduced to the market for the
earlier stages of the woodfree paper manufacturing process, such as stratified headboxes,
gap forming, closed press sections, next generation drying methods, and improved
runnability technology (e.g. Odell and Kinnunen 1998; Juppi and Kaihovirta 2002). 
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Figure 5. The effect of surface sizing on the structure of paper.

The developments described above represent evolution within MSP surface sizing and
other subprocesses, consisting of technological advances in paper machinery, paper
structure and papermaking chemistry. However, further development of the paper
manufacturing process requires a multiskilled approach to papermaking technology as a
whole. Optimization should proceed from local 'micro-optimization' toward production
line-wide 'macro-optimization' – taking into account various interdependencies throughout
the whole process. 

This study is an attempt to identify ways to substantially decrease the investment and
production costs involved in uncoated woodfree paper manufacturing by developing more
cost-effective paper machine concepts that utilize considerably higher solids contents in
surface sizing. This study is conducted by describing and optimizing the structure of paper
in trials affecting the z-directional distribution of starch, together with the methods used to
characterize related changes. Further process optimization with respect to the base sheet
and final paper properties is also a subsequent topic of interest. Here, the final goal of this
study is to find opportunities for increasing the profitability of WFU processes by reducing
the investment cost of the process equipment, decreasing production costs (e.g. energy
consumption) and increasing runnability potential.
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2. Objectives and Approach

2.1 Objectives

The objective of this study was to considerably increase the starch solids content used in
surface sizing. The intent was to increase the starch solids content without increasing the
applied amount of surface sizing starch. This requires the ability to reduce the film amount
in the MSP application. Less water would then be applied to the sheet in the MSP process,
which would increase drying capacity and reduce steam consumption per paper ton
produced. This interdependence is illustrated in Table I at two different starch solids
content levels (i.e. 10% and 30%) and a constant starch amount.

Table I. Change in steam consumption when increasing starch solids content from 10% to
30% while maintaining the applied starch amount constant.

Starch 
Amount

Starch Solids 
Content

Web Dryness 
After MSP

Applied Water 
Amount

Steam 
Consumption (¹

Steam 
Consumption (²

g/m2 % % g/m2 kg/h t/y
3 10 73.8 27 12442 74
3 30 91.6 7 3226 19

Difference 20 9216 55
(¹ 

Speed and width of the machine 1200 m/min and 8 m, 1 kg of steam needed to evaporate 0.8 kg of water
(² Time efficiency  85%

In Table I, one can observe that increasing the starch solids content remarkably decreases
drying energy consumption. Considering the total drying capacity available on a machine
one can also calculate that paper machine drying capacity can be increased by
approximately 20% (assumptions: press dryness 45% and predryer moisture 3%) when less
water is applied to the sheet at MSP. This would then mean that the production speed of an
operating paper machine could be increased by 20% within the existing space (i.e. without
moving the reel forward). The size press would, however, have to be moved forward in the
process due to changes in drying capacity requirements between the predryer and
afterdryer sections. The difference in dryness after MSP is also remarkable. Considering
the exponential dependence of web strength on dryness, there is as well an increase in
runnability potential with higher surface sizing starch solids contents. Improved runnability
is understood here as decreased break frequency and increased sheet stability after MSP
and during afterdrying due to reduced wetting and increased sheet wet strength and
elasticity.

The optimization of starch properties in terms of solids content, molecular weight and
various rheological properties was an essential part of this research. There was a
consequent need to maintain the runnability and the film forming capability of the process
when applying thinner starch films on roll surfaces. Here, the combination of the
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controllable rheological properties of the starch solution with the required binding potential
was of great importance to this study.

Improved sheet properties were also one of the major objectives of the study as surface
sizing with increased solids contents was studied. Here, starch is to remain more on the
surface giving a number of favorable properties to paper, such as increased surface strength
and stiffness, as well as decreased porosity. Decreased penetration is also expected to
reduce the internal bonding of the sheet. When starch is concentrated on the surface of the
sheet, compensating for the reduced internal bond and the resulting requirements on
machine running parameters and base paper properties were also of interest in this study.

In order to evaluate the effects of different surface sizing conditions and starch
penetrations, a novel method was developed for determining and characterizing the
distribution of starch quantitatively. The desired starch penetration level could then be
determined based on various paper quality parameters. 

The bending stiffness of the paper sheet is expected increase as starch is concentrated on
the surface. Given the interdependence of the elastic modulus and bending stiffness, and in
more general terms the dependence of bending stiffness on the z-directional distribution of
the elastic modulus based on the distribution of starch, the elastic modulus as a function of
starch content is of interest in this work. The level of bending stiffness can then be
calculated based on the determined elastic modulus distribution.

2.2 Approach

The solids content increase was verified in pilot trials that involved process optimization,
including development work on the properties of starch and on related application
technology. The film amount was restricted in this study in order to keep the starch amount
constant. A wide range of the rheological properties of the starch solutions were
determined. Viscosity measurements were performed within a broad range of shear rates
and yield stress was measured as an indicator of sheet release properties. The results were
presented as a function of starch solids content with two constant starch amounts to
evaluate its effect on paper properties.

The internal strength of the sheet was expected to decrease as starch remained on the
surface of the sheet. The optimization of the base paper properties was performed by
adjusting such paper machine running parameters as press to dryer draw and by decreasing
the basis weight of paper, both of which were expected to reduce the internal strength of
the base sheet. Compensating for this decrease in the internal strength of the final paper as
the starch solids content increased was then attempted.
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Starch solids content was expected to have an effect on the z-directional distribution of
starch. A novel method for the quantitative characterization of starch penetration was
therefore developed. This method was then utilized to evaluate starch distributions in
samples sized at different starch solids contents.

The effect of starch content on the sheet’s elastic modulus was measured in order to
determine the bending stiffness mechanism in terms of different z-directional starch
distributions. The z-directional distribution of the elastic modulus determined based on the
distribution of starch (measured using the method introduced in this study) can then be
used in the numerical modeling of bending stiffness.
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3. Literature Review

3.1 Starch Requirements for High Solids MSP Surface Sizing

Starches used for surface sizing are normally both native and modified starches, which are
either physically or chemically modified through the introduction of functional groups
(Bergh 1997). The main raw materials for starch are standard yellow corn, wheat, potato
and waxy corn.  Different starch raw material sources give their signature properties to
starch solutions through differences in the molecular structures of starches. These
differences explain some of the rheological properties of various starches in terms of their
relative amylopectin and amylose content, for example (Sirois 1992). There are many
modification methods, such as oxidation, thermal modification, and ionization. Remmer
and Eklund (1991) report that the viscosity of the starch solution is the most important
liquid parameter determining its sorption rate. They also claimed that the degree of
cationization of the starch used did not influence its sorption into paper. Felder (1991), on
the other hand, uses cationization as an explanation in discussing the differences in
strength values (e.g. internal strength) when comparing pilot trial results obtained with
cationic and enzymatically converted starch.

Certain properties are required of starch at the MSP metering and transfer stages, such as
the ability to remain stable even at high solids contents (Oja et al. 1991). The rod metering
process is critical since the leveling and overall quality of the film directly influence paper
properties. Here, the rheological properties of starch will be crucial in terms of its stability.
(Bruun 2000 and Glittenberg 2000)

Paper properties, such as surface and internal strength, that are promoted by surface sizing
have been controlled through starch modification to achieve different viscosity levels and
the desired starch penetration. This modification has consisted of degrading the starch
molecules to different degrees to get the desired rheological properties for the starch
solution. Glittenberg and Becker (2002) present results in surface sizing at solids content of
even up to 40%. They report excellent starch stability and runnability of the MSP unit
using starches degraded down to short molecular lengths. But, if a starch molecule is
broken down into too short chains it can turn into sugars with limited film forming capacity
and ability to enhance the desired paper properties. Then its functionality as a binder is
considerably reduced (McQueary and Thomas 1991).

3.2 Papermaking Conditions Influencing the Solids Content of the
Starch Solution

A number of studies have been carried out on surface sizing with the MSP technique, even
at high solids contents. However, increased solids contents have restricted the ability to
maintain low dry starch amounts, i.e. below 1.5 g/m²/side. This study is aimed at
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maintaining constant application of dry starch to paper despite high solids content. This is
accomplished by optimizing the application conditions, e.g. roll cover hardness, grooved
rod type, and even using smooth rods. Here, a smooth rod diameter was selected based on
targeted starch amount. When applying starch solutions at high solids contents, more
uniformity is required of the thin starch film. Therefore, the inclination was to use very
finely grooved rod profiles and at the highest solids contents even smooth rods, which also
extend the roll grinding interval and rod changing cycle. 

Küstermann (1990) and Felder (1991) studied surface sizing using a metered size press
(MSP) with varied solids contents and aiming for a constant wet film amount, which
resulted in varying starch amounts in the paper. However, they do not report in their work
on the effects of increased solids contents while maintaining a low and constant applied
dry starch amount. They do report effects on tensile strength and plybond strength, for
example, as do Brogly and Harvey (1993) in their study in which starch pickup is varied at
a constant (7%) solids content. However, varying the starch solution solids content in
flooded nip size press, MSP and SDTA applications will affect the penetration of starch
(e.g. Bergh and Åkesson 1988). 

The solids content of surface size varies typically within a range of 3% to 18% depending
on the application technology used. When adjusting the dry pickup at a size press, the
starch solids content is typically between 3% and 9% (Klass  1997). Today, the pond size
press still adds quality advantages over film transfer technology through more complete
starch penetration (Grön and Rantanen 2000). However, there is a clear trend toward the
use of film transfer technology (especially MSP) due to several disadvantages with the
pond size press (Bergh 1997). Following are some of the drawbacks of pond size press
technology:
• a tendency for turbulence in the pond creating flow instabilities and an uneven CD

starch distribution at higher speeds (Klass 1992),
• high liquid pickup due to a low solids content to avoid pond instabilities, resulting in

wetting and reduced strength properties (Hansson and Klass 1984),
• high demand for drying capacity at the afterdryer section due to high liquid pickup,

which often limits production capacity (Hansson and Klass 1984), and
• limited adjustment options for the starch solids content and the applied dry amount due

to almost constant liquid pickup determined by the dryness of paper and the level of
internal sizing (Dill 1974, Klass 1997).
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Figure 6. An illustration of the hydrodynamic forces and resulting instabilities in the open
pond of the flooded nip size press (Klass 1990).

The metered size press was introduced in the early 1980s to overcome runnability
problems related to pond size presses (Bergh 1997). It was then possible to deal with the
problems noted above through
• an increased size solids content that reduced afterdrying capacity requirements and the

number of breaks,
• a reduced interdependence between starch solids content and pickup, and
• a reduced dependence of size press pickup on internal sizing and base sheet moisture

content. (Klass 1997)

Starch solids contents for MSP sizing vary between 5% and 18% at size amounts giving
0.7 g/m² to 4 g/m² (Klass 1997). However, with modern high-speed fine paper and
packaging board machines this can lead to an uneconomical process due to high drying
capacity demands on a long afterdryer section. In cases where the use of versatile MSP
units with both coating and surface sizing capabilities is desirable, drying capacity needs to
be over-dimensioned for coating to be able to evaporate the water applied during surface
sizing.

Figure 7. A schematic illustration of required afterdrying capacity in terms of the paper
machine layout. The top layout represents the dry end of a modern uncoated woodfree
machine with a starch solids content of 10%. In the bottom layout the speed of the line can
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be increased by up to 20% – without increasing the length of the machine – by increasing
the starch solids content to 20% (Source: Metso Paper, Inc).

Starch remaining on the surface of the sheet will decrease the internal strength of the sheet
due to reduced liquid penetration of the starch solution (e.g. Bergh 1984). According to
Juppi and Kaihovirta (2002), the press draw has a significant effect on many mechanical
properties, such as internal strength and porosity, of the woodfree base sheet. By reducing
the press draw from 3% to 1% the internal strength of the sheet can be increased by up to
30%. This reduction of press draw was made possible by using a focused and intensified
negative pressure region on the opposite side of the dryer fabric at the opening wedge of
the dryer cylinder. Also, lowering the base sheet’s basis weight below 80 g/m² is known to
increase Scott bond values due to the decreased probability of potential rupture planes
during Scott bond measurement (Kajanto 2000). 

3.3 Influence of Starch Amount and Z-Distribution on Paper
Properties 

The effect of starch on paper properties has been widely studied with respect to wet end
starch (e.g. Brown 1969, Laeigh et al. 1990, McQueary 1990 and Deters 1990). The
emphasis in adding starch (either internal or surface sizing) is to boost such properties as
water resistance, grease and solvent resistance and surface strength (Meaker 1984). The
main role of surface size is to promote surface properties, i.e. strengthen the surface and to
bind such particles as fibers and fillers to the surface. Starch is also expected to add
internal strength to the sheet through liquid penetration in the z-direction (Bergh 1984).
The main advantage of surface sizing over internal sizing is the excellent retention of the
starch solution (Hoyland et al. 1977). At the flooded nip size press liquid pickup is mainly
determined by the dryness of paper and its level of internal sizing (Dill 1974). 

There are several studies in which the interdependence of z-directional strength properties
and starch solution solids – explained by differences in starch penetration – is reported.
Bergh and Åkesson (1988) report that starch could be retained on the paper surface by
increasing starch solids contents up to 15% when using a short dwell (SDTA) application
technique. Solids contents of 5%, 10% and 15% were used with about 0.5, 1.0 and 1.5 g/m²
dry pickup, respectively. 

There are, on the other hand, many studies on different application methods resulting in
varied z-directional starch penetration behavior – also at comparable dry starch amounts –
and consequently in different internal and surface properties of paper. Hansson and
Klass (1984) investigated differences between the Billblade technique and pond size press
with respect to starch penetration differences. It was found that blade application produced
less starch penetration and increased the surface strength of paper. Tehomaa et al. (1992)
compared SDTA blade application with MSP application for surface sizing and discovered
clear differences in such fine paper properties as smoothness, porosity, stiffness, surface
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strength and opacity using a constant dry pickup level. Here, it was found that Bendtsen air
permeability decreased with blade application from 600 to 100 ml/min at a dry starch
pickup of 2 g/m². In this study the lower starch penetration at an equivalent starch amount
resulted in more attractive quality potential for blade application than for MSP. However,
the conclusion of the study was in favor of MSP technology due to its better runnability
and higher efficiency potential.

Such parameters as the elastic modulus of paper with different surface sizing starch
contents could be of interest. However, comprehensive information on this is lacking in
existing literature.  Information on the elastic modulus (e.g. Setterholm and Kuenzi 1970)
of the sheet structure is used in determining the bending stiffness of a sheet.
Lekhnistkii (1968) expressed a general bending stiffness theory for an anisotropic thin
plate. However, we now present paper as a specific case of this theory as an orthotropic
and isotropic thin plate with the Poisson's ratio ν equal to zero in all directions. Then, the
bending stiffness Sb of a symmetrical layered structure where the elastic modulus of the
surface plies is equal to E1 and that of the mid-ply to E2, while the total sheet thickness
equals d and the thickness of the mid-ply equals d2, can be expressed as follows
(Kajanto 2000):
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Based on the definition of bending stiffness given in Eq. 1, elastic modulus should increase
as a function of starch content in the z-direction, i.e. when concentrating starch on the
surface (increasing the starch content of the surface layer). Kartovaara (1989) proposed a
profile model for predicting bending stiffness values taking into account the elastic
modulus distribution using the change in the elastic modulus near the surfaces based on the
roughness profile. Generally, without assuming sheet symmetry or definitive thickness and
elastic modulus properties for each ply, bending stiffness can be expressed in more
universal terms as (Kajanto 2000)

(2) ∫= dzzzESb
2)(

The z-directional elastic modulus distribution (i.e. E(z)) can be used when determining the
bending stiffness of a sheet. This would require studying factors governing the elastic
modulus of paper structure. Here, the effect of starch content on elastic modulus is of
interest. A quantitative approach to looking into the behavior of bending stiffness Sb would
then be possible when determining the z-directional starch distribution of a sheet. This
approach is illustrated in detail in Figure 8.



14

E(ρ)
E

ρ

Objective:
To measure the elastic modulus E
of the sheet with different starch

content levels ρ, Ε (ρ)

Starch content, ρ

Thickness, z

ρ (z)

Measured quantitative starch
content distribution ρ (z)

across the thickness  z

Utilization of the results:
Ability to quantitatively approach a given

level of bending stiffness through (a
known starch content distribution

induced) elastic modulus distribution E(z)

∫= dzzzESb
2)(

Elastic modulus, E

E(z)

Thickness, z

A cross section of paper
with a given starch

distribution

Distribution of elastic
modulus Ε (z) across

the thickness  z

Backround:

Figure 8. Illustration of the background of determining the elastic modulus E as a function
of starch content ρ, E(ρ).

3.4 Determining Various Z-Directional Distributions in a Paper Sheet

Starch penetration and the consequent z-distribution of starch in the sheet are often
discussed when different surface sizing methods or process variables, such as solids
contents or viscosity levels, are evaluated against the properties of paper (e.g. Hoyland et
al. 1977; Wight 1988; Sollinger 1988; Küstermann 1990; Ryder 1997). These conclusions
are frequently supported by qualitative evaluations of cross-sectional images describing the
starch penetration (e.g. Fineman and Hoč 1978; Bergh 1984; Hansson and Klass 1984;
Rantanen and Westergård 1987; Bergh and Åkesson 1988; Tehomaa et al. 1992;
Kimpimäki and Rennes 2000; Lipponen et. al 2002). Here, paper properties are assumed to
reflect the penetration behavior of starch. Marton (1974) studied ash and starch z-
distributions through tape pull layer separation and analyzed the resulting samples. Cross-
sectional images are commonly used to support the conclusions made based on differences
in starch penetration. Cross-sectional images with iodine staining are prepared by dipping
paper samples in a solution of iodine potassium iodine (I-KI), whereby the starch in the
sheet structure is dyed dark. An image is then acquired from the cross-section with a light
microscope. This method is fast and inexpensive compared to the microtome preparation
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procedure, for example. However, the process stages of the iodine staining penetration
evaluation method are not standardized and the cross-sectional images are analyzed only
visually. Further, a single cross-section – usually cut less than a millimeter in length –
leaves the observation vulnerable to local variations in starch penetration caused by the
properties of the base sheet, such as flocculation. This would then introduce a great deal of
uncertainty into this type of evaluation of starch penetration. Iodine staining is also a well-
known method for the determination of starch on the paper surface. Zsoldos and
Sebess (1975) presented a new method for the determination of starch on the paper surface.
In their method, the starch iodine reaction is performed in two stages: the water amount
required for the reaction is achieved through water vapor condensation on the paper
surface, and the required amount of iodine is sublimated from solid crystalline iodine.

Microtomic cross-sections are often used in illustrating paper structure in the z-direction.
Preparing the microtomic cross-sections requires embedding the specimen in epoxy resin
and curing it for a considerable period of time. The resulting blocks are then ground and
polished. The final cross-sections are thereafter cut into thin slides for light microscope
viewing, or further prepared for SEM analysis (e.g. Peterson and Williams 1992). Bailey
and Bown (1990) use cross-sectional images for the qualitative evaluation of filler and
coating color distributions in the paper sheet. SEM images are also used as a basis for the
z-directional structural characterization of paper through image analysis of the cross-
sections (Allem 1998, Grön and Ahlroos 1998, Allem and Uesaka 1999, Dickson 2000,
Chinga and Helle 2002). However, in the examination of highly variable structures such as
paper, small scale samples obtained with microtomic sectioning fail to fully represent
significant structural features of the sheet. Williams and Drummond (1994) described an
improved method for preparing large microtomic cross-sections for SEM analysis,
presenting a polishing method conventionally used for the preparation of polished
metallographic sections. With the method presented, samples of 200 mm total width could
be prepared in less than 2 hours. However, the curing of resin still requires up to two days.
In examining the cross-sections obtained through SEM, for example, grayscale
segmentation based on thresholding grayscale histograms of digital images is a common
approach. Manual thresholding, however, will vary between operators and even with one
person over time. To avoid any subjective dependence in the thresholding of grayscale
images on personal factors (e.g. Barratte et al. 1997), automated procedures are important
to improve repeatability and to reduce subjectivity, as well as arduous work. 

The ToF-SIMS (Time of Flight Secondary Ion Mass Spectroscopy) technique is used to
analyze solid samples. This technique combines high surface sensitivity with low detection
limits and high mass resolution. With the ToF-SIMS technique, it is possible to make
distribution maps of ions with good spatial resolution. This technique is used, for instance,
in probing the chemistry of surfaces (Kulick and Brinen 1998), in detecting desizing agents
(Brinen and Kulick 1995), in analyzing AKD (Zimmerman et al. 1995), in detecting trace
elements in wood (Bailey and Reeve 1994), and in analyzing printed papers (Preston et
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al. 2000). This method is presented in a schematic illustration of the arrangement used in
Figure 9.

Figure 9. An illustration of the ToF-SIMS (Time of Flight Secondary Ion Mass
Spectrometry) surface analysis method (Fisher et al. 1999).
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4. Experimental

4.1 Materials

4.1.1 Starches

Two modified potato-based starches were used in our study (Ciba Specialty Chemicals
Inc., Raisio, Finland). These starches were modified with a specific focus on stability even
at high solids contents in the starch solutions.

A native potato starch was initially modified through oxidation with hypochlorite, and the
content of carboxylic groups in the oxidized starch was about 1% (DS-COOH = 0.031). The
viscosity of this starch A (Raisamyl 01020) was 20 mPas (Brookfield 100 rpm, 60 °C) at a
concentration of 10%. Cationization was done by introducing quartenary ammonium
groups followed by oxidation of the starch. The degree of substitution (DS-NH4) was 0.018.
The viscosity of cationic starch B (Raisamyl 24520) was 100 mPas (60 °C) at a
concentration of 10%. Four parts of OBA (Optiblanc NF, 3V, Bergamo, Italy) were used in
the starch solution. The starch properties are summarized in Table II.

Table II. Starch properties.

Property Solids
Content

(%)

Starch A Starch B

Viscosity, Brookfield 100 rpm at 60 °C 8 27 35
(mPas) 12 48 65

15 60 95
18 70 140
21 65 207
24 80 338
27 125 –
30 158 – 

Average molecular weight, MW (g/mol) 27,000 ~ 50,000 1)

Degree of polymerization, DP
Degree of substitution, DS

150
0.031 2)

300
0.018 3)

1) Not measurable with the columns used in Size Exclusion Chromatography (SEC)
2) Degree of substitution of carboxyl groups (DS-COOH)
3) Degree of substitution of quartenary ammonium groups (DS-NH4)

4.1.2 Furnishes and Base Papers

A woodfree furnish was used in making the base paper for the study on the effect of basis
weight and press to dryer draw (Paper V). The furnish properties are summarized in Table
III.
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Table III. Furnish properties (Paper V).

Properties
Freeness (CSF) ml 505
Filler content % 23.3
Filler type CaCO3

Length weighted fiber length mm 1.28
Softwood/hardwood content % 30/70

Birch % 70
Pine % 21
Spruce % 9

Woodfree base papers without surface sizing and basis weights of 82, 71 and 89 g/m² were
used for the study. The properties of the base paper are presented in Table IV. The scope of
measurements differs in these studies due to their different in the objectives and individual
topics.

Table IV. Base paper properties.

Properties Values
Basis weight g/m² 82 71 89
Ash content % 14.7 10.0 –
Internal sizing % 0.8 0.8 –
Density kg/m³ 736.5 738 844
Air permeability, Bendtsen ml/min 775 709 –
Oil absorption, Cobb-Unger (10 sec) g/m² 47.7 34.3 –
Surface strength, IGT (MD) m/s 1.32 – –
Internal strength, Scott Bond J/m² 147 305 –
Bending stiffness (MD) MNm 0.48 0.63 0.64
Bending stiffness (CD) MNm 0.15 – 0.25
Opacity % 93.8 – –
ISO-brightness % 93.9 – –
Elastic modulus, Young (MD) N/mm² – – 7079
Elastic modulus, Young (CD) N/mm² – – 3206
References (Paper I and III) (Paper II) (Paper IV)
"–" =  not measured

 
4.2 Methods

4.2.1 Paper Analysis Methods

Paper properties were measured based on the standards reported in Table V
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Table V. Measurement methods and standards.

Methods Standard
Basis weight SCAN-P 6:75
Density SCAN-P 7:96
Ash content SCAN P 5:63
Oil absorption, Cobb-Unger (10 sec) SCAN-P 37:77
Air permeability, Bendtsen SCAN-P 60:87
Bending stiffness  1) SCAN-P 64:90
Bending stiffness, Taber 3) TAPPI 489 om-99
Bending stiffness 4) SCAN-P 64
Opacity SCAN-P 8:93
ISO-Brightness SCAN-P 3:93
Internal strength, Scott Bond TAPPI T833 om-96
Surface strength, IGT SCAN-P 63:90
Starch amount TAPPI 419 om-91 3)

Elastic modulus, Young 2) SCAN-P 38:80
1) Papers I and II
2) Paper III
3) Paper V
4) Paper IV

The rheological characterizations of the starch solutions were performed at starch solution
temperatures of 20oC, 30oC, 40oC and 50oC for each solids concentration (i.e. 8%, 12%,
15%, 18%, 21%, 24%, 27% and 30%). Flow in the low shear rate region (1–1500 s–1) was
studied with a rheometer based on Couette viscometric flow, where the inner cylinder is a
stator and the outer cylinder rotates (Bohlin VOR rheometer, Bohlin Inc., Lund, Sweden).
A yield stress, τβ, describing the stress needed to obtain flow was calculated for the starch
solutions according to the Bingham plastic flow model. An intermediate shear region (103–
105 s–1) was studied for the starch solutions with a rheometer based on Searle flow
geometry, where the inner cylinder rotates and the outer cylinder is a stator (Hercules,
HiShear rheometer, Kaltec Scientific Inc., Detroit, MI, USA). An air pressure region
corresponding to a high shear region of 105 s–1 to 106 s–1 was used in the air pressure-
driven capillary viscometer (ECV, Gradek Oy, Kauniainen, Finland), where the controlled
shear stress measurements are based on Hagen-Poiseuille viscometric flow. Stainless steel
capillaries were used with a length of 100 mm and a diameter of 0.55 mm. The data were
adjusted for entrance effects according to Hagenbach-Couette and end-wall effects
according to the Rabinowitz-Weissenberg equation (Grön and Eklund 1998).

The total starch amount applied (Papers I, II and III) was measured from paper samples
using lithium chloride analysis (Mendham et al. 2000), where a weighed portion of the
sample is burned in a muffle furnace. The residue is dissolved with acids and the individual
element concentration is then determined with ICP-AES (Inductively Coupled Plasma
Atomic Emission Spectroscopy). 



20

Pore size distribution (Coulter) was determined by immersing the specimen in oil with low
surface tension, thus causing the pores of the specimen to be filled. The wetted specimen
was then placed in a sample holder. Compressed air with controllable pressure and
measurable air flow was then applied to the other side of the specimen, increasing the flow
in small steps. After repeating this sequence with a dry sample, the distribution of pores of
different diameters was calculated using the relationship between the air pressure required
to force the oil out of different diameter holes (Pore diameter = Constant * Surface tension
/ Air pressure).

At starch solids contents from 8% to 18% (Paper I), the results are presented for both
starches at starch amounts of 1.8 and 2.5 g/m² total applied starch. The specific starch
amounts are obtained by creating a linear trend line from the measured paper properties as
a function of starch amount. Paper properties at given starch amount levels were then
obtained by assigning the values 1.8 and 2.5 to the trend line equations. The results at
starch solids contents 21% and 24% are presented with starch amounts of 3.2–3.3 with
starch A and with starch amounts of 2.4–2.5 g/m² with starch B. Results at a solids content
of 27% are presented with a starch amount of 3.2 with starch A, and at a solids content of
30% with starch A at an applied amount of 3.9 g/m².

4.2.2 Papermaking Conditions

The base paper (for the study reported in Paper V) was produced on a pilot paper machine
(Metso Paper, Inc.) to basis weights of 68, 74 and 78 g/m² (bone dry) with three press to
dryer draw levels (1%, 2% and 3%). The running speed in the paper machine trial was
1200 m/min. 

Figure 10. Two photo images of the pilot paper machine used in the study (Source: Metso
Paper, Inc.)

The drying of the base paper rolls was done at Keskuslaboratorio (KCL) in Helsinki,
Finland. For surface sizing with high solids starch solutions, 9 rolls were made altogether.
In addition, one roll was produced at 77 g/m² basis weight and with 3% press draw level to
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be surface sized with a 10% starch solution as a reference. The furnish used in base paper
making is explained in Table III.

4.2.3 Surface Sizing and Calendering

The trials were run as a two-sided simultaneous MSP application (OptiSizer, Metso Paper
Inc.) at a speed of 1200 m/min and a linear load of 25 kN/m. In papers I and II the roll
cover material used was polyurethane with a hardness of 36 P&J and the roll diameter was
950 mm. In Paper V the hardness of the cover was 32 P&J in the bottom position and 40
P&J in the top position, and the roll diameter was 1415 mm. 

Figure 11. Pilot coaters used in the study: CTC Pilot OptiSizer, top (Papers I, II and III)
and Metso Paper Järvenpää Pilot OptiSizer, bottom (Paper V).

Film metering was performed with both 10 mm grooved rods and 10 to 35 mm smooth
rods. The grooved rod profiles selected were 0.25/23, 0.20/20 and 0.35/30 (Metso Paper,
Inc.) to produce the different film thicknesses needed to obtain a constant dry starch
amount of approximately 1 g/m²/side (Paper I) or 1.5–2 g/m²/side (Paper II) with different
starch solids contents. The rod type was selected based on wet film amount measurements
according to Grön et al. (1998). Here, the wet film amount premetered on the roll was
determined by a "scraping-off" method. A device was used to remove starch solution from
the roll surface on a specific width (0.050 m), time (seconds) and machine speed (m/s).
The removed starch solution was gravimetrically determined, and an amount of premetered
surface sizing starch was obtained at a given speed. Figure 12 illustrates the scraping off
sequence in determining the applied starch amount.
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Figure 12. Arrangement for determining the premeteded starch solution amount on the
MSP roll.

The confidence of the method is dependent mainly on the accuracy of timing the scraping
with a stop watch and the completeness of the scraping off the premetered film. Here, due
the hydrodynamical nature of the scrape off, approximately 5% of "remaining film" is left
on the roll after the blade. 

The trial was performed using a series of rod loads to obtain a set of film thicknesses. For
example, solids content solutions of 15%–18% were applied using 20 mm smooth rods for
low viscosity starch A and 15 mm smooth rods for high viscosity starch B to achieve the
targeted dry starch amount. Further, solids content solutions of 21%–30% were applied
using 10 mm smooth rods.

At solids contents from 8% to 18% (Paper I), the remaining film on the bottom roll was
measured at each trial point in order to determine the transfer ratio in the film transfer
process. In measuring the remaining film, however, the scraping time was increased to 20 s
(instead of 10 s used in measuring the applied film) due to the almost negligible remaining
film amount.

A single-nip soft calender was used at a machine speed of 1200 m/min, a steel roll
temperature of 60 °C, and a linear load of 45 kN/m. The top side of the paper was run
against the steel roll. The hardness of the polymer roll was 90 ShD and diameter 420 mm.

4.2.4 Preparation of Sheets through Starch Impregnation with Different Starch
Amounts

Surface Sizing of Sheets

The surface sizing of the sheets was performed by applying a thin layer of 1% starch
solution with a paint roller. Starch was applied to one side of the sheet and the sheet was
then immediately placed on a forming fabric-supported vacuum table to impregnate the
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starch into the sheet. After 5-second impregnation the vacuum table was brought under an
impingement hood for 30 seconds of drying while still maintaining the vacuum. The
temperature, impingement air velocity, and moisture content of the impingement air were
set to 150°C, 30 m/s and 50%, respectively. Two different vacuum levels were used in the
study. First a 3 kPa vacuum level was used allowing the sheet to shrink during the trial.
Then, a higher vacuum level (12 kPa) was used to restrict drying shrinkage. Here, the
restriction of shrinkage was assisted by fastening the edges of the sheet to the fabric using
aluminum tape. 

Each starch application was performed on both sides of the sheet. The different total starch
amounts were then obtained through sequences of multiple application and drying stages.
Iodine stained cross sections of the paper samples were observed to ensure the penetration
of the starch at each application sequence. As the application and drying sequences
proceeded, the pores of the sheet were eventually filled with starch and no more starch
could be impregnated into the paper. This level would then represent the maximum
reachable starch content in the sheets and the sheets were considered saturated. Figure 13
illustrates the surface sizing and drying arrangement used.

Forming fabric
SpecimenHeated air

Vacuum pump

Drying hood Heat generator

Figure 13. Schematic picture of the surface sizing and drying arrangement used in the
study.

The applied starch amount was measured from the starch impregnated samples. In the case
of paper samples prepared with water as a reference, paper samples were weighed right
after the application of water to control the amount of water. Here, the same amount of
water was targeted as in the 1% starch solution treatments. It was then possible to isolate
the net effect of starch on the results.

A fairly broad range of different starch contents was selected for the study. The reason for
this lies in the starch distributions achieved with different surface sizing techniques and
starch solids contents (e.g. Bergh and Åkesson 1988 and Tehomaa et al. 1992), which
sometimes result in starch concentrating intensively on the surface layer of the sheet. The
applied starch amount of 2 g/m²/side will give an average starch content of 5% in the sheet
with 80 g/m² standard copy paper. With high solids surface sizing the majority of starch
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may even remain in the outermost 10% layer of the sheet on either side. The starch content
of the surface layer then equals approximately 25%. This roughly determined the upper
limit of the range of interest in terms of the starch content used in this work. This principle
is illustrated in Figure 14.

0.1 d

d

Total starch amount = 4 g/m2

Final sheet grammage = 80 g/m2

Figure 14. The effect of a schematic starch distribution in a commercial paper sheet on the
starch content range studied.

The starch amounts obtained in the study, keeping in mind the targeted maximum starch
content described above, are presented in Figure 15. One can observe that the starch
content reached in the sheets varied from roughly 5% to more than 30% of starch. This
gave a sufficient starch amount range for the study to consider the results representative of
the highest starch contents in the top layer of a surface sized sheet of paper.
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Figure 15. Basis weight of the sheet at different trial points of free and restricted drying
with water and starch. The basis weight of the base sheet was 89 g/m2.

In Figure 15, one can observe a slight difference between free and restricted drying both
starch treated and water treated specimens. With water treated specimens, the difference
can be explained through increased shrinkage of the specimens. In order to evaluate drying
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shrinkage during the procedure, parallel specimens were prepared with a millimeter grid
photocopied on the sheets. The shrinkage of the sheets could then be measured through
changes in the millimeter pattern.

The results obtained with the method described here are presented in part 7 on page 61.

4.2.5 Starch Penetration Analysis

If a quantitative starch distribution analysis method providing reliable and repeatable
information on starch penetration were available, more fundamental knowledge could be
obtained of the parameters affecting the penetration of starch. Surface sizing and base
paper parameters, and their effect on starch penetration – and on the desired paper
properties obtained through starch – could then be investigated in much greater detail.
Therefore, the aim of this part was to further develop the iodine staining starch penetration
evaluation method in order to obtain quantitative starch penetration information. 

Two main challenges were encountered in acquiring the aforementioned quantitative starch
penetration (or starch distribution) curves: 

• Defining a standardized procedure for preparing and photographing the iodine
stained cross-sections. This way image acquisition would not be dependent on
personal factors. 

• Automated image analysis of the cross-sectional images. 

The final aim was to develop a method for producing quantitative and comparable starch
penetration curves and also a parameter for characterizing the z-directional penetration of
starch, i.e. a dimensionless penetration number. This parameter could then be used in
interpreting starch penetration-related paper properties. This information could, in turn, be
used in evaluating and optimizing the papermaking parameters that influence starch
penetration in the surface sizing process.

The results obtained with the method described are presented in part 6 on page 54.

Sample Preparation

Surface sized paper samples were cut in the machine direction with a surgical blade
fastened to the side of a smooth-based metal block. Cutting was performed on a hard
plastic plate. The surface of the cross-section was thus as smooth and planar as possible to
give a clear and focused image of the whole cross-section under a microscope. A smooth
surface was also necessary for uniform absorption of the I-KI solution into the cross-
sectional surface. The blade was replaced after cutting 50 strips. The cross-sectional
surface of the strip was then dipped in a 1–2 ml dose of 0.1 M iodine potassium iodine (I-
KI) solution, which was pipetted into a separate glass bowl from a light-protected container
immediately before dipping. The I-KI solution was replaced after each dipping to ensure its
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purity and to keep light from weakening the dyeing reaction. The strip moistening time was
approximately 1 second. After dipping excess I-KI solution was removed from the
specimen by pressing a blotting board on the top and bottom surfaces of the strip without
touching the cross-sectional surface itself. The strip was then set under a microscope to
photograph the iodine-stained cross-sectional surface. The cross-section of the moistened
sample was photographed under a microscope using a Nikon Eclipse ME600 light
microscope (Nikon Corporation, Kawasaki, Japan), a PCO 12-bit CCD camera (PCO
Computer Optics GmbH, Kelheim, Germany), and a variable Fostec DCR II planar light
source (Schott Fostec, Auburn, NY, USA). The field of view under the microscope was
0.85 x 0.68 mm, and the size of the RGB image acquired of the cross-section was 1280 x
1024 pixels. The resolution of the image produced was therefore 0.664 µm/pixel. DF (Dark
Field) illumination from above was used to light the specimen under the microscope. After
manually focusing the image, specimens creating deep shadows (i.e. the edges of the cross-
section not clearly visible) due to excessive cockling of the strip were discarded at this
stage. Here, shadows at the edges of the cross-sectional image could distort the subsequent
grayscale image analysis.

When changing the parameters of the cross-sectional imaging, e.g. a change in the
exposure time texp, a reference target – a plastic slip of standardized lightness – was
required for the determination of changes in the quantity of light reaching the CCD sensor,
i.e. for the calibration of the imaging parameters to ensure the comparability of the images.
The lightness of the reference target was L* = 34, determined by spectrophotometry. The
value of the global threshold, Ttexp, used in the segmentation of the image was determined
as follows:

(3) Biastt TGRT +=
expexp

where 〈GR〉texp was the mean of the grayscale histogram in an image of the reference target
with exposure time texp, and where TBias was the global threshold that was used to select the
darkness of pixels classified as starch. The grayscale threshold determined for the reference
target using the illumination time texp was always employed for segmenting cross-sectional
images acquired using the same exposure time.

Image Analysis of the Cross-Sectional Images and Acquisition of Penetration Curves

At the first stage of the image analysis, the location of the cross-section in the original
1280 x 1024 image was roughly determined using the contrast between the background and
the strip itself. This was performed by segmenting the grayscale image into a two-level
(binary) image B(i,j) of the grayscale cross-section. Thus, pixels labeled 1 correspond to
the strip and pixels labeled 0 correspond to the background. The first estimate for the
location of the strip in the image was obtained by calculating a projection from the binary
image on the y axis. A rectangle within the sample to be analyzed was then chosen as the
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Region of Interest, ROI (Figure 16). At the subsequent stages of image processing only
this ROI was analyzed. This way the following image analysis required less computing
power than analyzing the whole original 1280 x 1024 image.

Figure 16. Identification of the position of the cross-section on the original microscopic
digital image. The Region of Interest (ROI) – where the following image analysis is
performed –  is presented as a rectangle around the cross section. 

Then, the binary image B(i,j) was analyzed column by column in order to identify the
edges (i.e. the top and bottom surface curves) of the cross-sectional image. If there were
bright undyed areas in the cross-sectional image, it was possible that the edges of the cross-
sectional image could not be identified correctly in some columns of the matrix B(i,j). The
vectors of edge points ztop and zbottom were therefore filtered with a median filter. Vectors
containing edge pixel values ztop or zbottom can be presented as follows:
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where  G1(xi)  and G2(xi)  are median filtered vectors, L1>n*L2, n ≥ 5 and Gtop(xi) and
Gbottom(xi) are the filtered vectors containing values of edge pixels at the top and bottom
edge of the cross-sectional image. As seen in Figure 17, the filtration of vectors affects
more the outward objects than the inward ones. Fibers and fines pointing outward from the
surface (i.e. fibers torn off from the surface during the cutting of the cross-sectional
surface) could thus be filtered from the cross-sectional image. The determined edge does,
however, follow the surface to the bottom of any pores, as Figure 17 (top) illustrates. 
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Figure 17. The edge detection method is illustrated using the top edge of the strip (top).
The vector containing the values of edge pixels ztop(xi) is presented as a solid line and the
median filtered one Gtop(xi) as a dashed line (i.e. the determined top side edge curve of the
strip). The bottom figure illustrates the completed top and bottom edge detection fitted on
an image of the cross-section.

At the next stage of image processing, only the area between the detected top and bottom
edges of the cross-sectional image was analyzed. Here, the area between the detected edges
of the cross-sectional grayscale image was segmented using the global threshold Ttexp (Eq.
3). TBias was the standard grayscale threshold, which was used to determine the darkness of
pixels that were classified as starch. In our study, the threshold value TBias was determined
by making a similar cross-sectional image of a base paper sample not containing surface
sizing starch. TBias was set at a level at which less than 0.8% of the pixels in the base paper
– based on the wet end starch content of the paper – were under the global threshold Ttexp.
The purpose of this approach was to calibrate the analysis of the dyeing reaction based on
wet end starch in the specimens. In this study the threshold grayscale value TBias selected
based on this condition was set at 16.

In order to determine the z-directional distribution of starch-containing pixels, cross-
section thickness variations had to be removed during image analysis. Here, the thickness
of the whole cross-section (i.e. all 1280 columns) was equalized by normalizing the length
of the individual columns to a constant length of w = 200 pixels. This procedure is
illustrated in Figure 18. A cross-sectional image with binary starch location information
within a cross-section of constant thickness was then available for acquiring a z-directional
distribution curve of pixels classified to contain I-KI-stained starch in the original cross-
sectional image. 
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Figure 18. Original binary image with an illustration of a single sequence (top), and a
thickness-normalized binary image with an illustration of a resampled sequence (bottom).
The equalized thickness, w, of the resampled sequence is 200 normalized units. 

As mentioned, the machine-direction length of a single cross-section was only 0.85 mm.
On the other hand, several process parameters and paper structure variations – such as
flocculation – may affect starch penetration behavior on the order of several millimeters.
Therefore, in order to gain reliable information of overall starch penetration and its effect
on paper properties on the macro scale, starch penetration information needs to be
averaged from a larger amount of data. Examples of starch penetration curves averaged
from 1, 3, 16 and 40 cross-sectional images of 1280 normalized columns are shown in
Figure 19. Increasing the number of measurements n will give a more reliable estimate of
the distribution than any of the measurements taken alone. The standard deviation of the
mean, σx /√n, decreases slowly as n increases. It can be observed that the shape of the
starch penetration curve obtained does not change significantly when 16 or more individual
starch distributions are averaged. Sixteen cross-sectional images were consequently
averaged to obtain the penetration curve for each specimen. Therefore, a total cross-



30

sectional sample length of 13.6 mm in the machine direction was included in the
determination of the starch penetration analysis. 
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Figure 19. Starch penetration curves averaged from 1, 3, 16 and 40 cross-sectional
images. These curves were obtained by averaging the corresponding number of cross-
sections, each consisting of 1280 sequences. The relative starch content (between 0 and 1)
on the y-axis describes the occurrence of pixels categorized to contain starch in the z-
directional thickness of the sheet.

Definition of a Dimensionless Penetration Number, Qtot and the Simulated Starch
Content Distribution, SSC(z)

Once a usable method for determining a quantitative penetration curve is available, one
might suggest that it would also be useful to describe a single dimensionless number to
represent the relative penetration depth of starch. Such a number could then be used for the
quantitative comparison of paper samples with different starch penetration levels. Further,
a penetration number can be quantitatively used in comparing the penetration of starch in
different paper samples (e.g. produced under different process conditions) to determine the
function of any paper making variable whose contribution to surface sizing starch
penetration behavior is of interest. Here, the thickness of paper was divided into four layers
equal in thickness, and the integrals (areas covered by the penetration curve) of these
sections were defined as A0–50, A50–100, A100–150 and A150–200. The suggested penetration
numbers Qtop and Qbottom were defined at both the top and bottom sides separately as the
ratio of the area covered by the penetration curve at the inner quarter of the sheet's
thickness and the area covered by the penetration curve at the half thickness of the
specimen. The mean penetration number Qtot was then calculated as the weighed average
of the penetration numbers obtained from the two sides as Qtot. This definition of the
penetration number Q is illustrated in Figure 20 and in Eq. 5.



31

 

20 40 60 80 100 120 140 160 180 2000

0.1

0.2

0.3

0.4

0.5

0.6

1.0

 A 0–50
A

50–100 
 A 100–150 A

150–200 

Relative depth in z-direction (0 = top, 200 = bottom)

R
el

at
iv

e 
st

ar
ch

 c
on

te
nt

Figure 20. An illustration of the cross-sectional areas A0–50, A50–100, A100–150 and A150–200
covered by the obtained starch penetration curve. These cross-sectional areas are then
used in the determination of the penetration number Q. The relative starch content
(between 0 and 1) on the y-axis describes the occurrence of pixels categorized to contain
starch in the z-directional thickness of the sheet.
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The characteristics Qtop, Qbottom and Qtot are standardized within [0,1]. When starch
penetration decreases, Q approaches zero. If starch is distributed evenly in the z-direction,
the value of Qtot is 0.5. If Qtot > 0.5, there is more starch in the inner parts of the cross-
section sample than on its surfaces. 

Starch penetration curves obtained with the method described here cannot, in principal, be
directly interpreted as starch content distributions, similarly to filler distribution analysis,
since pixels of the cross-sections were only evaluated “to contain” or “not to contain”
starch based on the threshold analysis described above without any scalar information of
starch at individual pixels. However, when penetration curves for different specimens are
compared, penetration curves processed to represent starch amount distributions in the z-
direction using the separately measured starch amount can be of interest. Here, the
quantitative starch penetration curves were used to illustrate the assumed starch content
distribution by normalizing the integrals of the individual starch penetration curves (i.e. the
covered area under the penetration curve) to correspond to the actual starch content in the
specimens. If we define the starch penetration curve P as a function of thickness z as P(z),
the separately measured starch amount as ρstarch, and the starch amount normalized
Simulated Starch Content (i.e. SSC) as a function of thickness as SSC(z), and the equalized
thickness as w, we can define
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Now we can plot the starch penetration curve as a simulated starch content curve SSC(z)
giving an assumption of the starch amount distribution across the sheet thickness using
units of weight per unit area (e.g. g/m2). 

Sample Preparation for ToF-SIMS Analysis Followed by Image Analysis 

In our study, the ToF-SIMS method was employed as the method of comparison for the I-
KI dyeing method of cross-sections. ToF-SIMS was used to identify the lithium ions of
LiCl2 added to starch during the surface sizing process. Here, LiCl2 dissolved in the starch
solution was expected to penetrate into the paper structure along with starch. The
distribution and amount of the LiCl2 was then meant to be traced from the prepared cross-
sectional images. 

Paper samples were embedded in epoxy resin and cross-sectioned. ToF-SIMS analyses
were used to obtain ion distribution maps for the lithium ion in the cross-sections. The
instrument used for the ToF-SIMS analysis was a PHI TRIFT II (ULVAC-PHI, Chigasaki,
Japan). ToF-SIMS images were acquired in the positive ion mode at 25 kV accelerating
voltages using a Ga liquid ion metal gun over a mass range of 2–2000 amu. The analyzed
area was 200µm × 200 µm. Specimens (roughly 2 × 10 mm) were cut in the machine
direction. After cutting the specimens were put in a flat embedding mold made of silicone
rubber (Agar G369). The specimens were embedded in transparent cold mounting epoxy
resin (Struers Epofix kit). An Epofix kit has two components, Epofix resin and Epofix
hardener, which were mixed immediately before use (25 parts of resin and 3 parts of
hardener by weight). Then the epoxy resin was allowed to cure at room temperature for
about 8 hours. After the curing of the epoxy resin, the specimens were cross-sectioned in
the machine direction with a Leica RM 2165 microtome (Leica Microsystems, Wetzlar,
Germany). Cross-sections were made using a glass knife in order to obtain a smooth
surface. The ToF-SIMS analysis of paper was made directly from the resulting epoxy
block. Figure 21 presents an example of an overall ion image of the cross-section as well
as the corresponding Li– image of a paper sample with a starch solids content of 18% and a
total starch amount of 1.8 g/m2. 
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Figure 21. The total ion image of the cross-section (left) and the corresponding Li– image
(right). Bright dots in the image on the right indicate lithium ions.

The Li– cross-sectional images were analyzed column by column similarly to the cross-
sections treated with the I-KI dyeing method in order to determine the distribution of the Li
ions across the z-direction. Edge detection began with detecting the furthest top and bottom
Li– pixels in each column of the Li– image (Figure 22, top). This group of pixels was
classified in all columns i as edge pixels only when the distance w between the topmost
and the lowest Li–pixels in column i was w(I) > Wmin pixels, the value of Wmin being based
on the thickness of the strip. In the study, the requirement for the minimum width of the
cross-section was Wmin = 80 pixels (≈ 63 µm). A continuous edge curve was then obtained
using linear interpolation, after which all elements i of edge point vectors ztop(i) and
zbottom(i) had numerical values. Then the edge point vectors were filtered with a median
filter, similarly to the procedure with I-KI images (Figure 22, middle). Further, the
columns were normalized to a standard length of w = 200 (Figure 22, bottom). Finally, the
cross-section Li– distribution was obtained by averaging the resampled sequences of all
columns. The length of a single Li– image of the cross-section was 200 µm. In total, ToF-
SIMS images of 25 cross-sections were used in order to determine the Li– distribution. 
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Figure 22. The furthest Li– pixels at the low end and top end of each column of a Li– image
of the cross-section (top), median-filtered edge detection of the Li– imag, (middle), and the
thickness-normalized Li– image (bottom).
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5. Surface Sizing with Starch Solutions at High Solids
Contents Up to 30%

The influence of increasing the solids content of starch solutions in the surface sizing
process is investigated. This discussion is supported by the work reported in Papers I and
II.

5.1 Results

5.1.1 Rheological Properties of Starch Solutions

Viscosity at Different Shear Rates 

The flow properties of the two starch solutions were determined in a shear rate region from
100 to 106 s–1 with solids concentrations from 8% to 18% (Paper I) at a temperature of
40°C (Figure 23 and Figure 24). The reason for presenting the rheometer results at 40°C
was the fact that it was difficult to maintain higher temperatures in the capillary during
measurement. It was found that the main viscosity difference was due to initial
modification differences, where the higher molecular weight of the cationic starch B gave a
more pronounced shear-thinning flow compared to starch A.

 When the solids content of starch B was increased above 12%, its viscosity exceeded that
of starch A in the same shear rate region. This means that the metering conditions for a
smooth rod need to be changed (i.e. higher rod pressure, smaller rod, etc.) to maintain the
same size amount. It is also evident that the flow of the low viscosity starch A at low solids
content levels becomes unstable at high shear rates (> 500,000 s–1), especially for the 8%
solution (Figure 23, left). This increase in viscosity could be an effect of unstable liquid
flow in the capillary (i.e. non-laminar flow). Here, the Reynolds number with 8% starch
solution exceeded 2000 at high shear rates (> 500,000 s–1).
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Figure 23. Effect of the solids content (φc = 8, 12, 15 and 18%) of the starch solutions on
viscosity (η) at shear rates  from 100 s–1 to 106 s–1 (40 °C) with low viscosity starch A (left)
and high viscosity starch B (right).

In the shear rate region of 105–106 s–1, the viscosity differences between the two starch
types are smaller at all solids content levels than the initial viscosity difference. One could
suggest, that – as film forming mechanisms using smooth rods can be seen as
hydrodynamic phenomena with high shear viscosity as a major contributing factor (Grön
and Rantanen 2000) – similar film amounts should be reached with both starches under
comparable conditions despite the large initial viscosity difference. Flow stability during
the measurements – even at the highest shear rates – appears to have a stable shear thinning
effect throughout the whole shear rate region. One can also observe that there is a drop in
viscosity in the shear rate region 104 s–1–105 s–1 with the low viscosity starch A. This may
be related to differences in the measurement methods used at the shear rates of 103 and 105

s–1 rather than an actual change in the rheological properties of the starch solution within
the shear rate region mentioned. This possibility was brought up also by Roper and
Attal (1993). The different high shear viscosity behavior at a shear rate of 500,000s–1  is
further illustrated in Figure 25.
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Figure 24. Effect of the solids content (φc = 21, 24, 27 and 30%) of the starch solutions on
viscosity (η) at shear rates  from 100 s–1 to 106 s–1 (40 °C) with low viscosity starch A (left)
and high viscosity starch B (right). 

The differences in rheometric behavior of the two starches may be explained due their
differences in molecular weight, degree of substitution and degree of polymerization (see
Table II on page 17). As reported, the higher molecular weight of the starch B gave a more
pronounced shear-thinning flow, whereas the low-viscosity starch A did not show the same
shear-thinning effect but rather gave a Newtonian flow. One can suggest, that higher
molecular weight may induce shear thinning behavior through orienting the polymers
along the flow as the shear rate is increased, resulting in a clear shear thinning behavior.
With low molecular weight starch, however, the shorter polymers orienting along the flow
as shear rate is increased would effect the viscosity level less, resulting in a more
Newtonian behavior.
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Figure 25. Effect of the solids content of the starch solutions (φc = 8, 12, 15, 18, 21, 24, 27
and 30%) on viscosity (η) at a shear rate  of 500,000 s–1 and a temperature of 40 oC with
low viscosity starch A and high viscosity starch B. 

The Effect of Solids Content on Yields Stress

It was expected that the starch molecules would create a weak network that would develop
initial yield stress prior to breaking. Yield stress, τβ, describing the stress needed to obtain
flow was calculated for the starch solutions according to the Bingham plastic flow model.
Figure 26 represents an example of the Bingham flow model in determinig the yield stress,
τβ with starch B at solids content 27%.

y = 3.9314x + 2.2781
R2 = 0.9994

0.00

10.00

20.00

30.00

40.00

50.00

0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00

Sh
ea

r s
tre

ss
, τ

  (
m

P
a)

(s-1)γ    
.

Shear rate,

Figure 26. An example of the Bingham flow model used in determining the yield stress, τβ,
with starch A at 27% solids content.

Yield stress was found to be low for both starch solutions, even up to 18% solids content.
For starch B, low yield stress was also measured, which was very surprising since the
viscosity level was quite high (Figure 27, left). Based on the results, excellent film forming
and coverage were also found within the whole solids content range, which correlates with
the weak starch molecule network (i.e. low yield stress values).
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When relating starch properties to process conditions, it was expected that yield stress
might explain differences in the web release force for different starch solutions. Here,
higher yield stress means that more force is needed to obtain flow in the starch which, in
turn, would affect the cohesion of the starch resulting in longer web release distances. If so,
yield stress needs to be minimized to avoid uneven web release at such solids contents and
viscosity levels. No web release problem was detected in this study even up to 30% solids
contents with low viscosity starch A, and up to 21% solids contents with high viscosity
starch B. This observation could be supported by the low yield stress values. However,
with starch solids contents of 21%–30%, higher yield stress values were measured
especially with high viscosity starch B (Figure 27, right).
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Figure 27. Effect of the solids contents (φc = 8, 12, 15, 18%, left, and 21, 24, 27 and 30%,
right) of the starch solutions on yield stress (τβ) at temperature of 40 oC with low viscosity
starch A and high viscosity starch B. 

It was observed during the trial that an increased web release force was required when
using high viscosity starch B at a solids content of 24%. Here, the release distance of the
web on the bottom roll increased up to 200 mm. With starch solution solids contents of
27% and 30% of the high viscosity starch B, the web was not able to be released from the
bottom roll. Starch A, however, would release up to 30% solids content. When comparing
web release behavior with the different solids contents and starch types, one can suggest a
correlation with the required level of yield stress in the starch. Here, a yield stress level
below 400 mPa provided sufficient polymer mobility for stable web release in the MSP roll
nip (Figure 27). 

5.1.2 Influence of Starch Solution Solids Content on Film Application, Starch
Penetration and the Properties of Paper

Starch Amount and Transfer Ratio

The wet film amount measurement results are presented in Figure 28. Using these
measurements it was possible to determine the required pressure level and rod type to
obtain a similar starch amount on either side of the sheet in the actual trial. As expected,
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the wet film amount measurements indicate a strong dependence between the wet film and
rod pressure. The measured premetered film amount follow well the power trendline
equations with an average R2 value of 0.926.
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Figure 28. Measured wet film amounts with low viscosity starch A (left) and high viscosity
starch B (right). 10 mm grooved rods (Ø10 mm) are presented with open symbols, while
smooth rods (Ø15 and Ø20 mm) are plotted with filled symbols. The codes of the grooved
rods represent the groove profile shapes used.

The transfer ratio during the trial presented in Figure 29 was determined by measuring the
remaining film on the bottom roll during the trial. The higher viscosity starch gives higher
transfer to the sheet than the low viscosity starch. However, it should be noted that the
transfer ratio was always above 95%, which involves some variation in the measured
values. When observing the transfer ratio values, one should note that the remaining films
were extremely thin and that the film may not have been scraped off completely during
measurement.
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Figure 29. Transfer ratio determined by measuring the remaining film amount in the film
transfer process. The individual values plotted represent averages measured from a set of
4–5 test points at each solids content with low viscosity starch A and high viscosity starch
B.  

Starch Penetration

Increasing the solids content of the starch solution from 8% to 18% reduces starch
penetration and leaves more starch on the paper surface. The dry starch amount applied on
the paper surfaces illustrated in Figure 30 was approximately 2.0 g/m², where both starches
penetrated through the paper at 8% and remained on the surface at 18%. This has also been
reported in a study by Bergh (1984), where he found that a starch solution applied with a
flooded nip size press at 15% solids content penetrated far less than at 4% despite the same
viscosity of the solutions. He explained this result as more rapid closing of the pores with
the higher solids content. In our study, the solids content of the starches also dominated
their penetration behavior, but the high viscosity level of starch B seemed to slightly
enhance the concentration of starch on the paper surface. This can be seen when observing
the starch penetration behavior differences between the two starch types at starch solids
contents of 12% and 15%. With the starch solids content levels mentioned, lower viscosity
starch A seems to penetrate into the fiber network more than higher viscosity starch B.
When observing these starch penetration differences one must also recognize the fact that
when the dry starch amount is kept constant, the liquid volume added to the paper structure
depends directly on the starch solids content used. For example, when the starch solids
content is increased from 8% to 18%, the liquid volume added to the sheet is decreased by
56%, filling the pores mainly at the surface of the sheet. However, some of the penetration
differences, especially between the two different starches at comparable solids contents
and film amounts, may be explained by the effect of solids content on the viscous flow of
the starch solution into the porous network of the sheet.
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Total starch amount 1.8 g/m² at 8 %,
Br100 27 mPas (60 °C)

Total starch amount 1.9 g/m² at 8 %,
Br100 35 mPas (60 °C)

Total starch amount 1.8 g/m² at 12 %,
Br100 48 mPas (60 °C)

Total starch amount 2.0 g/m² at 12 %,
Br100 65 mPas (60 °C)

Total starch amount 2.0 g/m² at 15 %,
Br100 60 mPas (60 °C)

Total starch amount 2.0 g/m² at 15 %,
Br100 95 mPas (60 °C)

Total starch amount 1.8 g/m² at 18 %,
Br100 70 mPas (60 °C)

Total starch amount 1.9 g/m² at 18 %,
Br100 140 mPas (60 °C)

Figure 30. Cross-sections of surface sized paper with approximately 2.0 g/m² of total
starch applied at different solids contents (8%, 12%, 15% and 18%) with low viscosity
starch A (left column) and high viscosity starch B (right column). The iodine stained starch
can be seen as darker areas in the pictures. 

The observation of the greatest penetration difference in the medium solids content range is
also supported by Figure 31 where the starch penetration is evaluated using the cross-
section iodine staining penetration evaluation method (the complete results of this method
are explained in detail in part 6 on page 54). Here, the dimensionless starch penetration
number Qtot shows different penetration behavior in the two starches when the starch solids
content is increased from 8% to 18%. In Figure 31 one can observe that starch penetration
with the higher viscosity starch decreases more significantly – compared to the lower
viscosity starch – when the starch solids content is increased from 8% to 15%. The
penetration of the high viscosity starch also does not decrease further when the starch
solids content is increased above 15%. At the same time the penetration of the low
viscosity starch keeps decreasing with starch solids content levels up to 18%. 

As mentioned in part 6, the confidence interval around the penetration number (in terms of
the standard deviation of penetration numbers Q in parallel specimens) is ±5%. This
observation can thus be considered statistically reliable.
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Figure 31. Penetration number Qtot with different starch solids contents with starches A
and B. The starch amount was 1.8–2.0 g/m2.

When the solids content of the starch solution is increased from 8% to a level of 21%–
30%, less starch penetrates the sheet and more starch remains on the paper surface. At this
level the penetration of starch is almost negligible at all of the starch solids content levels
studied. Figure 32 presents cross-sections of paper samples with starch amounts of 3.2 and
3.9 g/m2 at solids contents of 21% and 30%. It can also be observed, however, that starch
seems to have locally penetrated into the larger pores of the sheet also at the highest starch
solids levels. 

Applied amount 3.2 g/m2 at starch solution 
solids 21 %, Br100 viscosity 80 mPas (60°C)

Applied amount 3.9 g/m2 at starch solution 
solids 30 %, Br100 viscosity 158 mPas (60°C)

Figure 32. Cross-sections of surface sized paper with 3.2 and 3.9 g/m² of total starch
amount at 21% and 30% solids content of low viscosity starch. The iodine stained starch
can be seen as darker areas in the pictures.

Paper Properties

Increased solids contents increase the surface strength of paper since starch remains on the
surface. The effect of the solids content is more evident with higher viscosity starch B,
which can be seen in Figure 33. Here, the higher molecular weight of starch B, with
potentially more binding power, gives increasing surface strength levels also at lower
starch amounts.
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Figure 33. Effect of solids content on surface strength (IGT) with low viscosity starch A
(left) and high viscosity starch B (right).

There is no major change in surface strength as the solids content is changed from 21% to
30%. As the starch is already concentrated on the paper surface at a solids content of 18%
(Paper I), no significant increase can be seen in Figure 34. 
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Figure 34. Effect of solids content on surface strength (IGT) with two different amounts of
starch A and one of starch B. The starch amounts are presented next to the observations.

The porosity of paper decreases by almost 50% in terms of Bendtsen air permeability at
higher starch solids contents (Figure 35). With both starches, air permeability was reduced
from 800–600 ml/min to 400 ml/min at 18% solids content. The most evident reduction in
air permeability was seen for high viscosity starch B. One can also observe, that starch
amount (i.e. 1.8 g/m² and 2.5 g/m²) seems not to have an effect to Bendtsen air
permeability. This may be explained if we assume the starch layer not forming a
continuous film on the paper surface. Then, one can suggest, that merely varying the
amount of this non-continuous layer of starch may not necessarily have a significant effect
on the airflow through the paper structure, which is used in determining the air
permeability of the sheet.
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Figure 35. Effect of solids content on air permeability (Bendtsen) with low viscosity starch
A (left) and high viscosity starch B (right).

When increasing the starch solids content above 20%, the air permeability of the paper
decreases by 60%–80% compared to the base sheet (Figure 36). With both starches air
permeability was reduced from 700 ml/min to 275–100 ml/min at the highest solids
contents. With the high viscosity starch solution, a more complete sealing of the sheet was
obtained due to this reduced starch penetration. Another factor contributing to lower air
permeability with starch B may be more complete film forming capability with its longer
molecular chains.
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Figure 36. Effect of solids content on air permeability (Bendtsen) with two different
amounts of starch A and one of starch B. The starch amounts are presented next to the
observations.

The absorption of oil is reduced at increased starch solids contents (Figure 37). The
reduced openness of the paper surface with a higher starch concentration on the sheet
surface is naturally the explanation for this behavior. Especially high viscosity starch B
gave a clear oil absorption reduction from 40 g/m² to 25 g/m² as the starch solids content
was increased by 10 percentage points.
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Figure 37. Effect of solids content on oil absorption (Cobb-Unger, CU10) with low viscosity
starch A (left) and high viscosity starch B (right).

Oil absorption is further reduced when starch solids are increased above 20% (Figure 38).
The reduced openness of the paper surface with a higher starch concentration is naturally
the explanation for this result. Especially high viscosity starch B gave a clear oil absorption
reduction from 34 g/m² for the base sheet to less than 7 g/m² as the starch solids content
was increased up to 30%. Oil absorption was also decreased to 7 g/m² with the lower
viscosity starch A.
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Figure 38. Effect of solids content on oil absorption (Cobb-Unger, CU10) with two different
amounts of starch A and one of starch B. The starch amount values are presented next to
the observations.

As expected, internal strength (e.g. Scott Bond) decreases as a result of decreased starch
penetration at increased solids content in the starch solution (Figure 39). One can suggest
that starch B with its higher viscosity remains more on the surface than starch A, and
internal strength can therefore be reduced even more. This effect can be seen for both
starches, especially at a solids content of 15%. The amount of the two starches applied also
has a very dramatic effect on internal strength at different solids contents. Here, the higher
viscous starch shows a larger impact on internal strength at solids contents between 8%
and 18% as the applied starch amount increases. This may be explained by a further
enhanced starch concentration on the surfaces. Penetration differences of the two starches
in terms of penetration analysis are discussed further in Figure 31, on page 43.



47

100

125

150

175

200

225

250

6 8 10 12 14 16 18 20
Starch solids content (%)

In
te

rn
al

 s
tre

ng
th

, S
co

tt 
bo

nd
 (J

/m
²)

1.8 g/m²
2.5 g/m²

100

125

150

175

200

225

250

6 8 10 12 14 16 18 20
Starch solids content (%)

In
te

rn
al

 s
tre

ng
th

, S
co

tt 
bo

nd
 (J

/m
²)

1.8 g/m²
2.5 g/m²

y = 0.5974 x2 – 24.255x + 390.71

y = 0.1086 x2 –  6.5307x + 219.02

y = –8.7193 x + 321.76

y = –0.5841x2 + 10.466 x + 147.58

Figure 39. Effect of solids content on internal strength (Scott bond) with low viscosity
starch A (left) and high viscosity starch B (right).

With starch solids contents of 20%–30%, it was a bit surprising that – compared to the base
sheet – high solids surface sizing increased the internal strength of the sheet (Figure 40).
With starch solids contents between 8% and 18%, the internal strength level developed
toward base sheet values when using 18% starch solution.
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Figure 40. Effect of solids content on internal strength (Scott bond) with two different
amounts of starch A and one of starch B. The starch amount values are presented next to
the observations.

With the lower viscosity starch one could explain this by the effect of pore size on
penetration even at the highest solids content levels. The development of internal strength
reported here at increased solids contents is somewhat contradictory to the findings in
Paper I, where an almost negligible increase in base sheet internal strength was reported
with 18% starch solids for an 82 g/m² base sheet. This result may also be explained
through the lower basis weight of the base sheet, which may promote the development of
internal strength even at low starch penetrations. Lowering the base sheet basis weight
below 80 g/m² is known to increase Scott bond values due to the decreased probability of
potential rupture planes during Scott bond measurement (Kajanto 2000). The increased
starch amount used at the 30% solids content also most probably has an effect on the
increased Scott bond values. This observation also agrees well with the findings of
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Küstermann (1990), who reported increased Scott bond values at increased starch solids
content levels when he simultaneously increased the amount of starch.

The influence of solids content on paper stiffness can be seen more clearly in the CD
direction where stiffness is increased at higher solids contents (Figure 41). Again, this
increase in stiffness as a function of solids content can be explained by decreased
penetration. This observation also agrees with previous studies (Tehomaa et al. 1992),
where increased sheet stiffness was achieved with SDTA blade application and reduced
starch penetration.
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Figure 41. Effect of solids content on MD (top) and CD (bottom) bending stiffness for
starch A (left) and starch B (right). 

The effect of solids contents on MD bending stiffness is unclear for both starch solutions
Starch concentrating on the sheet surface and its effect on the local z-directional elastic
modulus may be different in the MD and CD directions. This approach is discussed in
more detail in part 7 on page 61.

In related literature (e.g. Tehomaa et al. 1992), increased bending stiffness is reported with
increased starch solids, explained by starch being more concentrated on the surface of the
sheet. Here, when starch solids are increased above 20%, the influence of solids content on
bending stiffness show no significant change as starch solids are increased toward 30%
(Figure 42). This may be due that when starch is already concentrated on the surface of the
sheet at 18% solids content, as reported, increasing the solids content further may not
effect the distribution of starch to an extent necessary to be seen in bending stiffness
measurement.
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Figure 42. Effect of solids content on cross-directional bending stiffness with two different
amounts of starch A and one of starch B. The starch amount values are presented next to
the observations. 

The penetration of starch also affects the optical properties of paper. As seen in Figure 43,
ISO brightness increases as the starch solids content is increased. This can be explained
through the fact that the optical brightener attached to the starch molecules is also more
concentrated on the paper surface. One can support this observation when the different
penetration behaviors of the two starches at solids contents from 12% to 15% are visually
compared (Figure 30). Here, the higher viscosity starch B remains more on the sheet
surface compared to the lower viscosity starch B, especially at a solids content level of
12%. As seen in Figure 43, the difference in the ISO brightness values between the two
starches is the most evident within this solids content region.
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Figure 43. Effect of solids content on ISO brightness with low viscosity starch A (left) and
high viscosity starch B (right).

Starch solids content also affects the opacity of paper through the penetration behavior of
the starch. Whereas no clear effect of the starch solids content can be seen with the low
viscosity starch A, the higher viscosity starch B increases the opacity of paper since starch
remains more on the sheet surface. This may be explained through a more uniform starch
layer on the sheet surface that weakens the optical contact between the sheet surfaces,
leaving more fiber-air interfaces in the inner parts of the sheet. Again, as opacity can be
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seen to decrease with increased starch amounts, the effect of starch filling the pores and
therefore reducing scatter is supported.
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Figure 44 . Effect of solids content on opacity with low viscosity starch A (left) and high
viscosity starch B (right).

5.1.3 Effect of Increasing the Solids Content on Drying Capacity and Runnability

When maintaining the starch amount while the starch solids content is increased, it is
possible to achieve up to 50% savings in energy consumption and investment costs for the
afterdryer section. Both surface sizing and coating capabilities could be achievable on
paper machines with online MSP application units. In these cases drying capacity needs to
be over-dimensioned for coating to be able to evaporate the water applied during surface
sizing. But, surface sizing using high solids contents could eliminate the need for
additional drying capacity in comparison to pigment MSP coating. This is explained in
Table VI as a difference in the required evaporation capacity.

Table VI. Evaporation capacity required for MSP coating at a solids content of 67%
compared to MSP sizing at starch solution solids contents of 8%, 18% and 30%. A transfer
ratio of 0.80 was used in the calculations for coating and 0.95 for surface sizing.

Solids
Content 

(%)

Film 
Thickness 

(g/m²)

Dry Amount
Applied / Side 

(g/m²)

Water to be 
Evaporated/Side

(g/m²)

MSP coating 67 18.8 10 4.9
MSP surface sizing 8 19.7 1.5 17.3

18 8.8 1.5 6.8MSP high solids surface sizing
30 5.3 1.5 3.5

Table VI indicates that it is possible to utilize the same afterdrying capacity for coating and
surface sizing when the size solids content is increased from 8% to 30%. Table VI also
presents the basic requirements for high solids surface sizing, where only a very thin starch
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solution film is required to achieve the desired dry starch amount. This film requirement
also underscores the stability of the starch solution, especially in terms of the CD stability
of the applied film. 

A considerable reduction in the number of web breaks can also be gained by increasing the
surface size solids content and keeping the applied starch amount constant due to higher
web dryness after the MSP unit (i.e. more than 85% instead of about 70%). Here, if we
calculate the change in web dryness after the size process, we can observe that sheet
dryness is increased from 70% to 85% when starch solids content is increased from 8% to
20% keeping the starch amount constant, e.g. at 3 g/m². According to Breght et al. (1959),
the wet breaking load of the sheet can then increase by up to 200% (i.e. from 600–700
g/cm to 1800 g/cm) as sheet dryness is increased from 70% to 85% since the
interdependence of wet strength and sheet dryness can be characterized as exponential.
Web breaks at the surface sizing unit are mainly induced by the wetting of the sheet and
the increased solids content of the starch solution can be expected to improve paper
machine efficiency by up to 2 percentage points. The ability to use smooth rods and softer
roll covers (compared to surface sizing) may also allow using the same application and
afterdrying concept for both the MSP coating and surface sizing processes.

5.2 Summary

As reported, it is possible to apply starch at remarkably higher solids contents without
significantly affecting the dry starch amount. The results presented also show that it is
possible to use a wide variety of starch viscosities and molecular weights with increased
starch solids contents. Therefore, increasing the starch solids content is not necessarily
restricted only to highly degraded starches with their lower binding power potential.
Increased starch solids content levels gave a high transfer ratio without restrictions, such as
an uneven web release from the roll after the nip. Application is done here from 15% to
30% with smooth rods instead of conventionally used grooved rods. 

Based on the results reported here, increased solids contents in the sizing solution decrease
its penetration into the sheet. This decreased penetration can be explained through a
decreased volume of liquid transferred to the sheet, as well as by the effect of the increased
solids content on the viscous flow of the starch solution into the porous network of the
sheet. Decreased penetration of starch improves such paper properties as surface strength
and bending stiffness. Decreased sheet air permeability and oil absorption can also be
achieved. These observations agree with Tehomaa et al. (1992), who could retain starch on
the surface of paper by using SDTA application compared to MSP technology. However,
some reduction in internal strength can also be observed. All these results can be explained
by decreased penetration at increased starch solids contents. Air permeability and oil
absorption were further decreased compared to solids content levels below 20% when the
starch solids content was increased up to 30%.
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Greater effort needs to now be placed on optimizing the rheological properties of starch
solutions when the solids content is considerably increased. Flow characteristics will have
a large impact on metering conditions since metering will be based on hydrodynamic
principles (i.e. smooth rods) instead of the current volumetric (i.e. grooved rods) approach.
It was also seen that the runnability of the MSP unit was stable with the low viscosity
starch up to a starch solids content of 30%. At a high starch viscosity, web release was
stable even up to a solids content of 24%. When the solids content of the high viscosity
starch was above 24%, decreased polymer mobility increased the tension required to
release the web from the MSP roll. Here, when comparing web release behavior using
different solids contents and starch types, one can suggest a correlation with the required
level of yield stress in the starch. A yield stress level of less than 400 mPa provided
sufficient polymer mobility for stable web release in the MSP roll nip.

However, when increasing the starch solids content even up to 30% – despite an overall
decrease in penetration – local starch penetration could be seen with low viscosity starch
even at the highest starch solids content levels. Pore size distribution results obtained with
Coulter oil porosimetry are presented in Figure 45. 
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Figure 45. Pore size distributions (Coulter) of the two different base papers used in the
study. Base papers A and B were used with starch solids content ranges of 8%–18% and
21%–30%, respectively.

Here, one can suggest that local starch penetration into the larger pores of the sheet may be
an explanation for the high internal strength achieved with low viscosity starch at very high
solids contents. One can suggest that optimizing the pore size characteristics of the base
sheet can be seen as a tool for compensating for the loss of internal strength in surface
sizing even at the highest solids content levels. It can be discussed in general whether the
internal strength of uncoated fine paper really should be gained through surface sizing.
Would it be more beneficial to produce the required internal strength at an earlier stage in
the papermaking process by further optimization of the base sheet properties, furnish
components, and the internal sizing process? Compared to the current conventional sizing
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concepts, increased surface strength could then be produced through a more cost-effective
surface sizing operation. This will open opportunities for reducing raw material costs and
increasing the productivity of paper machines. An additional new and desirable paper
property is the reduced porosity gained through reduced starch penetration, which is
possible with a low starch amount at high solids contents in an MSP application.
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6. Starch Penetration Analysis through Iodine Staining and
Image Analysis of Cross-Sections of the Paper Structure

A novel method for the quantitative determination of starch distribution in cross-sectional
images of surface sized paper samples is discussed. The specific aim was to discuss the
possibility of formulating a fast and inexpensive method for determining z-directional
starch distribution curves from paper cross-sections. The discussion is supported by the
work reported in Paper III.

6.1 Results

The following figures illustrate the starch penetration curves obtained as examples of
utilizing the method developed (Figure 46). These curves show differences in starch
penetration depending on the surface sizing solids content as starch concentrates on the
surface or penetrates more through the sheet based on starch solids content. The results
presented here are produced using the specimens whose paper properties are reported in
part 5 on page 35. A base paper sample with no surface sizing was also analyzed in a
similar manner as the surface sized samples. Here, some I-KI dyeing of the base paper
sample through reaction with fibers, fillers and wet end starch can be seen in the starch
“penetration” curve of the non-surface sized base paper. 
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Figure 46. Starch penetration curves with starch amounts of 1.8 g/m2, 2.0 g/m2, 2.0 g/m2

and 1.8 g/m2 and starch solids contents of 18%, 15%, 12% and 8%, respectively. A
reference curve obtained from the base paper sample is also presented. The relative starch
content (between 0 and 1) on the y-axis describes the occurrence of pixels categorized to
contain starch in the z-directional thickness of the sheet.

Using the Simulated Starch Content distribution calculation, SSC, starch penetration curves
were rearranged by normalizing the integrals of the starch penetration curves based on the
starch amount measured from the specimens (Eq. 6 on page 32). These normalized curves
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(Figure 47) show a logical arrangement of the starch penetration curves according to starch
solids content. 
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Figure 47. Starch penetration curves normalized to cover an area proportional to the
corresponding starch amount for each paper sample (i.e. Simulated Starch Content
distributions, SSC) at starch amounts of 1.8 g/m2, 2.0 g/m2, 2.0 g/m2 and 1.8 g/m2 with
starch solids contents of 18%, 15%, 12% and 8%, respectively. 

The starch amount in paper samples is seldom equal at the top and bottom side of paper.
Therefore, a direct comparison of the starch distribution curves at each side or as a function
of the entire thickness of paper can be complicated. Here, unless penetration at each side of
the paper is of special interest, averaging the curves obtained from the top and bottom sides
of paper can be useful. Figure 48 presents examples of such half curves. The top and
bottom averaging is obtained from the Simulated Starch Content curves seen in Figure 47.
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Figure 48. Top and bottom side averaged starch penetration curves with starch amounts of
1.8 g/m2, 2.0 g/m2, 2.0 g/m2 and 1.8 g/m2 and starch solids contents of 18%, 15%, 12% and
8%, respectively. Penetration curves were normalized to cover an area proportional to the
corresponding starch amount at each point (i.e. Simulated Starch Content distributions,
SSC).
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In Figure 48 one can observe, that starch penetration with solids content of 18% differs
significantly from the penetration of starch solutions at 8%–15%. This may be explained
through observing the rheometric behavior of this starch illustrated in Figure 23. Here, as
high shear viscosity does not increase linearly according to the solid content, the viscosity
of starch A at 18% is significantly higher compared to the lower solids contents starch
solution  throughout the whole shear rate region. As liquid penetration to a paper structure
can be seen as pressurized capillary penetration, high shear viscosity may then be used to
quantitatively characterize the penetration potential of the starch.

Figure 49 illustrates the calculated penetration number Qtot as a function of the starch
solution solids used (i.e. 8%, 12%, 15% and 18%). One can observe in Figure 49 that the
penetration number described here gives a relevant view of starch penetration at different
solids contents. 
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Figure 49. Determined penetration number Qtot as a function of the starch solids content
used (i.e. 8%, 12%, 15% and 18%). The total starch amount was 1.8–2 g/m2. The
confidence intervals represent the estimated 10% confidence.

Similarly, the Scott bond internal strength measurements are compared against the
penetration number. When observing Figure 50, one can suggest that the penetration
number Qtot introduced here can well be used in evaluating the internal strength of the
sheet in terms of starch penetration.
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Figure 50. Measured internal strength (Scott bond) as a function of the penetration
number. The total starch amount was 1.8–2 g/m2. The confidence interval indicate the
2σ  variation of the Scott bond measurements. Regarding the penetration number Q, the
confidence intervals represent the estimated 10% confidence.

Figure 51 presents the lithium ion distribution of a paper sample with a starch solids
content of 18% and total starch amount of 1.8 g/m2. Figure 51 shows that the lithium ions
were more evenly distributed across the z-direction of the paper than indicated by the
starch penetration information from the analysis of binary images of the I-KI dyed cross-
sections (Figure 46 and Figure 47). In other words, the lithium ion content of the paper is
greater in the middle of the sheet than expected based on the I-KI distributions. 
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Figure 51. Averaged Li– distribution determined for a series of cross-sectional images (25
images). The starch solids content at the specimen was 18%, and the total starch content
1.8 g/m2. The relative Li– ion content (between 0 and 1) on the y-axis describes the
occurrence of pixels categorized to contain Li– ions in the z-directional thickness of the
sheet.

Figure 51 also suggests that the maximum Li– concentration is not quite on the surface of
the cross-section but at a depth of about 5 µm from the surface of the specimen. This
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observation agrees well with the findings on the I-KI starch penetration curves, where the
maximum starch penetration was also found to be at a similar depth from the sheet surface.

The accuracy of the method developed can be evaluated by observing starch penetration
results from parallel specimens. Four specimens were analyzed in the following figures in
order to find out the level of confidence, and further, the repeatability of results with the
method developed. 
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Figure 52. Examples of relative starch content distributions from four parallel specimens,
each consisting of averaged information from 16 cross sections. Starch content in the
specimen was 2.0 g/m2 at starch solids content of 12%.

In Figure 52, four parallel relative starch content distributions are compared. One can
observe roughly 30% variation in starch content maximum values between the curves.
Comparing results based on relative starch content curves alone can therefore be
complicated.
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Figure 53. Examples of Simulated Starch Content (SSC) distributions from four parallel
specimens, each consisting of averaged information from 16 cross sections. Starch content
in the specimen was 2.0 g/m2 at starch solids content of 12%.
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However, if the results with the Simulated Starch Content (SSC) distribution are observed,
good repeatability of the results can be seen (Figure 53). Looking at the Simulated Starch
Content distribution and normalizing the curves based on the measured (or targeted) starch
amount using Eq. 6 is therefore the most useful form of plotting the penetration curves.
Further, the penetration numbers Qtot for the specimens compared here give values 0.114,
0.124, 0.104 and 0.131 with an average of 0.118 and standard deviation of 0.012. The
method developed for determining the penetration number gives quantitative starch
penetration information with coefficient of variation (CV) of 10%.

6.2 Summary

A quantitative method for the evaluation of starch penetration was presented in this study.
The dyeing of the specimen in the iodine potassium iodine (i.e. I-KI) solution and the
image analysis of the resulting dyed cross-sections were quick to conduct. The dyeing of
the specimen, image acquisition of the dyed cross-sectional surface, and image analysis of
the cross-sectional image were defined and specified so as to obtain reproducible and
comparable information of quantitative starch penetration. Person-dependent factors that
may affect the procedure and the results obtained, such as variations in the handling of
specimens, were then minimized. The penetration curves produced by the method
described in this study give an additional tool for studying the effect of papermaking
process parameters on the quantitative z-directional penetration of surface sizing starch.
The method introduced for obtaining Simulated Starch Content (SSC) distribution curves
also gives a helpful tool for characterizing the effect of various process parameters on the
z-distribution of starch in a sheet. An additional feature of the method is the definition of a
dimensionless penetration number Qtot  that can be quantitatively used in comparing the
penetration of starch in different paper samples to determine the function of any
papermaking variable whose contribution to surface sizing starch penetration behavior is of
interest. Such variables may be starch viscosities and/or solids contents, linear loads of the
MSP unit, roll diameters and hardnesses, or such base paper properties as porosity or pore
size characteristics. The results presented here showed a good correlation between starch
solids content and the internal strength of the sheet, for example. The method described
will open new possibilities for describing starch penetration compared to the
conventionally used qualitative evaluation of iodine stained cross-sections. 

One must note that the penetration curves described here should, in principal, not be
directly interpreted as starch amount distributions due to the method used in determining
the curves. Here, the method is based on evaluating whether the individual pixels across
the cross-section contain starch or not – instead of quantitative information on starch
content at that particular location. Nevertheless, the simulated starch content (SSC)
distribution curves presented seem to also represent the expected relative starch amount
distribution in the z-direction quite well.
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The starch penetration curves were also compared against Li– distributions obtained
through ToF-SIMS using LiCl2 as a marker for starch, which described the distribution of
the starch solution in the z-direction. The comparative ToF-SIMS results repeat the
observation made with I-KI dyed and image analyzed cross-sections showing a drop in
starch content in the 5 µm layer of the topmost surface of the sheet. However, the Li–

distributions show deeper penetration compared to the I-KI curves. This may be explained
through the LiCl2 marker migrating through the fiber network with the water in the starch
solution. One can then suggest that the starch molecules (low molecular weight anionic
starch A used in these samples) were not able to prevent Li– ions from washing into the
paper structure with water and deeper in the z-direction than the starch itself.

A Simulated starch content (SSC) distribution derived by normalizing the curves using the
measured (or targeted) starch amount is the most useful form of plotting the penetration
curves. Further, the penetration number gives quantitative starch penetration information
that is 90% accurate.
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7. Mechanical Properties of Woodfree Paper Sheets at
Different Surface Size Starch Amounts

The effect of starch content on woodfree paper and its mechanical properties are discussed.
The specific aim was to discuss elasticity properties (elastic modulus) and other
mechanical properties, such as bending stiffness, as the starch content of paper is
increased. This discussion is supported by the work reported in Paper IV.

7.1 Results

The following figures are presented as a function of cumulative water addition, which was
applied to the paper during the complete set of multiple application sequences in both 1%
starch application and the water treatments performed for reference. The water reference
results can thus be evaluated together and compared with the starch application results. 

Shrinkage results are presented below. It can be noted that starch promotes strong
shrinkage in unrestricted drying, especially in the cross direction. However, some
shrinkage can also be observed in the results based on “restricted” drying despite the
attachment of the sheets to the fabric during drying. This is most probably due to the
relaxation of drying stresses after sheets were released from tape attachment in the drying
apparatus used, which resulted in some degree of shrinkage. 
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Figure 54. Drying shrinkage in the cross direction (left) and in the machine direction
(right) as a function of cumulative water addition. Starch added as 1% starch solution.

Elastic modulus results both in the cross direction and machine direction are presented in
Figure 55.  Elastic modulus values with both starch and water treatments are presented in
these figures for both restricted drying and free drying. One can observe in the figures that
the modulus of elasticity decreases with less restrained drying, as reported by Setterholm
and Kuenzi (1970) and Htun (1980), for example, who reported that the modulus of
elasticity decreases significantly when drying shrinkage is allowed. One can suggest that
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starch-induced excessive shrinkage leads to a “crimped” sheet structure with very low
resistance against tensile stress, and therefore to low elastic modulus values in the
specimen, as suggested by Silvy (1971). 

0

500

1000

1500

2000

2500

3000

3500

4000

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Cumulative applied water amount (g/m²)

M
od

ul
us

 o
f E

la
st

ic
ity

, C
D

 (N
/m

m
²)

0

1000

2000

3000

4000

5000

6000

7000

8000

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Cumulative applied water amount (g/m²)

M
od

ul
us

 o
f E

la
st

ic
ity

, M
D

 (N
/m

m
²)

Starch, free drying Water, free drying
Starch, restricted drying Water, restricted drying

Base sheet

y = 0.0002x2 – 0.7471x + 3045.1

y = 9E–05x2 – 0.722x + 3346.3

y = 5E–05x2 – 0.5463x + 3150.1

y = –0.8243 x + 3302.5

y = 0.0002 x2 – 1.581 x + 6783.9

y = –1.8057 x + 7137.3y = 0.0003 x2 – 1.9641 x + 6830.2

y = –1.1971 x + 6815.4

Figure 55. Modulus of elasticity in the cross direction (left) and in the machine direction
(right) as a function of cumulative water addition. Starch added as 1% starch solution. The
confidence intervals indicate the 2σ  variation of the measurements.

Different drying arrangements with starch and water treatments have an effect to the paper
thickness, as seen in Figure 56, where the results are presented as a function of
applications per side. Here, thickness seems to increase due to drying restriction. This
phenomenon is more evident with starch treated samples. The thickness increase may be
explained through the known phenomena of thickness increase during wet straining: wet
straining has explained to increase thickness of the sheet through fiber "undulations", when
some fibers are pulled straight in the network (Retulainen et al. 2000). Here, the effect of
starch – through the suggested mechanism of increased drying stresses – may be inducing
wet straining of the fibers and fiber bonds, resulting in promoting of increase of sheet
thickness when starch is present with restricted drying conditions.
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Figure 56. Thickness of the sheet with different trial points of free and restricted drying
with water and starch. Average standard deviation of thickness measurement was ±2.4%.

Water treatment decreased the elastic modulus of sheets as well, but not as drastically as
starch. On the other hand, starch-treated samples developed a higher elastic modulus under
restricted drying than water-treated samples, which resulted in a net increase in elastic
modulus at higher starch amounts. One should note here that this observation is mainly
based on the maximum starch amount reached with the drying-restricted starch treated
sample. However, given the confidence interval of the elastic modulus measurement at this
point, this observation can be considered valid. This suggests that the prevention of starch-
induced shrinkage resulted in a remarkable increase in drying tension – much as suggested
by Silvy (1971) – and therefore a higher final elastic modulus. Drying tension has earlier
been reported to increase the elastic modulus of fibers and that of the fiber network (e.g.
Jenzen 1964, Htun 1980). Drying stress has been shown to increase fiber stiffness through
fiber segment activation (Tanaka et al. 2001).

Breaking elongation (Figure 57) in the machine and cross direction reflected the elastic
modulus behavior as the highest breaking strain values were achieved with starch-treated
free-dried samples in both directions. Starch application with restricted drying also
produced decreasing breaking elongation as more starch was introduced to the sheet. 
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Figure 57. Breaking elongation in the cross direction (left) and machine direction (right)
as a function of cumulative water addition. Starch added as 1% starch solution. The
confidence intervals indicate the 2σ  variation of the measurements.

Shrinkage during drying and elongation at rupture are well correlated as shrinkage resulted
in the "crimped" sheet structure noted above, which allowed both a decrease in elastic
modulus and an increase in breaking elongation as the crimped structure opened up during
loading and elongation continued further before breaking. All of these results on the
correlation of elastic properties and elongation at break agree well with previously
published results, e.g. Gates and Kenworthy (1963) and Silvy (1971).

The measured bending stiffness values of the specimens are presented in Figure 58. Here,
the effect of the cubed sheet thickness (Sb = E d3 / 12) appears to dominate the bending
stiffness behavior of paper despite the decreased elastic modulus in restricted drying with
added starch. This is due to the increased thickness of the specimens as a result of multiple
starch additions. Here, the basis weight of the starch treated specimens is increased from
89 g/m² to approximately 120 g/m² during the application sequences.
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Figure 58. Bending stiffness values in the cross direction (left) and machine direction
(right) as a function of cumulative water addition. Starch added as 1% starch solution. The
confidence intervals indicate the 2σ  variation of the measurements.
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Figure 60 presents the net effect of starch as a function of starch content. The figure was
produced by substituting corresponding water amounts in elastic modulus trend line
equations for both starch and water-treated results (in Figure 55). The calculated values
were then adjusted to the same elastic modulus value at the origin (i.e. the elastic modulus
of the base paper). The net effect of starch was then reduced to the difference between
these values. This procedure is illustrated in Figure 59. The results were subsequently
plotted with starch content on the x-axis in Figure 60. 
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Figure 59. Explanation of deriving the net starch effect with water effect isolated from the
trendline equations of the starch application results in CD (left) and MD (right).
Difference curve were then drawn after offset adjustments based on the base paper's
elastic modulus CD and MD values. 

One can observe that in terms of the net effect described here starch increased the cross-
directional elastic modulus of sheets. However, machine direction elastic modulus was not
positively affected by the presence of starch. The differences in cross and machine
direction elastic modulus development may be explained through the shrinkage differences
between MD and CD in an oriented sheet, as suggested by e.g. Gates and
Kenworthy (1963). Different shrinkage potential would then introduce different drying
stress levels in MD and CD – also in the presence of shrinkage inducing starch – resulting
in differences in elastic modulus in different directions. In other words, as starch is
promoting shrinkage more in CD than in MD direction, the starch content has more effect
in elastic modulus in cross direction of the sheet.
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Figure 60. Net elastic modulus effect of starch plotted as a function of starch content in the
cross and machine directions.

This observation can be supported by the findings in Paper I, where a clear improvement
in cross-directional bending stiffness was seen when increasing the starch solids content
(and therefore concentrating starch on the sheet surface). On the other hand, it was noticed
that the effect of starch remaining on the sheet surface is much less clear with respect to
machine direction bending stiffness. This agrees well with the different CD and MD effects
of starch on the elastic modulus of paper observed here. 

7.2 Summary

Measurement results were reported in this study for different starch amounts in uncoated
woodfree base paper sheets. Two different starch application-induced behaviors were
suggested on the basis of these results regarding the elastic modulus of the sheet: 

1) Starch application with low drying restriction (shrinkage allowed) resulted in a
decrease in the elastic modulus of the sheet both in the cross and machine
directions of the sheet. 

2) Starch application with highly restricted drying (shrinkage limited) resulted in an
increase in the net elastic modulus of the sheet (net effect = results were adjusted
using results from parallel specimens with water application), especially in the
cross direction where an increase in elastic modulus compared to parallel water
additions was noticed. However, an increase in the machine direction elastic
modulus of the sheet did not occur compared to water treatment. 

The effect of restricted drying together with starch addition increasing the elastic modulus
of the sheet suggested that the prevention of starch-induced shrinkage resulted in
remarkably increased drying tension in the sheet – and therefore higher final elastic
modulus. Drying tension and stress have earlier been reported to increase the elastic
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modulus of fibers and the fiber network, as well as fiber stiffness, through fiber segment
activation. Therefore, starch may not – at least to the extent that has been believed –
directly increase the elastic modulus of the sheet through fiber/fiber or starch/cellulose
molecule bonding, i.e. as the general term “binder” suggests. In increasing the elastic
modulus – and further the bending stiffness of the sheet – starch may merely promote
shrinkage potential instead, which then leads – when shrinkage is not allowed – to
increased drying stress. This, in turn, leads to an increase in elastic modulus, as described
in related literature. This mechanism is illustrated in Figure 61.

Increased tendency toward drying shrinkage

Increased drying stress

Increased elastic modulus of the sheet

Starch addition

Limitation of drying shrinkage

Figure 61. Suggested mechanism for the development of the elastic modulus of a sheet with
starch promoting shrinkage potential, which –  after drying with limited shrinkage –
results in an increase in elastic modulus through increased drying stress.

However, allowing shrinkage may lead to higher thickness of the sheet, which again
increases the bending stiffness of the sheet by the third power of thickness. This will
compensate for the decrease in elastic modulus associated with the shrinkage of the sheet
mentioned earlier. The suggested mechanism is illustrated in Figure 55. The actual
development of bending stiffness is most probably a combination of both mechanisms,
which can also vary in an actual papermaking process in the CD direction as the shrinkage
profile of the sheet is seldom flat in the cross direction of the paper machine. 
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Figure 62. Suggested mechanism for the role of starch in the development of the bending
stiffness of a sheet.

Results also suggested that the presence of starch increased the elastic modulus of the sheet
only in the cross direction of paper but not in the machine direction. This behavior can also
be explained through the shrinkage prevention and drying stress approach described
earlier. If we remember that individual fibers experience greater shrinkage in the transverse
direction than in the longitudinal direction (e.g. Nanko and Wu 1995), one can state that
drying stress (due to prevented drying shrinkage) is potentially greater in the cross
direction as fibers are more oriented in the machine direction. In the machine direction,
however, where fibers tend to shrink less, drying stress levels do not get as high. Starch-
induced elastic modulus development due to the presence of starch is then much less
distinct in the machine direction than in the cross direction. 
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8. Effect of Basis Weight and Press Draw on Woodfree
Paper Properties during High Solids Surface Sizing

Increased starch solution solids contents in surface sizing may decrease the penetration of
starch. This may lead to problems with the reduced internal strength of the sheet. This
paper examines the possibility of increasing the base sheet’s internal strength by reducing
the press to dryer draw to compensate for this decrease in starch penetration. In this study,
base paper was produced on a pilot paper machine producing basis weights of 69 g/m² to
78 g/m² at press to dryer draw levels of 1% to 3%. This base paper was then surface sized
using a pilot MSP coater at starch solids contents of 10% and 25%.

This discussion is supported by the work reported in Paper V.

8.1 Results

Starch amounts measured from the paper samples are presented in Table VII.

Table VII. Measured applied starch amounts for different trial paper basis weights, press
draw levels, and solids contents.

Basis Starch Amount (g/m²)
(g/m²) 25% Starch Solids 10% Starch Solids

Press
draw
1%

Press
Draw
2%

Press
Draw
3%

Press draw
3%

69 3.51 3.51 3.44 –
72 3.49 3.49 3.50 –
78 3.51 3.57 3.52 2.38

As seen in the table, an almost constant starch amount was achieved with a total dry
applied amount of 3.5 g/m² at a 25% solids content. With a 10% starch solids content,
however, the same level of dry applied amount was not reached. The difference in starch
amounts has to be considered when evaluating the results at different starch solids
contents.

When interpreting the results presented in the following figures, one should note that all
curves are plotted as a function of base paper basis weight (i.e. basis weight before surface
sizing) even when the results relate to surface sized samples. This is to facilitate the
parallel evaluation of both surface sized and base paper results.

The effect of press draw and base paper basis weight on starch penetration (Paper III) is
illustrated by the simulated starch content (SSC) distribution and by the penetration number
(Qtot) in Figure 63. 
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Figure 63 left: Simulated Starch Content (SSC) distribution determined for the highest
basis weight paper samples produced at 1%, 2%, and 3% press draw with 25% surface
sizing solids and reference papers produced at 3% press draw and 10% starch solids (Ref).
Corresponding dimensionless penetration number values Qtot are also presented on the
right. 

In Figure 63 on the left, one can observe on the basis of the simulated starch content (SSC)
distributions that decreasing the press draw from 3% to 1% will decrease the penetration of
starch and boost the amount of starch remaining on the sheet surface. This observation can
be explained through the decreased openness of the base sheet as the press draw is
decreased (Figure 64). Figure 63 left also suggests that differences in starch penetration
are more evident on the bottom side of the sheet. Here, surface sizing at a low solids
content (10%) resulted in an almost even distribution of starch throughout the z-direction,
whereas starch remained more on the sheet surface at a 25% solids content. In Figure 63
right, a dimensionless penetration number Qtot was used to characterize the starch
distribution with different base papers surface sized with starch solution solids at 25%.
These results are compared against a reference sample with 3% press draw and 10% starch
solids. The results indicate further the relationship between press draw and consequent
sheet openness – and its effect on starch penetration. Here, decreasing the press draw
seems to very consistently decrease starch penetration Qtot by closing the sheet. In addition,
one can observe an increase in starch penetration when basis weight is increased. This can
be explained through increased total void volume at higher basis weights enhancing the
flow of liquid into to the porous fiber network.

The effect of basis weight, press draw and surface sizing on air permeability with different
solids contents are illustrated in Figure 64. 
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Figure 64. Effect of basis weight and press draw on base paper (left) and surface sized
final paper (right) air permeability as a function of original base paper basis weight.
Surface sizing was done with 25% starch solids at three press draw levels (1%, 2% and
3%) and 10% as a reference with a press draw of 3%.. The CV of the results were 4.8%
(base paper) and 8.1% (surface sized paper).

Lowering the press draw considerably reduces the air permeability of the base sheet. This
effect is also seen with a surface sized sheet. Surface sizing with high solids starch further
reduces air permeability. This reduction in air permeability was achieved both by reducing
the press draw (Juppi and Kaihovirta 2002) and increasing the solids content (Papers I and
II).
 
As reported earlier (Juppi and Kaihovirta 2002), reducing the press draw increases the
internal strength of the base sheet, based on the Huygen measurement (Figure 65, left). It
can also be observed that lowering the press draw has the strongest positive effect on
internal strength at lower basis weights. 
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Figure 65. Effect of basis weight and press draw on the internal strength (Huygen) of base
paper (left) and surface sized final paper (right) as a function of original base paper basis
weight. Surface sizing was done with 25% starch solids at three press draw levels (1%, 2%
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and 3%) and 10% as a reference with a press draw of 3%. The CV of the results were 5.3%
(base paper) and 4.5% (surface sized paper).

One can observe that when comparing the penetration of starch and the development of
internal strength at the individual trial points, the increase in internal strength seems to be
highest at the press draw levels of 1% to 2%. This can be observed especially at the lowest
basis weights, despite the lowest starch penetration presented in Figure 63. It can also be
seen that with high solids surface sized paper – in contrast to the base sheet – lowering
press draw under 2% does not seem to further enhance the internal strength of paper. This
may, again, be explained through the observations in Figure 63, where penetration
decreases further when the press draw is decreased below 2%. Decreasing starch
penetration at a press draw below 2% will then counteract the increasing effect of the low
press draw in terms of Huygen internal strength.

Although internal strength also increases based on Z-tensile measurement when press draw
is decreased down to 1%–2%, it behaves somewhat differently than the Huygen internal
strength (Figure 66). 
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Figure 66. Effect of basis weight and press draw on the internal strength (Z-tensile) of
base paper (left) and surface sized final paper (right) as a function of original base paper
basis weight. Surface sizing was done with 25% starch solids at three press draw levels
(1%, 2% and 3%) and 10% as a reference with a press draw of 3%. The CV of the results
were 1.7% (base paper) and 1.5% (surface sized paper).

Here, high solids surface sizing and calendering are actually lowering the absolute
measured Z-tensile strength compared to the base sheet. Also differently from the Huygen
results, lowering the basis weight does not considerably enhance the Z-tensile values at a
1%–2% press draw compared to a 3% press draw. Here, the increase in Z-tensile between
different press draw levels remains fairly constant as basis weight is decreased. A reduced
difference in internal strength compared to base sheet press draws of 1% and 2% can also
be observed in Z-tensile strength. The explanation of the lowest press draw decreasing the
starch penetration can be repeated in this context. Here, the Z-tensile increase in the base
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sheet as the press draw is reduced from 2% to 1% is offset by decreasing starch penetration
as seen in Figure 66. As the high-solids surface sizing reduces Z-tensile strength, the
reference values for surface sizing with 10% starch solids are not reached.

The different behavior of Huygen and Z-tensile results (i.e. Huygen increasing and Z-
tensile decreasing as high solids starch is applied to the sheet) may be explained through
the different principles of the two measurements. Whereas Z-tensile is measuring the force
per unit area (i.e. z-directional tensile stress) required to delaminate the specimen, Huygen
is measuring the delaminating energy, which is similar to the more commonly used Scott
Bond measurement. At 25% solids content, the surface sizing starch is concentrated on the
surface of the sheet, leading to a very steep z-directional starch gradient. Steep gradients in
any mechanical construction can cause a local stress peak in the structure under load. This
development may explain the actual decrease in Z-tensile strength despite the addition of
starch binder into the fiber network. The Huygen measurement, which is based on the
absorbed rupture energy of the sheet, may not be similarly affected by the structural
gradients of the fiber network and its binder content.

The effect of the base sheet properties and the starch solids content on bending stiffness is
presented in Figure 67. As expected, bending stiffness increases with higher basis weights.
Increasing the press draw also has a positive effect on bending stiffness. 
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Figure 67. Effect of basis weight and press draw on the bending stiffness (Taber) of base
paper (left) and surface sized final paper (right) in the MD (top) and CD (bottom)
directions as a function of original base paper basis weight. Surface sizing was done with
25% starch solids at three press draw levels (1%, 2% and 3%) and 10% as a reference
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with a press draw of 3%. The CV of the results were 10.9% (base paper) and 33.1%
(surface sized paper).

The large coefficient of variation of the measurements of the surface sized specimens is
explained through the curling tendency of the specimens. Then, the measurement gave
greatly different values in the top and bottom side measurements. 

The tendency toward reduced bending stiffness with lower press draws can be partly
explained through the elastic modulus behavior of the base sheet (Figure 68). 
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Figure 68. Effect of basis weight and press draw on the elastic modulus of base paper in
the machine direction (left) and cross direction (right) as a function of original base paper
basis weight. The paper was produced at three press draw levels (1%, 2% and 3%) for
high solids surface sizing. The reference data point indicates the base paper that was to be
surface sized with low solids (10%) starch solution. The CV of the results was 4.6%. 

As seen from the results, elastic modulus is more strongly affected by press draw in the
machine direction than in the cross direction. When using a higher draw (3%) directly after
the press section with a sheet dryness of approximately 45%–50%, one could suggest that
the individual fibers in the fiber network are straightened out in the machine direction.
With a low press draw of 1%, the fiber network is taken to the dryer section and dried into
a more curly structure. This would then lead to a decreased elastic modulus of the fiber
network due to less straight fibers, which contributes to the elasticity of the whole fiber
network. The observation that elastic modulus depends on press draw, especially in the
MD direction (Figure 68, left), can support this assumption. The behavior of bending
stiffness at different press draw levels can therefore be partly explained. 

The effect of increased draw on elastic modulus through the straightening out of fibers may
be supported when the press draw effect on the surface roughness of the base sheet is
observed. As seen in the Figure 69, press draw reduction increased surface roughness
(Bendtsen). 
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Figure 69. Effect of basis weight and press draw on the top side and bottom side surface
roughness (Bendtsen) of base paper as a function of original base paper basis weight. The
paper was produced at three press draw levels (1%, 2% and 3%) for high-solids surface
sizing. The reference data point indicates the base paper that was to be surface sized with
low solids (10%) starch solution. The CV of the results was  11.0%.

One can suggest that if surface roughening reflects the fibers being dried into a more curly
structure, a reduced press draw level, say 1%, will result in higher roughness values.
Moreover, when considering the effect of roughness on starch pickup in surface sizing (e.g.
Dill 1974), optimizing the press draw can be a point of interest also in terms of the surface
sizing process. 

8.2 Summary

The effect of high solids surface sizing reported here agrees with earlier studies (Papers I
and II). Additionally, the effect of press draw on base paper properties agrees with findings
by Juppi and Kaihovirta (2002). According to the results of this study, the Huygen internal
strength of high solids surface sized paper can be increased by reducing the press draw
down to 2%. This will partly compensate for the loss of internal strength caused by starch
remaining on the paper surface from high solids sizing (e.g., above 25%). Decreasing the
draw below 2% does not necessarily have a further effect on high solids surface sized
paper. This was explained through the decrease in starch penetration when a low press
draw was used; decreasing the press draw decreased the porosity of the sheet. In this study
decreasing the press draw consistently decreased starch penetration due to the more closed
base sheet, which had an influence on the internal strength of the surface sized sheet. This
mechanism counteracts an increase in the internal strength of the base sheet when a lower
press draw level is used. It was further noted that when the press draw is too low, the
elastic modulus of the fiber network decreases. The latter effect would have a negative
influence on the bending stiffness of the sheet (Kajanto 2000). Here, a difference between
two different internal strength measuring methods was noticed when high-solids surface
sizing was used. While the Huygen internal strength increased through surface sizing
compared to the base sheet, Z-tensile strength decreased despite the addition of binder to
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the sheet. This can be explained by a steep Z–directional gradient in the sheet caused by
the starch remaining on the sheet surface. This gradient may then create local stress peak
areas in the sheet structure under a z-directional load and result in lower rupture resistance.
The penetration of starch is negatively affected when the press draw of the base sheet is
reduced. This will then counteract the effect of the increasing internal strength of the base
sheet when a lower press draw is used. The increase in internal strength due to decreased
press draw is most significant at low basis weights. This was due to the negligible starch
penetration’s minimal negative impact on internal strength at low basis weights. 

The results presented here can be utilized to optimize the press draw when high solids
surface sizing is used. The aim could be to minimize the press draw below 2% when
internal strength or air permeability are critical. However, maximizing the press draw can
also be targeted when the bending stiffness of the sheet is critical.
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9. Concluding Remarks 

The objective of the study was to increase the solids content of surface sizing starch
solutions up to 30% while maintaining a constant starch amount. The resulting effects on
the properties of paper, as well as consequent requirements for the starch solution and base
paper – and effects on the final paper structure – were characterized in this research.

Results from the pilot MSP trials show that it is possible to apply starch at solids contents
of up to 30% with a wide variety of starch viscosities and molecular weights. Increasing
the starch solids content, and thereby increasing the starch stability requirements,  does not
necessarily restrict one to highly degraded starches and their lower binding power.

Such rheological properties as yield stress can be used in characterizing the runnability
features of starch in terms of web release properties also at very high starch solids contents.
Moreover, in terms of high solids surface sizing starch runnability, the essential
requirement for application is maintaining a constant starch amount. This would then lead
to a need to correspondingly reduce the film thickness by using fine grooved rods, for
example, or even smooth rods. High solids starch surface sizing with a thin and uniform
film would then result in smooth release of the sheet from the rolls through the low
cohesion of the remaining starch film after the nip.

In the MSP trial results paper properties show a decrease in the penetration of starch as the
starch solution solids content is increased. This would then lead to increased surface
strength and cross-directional bending stiffness. Air permeability, oil absorption and
internal strength also decreased as expected. In terms of uncompromised final paper
properties in all respects, base paper can be optimized in a way that will compensate for the
loss of internal strength in the sheet when low penetration high solids surface sizing is
used. Based on pilot paper machine and subsequent high solids surface sizing pilot MSP
trials, this means decreasing the press to dryer draw down to 2%. In MSP trials at starch
solids of up to 30%, increasing the number of larger pores in the base sheet proved
favorable in preserving the internal strength of the final paper through local starch
penetration into the sheet.

A novel method for characterizing the starch penetration quantitatively from iodine stained
cross-sections was introduced in this study. This method was defined through standardized
practices for sample handling and the microscopic imaging of cross-sections, followed by
automated image analysis procedures. The resulting starch penetration curves and a new
dimensionless penetration number, Q, correlate well with paper properties and the starch
solution solids content, which was expected to reflect the penetration of starch into the
sheet.
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An explanation for the observed increase in cross-directional bending stiffness (and not as
much in the machine direction) when starch is concentrated on the surface of the sheet was
determined by measuring the elastic modulus of sheets with different starch contents. In
increasing the elastic modulus or bending stiffness of the sheet starch merely promotes
shrinkage potential, which then leads – when shrinkage is not allowed – to increased
drying stress that, in turn, leads to an increase in elastic modulus and further to increased
bending stiffness when starch is concentrated on the surfaces of paper using high solids
surface sizing. In the machine direction, however, starch-induced shrinkage, and therefore
drying stresses, does not get so high. This leaves the starch-induced effect on the elastic
modulus of paper, and consequently on bending stiffness, less dominant in the machine
direction when starch is concentrated to the sheet surface. 
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