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ABSTRACT

The ever rising need for detailed knowledge of the structure of paper coating urges
the improvement and development of new techniques for gaining new and valuable
information. The assessment, study and characterisation of factors that are assumed
to affect the interaction between printing inks and coated paper surface may be
accomplished by microscopy and image analysis techniques. The scanning electron
microscope (SEM) is a most suitable tool for morphometrical studies of fibres and
paper. Digital images acquired in a SEM, by the secondary electron imaging (SEI)
or backscattered electron imaging (BEI) mode have suitable quality and resolution
for further image processing and analysis.

The present study exemplifies how microscopy and image analysis may be applied
for structural studies of the coating layer. Image processing and analysis routines
for acquiring information on the coating layer surface roughness and porosity
details like the pore shape, size and orientation are described. A routine, based on
the Sobel operators, for measuring the pigment particle orientation, is aso
described. The developed semi-automatic image analysis routines are useful
methods for morphometric analysis of paper structure details, thus facilitating
numerical data acquisition of the pores and the pigment particles geometry. Parts
of the obtained information is assumed to be unattainable by other methods at this
point.

To discern the binder in the coating layer from the embedding epoxy and thus
observe individual pores in the coating, the binder has to be stained before
embedding. In the study, osmium tetroxide (OsO,) was used to stain the latex
binder in the coating layer. Morphometric analyses of paper cross-sections using
SEM, BEI-mode images and stereo images were used to quantify the paper coating
structure details. The smallest details to be quantified are approaching the
limitations given by the imaging methods.

It is shown that the staining procedures allow a quite accurate determination of pore
fraction in the coating, and individual readings of the pores like pore area, aspect
ratio and orientation. Two compared staining methods differed somewhat in their
effect on the paper. OsO, dissolved in water gave good staining throughout the base
paper/coating sandwich, allowing good visualisation and assessment of the coating
structure. However, moisture tends to make the base paper fibre expand, raising the
paper thickness and thus the macro-roughness. When staining by dry OsO, crystals,
the base paper expansion is avoided, however, even the staining of the fibres is
reduced. Critical coating parameters like mean pore area and micro-roughness of
the coating layer do not differ between the two methods

In the study, the structure of commercial LWC paper coating layers were assessed
and quantified by SEM, BEI-mode and digital image analysis of cross sections. It is
guantified how clay particles cause a more densely packed coating structure
compared to coatings containing mainly CaCOs. The pores of clay coatings have a
larger aspect ratio and are oriented more parallel to the paper surface. Pore
orientation is affected by the pigment particle orientation. Besides the size of the
pores, their orientation is proved to be an essential parameter affecting the achieved



print gloss level for a given paper grade. The pore's orientation/ diameter ratio
seems to be a suitable parameter for describing its geometry and influence on print
gloss. For a given pore diameter, the more horizontally oriented, the higher the
delta gloss (print gloss-paper gloss).

Based on secondary and backscattered electron images, some detailed
characterisation of the calendered paper samples surface is undertaken. Surface
areas differing in porosity and roughness are identified and characterised.
Significant differences between “closed” and “open” areas with respect to pore area
fraction and mean pore diameter are quantified. It is demonstrated that the larger
the size of each closed area unit the larger the correlation between the surface
variation and mottling. The observed structural differences are likely to cause a
non-uniform ink vehicle absorption into the coating structure and may affect the
printing ink density on the paper surface. It is also demonstrated that print glossis
influenced by the pore diameter. However, pore geometry, described by the pore
size and orientation, seems also important for the gloss development.

Finally, the SEM in low-vacuum mode is used to acquire consecutive backscattered
electron images after successive polishing. The high resolution achieved by this
technique permits the visualisation of pigment particles and inter-particle volumes.
Computer programs available on the Internet are used to process, render and
visualise the reconstructed volume. Structures from the real coating layer like the
inter-particle volume network and the pigment particles are volume rendered and
visualised in 3-D space. The technique seems promising, however further work is
required to improve the efficiency of the image acquisition and to control the
thickness of the removed cross-sections which is very important in the
quantification of structure details.
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DEFINITIONS

3-D Reconstruction: Structure reconstruction based on 2-D images

Binarizing:
Erosion:

Major axis:
Minor axis:

Pixel:
Rendering:
Segmentation:
Skeletonization:

Sobel operator:
Stack:
Threshold:

The pixels in a greyscale digital image are set to either black or
white

Binary morphological operation that uniformly reduces the size
of objectsin relation to the background

The longest axis of abest fitting ellipse

The longest axis that can be drawn through an ellipse while
maintaining it perpendicular to the major axis

Picture elements of adigital array (image)

Method to render a 3-D reconstruction

The first step of image analysis. Objects of interest are extracted
from the background

Binary morphological operation that reduces an object to a
skeleton representation

Spatial edge enhancement filter

Single file containing two or more digital images

Manually or automatically selected value used to segment an
image into a foreground (object of interest) and background

For more details see Baxes (1994)
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CHAPTER

INTRODUCTION

1.1 Problem statement

The ever rising demand on print quality urges a steady growth of knowledge of the
physical and chemical aspects of coated paper. Understanding how raw materials,
including pulp fibres, fillers, binders and pigment particles, interact with each other
is fundamental for predicting the final paper and print quality. In this context, it is
also important to gain more insight into how different production and finishing
variables affect the paper structure and thus the end-use properties of printing

The micro-structure of paper has been reported to affect different properties such as
light scattering, gloss and homogeneity of prints. Mottling is aso believed to have
causes related to the structure of the coated paper surface. Understanding the micro-
structure of the coating layer with respect to porosity, surface roughness and
pigment particle details may thus clarify some unanswered questions and contribute
to the increasing knowledge of paper structure.

During the years several techniques have been developed in order to assess the
mentioned details of the coating layer. However, the study and characterisation of
the paper structure is always limited by the limitations of the existing analysis
techniques urging the application of improved and emerging methods in order to
gain new and valuable information.

The scanning electron microscope (SEM) offers high magnification, good
resolution and the possibility to discern between structures having different atomic
number (BEI-mode). The SEM may yield digital images with suitable quality for
further analysis. The acquisition of numerical information from these high quality
images requires good and effective processing and analysis routines. The routines
must be fast, reliable and objective. The developed and applied method must also
be reproducible in order to validate its reliability.



1.2 Aim of the study

The present study deals with the development of new characterisation and
measurement techniques based on microscopy and image analysis. Modern
methods available for paper sample preparation and image acquisition are |ooked
into and discussed. The development of image processing and analysis routines for
acquiring information about the coating layer structure of lightweight coated
(LWC) paper are a so described.

The following parameters are supposed to affect the end-use properties of paper
and have been considered important in the characterisation of the coating layer
structure:

- Coating layer thickness

- Macro- and micro-roughness
- Surface and bulk porosity

- Pore shape and orientation

- Poresizedistribution

- Pigment particle orientation

The continuous development of these measuring techniques will ensure a profound
knowledge of the paper structure details and contribute to its improved
performance. This may certainly facilitate the efficient use of raw materials and
minimise production costs.

1.3 Outlineof thethesis

Thisthesisis mainly a collection of papers comprising results that have been either
presented in international conferences or submitted for publication in international
journas. The papers have been arranged in a reasonable order to facilitate the
reading.

Chapter 2 gives an overview of available microscopy and image anaysis
techniques for assessing the coating layer structure. Advantages and drawbacks are
discussed.

Chapter 3 presents the image analysis routines developed to assess the coating
layer cross-sectional macro-structure like the thickness and surface macro-
roughness.

Chapter 4 presents the image analysis routines developed to assess the coating
layer surface based on SEM images. The chapter focuses on the segmentation and
characterisation of pores and surface structural variation. A detailed description of
the devel oped techniquesis given.



Chapter 5 deals with the staining of binders in the coating layer. Two different
methods involving OsO, for the staining are described. Besides discussing the
advantages of using OsO, and calculating pore characteristic details, this chapter
verifies the presumptive changes of the paper structure due to the staining.

Chapter 6 describes a series of image analysis routines developed to segment and
characterise the coating layer micro-structure. Specia attention is given to the
assessment of critical pore and pigment particle details. Routines for assessing the
coating layer porosity, the pore area, pore shape, pore orientation as well as the
particle orientation are described.

Chapter 7 applies the preparation, image acquisition and image analysis
procedures described in chapter 5 and 6 to study the cross-sectional coating
structure of commercial LWC papers. The chapter emphasises the influence of pore
geometry on the development of print gloss.

Chapter 8 applies the image analysis routines described in Chapter 4 to study the
surface of commercia LWC papers. A morphometric study of the surface structural
variation and the pore characteristic details is performed and related to gloss and
mottling.

Chapter 9 explores the possibilities of obtaining a 3-D dataset for reconstruction of
a real coating layer volume. The technique is based on seria polishing and the
images are acquired in the SEM, BEI mode in low vacuum. Volume renderings of
pigment particles and inter-particle voids are presented.

Chapter 10 presents the main conclusions of this study and gives some suggestions
for further work.






CHAPTER

MI1CROSCOPY AND IMAGE ANALYSIS
TECHNIQUESAPPLIED IN
STRUCTURAL STUDIES OF PAPER

2.1 Introduction

New available technology in microscopy and image analysis has improved the
acquisition of morphometrical data in different fields of investigation. In recent
years, severa authors have also applied microscopy and image analysis techniques
for data acquisition of paper structure details like paper thickness, roughness and
porosity (see e.g. Peterson and Williams, 1992; Allem, 1998; Dikson, 1999) as well
as the coating layer micro-structure (Climpson and Taylor, 1976; Rissa et a.,
2000).

Microscopy and digital image processing techniques seem suitable to study and
characterise paper structure details. However good image quality is essential for
further morphometric analysis. The image quality depends on the preparation
technique and on the microscope used for image acquisition. This part of the thesis
is thus aiming at reviewing some of the microscopy and image analysis techniques
applied to the study of the paper structure. Special attention is given to the
techniques used for assessing the coating layer on paper.

2.2 Staining techniques

During the years, several techniques have been used to enhance and improve the
visualisation of structures in pulp and paper. The techniques mentioned here are
applicable to sample preparation for image acquisition in the scanning electron
microscope (SEM).

2.2.1 Potassium permanganate (KMnQO,)

Potassium Permanganate (KMnQO,) has been used in the study of lignin components
in wood and pulp fibres (see e.g. Gregersen et al., 1995). KMnO, reacts with lignin,
raising the structure’s average atomic weight, thus improving the contrast in
backscattered electron (BSE) images. Regions containing lignin appear brighter as
is the case with the middle lamella that surrounds the fibres in wood samples. This



is a simple and fast method to better visualise lignin-containing structures in the
SEM, backscattered electron imaging (BEI) mode. However, athough the
technique provides good staining, it is not suitable for quantitative analysis of
lignin content. Besides the staining must be applied as water solution inducing
changes in the paper structure.

2.2.2 Bromine (Br,)

Besides KMnQO,4, bromine has been used in the staining and study of lignin-
containing structures (Gregersen et a., 1995). Br, has similar effects as KMnO,.
Staining, accomplished by exposing the material to bromine gas, can be used for
improving the quality of images acquired in the SEM, BEI-mode (Gregersen et a.,
1995). The procedure is easy and fast, however, due to its toxicity proper
precaution must be taken. Forseth et al. (1997) applied this technique to the study
of the moisture effect on paper roughening. The authors allowed supercalendered
paper to react with bromine gas. Based on the obtained backscattered electron
(BSE) images the authors visualised and quantified the behaviour of chemical and
mechanical pulp fibres after exposing the paper samples to moisture.

2.2.3 Osmium tetroxide (OsOy)

Osmium tetroxide (0sO,) is widely used in biological sample preparation to
preserve and fixate cell structures for further visualisation by electron microscopy.
The chemical forms cross-linked complexes with C=C double bonds. Such bonds
are present in latex which is used to bind pigment particles in coating. Examples of
such latex components are butadiene and styrene. Thus, an improved visualisation
of the pore structure is obtained by staining the latex films with OsO,. The latex
films appear brighter and may be clearly discerned from the epoxy resin used for
embedding the paper samples (Fig. 2.1). Thisimproves the final visualisation of the
pore structure, allowing quantification of pore details. Image analysis of
micrographs of OsO,-stained paper sample cross-sections may thus offer an
interesting way of assessing the pore structure of coating layers. However, due to
itstoxicity, proper precautions must be taken during staining.

A few researchers have reported the use of OsO, staining applied to paper studies.
Mechanical pulp fibres, binders (Krishnagopalan and Simard, 1976; Matsubayashi
et a., 1990; Matsubayashi and Saito, 1992; McCoy, 1998; Rissa et al., 1999) and
printing inks (Ozaki and Kimura, 2000) are reported to be stained by this chemical
to facilitate the characterisation of paper structure. According to McCoy (1998)
0s0O, will also stiffen the base sheet fibres, thus improving the sample polishing
process.

McCoy (1998) used 1g of OsO, crystals to vapour-stain styrene-butadiene latex in
coated paper. The author reported good staining of the latex material in the coating.
Rissa et a. (1999) used OsO, dissolved in water to stain the latex of clay coatings
in order to characterise the morphology of the coating structure based on SEM,
BEI-mode cross-section images. In another study, OsO4-staining was used to
improve the visualisation of talc pigment particles allowing particle orientation to
be assessed by image analysis (Rissa et a., 2000).

Whalen-Shaw and Eby (1991) applied OsO, to study binder concentration variation
at the coating layer surface and its possible effect on the print quality defect termed



“backtrap mottle”. Higher binder concentration was found on areas with low ink
density.

Figure 2.1 Cross-section images of LWC paper samples. A) Paper sample stained
with OsO, before embedding in epoxy resin. B) Unstained LWC paper sample for
comparison. The images on the right side are taken with 5000x magnification and
show details of the regions marked on the left side respectively. Note the bright
latex material around the pigment particles in A. Bar: 25 um for 1000x
magnification images (left side) and 5 um for 5000x magnification images (right
side).

2.3 Preparation techniques

Perhaps the most important step for good image quality is the preparation of the
samples to be studied. The preparation varies depending on the microscope to be
used and the structure to be studied and must be carefully performed.

2.3.1 Microtoming

Sample preparation for the light microscope (LM) and the transmission electron
microscope (TEM) may imply a mechanical sectioning of the paper samples.
Reported methods consist of trimming the block surface with vertical leading face
and sides; only the trailing face keeps its usual shape in order to avoid flexure of
the block during sectioning (Fahrenbach, 1984). The trimming may be performed
using a microtome or manually with a razor blade. The blocks containing the
samples can be sectioned with an ultra-microtome. The thickness is in the range of



approximately 50-100 nm for TEM sections and 0.5-5.0 um for LM sections.
According to Walbaum and Zak (1976), microtoming may introduce distortions
into the sections making it difficult to obtain quantitative information. This is a
major disadvantage when the structure and composition of the coating layer must
be characterised. Cross-section preparation may aso be tedious and time
consuming.

However, Peterson and Williams (1992) used microtomed sections of paper
samples and studied them in the SEM. Based on the acquired SEM images, the
authors were able to measure the coating layer thickness. They aso used the
variation value of the coating layer thickness to estimate the base sheet roughness.
Despite the obtained results the authors also found some problems related to the
preparation of the paper samples. It was evident that the used glass knife had
removed a certain amount of pigment particles in the coating layer. Besides,
shrinkage and wrinkling were also visible on the cross-sections. The same authors
claimed that using a diamond knife would improve this technique avoiding the
mentioned problems. However, any cutting process may rip out pigment particles
from the coating layer, affecting the morphometrical study.

2.3.2 Grinding and polishing

Scanning electron microscopy, BEI-mode requires distortion-free and smooth
surfaces of the studied samples. Gibbon et al. (1989) described a detailed procedure
for preparing large paper samples. The method was based on embedding the
samples in epoxy resin, grinding and polishing. By using this method, distortions
introduced by microtoming could be avoided. Williams and Drummond (1994)
further developed the mentioned technique to prepare paper samples for image
acquisition in the SEM. 10 samples could be placed vertically in the same plastic
mould and embedded in epoxy resin (Fig. 2.2). The block surface was then ground
using a series of abrasive papers (240, 400, 600, 800 and 1200 grit). Theresfter, the
block face was polished on a nylon cloth using a 1-micrometer oil-based diamond
paste. The block face was cleaned between each change to afiner abrasive paper to
avoid contamination of the previous grinding. This method provided, according to
the authors, high quality sections for high-resolution imaging. A major advantageis
the fact that large samples can be studied in the SEM, providing good image quality
and resolution.

2.3.3 Automatic polishing

More recently, several authors have reported improved techniques for the
preparation of fibres and paper samples (see e.g. Forseth et al., 1997; Allem, 1998).
The main steps are principally the same; the procedure may vary with respect to the
type of abrasive paper, the polishing cloth, time, speed and force used in grinding
and polishing. If modern equipment is available, blocks can be prepared quickly
and effectively. This is of maor importance since fewer steps are required to
prepare the samples avoiding probable distortions on the cross-section surface.



Figure 2.2 Paper samples placed in spring holders and embedded in epoxy resin
for SEM analysis.

2.3.4 Alternative preparation methods

Although automatic grinding and polishing seems to be a well-established
technique for the preparation of fibres and paper samples, other techniques appear
to be promising. The focused ion beam (FIB) is a new reported method for
preparation of transmission electron microscopy samples (see e.g. Kim and Dravid,
2000). The TEM has the ultimate optics for assessing the specimens micro-
structure, though the microscope requires a maximum cross-section thickness of
approx. 100 nm for being electron transparent. The FIB instrumentation is reported
to impose less mechanical stress to the samples during preparation, compared to
grinding and polishing, avoiding matrix cracks into the prepared regions (Kim and
Dravid, 2000). However, the method seems to be laborious, including embedding,
sectioning, grinding and polishing. The samples are finally thinned using a gallium
beam accelerated at 30 kV. Since the FIB is similar to a SEM, an electron image is
formed while the beam is milling the sample. This may be considered a major
advantage for obtaining consecutive images of a sample.

Alkemper and Voorhees (2001) reported the use of a micromiller for sample
preparation. According to the authors, the advantages of using this kind of
equipment is i) nearly scratch-free cross-sections, ii) serial sectioning and iii)
automatic alignment of the cross-sections. This equipment thus provides a dataset
with aligned cross-sections suitable for three-dimensional (3-D) reconstruction. The
surface of the sample is milled off with a step-size between 1 and 20 pm. However,
the accuracy of the distances between the cross-sections is affected by thermal
changes during sectioning. A major drawback, with respect to the assessment of the
coating structure, is the reported resolution (0.96 um in x and y-direction).

2.4 |mageacquisition
The resulting quality of the preparation step is an important factor affecting the

image quality during image acquisition. The optimal microscope to be chosen
depends on the structure to be analysed and the type of the study. In this review



only three types of microscopes will be described and commented, i.e. the light
microscope, the transmission electron microscope and the scanning electron
microscope (Fig. 2.3).

2.4.1 Light microscope (LM)

Light microscopy is one of the simplest techniques used for acquiring information
about fibres and paper structures. Elton et al. (1990) pointed out the importance of
optical microscopy in the study of paper structure. However, the obtained
information is limited due to the optics of this microscope. As mentioned above,
light microscopy may require microtomed sections of paper samples, introducing
distortions into the paper structure (Walbaum and Zak, 1976). Besides, the
resolution and magnification limitations of the light microscopes are limiting
factors for the study of coating layer structures (see Table 2.1). Although the light
microscope is not suitable for the study of the coating layer details, according to
Quackenbush (1988) this kind of microscope is till applicable to different studies
in pulp and paper research. Besides the microscope may facilitate the visualisation
of e.g. ink penetration into the paper structure.

2.4.2 Transmission electron microscope (TEM)

The resolution of the TEM provides advantages for the study of fibre ultrastructure.
However, the TEM requires microtomed cross-sections. Ultrathin cross-sections
prepared for this microscope may cause severe problems and artefacts, yielding
poor image quality. Despite this limitations Climpson and Taylor (1976) managed
to use microtomed sections of clay coatings to quantify pore size distributions and
correlate the results with light scattering. Although reasonable agreement was
found between the measured pore dimensions and the coatings optical properties,
ultramicrotoming requires careful preparation in order to preserve the structure of
the samples. New preparation techniques like the FIB method (Kim and Dravid,
2000) may be useful in this respect.

2.4.4 Scanning electron microscope (SEM)

As mentioned above, the SEM is suitable for pulp fibre and paper studies. This
microscope offers high quality imaging with high resolution (Helle and Johnsen,
1994). Commonly, the microscope can be operated in two modi; secondary €lectron
imaging (SEl) and backscattered electron imaging (BEI). The SEl-mode is
generally used for imaging the surfaces of structures. In the BEI-mode, the obtained
images' contrast depends on the atomic number of the structure under the electron
beam (Fig. 2.4 and 2.5A). The higher the average atomic weight the brighter the
region will appear in the BSE image.

Images of coated paper are roughly composed of three regions; the base paper, the
coating layer and the background. These structures differ in contrast due to the
different average atomic weight (Fig. 2.5A). The base paper is primarily composed
of fibres and may also contain fillers. Furthermore, the coating layer is composed
of mineral particles and binders. Pigment particles, used in the coating layer, are
produced from minerals having different atomic number and yielding different
contrast in the obtained images. This fact is a magjor advantage when acquiring
images in the BEI-mode improving the quality and contrast between structures.
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Figure 2.3 Schematic representation of the three type of microscopes discussed in
this study (reproduced from Alberts et al., 1989).

Figure 2.4 SEM surface images of a LWC paper 9mp|e A) SEM |mage taken in
SEI-mode. B) The same area taken in BEI-mode. Note the improved visualisation
of the pores in BEI-mode. The different grey levels obtained in BEI-mode depends
on the average atomic weight of the pigment particles. Bar: 10 um.

Table 2.1 Microscopes used in fibre and paper structural studies.

Microscope | Resolution* | Comments

LM 0.2 um Poor magnification, resolution and image
quality

TEM 0.1-0.2 nm High resolution, image quality depends on
preparation

SEM 5-10 nm Good resolution and high image quality.

* According to Alberts et al., 1989.
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2.5 Imageanalysis

Digital image processing techniques applied to study the fibres and paper are
widely used. Details of the paper structure like the coating layer, the fillers and the
base paper characteristics can effectively be assessed and quantified (Fig. 2.5).

2.5.1 Assessment of the coating layer thickness

Several authors have reported attempts to characterise the coating layer based on
digital images acquired by microscopy (see e.g. Kent et. al., 1986; Gane et a.,
1991; Peterson and Williams, 1992; Williams and Drummond, 1994; Allem, 1998).
Peterson and Williams (1992) described a method based on the area comprised by
the coating layer in the cross-section image and the length of the image. This
method provides the mean thickness of the coating layer (Fig. 2.6B). However, the
local variation is not assessed. Williams and Drummond (1994) pointed out that a
representative quantification of the thickness and variation of a coating layer could
be achieved using scanning lines. The lines should scan the coating layer randomly
in order to get a representative value of the full sample length. However, no
attempts were made by these authors to quantify the coating layer thickness.

Allem (1998) used a similar method to assess the uniformity of lightweight coated
papers. He developed image analysis routines based on the above mentioned
scanning lines (Fig. 2.6C). The greyscale images were thresholded and binarised.
However, the binary images needed to be further edited to remove particles not
belonging to the coating layer. This step was performed manually, requiring time
and effort. The method proved, however, to be an effective way of acquiring data
from the paper cross-section images.

2.5.2 Base sheet porosity and roughness assessed by

image analysis

Allem and Uesaka (1999) developed the image analysis techniques further in order
to include the base sheet porosity and interaction with the coating layer. Using
scanning lines at regular intervals the base sheet and coating profile could be
analysed and their roughness assessed. The roughness value was evaluated as the
arithmetical mean deviation of the measured lines from the top of the image to the
surface of the paper sample. The results of the image analysis method proved good
agreement with conventional used methods.
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Figure 2.5 Segmentation of digital images of paper cross-sections. A) Original
digital image, B) segmented cross-section, C) segmented base paper, D) coating
layer and E) Fillers. Bar: 50 um.

Cross-sectional area [4)

Image length [I)

8] Thickness = Afl

Figure 2.6 Schematic representation of thickness measurements of the coating
layer. A) Segmented coating layer (white area). B) Thickness assessment based on
the coating layer cross-sectional area and the image length. C) The same region
with superimposed scanning lines for local thickness assessment.
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2.5.3 Assessment of the coating layer’s micro-structural

details

Climpson and Taylor (1976) quantified pore dimensions of clay coatings by image
analysis. The authors used a spheroid model to simplify the pore structure. They
found that pores with diameters between 0.5 and 0.7 um gave the largest
contribution to light scattering. Distributions of the oriented spheroids were also
compared to distributions obtained with the mercury intrusion method. An
underestimation of the pore dimensions when using the intrusion method was
found. According to the authors this phenomenon is due to the limitations of
mercury porosimetry. The pore volume distribution assessed by porosimetry has
thus been found to be much smaller than that found by image analysis methods
(Dullien and Mehta, 1971; Climpson and Taylor, 1976; Lepoutre and Rezanowich,
1977). Several authors (see e.g. Climpson and Taylor, 1976; Wygant et al., 1995;
Abrams et a.,1996; Gane et al., 1996) state that mercury porosimetry may have
limitations like i) sample compressibility, ii) assumption of interconnected pores
and iii) inability of identifying narrow necked voids. However, according to Gane
et a. (1996) compressibility and shielding effects may be overcome by new
reported correction procedures.

Coating pigment particle orientation is an important parameter. Besides affecting
gloss and light scattering, particle orientation affect the runnability at the blade
(Gane and Watters, 1989); the packing of the coating, and thus the porosity and
barrier properties (Rissa et a., 2000). X-ray diffraction (XRD) techniques are used
to assess clay particle orientation (Gane et al., 1995; Elton et al., 1999). Rissa et al.
(2000) measured talc pigment particles’ orientation by X-ray diffraction, comparing
the results with manual image analysis assessments. Semi-automatic image analysis
was not applied due to touching edges of adjacent particles. Albeit good
correlation, manual procedure is tedious and time consuming. XRD is also limited
to comparative studies of pigment particles having similar crystallinity (Elton et al.,
1999).

2.6 Concluding remarks

This study was aiming at reviewing the different microscopy techniques used in
structural studies of pigment coating layers. The preparation step is perhaps one of
the most important ones in order to get good images for further analysis. The
sample preparation described above is mainly applied for the study of the coating
structure. However, the same preparation could be used to assess the base paper
and fibres' details. Even if severa microscopes are described, the preparation
techniques mentioned in this study are principally applicable to scanning electron
microscopy. The SEM, due to its high resolution, magnification power and image
quality seems suitable for morphometrical studies. This microscope, in combination
with image analysis techniques, thus offers excellent possibilities to study e.g.
fibres dimensions, pore details, base paper morphology and coating layer structure
details.
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Although several authors have reported the assessment of eg. paper surface
roughness, pore details and particle orientation, much remain to be done regarding
the automation and standardisation of the image processing and analysis methods.
Moreover, the accuracy of the obtained results depends considerably on the number
of images and objects analysed. Manually assessment of e.g. pore and pigment
particles dimensions may be tedious and work laborious thus urging the
development of automatic routines for image analysis of the coating layer structure
details. In addition, manual assessment always imply a certain degree of
subjectivity leading to individual differences.
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CHAPTER

ASSESSMENT OF THE COATING LAYER
MACRO-STRUCTURE

3.1 Introduction

The quantification of different aspects of the coating layer is of primary importance
for controlling the quality of coated paper. A smooth and even coating layer
structure is desirable in order to avoid variations in structural properties of the
paper surface. However, due to the rough formation of the base paper, the coating
process may lead to an uneven coating layer having regions differing in thickness
and surface roughness (Fig. 3.1). This factors may affect the optical and printing
properties of the paper. This chapter describes thus the methods developed for
ng the coating layer macro-structure.

Figure 3.1 BSE image of a LWC paper cross-section. The paper sample has been
treated with OsO, before embedding in epoxy resin. Bar : 50 um.
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3.2 Paper sample preparation

The paper samples for cross-section analysis were dried at 105°C for 1 hour, then
placed vertically in spring holders, evacuated in a vacuum chamber for 15 min and
impregnated with epoxy resin. After curing, the blocks were ground, using 320 grit
abrasive paper, removing approximately 1Imm from the block surface. The blocks
were then placed in an automatic STRUERS RotoForce-4 and polished in a
STRUERS RotoPol-22 for 5 min using abrasive cloths with 9 and 1 pm diamond
particles. Applied pressure and speed for polishing were 5N and 150 rpm
respectively. The blocks were finally carbon coated.

3.3 |Imageacquisition

Digital images for further inspection were acquired using a SEM, Hitachi S-3000
VPSEM instrument. The BSE images were generated using 5kV accelerating
voltage and 8-10 mm working distance. The applied magnifications were 250x and
the resolution was 0.4 um/pixel. The spatial resolution of digital images was
1280x960 pixels with 256 grey levels.

3.4 |Image processing

For the image processing and analysis of the SEM images the Scion I mage program
was used, available on the Internet at http://www.scioncorp.com. Several routines
were written to automate the Image program for use in the morphometric analysis.

The image quality obtained during acquisition in the SEM is well suited for further
processing and analysis. If necessary, digital filters may be used to remove noise
before segmentation. For this purpose a median filter has been used. This filter
consists of running a 3x3 mask over the images. The filter sorts the pixel valuesin
the 3x3 mask and replaces the centre pixel by the median pixel. Thisis an effective
way of removing noise, enhancing image quality.

3.5 Imageanalysis

Image analysis deas with the acquisition of numerical information from digital
images. One of the most important steps is thus segmentation, separation of
features and objects from the background. Segmentation may be accomplished by
thresholding greyscale histogramsin such a way that the image will be divided into
foreground and background. Once segmented, the objects of interest can be
assessed and characterised.

3.5.1 Thresholding

The segmentation was accomplished by thresholding the greyscale histogram as
explained by Ridler and Calvard (1978). The optimum threshold is obtained
automatically by an iterative procedure yielding refined threshold levels that
converge to an optimum value midway between two peaks. This procedure yields
white objects on a black background. According to the authors the approach seems
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suitable for high and low contrast images. Automatic thresholding is also important
for the reproducibility of the developed method and is used in the present study.
Manual thresholding tends to vary between operators and even for the same person
over aperiod of time (Russ, 1999).

3.6 Segmentation and thickness measurements
of the coating layer

Prior to thresholding a median filter was applied on every image to remove hoise.
As the coating layer primarily consists of bright mineral pigments, it is easily
segmented by thresholding the greyscale histogram automatically, isolating the
coating layer from the rest of the image (see Fig. 3.2).

Coating Threshold

Figure 3.2 A) Digitised micrograph of a paper cross-section and the respective
histogram showing the coating layer, the base paper and the background tops. B)
The image was thresholded by using the in-built algorithm in the Scion Image
program. Bar: 50 pum.

The whole paper cross-section can also be segmented by the same procedure.
Applying histogram equalisation to the image before segmenting, enhances the
paper cross-section to background contrast, thus improving the segmentation
process. Subtracting the coating layer from the paper cross-section yields an image
of the base paper. Finally, agglomerates not part of the coating layer may also be
segmented by subtraction.

The routine used to segment the paper cross-section images (Fig. 3.3A) yields
stacks composed of the whole cross-section (Fig. 3.3B), the base paper (Fig. 3.3C),
the coating layer (Fig. 3.3D and E) and the base paper fillers (Fig. 3.3F). The
segmented structures may then be assessed for analysis and quantification of e.g.
the thickness and structural variation of the coating layer. For this purpose, several
techniques and ways of measuring the thickness are available (Fig. 3.4). Fig. 3.4D
also describes a simple way of measuring the thickness of a structure. Instead of
applying measuring lines along the coating layer, the routine calculates the
complete solids area of the structure in the image. The mean thickness is easily
calculated by dividing the whole area by the length of the cross-section image as
described by Peterson and Williams (1992).
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Figure 3.3 Segmentation of a paper sample cross-section image. A) Original
digital image, B) segmented cross section, C) segmented base paper, D) top coating
layer, E) bottom coating layer and F) base paper fillers. Bar: 50 um.

It isimportant to find the right parameters both for segmentation and for measuring
the objects of interest. During this study different aspects were investigated. Both
the necessary step size between measuring chords on low and high magnification
images were defined in order to measure parameters like the thickness and
thickness variation. Although measuring chords at regular intervals, as exemplified
in Fig. 3.4, has been used, the high capacity power of modern computers allows
measuring at every pixel along the image without requiring any step size. However,
a step size of 3 um were used for measuring thickness and macro-roughness and
0.2 um for micro-roughness.

3.7 Assessment of the coating surface macro-
roughness

To assess roughness value a regression line is put along the paper surface. The
routine scans the surface, registers the profile and calculates the regression line.
The roughness is based on the measured distances from the calculated line to the
surface (Fig. 3.5). Roughness parameters like the mean square root (Rq) and the
arithmetic average (Ra) may be obtained according to the | SO 4287/2000 standard,

Ro=4a1 x(yi-Ym) 0
n
Ra=1 xby-ymb Q)
n

Here, nisthe number of measured distances, y; the distance at x; and y,, the average
distance.
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Figure 3.4 Schematic representation of measurements of the coating layer
thickness. A) Only the thickness of the coating layer over the fibres is measured.
The routine also calculates the thickness from top to bottom, B) including and C)
excluding the voids. D) The thickness is calculated based on the area of the coating
layer in the cross-section image divided by the length of the image.
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Figure 3.5 Schematic calculation of the surface roughness based on digital images.
The white areas correspond to the paper cross-section. The step length may be
chosen at will.
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CHAPTER

MICROSCOPY AND IMAGE ANALYSISOF
SURFACE DIGITAL IMAGES

4.1 Introduction

The ideal paper surface should be smooth with optimal pore sizes to improve gloss
and keep a good interaction between the paper surface and the applied inks during
printing. Imperfections and irregularities on the paper surface structure should be
avoided. However, paper surfaces have variations with respect to structural
parameters like roughness and porosity that may affect the uniformity of the
printing ink film formation. Such variations may be observed in Fig. 4.1.
Techniques developed to identify and quantify such variations are described in this
chapter.

Figure 41 Secondary electron image of a LWC paper surface. Note the
differences in surface appearance in dark (closed) and light (open) areas. The dark
areas appear smoother having smaller pores than the more open, less dark areas.
Bar: 100 pm
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4.2 Sample preparation and image
acquisition

10x10 mm? samples were taken from each paper grade and gold sputtered for 30
sec before visualisation in the SEM, SEI and BEI-mode. Table 4.1 presents the
operation parameters used during image acquisition.

4.3 Image processing and analysis

Image analysis routines were developed in order to segment and characterise the
coating surface. The segmentation was based on thresholding greyscale histograms.
The segmented binary images were then filtered with an “eroding” filter in order to
remove excessive noise as explained in Fig. 4.2 and 4.3.

Table4.1 SEM conditions during image acquisition in secondary electron imaging
(SEI) and backscattered electron imaging (BEI) mode.

L ow magnification | High magnification images
SEM-mode used SEl, BEI BEI
Magnification 250x 5000x
Accelerating voltage 10 kV 5kV
Working distance 10 mm 8 mm
Image size 1280x960 pixels’ 1280x960 pixels’
Image resolution 0.4 pm/pixel 0.02 um/pixel

4.3.1 Development of the segmentation method applied

to low magnification images
By microscope inspection, “closed” and “open” areas can easily be observed. They
are also observed in SEM micrographs, where the closed areas seem to be
smoother, having lower surface porosity than the open areas. The compact closed
areas have less specific surface available for electron emission. Fewer electrons
being captured by the secondary electron detector may cause the darker grey area
level, characteristic for these areas (Fig. 4.1).

If not performed with caution, any kind of image processing and analysis may lead
to significant changes in the numerical data acquisition. Thus, care must be taken in
order to find the optimal segmentation procedure avoiding removal of important
data. Image analysis routines were devel oped to automate this part of the process.

The greyscale images were histogram equalised, segmented using automatic
thresholding and binarised (Fig. 4.3). The segmented images were then subjected
to erosion in order to remove the small noise particles. Binary erosion removes
pixels from the edges of a segmented structure. A 3x3 mask (Fig. 4.2, left) was run
over each pixel on the image where the regions of interest are black and the
background is white. By determining the number of neighbour pixels to be
considered if the middle pixel (pixel 5 in the mask) will be removed, it is possible
to limit the degree of pixel removal from the edges. Choosing a limit of 8
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neighbour pixels will only remove single noise particles (1 pixel size) contributing
little to the image segmentation. Reducing the neighbour pixel limit increases the
erosion of the edges and thus reduces the remaining region of interest in the image,
as exemplified in Fig. 4.2 (right).

The erosion parameters used in Fig. 4.3, like the number of surrounding neighbour
(white) pixels and the number of iterations were found based on Fig 4.2. An erosion
filter with limit 5 and 20 iterations was found to be suitable and is used in our
study.
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Figure 4.2 Left: 3x3 mask exemplifying the 8 neighbour pixels and the middle
pixel (pixel 5). Right: closed area measurement after using erosion filters with three
different numbers of neighbour-pixel limits (given by parenthesisin the legend).

BT B e Jor g o [
e 4.3 Segmentation procedure of closed areas on images of LWC paper
surfaces. A) Origina equalised image reflecting differences in topography, B)
thresholded image, C) the same area after running erosion filter with limit 5 and 20
iterations and D) noisy particles smaller than 100 pixels have been removed. Bar:
50 um.
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4.3.2 Assessment of pore details on closed and open

areas
As explained above, topographical information may be gained from secondary
electron images. However, backscattered electron images may also contribute to the
surface characterisation by improving the surface pore visualisation in high
magnification micrographs (see Fig. 4.4) and further quantification. Parameters
such as pore area fraction, pore shape and size may be easily quantified on the
segmented images.

S . ‘ L . . . k s
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resp. C) and D) Surface pore segmentation based on the images shown in A) and
B). Bar: 5 um.

The surface pore segmentation exemplified in Fig. 4.4C and D is based on the same
routine devel oped to segment closed areas on the paper surface. In order to enhance
the segmentation procedure the first threshold value was subtracted from the
histogram and the resulting image was thresholded again. For low contrast images,
as is the case with extreme closed areas (Fig. 4.5A), an extra subtraction of the
threshold value may be required, otherwise the pore area fraction may be over
estimated (Fig. 4.5B). After thresholding and binarisation a erosion filter was run
over the images. 10 iterations and a neighbour pixel limit of 6 seems to be enough
for removing most of the noise particles (Fig. 4.5C).
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Figure 4.5 Pore segmentation on low-contrast images. A) Original low-contrast
image of a region from the closed areas. B) Pore segmentation by subtracting the
first threshold value. C) The same image after subtracting the second threshold
value. Bar: 1 um.

4.3.3 Paper coating coverage

Low-magnification images in BEI-mode may aso be helpful in studying coverage
on the paper surface (see. e.g. Kartovaara, 1989, Dickson et al., 2000). However,
the information gained from such images depends on the penetration depth of the
electron beam (see Fig. 4.6). 10 kV accelerating voltage seems to be suitable for
coverage characterisation and may represent information from some 0.5 um of the
uppermost part of the coating layer (see e.g. Helle and Johnsen, 1994; Allem,
1998).

The same procedure used to segment the surface pores in high magnification

images was used to segment the low magnification images having areas with little
coverage (Fig. 4.7).
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Figure 4.6 A) Secondary electron image showing surface variations. B)-F) Images
showing the same area, taken in BEI-mode with raising accelerating voltage: 5, 10,
15, 20 and 25 kV resp. Note the gradualy emerging fibres when raising the
accelerating voltage. Bar: 200 um.
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Figure 4.7 Segmentation procedure of BSE images. A) Original image taken in
BEI-mode at 250x magnification and 10 kV. B) The same image after thresholding,
and erosion. C) Particles smaller than 20 pixels have been removed by automatic

filtering. Bar 50 um.

28



4.4 Stereo I mages

The use of stereo images for structure visualisation and analysis has been amply
proven (see e.g. Gregersen et a., 1994; Helle and Johnsen, 1994; Reme and Kure,
2000). Stereo images of the paper surface were also obtained in order to explore
their characteristic differences in roughness and surface structure. The SEM
parameters used during image acquisition are summarised in Table 4.2. To create a
stereo image two images from the same area were acquired using O resp. 10° tilt
angle. The images were then calibrated and processed by the image analysis system
AnalySIS (Soft Imaging System). Even height differences profiles from the paper
surface may be obtained with the available computer program being a powerful tool
for surface data acquisition (Fig. 4.8).

Table4.2 SEM parameters used during the acquisition of stereo images.

Signal | Vacuum- Accelerating Working Magnification | Resolution
mode voltage (kV) | distance (mm) (um/pixe)
SEI Low 10 10 3000 0,03

b ‘
Figure 4.8 Stereo images of closed (A) and open (B) areas taken from the same
paper sample surface. Note the differences in roughness and apparent porosity.

Red-green glasses should be used for visualisation. Bar: 10 um.
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Abstract

The void volume (pore) fraction and the surface roughness of the coating layer are
two factors that critically affects the interaction between printing inks and coated
paper surface. The assessment, study and characterisation of these factors may be
accomplished by microscopy and image analysis techniques. To discern the binder
in the coating layer from the embedding epoxy and thus observe each pore in the
coating, the binder has to be stained before the embedding. In the study, osmium
tetroxide (0OsO,) was used to stain the latex binder in the coating layer.
Morphometric analyses of paper cross-sections using SEM, BEI-mode images and
stereo images were used to quantify the paper coating structure details. The
smallest details to be quantified are approaching the limitations given by the
imaging methods. Nevertheless, it was shown that the procedures alow a quite
accurate determination of pore fraction in the coating, and individual readings of
the pores like pore area, aspect ratio and orientation. The two compared stained
methods differed somewhat in their effect on the paper. OsO, dissolved in water
gave good staining throughout the base paper/coating sandwich, allowing good
visualisation and assessment of the coating structure. However, the moisture tends
to make the base paper fibre expand, raising the paper thickness and thus the
macro-roughness. When staining by dry OsO, crystals, the base paper expansion
was avoided, however, even the staining of the fibres was reduced. Critical coating
parameters like mean pore area and micro-roughness of the coating layer did not
differ between the two methods.

Keywords. Staining, Image analysis, SEM, Paper coating, Porosity, Surface
roughness.
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5.1 Introduction

5.1.1 Coated paper structure

Pigment coated paper has two main parts; the base paper and the coating layer.
Most base paper contains both chemical and mechanical pulp fibres. They will even
contain fillers, i.e., pigment powders used to e.g. raise opacity and brightness. The
coating contains high quality pigment particles and binders. The particles, like clay,
calcium carbonate and titanium dioxide differ in size and shape, consequently
affecting the forming of pores during the consolidation of the coating layer on the
base paper. Furthermore, the coating layer’s pore volume fraction and the surface
roughness affect the interaction between printing inks and the paper. Thus, how
well a coated paper sheet will reproduce images when printed depends on the
uniformity and the surface characteristics like roughness, pigment particle
orientation and porosity of the coating layer.

It is customary to distinguish between two kinds of surface roughness, micro-
roughness mainly affected by pigment particles and macro-roughness mainly due to
variations of the base paper. Proper characterisation of these parameters will be of
major importance for predicting the printing ink behaviour in printing. The
assessment, study and characterisation of the mentioned factors may be
accomplished by means of microscopy and image analysis techniques/1/.

To analyse the size and shape of pores in the coating layer, the resolution of optical
microscopes is not sufficient. Besides, the presence of hard mineral particlesin the
coating layer will obscure the microtoming of the paper sample. On the other hand,
grinding of paper cross sections, embedded in epoxy with subsequent curing, leaves
a cross section suited for SEM, backscattered electron imaging (BEI). In SEM,
BEI-mode, the brightness increases with the average atomic number of the imaged
components. The epoxy and the coating binders differ too little in atomic weight to
be properly discerned unless the binder has been tagged by some high-atomic
weight element, like osmium. To observe the coating pores, one thus has to stain
the binder material before embedding. OsO, may be a suited material for such a
staining.

5.1.2 OsO, staining

Several techniques have been used to enhance and improve the visualisation of
paper and fibre structures for SEM, BEI-mode. Potassium Permanganate (KM nQOy,)
has been used in the study of lignin components in wood and pulp fibres /2/.
Bromine is used in staining and studying of lignin-containing structures /2/.
Forseth et a. /3/ applied this technique to study the effect of moisture on paper
roughening.

Osmium tetroxide (OsO,) is widely used in biological sample preparation to
preserve and fixate cell structures for further visualisation in electron microscopy.
The chemical forms cross-linked complexes with C=C double bonds. Such bonds
are present in latex which is used to bind pigment particles in coating. Examples of
such latex components are butadiene and styrene. Thus, an improved visualisation
of the pore structure is obtained by staining the latex films with OsO,. The latex
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films will then appear brighter and may be clearly discerned from the epoxy resin
used for embedding the paper samples. This improves the final visualisation of the
pore structure, allowing quantification of pore details. Image analysis of
micrographs of OsO,-stained paper sample cross-sections may thus offer an
interesting way of assessing the pore structure of coating layers.

A few researchers have reported the use of OsO, staining applied to paper studies.
Mechanical pulp fibres, binders /4,5,6,7/ and printing inks /8/ are reported to be
stained by this chemical to facilitate the characterisation of paper structure.
According to McCoy /4/ OsO, will also stiffen the base sheet fibres, thus improving
the sample polishing process. However, it is essential to do the staining in a way
that does not change the coating structure. Some of the reported techniques may be
guestionable in this respect.

McCoy /4/ used 1g of OsO, crystals to vapour-stain styrene-butadiene latex in
coated paper. The author reported good staining of the latex material in the coating.
Rissa et a. /5/ used dissolved OsO, in water to stain the latex of clay coatings in
order to characterise the morphology of the coating structure based on SEM, BEI-
mode cross-section images. In another study, OsO,-staining was used to obtain
visualisation of talc pigment particles allowing particle orientation to be assessed
by image analysis /6/.

Whalen-Shaw and Eby /9/ applied OsO, to study binder concentration variation at
the coating layer surface and its possible effect on the print quality defect termed
“backtrap mottle”. Higher binder concentration was found on areas with low ink
density.

No comparative study of the staining methods utilising OsO, has been published.
Besides, when staining, the binders and pigments can be discerned, leaving the
actual pore voids to be analysed, as a total volume fraction and in details. Despite
this fact, the real pore structure has not been quantified. The purpose of the present
study is to analyse and compare the effect the different OsO,4-staining procedures
on coated paper structure. In order to quantify important pore details this point is
critical for judging the reliability of the morphometric results by image analysis of
stained paper samples.

5.2 Materialsand methods

5.2.1 Paper sample description

The paper used in this study had been commercially coated with a pigment mix of
70% ground calcium carbonate (GCC), 30% kaolin (clay) (90% <2um). The
binder had 11 parts styrene-butadiene latex and 0.25 parts CMC per 100 parts of
pigment. The coat-weight was 11.0 g/m? on the top side and 12.0 g/m? on the wire
side of the paper. The paper was stiff blade coated at 1300 m/min. The paper grade
was calendered on a 12 nip supercalender applying a linear load of ~300kN/m, at
800m/min.
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5.2.2 0sO, staining and paper sample preparation

2x1 cm? paper samples were used. The samples were divided into 4 groups to
compare the characteristics of the staining procedures listed in Table 1. The
procedures A and B involves OsO,, procedure C water vapour only and D was used
as the control sample without staining.

Table 1 Solution and exposure time used in order to stain the paper sample.

Procedure Staining mix Reaction time (hrs)
A 100 mg OsO, dissolved in H,O 48
B 1 g 0sO,inair 48
C H.O 48
D Control

The paper samples were put into a staining chamber along with the staining mix,
without any direct contact. After finished reaction and neutralising the OsO,, the
paper samples were left in the fume hood for another 24 hrs. The temperature in the
fume hood was 23°C.

After staining, the paper samples for cross-section analysis were dried at 105°C for
1 hour, then placed vertically in spring holders, evacuated in a vacuum chamber for
15 min and impregnated with epoxy resin (Fig. 1). After curing, the blocks were
ground, using 320 grit abrasive paper, removing approximately 1 mm from the
block surface. The blocks were then placed in an automatic STRUERS RotoForce-
4 and polished in a STRUERS RotoPol-22 for 5 min using abrasive cloths with 9
and 1 pum diamond particles. Applied pressure and speed for polishing were 5N and
150 rpm respectively. The blocks were finally carbon coated.

5.2.3 Image acquisition and analysis

For comparison, SEM stereo images of paper surfaces were taken before and after
staining. The surface and cross-section images were obtained using a Hitachi S
3000 VPSEM as explained in Table 2.

The stereo images were calibrated and processed by the image analysis system
AnalySIS (Soft Imaging System). The Scion Image program was applied for image
processing and analysis of the SEM, cross-section images. The Scion Image
program is available at http://www.scioncorp.com. Several routines were written to
automate the | mage program in the morphometric analysis.

Table2 SEM parameters used during the acquisition of surface and cross-section

images.
Images | Signal | Vacuum- | Accelerating | Working | Magnification Resolution
mode voltage distance (um/pixel)

(kV) (mm)

Surface
(stereo) | BEI* Low 10 10 3000 0.03

Cross-
section BEI High 5 8 250 04
1000 01
5000 0.02

BEI* - The backscatter electron detector was applied in 3D-mode.
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After thresholding and binarising the images, the void or pore characteristics was
measured and described by e.g. pore size, an aspect ratio factor (AR) and pore
orientation relative to the paper surface. The pore orientation and aspect ratio are
calculated using a best fitting ellipse on every pore, yielding the minor and major
axis of the corresponding ellipse. The angle between the mgor axis and a
horizontal reference line (the paper plane) yields the orientation of the individual
pores. The aspect ratio is obtained by dividing the major by the minor axis on the
corresponding €ellipse. Even the pore area fraction was calculated by determining
the total area comprised by the pores relative to a predefined region in the cross-
section image.

The roughness value is based on measuring lines from the top of the image to the
surface of the paper sample. Parameters such as the mean square root (Rg) and the
arithmetic average (Ra) may be obtained according to the SO 4287/2000 standard.
For details about image measurements see Chinga and Helle /1/.

Figure 1 Paper samples placed in spring holders and embedded in epoxy resin for
SEM analysis.

5.3 Reaults

5.3.1 Qualitative assessment of the paper structure

Fig. 2 depicts three micrographs from the paper samples described in Table 1. The
0Os0O, reaction is observed in the stained samples (A and B). Here, the coating
binder appears bright, whereas the black areas are epoxy filled voids or pores. On
the other hand, in the unstained sample (Fig. 2c), the pigment particles only are
clearly visualised, the binder however appears dark and can not be discerned from
the epoxy filled voids. Due to the high atomic weight of the osmium, the structures
reacted with OsO, get a lighter grey shade on the backscattered electron images.
Thus, the latex binder, distributed throughout the coating layer surrounding the
pigment particles, appears as light areas (Fig. 2a, right side). Besides latex, even the
lignin of the base paper’'s fibres reacts strongly with the 0sO,. Apparently, the
lighter fibre cross-sections seen from procedure A proves a larger degree of
staining on the lignin containing structures, than can be see from procedure B.
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"'?:‘a T P
Figure 2 Cross-section images of the paper samples stained by procedure A, B and
C of Table 1 respectively. Images on the right side are taken with 5000x
magnification and show details of the regions marked on the left side respectively.
Note the bright latex material around the pigment particles of A and B. Bar: 25 um
for 1000x magnification images (left side) and 5 um for 5000x magnification
images (right side).

5.3.2 Quantification of surface micro-roughening on

stereo Images

Stereo images of the paper surface are suitable for assessment of the small scale
paper surface topography variations. This technique was used to explore possible
differences in surface structural changes induced by the staining procedures. Stereo
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images of the same region were made before and after the reaction (Fig. 3). Height
differences on specific regions on the paper surface were measured (Fig. 3 and 4).

Figure ereo images of the analysed samples. Left column: Micrographs taken
before staining treatment. Right column: Same surface area, after staining
treatment. The bright line across the micrographs indicates the line along which the
height measurements were made. A) and C) correspond to the staining procedures
A and B respectively. E) and F) depict the sample before and after H,O-vapour
exposure (procedure C). Red-green glasses should be used for visualisation.
Bar: 10 um.
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Figure4 Height differences measured using the stereo images shown in Fig. 3.
Top, middle and bottom figures correspond to sample A, B and C respectively
(Table 1). The blue and red curves correspond to the measurements taken before
and after the reaction as described in Fig. 3.

5.3.3 Quantification of structure details on cross
section Images

In the evaluation of the different staining procedures, it isimportant to compare the
effects on paper characteristics being essential to paper’'s end-use properties.
Several important parameters were therefore measured on the cross-section images
to assess the effect by the OsO, staining on the paper structure. Total pore volume,
along with parameters like mean pore area, pore orientation, shape and surface
roughness were measured. The quantification of the listed parameters may be
important for understanding the influence by different process variables on paper
quality and also to predict the paper/printing ink interaction. Fig. 5 compares the
obtained results with respect to coating layer pore and surface details for samples
stained by procedure A, B, C and D. Fig. 6 compares the pore area fraction whereas
the paper thickness and the surface macro-roughnessis given in Fig. 7.
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Estimation of the latex binder volume fraction may be performed taking into
consideration the pore area fraction before and after the OsO,-treatment,

latex volume fraction (%) = Ap - A, 0

where Ay, denotes the apparent pore area fraction before OsO,-treatment and A, the
area fraction after OsO,4-treatment. The calculation, based on samples A and B
relative to the control sample D, yields a latex area (volume) fraction of 20 and 19
% resp. This is in well agreement with the known latex volume fraction in the
coating layer, as calculated in Table 3.

0,25 40
[ T 35
0,20
30 -
0,15 25
20 -
0,10 15 |
O Procedure A 10 O Procedure A (|
0,05 B Procedure B L B Procedure B
B Procedure C 5 | Procedure C|.
0O Procedure D 0O Procedure D
0,00 —l—mmm=n L e 0 l—mmmend L e T
Apparent pore area Micro-roughness Pore orientation Pore aspect ratio
(pm?) (pm) (degrees) x10

Figure 5 Structure details measured on paper samples, procedure A,B,C and D.
Left: Mean pore area and surface micro-roughness. Note that the apparent pore area
fraction of samples C and D includes both the real pore structure and the binders.
Right: Coating layer pore orientation and aspect ratio. The pore orientation is given
in degrees relative to a horizontal reference line.

35

30 T

25

20 =

15
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A B C D

Figure6 Apparent pore area fraction (pore volume) throughout the coating layer
on the four analysed samples. Note that the apparent pore area fraction of samples
C and D includes both the real pore structure and the binders.
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Table 3 Comparison of the calculated latex volume fraction based on known
specifications (supplier information) with the estimates obtained from the cross-
sectional image analysis.

pph | Density * | Component | Calculated Mesasured cross-
(kg/dm®) volume volume sectional areafraction
(dm®kg) fraction (%)
(%) Proc. A Proc.B
Piment 100 25 40 78 80 81
particles
Latex 11 1.0 11 22 20 19
(*) Values obtained from Lehtinen /10/.
65 3,0
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Figure 7 Paper thickness and macro-roughness (Rq) measured on cross-section
images taken at 250x.

5.4 Discussion

The results obtained during this study confirm an effective reaction of OsO, with
material components like mechanical pulp fibres and latex binders for pigment
coated paper. The reaction of the binder allows SEM backscattered electron
imaging with sufficient resolution to discern details of the small pores to be
analysed. Pore details like mean pore area, pore orientation and aspect ratio are
quantified.

With respect to the two staining methods that are compared, OsO, dissolved in
water (procedure A) causes the best staining of the combined coating/base paper
structure (see Fig. 2). Unfortunately, although the paper samples are not in direct
contact with water, the humidity in the sealed containers causes a swelling of the
hydroscopic pulp fibres, inducing a roughening of the paper surface. Analysis of
the samples suggests that the moisture causes an expansion of the base paper
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raising its surface roughness (Fig. 6). The base paper expansion is caused by
moisture induced release of stresses in the fibres, created by the paper calendering,
as explained by Forseth and Helle /3/. In this expansion, compressed mechanical
pulp fibres recover their tube-like shape. It should be mentioned, that a base paper
made from bleached pulp only, islikely to reveal much less expansion.

In the dry procedure B, using crystalline OsO, only, no water- induced expansion
of the base paper occurs, yielding a paper with less macro-roughening than
procedure A. On the other hand, the base paper appears to be less reacted by this
procedure. This may be due to the low vapour pressure of OsO,. The absence of the
macro-roughening will be of importance when the whole coating/base paper
sandwich is under study. Procedure B may possibly be improved by heating the
sealed container.

The more through reaction by procedure A may be explained as a result of the
H,O's polarity. Water has a great ability to dissolve compounds, increasing the
number of OsO, surface molecules and hence the evaporation rate. The solution
mix (A) facilitates the evaporation of OsO, molecules, easing the reaction with the
paper structure and improving the image quality.

With respect to the effects of the staining methods on the micro-roughness of the
coating surface, and the coating pore details, methods A and B appear to be more or
less equivalent (Figs. 3-5), A possibly having somewhat better image quality.
Where only the coating layer is under study, either method may be recommended.
Where even the base paper has to be considered, procedure B should be preferred.

Considering the interesting potentials offered by OsO, staining, the method is likely
to become a quite common step in the preparation and analysis of fibres and paper
even besides coated grades. The chemical is well-suited for visualisation of lignin-
containing structures in the base paper and latex filmsin the coating structure, thus
improving the quantification of parameters like porosity and roughness. However,
0s0, is highly toxic, hence inhalation, ingestion or direct contact may cause severe
damage. Proper precautions must be taken to ensure safety and health.
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Abstract

The ever rising need for detailed knowledge of the structure of paper coating urges
the improvement and development of new techniques for gaining new and valuable
information. The scanning electron microscope (SEM) is a most suitable tool for
morphometrical studies of fibres and paper. Digital images acquired in a SEM, by
the secondary electron imaging (SEIl) or backscattered electron imaging (BEI)
mode have suitable quality and resolution for further image processing and
analysis. However, to discern the binder in the coating layer from the embedding
epoxy and thus observe each pore in the coating, the binder has to be stained before
the embedding. In the study, osmium tetroxide (OsO,) was used to stain the latex
binder. The present study exemplifies how microscopy and image analysis can be
applied in structural studies of the coating layer. Image processing and analysis
routines for acquiring information on the coating layer surface roughness and
porosity details like the pore shape, size and orientation are described. A routine,
based on the Sobel operators, for measuring the pigment particle orientation, is aso
described. The developed semi-automatic image analysis routines are useful
methods for morphometric analysis of paper structure details, thus facilitating
numerical data acquisition of the pores and the pigment particles' geometry. Part of
the obtained information is assumed to be unattainable by other methods at this
point.

Keywords: SEM, image analysis, coating structure, porosity, particle orientation.
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6.1 Introduction

As quality demands on paper and print are rising, better knowledge and
understanding of the coating layer structure details and its interactions with printing
inks is imperative. The coating layer has a complex structure, pigment particles and
binders separated by air-filled voids. These components establish the layer’s micro-
characteristics, and thus the end-use properties of the paper. It is important to
explore how production variables affect coated paper structure. Several methods
have been used in such studies (see e.g. Wygan et al., 1995). Image analysis of
digital micrographs appears be suitable for numerical data acquisition of surface
and internal coating structure details.

The SEM is well suited for morphometrical studies of fibres and paper. Digital
images, both based on secondary (SEI) or backscattered electron imaging (BEI)
modes are suitable for further image processing and analyses. The SEM may
reveal details hardly detectable by other techniques. Several authors used such
techniques to study details like paper thickness, roughness and base paper porosity
(Peterson and Williams, 1992; Williams and Drummond, 1994; Allem, 1998;
Allem and Uesaka, 1999; Dickson, 1999)

6.1.1 Assessment of the coating layer micro-structure
The coating layer’s pore structure affects decisively the printing ink absorption.
However, the pore details cannot be studied directly by BEI on epoxy embedded
samples, as the binder material cannot be discerned from the epoxy. Reacting with
0s0, before embedding may circumvent the problem. Image analysis of OsO;-
stained paper cross-sections allows the exploration of the pore structure. Besides,
mechanical pulp fibres, binders (Krishnagopalan and Simard, 1976; MacCoy, 1998;
Rissa et a., 1999) and printing inks (Ozaki and Kimura, 2000) may be stained by
0s0,, making paper structure characterisation more effective.

6.1.2 The pore structure of the coating layer

Although techniques for staining binders in the coating layer have been reported,
little has been done to quantify the coating’s micro-structure details. Most pore
structure studies have been based on mercury intrusion methods. However several
authors (see e.g. Climpson and Taylor, 1976; Abrams et a.,1996; Wygant et al.,
1995) state that mercury porosimetry may have limitations like i) sample
compressibility, ii) assumption of interconnected pores and iii) inability of
identifying narrow necked voids.

Digital image processing and analysis have been used to study the micro-structure
of e.g. grains, graphite and concrete (Janowski et al., 1998; Yang and Buenfeld,
2001; Inagaki and Suwa, 2001). Parameters like pore area fraction, distribution and
shape have been quantified. The quantification requires segmenting the regions of
interest. Hence, segmentation is essential in image analysis, being critical for
further quantification of the parameters. Segmentation based on thresholding
greyscale histograms of digital images is a common approach. However, manual
thresholding will vary between operators and even for one person over time (Russ,
1999). This has been repeatedly demonstrated (see e.g. Tovey and Houndow, 1995;
Barratte et al., 1997). Although segmentation methods may vary in different
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applications, one should find objective, reliable and reproducible methods.
Procedure automation is thus important to reduce subjectivity and laborious work.

6.1.3 Pigment particle orientation

Coating pigment particle orientation is an important parameter. Besides affecting
gloss and light scattering, particle orientation affect the runnability at the blade
(Gane and Watters, 1989); the packing of the coating, and thus the porosity and
barrier properties (Rissa et al., 2000). X-ray diffraction (XRD) techniques are used
to assess clay particle orientation (Gane et a., 1995). Rissa et al. (2000) measured
talc pigment particles' orientation by X-ray diffraction, comparing the results with
manual image analysis assessments. Semi-automatic image analysis was not
applied due to touching edges of adjacent particles. Albeit good correlation, manual
procedure is tedious and time consuming. XRD is aso limited to comparative
studies of pigment particles having similar crystallinity (Elton et al., 1999).

The coating layer presents a complex structure in backscatter electron (BSE)
images, due to its many components. Digital images have, however, a greyscale
variation suited to detect edges in between particles and at particles/voids
interfaces. Detection of edges depends on the grey-level variations in digita
images. Two regions having different grey-level may have boundaries detectable
using horizontal and vertical masks (for details see Gonzalez and Woods, 1993).
Here, the Sobel operators are useful (see e.g. Davies and Celano, 1993; Gadala-
Maria and Parsi, 1993). This operator seems to be applicable for calculating
pigment particle orientation.

This study aims at describing improved and new techniques within microscopy and
image analysis for the characterisation of important coating structure details.
Automation of image analysis techniques is described in detail. Such automation
improves numerical data acquisition and reduces the involvement of operators and
hence subjective assessments. The quantified paper characteristics are surface
smoothness and coating layer pore details like area, shape and orientation as well as
particle orientation.

6.2 Materialsand methods

The studied paper was a commercially coated grade with a pigment formulation of
70% GCC, 30% clay (90% <2um). The binder contained 11 parts styrene-
butadiene latex and 0.25 parts CMC, based on 100 parts of pigments. The coat-
weight was 11.0 g/m? on the top-side and 12.0 g/m? on the wire side. The paper was
coated with a stiff blade at 1300 m/min. and calendered in a 12 nip supercalender
using aline load of ~300kN/m at 800m/min.

6.2.1 Sample Preparation

The samples were stained by Osmium tetroxide (OsO,4) before embedding in epoxy
resin (see Chinga and Helle, 2001). After staining, the samples were dried at 105 °C
for 1 hour. After being in a vacuum chamber for 15 min, the samples were
impregnated with epoxy. Cured blocks were ground hand-held, using 320 grit
abrasive paper, removing some 1mm from the block surface, then put in a
STRUERS RotoForce-4 and polished in a STRUERS RotoPol-22 using abrasive
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cloths with 9 and 1 um diamond particles, using pressure and speed, 5 N and 150
rpm respectively. The blocks were dried between the grinding and polishing to
avoid cracks in the coating layer. The blocks were finally carbon coated to become
conductive.

6.2.2 Image acquisition and analysis

Images were obtained by a Hitachi S-3000 VPSEM. BSE images were generated
using 5kV accelerating voltage, 8-10 mm working distance and 5000x
magnification. The size of the digital images was 1280x960 pixels using 256 grey
levels. The resolution was 0.02 um/pixel for high magnification images. The
segmentation was accomplished by thresholding the greyscale histogram as
explained by Ridler and Calvard (1978). The optimum threshold is obtained
automatically by an iterative procedure, consisting in finding the middle between
tops corresponding to two different structures in the paper samples cross-sections.
For the image processing and analysis of the SEM images the Scion |mage program
was used, available on the Internet at http://www.scioncorp.com. Several routines
were written to automate the Image program for use in the morphometric analysis.

6.3 Resaults

6.3.1 Backscattered electron images of paper cross

sections

High quality BEI requires samples with smooth and distortion free surfaces, being
well met by the applied technique. The embedding epoxy appears black, the base
paper fibres grey. Mechanical pulp fibres are brighter than chemical pulp fibres, as
0s0, reacts with lignin (Fig. 1). In high magnification micrographs, the OsO,
reaction allows the light grey binder to be discerned from the black epoxy and the
grey pigments (Fig. 1 and 2). For printed samples, gold sputtering before epoxy
embedding establishes a border layer between the printing ink and the epoxy,
allowing the darker layer of printing ink to be observed (Fig. 1B).

6.3.2 The pore details of the coating layer assessed on
high magnification images
Image analysis of the high magnification images allows assessment of additional
details (Fig. 2). Prior to thresholding, a median filter was applied to remove hoise.
Pores may be segmented as shown in Fig. 2B. The threshold value to convert the
greyscale image to binary is found automatically only for images with a well-
balanced contrast. To minimise subjective segmentation in the definition of the
surface, a routine was written to scan the surface with a “rolling” sphere (Fig. 2D)
and close the pore openings, Fig. 2E. The sphere’s diameter may be chosen at will.
The pores may be characterised inside a predefined area, by e.g. the aspect ratio
(AR), pore minor axis, orientation relative to the paper surface and size (Fig. 2F).
Pore orientation and aspect ratio are calculated using a best fitting ellipse on every
pore. The orientation is calculated as the angle between the major ellipse axis and a
horizontal reference line, Fig. 2F. The pore's AR is the ellipse’s major/minor axis
ratio. Some readings of the numerated pores in Fig. 2E are given in Table 1. Even
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the pore area fraction distribution was calculated, giving the pore area fraction
(average porosity) throughout 10 layers from surface to bottom (Fig. 3).

Figure 1 BSE images of coated paper reacted with OsO,. A) Mechanical pulp
fibres (M), and chemical pulp fibres (C) can be distinguished in the low-
magnification image (Bar: 25um). B) High magnification image of the coating
layer. Top: Gold sputtering establishes a bright borderline between the (grey)
printing ink and the (black) epoxy. Main part: The binder films are also observed
as bright areas surrounding the (grey) pigment particles and (black) voids, filled
with epoxy (Bar: 5 pm).

Table 1 Pore details assessed by image analysis. The numbers refer to the pores
numerated in Fig. 2E. The orientation is the ellipse’s main axis' in degrees relative
to a horizontal reference line.

Pore Area (um?) Orientation Aspect ratio
number (degrees)
1 0,81 16,3 2,8
2 0,36 16,9 45
3 0,23 7,2 34
4 0,27 7,8 4,6
5 1,24 25,8 1,2
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Figure 2 Calculation of characteristic pore details in the coating layer. A) Original
image showing the top coating layer stained with OsO,. B) Greyscale histogram
showing the different structures visualised in BSE images of the coating layer and
the corresponding threshold level for pore segmentation. C) Segmented image
presenting the pore distribution. D) Sphere used to segment the surface pores. E)
Segmented surface pores. Some pores are numerated for analysis (see Table 1). F)
Details measured on pore number 4 showing the actual area and the major and
minor axis used to calculate the orientation and AR of the single pores. Bar in A: 5

um.
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Surface profile Layers
after pore segmentation

Figure3 Schematic calculation of the pore area fraction throughout the coating
layer. The black areas represent pores. The surface and bottom profiles of the
coating layer are indicated along with the layer divisions used to calculate the pore
area fraction distribution. The 0-10 level represents the topmost layer and the 90-
100 level the one closest to the base paper.

6.3.3 Pigment particle orientation

Particle orientation was measured by a semi-automatic procedure. The routines are
based on the Sobel operators for edge detection (Fig. 4). The routine detects the
edges in the image, thresholds the resulting image and applies a thinning algorithm
to make the skeletons of the edges (Fig. 4C and D). For images of unstained paper
samples one may run an eroding filter with limit 5 and 10 iterations before
skeletonising. This will reduce the amount of branched edges and enhance
accuracy. These skeletons orientation to a horizontal plane is measured
automatically. Only detected edges with lengths between 25 and 150 pixels were
measured. This eliminates the small-scale noise and the long continuous edges that
may reduce the method’s accuracy. Likewise, branched edges like e.g. 19, 20 and
21 in Fig. 4F are excluded from the calculation of the mean orientation, based on
the AR of the measured edges. As exemplified in Fig. 4C and D, most of the
segmented edges are curved and branched skeletons and can thus be represented by
best fitting ellipses having a corresponding AR (Fig. 2F). The more branched the
edge is, the lower the AR. For straight skeletons the AR solely depends on the
length (in pixels) of the edge. Each detected edge’s AR was thus verified and only
those edges having an AR larger than 5 were taken into account. This yields two
partial orientations, one for the horizontal (Fig. 4C) and one for the vertical images
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(Fig. 4D). Thus, the final orientation of the particles in the image was measured
using the following equation:

Particle orientation = (N*@, + n, * @) / ( n+ny) )

Here, n;, is the number of horizontal edges, n, the number of vertical edges, &, the
mean orientation for the horizontal edges and &, the mean orientation for the
vertical edges. Good correlation was found between particle orientation values
found based on the best fitting ellipse, Fig. 2F and calculation based on the Sobel
edge detectors. The routine was tested on the segmented pores of Fig. 2E. The two
methods yielded the same average pore orientation, namely 31 degrees. This
method thus appears to be a simple, yet powerful tool for application on images
where particles are difficult to segment from the background and from each other.
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Figure4 Calculation of pigment particle orientation in the coating structure. A)
Origina image. B) The Sobel operators used to detect the horizontal and vertical
edges of the pigment particles. C) Image after running the horizontal mask,
thresholding and skeletonizing the thresholded edges. D) Image after running the
vertical mask. E) and F) The edges taken into consideration during measuring. The
right side of the figure exemplifies the procedure used to detect the edges, rejection
of the edges having aspect ratios (AR) less than 5 and calculation of the final

average particle orientation. Bar in A: 5 um.

53



6.3.4 Assessment of the coating surface micro-roughness
To assess the roughness value, aregression line is put along the paper surface. The
routine scans the surface, registers the profile and calculates the regression line.
The roughness is based on the measured distances from the calculated line to the
surface (Fig. 5). Roughness parameters like the mean square root (Rq) and the
arithmetic average (Ra) may be obtained according to the | SO 4287/2000 standard,

Q)
()

RO=&1 *(yi-Ym)
n
Ra=1 xby;-ymb
n

Here, nisthe number of measured distances, y; the distance at x; and y,, the average
distance.
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Figure5 Calculation of surface roughness based on digital images. The step length

may be chosen at will. A step size of 0.2 um isusually applied.

6.3.5 Validity of the segmentation procedure

Thresholding is a most important step in image analysis. Quantification of pore
details depends strongly on the image segmentation. It was desirable to compare
automatic to subjective segmentation. A stack composed of 10 digital images was
given to 7 students. They undertook a subjective segmentation of the pore structure.
The same images were segmented automatically by the routine explained above.
The 8 segmented stacks were processed in the same way. Coating layer details were
finally measured (Fig. 6).
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Figure6 Coating layer details as measured on subjective and objective segmented
digital images. Point A and the dotted line indicates values obtained from the
automatic segmentation. B-H give values obtained after subjective segmentation by
7 students.
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Fig. 6 shows a significant spread of the subjective segmentations from the objective
one, which however gives a good average. Pore area fraction differing by over
15 % was calculated when using manual thresholding. This is due to an over and
under representation of the areas comprised by the pores by subjective
segmentation.

6.4 Discussion

6.4.1 Preparation of paper samples

Staining samples by OsO, is important. OsO, stabilises cross-sections, easing the
sample preparation (McCoy, 1998). The reaction with the styrene/butadiene in the
coating improves the contrast between binders and epoxy filled voids (Fig. 1). The
method yields good results for visuaisation and quantification of binders and pore
details (see Chinga and Helle, 2001). Even the reaction between OsO, and the ink
(Fig. 1B) isimportant for ink quantification. Finally, the fixative appears to prevent
the mechanical pulp fibres from being damaged during SEM image acquisition,
thus securing the final image quality.

6.4.2 Image processing and analysis

Despite the complex cross-sectional structure, the automatic thresholding yielded
suitable segmentation. The procedure is reproducible, avoiding the large variation
of manual segmentation (Fig. 6). For surface definition, the scanning-sphere yields
surface pores segmented objectively. Small noisy pores arising at the surface as a
result of segmentation are removed automatically by erosion without affecting the
bulk pore structure. The procedure is easy to use and batch processing may be
performed easing the work. Fig. 3 exemplifies the calculation of the pore area
fraction distribution throughout the cross-section. Such information, otherwise
hard to obtain, add to our knowledge of the coating layer structure.

The routine to measure particle orientations (Fig. 4) is simple yet powerful for
assessing particle details avoiding manual assessment. Good correlation was found
when compared to images with known particle orientation. By this technique one
may measure pigment particle orientation throughout the coating layer. Coating
layers with platy particles like clay and talc prove clear orientation and may yield
the most reliable results. Although the orientation of blocky particles like ground
CaCOs is difficult to measure, the routine detects the orientation of edges
interfacing other pigment particles, pores or the paper surface, thus yielding
valuable information. The used Sobel operators detect grey-level variations
between regions in digital images. The most pronounced variation is found
between particles and pores. It is conceivable that the routine calculates the pore
orientation rather than particle orientation. However, the pore structure is strongly
dependent on the particle distribution and packaging. There obviously will be a
positive correlation between particle and pore orientation.

Restoration algorithms like the reported wiener filter (Tovey and Hounslow, 1995)
might be used to enhance the pores and particles edges to improve segmentation of
small pores and easing the particle orientation assessment. The absence of sharp
edges between the small pores and surrounding matrix is caused by the spreading
of the electron beam when interacting with the specimens surface. A low
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acceleration voltage (5 kV) was used to reduce this problem, thus improving the
image resolution.

In judging the findings, one should keep in mind that paper is a three-dimensional
structure and the present analytical method only describes two-dimensional cross-
sections. On the other hand, it is widely known that e.g. the area fraction of an
object in a cross-section may be a good estimate of the volume fraction of that
object in the entire 3-D structure (see e.g. Cruz-Orive, 1997; Janowski et al., 1998).
Although the aspect ratio appears to be a proper pore descriptor, the pores may
have complex shapes in 3-D space and estimation of the 3-D pore characteristics
details may require more than 2-D images. Systematic serial sectioning and 3-D
reconstruction may give more insight into the coating layer structure, making it
possible to apply new techniques like the equivalent pore concept (see eg.
Holmstad et al., 2001). However, nowadays 3-D reconstruction techniques have
limitations regarding preparation, resolution and visualisation and can hardly be
applied for making 3-D reconstructions of the coating layer.

6.5 Conclusion

A series of routines were developed during this study, yielding new and valuable
infformation about the coating layer on paper. Structure details, possibly
unattainable by other current methods have been assessed. The outlined automation
improves the morphometric analysis of coating layers, allowing a direct assessment
of critical pore and pigment particle details as well as the paper surface smoothness.
Besides, the limited operator involvement in the measurement procedures raise the
objectivity and reproducibility of the results. Finaly, the complementary
information obtained by the described methods may be useful for an increased
knowledge of the coating layer structure, how it is affected by different process
variables and how it will affect the paper end-use properties.
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Abstract

Quantification of the pigment coating layer characteristics is essential for the
quality control of coated paper and achieve a true understanding of how the coating
and calendering processes affect the coating structure. In this study, the structure of
commercial LWC paper coating layers were assessed and quantified by SEM, BEI
mode and digital image analysis of cross sections. To enhance the visualisation of
the pores in the coating, the binder was stained with osmium tetroxide (OsO,)
before embedding in epoxy. Image analysis techniques were applied to obtain
information on the pore size distribution in the Z-direction, the pore shape and
orientation. A routine, based on the Sobel operators, for measuring the pigment
particle orientation, was also applied. It is quantified how clay particles cause a
more densely packed coating structure compared to coatings containing mainly
CaCOs. The pores of clay coatings have a larger aspect ratio and are oriented more
parallel to the paper surface. Pore orientation is affected by the pigment particle
orientation. Besides the size of the pore, its orientation is proved to be an essential
parameter affecting the achieved print gloss level for a given paper grade. The
pore’s orientation/ diameter ratio seems to be a suitable parameter for describing its
geometry and influence on print gloss. For a given pore diameter, the more
horizontally oriented, the higher the delta gloss (print gloss-paper gloss). The
described techniques may enrich our knowledge about the coating layer structure,
its relationships to the end-use properties, and how it is affected by process
variables.

Keywords: SEM, image analysis, coating structure, porosity, particle orientation
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7.1 Introduction

7.1.1 Characterisation of pigment coating layer

structure details

Improved characterisation of the coating layer is essential for the quality control of
coated paper and a thorough understanding of the coating process. The coating
layer should be smooth and uniform to avoid variations in structural properties of
the paper surface. However, due to e.g. the roughness of the base paper, the coating
process yields a somewhat rough and uneven coating layer. Some regions of the
paper may be more compressed, smoother and contain more particles aligned
parallel to the surface than others. Such differences will affect the uniformity of the
paper surface and its interaction with printing inks.

7.1.2 Assessment of structure detailsin pigment coating

layers

Mercury porosimetry iswidely used to characterise coating layer porosity. The pore
volume fraction and size distribution is assessed by the volume of mercury
intruding into the sample as pressure is increased (see e.g. Wygant et at., 1995).
However, the authors claim that sample elasticity and narrow necked, or bottle
shaped voids may cause erroneous results. Thus, due to the irregular pore shapes
the calculated size distribution may underestimate the volume of small pores. The
method also assumes the pores to be interconnected. The pore volume distribution
assessed by porosimetry has thus been found to be much smaller than that found by
image analysis methods (Dullien and Mehta, 1971; Climpson and Taylor, 1976;
Lepoutre and Rezanowich, 1977). The assumed cause for the striking difference
was that mercury porosimetry measures the void entry radii while image analyses
assess the void themselves. Several authors have tried to characterise the coating
layer macrostructure and uniformity based on digital micrographs (Peterson and
Williams, 1992; Williams and Drummond, 1994; Allem, 1998). However, only few
studies have dealt with the microstructure (see e.g. Climpson and Taylor 1976;
Rissa et al., 2000, Chinga and Helle,20014).

7.1.3 The effect of the coating layer characteristic
details on print paper quality

The coating layer pore structure is considered to be a main parameter for the
printing ink behaviour on the paper surface. The pore diameter and volume fraction
may affect the absorption and setting of the ink vehicle. Structures with small pores
may cause faster ink setting (see e.g. Donigian et a., 1997; Xiang and Bousfield,
2000). Fukui et a. (1996) studied how coating layer pore diameters affected the
setting of offset inks on CaCO; based coating layer surfaces. The authors found the
optimal pore diameter for ink setting to be between 0.12 and 0.15 um. The pore
diameters were obtained from mercury porosimetry analysis. Intrusion does not
allow differentiation between surface and bulk pore geometry. Arai and Nojima
(1998) stated that the surface coating pore structure plays an essential role for the
gloss development in printed paper samples. Coating layers having small surface
pores and large inner pores will be advantageous for gloss devel opment, because of
slower ink setting. Donigian et al. (1997) quantified the effect of pore dimension on
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gloss development. The authors reported that print gloss dropped below the paper
gloss when the average pore diameters of the coating layer were below 0.1 um. An
explanation for this may be that the capillary forces acting in the small pores are
pulling the ink solvent into the coating structure, thus preventing the ink film from
levelling (Donigian et al., 1997). Recently, mechanisms related to inertia
capillarity (Schoelkopf et a, 2000) and the formation of an ink filter cake on the
coated paper surface (Xiang and Bousfield, 2000) have been proposed to explain
the ability of the small pores to absorb the ink components faster than the large
ones.

Although there is an agreement that the pore structure affects ink setting and thus
probably print gloss as well as printing ink density on the paper surface, it has been
difficult to determine what kind of pore characteristics the coating layer structure
should have to yield the best print quality. Moreover, due to the limitations of e.g.
mercury porosimetry, critical parameters like pore size distribution in the Z-
direction, pore shape and orientation have been hard to assess. Such parameters are
however crucial in characterising the geometry of the coating pores but have not
been measured in the referred studies. Besides some mathematical models of pore
morphology and its influence on liquid absorption (see e.g. Kent and Lyne, 1989;
Senden et al., 2000), most studies have focused on the pore size as the sole
parameter to characterise coating pore geometry.

The purpose of this study is a more detailed characterisation of the coating of
commercially available LWC paper. Direct assessment of pore geometry is
essential to predict the printing ink vehicle absorption into the coating. The study
analyses how pore geometry affects the end-use properties of printed paper. The
information thus obtained will complement morphometrical studies.

7.2 Materialsand methods

Commercial LWC paper samples from different suppliers were used. The samples
had been coated with different pigment formulations, mainly clay and CaCO;
pigment particles. Further details for the paper samples are found in Table 1.
Production details were not known.

Table 1 Properties of the studied commercial LWC paper grades. The clay fraction
values are based on residue on ignition (ash) determination of the given paper
grades.

Paper Clay Tappi Tappi Delta gloss

samples fraction | paper gloss | print gloss (Print gloss-

(%) paper gloss)
A 92 54,3 80,6 26,3
B High clay 95 49,0 73,5 24,5
C content 82 54,9 72,1 17,2
D samples 98 55,3 80,7 25,4
E 54 46,0 68,9 22,9
F Low clay 54 55,6 80,2 24,6
G content 53 47,6 68,1 20,5
H samples 27 48,0 67,8 19,8

62



7.2.1 Preparation and analysis

The paper samples were stained by Osmium tretroxide (OsO,) before embedding in
epoxy resin (Chinga and Helle, 2001b). Digital images were obtained using the
Hitachi S-3000 VPSEM. Backscatter images were generated using 5 kV
accelerating voltage and 8-10 mm working distance. 30 digital images of high
magnification (5000x) were acquired from each paper sample. The resolution was
0.02 um/pixel for the high magnification images.

After thresholding and binarising the high magnification images, the void or pore
characteristics were measured and described. The pore orientation and aspect ratio
were calculated using a best fitting ellipse on every pore, yielding the minor and
major axis of the corresponding ellipse. The angle between the major axis and a
horizontal reference line (the paper plane) yields the orientation of the individual
pores. The aspect ratio is obtained by dividing the major by the minor axis on the
corresponding ellipse. Even the pore area fraction was calculated by determining
the total area comprised by the pores relative to a predefined region in the cross-
section image. The apparent particle orientation was measured relative to the paper
surface. Sobel operators were used for detecting the edges of the particles in
combination with erosion and skeletonizing. For further details about image
processing and analysis see Chinga and Helle (2001a). In the present study the
mean values are given with the corresponding standard errors.

7.2.2 Calculation of the clay content in the paper

samples
The coating layers contained both CaCO; and kaolin. To assess the relative
amounts of the two components, the samples were burnt, first at 490 °C. After
weighing, the ash was further heated to 800°C and weighed again. Based on the
two readings, and knowledge of the ash for the two components at the two
temperatures, the relative and then the absolute amounts were calculated by a
procedure recommended by Zellcheming.

7.2.3 Print gloss measurements

Paper and print gloss were assessed by the TAPPI 75° specular gloss method (T
480 om-92). Print gloss was measured 24 h after printing the sample on a Priifbau
test printer. 0.3 g ink (Reflecta Magenta 42F8000) was used on every test strip.
Printing speed and temperature were 0.5 m/s and 23 °C respectively.

7.2.4 Mercury porosimetry

Since the morphometrical analysis was concentrated on the top coating layer, the
coating layer on the wire side was removed by adhesive tape on this side and
splitting the paper in two. The remaining parts of the samples, being the top coating
layer and parts of the base paper, which was difficult to remove completely, were
used for porosimetry analysis. The porosimetry measurements were performed in a
Carlo Erba Macropores unit 120 and a Carlo Erba Porosimeter 2000.
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7.3 Results

7.3.1 Morphometric analysis of the coating layers

outermost region

Digital images of the 8 studied paper samples are presented in Fig. 1. There are
clear differences regarding the coating formulation and the pulp fibres composition
used in the paper grades. Image analysis based on digital micrographs is a well-
suited technique for accurate assessments of critical parameters affecting the print
quality of a given paper grade. Direct assessment of the pore and pigment particles
details may be obtained at different depths in the coating structure, a point
unattainable by other present methods where local variations cannot be registered.

Figure 1 Digital images of the studied paper samples. Top row, left to right: A, B,
C, D. Bottom row: E, F, G and H. Note the difference in base paper composition.
Dark fibres indicate poor reaction with OsO, due to low lignin content (bleached
pulp fibres). Bar 50 um

To assess the coating/printing ink interaction one should obviously quantify pore
and pigment particle details in the uppermost layer of the coating structure. Here,
the pores in the top 2.5 micrometers were characterised. The pore area fractions of
the studied coating layers were measured (Fig. 2). A reduction of porosity with
increasing clay fraction is observed, indicating a denser structure. The correlation is
somewhat poor, which is reasonable considering the different blends of pigment
particles for different samples. One should also keep in mind that the clay content
has been calculated using an ash determination procedure, alowing only an
estimate of the clay fraction. The limited knowledge of the coating formulations
does not alow further analysis of the variation. However, the found correlation is
in well agreement with the expected results, that is, the clay pigment particles will
contribute to forming a rather compressed coating structure as depicted in Fig. 2.

64



N

o
=
-
o

© R =-0,68 ~ R=-083
g - Q150 ¥

S8 3 o

2 5 ~

g 5 S E 130 =~

S 510 — 53

= K 2 °

3£ FT— 58 110 3 3
9 o : £

n O

2 5 5 E 9

O T T T T

~
o

o

0 20 40 60 80 100 0 20 4 6 80 100
Clay fraction in coating (%) Clay fraction in coating (%)

Figure2 Left: The pore (void) fraction in the coating layer of the different paper
grades. Right: number of pores pr. square micrometer as a function of clay fraction.

Analysis of the pore details also demonstrates how pigment particles affect the pore
shape and orientation (Fig. 3). It has been suggested that the pigment particle shape
determines the shape of the pores, at least at low binder level (Lepoutre, 1996) thus
affecting even the total porosity of the coating structure (Lohmander, 2000). The
influence of the clay content on pore details may possibly be more easily studied
using specific pigment particles and known blends of coating colours. A clear
relationship between the pigment particle shape and pore shape and orientation has
been established here, showing the influence of the pigment particle grade on pore
geometry (Fig. 3). The pore orientation may also provide an indirect measurement
of the pigment particle orientation, especially for particles of high aspect ratio like
the platy clay particles. This relationship is established in Fig. 6.
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Figure 3 The effect of clay fraction on pore orientation and shape (represented by
the aspect ratio). The pore orientation is calculated relative to the surface direction.

7.3.2 Theeffect of pore geometry on gloss development
For the same pore diameter, coatings containing clay particles tend to yield higher
gloss than coatings having mainly CaCOs. Pores with largest diameter increase
gloss the most for a given group of pigment particles (Fig. 4, left). Pesenti et al.
(1996) also reported higher gloss values for clay coatings compared to PCC
coatings for a given surface roughness. This is also in accordance with practical
experience.
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Figure4 The effect on print gloss by apparent pore size. The presented pore
diameters correspond to the average pore minor axis of the ellipses fitted to the
pores. The pore orientation is based on the orientation of the major axis of the fitted
ellipses relative to the paper surface.

Despite the assumed effect of pore size on absorption, it is likely that other pore
geometry parameters affect the printing ink behaviour as well. The pore orientation
also seems to affect the gloss of the given paper grade (Fig. 4, right and Fig. 5). Fig.
5 demonstrates the importance of controlling pore geometry, to affect critical end-
use propertieslike print gloss. In Fig. 5 the pore and particle orientations are related
to the delta gloss (print gloss-paper gloss). Since it is evident that the pore size and
orientation will affect the absorption of ink components into the coating structure it
seems recommendable to combine the two parameters and use the pore
orientation/diameter (O/D) ratio to describe the geometry of the pores. This ratio
seems to be a suitable parameter for predicting the absorption behaviour of the ink
fluids, being well correlated with the print and delta gloss.
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Figure5 The influence of the pore geometry on print gloss. Although the pores
from the uppermost 2.5 micrometers yield similar correlation, the presented pore
dimensions are assessed throughout the entire coating structure. The pore diameter
is represented by the measured pore minor axis parameter. The particle and pore
orientations are based on the orientation of the major axis of the fitted ellipses
relative to the paper surface and are given in degrees (for details see Chinga and
Helle, 2001a). To fit the values of the scale used in the graph, the pores
orientation/diameter (O/D) ratio are divided by 4.
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7.3.3 Coating layer structural details throughout the

whole cross-section
Pigment particle orientation has been considered an important parameter affecting
the uniformity of the coating structure. It is well known that platy pigment particles
like clay are used to increase e.g. the surface smoothness, gloss and the tortuosity
of the coating layer as well. As expected, there is a clear relationship throughout the
coating layer between particle and pore orientation (Fig. 6). This confirms the
influence of pigment particle orientation on the geometry of the formed pores.

40
e T N, R= -0,83.:
o 30
é” 25 EE
c = -
S 15 R=-092 &%
I - - -
2 10 4 & Particle orientation
(0] . .
= 5 - m Pore orientation
© o : 1 1 : :

0 20 40 60 80 100
Clay fraction in coating (%)

Figure6 Mean orientation of pores and pigment particles relative to the paper
surface as a function of clay fraction for the given paper grades.

The pore size distribution in the Z-direction of the coating layers was assessed. This
may be relevant for analysing the pore size variation and explore how process
variables affect pore details and thus print quality. Fig. 7 depicts the coating layer
pore area fraction distribution for the 8 paper samples. All samples have a
compressed structure in the surface when compared to the inner part of the coating
layer. Note the pore area fraction distribution of sample F (Fig. 7) which in spite of
having alarger fraction of CaCO; matches the gloss levels of clay coatings.

734 M ercury poros metry measur ements
As explained above, mercury porosimetry has been widely used for characterising
the coating layer porosity. Fig. 8 reveals a reasonable correlation between the
mercury porosimetry and the cross-sectional image analysis techniques, although
the values tend to be underestimated by the porosimetry method.
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Figure 7 Cross-sectional pore areafraction distribution in the Z-direction for paper
samples having coatings with large clay fractions (left) and low clay fractions
(right). The coating layers have been divided into 10 layers where the 0-10 level
represents the surface layer and the 90-100 level the layer close to the base paper.
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Figure8 Comparison between mercury porosimetry and cross-sectional image
analysis. The values indicate the mean pore radius of the coating layers for the
given paper grades obtained by the two methods.

7.4 Discussion

A reaction between OsO, and the coating binders applied for the studied paper
grades alowed the real pores (air-filled voids) of the coating layer to be studied.
The studied papers were all LWC, meaning that the coatings were basically similar
and that it can be assumed that OsO, reacted with the binders in a similar fashion
for al the paper grades in the study. Parameters found to correlate well; like the
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clay fraction and porosity details support this assumption. A reduction in the
number of pores in coatings containing a large fraction of clay was found, when
compared to CaCOs; based coatings. Although these findings are contrary to results
reported by Stanislawska and L epoutre (1995) where the authors concluded that the
pores in clay coatings are more numerous, they are supported by the fact that
increasing the coating's clay fraction leads to a more compact structure with lower
porosity. Moreover, as expected, larger clay fractions lead to pores with higher
aspect ratio and consequently higher orientation relative to the paper surface,
evidencing the packing ability of clay pigment particles (Fig. 3 and 6).

The absorption rate of the ink vehicle has been attributed mainly to the pore size
without considering the actual geometry of the pores. Some studies have even
assumed straight capillaries with constant radii. Such studies focus the attention
exclusively on the size distribution and disregard other relevant factors like the
shape and continuity of the pores (Kent and Lyne, 1989). Hence, besides the
average pore size (Fig. 4), the singular geometry of the pores in the different
coating structures also seems to play an important role with respect to the ink
vehicle absorption. The network of interconnected pores with a large variety in
shape, size and orientation must be considered when studying mechanisms like the
separation and absorption of ink components into the coating structure. Fig. 4
reveals a clear negative relationship between pore orientation and gloss level. This
may indicate a large effect by the vertically aligned pores on the absorption of the
ink vehicle. Fig. 5 confirms the effect of pore geometry on offset print gloss. The
orientation/diameter (O/D) ratio seems to be well suited to evaluate the paper's
ability to reach a high gloss level. For a given pore diameter, the more horizontal
oriented, the higher the gloss. This seems to confirm the mechanism leading to a
reduction of print gloss for pores more effective in pulling the solvent from the
printing ink, thus reducing the levelling of the ink on paper (Donigian et al., 1997).

The pore area distribution throughout the coating layer clarifies the packing ability
of the two main groups of pigment particles used in the present study. The
remarkable reduction in porosity at the top layer of the coating structure should be
noted. All the analysed samples reveal the same trend. Suspicions that it might be
caused by an artefact have not been confirmed. It thus indicates an enhanced
packing of the surface coating structure upon the calendering due to an increased
horizontal alignment of surface pigment particles (Hiorns et al., 1998; Elton et d.,
1999). Support for this hypothesis is provided by the measured pore orientation at
thetop 2.5 um (Fig. 3, right) and throughout the coating layer (Fig. 6). The pores at
the coating surface appear to be more horizontally aligned compared to the poresin
the coating bulk, suggesting a denser packing of the coating structure at the top
layer. Quantification of the pore distribution in uncalendered coating layers may
shed some light into the uncertainty of a presumable artefact at the top layer
measurements.

Although the mercury porosimetry method is not capable of yielding such details, it
was used to partly verify the obtained results. As expected, mercury porosimetry
yields smaller pore radii readings compared to image analysis probably due to the
bottle shaped voids (Fig. 8). However, it may aso be reaised that we are
approaching the effective resolution of the scanning electron microscope and small
pores may thus tend to be excluded from the segmentation procedure, probably
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increasing the average pore area. On the other hand, mercury porosimetry needs
extremely high pressures to assess the pores smaller than 0.01 um reducing the
accuracy of the results with decreasing pore size (Fur6 and Daicic, 1999).

At this point it should be reminded that little was known of the coating formulation,
the type of coating procedure and calendering used on the studied commercial
paper samples. In spite of such shortcomings much information has been gained,
emphasising also the objectiveness of the morphometrical study. Besides, the
assessment of real coating structure details increase our knowledge of the pore
geometry and itsimplication on such an important end-use property like print gloss.

7.5 Conclusion

Cross-sectional SEM analysis has been used in the characterisation of coating
layers for a group of commercially coated papers. Despite the wide spread of
coating formulation and structure, it has been demonstrated that the described
techniques including sample preparation and morphometric analysis are well suited
to characterise coating layer structures. The complex pore structure with respect to
pore size, shape and orientation has been assessed and quantified. The obtained
pore details represent valuable information, not accessible by other available
techniques. It has been demonstrated that the pore geometry, described by the best
fitting ellipse approach, may be essentia for the absorption of the ink vehicle and
thus critical for the print gloss development. The pore orientation/diameter ratio
seems also to be a proper parameter for predicting print gloss. For a given pore
diameter, the more horizontally oriented the pores are, the higher the delta gloss.
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Abstract

The coating surface of commercial LWC paper has been studied by microscopy and
image analyses. Based on secondary and backscattered electron images, some
detailed characterisation of the calendered paper samples’ surface was undertaken.
Surface areas differing in porosity and roughness were identified and characterised.
Significant differences between “closed” and “open” areas with respect to pore area
fraction and mean pore diameter were quantified. It is demonstrated that the larger
the size of each closed area unit the larger the correlation between the surface
variation and mottling. The observed structural differences are likely to cause a
non-uniform ink vehicle absorption into the coating structure and may affect the
printing ink density on the paper surface. It was also demonstrated that print gloss
is influenced by the pore diameter. However, pore geometry, described by the pore
size and orientation, seems also important for the gloss development.

Keywords: SEM, image analysis, coating structure, porosity, gloss, mottling.
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8.1 Introduction

8.1.1 Characterisation of the paper coating surface
Knowledge of the coating layer structure details is important for the understanding
of mechanical, optical and printing characteristics of LWC paper. The variation in
the coating layer’s porosity, binder content and surface roughness may cause non-
uniformitiesin critical paper characteristics. Several authors have used the scanning
electron microscope to study paper structure details, see e.g. [1,2,3]. Most of these
studies used cross-section digital images of the coating layer. Much complementary
information may however be obtained from surface images. Both secondary (SE)
and backscattered electron (BSE) images may give insight into the paper surface
structure [2,4,5,6,7]

8.1.2 Theeffect on print paper quality by paper surface
details

The coating layer pore structure is considered as being one of the most important
parameters affecting the printing ink behaviour on the paper surface. It is well
known that the pore diameter and volume fraction may affect the absorption and
setting of the ink vehicle [6,8,9,10,11]. Structures containing small pores seem to
lead to faster ink setting.

Print density variation on the paper surface, print mottle, is a well-known print
defect. Binder migration is considered a main cause of mottling. Whalen-Shaw and
Eby [12] reported that areas having low ink density were characterised by high
latex level, corresponding to heavy coat weight areas. A probable relationship
between coating layer thickness variation and mottling has been reported by severa
authors [13,14,15]. Gane [13] argued that the presumptive effect of binder
migration on mottle did not occur independently of structural coat-weight variation.
Zang and Aspler [16] suggested that binder content affects ink transfer at high
printing speed (4.5 m/s). Less ink is transferred to less porous and less absorbent
coatings containing more binder, causing reduced printing ink density [16].

The appearance of glossy, low porosity (“closed”) areas on the calendered paper
surface have been reported by some authors [2,12,17]. Wikstrom et al. [18]
reported the appearance of flattened regions (“closed” areas) on the paper surface
after calendering. Such areas were not observed in uncalendered paper, indicating
that the surface structural variations were not caused by the drying conditions. Even
other authors have found varying paper surface densification due to the calendering
[12,19]

Whalen-Shaw and Eby [12] suggested that the closed areas, characterised by higher
binder content, might correlate with areas of low ink density. More recently, Xiang
et a. [7] proposed a mechanism where drying-induced coat weight variation might
lead to the formation of closed and open areas. Contrary to results reported by
Whalen-Shaw and Eby [12], the closed areas on the paper surface were found to
occur in the low coat weight regions and being characterised by a rather smooth
structure. Although Xiang et al. [7] did not find any binder content difference in
closed areas compared to more open ones, a clear correlation was found between
the closed area fraction of the paper surface and the mottling appearance. They

75



concluded that mottling might have a structural cause related to the non-uniform
distribution of surface pores

Regardless the origin of the closed areas, it is obvious that such paper surface
variations may harm the uniformity of prints. However, even though several
authors have reported such structural surface variation, little is known of the pore
characteristics on these areas. Reported assessments on the closed areas [7] and
surface pore structure [6] have been performed manually, thus being prone to
errors. Hence, automation of routines for assessing the surface structural
characteristic details is necessary. In the present study a method based on
microscopy and image analysis has been developed for automatic identification and
guantification of the closed area fraction of coating surfaces. Routines for
characterising the closed and open area fractions with respect to pore characteristic
details were also developed. The methods were applied on commercia LWC
papers in order to analyse the paper surface and to study the presumptive
implication of the surface structural variation and surface porosity on print gloss
and the mottling appearance.

8.2 Materialsand methods

A series of commercial LWC paper samples from different suppliers were used.
The different paper samples had been coated with different pigment formulations,
including clay and CaCO; pigment particles. Further details about the different
paper samples can be found in Table I. Being commercia samples, no complete
information of the papers was available.

8.2.1 Calculation of the clay content in the paper

samples
The coating layers contained both CaCO; and kaolin. To assess the relative
amounts of the two components, the samples were burnt, first at 490 °C. After
weighing, the ash was further heated to 800 °C and weighed again. Based on the
two readings, and knowledge of the ash for the two components at the two
temperatures, the relative and then the absolute amounts were calculated by a
procedure recommended by Zellcheming.

8.2.2 Print quality measurements

Paper and print gloss were assessed by the TAPPI 75° specular gloss method (T
480 om-92). Print gloss was measured 24 h after printing the sample on a Priifbau
test printer. 0.3 g ink (Reflecta Magenta 42F8000) was used on every test strip. The
printing speed and temperature were 0.5 m/s and 23 °C respectively. The paper
samples used for mottling evaluation were printed on a M.A.N. Rotoman C printing
press, speed approx. 5 m/s. Print mottle was measured at KCL using a method
based on band pass filtering and image analysis. Such methods have been found
suitable for evaluating print mottle [20].The image size for measurement was 51 x
51 mm? and the obtained mottling values represent print density unevenness in the
range from 2 to 8 mm. The mottling value for each paper grade is the average of
five replicates.
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Tablel Properties of the studied commercial LWC paper grades. The clay fraction
values are based on residues on ignition (ash) determination of the given paper
grades.

Paper Clay fraction Tappi Print
samples (%) print gloss mottling
A 92 80,6 1,25
B High clay 95 73,5 1,35
C fraction 82 72,1 0,90
D samples 98 80,7 0,98
E 54 68,9 1,26
F Low clay 54 80,2 1,17
G fraction 53 68,1 0,78
H samples 27 67,8 1,00

8.2.3 Sample preparation and image acquisition

10x10 mm? not printed samples were taken from each paper grade and gold
sputtered for 30 s before visualisation in the SEM, SEI and BEI-mode. Table 1l
presents the operation parameters used during image acquisition.

Tablell SEM conditions during image acquisition in secondary electron imaging
(SEI) and backscattered electron imaging (BEI) mode.

L ow magnification High magnification
SEM-mode SEI BEI
Magnification 250x 5000x
Accelerating voltage 10 kV 5kV
Working distance 10 mm 8 mm
Image size 1280x960 pixels” 1280x960 pixels”
Image resolution 0.4 pm/pixel 0.02 um/pixel
Number of images pr. | 20 20 “closed” areas
Sample 20 “open” areas

8.2.4 Quantification of surface variation based on
secondary electron imaging (SEI)

By microscope inspection, “closed” and “open” areas can easily be observed. They
are also observed in SEM micrographs, where the closed areas seem to be
smoother, having lower surface porosity than the open areas. The compact closed
areas have less specific surface available for electron emission. Fewer electrons
being captured by the secondary electron detector may cause the darker grey area
level, characteristic for these areas (Fig. 1).

The greyscale images were histogram equalised, segmented using automatic
thresholding and binarised (Fig. 1). It is obvious that if not performed with caution,
such image processing and analysis may lead to significant changes in the
numerical data acquisition. Care must be taken in order to find the optimal
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segmentation procedure, avoiding removal of important data. Image analysis
routines were developed to automate this part of the process. The segmented
images were then subjected to erosion in order to remove the small noisy points.
An erosion filter with limit 5 and 20 iterations was found suitable in the present
study, for details see Chinga and Helle [21].

e

Figurel Segmentation procedure of closed areas on images of LWC paper
surfaces. A) Origina equalised image reflecting differences in topography, B)
thresholded image, C) the same area after running erosion filter with limit 5 and 20
iterations and D) noisy particles smaller than 100 pixels have been removed. Bar:
50 pm.

8.25 Assessment of pore details on closed and open

areas

High magnification BSE images (see Fig. 2) may contribute to the surface
characterisation and alow quantification of surface pores. The surface pore
segmentation exemplified in Fig. 2C and D is based on the same routine as
developed to segment closed areas on the paper surface. To enhance the
segmentation procedure the first threshold value was subtracted from the histogram
and the resulting image thresholded again and binarised. For low contrast images,
as for extremely closed areas, an extra subtraction of the threshold value may be
required, otherwise the pore area fraction may be over estimated. After
thresholding and binarisation an erosion filter was run over the images. 10
iterations and a limit of 6 neighbour pixels seems to be enough for removing most
of the noisy particles, for details see Chinga and Helle [21].

Pore area fractions and pore sizes are easily quantified from the segmented images.
Pore area fractions were calculated by determining the total area comprised by the
pores relative to the total image area (~ 490 pm?). The pore diameter corresponds
to the minor axis of the ellipses fitted to each pore, for details see Chinga and Helle
[3]. In the present study the mean values are given with the corresponding standard
errors.
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Figure2 A) and B): Backscattered electron images of closed and open areas resp.
C) and D) Surface pore segmentation based on the images shown in A) and B).
Bar: 5 um.

8.3 Results
8.3.1 Origin of the closed areas

Analysis of the paper surface of an uncalendered paper sample, having a large
fraction of CaCOs, did not reveal any occurrence of closed areas in the coating
surface. This may indicate that closed areas are a consequence of the calendering. It
is unclear which areas become closed. However, it seems that the closed areas
appear most frequently on “hills’; the top of base paper surface fibres thus
corresponding to the thinnest regions of the coating layer. The width of the
segmented areas lies in the range of the fibres' width, supporting this assumption

(Fig. 1).

8.3.2 The effect of surface structural variation on print

density unevenness
Xiang et a. [7] claimed a direct relationship between the paper surface’'s closed
area fraction and mottling. Their quantitative evidence was however subjective and
based on manual segmentation of very small images if compared to characteristic
mottling areas. As afirst attempt in the present study, the closed area fractions from
each of the 20 individual micrographs (512 um x 384 um) for each paper grade
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were measured, and the average calculated. Assuming that the size of the closed
area may be of importance, only closed areas > 8000 pm? were included. Plotted
vs. the KCL mottling readings of the paper reveals no correlation (Fig. 3). From
this result, one will conclude that the total closed area will not be critical.

Each of the individual micrographs is very small, related to the typical mottling
area. The variation in closed area fraction for the different micrographs of a given
paper may be a better way of assessing the variability. The standard deviation
between the micrographs from each paper grade was calculated, again limiting the
assessed close areas to those > 8000 um?  In Fig. 4 (left) the calculated standard
deviations are plotted vs. the mottling tendency. Here, there is a good correlation;
the larger the standard deviation in closed area fraction, the larger the mottling
tendency, as one might expect.

Similar calculations were made when including smaller and smaller individual
closed areasin the closed area assessment. Again plotting the standard deviation of
the total closed area fraction for the individual micrographs, the results are plotted
in Fig. 4, right. One will note that the smaller the individual closed areas included
in the calculation, the poorer the correlation with mottling tendency. It thus
appears as only the larger closed areas affect the mottling appreciably. The used
magnification of 250x did not allow an increase of the minimum size requirement
without removing a major part of the segmented areas from the images. Lower
magnification should be used in order to cover wider regions of the paper surface.
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Figure 3 Measured closed area fraction and the mottling values for the 8 analysed
samples.

8.3.3 Pore details in closed and open areas on the

coated paper surface
From visual inspection it seems that the closed areas are smoother, containing less
and smaller pores. Fig. 5 (left) compares pore area fractions for open and closed
areas. The differences are quite large. Fig. 5 (right) demonstrates that open areas
contain larger pores. The pore diameter distributions over closed and open areas
were calculated (Fig. 6 and 7). The closed areas have fewer pores available for
absorbing the printing ink vehicle. This suggests a slower consolidation of the
transferred printing ink. This supports an assumption of low ink density on closed
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areas [12]. Different absorption for closed and open areas will likely harm print

homogeneity.
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Figure5 Pore area fraction (left) and mean pore diameter (right) on the closed and
open surface areas for some of the tested papers. The pore diameter is represented
by the pore minor axis of the fitting ellipses [3].
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Figure 6 Pore diameter distribution on paper grades with high clay fraction in the
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and D are given. The pore diameter is represented by the pore minor axis of the

ellipses fitted to each pore.
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Figure 7 Pore diameter distribution on paper grades with low clay fraction in the
coating. The number of surface pores from the closed and open areas of paper E, F,
G and H are given. The high values for paper H are probably caused by the high
CaCO; fraction in the coating (Table I). The pore diameter is represented by the
pore minor axis of the ellipses fitted to each pore.

8.3.4 The influence of surface pore diameter on print

gloss

Fig. 8 relates print gloss to mean pore diameter. The larger the pores, the higher the
gloss. The same trend was observed in cross-sectional image analysis [22]. Fig. 8
even shows good correlation between cross-sectional and surface pore diameter,
though the samples for surface analysis were not OsO,-treated. This confirms the
suitability of the BSE signal to assess surface openings.
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Figure8 Left: Relationship between mean surface pore diameter and print gloss
for the 8 tested papers. Right: relationship between the cross-sectional pore
diameter [22] and the surface pore diameter.
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8.4 Discussion

SEM surface analysis did not reveal closed areas for the investigated uncalendered
sample. Some regions, presumptively having a high local basis weight, are likely to
be subjected to high specific loads during calendering, becoming compressed and
smoothened [23]. A correlation between thin coating regions on the hills and closed
paper surface areas thus appears likely. Such differences between thin and thick
coating regions are believed to cause a non-uniform ink transfer and consequently
uneven print density due to the porosity variation [12, 24].

Thetotal closed area fraction level was found not to affect the mottling appearance.
However, it appears that the size and distribution of the closed area affects
mottling. The larger the size of each closed area unit the better the correlation
between surface variation and mottling. It is not clear which region yields the
higher ink density, closed or open areas. Considering the dimensions and number of
pores presumptively responsible for the fast ink setting (Fig. 6 and 7), the results
may suggest that the open areas consolidate the ink film faster than the closed areas
provided the same amount of transferred ink. Whalen-Shaw and Eby [12] stated
that areas of low porosity might correlate with areas of low ink density, however
reported that these areas are characterised by thick coating regions and high latex
content. Such relationships were not explored in the present study. However, if the
closed areas appear after calendering, one would expect to find such areas on
regions with high local basis weight and thin coating films.

The findings on the effect of pore diameter on print gloss agree with earlier studies
[6,10]. However Arai and Nojima[6] claimed that print glossis affected by surface
pores rather than by the inner pores. This has not been confirmed here. On the other
hand, the results may suggest a major influence by the inner pore structure and
geometry on the gloss development [22]. The Arai and Nojima [6] study applied
two different techniques for assessing the inner and the surface pore structure,
mercury porosimetry and SEM surface analysis respectively. This may have
induced some uncertainties in the mentioned comparison.

The present study only aimed at exploring the structural parameters affecting the
ink/coating interaction. The possible effect of chemical aspects of the coating layers
was thus not studied.

8.5 Conclusion

New techniques were developed to study surface details of pigment coated paper,
in order to explore their effects on printing defects like mottling. New and semi-
automatic routines for image analysis on SEM images, in the SEI and BEI-modes
were developed. The automation improves the reliability and reproducibility of
the morphometric studies. The study results allowed a division of the surface into
smaller and larger areas characterised as either “open” or “closed”, the two groups
differing in their surface pores fraction. The open areas are characterised by having
large amount of pores, large pore area fraction and high mean pore diameter. The
cross-sectional pore diameters correlate well with the surface pore diameter
measured by image analysis, though the later is larger. Larger average size of the
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pores tends to raise print gloss, however the inner pore geometry is also important
for the gloss development. The fraction of open and closed surface areas does not
directly affect mottling. The critical factor is rather the distribution of the areas.
The more uneven the distribution of open and closed areas, the larger the mottling
tendency. And the larger the size of each closed surface area unit of the coating,
the larger the correlation between the surface variation and mottling.
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Abstract

The scanning electron microscope in low-vacuum mode was used to acquire
consecutive backscattered electron images after successive grinding and polishing.
The high resolution achieved by this technique permits the visualisation of pigment
particles and inter-particle volumes. Computer programs available in the Internet
were used to process, render and visualise the reconstructed volume. Characteristics
of rea coating layers like the inter-particle volume network and the pigment
particles were volume rendered and visualised in 3-D space. The technique seems
promising, however further work is required to improve the efficiency of the image
acquisition and to control the thickness of the removed cross-sections, which is
important for a true quantification of structure details.

Keywords: 3-D reconstruction, image analysis, SEM, pores, pigment particles
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9.1 Introduction

It has been demonstrated that cross-sectional and surface scanning electron
microscopy images are well suited for acquiring numerical information of the paper
coating structure. The coating layer characteristic details can effectively be assessed
and quantified [1,2].

Direct assessment methods like microscopy and image analysis yield insight into
the coating layer structure, however has the limitation of being based on two-
dimensional (2-D) image analysis[1]. A further step will be athree-dimensional (3-
D) characterisation of real pigment coatings. Toivakka and Nyfors [3] developed
techniques for characterising the coating structure using 3-D image anaysis.
However due to the lack of real 3-D datasets of the coating structure, the authors
have limited the technique to a characterisation of mathematical models.
Unfortunately, such models will severely over-simplify the real coating structures,
thus losing the heterogeneity of real samples [4].

Images for 3-D reconstructions may be acquired by different techniques, e.g.
magnetic resonance, microscopy and X-ray microtomography [5,6,7,8]. Due to the
small size of typical elements in coating layers, the image acquisition device must
have high resolution to visualise structure components like pigment particles and
pores. Currently available techniques for acquiring 3-D datasets do not have the
required resolution to assess the detailed coating structure. However, some
techniques have been applied for the analysis of void spaces in base sheets [8,9,10].

High quality images of paper structure may also be obtained by the scanning
electron microscope (SEM). Digtortions introduced by microtoming [11] are
avoided by grinding and polishing of epoxy embedded samples. The SEM has
proved to be suitable for acquiring information about the coating layer structure
based on 2-D images. A series of SEM images showing cross-sections throughout a
paper sample, at given constant small distances would provide a basis for three-
dimensional reconstruction. However preparation of paper samples for such image
acquisition in not easy. Here, attempts are made to acquire consecutive images of a
coating layer and arranging them in a 3-D reconstruction. Such reconstruction may
reveal details not available by analysing 2-D images. Particle and inter-particle
structure details may be assessed independent of the analysis direction, thus
complementing other structural characterisations of the coating layer.

9.2 Material and Methods
9.2.1 Sample description

The paper used in this study was commercially coated with a pigment mix of 70%
ground calcium carbonate (GCC), 30% kaolin (clay) (90% <2um). A detailed
description of the paper sample and the applied preparation is given in Chinga and
Helle[1].
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The sample was not treated with OsO,. Therefore, the binders cannot be discerned
from the embedding epoxy resin in the SEM, backscattered mode el ectron images.
The visualised inter-particle “pores’ will thus be filled partly by air (true pores) and
partly by coating binders. It seems reasonable to assume a clear relationship
between the inter-particle volume fraction (binders and air filled pores) and the air
filled volume fraction, athough they are not identical. Redlising it being not
completely correct, the inter-particle volumes will nevertheless be termed “pores”
in the following.

9.2.2 Image acquisition

Backscattered electron (BSE) images for 3-D reconstruction of the coating layer
were acquired in low vacuum mode (240 MPa), using 15 kV accelerating voltage, 8
mm working distance and 4000x magnification. The spatial resolution of the digital
images was 0.025 um/pixel with 256 grey-levels.

After acquiring the first BSE image, the block with the embedded samples was
polished using a 1-micron abrasive cloth. Samples were placed in a STRUERS
Rotoforce-4 and polished in a STRUERS Rotopol-22 for 30 sec using a 5 N
pressure and 150 rpm. A second, similar BSE image of the coating layer was then
acquired. A total of 42 digital images were obtained successively with a separation
of some 0.10 um. Working distance, accelerating voltage and beam current were
kept constant during the acquisitions. The brightness and contrast were adjusted to
a similar level to avoid grey-level differences between the BSE images. The
applied procedure allowed the acquisition of some 4-6 images pr. hour.

9.2.3 Image processing and 3-D visualisation

The obtained digital images were aligned using the Scion Image program. This was
accomplished by first rotating all images to a horizontal position using a regression
line based on the paper surface, for details see Chinga and Helle [1]. As paper isa
planar structure, it was assumed that the paper surface should lie in the same global
position in al the images. The vertical-aligned images were finaly moved
horizontally until the differences between consecutive images were minimal. The
pigment particles in the coating layer were also used as markers to verify the
alignment process. The stack was visualised in the Object Image program available
at http://simon.bio.uva.nl/object-image.html. The program was run under Executor
in a Windows NT based computer. VVolume rendering with lightning effects was
performed by the VolumelJ plug-in [12]. The gaps between the images were filled
by the TransformJ plug-in [13]. Interpolated images were thus created between two
consecutive images. The plug-ins were used in the ImageJ program (public domain)
developed at the U.S. National Ingtitute of Health (NIH) available on Internet at
http://rsb.info.nih.gov/ij/.
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9.3 Resaults

9.3.1 3-D visualisation of the coating layer

The consecutive BSE images were aligned as described above and mounted into a
3-D data box (Fig. 1). Thisis a suitable way of inspecting the 3-D structure, thus
gaining information about the pores and the pigment particles. One drawback is the
limited knowledge of the distance between each slice. Taking into account the size
of the pigment particles and assuming isometric shapes of the CaCO; particles,
distances of approx. 0.10 um were estimated. However, it seems difficult to
maintain a constant thickness of the abraded sections, probably due to softening of
the polishing cloth. The transition between the last dlices in the stack is smoother
compared to the middle ones (Fig 1C).

Figurel Three-dimensiona visualisation of the coating layer. A) Stack of
consecutive cross-section images of the coating layer of LWC paper. B) and C) are
reconstructed dlices seen in z (ZD) and machine (MD) direction respectively. The
horizontal and vertical linesin A) correspond to the planes where B) and C) were
taken. The arrow indicates a part of a CaCO; particle removed by polishing (see
Fig. 2). The starsin B) and C) indicate the same clay particle seen from different
directions. Bar: 5um.

91



Some particles also appear to have been removed, probably owing to the polishing
(Fig. 1). The embedding epoxy may be softened by the repeated application of
ethanol and lubricant during polishing, thus weakening the coating matrix. Fig. 2
depicts two consecutive images of the coating layer with evidence of removal of
pigment particles. Parts of 1 clay and 27 CaCOs pigment particles were removed in
the reconstructed coating volume of approx. 750 um?>. Although the created cavities
may be confounded with pores, it is unlikely to find such “false pores’ in
conventional cross-sectional SEM inspection where grinding and polishing is
performed once.

Figure2 Two consecutive backscattered electron images of the coating layer. 1
and 2 are two CaCO; particles (A) removed after polishing and creating “false
pores’ (B). Bar: 5um

CaCO; pigment particles were also volume-rendered to visualise the distribution
and orientation of the particles in the coating layer (Fig. 3). The rendered volume
seems to be composed of arelatively compact lower and a more voluminous upper
layer. This may indicate an uneven pigment particle distribution. The more
compact lower layer may also reflect the presumptive filter cake formed during
coating.

Instead of visualising the pigment particles, one may do the opposite, i.e.
visualising the inter-particle voids, the pores. Such detailed visualisation of the
pores was obtained by rendering the segmented pore structure (Fig. 4). The
rendering yields a volume depicting the coating surface with the surface openings
and the inner “pore walls’, i.e. the interfaces between pigment particles and pores.
Due to the complexity of the pore network only part of the available volume was
explored. Even so, the rendered volume exemplifies the complexity of a pore
structure, illustrating the simplification of mathematical models. A more detailed
visualisation of the pore indicated by the arrow (Fig. 4, left) is given in Fig. 4
(right). Fig. 5 depicts the pore composed of a main body surrounded by several
throats. Such throats are assumed to shield larger pores from injection by mercury
when using mercury porosimetry [14].
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Figure3 A) Volume rendering of segmented CaCO; pigment particles (stereo
images). B) The same volume rotated around the x and the y axes. The numbers
indicate the rotation angle around the x,y and z-axes resp. Bar: 5um

30,190,0

Figure4 Volume rendering of a portion of the reconstructed coating layer. A) The
cross-sectional and surface pore openings are visualised. B) Volume rendering of
the pore indicated in A. Note the opening in the middle allowing the visualisation
of the throat inner walls. The arrows in A and B indicate the same pore opening
seen from different angles. The numbers indicate the rotation angle around the x,y
and z-axes resp. A better visualisation of the indicated pore is given in Fig. 5.
Bar: 1um

Surface pore opening

Throats

Figure5 Volume rendering of the pore indicated in Fig. 4. The numbers indicate
the rotation angle around the X,y and z-axes resp. Bar: 1um
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Several models of the pore structure are based on arbitrary spheres creating pores
with arbitrary connectivity. The pores and throats being aligned either vertically or
horizontally [4]. As demonstrated here, this is hardly encountered in redlity.
Moreover, partition of the pore volume into a main pore and throats have been
performed by eroding the binary pore space producing local maxima considered as
the pore centres [3]. Even with computer generated models the segmentation of the
pore space is not a trivia task and will certainly be challenged by real pore
structures.

9.4 Final remarks

3-D reconstruction is a unique way of obtaining information of the coating layer
structure in other directions than the vertical cross-section. Complementary
information of the spatial distribution of the particles and pores can be collected. In
the present qualitative inspection, pigment particles, pores and the coating surface
have been reconstructed. The complexity of real structures and the singular pore
geometry has also been demonstrated.

Two main problems were encountered with respect to the applied method for
acquiring cross-section images. Firstly, it was difficult to determine the accurate
thickness of the removed layers during the polishing. Secondly, it seemed that the
removed layers' thickness were gradually somewhat reduced for every polishing
step, possibly due to the increasing softening of the cloth. The major concernin this
respect is to maintain a constant thickness of the removed layers. New reported
methods like the focused ion beam (FIB) may be more suitable for sample
preparation and image acquisition [15].

Despite the shortcomings with respect to image acquisition, the obtained dataset
was considered suitable for making a first attempt of a 3-D reconstruction of the
coating structure of LWC paper. The technique was applied for visualising part of a
real coating layer 3-D structure, yielding more insight about the pigment particle
distribution, pore geometry and the connectivity of surface and inner pores. With
improved techniques for serial sectioning and image acquisition, 3-D reconstruction
may & so become applicable to the micro-structure of paper coatings. Having a 3-D
stack, parameters like the volume of objects may be calculated taking into
consideration the area comprised by the object in the 2-D sections and the
estimated thickness of the abraded sections [16].

Future work, concerning the acquisition of a 3-D dataset, should focus on making
the procedure more time-efficient and in regulating the thickness of the removed
layers improving the accuracy of the method. Besides, it may be suitable to acquire
a series of images in the Z-direction, parallel to the paper’'s plane, starting at the
paper surface and polishing gradually throughout the coating, ever deeper into the
paper structure. This would permit a wider region of the coating layer to be
assessed.
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CHAPTER

10

CONCLUDING REMARKS

10.1 Preparation method (Chapter 5)

The results obtained during this study confirm an effective reaction of OsO,4 with
material components like mechanical pulp fibres and latex binders for pigment
coated paper. With respect to the two staining methods that are compared, OsO,
dissolved in water (procedure A) causes the best staining of the combined
coating/base paper structure. Unfortunately, although the paper samples are not in
direct contact with water, the humidity in the sealed containers causes a swelling of
the hydroscopic pulp fibres, inducing a roughening of the paper surface.

With respect to the effects of the staining methods on the micro-roughness of the
coating surface, and the coating pore details, methods A and B appear to be more or
less equivalent, A possibly giving somewhat better image quality. When only the
coating layer is under study, either method may be recommended. When even the
base paper has to be considered, procedure B should be preferred.

Considering the interesting potentials offered by OsO, staining, the method is likely
to become a quite common step in the preparation and analysis of fibres and paper
even besides coated grades. The chemical is well-suited for visualisation of lignin-
containing structures in the base paper and latex filmsin the coating structure, thus
improving the quantification of parameters like porosity and roughness.

Posterior to the staining, the further preparation includes grinding and polishing.
With available modern equipment, blocks are prepared quickly and effectively.
This is of major importance since fewer steps are required to prepare the samples
avoiding distortions on the cross-section surface due to mechanical stress during
grinding and polishing.

10.2 Image analysisroutines applied to the study
of the coating structure (Chapters 3,4,6)

Despite the complexity of surface and cross-sectional images, the automatic
thresholding yielded suitable segmentation. The segmented images were thus
suitable for further morphometric analysis. The procedures are reproducible,
avoiding the large variation experienced with manua assessment. The developed
routines are summarised in Table 10.1.
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The outlined automation improves the morphometric analysis of coating layers,
allowing a direct assessment of critical pore, pigment particle and paper surface
details. Besides, the limited operator involvement in the measurement procedures
raises the objectivity and reproducibility of the results. Finally, the complementary
information obtained by the described methods may be useful for an increased
knowledge of the coating layer structure, how it is affected by different process
variables and how it will affect the paper end-use properties.

Table 10.1 Developed routines for ng the coating layer structure.

Structur e segmentation Morphometric analysis
Coating layer Thickness

Roughness
Surface closed areas Closed area fraction
Cross-sectional pores Pore area fraction

Pore area

Pore shape

Pore orientation

Pore size distribution in the Z-direction
Surface pores Pore areafraction

Pore area

Pore shape

Pore orientation

Pore size distribution

Paper coating coverage Areafraction

Pigment particle’ s edges Pigment particle orientation

10.3 Quantification of cross-sectional structure
details (Chapter 7)

Cross-sectional SEM analysis has been used in the characterisation of coating
layers for a group of commercially coated papers. Despite the wide spread of
coating formulation and structure, it has been demonstrated that the described
techniques including sample preparation and morphometric analysis are well suited
to characterise coating layer structures. The complex pore structure with respect to
pore size, shape and orientation has been assessed and quantified. The obtained
pore details represent valuable information, not accessible by other available
techniques. It has been demonstrated that the pore geometry, described by the best
fitting ellipse approach, may be essentia for the absorption of the ink vehicle and
thus critical for the print gloss development. The pore orientation/diameter ratio
also seems to be a proper parameter for predicting print gloss. For a given pore
diameter, the more horizontally oriented the pores are, the higher the delta gloss.
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10.4 Relationships between surface structural
variation and print quality (Chapter 8)

New techniques were developed to study surface details of pigment coated paper,
in order to explore their effects on printing defects like mottling. New and semi-
automatic routines were developed for image analysis on SEM images, in the SEI
and BEI-modes. The automation improves the reliability and reproducibility of the
morphometric studies. The study results allowed a division of the surface into
different areas characterised as either “open” or “closed”, the two groups differing
in their surface pores fraction. The open areas are characterised by having larger
amount of pores, larger pore area fraction and higher mean pore diameter. The
cross-sectional pore diameters correlate well with the surface pore diameter
measured by image analysis, though the later is larger. Larger average size of the
pores tends to raise print gloss, however the inner pore geometry is also important
for the gloss development. The fraction of open and closed surface areas does not
directly affect mottling. The critical factor is rather the distribution of such areas.
The more uneven the distribution of open and closed areas, the larger the mottling
tendency. And the larger the size of each closed surface area unit of the coating,
the larger the correlation between the surface variation and mottling

10.5 3-D reconstruction of real coating layers
(Chapter 9)

3-D reconstruction is a unique way of obtaining information of the coating layer in
other directions than the cross-section. Complementary information of the spatial
distribution of the particles and pores can be collected. In the present qualitative
ingpection, pigment particles, pores and the coating surface have been
reconstructed. The complexity of real structures and the singular pore geometry has
also been demonstrated.

Two main problems were encountered with respect to the acquired cross-section
images. Firstly, it was difficult to determine the accurate thickness of the removed
layers during the polishing. Secondly, it seems that the removed layers' thickness
was reduced for every polishing step, possibly due to the increasing softening of the
cloth. The major concern in this respect isto maintain the thickness of the removed
layers constant. With improved techniques for serial sectioning and image
acquisition, 3-D reconstruction may also become applicable to the micro-structure
of paper coatings.
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10.6 Suggestionsfor further work

The presented thesis is based on semi-automatic image processing and analysis
routines developed to assess the coating layer structure. Specia attention is given to
the characterisation of the coating layer micro-structure with respect to pore and
characteristic pigment particle details. The automation secures the objectivity and
reproducibility of the results. However, being semi-automatic, the routines till
need operator involvement in some aress.

10.6.1 I nter face between the coating layer and the

base paper
When segmenting the coating structure, in high magnification images, some part of
the base paper tends to remain as a part of the coating layer. This has to be verified
for each image, editing the images when necessary. It is thus recommended to put a
border line between the base paper and the coating layer manually before
thresholding. New image processing routines may solve this problem, thus
improving the automation of the segmentation process.

10.6.2 Por e segmentation

The segmentation procedure seems to yield a suitable segmentation of the pore
structure. However, restoration agorithms like the reported wiener filter (Tovey
and Hounslow, 1993) might be used to enhance the pores and particles' edges to
improve segmentation of small pores. This may also facilitate the particle
orientation assessment. There are thus room for the development of such restoration
algorithms probably improving the final image quality.

10.6.3 3-D reconstruction

Future work, concerning the acquisition of a 3-D dataset, should focus on making
the procedure more time-efficient and in regulating the thickness of the removed
layers improving the accuracy of the method. Besides, it may be suitable to acquire
a series of images in the Z-direction, parallel to the paper’s plane, starting at the
paper surface and polishing gradually throughout the coating, ever deeper into the
paper structure. This would permit a wider region of the coating layer to be
assessed. It is also recommended to verify the suitability of new preparation
techniques like the FIB (KIM and Dravid, 2000) for consecutive image acquisition.

10.6.4 Analysis of the paper surface and the bulk

pore geometry
The main objective for developing image analysis routines is the direct assessment
of critical pore and pigment particle details. This enriches our understanding of the
effect of e.g. pore geometry and surface structural variation on print quality. It
seems that calendering induces a non-uniform compaction of the coating layer
surface, presumptively leading to a non-uniform absorption of ink components.
This may affect the homogeneity of prints. Having suitable routines for
characterising the paper surface it seems logical to verify the effect of calendering
on the paper surface and how different pigment particles and raw stock material
affect the pore geometry as well as the development of closed areas. The chemical
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aspects of the closed and open areas should also be taken into consideration in
future studies. Finally, assessment of the pore geometry underneath the closed and
open areas may also be important. In this respect, 3-D reconstruction based on
serial images seems essential. Such techniques may even be applied to the study of
the surface of printed samples and assess the coating structure below the areas with
high and low ink density.
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APPENDIX A

A.1 Coating layer thickness

The coating layer thickness of the 8 paper samples presented in Chapter 7, Fig. 1is
givenin Fig. A.1. The readings are based on 24 BSE cross-section images acquired
according to Chapter 3, section 3.3. The coating thickness of each paper grade was
measured as described in Chapter 3, section 3.6.
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FigureA.l1 Thickness measurements on the studied paper samples. The

thickness measurements were taken with 3 um step size.

A.2 The pore size distribution of calendered
and uncalendered samples

Analysis of the paper surface of an uncalendered paper sample, having a large
fraction of CaCO; pigments, has not revealed any occurrence of closed areas at the
coating surface. This may indicate that the closed areas is a result of the
calendering (Fig. A.2). It is unclear which areas become closed. However, it seems
that the closed areas appear frequently on the hills of the fibres and may thus
correspond to the thinnest regions of the coating layer. These regions,
presumptively having a high local basis weight, are likely to be subjected to high
specific loads during calendering, becoming compressed and smoothened (see e.g.
Gregersen et al., 2000).The width of the segmented areas is in the range of the
fibres’ width, supporting this assumption (Chapter 8, Fig. 1).
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Figure A.2 The presumptive effect of calendering on the paper surface
densification.

A.3 Paper coating cover age

The paper coating coverage (Fig. A.3) of the 8 samples described in Chapter 7 and
8 was measured as explained in Chapter 4, section 4.3.3 and Table 4.1. 10 kV
accelerating voltage seems to be suitable for coverage characterisation and may
represent information from some 0.5 um of the uppermost part of the coating layer
(see e.g. Helle and Johnsen, 1994; Allem, 1998). The dark areas visualised in the
SEM, BEI- mode images (Fig. 4.6) correspond thus to areas with no coating or
having a coating thickness less than 1 um. The readings are based on 20 BSE
images taken from the surface of each sample.

100
&

o = —_— —E—

£ 8 o

8o =

o g I

T O os

g o

a ©

97 : : ‘ ‘ ‘
A B C D E F G H

Paper grades

Figure A.3 The paper coating coverage of the 8 samples described in Chapter 7
and 8.
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