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Abstract

This study deals with the experimental multiscale characterization of fracture
mechanisms in low density papers, i.e., sparse fibrous networks, which exhibit a very
specific behaviour in regards to crack propagation such as, for instance, a low
sensitivity to defects unless these defects reach a critical length. Several various
original experiments were performed to investigate these mechanisms. First, a series
of macroscopic single edge-notched fracture tests were performed to investigate the
structural changes and deformation mechanisms of tested fibrous networks under
various relative humidity conditions. Fracture localization in these papers was shown
to be related to local variations in mass distribution, i.e., the flocs and the so-called
antiflocs, these terms being used to designate mesoscale structures of local high mass
distribution and low mass distribution in the fibre networks, respectively. Then, a
gradient-enhanced theoretical model was used in order to quantitatively capture these
subscale length-effects. In addition, in situ micromechanical tests coupled with
advanced imaging techniques (optical microscopy and more particularly X-ray
microtomography) were used to investigate the structural changes and deformation
mechanisms at the meso- and microscales of tested fibrous networks under various
relative humidity conditions. These experiments enlightened the structural
modification of paper during crack initiation and propagation. The analysis of these
3D images enlightens the scenario of crack initiation, propagation and, finally,
breakage of paper samples, as well as the associated deformation mechanisms at both
mesoscale and microscale. For instance, these experiments enabled mesoscale
structural variations such as localized variations of thickness variations or porosity,
size of the fracture process zone in front of the crack tip to be characterized, as well
as the deformation mechanisms of fibres and bonds in the zone of deformation

localization and crack path.






Résumé

Cette these porte sur la caractérisation expérimentale multiéchelle des mécanismes
de fissuration dans les papiers faible grammage, c’est-a-dire des milieux fibreux tres
poreux qui présentent un comportement tres particulier lors de la propagation de
fissures en leur sein. Par exemple, par la présence d’hétérogénéités structurales dans
ces matériaux affectent tres peu la localisation et la propagation de défauts tels que
des entailles a moins que ces défauts atteignent une taille critique. Plusieurs analyses
expérimentales ont été menées afin d’étudier ces phénomenes. Une série de tests de
fissuration sur des éprouvettes entaillées a été réalisé dans différentes conditions
d’humidité relative. La localisation du trajet suivi par les fissures dans ces milieux a
ainsi pu étre reliée a la présence de flocs, c¢’est-a-dire d’agrégats fibreux qui sont des
zones de grammage supérieur au grammage moyen du papier. Ensuite, une théorie
basée sur une approche non-locale a été utilisée pour quantifier les effets liés a une
longueur critique propre au matériau sur les phénomenes de localisation de fissures,
longueur critique d’un défaut pour qu’une fissure localise et se propage au travers du
matériau depuis son voisinage. Cette longueur critique a été reliée a la distribution de
la taille des flocs présents dans les papiers de faible grammage. Enfin, des essais de
fissuration sous imagerie (en lumiére visible et principalement en tomographie a
rayons X) ont été réalisés. L’analyse des images ainsi obtenues a permis de décrire les
mécanismes se produisant aux échelles mésoscopiques et microscopiques dans la zone
d’¢élaboration en front de fissure, encore appelée Fracture Process Zone, et le long de
la fissure. La taille de la zone d’élaboration, les mécanismes de déformation des fibres
et de rupture des contacts en front de fissure ainsi que les variations locales de
porosité et d’épaisseur le long de la fissure ont ainsi pu étre mis en évidence.
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General introduction

A variety of different fibrous materials made up of synthetic and/or natural fibres
are present in everyday life materials. For example, composite parts dedicated to
automotive or electrical applications are made up of 2D random glass fibre mats
impregnated by a polymeric resin. Composite parts dedicated to the aerospatial
applications are made up of a woven carbon fibre network impregnated by a carbon
resin. Another example concerns the printing and packaging industry where paper
and paper boards, made up of natural cellulosic fibres, are involved. Despite the
variety of manufacturing processes of such materials and wide range of application,
all of them can be considered as being formed by a network of fibres interconnected

via contacts or bonds.

In the case of materials made up of natural cellulosic fibres such as papers and
paperboards, the fibres are chemically linked to each other to form a complex
network. The fibres’ structural characteristics (length and diameter) are affected by
the relative humidity of the surrounded area. During papermaking process, a planar
fibrous network of paper is formed. Depending on the papermaking conditions, the
fibres can also be more or less orientated along the machine direction. The paper
fibre networks also exhibit mesoscale heterogeneities that are referred to flocs that
correspond to areas where fibres aggregate more than in average during the

papermaking process.

During their time life, paper materials undergo severe exploitation leading, for
example, to desired or not paper failure. For example, failures of the paper web at
the paper manufacture can be due to defects in the paper’s constituents, holes or
variation in web tension at the production process. Such problems need to be avoided
to increase the reliability of the production and of the products. Some papers
material, e.g. corrugated boards, tissue papers are often subjected to cut-outs or
perforation in order to facilitate the converting or end-use operation. For example,
through the perforation, one can easier separate postage stamp or a piece of tissue
from the rest (Figure 0-1 ¢ and d). However, cut-outs and perforation operations
create stress concentrations at the tips of prefabricated notches or holes. Thus,
undesirable crack propagation may be triggered by those operations as it is shown in

example for a corrugated board in Figure 0-1b.
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Figure 0-1 : (a) Failure of the paper during production (Ostlund and Mérkeld, 2012); (b) Crack
occurred due to perforation operation of a corrugated board (Ostlund and Mérkeld, 2012); (c¢) Rows of
perforations in a sheet of postage stamps (https://en.wikipedia.org/); (d) Tissue paper with the lines
of perforations indicated with the arrows.

The crack propagation phenomena in natural cellulosic fibre material depend on
the geometrical and mechanical properties of the constituents (individual mechanical
properties of fibres and inter-fibre bonds), and of the architecture of the fibrous
network (porosity, spatial distribution of mass), these properties being moisture
dependent. For instance, papers of high density exhibit straight propagation in front
of a notch tip, whereas papers of low density present a diffuse behavior which is
significantly affected by the mass distribution. Fibres and inter-fibre bonds induce
long range mechanical interactions within the paper network. Moreover, due to the
mass variation of the network, papers exhibit heterogeneous strain and stress fields

under the loading.

The mechanical models based on classical continuum theories fail to predict crack
initiation, especially for sparse networks, when structural defects are of the same
order of magnitude as any characteristic length of the material, for example, pores
because of length-scale effects. A mnonlocal (or gradient) model can be employed
providing a framework that enables microstructural effects to be taken into account
by including an internal length parameter in the constitutive equations. However, the
link between the structural characteristics of the fibre network and the internal
length parameter still remains unclear. These uncertainties emphasize a need to
bridge the scales: micro fractures have to be coupled to the global macroscopic scale.
Moreover, despite the large number of studies on moisture effects on paper’s
mechanical properties, the effect of moisture variations on paper’s fracture
phenomenon has been overlooked.
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All these effects must be taken into account to complete the mechanical
approaches for the prediction of crack growth in paper materials. Therefore, the
general aim of this study is to investigate the fundamental mechanisms leading to
crack growth in paper, especially in low-density papers. Recent advances in
experimental mechanics allow such a study from the fibre scale up to the fibre
network scale to be carried out. The X-ray microtomography that allows the inner
structure of the materials to be captured has been intensively used to characterise the
paper structure as well as the fibres and inter-fibre bonds/contacts. Employing this
technique will help to describe the micromechanisms that occur during fracture and

deduce the important governing structural parameters.

To summarize, the motivation of this PhD work is to perform:

e An enhanced multiscale description of crack propagation mechanisms in
papers;

e A study of the effect of the paper structural parameters on crack
propagation;

e And of the effect of relative humidity/moisture content on crack
propagation;

e An improvement of the models for crack propagation in papers by
including the structural parameters, using more particularly non-local
continuum models for the description of the onset of crack propagation.

The methodological aim of the PhD work is to develop original tools to study the

aforementioned mechanisms by performing:

e Series of macroscopic mechanical tests to investigate the structural changes
and deformation mechanisms at macroscale of tested fibrous networks
under various relative humidity conditions.

e And more originally, in situ micromechanical tests coupled with advanced
imaging techniques (optical microscopy and more particularly X-ray
microtomography) to investigate the structural changes and deformation
mechanisms at the meso- and microscales of tested fibrous networks under

various relative humidity conditions.

Following the objectives this thesis is organised as following:

e Chapter 1 is a “State of the art” that briefly introduces paper with a focus
on its constituents, its processing methods, and its structural and
mechanical properties. A synthesis of the current work on fracture
mechanisms is presented as well as the recent progress on paper
microstructural characterisation by X-ray microtomography.

e Chapter 2 “Materials and methods” summarises the developed
experimental methodology. The chapter presents the studied samples and
details the developed set-ups to investigate the fracture behaviour of paper
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under various relative humidity conditions at several length scales: macro,
meso and micro. An accurate description of the image processing tools
developed to characterize the structural and mechanical evolution of the
paper while loading is proposed.

e Chapter 3 “Influence of mass distribution in cellulosic fibre materials on
the fracture behaviour at different moisture conditions” carries out the
experimental and analytical studies of the fracture processes in two
different moisture-sensitive paper materials such as a low- and a high-
density papers at macro- and mesoscales. The difference in fracture
localization in those papers was studied in regard to local mass distribution
in paper. A gradient-enhanced theoretical model was used in order to
quantitatively capture subscale length-effects.

e Chapter 4 “3D visualisation and quantification of the fracture mechanisms
in sparse fibrous networks assessed with  multiscale X-ray
microtomography” presents the experimental study where the fracture
mechanisms were observed at meso- and microscales in the ambient
conditions using the interrupted and the real-time in situ X-ray imaging
during the tensile tests at ambient conditions.

e Chapter 5 “3D X-ray real-time and in situ characterisation of fracture
phenomena of sparse fibre network under different humidity conditions”
presents the investigation of the influence of moisture on the fracture

mechanisms at meso- and microscales.

Conclusions and perspectives end this manuscript.
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1.1 Introduction

This chapter presents the literature overview. We structured this chapter as

follows:

e Section 1.2 introduces paper materials, raw materials, pulp and
papermaking main operations;

e Section 1.3 focuses on the mechanical and hygro-mechanical behaviour of
paper;

e Section 1.4 presents the fundamentals of fracture mechanics and their
application on the fibrous materials and paper;

e Section 1.5 describes X-ray tomography as a 3D technique used to
investigate the hygro-mechanical behaviour of the paper.

1.2 Paper materials

1.2.1 Introduction

Paper is a porous material that consists of natural cellulosic fibres. Moreover,
mineral fillers can be introduced in the structure in order to improve, for example,
brightness and surface properties of paper.

Figure 1-1 illustrates the wide range of paper used in everyday life, chosen for

their differences in end-use properties.

(a) | (b)

Figure 1-1 : Examples of paper materials ordered by their density: (a) tissue paper; (b) office

paper; (¢) newspaper; (d) liner; (e) tracing paper.

a) Tissue paper, such as paper towels, napkins, or toilet paper: Their main
features are the fibre ability to absorb the liquids, the strength of the
structure, and the softness (Huang, 2010; Monica Ek et al., 2009b;
Ramasubramanian, 2001; Hollmark et al., 1978; Raunio and Ritala, 2013).

b) Office paper is used in copy machines and printers: the main feature of such
paper concerns their surface aspect such as brightness and roughness, their
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optical properties such as opacity, their mechanical properties for converting
operation such as strength and resistance to fracture and their transfer
properties such as electrical conductivity, ink absorptivity or wettability
(Strom, 2009).

¢) Newspapers: one of the main requirements is its suitability for printing text
and pictures, opacity, durability and strength to endure web manufacturing,
usage and folding (Boadway et al., 1963; Moffat et al., 1973; Gregersen et al.,
2000; Strom, 2009).

d) Liner or linerboard is usually used for the production of corrugated board
that is a sandwich construction of several liner layers, the liner strength as
well as its resistance to fracture are the crucial parameter (Westerlind et al.,
1991; Sédemark and Tryding, 2009).

e) Tracing paper is used to copy the drawings from one paper to the other one,
this kind of paper has to have low opacity and low roughness to satisfy the
main function of this kind of paper. When used for printing application, it

should have the same mechanical and transfer properties as copy papers.

Despite their difference in structural, physical and mechanical properties, all these
papers have in common to be constituted of natural cellulose fibre networks,
produced on paper machines that present similar processing of operations. The choice
of raw materials (Section 1.2.2) and the manufacture operations (Section 1.2.3) affect
the papers’ structure and their physical properties such as strength, opacity,
brightness, hygroexpansion, and liquid permeability. The papers’ constituents and the
pulp preparation are presented in section 1.2.2, the paper papermaking process is
briefly summarised in Section 1.2.3. The main characteristics of the resulting fibrous

structure are described in Section 1.2.4.

1.2.2 Main constituents of paper and pulp production

The main constituent of the paper materials are cellulosic fibres. The fibres
properties affect the formation and the consolidation of paper structure in the
papermaking process. They are also responsible for the hygroscopic properties of
paper. The fibres will be briefly described and the processes of pulp preparation that
highly affects the structure and mechanical properties of paper will be discussed
below.

1.2.2.1 Morphology of the wood fibres

Wood fibres are the main raw material source for the paper production.
Depending on the wood species, growth site, and pulp and papermaking treatment
the fibre properties differ remarkably. The wood species introduced into the pulp can
either come from the softwood trees such as spruce, pine or larch, or from the
hardwoods such as birch, aspen or eucalyptus. The softwood’s fibres are about 2.8 —
7.2 mm long and 30 — 50 pm wide whereas the hardwood’s fibres are in general 0.8 -
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1.3 mm long and 14 — 28 nm wide (Retulainen et al., 1998; Gustafsson and Niskanen,
2012). The composition of wood fibres at the different scales is shown in Figure 1-2.

Wall layers Microfibrils
Hemicellulose

Wood fibres

Cellulose

Molecular chain of cellulose

Figure 1-2 : Scheme of a wood fibre exhibiting its different scales (Viguié, 2010).

A wood fibre consists of several cell wall layers that have an helical internal
structure as it is shown in Figure 1-3a. In the centre along the fibre length, a fibre
has a hollow area, called Iumen, which may collapse during papermaking process. The

cell wall layers are:

» The Primary wall (P) (thickness: 200 to 300 nm).

» The Secondary wall (S1, S2 and S3) (2 — 3 pm). S2, usually the thickest wall,
is the most dominative in the mechanical properties of fibre.

» The Middle lamella (ML), mainly consisting of the lignin, glues the fibres to

each other.

The layers of the fibres in the secondary wall consist of the microfibrils, small
bundles of primarily cellulose molecules, which wind around the cell. The microfibrils
present a constant orientation fibril angle, unique for each layer (Figure 1-3b). This
angle, called microfibril angle (MFA), refers to the angle between the long axis of the
fibre and the cellulose microfibrils (Barnett and Bonham, 2004). The angle controls
the capacity of the wall to be deformed. The amorphous matrix of hemicellulose and
the lignin surrounding the stiff fibrils is ductile. This all makes each fibre distinctive.
The links between the different constituents of the layers gives the cohesive

properties of the fibre as well as their rigidity.
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Figure 1-3 : (a) Helical structure of a Norway spruce fibre in the green state is captured in
Scanning-electron micrographs. The microfibrils of cellulose are wound around the longitudinal axis of
the fibre. From (Joffre et al., 2016) (b) Representation of microfibril angle in the layer S2 in relation
to the vertical axis of wood fibre. From (Walker and Butterfield, 1996).

Cellulose is the most important constituent of the cell walls and is responsible for
the load-bearing capacity of the fibre. Table 1-1 summarises the thickness of each
layer of a softwood summerwood fibre and its relative composition by mass of
cellulose, hemicellulose and lignin, the dominant orientation of the microfibrils for
each layer.

Table 1-1 : Characteristics of the cell wall in wood (Berg and Gradin, 1999). Parameters and
components of each layer of the cell wall such as ML — middle lamella, P — primary wall, and
secondary wall divided into S1, S2, S3.

Layer MFA Thickness Cellulose Hemicellulose Lignin
(] (1] %] (%] (%]

ML None 0.50 8 36 56

P None 0.10 15 32 53

S1 70 0.30 28 31 41

S2 15 4.00 50 31 19

S3 70 0.04 48 36 16

1.2.2.2 Pulp preparation

The aim of the pulping process is to extract fibres from the wood bulk. The wood
is usually cut into wood chips that are disintegrated into fibres either mechanically or
chemically. In general, Norway spruce, aspen, and radiata pine are suitable for both
chemical and mechanical pulping process, whereas Scots pine, eucalyptus, and birch
are more used in chemical pulping. The two main ways of pulping are described in

details below:

Mechanical pulping

This pulping is performed by grinding wood or wood chips that releases the fibres:
rotating steel plates shear the wood chips. The applied steam softens the lignin that
holds fibres together as well as the cellulose of the fibre cell wall, reducing the fibre
damage. Depending on the specific manufacturing process, different types of

mechanical pulp can be distinguished: thermomechanical pulp (TMP), chemi-
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thermomechanical pulp (CTMP), and groundwood (GW) (Gustafsson and Niskanen,
2012).

Mechanical pulp consists of a mixture of fibres, fibre fragments and fines
(fragments from fibre walls) (Figure 1-4a) which have been produced during the
processing that causes a wide distribution of size fractions and mechanical properties.
In mechanical pulp, the undamaged long fibres, that have a high bending stiffness,
get generally attached to each other through the large amount of fines and fibre

fragments.

Figure 1-4 : Pulp fibres: (a) thermomechanical pulp TMP: fibres (1), fibre fragments (2), and fines
(3) obtained from spruce wood; (b) chemical mildly refined made of pine wood. Modified from
(Gustafsson and Niskanen, 2012).

Chemical pulping

The main principle of the chemical pulping is to remove most of the lignin and
thereby release the fibres. Thus, the wood chips are cooked with chemicals such as
sodium hydroxide, and sodium sulphide in order to dissolve lignin. The kraft process
obtained with sodium sulphide is the dominant chemical pulping method that does
not affect the fibre length. Usually the yield (dry mass retaining in the fibres) of the
chemical pulping is a little more than 50 % whereas for the mechanical pulp it is

about 90 %.

Once the fibres are separated from each other, the obtained pulp may further

undergo the following operations:

Bleaching

Bleaching is a chemical process performed on different wood pulp to decrease the
colour of the pulp. Bleached pulp gives to the papers a better contrast between the
paper and the print, therefore, improves the print quality. Moreover, bleaching
improves the cleanliness of the paper and ability of paper to resist to ageing
(Bréannvall, 2009). Mechanical pulp, a lignin-rich pulp, has often undergone bleaching
using chemicals such as dithionite and hydrogen peroxide (Brannvall, 2009). The
chemical pulp is generally bleached due delignification in the pulping process.

Deinking
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Deinking is the industrial process of removing printing ink from the fibres of

recycled paper by mechanical or chemical means.

Refining or beating

Beating is one of the key operations in papermaking affecting the fibre structure
(Ebeling, 1980; Page, 1989). Beating refers to the mechanical treatment of the pulp
resulting in fibre flexibility, increase of inter-fibre bonding in the final sheet
(Retulainen et al., 1998; Vainio and Paulapuro, 2007). After beating, the cell wall
microstructure of fibres and fibre dimensions are changed (Emerton et al., 1961).
Chemical pulp is generally subjected to beating where the structure of the fibre wall
(internal fibrillation) and surface (external fibrillation) become loosen. The internal
fibrillation causes increases of the swelling degree, flexibility and conformability of
the wet fibre wall whereas the external fibrillation is responsible for bonding strength.

Fibrils caused by external fibrillation are spread out from the fibre surfaces.

To obtain the desired end-use properties of the paper, the fibres and their
treatment to form the paper sheet must be carefully selected. For example, in the
case of paper material presented in Figure 1-1, the following fibres and pulp

characteristics are generally used:

a) Tissue paper: the chemical pulp or either deinked pulp.

b) Copy paper: besides a mixture of short (from hardwood) and long fibres
(from softwood), office paper contains a big amount of fillers (mainly
precipitated calcium carbonate) introduced to improve the optical properties,
i.e. brightness.

¢) Newspaper: deinked pulp or/and mechanical pulp are preferred.

d) Kraftliner is manufactured from the virgin pulp, whereas a testliner is made of
the recycled linerboard.

e) Usually tracing paper is produced from sulphite pulp by highly refining the
fibres.

1.2.3 Paper manufacture

After the fibres were liberated from wood, they have to be assembled to create a
paper network. The paper making process using, for example Fourdrinier paper

machine, is schematically presented in Figure 1-5.
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Figure 1-5 : Scheme of the paper production: Fourdrinier paper machine with a straight outline

from beginning to end. Modified from (Brannvall, 2009).

Typically, the paper machines are several hundred meters long where the wet

section and dry section can be distinguished. The paper machines are organised as

following;:

The Headbox, a pressurised flow box, spreads out the furnish, mixture of
cellulose fibres and water (0.1 - 1.0 % dry solids content), to form the paper
web (Brannvall, 2009; Monica Ek et al., 2009a). The solid content of the
furnish is low in order to achieve uniformity of the paper web (Gustafsson and
Niskanen, 2012). Apart from fibres, mineral fillers (up to 40 % of mass), i.e.
particles, may be added to the pulp. Mineral fillers, e.g. calcium carbonate
(natural ground and precipitated), clay, talcum, and titanium dioxide, varying
their shapes and sizes 0.3 — 20 pm, improve paper optical properties, the
surface properties or the printability, although they may decrease the
mechanical properties of paper.

Then the paper web is transported with a woven wire, endless moving belt,
allowing the water to be drained and retaining the fibres (Rolland du Roscoat,
2007; Brannvall, 2009). The water is removed through the wire by foils and
vacuum boxes. On the leaving the forming section, the sheet has around 80%
of water content (Sampson, 2006).

In the press section, the paper web transferred onto a felt, i.e. high
specification textile with nonwoven surface, is passed between steel pressing
rolls. Together the forming and pressing sections form the “wet” section of
paper machine (Figure 1-5). On the leaving the press section, the web has
been densified and fibres are in contact with each other (Sampson, 2006). At
this stage, tension forces hold the planar fibre network together giving it
viscoelastic character (Alava and Niskanen, 2006). After this procedure, the
sheet contains still about 60 % of water.

Then the paper is dried by the cylinders that are steam-heated. The paper
sheet is held against the cylinder using a woven textile (Sampson, 2006). In
the drying section the amount of water in paper web drops from 60 to 10 %.
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The paper properties depend on the amount of decreased water content and
the shrinkage of paper. During this process the fibres connect to each other
creating fibre bonding: the water menisci between fibres decrease pulling fibres
together so that hydrogen bonds can form between them (Alava and Niskanen,
2006). Paper gains its strength during drying process. The largest part of the
produced paper is dried on a multi-cylinder paper dryer (M. Ek et al., 2009):
the surfaces of the web are alternating between contact with a hot cast iron
cylinder and transport in hot humid air between the cylinders. The
temperature varies from 60 °C up to 110 °C between the sets of cylinders. The
process is repeated until the moisture content has been reduced to a desire
level. The other example of drying system used for tissue papers is through-
air-drying (TAD). In the TAD-dryer the web is dried on a porous TAD-
cylinder by sucking hot air (150 - 250 °C) through the web which eventually

does not densify the web as much as the other methods.

e The Calendering and/or the coating of the paper are optional operations which
both aim at improving the surface properties of paper by, mainly making it
smoother (Monica Ek et al., 2009b; Kajanto et al., 1998). The roughness of
paper is reduced proportionally more than thickness due to higher

compressibility of the surface layers (Kajanto et al., 1998).

The running direction of the web is referred to the machine direction (MD), cross-
machine direction (CD) is perpendicular to MD and the thickness direction is ZD
(Figure 1-6). Since MD and CD have much higher dimension than the thickness of
paper at the macroscale, paper is often considered as a two-dimensional material
(Monica Ek et al., 2009a; Gustafsson and Niskanen, 2012).

MD
ﬁ;

ZD

- r J

Figure 1-6 : Definition of the three directions in paper.

1.2.4 Paper structure

The section starts with the description of the macroscopic structural
characteristics of the papers such as grammage, thickness, and density. These
properties are important in many end-use paper materials as well as they describe
indirectly the three-dimensional paper structure (Kajanto et al., 1998).

At the smaller scale, paper structure presents distribution of its components, e.g.
fibre, fillers. Fibres being principal structural elements of paper affect the properties
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of paper as well the bonding between them (Retulainen et al., 1998). However, the
physical properties of paper is dictated by network of the fibres, for example,
mechanical paper properties depends on the direction of the web, thus, on the main

fibre orientation in the network.
1.2.4.1 Macroscopic structural properties

Grammage

The grammage (g) or basis weight is a fundamental property of the paper
materials defined as the mass per unit area, [g/m’]. Traditional method of measuring
paper grammage is gravimetrical by dividing the weight of a region by its in-plane
area. The distribution of grammage or local mass variation is referred to the
formation of paper detailed in Section 1.2.4.2.

Thickness and its measurements

Thickness (t), [um] of paper is generally defined as the perpendicular distance
between two surface planes of a paper sheet (Scott et al., 1995). Accurate
measurement of the thickness is essential since it is used to compute one of the other
fundamental structural characteristics of paper such as density. The true thickness of
paper is tricky to measure due to the paper roughness and local mass variation in
thickness direction affected by papermaking process. Therefore, measurement of the

thickness has to be considered in the details.

Apparent thickness (ty,,). Following ISO 534: 2011(F), the thickness of paper
sheet can be measured using an apparatus with two plane parallel circular plates (16
mm in diameter) placed in contact with the sample surfaces (Figure 1-7a). This kind
of measurement is called the apparent thickness where pressure of 0,1 MPa is used.
One plate is fixed and the other is movable in a direction perpendicular to the plane
of the fixed face. The thickness measured as a distance between the two plates can be

apparently overrated due to the paper surface unevenness.

Bulking thickness (t;,) is thickness of a single sheet of paper, calculated from the
thickness of several superimposed sheets in a pack. One can measure bulking
thickness using the same apparatus (Figure 1-7a). Since surfaces of the adjacent
layers adjust to each other at the macroscopic scale, piling thickness is lower than
tapp- Although the surface unevenness effect cannot be totally eliminated (Fellers,
2009).
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Figure 1-7 : (a) Scheme of apparent thickness measurement according to SCAN-P 7; (b) Scheme of
structural thickness measurement according to SCAN P-88:01 (Fellers, 2009).

Effective thickness (Kajanto et al., 1998) or structural thickness (Fellers, 2009)
(tefr). Measurement of the effective thickness is one of the most difficult among the

contact methods. There are two methods used to perform the measurement of t,ry.

According to SCAN P-88:01, the thickness of paper is the mean value of the
distance between two opposite measuring points. The paper sheets, one by one, are
fed through a nip between the spherical probes at a constant speed as it is shown in
Figure 1-7Tb. The obtained thickness profile shows how the paper thickness changes
along line across a paper sheet. In comparison, in this case tg,, ~ max of tess.

For the other method one needs: soft rubber platens, surface profilometry, or
mercury displacement (see more in (Kimura et al., 1979; Kajanto et al., 1998). In this
case, empirically the relationship between t,rr and tup,p or t, was found: tgpp, is 10 —

20% higher than t.r¢ influenced by the grade of paper.

The effective thickness method gives the values closer to the “true” thickness than
the apparent method, however it is a contact method meaning that some pressure is
applied to the surface of the paper. For the office papers those methods may work
with a significantly high accuracy due to the relative uniformity of the surface and
thickness of paper. On the other hand, tissue and towel papers, for example creped or
embossed during manufacturing process (Huang, 2010), represent high compressibility
and web discontinuity (Figure 1-8); therefore it becomes difficult to measure their
thickness properly. Also it does not provide the information on the localized point

wise thickness variation within the fibrous web (Feng, 2012).

*{}:r*h\,(“ “‘....@ "‘;:.‘;-

100-|1m

Figure 1-8 : Cross section of a low grammage paper (23 g m?) presented in the X-ray binarised

image (fibres in white). Significant local thickness variation can be observed.

Over the past few years, high resolution non-contact thickness methods were

developed to measure thickness of paper materials including:

Twin laser profilometer (TLP) (Sung et al., 2005; Keller et al., 2012; Huang, 2010;
Izumi and Yoshida, 2001) where two auto-focusing opposing laser sensors were placed
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above and below paper samples. Thickness measurement was based on the values
from both lasers although for embossed and cockled papers (with surface roughness
10” mm and cockle (1 mm)) lasers were incapable to measure significant out-of-plane

deformations.

X-ray scanning of paper materials allowing 3D structural measurement is used,
among others, to measure the thickness variation too (Huang, 2010; Holmstad, 2004).
For the details, please, proceed to the Chapter 1.5.

The existing online thickness measuring techniques were successfully implemented

at the industry based on contact as well as non-contact approach (Graeffe and Nuyan,
2005; Nuyan et al., 2006).

Density

The density (p), [kg/m’] is one of the most important macroscopic characteristics
of paper structure because it can be used to estimate many other properties of paper
such as tensile strength, elastic modulus and light scattering coefficient (Kajanto et
al., 1998). The density is calculated as:

p="5/ (1-1)

where t is the thickness defined according to the chosen method and g is the
paper grammage.

Table 1-2 presents the grammage, the apparent thickness and the density of the
types of paper shown in Figure 1-1.

Table 1-2 : Examples of paper materials and their structural properties.

Property Tissue Office News Liner Tracing

Grammage, [g/m? 23 80 45 140 47

Apparent thickness, [pm] 113 111 61 158 44

Apparent density, [kg/m? 204 721 738 886 1068
Porosity

One of the structural characteristics of paper is its porosity @ [-]. Porosity is the
ratio of pore volume to total volume of material. If there are no fillers in the paper
structure, the porosity is calculated as:

?=1- p/pfib‘re (1_2)
where pripre — fibre density [kg/m’] is assumed to be 1550 kg/m’ that equals to
density of the fibre wall.

1.2.4.2 Structural characteristics

Fibre network
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Paper can be considered as a composite material with a non-woven structure.
During drying process at the papermaking the fibres link to each other without any
adhesive material. Chemical inter-fibre bonds (Section 1.2.4.3) hold the fibre network
and are the building units of paper structure.

The denser paper the more contacts per fibre (Retulainen et al., 1998). Examples
of two papers of different density are shown on Figure 1-9, tissue paper (a) has a
sparser network compare to the liner (b) with larger pores and less bonds per fibre.
The network of tissue paper (Figure 1-9a) represents local variabilities including a
local mass variation in the structure that is generally caused by manufacturing
process. The local mass variation, called formation, is not visible in the volume of the
denser network shown in Figure 1-9b but can still exist in such dense network as in
example from (Hagman and Nygards, 2017). Therefore, the mass distribution of
paper has been subjected to a thorough analysis among the researchers.

Figure 1-9 : X-ray image of paper networks: (a) low density paper (tissue paper) with a grammage
of 23 g/m’. The X-ray volume is 700 x 700 x 450 pm®. (b) High density paper (liner) of 140 g/m®. The
X-ray volume is 700 x 700 x 350 pm®.

Local variability of the paper structure

Flocculation of the network is caused by a consequent fibre interaction in the
suspension during motion (Sampson, 2001). In paper materials the fibres, the fibre
fragments, the fillers, and the chemical additives may not be equally spread in the
sheet (Niskanen et al., 1998). One can simply view variability in the structure with a
naked eye placing a paper material against the light (Niskanen et al., 1998; Sampson,
2001): depending on the local areal density, i.e. local grammage, the regions in paper
may have different opacities. For the low density papers variance of the local density
is greater than for the papers of higher density (Dodson et al., 2001). The origin of
variability observed in the paper structure is caused by nonuniformity of basis
weight, the spatial variation of fibre orientation, the bonding degree of fibres, drying
shrinkage and furnish (Niskanen et al., 1998).
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Heterogeneous in-plane mass distribution is named formation (Gustafsson and
Niskanen, 2012) (Figure 1-10). Its quality is influenced by pulp properties (fibre
length and coarseness) (Corte and Kallmes, 1962; Dodson, 1996), ratio of wire and jet
speeds, and waiting time at the forming operations (Cresson and Luner, 1990;
Farnood, 1995; Lindstrom, 2008; Haméldinen, 2008; Isokangas and Leiviskéd, 2011).
The papers that consist of shorter fibres have generally a higher degree of uniformity
(Sara, 1978). By increasing the turbulence in the headbox and on the wire (see
Section 1.2.3) we reduce the flocculation of fibres. Flocs are the mesoscale regions of
higher density than the average of the paper sheet (Deng and Dodson, 1994;
Farnood, 1995; Sampson, 2001; Isokangas and Leiviska, 2011).

Characterisation of formation in paper network

Most of the indirect techniques measuring local grammage distribution are based
on the attenuation of electromagnetic or nuclear particle beam in paper (Farnood,
1995). Visible light transmission is one of them that is commonly used at the
industry (Kallmes and Ayer, 1987). The lower paper grammage is, the more density
variation you can see in the structure. The light goes almost unscattered through a
sheet of unbeaten light-weighted uncalendered paper (Komppa, 1988). Therefore, the
relationship between local light transmission and local grammage is approximately
linear for the low density paper (Bernie and Douglas, 1996). For the other grades of
paper whose density is higher, the light transmission technique is not suitable for the
analysis of mass distribution (Sampson, 2001). The other indirect techniques such as
beta-ray absorption and X-ray radiographies can be used for measuring mass
distribution in a paper sheet (Farnood, 1995; Komppa, 1988; Feng, 2012; Cresson et
al., 1990; Cresson and Luner, 1990). Beta-ray absorption technique consists in
irradiating a paper sample by beta-ray beam and in recording the transmitted-
through-paper beam, whose attenuation being proportional to the amount of fibres
located in a position and, thus, to the local basis weight. Beta-rays are not scattered
compare to the light since the wavelength of beta radiation is large (Komppa, 1988;
Ramasubramanian, 2001). The measured values are easily calibrated to basis weight
values (Niskanen et al., 1998). However, this method is quite time-consuming and
rather suitable for the sheets of mean grammage less than 150 g m” The X-ray
radiography does not have limit related to the grammage of a studied paper,

moreover, the spatial resolution is improved (Sampson, 2001).

Two maps of the local grammage of the paper samples formed with the same
global average grammage (60 g m™) but with different degrees of uniformity are
presented in Figure 1-10. The two samples are made from the same type of fibres
(softwood fibres) but the manufacturing conditions differ, which altered the paper
structure: in Figure 1-10b one can observe the “clumpy” texture comparing to the
image in Figure 1-10a where the sample has more uniform structure.
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Figure 1-10 : Maps of local grammage for two paper samples with bad formation (a) and good
formation (b) obtained by radiography. The dark areas correspond to high local average grammage,
and thus high local coverage. Modified after (Sampson, 2008).

Several quantitative descriptors of the nonuniformity in the fibrous structure are
reported in the literature. The structure of paper was characterised by dividing a
texture map into the adjacent square zones of side 1 mm and computing the local
average grammage within each area such that the coefficient of variation of local
grammage could be calculated (Sampson, 2001):

e =9, (1-3)

where 0,(§) is the standard deviation of local grammage at zone size x and g is the

mean sheet grammage.

The coefficient of variation of the paper formation is classically used to give an
estimate of overall variation in grammage. However, using this method, is not
possible to distinguish between structures with different textures due to the limited
scale of inspections such as the size of the square zone (Cresson and Luner, 1990).
The other existing parameter is a specific perimeter (SP) of all objects in 2D image of
the network after applying a threshold at the median grammage (Jordan, 1986;
Trepanier et al., 1998). SP is defined as a ratio of the summary of floc perimeters to
the total scanned paper area (Figure 1-11). The higher SP is, the better the paper
formation and vice versa because the uniform paper sheet contains a big number of
the small flocs with large total perimeter, whereas a poorly formed sheet has fewer
larger flocs with a small total perimeter (Laleg and Nguyen, 1995). The SP was found
to be independent of changes in the paper opacity measured by transmitted light but
dependent on the change in sheet density (Laleg and Nguyen, 1995).
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Figure 1-11 : 2D contour lines showing the definition of specific perimeter (Laleg and Nguyen,
1995).

Wavelet transform was applied to the characterisation of formation that provides
profiles of local variability (Keller et al., 1999; Sung et al., 2007). (Sung et al., 2007)
characterised formation anisotropy such as floc orientation in MD and CD direction

including the orientation distribution and the major oriented angle of the flocs.

Fibre orientation

Fibre orientation is affected by the forming process: oriented flows and jet-to-wire
speed dictates the fibre orientation distribution (Niskanen et al., 1998). A smooth
spreading of the furnish is usually achieved with a small speed difference between the
wire and the headbox’s furnish jet resulting in alignment of fibres in more parallel
way to the machine direction MD. Fibre orientation in the plane of the sheet can
vary through the thickness of the sheet (Enomae et al., 2008). Moreover, in the
thickness direction fibres may be slightly tilted, less than 5 degrees (Niskanen et al.,
1998). Therefore, paper can be considered as a layered structure, each layer having

its own orientation.
1.2.4.3 Microstructural characteristics

Inter-fibre bonds

The mechanisms of fibre bonding were subjected to an extensive study throughout
the years (Luner et al., 1961; Ebeling, 1976; Salminen et al., 1996; Lindstrom et al.,
2005; Vainio and Paulapuro, 2007; Schmied et al., 2013; Hirn and Schennach, 2015).
We describe briefly the inter-fibre bond nature, its formation between the fibres and

the structural characterisation using different methods.

Nature and formation of inter-fibre bonds

During the whole papermaking process the inter-fibre bonds in paper develop
gradually as solid content increases. At first, the fibres are held closely together by
the effect of surface tension forces called the Campbell effect (Campbell, 1959) once
water is removed. Among the several mechanisms of the inter-fibre bonding
formation, the hydrogen bonds considered to be the main source for bonding
(Retulainen et al., 1998; Perkins, 2002; Guerrero Serrato, 2008). The hydrogen bonds
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linking the fibres’ surfaces together are special chemical bonding having a linear chain

such as O - H- - - O where “-” is a covalent bond and “- - -7

is the hydrogen bond.
The bonding energy of a hydrogen bond is between 8 — 32 kJ/mol depending on the
surrounding molecular structure (Retulainen et al., 1998). Gradual transition from
the Campbell effect to the hydrogen bonding formation starts at approximately 50%
of the solid content. However, the dominant mechanism of fibre bonding has been
questioned in the very recent research (Schmied et al., 2013; Hirn and Schennach,
2015). Using a quantitative analysis consisting in measuring the bonding energy of
the existing bonding mechanisms, Van der Waals forces were considered to be the
main contributors to the inter-fibre bonding (Hirn and Schennach, 2015). Although it
was stated that the bonding energy does not directly relate to bonding strength, thus
force-distance relationship for each mechanism should be taken into account.

Pulping process — refining (Section 1.2.2.2) and added mineral fillers and
chemicals modify the bonding process between fibres in paper (Vainio and Paulapuro,
2007). For example, unbeaten fibres provide a weak bonding for the paper (Figure
1-12a) when the beaten fibres create a network with strong bonds (Figure 1-12b).
External fibrillation and fines in the intersurface facilitate the inter-fibre bonds
formation linking two fibre surfaces closer to each other (Retulainen et al., 1998).
Beating increases the specific surface area of the fibres, the number of inter-fibre
bonds and their thickness due to the enlarged number of fines and released fibrils on
the fibre surfaces.
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Figure 1-12 : Image of dried pulp samples representing: (a) unbeaten and (b) highly beaten pulp.
The conformability of the fibres highly increases with beating, resulting in a much better bonded
network (Monica Ek et al., 2009b).

Structural characterisation of inter-fibre bonds / contacts

Among several characteristic parameters of the inter-fibre bond, the bonding fibre
area is a very significant in terms of impact on the mechanical properties of paper
(Retulainen et al., 1998). Traditionally, the inter-fibre bonding areas are quantified
by the Relative Bonded Area (RBA) that is the ratio of bonded area to the total
surface area of each fibre. There were several methods for measuring RBA mentioned
such as polarization microscopy methods (Page, 1960) and light microscopy (Kappel
et al., 2009) using microtome serial sectioning and image analysis. The latter author
concludes that the measured bonded area was on average 60 % lower than the
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geometrically calculated bonded area (only dependent on fibre width and crossing
angle) due to incomplete bonding of overlapping fibre regions. (Marulier et al., 2015)
using X-ray microtomography showed that the mean bonding degree ratio, i.e.
relation of actual bonding area to the fibre width, was low and ranged between 30
and 40 % for the studied specimens. The incomplete bonding occurred mostly at the
edges of the contacts. The holes in the bond played a minor role in this difference
which is independent of the fibre morphology (Kappel et al., 2009). Working with the
image analysis tools, one should be careful because fibres in contact area not
necessarily chemically bonded and the contact are may, hence, be larger than the
bonded area (Malmberg et al., 2011; Wernersson, 2014). The term inter-fibre contact

is used to describe contact between fibres studied using digital images.

Another way of bonding description is to study its statistic geometry: spatial
density of inter-fibre contacts, degree of contacts between fibres, the free fibre
segment length (Corte and Kallmes, 1962; Sampson, 2004; Batchelor et al., 2006;
Marulier et al., 2015).

1.2.5 Conclusion

In this part, the main constituents of paper sample and the process that assemble
them to form paper are briefly recalled. This summary is completed by a description
of the structural parameters of paper sample and of their measurements. This section

highlights that paper is a complex fibrous and porous material that:
- Exhibits a multiscale microstructure (Figure 1-13);
- Exhibits structural heterogeneities;
- Has a layered structure;

- Has orthotropic structure.

Microscale
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Macroscale

Mesoscale

Figure 1-13 : A hierarchy of scales in paper: macro, meso and microscales. From left to right : roll
of paper on a paper machine (~10 m wide); paper sheet (scale of centimetres); fibre network with the
local non-uniformities (scale of mm); zoomed fibre network (scale of pm); fibre and inter-fibre bonds

(scale of pm and nm).
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1.3 Mechanical and hygro-mechanical properties of paper

1.3.1 Introduction

This section starts with the description of the in-plane mechanical behaviour of
various paper grades and the nature of the mechanical properties of paper (section
1.3.3). Thereafter, we will discuss influence of the paper structure as well as fibres
and inter-fibre bonds on the mechanical respond of paper (section 1.3.4). Mechanical
properties of the individual fibres, inter-fibre bonds and micromechanical phenomena,
occurred in paper materials are summarised in section 1.3.4.3. Finally, the influence

of humidity on the mechanical properties of paper will be presented.

1.3.2 Generalities

Figure 1-14 shows examples of load - elongation / force — displacement curves for
different paper specimens subjected to a tensile load in various in-plane directions. In
mechanics, it is common to calculate stress o of a material [MPa|, which is defined
as the load F [N], divided by the cross section area A [mm’], where A is calculated as
the width w [mm] of the sample multiplied by its thickness t [mm]. The strain € [-] is
calculated as the elongation or displacement divided by the sample length defined by
the distance between holding clamps h [mm]. As it was discussed in section 1.2.4.1,
the measurement of the thickness is not straightforward for paper materials, thus,
instead of o, (F/w) is generally used representing the directly measured quantity of
the force over the specimen width.

For paper materials in tensile loading, the force — displacement curve initiates

with a linear region smoothly transitioning to the non-linear region (Figure 1-14).
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Figure 1-14 : Load-extension curves obtained during uniaxial tensile test for different paper

materials: (a) office paper; (b) newsprint; (c¢) low density paper such as tissue paper. Tensile tests were
performed using samples of 15 mm width and 180 mm length that were cut in MD and CD directions.
Straight lines help reader to observe the linear regions. Modified from (Sampson, 2009).

Young’s modulus

From the linear, i.e. elastic, region of the stress-strain curve, Young’s modulus or
elastic modulus E [MPa] can be evaluated according to the Hooke’s law as following:
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E=o0/e,, (1-4)

where ¢, is the elastic strain [-]. It measures the force that is needed for a small
elongation of the specimen (Niskanen and Kérenlampi, 1998). In the case of paper,
the elastic modulus controls the bending stiffness and the structural rigidity of paper
and board sheets. The paper materials have generally Young’s modulus in MD (Ey;p)
that is 2-4 times larger than in CD (E¢p) (Gustafsson and Niskanen, 2012). In Table
1-3, orders of magnitude of E are presented for the type of papers discussed in section

1.2.1.

Table 1-3 : Examples of paper materials and their Young’s moduli.

Property Office News Liner
Eyp, [MPa] 6540 4560 6470
Ecp, [MPa) 3130 870 3240

Poisson’s ratio

Under uniaxial loading of the paper specimen deformation occurs generally in
three directions: the network deforms in the direction of loading as well as in the
directions perpendicular to it. This phenomenon is characterised by the Poisson’s
ratio v, that is defined as the negative ratio of transverse / lateral strain to axial
strain. Poisson’s ratios are usually evaluated in the three main directions, for
example, in case of the load applied in MD:

Vepmp = —€cp/€mpi Vzomp = —€zp/Emp (1-5)

Handsheets produced in a laboratory are isotropic papers and have in-plane value
Vepmp = 0.3 whereas the industrial papers which are rarely isotropic exhibit in-plane

Poisson’s ratio varying from 0.1 to 0.5 depending on the anisotropy.

1.3.3 Tensile behaviour of paper materials

The characterisation of the mechanical behaviour of papers is discussed for
uniaxial in-plane loading, i.e. the case where the stress and strain are measured in the

same in-plane direction.

1.3.3.1 In-plane anisotropic mechanical response

Figure 1-14 illustrates the mechanical behaviour for papers in both in-plane
directions MD and CD. One can observe mechanical anisotropy: the slope of the
linear part is steeper in MD direction than in CD. The mechanical anisotropy is
attributed, first, to the fibre orientation caused by the manufacturing process, and
second, to the restraint applied in the MD during drying operation at the
manufacture, such that the sheet being unstrained and therefore prone to shrinkage
in the CD (Niskanen and Kéarenlampi, 1998; Sampson, 2009). The ratio between both
moduli is often used as an indicator of anisotropy.

For the majority of papers, the sheet fails at a higher load in MD than in CD.
Moreover, the failure strain is greater in the CD than in the MD, however, it is not
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the case for the tissue paper (Figure 1-14c) whose mechanical behaviour was affected

by the creping of this paper during the drying process (Raunio and Ritala, 2012).

1.3.3.2 Influence of sample size on the mechanical response

Figure 1-15a shows two load — elongation curves for paperboard (120 g m?)
samples of two different width and height (w/h) ratios. The curve denoted h = 5 mm
presents a stable decrease of the load, i.e. stable fracture, whereas the curve denoted
h = 100 mm presents an immediate decrease of the load, i.e. immediate fracture, as it

was also observed for the papers in Figure 1-14a and b (Tryding, 1996).
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Figure 1-15 : Influence of the sample size on load-elongation (a) and stress-strain (b) curves
obtained during the uniaxial tensile test in the MD for the same paperboard (120 g m™). Modified
from (Tryding, 1996).

The load — elongation curves transformed into the strain-stress curves are
presented in Figure 1-15b. One can notice that the two stress — strain curves are very
similar. However, several variations are observed: first, in the beginning at very small
strain the mechanical behaviour of the sample with h = 5 mm is affected by the test
equipment and is not typical for the performance of the paper (Tryding, 1996);
second, the diversity between the graphs starts from &€ = 1.5 % caused by different
w/h ratio. Figure 1-16 presents the strain at the failure & in function of w/h ratio.
When w/h ratio tends to zero, the failure strain equals to the uniaxial failure strain
due to zero transverse stress. When w/h increases, the failure strain approaches a

failure strain restrained by the zero transverse strain (Tryding, 1996).
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Figure 1-16 : & vs w/h curve for paperboard of 120 g m”. Modified from (Tryding, 1996).

1.3.3.3 Viscoelastic-plastic behaviour of paper

A typical cyclic stress — strain curve for paper materials is shown in Figure 1-17a.
The elastic modulus is almost invariant during straining. Part of the strain is
irreversible which is the cause of the nonlinearity of the mechanical curve shown, for
example, in Figure 1-15. Tt suggests that the microscopic fibre network structure
undergoes permanent plastic deformations that do not weaken elastic stiffness of the
fibres (section 1.3.4.3).

The effect of strain rate on the in-plane tensile behaviour of paper is shown in
Figure 1-17b. One can observe the linear slope of the curve (elastic modulus) and the
strength of the paper increase with the strain rate growth. It is not shown in the
particular example but often the increase in strain rate leads to a reduction in the
failure strain of paper since the material is considered to become more brittle at high
strain rates (Gustafsson and Niskanen, 2012; Niskanen and Kéarenlampi, 1998). The
mechanical respond of paper materials changes with the time. Using relaxation
(constant strain) or creep (constant stress) tests the viscous nature of paper can be
observed (Fellers, 2009; Hamalainen et al., 2014). Therefore, paper is considered as
material with viscoelastic, plastic properties (Seth and Page, 1983; Alava and

Niskanen, 2006).
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Figure 1-17 : (a) Cyclic stress-strain curve of paperboard (120 g m?) in CD; (b) Stress-strain
curves at different strain rates for a wrapping paper (80 g m™). The stress values are multiplied by the
thickness of paper (Gustafsson and Niskanen, 2012).

1.3.4 Influence of paper structure and of the constituents on its
mechanical behaviour

The mechanical properties of paper depend on the cellulosic fibres’ properties and
the network the fibres assembled into. One can distinguish several factors such as
density, properties of individual fibre and inter-fibre bonds and the sheet
heterogeneities (formation).

¢ Density of paper

The specimen of a higher density paper, for example, shown in Figure 1-14a and
b breaks at higher load rather than the one of a lower density (Figure 1-14c). In
Figure 1-14a and b one can observe that the load decreases to zero immediately after
the maximum tensile load for the office grades of paper and the newsprint,
respectively, whereas for the bathroom tissue (Figure 1-14c), the load decreases
slowly to zero after the maximum. The dominant failure for the office and newsprint
papers is fibre breakage and pull-out of fibres under the load whereas for the low
density papers such as the bathroom tissue, the failure is dominated by fibres being
pulled out of the structure, with fewer being broken (Sampson, 2009). The discussion

proceeds in section 1.4.
e Properties of individual fibres and the inter-fibre bonds

Subjected to load, fibres in the network transfer stress from one to another
through the inter-fibre bonds. The load carrying part of a fibre is a fibre segment
(between two neighbouring bonds) (Alava and Niskanen, 2006) (section 1.3.4.3).

e Sheet formation

It is discussed in section 1.3.4.1.
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1.3.4.1 Influence of structural variability

Spatial basis weight variation affects mechanical properties (Norman, 1966;
Ramasubramanian, 2001; Alava and Niskanen, 2006). Tendency for all grades of
paper is that the tensile strength decreases with a growth of variation of the local
mass (Norman, 1966; Nazhad et al., 2000). Due to variation of the mass in paper,
stress and strain in the stretched sample is not equally diffused. According to Wong’s
(Wong et al., 1996) experimental and numerical studies, the local grammage and the
local strains are inversely proportional, meaning that high strains occur in regions of
relatively low grammage. In a very recent research (Hagman and Nygards, 2017), the
deformation of a paperboard (240 g m?”) during the tensile test was studied. Figure
1-18 presents the transmitted optical image (left) of the sample, the image obtained
using thermography (centre) and the image (right) obtained by merging two others.
One can observe variation in the mass of the paper: those areas with lower mass /
density correspond to the high temperature areas which represent high local strain
measured by means of digital image correlation during traction. Also it was found
that the energy released during tensile test was caused by the local plastic

deformation in the sample.

Figure 1-18 : (a) Formation of paper sample, light transmitted image; (b) thermal image of the
same sample at 6 % global strain; (c¢) merged scaled thermal image to the formation image. Flocs

correspond to the low temperature areas (Hagman and Nygards, 2017).
1.3.4.2 Mechanical properties in the thickness direction

Tensile strength

Besides the in-plane mechanical properties, special attention was addressed to the
mechanical properties of paper in the thickness direction ZD. The tensile strength in
ZD direction is difficult to measure but was proven to be possible using the Z-
direction tensile test that estimates the internal bond strength of paper (Fellers,
2009). The uniaxial tensile response of paperboard in ZD (Figure 1-19a) shows that
the stress at the rupture is at least ten times lower than those of in-plane directions
MD and CD. The elastic modulus in thickness direction E,; is much smaller than
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E,, than E., due to the layered structure of paper. Figure 1-19b shows that the
tensile strength in ZD depends on the apparent density of different chemical pulps.
Those results confirm a three-dimensional anisotropy of paper materials.
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Figure 1-19 : (a) Stress-strain behaviour of the paperboard in the principal material directions
(Mikeld and Ostlund, 2003); (b) Z-directional tensile strength vs density of the papers made from
different chemical fibres (Fellers, 2009).

Positive and negative Poisson’s ratios of paper materials

Generally if a paper web stretches in MD, it contracts in CD exhibiting a positive
Poisson’s ratio (Niskanen and Karenlampi, 1998). Figure 1-20a shows a graph of
evolution of the in-plane lateral strain with MD elongation for different machine —
made paper grades. Using equation (1-5) the Poisson’s ratio v¢pyp is found to be
positive for all the values in Figure 1-20a. The Poisson’s ratio v¢p yp increases with
the elongation growth. On the other hand, with the increase of elongation the out-of-
plane expands resulting in negative Poisson’s ratio vzpyp (Figure 1-20b). It means
that the thickness increases for the papers with the elongation growth. This
behaviour is called auxetic that can also be found among other materials such as
foams (McDonald et al., 2011). Poisson’s ratios of papers, especially negative ones,
have been subjected to several studies (Ohrn, 1965; Baumgarten and Gottsching,
1973; Mann et al., 1979; Stenberg and Fellers, 2002; Verma et al., 2014). Among the
studied papers the copy paper is the most auxetic one exhibiting a negative Poisson’s
ratio vzpyp = -3 at the axial strain below 0.7 % (Verma et al., 2014). In this case,
the thickness of paper was measured using a contact method, i.e. digital micrometer,

where during the readout a force was exerted of approximately 7 — 9 N.
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Figure 1-20 : (a) In-plane lateral contraction and (b) out-of-plane contraction (contraction
increases upwards) vs MD elongation of different industrial papers: uncoated printing paper (open
circles); coated printing paper (open triangles); newsprint (open squares); offset printing paper (closed
circles), suck paper (closed triangles), and folding box board (closed squares) (Niskanen and
Kéarenlampi, 1998)

The phenomenon that causes the auxetic behaviour in papers was related to
micromechanical events: due to stretching the fibres that are initially curved, i.e.
undulated, pull at the network points, thereby pushing other fibres that lie above and
below it in the thickness direction as it is shown in Figure 1-21 (Baum et al., 1984;
Stenberg and Fellers, 2002; Verma et al., 2014). The hydrogen bonds were thought to
be critical elements in the tensile deformation mechanisms leading to the auxetic
response (Verma et al., 2014): the hydrogen bonds linking the fibres do not let them
slide past each other during stretching. A developed geometrical model provides a
qualitative explanation of the auxetic behaviour of paper (Verma et al., 2014).
Moreover, as stated in (Niskanen and Karenlampi, 1998) the auxetic behaviour may

relate to the gradual opening of inter-fibre bonds.
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Figure 1-21 : Scheme of the paper cross sections with the connected to each other fibres before and
after the stretching. Illustrated in (Stenberg and Fellers, 2002) the author suggested that the
transverse fibres separate causing a thickness increase of the paper.

1.3.4.3 Mechanical properties of individual fibres and inter-fibre bonds and its effect

on the mechanical properties of paper

Fibres and inter-fibre bonds control together pretty much all the mechanical
properties of paper (Alava and Niskanen, 2006). However, only a few measured data
is available regarding the fibre and inter-fibre bond properties (K. Niskanen, 2012).
The fibres in paper are full of imperfections and present a wide range of variation
that affects the fibre properties. Therefore, papers can exhibit a great range of the
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mechanical properties. This section contributes to the mechanical properties of the

individual fibres and inter-fibre bonds that influence the mechanical behaviour of

paper.

Individual fibres

In Section 1.2.2 the morphological characteristics of wood fibres were presented.
As it is summarised in Table 1-4, the mechanical properties of various cellulosic fibres
depend on their characteristics such as chemical composition, structural organisation
and on the orientation of the microfibril angle.

Table 1-4 : Example of structural and mechanical properties of fibre in dry state such as
densitypsipre, cellulose volume V., microfibril angle MFA, failure stress o, Young’s modulus E
((Wainwright, 1982)).

Species Pripre [8/cm’] Vo (%] MFA [°] g; [MPa] E [GPa]
Flax 1.45 68 10 840 80 - 110
Softwood 1.55 42 10 - 40 350 - 550 35
Hemp 1.48 73 2.3 920 70
Cotton 1.55 90 28 - 44 300 - 800 13

Moreover, pulping and beating parameters influence the fibre properties and the
ability to bond to each other (Retulainen et al., 1998). For example, the chemical
pulping causes a fewer fibre damage than mechanical pulp, thus, the fibres of

chemical pulp are usually stronger (Gustafsson and Niskanen, 2012).

The load — elongation curve of a single fibre qualitatively resembles the one of the
paper when microfibril angle is relatively small: the elastic part is determined by the
initial linear section, after there is a non-linear part that is affected by the MFA and
the various defects such as crimps, kinks etc. It is stated in (Retulainen et al., 1998)
the fibres twists during straining due to spiral S2 layer, however, that cannot happen
in a paper sheet due to surrounding network structure. When reaching the maximum
stress, the fibre fails immediately. Elastic modulus and failure stress of the fibre
depends on the MFA: the smaller the MFA the higher the elastic modulus and the

failure stress.

Inter-fibre bonds

In the paper sheet 10 — 40 of inter-fibre bonds are assumed per fibre (Alava and
Niskanen, 2006). Strength of the inter-fibre bonds mainly chemically linking the
fibres is often related to the shear strength which is the maximum load that the bond
can carry when the fibres are displaced relative to each other in parallel to the
bonding plane. In Table 1-5 the strength parameters are summarised for two types of
fibres coming from springwood and summerwood and their inter-fibre bonds.
Summerwood fibres having lower bond diameter exhibit higher bond strength than
the springwood. Moreover, the fibre strength is about 20 times higher than the bond
strength. Bond strength depends on surface chemical factors: the hemicellulose and
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acidic group content of the pulp, the external fibrillation of the fibres, the fines
content, and presence of additives (Retulainen et al., 1998). According to Button
(Button, 1979), the higher bond strength of summerwood fibres than springwood can
be explained by higher elastic modulus, higher fibril angle and higher thickness of
summerwood fibres. However, in a recent study, (Jajcinovic et al., 2016) reported
that the strength of a single fibre-fibre joint /bond of a hardwood fibre (eucalyptus
kraft pulp) is mainly effected by the size of the bonded area.

During drying in the papermaking process the fibres undergo anisotropic
shrinkage that creates the shear stresses in the inter-fibre bond area that affect its
strength (Salminen et al., 1996). It is suggested that the relevant structural units
that control the mechanical properties of a paper are the bonded fibre segments
(Retulainen et al., 1998). Extensive literature reviews are available presenting in
details the analysis of the inter-fibre bonds (Ebeling, 1976; Salminen et al., 1996;
Batchelor et al., 2006; Vainio and Paulapuro, 2007; Schmied et al., 2013; Hirn and
Schennach, 2015).

Table 1-5 : Mechanical parameters for cellulose fibres and their inter-fibre bonds (unbleached and
unbeaten pine kraft fibres) (Retulainen et al., 1998)

Fibre parameters Inter-fibre bond parameters
Breaking load [mN] Breaking stress [MPa) Breaking load [mN] Average bond
diameter [pm]
Springwood 100 390 4.6 55
Summerwood 190 540 8.5 44

Micromechanical phenomena in papers in the pre-peak region

When a paper sheet is subjected to tensile loading, two phenomena occur at the
microscopic level before the failure: (i) the free fibre segments, i.e. the distance
between two neighbouring bonded area of a fibre, elongate, partly irreversibly, and
(ii) some inter-fibre bonds open gradually.

As it was shown in Figure 1-17a, the elastic modulus, i.e. a measure of elastic
energy content, does not change significantly when paper is cyclically stretched in
plastic region, thus, the number of fibre segments that carry the load must remain
almost constant during the irreversible elongation (Niskanen and Kérenlampi, 1998).
Changes of the bonding degree of the paper network induced by beating were
observed to have zero effect on the shape of the load — elongation curve, therefore,

the opening of bonds cannot explain the nonlinear shape arose after the linear.

So what does actually influence on the shape of the load — elongation curve, and,
especially, creation of the plastic region after elastic? As stated in (Alava and
Niskanen, 2006), inelastic elongation of paper arises from the plastic elongations of
fibres which microfibrils slide relative to each other at the isolated structural
imperfections. Therefore, the inelastic behaviour of paper is controlled by the
mechanical properties of the fibres. The creep or stress relaxation phenomena of
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paper are related to the softening of hemicellulose and lignin in the fibre walls that

are in charge of the viscoelasticity of paper (Alava and Niskanen, 2006).

1.3.5 Hygro-mechanical behaviour of paper

Paper materials are extremely sensitive to environmental conditions such as
temperature and relative humidity. A fluctuation in the temperature and / or in
relative humidity implies morphological changes of fibres such as swelling and
shrinking, and, thus, affect the mechanical properties of fibres and inter-fibre bonds
and paper network (Haslach Jr, 2000; Alava and Niskanen, 2006; Larsson et al., 2009;
Kaarlo Niskanen, 2012).

1.3.5.1 Influence of moisture on the fibres

Hygro-mechanical properties of fibres

Wood fibres that are hygroscopic have a capacity to absorb water either from a
liquid or from wet air surrounding it. It is due to the abundance of hydroxyl groups
present in wood fibre. Over the range of RH from 0 % - 100 % at room temperature
(~23°C), the cellulosic fibre expand roughly by 1% in the longitudinal direction and
20 — 30 % in the lateral direction. Generally, the average elastic modulus of wood
fibre in dry state is 35 GPa, tensile strength in wet state is 82 MPa, in dry state is
120 MPa (Wainwright, 1982).

Among recent studies, (Toungara et al., 2014) exposed a never-dried softwood
fibre to a RH cycle in order to quantify the phenomena of a complex deformation
such as: expansion and shrinkage of the fibre cross-section area, twisting and bending
of the fibre. During the cycle, geometrical variations of the fibre were determined
from 3D images obtained by X-ray microtomography (section 1.5). It was shown that
for a decrease in RH of 80 % to 20 %, the cross-sectional area decreased by 10 %.
Such variations were accompanied by a twist of the fibre by almost 250° between its
end stages tending to bend with the decrease in the RH.
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Figure 1-22 : Hygroexpansion of the softwood fibre: (a) cross-section of the fibre; (b) 3D view of
the twisted fibre; (c) evolution of the twisting angle of the fibre along the curvilinear abscissa for
different RH (Toungara et al., 2014).

A more recent study by (Joffre et al., 2016) presents a mixed numerical-
experimental approach where a finite-element updating scheme is used to simulate
the swelling of an earlywood spruce fibre going from the experimental fibre geometry
at 47 % RH to the predicted geometry of the fiber in the wet state at 80 % RH. The
hygroexpansion coefficients are identified by comparing the predicted and the
experimental three-dimensional fibre geometry in the wet state. The obtained values
are 0.17 of strain per change in relative humidity transverse to the microfibrils in the
cell wall, and 0.014 along the microfibrils. In both cases the microfibril angle was
found 15°.

1.3.5.2 Hygroscopy of paper materials

Moisture content (MC) of paper is defined as an amount of water relative to the
dry weight of the fibres and it depends on the ambient relative humidity and
temperature of the surrounding air in equilibrium conditions. The relative humidity
(RH) of air is defined as the amount of water vapour in air relative to the amount in

saturation.
In paper, water is present in its different forms:

- Free water in the pores between fibres and in the lumen of fibres in the
form of liquid;

- Bound water in the micropores of the fibre wall layers;

- Chemically bound water to the hydroxylic and carboxylic acid groups in

fibres.

The MC of paper decreases with increase of the temperature or with decrease of
RH (Kajanto and Niskanen, 1998). At the saturation conditions (T=23 °C, RH=100
%), the MC of paper is generally 25 — 30 %. When paper is manufactured it contains
6 —9 % of MC. For a given relative humidity rate at ambient temperature (T), the
moisture content in the paper depends on the type of fibres and on the pulping
procedure: mechanical pulp contains more moisture than chemical pulp due to
differences in the fibre microstructure (section 1.2). Figure 1-23 illustrates the
difference of MC for papers made up of mechanical or chemical pulp for a given RH.
Once subjected to sorption and desorption cycles, all papers presents a hysteresis
similar to the one shown in Figure 1-23, that depends on the constituents of the
paper and on the type of papers. After a given number of sorption/desorption cycles,

this behaviour tends to linearize.
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Figure 1-23 : MC vs RH of different papers composed either with (i) chemical pulp or (ii)
groundwood at T=50°C. The hysteresis is observed on the graph representing the moisture history in

paper network (Niskanen, 2012).

1.3.5.3 Hygroexpansion

Hygroexpansion characterizes the dimensional variations of the material subjected
to the variation of moisture. When fibres swell they push the neighbouring fibres
further apart which causes local strains over the whole fibre network. The transfer of
the local strains determines how much paper expands when the moisture content rise
and, inversely, how much it shrinks when moisture is removed.

Figure 1-24 presents hygroexpensive strain that is induced in a freely dried paper
sheet during RH variation. The hysteresis in strain originates from the moisture

content hysteresis of the fibres.
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Figure 1-24 : Hygroexpansive strain versus cycling relative humidity in a freely dried laboratory
sheet (Kaarlo Niskanen, 2012).

One can observe that the lengths variations (less than 1%) depend on:
e the direction of the paper : they are generally 2 to 5 times larger in CD
than in MD
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e the history and differ from sorption to desorption. Indeed when the paper

is subjected to RH larger than 65%, irreversible dimensional changes occur.

1.3.5.4 Effect of humidity on the mechanical properties of paper

The mechanical behaviour of paper changes with moisture content (Figure 1-25):
at low RH paper is stiff and brittle and it fails at low strain; at high RH paper is
more soft and ductile and it breaks at high strain value.
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Figure 1-25 : Stress-strain curves of a paperboard presented in MD and CD in different conditions:
40 %, 70 % and 95 % of RH. The corresponding MC are 6.6 %, 9.7 % and 20 % (Yeh et al., 1991)

At high MC, the elastic modulus are lower than at low MC. Figure 1-26 illustrates
the influence of moisture content MC on the Young’s modulus. The lower the
moisture content the higher the Young’s modulus. Below approximately 5 % of MC
the elastic modulus is independent of MC, above the 5 % of MC the elastic modulus
decreases.
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Figure 1-26 : Influence of moisture on the Young’s modulus. Measured modulus relative to its
value in dry paper (dots) and the corresponding prediction from a laminate model for the fibre wall

(solid line) (Salmén et al., 1984).

The ability of the fibres to transfer local stress concentration to neighbouring
fibres is the key mechanism related to the paper strength. Moisture softens
hemicellulose of the fibres and affects the inter-fibre bonds that cause a decrease of
the stress transfer in fibre network of paper resulting in deterioration of the paper
strength (Salmen and Back, 1980; Haslach Jr, 2000; Hirn and Schennach, 2015).
Figure 1-27 presents evolution of the load at the failure of paper (breaking load) in
MD and CD in different RH conditions measured at various loading rate. The

o8



breaking load decreases significantly in MD and slightly in CD with an increase of
loading rate in the constant ambient relative humidity (Haslach, 2009). Also it can
be assumed that the breaking load decreases approximately linear with increase of
RH.
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Figure 1-27 : Load at failure versus relative humidity obtained at three different load rates for
specimen (150 x 30 mm) loading in MD and CD of a handsheet (75 g/m?) (Haslach, 2009).

When paper is in the wet state, the fibres are more swollen in the transverse
direction than in axial. In the dried state, the internal stresses in the fibre web are
created by the anisotropic shrinkage due to resistance of the axial stiffness to the

transverse shrinkage (Alava and Niskanen, 2006).

1.3.6 Conclusion

The mechanical properties of the end-use paper and paperboards are extremely
affected by the chosen fibres and by the method those fibres were assembled into
paper. Subjected to load, fibres in the network transfer stress from one to another
through the inter-fibre bonds. Depending on the environmental conditions, the fibres
may swell absorbing water from the air or shrink due to drying. Therefore, the
mechanical behaviour of paper materials depends on the relative humidity and

temperature conditions.

To summarise, paper exhibits an anisotropic mechanical behaviour that mainly

depends on:

- The fibre organization inside the paper (volume fraction and formation as
well as the process parameters (pulp preparation and paper making
process)

- The moisture content of the paper. The elastic modulus and tensile

strength decrease with an increase of moisture.

99



1.4 Fracture mechanics of paper

1.4.1 Introduction

Defects decrease the paper strength under tensile and compressing loadings that
may lead to a failure, for example, during paper web manufacturing, transport of
paperboards, or converting operations such as creasing and folding. The paper web
may fail due to: (i) shives (small bundles of incompletely cooked wood fibres), holes,
and cuts (Sears et al., 1965; Gregersen et al., 2000; Uesaka, 2004); (ii) calendaring
that cause damage of the fibres when the calender nip passes (Macmillan et al., 1965;
Moffat et al., 1973); (iii) variation in the web tension (Parola et al., 2000; Uesaka,
2004). If the paper sheet containing a defect is loaded, the stress concentrations are
induced in the vicinity of the defect (Figure 1-28).

At low external stress, the structure containing a defect will not lead to a
macroscopic failure. If the external stress is increased, the damage will accumulate
near the defect leading to the macroscopic crack propagation. Besides that, as
presented in section 1.2.5, the heterogeneities of the paper materials at different
length scales and the environmental conditions affect the paper mechanical and

fracture behaviour of paper.

In order to understand fundamental reasons of paper failure or to prevent the
crack propagation in such material the means of fracture mechanics are usually used.
The fracture mechanics is a field of mechanics that examines strength of the
structures containing defects and propagation of the cracks in a material. The
fracture mechanics aims at relating three factors that influence the strength of a
notched material structure: the external loading, the geometry of the structure, and
the fracture toughness (Ostlund and Méarkeli, 2012).

In this section, a brief overview of the existing fracture mechanics’ principle and
approaches are given in section 1.4.2 and 1.4.3, followed by a short survey of the
fracture models application to the paper materials (section 1.4.4.2). Experimental
investigations of fracture phenomena in paper materials, effect of the paper
microstructure and measurement of the damage zones are described in details in

section 1.4.4.

1.4.2 Generalities

Flaws negatively affect strength of the materials. In order to study the impact of
the flaws, samples are usually notched. Comparing with a circular hole, a sharp
defect (Figure 1-28), i.e. a cut line, rises to the most severe stress concentration, and
thus, this is the most critical for the load-carrying capacity of a structure (Ostlund
and Markela, 2012).
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Figure 1-28 : Crack tip coordinates.

Depending on the load application, the crack surfaces have different relative
displacement as it is shown in Figure 1-29a. Thus, the three modes can be
distinguished as:

e mode I - opening mode (tensile stress normal to the crack plane);

e mode II - in-plane shear (a shear stress is parallel to the crack plane and
perpendicular to the crack front);

e mode IIT - out-of-plane shear (a shear stress is parallel to the crack plane

and parallel to the crack front).
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Figure 1-29 : (a) Principal fracture modes I, II, and III regarding the relative displacement of crack
surfaces (Makeld, 2002); (b) Typical geometries for paper samples for in-plane fracture tests (Coffin et
al., 2013).

Three notch configurations presented in Figure 1-29b are commonly used in
fracture tests in mode I, which is the only mode investigated during this study. The
notch of length a is a slit with sharp tips that is located at L./2 from each clamp. The
geometries for in-plane fracture tests are defined such as:

o single edge-notched test (SENT). This is the mode used in this PhD work;
e centre-notched test (CNT);
e double edge-notched test (DENT).

1.4.3 Models of fracture mechanics
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Modelling provides a prediction of the behaviour of material structures. In the
following section, different fracture models are briefly described in dependence of the
type of mechanical and fracture behaviour such as linear elastic, non-linear, elastic-
plastic.

1.4.3.1 Linear Elastic Fracture Mechanics (LEFM)

In 1920 Griffith (Griffith, 1920) presented a fracture mechanics theory based on
the global energy balance. It says that during incremental crack extension da the

total energy of the system does not change:
_4u _ aWs
tda  tda’

(1-6)

where U is potential energy; Ws is the work required to create new crack surfaces;
t is the thickness of material with a crack a.

Griffith’s model established the basis of LEFM that is the simplest fracture
mechanics approach assuming that an overall mechanical behaviour of material is
linear elastic (Anderson, 2005). In 1956, Irwin defined the concept of the energy
release rate: as the crack increases, the potential energy is released at a rate G that
depends on the loading and geometry of the specimen. In a linearly elastic material,
the condition for crack growth is:

— o = B0™)a/E 2 G, (1-7)

where B is a geometric factor; 0® is the remote stress far away from the crack; E
is an elastic constant, G, is the fracture energy of the material. Therefore, in order to
initiate crack growth, the displacement must be sufficiently high so that elastic
energy can be released at the rate of G = G.. Then, an insignificant increase of 0% will
cause the crack growth. The critical value G, occurring at the onset of crack growth
is the fracture toughness of the material. Fracture toughness or fracture resistance
describes ability of paper to resist a flaw to turn into a growing crack. The fracture

toughness depends on specimen size.

A criterion for the crack growth in linearly elastic materials is obtained from the
stress field in the vicinity of a crack tip (Irwin, 1957). The stress in the vicinity of a

crack tip (Figure 1-28) in mode I is defined as:
K

Ojj = \/Z_Wfij(@)r (1-8)

where the coordinates: r is a distance measured from the crack tip and a polar
angle @ as defined in Figure 1-28. The i- and j-axes represent the crack orientation.
The crack propagates in the direction @ = 0 where form function f;; is the largest. K
is a stress intensity factor. It is a characterising parameter of the crack tip that can
be determined from the external loading and the geometry of a notched structure.

K = o®Vmaf (%), (1-9)
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where f (%) is a correction factor for the finite width w of specimen. The factor

o“vVma comes from the closed-form solution of a mode I centre crack in an infinite
plate.

Once the critical stress state in the vicinity of the crack tip is reached the crack
growth initiates. The critical value of stress defines the critical value K, which is

related to the fracture toughness G, as:

(1-10)

1.4.3.2 Fracture process zone (FPZ)

Most of the materials exhibit non-linear and irreversible mechanical behaviour at
high stresses. Thus, a large amount of the released energy G does not go to the
surface energy but rather dissipates as heat when plastic flow occurs around the crack
tip. This plastic deformation decreases the stress near notch tip. This area of the
plastic deformation has many names: the Plastic Zone, the Process Zone, the
Cohesive Zone, and the Fracture Process Zone (FPZ). If the FPZ is a significantly
small area near the notch tip in comparison to the in-plane dimensions of material,
the LEFM is still applicable and the FPZ is treated as a point in mathematical

prospective; otherwise more complex models are necessary.

1.4.3.3 Nonlinear fracture mechanics

Among the years more complex fracture mechanics models were developed and
used for the materials which behaviour near the crack tip deviates distinctly from
linear elasticity. The examples of those materials are metals (Curry and Knott, 1978),
ceramics (Bradt et al., 2012), rocks, concrete (Bazant and Planas, 1997), composites
(Whitney and Nuismer, 1974), and paper materials (Ostlund and Mérkeld, 2012).

Below different nonlinear approaches are briefly discussed.

e J-integral
For nonlinear elastic materials, for example, metals, a path-independent contour

integral known as J-integral was proposed in 1968 (Hutchinson, 1968; Rice and

Rosengren, 1968). The uniaxial form of the stress-strain expression is:

e =£+(1)"’ (1-11)

E Eo
where ¢ is strain, E is Young’s modulus, n is a strain-hardening exponent and E|

is the strain-hardening modulus.

Accordingly, the stress field in the vicinity of the crack tip:

1
J

oy =a- (;)m £, (o), (1-12)
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where a is a scalar multiplier and depends on the material and stress state (plane

strain or plane stress), r and ¢ were defined in Figure 1-28.

According to the theory, the J-integral determines the amplitude of the stresses,

and the stresses and strains have a uniform distribution within J-dominated zone.

In elastic-plastic materials the stress state depends on the strain state and the
strain history. Therefore, non-linear and elastic-plastic materials show the same
loading behaviour but the behaviour differs under unloading. Since the crack,
normally, does not occur during unloading, non-elastic treatment of an elastic-plastic

material is capable to describe the fracture processes.

e Crack Tip Opening Displacement (CTOD)

In the elastic-plastic materials, initially sharp crack tip blunts due to plastic
deformation. In 1961 the elastic-plastic crack tip characterizing parameter was
introduced as the crack tip opening displacement (CTOD), §. The relationship
between CTOD and J was revealed (Shih, 1981):

§=c2, (1-13)

[

where ¢ is a dimensionless function of the material parameters and the stress

state.

Although it is difficult to measure CTOD directly, a standard test method was
developed to determine CTOD at crack growth initiation such as fracture toughness
O

e (Cohesive zone models

Barentblatt (Barenblatt, 1959) and Dugdale (Dugdale, 1960) proposed a fracture
model for the crack tip where plasticity is accounted in the linear elastic materials.
According to the cohesive zone modelling, damage occurs in the narrow zone in front
of the crack tip. The damage behaviour is described by a cohesive stress-widening
curve where, for example for mode I loading, this curve is a function of only the crack
widening u,, (Figure 1-30). To mark, the cohesive stress-widening curve describes the
stress-strain behaviour of the material after the crack started to propagate, i.e. post-

peak behaviour.

At first, model was developed to consider irreversible material behaviour in metal
but later on, the model was successfully applied to the non-metal materials such as

fibre composites, polymers and quasi-brittle materials including concrete.
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Figure 1-30 : Crack tip modelling using the cohesive zone model. The cohesive stress widening
curve is given by o(u,) (Ostlund and Mérkeld, 2012).

o Continuum damage mechanics modelling

Continuum damage mechanics describe the effect of microscopic fractures at the
macroscopic level without making any assumptions about the nature of the
microscopic processes (Kachanov, 1958). In this theory, a damage parameter D is
included that characterises the average degradation of the material. The simplest
version is when a scalar damage parameter D equals either to 0 (undamaged

material) and to 1 (completely damaged).

e Nonlocal and gradient theories

Nonlocal and gradient theories that have been used to describe deformation of
heterogeneous elastic materials were first introduced in the early 1960s (Toupin,
1962; Kroner, 1963). Heterogeneous materials where pores or grains are relatively
large compared to the size of, for example, defects, do not obey the classical elasticity
theory. In such materials the deformation processes occurring at a smaller scale
should be taken into account. Therefore, a nonlocal or gradient theory can be
employed providing a framework that enables microstructural effects to be included
in a continuum theory by including length parameters in the constitutive equations
that limit magnitude of gradients in stress and strain (Maugin and Metrikine, 2010;
Askes and Aifantis, 2011; Aifantis, 2011a).

1.4.4 Fracture mechanisms in paper materials

The investigation of the failure mechanisms occurring in paper materials have
been subjected to a significant number of studied, sf. (Andersson and Falk, 1966;
Goldschmidt and Wahren, 1968; Seth and Page, 1974; Westerlind et al., 1991;
Niskanen, 1993; Yuhara and Kortschot, 1993; Tryding, 1996; Niskanen et al., 2001;
Salminen et al., 2003; Hagglund and Isaksson, 2006; Alava and Niskanen, 2006;
Considine et al., 2011; Ostlund and Markeld, 2012; Mikeld and Fellers, 2012;
Hagman and Nygards, 2012; Coffin et al., 2013). The above-presented models were
tested on paper materials and in this section we will briefly discuss the related

studies.
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1.4.4.1 Difficulties in measurement of fracture toughness

In paper materials, in comparison with the other mechanical properties, the
fracture toughness is one of the hardest to measure because the elastic energy release
rate G can easily overshoot the critical value G, (Niskanen and Kéarenlampi, 1998).
The value of G, is measured at the onset of the crack propagation which is rather
difficult to determine. Moreover, the complication rises from the size effect (Bazant,
2000). In elastic-plastic materials it is difficult to separate the actual fracture energy
from the plastic work as it is uneasy to confine the plastic yielding to a small area on
the stress-strain curve. However, in paper materials the fracture toughness is defined
as a critical value of the crack tip parameters (K, J, CTOD) at the failure instead of
at crack growth initiation determined classically (Mékela, 2002).

1.4.4.2 Fracture models applied to paper materials

The fracture mechanics models discussed above can be applied to paper materials.
A brief description and applicability of different fracture mechanics models are
presented in this section such as LEFM and nonlinear fracture mechanics that is
summarised in Table 1-6.
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Table 1-6 : Summery of the main fracture theories

Fracture theory

Introduced by

Applied to paper materials

LEFM

(Griffith, 1920; Irwin, 1957)

(Andersson and Falk, 1966; Seth and
Page, 1974; Seth, 1979; Swinehart and
Broek, 1995)

J-integral

(Hutchinson, 1968; Rice and Rosengren,
1968)

(Uesaka et al., 1979);

(Yuhara and Kortschot, 1993)

Continuum damage mechanics

(Kachanov, 1958)

(Isaksson et al., 2006; Isaksson and

Hagglund, 2007)

Cohesive zone model

(Barenblatt, 1959; Dugdale, 1960)

(Tryding, 1996)

Crack Tip Opening Displacement
(CTOD)

(Wells, 1961); (Shih, 1981)

(Steadman and Slone, 1990); (Tanaka et
al., 1998)

Nonlocal and gradient theories

(Toupin, 1962; Kroner, 1963; Askes and
Aifantis, 2011; Aifantis, 2011b);

(Isaksson and Hagglund, 2013a; Isaksson

and Dumont, 2014)

Linear elastic fracture mechanics (LEFM)

As it was discussed in the section 1.2.5, paper exhibits a complex mechanical
behaviour defined as viscoelastic and plastic. During a tensile loading of the paper
the energy is absorbed in the neighbourhood of the crack tip that hold the paper
back from the crack propagation (Donner, 1997). In this area defined earlier as FPZ
(Figure 1-31), the microscopic damage occurs where stress concentrations result in
extensive, irreversible deformation and damage (Ostlund and Mirkeld, 2012). The
study by (Seth, 1979; Swinehart and Broek, 1995) confirms that the use of classical
LEFM is reasonable for paper materials only having sufficiently large structures (w
>150 mm) with large flaws (a = 50 mm). Generally the defects are relatively small in
paper webs and, thus, the classical LEFM is not applicable.

Stress

Figure 1-31 : Stress distribution at a crack tip for a linearly elastic material (dashed line) and
plastic material such as paper (solid line). Plastic deformation occurs in the hatched region (Niskanen,
1993).

However, it was shown that Griffith’s equation can be applied to describe the
fracture behaviour of various papers with additional consideration and modification
(Donner, 1997; Coffin et al., 2013). Including the nonzero size of FPZ into LEFM
model the fracture toughness of paper was successfully characterized (Donner, 1997;
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Coffin et al., 2013) for several grades of paper. Moreover, in the recent research by
(Coffin et al., 2013) it was shown that using rather narrow sample (w = 50 mm)

would be sufficient to predict fracture loads for small cracks in large webs.

Nonlinear fracture models

A brief discussion is presented below regarding the main results and conclusions

from the applied nonlinear models to the paper materials.

J-integral

Nonlinear fracture mechanics was first applied to the paper materials in 1979
(Uesaka et al., 1979). The J-integral was introduced as a crack tip characterisation
parameter for paper and the fracture toughness J. was experimentally evaluated. It
was shown that values of J. was approximately constant for various crack lengths.
However, J. cannot be used in order to compare the defect-sensitivity of papers
because of the material effect n and Ey in Equation (1-11). Therefore, a numerical

simulation is needed in order to determine J and the external loading relationship
(Ostlund and Mérkeld, 2012).

Cohesive zone modelling

The cohesive zone modelling was used for the analysis of damage evolution in
papers (Tryding, 1996). This model is not limited to cases of pre-fabricated notches
in the tested materials: the localised softening of material can occur in the material
and transform into the macroscopic crack under the stress. However, the cohesive
zone is not fully developed before a structure with defects becomes unstable, meaning

that the theoretical fracture energy is not consumed before the instability occurs.

Figure 1-32 represents a comparison between three fracture mechanics models for
the DENT samples in MD and CD loading: LEFM, J-integral and cohesive zone
modelling with an incremental elastic — plastic material behaviour. For the tested
copy paper LEFM shows worse result for the MD for strain at failure whereas for CD
the prediction is pretty accurate. J-integral method exhibits a correct prediction for
significantly large cracks. The cohesive zone modelling shows promising results for

approximately all crack sizes with a slight deviation for the small cracks.
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Figure 1-32 : Comparison between results for three different fracture mechanics models. Solid lines
depict predicted results and dotted lines — experimental results for stress (in blue) and strain (in red)
at failure for DENT samples of copy paper in MD and CD (100 x 50 mm?). The results are normalised
with the values for stress and strain at the failure for unnotched paper (Ostlund and Mérkeli, 2012).

Nonlocal and gradient theory

Fracture behaviour of dense papers, as discussed above, was significantly studied
among years (Mékelé, 2002). However, the fracture phenomena of low density papers
such as tissue papers was relatively less investigated (Isaksson and Héagglund, 2007).
Failure of this kind of papers is usually dominated by inter-fibre bonds breakage
because of low degree of bonding and weaker bonds in comparison to the fibre
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strength (Kettunen et al., 2000). The linear elastic fracture mechanics is not
applicable for paper materials because it cannot fully describe stress field around the
crack tip. As it was presented before, the nonlocal theory enables to include a
microstructural effect into the continuum theory. Usually an internal length scale is
introduced into the governing equations that relates to the dimensions of the
microstructure and material constituents (Isaksson and Hégglund, 2013b). Therefore,
it is essential to find a coupling between the internal length scale and the dimensions
of the microstructure. Figure 1-33 shows examples of different papers with dense (a)
and sparse (b) networks. A comparison between the models and experimental results
for the sparse network is presented in Figure 1-33c¢c where the maximum force is
plotted versus the notch length a normalised with the samples width. The difference
between LEFM and nonlocal models is obvious, and it is clear that the nonlocal
solution is capable of describing the fracture behaviour of a sparse network better
than LEFM.

Nonlocal: solution

038 T
\ Experiments
LEFM \\ :
I i i

0 0.1 0.2 0.3 0.4 0.5
a/b

Normalized Force at Fractu

Figure 1-33 : 3D X-ray images of two samples from both high density (a) and low density (b)
papers after tensile test (Isaksson et al., 2012); (¢) LEFM model predictions and related experiments
for the normalized force at fracture in low density paper (Hagglund and Isaksson, 2006).

Microstructural parameters of paper have not been clearly related to the internal
length scale; however, fibre length, fibre segments, inter-fibre bond areas were

considered as potential candidates (Isaksson et al., 2012).

1.4.4.3 Fracture phenomena in paper materials

As discussed previously, FPZ located in the vicinity of the crack tip causes stress
field modification. Microscopic damage in FPZ is accumulated across several
millimetres, of fibre length order (Ostlund and Mérkeld, 2012). In the area near notch
tip the material has yielded and/or undergone partial failure (Coffin et al., 2013).
FPZ indicates the stress concentration ability of a paper at a notch tip: the larger the
FPZ the less the ability of the sheet to concentrate stress around crack tip and the
lower the relative sensitivity of the paper to fracture (Coffin et al., 2013). The large
size of FPZ results from poor transfer of load.

The size of the FPZ can be introduced in the models but it is rather difficult to
experimentally quantify (Coffin et al., 2013). One example of FPZ quantification was
proposed by (Niskanen et al., 2001) who used two grades of papers: 1) in the
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handsheet of mechanical pulp; 2) in the handsheet of pure softwood kraft (Figure
1-34). The measurement was made on the notched samples impregnated with silicone
oil that were subjected to a tensile test. Images were taken using 2D technique in the
reflected light where FPZ appeared as white area because the light reflects from
broken inter-fibre bonds and fibre ruptures (Figure 1-34).

Figure 1-34 : Fracture process zone (FPZ, the white area) near the crack tip in a handsheet of
pure softwood kraft impregnated with silicone oil. The crack is just about to start propagating to the
right. The FPZ diameter is 3-4 mm (Niskanen et al., 2001).

For the first paper, the FPZ was fairly uniform but extended far out along some
long and presumably stiff fibres; for the second paper - damage zone is more
homogeneous and wider. In that area in Figure 1-34 the microscopic bond failures
occurred just before crack propagation started. FPZ size is 1.2 time the length-
weighted fibre length and 2.2 times arithmetic mean fibre length (Niskanen et al.,
2001).

Second attempt of FPZ quantification was performed by (Isaksson and Hagglund,
2013a) where using acoustic emission the FPZ width was measured as a standard
deviation of the captured fracture sites along the axis perpendicular to the notch.
Order of magnitude of FPZ is presented in Table 1-7 summarised from different

studies.

Using nonlocal model (Isaksson et al., 2012) suggested that the FPZ in papers
depends on the fibre segment length, thus, on density of paper, which was shown to
be well in accordance qualitatively with experimental observations. The dense paper
exhibits significantly small FPZ size and the straight crack propagation along the
main crack plane, whereas the sparse paper had relatively large FPZ size and the
crack propagated under the angle.

Table 1-7 : FPZ dimensions of paper materials found in the literature

Fracture process zone
Literature source Year Grade of paper (;}L)(Z;ue process zone Technique
MD, CD,
[mm] [mm]
Newsprint (43, 49 g/m?) (cryogenic) 0.5 1.1 Deduced frot
(Donner, 1997) 1997 ¢ (e L](;I;IM
Newsprint (43, 49 g/m?) (ambient) 1.5 3.7 modified
(Niskanen et al., 2001 Handsheet of mechanical pulp 90 % of 1 (in width) Experimental (silicon
in width
2001) mechanical pulp, 10 % of chemical pulp) oil impregnation)
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Handsheet of softwood kraft 03-4

Paperboard (200 g/m?) 2.6 6.5 Deduced from
Tissue paper (22 g/m?) 4.2 7.0 modified LEFM

(Coffin et al., 2013) | 2013

Isaksson and N Experimental
(Isaksson anc 2013 Handsheet of TMP (60 g/ m?) 1.74 (in width) pertenta

Hégglund, 2013a) (acoustic emission)

Influence of paper structure variability on fracture behaviour of paper materials

Crack propagation depends on the structure of paper. The crack propagation
direction and the path are influenced by the heterogeneities in the paper structure,
for example, the crack rather propagates in the less dense zones of the paper avoiding
the flocculated areas (Moffat et al., 1973). The local variabilities are responsible for
the variation in strain distribution and affect the fracture process (Castro, 2001).

Micromechanics

In micromechanical models the amount of energy released due to breaks of the
fibre segments or the inter-fibre bonds should be considered. The total fracture work
is summary of the released energy in all the segments and bond failure. Fibres of the
real network are assumed to be 10 times stronger than the bonds so to compensate
the energy dissipation in fibre failures a big number of bonds on a fibre have to break
for similar geometric effect (Niskanen et al., 1999).

Load transfer in paper sheet increases with beating and wet pressing (Seth and
Page, 1983). Beating of the pulp affects sensitivity to fracture. Bither et al. (Bither
and Waterhouse, 1992) showed that handsheet of unbeaten pulp was less fracture

sensitive than the handsheet of beaten pulp.

1.4.5 Conclusion

Paper is a material with complex structure having disorders which affect crack
propagation. Ability of a sheet to concentrate stress is indicated by dimension of the
FPZ: the smaller the value of FPZ, the better stress concentration of the sheet. Large
FPZ would rather mean that paper material has poor transfer of load which is more
characteristic of the sparse networks such as low density papers. Obviously, the
different mechanisms of crack propagation occur in low density paper rather than in
the dense paper, first of all, due to strength of fibres in comparison to the inter-fibre
bonds. Moreover, the low density papers often present higher local grammage
variation in the structure than the dense papers. The micromechanical events that
occur during the crack propagation in paper materials should be physically explained.
It was shown that the LEFM fails in prediction of stresses near the crack tip whereas
nonlocal and gradient models are capable of the mechanical behaviour description for

papers, even for the sparse networks.
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1.5 X-ray microtomography as a tool to study 3D

microstructure of natural fibrous materials

1.5.1 Introduction

As mentioned in the previous sections (Section 1.2.4 and 1.2.5), the mechanical
and physical properties of paper materials are widely dependent on their
microstructures, that is to say, the geometry, content, distribution and orientation of
fibres within the porous structure. Improving modelling of physical and mechanical
behaviour of paper materials requires the introduction of microstructural descriptors
such as the volume fraction or their spatial distribution, the spatial orientation of the
pores and fibres. One possibility to quantify the aforementioned microstructural in
3D descriptors in a non-destructive way is to use X-ray microtomography.

Using the penetrating energetic beam the X-ray tomography scanning was
successfully performed on different materials, among them: soils (Ando, 2013), rocks
(Ketcham, 1997), concrete (Garboczi, 2002), living tissues (Auweter et al., 2014),
composites (Le et al., 2008), foams (Maire et al., 2003), snow (Coléou et al., 2001)
and wood (Lindgren, 1992; Skog and Oja, 2009; Derome et al., 2011). At its infancy,
this imaging technique was used to visualize the inner structure of the analysed
sample, and, therefore, to give qualitative analysis of the microstructure.
Quantitative image analysis procedures were then developed to perform geometrical
and topological analysis to deliver the descriptors of the microstructure (Antoine et
al., 2002; Holmstad, 2004; Faessel et al., 2005; Desplentere et al., 2005; Lux et al.,
2006; Axelsson, 2007; Rolland du Roscoat et al., 2007; Eberhardt and Clarke, 2002;
Viguié et al., 2011; Tsarouchas and Markaki, 2011; Marulier et al., 2015; Joffre et al.,
2015; Joffre et al., 2016).

This subchapter is organised as follows: first the principle of X-ray tomography is
presented in section 1.5.2, the microstructural characterisation of the paper by this
imaging technique as well as the monitoring of the physical and mechanical

properties of paper materials in section 1.5.3.

1.5.2 Principles and specificities of different X-ray microtomographs

X-rays is a form of electromagnetic radiation, the wavelength of which is in range
between 0.01 to 10 nanometers. When a beam of high energy charged particles, i.e.

electrons, is bended or collided with a metal target, the X-rays are generated.

1.5.2.1 X-rays generation and geometries

The X-rays can be generated using two main techniques: (i) anode-cathode type

of systems or (ii) synchrotron:

i.  In anode-cathode systems, the X-rays are generated by heating a filament
with an electric current which emits thermal electrons that are accelerated
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to the anode by a voltage potential difference. Every time electrons hit the
anode, X-rays are produced. The produced X-ray beam is polychromatic
and conic (Figure 1-35a). Due to its dimensions the anode-cathode system

can be installed in a laboratory scale X-ray microtomographs.

ii.  In synchrotron, a large-scale facility, the electrons emit energy at X-ray
wavelength by moving in a large circle and changing their directions.
Briefly, the synchrotrons consist of:

e Booster synchrotron is a pre-accelerator where the electrons are accelerated
to high energy level before being injected into the storage ring.

e Storage ring which is a tube of several hundred meters in circumference
where the electrons circulate with close to the light speed passing through
different types of magnet and in the process producing X-rays.

e The storage ring is surrounded by the beamlines towards where the X-ray
beams are emitted. Each beamline is designed for a specific type of

research.

Beamline that are dedicated to tomography have a beam that can be
considered as monochromatic and parallel (Figure 1-35b). Such a beam has a
high flux compared to laboratory X-ray source.

Rotation axis

S~

Rotation axis
X-ray spectrum
Detector > Detector
| P
X-ray spectrum -
,»/-/
B
X-ray source |
Sample holder X-ray source Sample holder

Figure 1-35 : Principle of cone beam geometry (left) and parallel beam geometry (right)
(Turpeinen, 2015).

1.5.2.2 X-rays interaction with matter

There are two kinds of X-rays: hard X-rays with high photon energies (>5-10 keV
and below 0.2-0.1 nm wavelength) and soft X-rays with lower energy. The hard X-
rays can penetrate the matter better than the soft ones. X-rays interact with matter
though photoelectrical absorption, Compton scattering and Rayleigh scattering. Since
the X-ray photon energy is much higher than the chemical binding energy, the
strength of the interactions depends on the energy of the X-rays and the elemental
composition of the material. For the soft X-rays and the lower energy hard X-rays
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photoelectrical absorption is the dominant interaction mechanisms whereas for the
higher energy hard X-rays the Compton scattering dominates (Hsieh, 2003). The
main mechanism of interaction of X-rays with the paper materials is photoelectrical
absorption.

Going through a media, the X-rays are attenuated. The intensity of X-ray beam
decreases exponentially with the distance travelled. This decrease can be modelled
using the Beer-Lambert law:

1(z) = I,e (1-14)
where I is the intensity (photons per area per unit time) of a monochromatic beam
after it travelled through the distance z; I is the initial intensity of the beam; u is a
coefficient of absorption.

Since the beam is monochromatic, the linear attenuation coefficient p is
dependent on the composition and the density p of the material for a given X-ray
energy E:

_ pk*z*
F3

where K* is a constant, and Z is the atomic number of the absorbing material. The

(1-15)

denser the material the more attenuated X-ray beam.

1.5.2.3 X-rays microtomography for material science

In X-ray tomography during scan a number of X-ray projections are obtained
from different angles that lead to the whole 3D volume of the inner structure of an
object. The projections can be acquired either due to relative rotation of the object or
the image acquisition system. The X-ray tomography developed in 1960s for the
medical needs has afterwards become a popular tool in material science where
depending on the desirable resolution of the images the materials were analysed using
the stationary based sources or synchrotron facilities (Baruchel et al., 2000).

The principle of the X-ray 3D image acquisition is following: the X-ray beam
passes through an object that attenuates the beam differently depending on the
density of the object constituents. Series of radiographs are being recorded for
different angular positions for a sample which rotates around an axis perpendicular to
the beam. The X-ray projections represent the maps of the density distribution of the
object from different angles.

Depending on the beam geometry the magnification is achieved in different ways.
In case of the cone beam, emitted from a single point towards the detector, the field
of view (FOV) is regulated by moving a specimen closer or further away from the
source. For example, if one moves the specimen from the detector towards the source,
the FOV decreases, and the specimen is enlarged on the detector due to geometric
magnification. Moreover, since the detector has a fixed number of pixels, the effective
size of the pixels is also regulated by relative distance of the specimen according to
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the detector. In case of the parallel beam, the magnification is achieved using optics

coupled with a detector.

1.5.2.4 Modes of acquisition

There are different modes of image acquisition that can be used in X-ray
microtomography. One of it is the absorption mode where the densities of the sample
are directly imaged using beam absorption. This mechanism of image formation often

provides poor contrast when imaging light-element materials such as papers.

For such materials, a need exists to enhance the contrast in the images between
the different composite constituents that is to say pores, matrix and fibres. Several
strategies were developed. Phase contrast mode allows increasing the edge contrast
between objects that attenuate the beam similarly, for example soft solids and fossils
(Maire and Withers, 2014). Phase retrieval procedures normally require that images
of the same sample are recorded at multiple sample-to-detector distances, as phase
contrast increasing with distance. Among different kinds of phase contrast
algorithms, the one commonly used is based on Paganin phase retrieval algorithm
(Paganin et al., 2002) where instead of taking multiple images, the phase of the
object can be reconstructed from a set of projections collected at a single distance.
Generally, the X-ray images obtained using phase contrast mode, are easier to
process and segment. It is an advantage for paper materials which are often appear in

low contrast.

Comparison of laboratory and synchrotron X-ray microtomographs

In the case of paper sample, the advantage of laboratory X-ray microtomography
is the availability of the apparatus, the low flux that do not alter the mechanical
properties of paper. This apparatus is suitable for analysis around 10 pm of pixel size.
However, despite the technical progress of the laboratory apparatus, it is complicated
to perform mechanical tests at a resolution of 1 pm in a reasonable time (no more
than 2 hours).

In the case of paper sample, the advantage of synchrotron X-ray
microtomography is the monochromaticity of the beam adapted for sample that
absorbs a few X-ray beam, the high signal-to-noise ratio. The second advantage is the
possibility to perform in situ and real time acquisition (scan duration below one
second) at high resolution. The coherence of the synchrotron beam allows to perform
phase retrieval approaches (Paganin et al., 2002, for example) that increase the
contrast between the constituents which is the case of paper material.

1.5.3 3D X-ray imaging of fibrous materials such as papers

1.5.3.1 Characterisation of paper structure using X-ray ptomography
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Using X-ray microtomography the fibre network as well as the individual fibres

and the inter-fibre contacts can be observed and characterized. The quantitative

analysis of the 3D paper structure is necessary for predicting, for example, the

mechanical properties of paper materials or the liquid transport in it or the paper and

liquid interaction.

Volumetric characterisation of microstructure using X-ray microtomography has

been successfully performed for different paper types:

Porosity evaluated on binarised data by the ratio of voxels belonging to
the pore phase to the whole number of voxels ((Rolland du Roscoat et al.,
2007); (Goel et al., 2001) reported the internal porosity and specific
surface area of thick board samples. The determined structural porosity
was compared to porosity determined by caliper-basis weight
measurements and mercury intrusion porosimetry. The porosity measured
in the digital volumes was found to be in fair agreement to the physical
measurements. Although the quality of the image is poor.

Sheet local thickness was measured (i) by (Holmstad, 2004) using the
determination of an objective surface, delimiting the paper structure from
the surrounding background, it allows an improved thickness measurement
by assessing the vertical distance between the two surfaces; (ii) by
(Huang, 2010) using local mapping technique where perpendicular to the
centre line of paper the thickness was calculated between two surface
boundaries.

Pore structure of paper was studied, among others, (Huang et al., 2002;
Sintorn et al., 2005; Axelsson and Svensson, 2010). Pore size distribution
in the paper network was investigated by measuring pore chords
(Holmstad, 2004), Axelsson et al. (Axelsson and Svensson, 2010) working
on 3D paper structure characterisation quantified the individual pores in
3D: surface area, orientation, anisotropy, and size distribution.

The 3D tracking of individual fibres and morphological characterisation
methods were developed by several researchers including (Eberhardt and
Clarke, 2002; Lux et al., 2006; Axelsson, 2007; Viguié et al., 2013;
Wernersson et al., 2014). In (Axelsson, 2007) the method that allows
individualising each fibre is presented that consists in starting in one seed
in each fibre and automatically extracting the local fibre orientation and
the fibre centre point in each step using 3D information. Wernersson
(Wernersson et al., 2014) developed a semi-automatical method whereas
Viguie (Viguié et al., 2013) developed an automatic method tested on
several fibre networks although it was limited to the rather straight fibres.
Inter-fibre contacts quantification such as the contact area between fibres
in paper have being developed (Wernersson et al., 2014; Viguié et al.,
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2013; Marulier et al., 2015; Malmberg et al., 2011). Malmberg et al.
(Malmberg et al., 2011) presented a developed method for the inter-fibre
contact measurements using the 3D images of the wood-fibre mats with
the average diameter of the fibres oriented out-of-plane of 30 pm. First,
the fibre lumens were segmented using a watershed based method that
resulted in labelling each image voxel as background, fibre or lumen. Then
the fibre-fibre contacts were identified as a region between two separated
lumens connected by only fibre material using traversing rays along the z-
axis of the 3D image. This method works correctly as long as the lumens
can be detected which is not always the case since the lumens may be
collapsed, especially for the chemical pulp.

e Fibre orientations in the fibrous materials were identified (Altendorf and
Jeulin, 2011). Fibre orientation can be analysed using a method by
(Axelsson and Svensson, 2010) applied onto the 3D grey scale X-ray
image. Using a structure tensor method the orientation estimate was
provided for the cellulose fibres in a press felt. The originality of this
method is in its out-of-plane fibre orientation measurement that is not
possible to obtain using sheet splitting.

1.5.3.2 Monitoring of physical and mechanical behaviour of paper using X-ray

microtomograph

Influence of humidity on fibres and paper

The effect of different Relative Humidity (RH) on both an individual fibre and a
fibre network structural properties were monitored wusing in situ X-ray
microtomography (Viguié et al., 2011; Marulier, 2013; Joffre et al., 2016). For that,
the sample was irradiated using a wet air generator installed on the rotation stage of
the X-ray microtomograph prior and during the scan. Joffre et al. (Joffre et al., 2016)
obtained a geometry of the wood tracheid at two different relative humidity using
XpCT in order to identify the hygroelastic deformation of the wood fibre using a
mixed numerical-experimental method. This allows monitoring the changes between
the different states from ambient to wet state for the wood fibre. The study on the
single fibre experiment made on a virgin spruce fibre aims at quantifying the

structural changes in the shape of the lumen as well as the twist along the fibres.

The study of (Viguié et al., 2011) aims at following the mesoscopic strains within
the paperboard constituted of layers of various grammages. It shows using digital
image correlation that mechanism of hygroexpansion for the studied material and of
each layer was possible to analyse in the in-plane and out-of-plane directions.
Moreover, the microstructural hygroexpansive mechanisms for the pore and fibre
phases could also be revealed.
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In (Marulier, 2013), the influence of the RH on the hygroexpansion was studied
for two types of papers: in-plane oriented and in-plane isotropic. The analysis of the
reconstructed volumes allowed measuring the out-of-plane hygroexpansion of paper
fibrous networks and the hygroexpansion of individual fibres within the fibrous
networks. It was found that the hygroscopic strain of tested papers in the thickness is
higher in the case of the in-plane isotropic paper compared to the in-plane orientated
paper. Moreover, the increase of RH deforms the geometry of individual fibres in the
fibre network such as fibre centreline in the thickness direction of papers. The results
show that the average transversal hygroexpansion of fibres is much more pronounced
(one order of magnitude) that the longitudinal one. However these observations set
the pace to a local observation of the fibre hygroexpansion mechanisms (centreline
elongation, cross section swelling and inclination) that seem to be quite heterogeneous
along the fibre centreline. This effect might be due to the presence of the numerous
fibre-to-fibre bonds alongside the fibre.

Monitoring of mechanical and fracture behaviour of fibrous materials using X-ray

Mechanical and fracture behaviour of different fibrous materials and composites
can be studied using X-ray microtomography when a mini tensile or compression
devices that hold a sample is installed on the rotation stage (Hild et al., 2009; Tran
et al., 2013; Aslund et al., 2015; Yu et al., 2016; Bouterf et al., 2016). However, the
small defects and crack may be challenging to define in fibrous materials due to the
low contrast of the components (Yu et al., 2016). Paper materials (tissue paper and a
liner) subjected to fracture test were qualitatively analysed using in situ X-ray
imaging ((Isaksson et al., 2012). This study illustrated in 3D the microstructural
evolution of the discrete and continuous microstructures of papers. The advanced
image analysis techniques can be applied onto X-ray images in order to quantify the
micromechanisms. Among others, the Digital Image Correlation technique was used
for different fibrous materials such as stone wool (Hild et al., 2009), and paper
materials (Viguié et al., 2010; Aslund et al., 2015). The principle of such technique is
in recovering the image feature from first image to the second image from which the
displacement or strain (if required) can be deduced.

1.5.4 Conclusion

This section shows that X-ray microtomography is an extremely useful tool for
the microstructural characterisation of different fibrous materials, especially paper
materials. Since first decent image of the paper (Samuelsen et al., 2001) the X-ray
microtomography was highly exploited in order to characterize various paper
materials as well as its constituents — fibres and inter-fibre bonds. Moreover, hygro-
mechanical behaviour of paper, of the wood fibres and individual fibres in the fibre

network was studied using in situ X-ray imaging coupled with tensile device.
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1.6 Conclusion

The “state of the art” chapter showed that paper, made up of cellulosic fibres
linked to each other with hydrogen bonds, is a complex fibrous and porous material
that exhibits a 3D multiscale structure such as: the macroscale being the scale of the
paper sheet; the mesoscale, the one of the network of fibres; and the microscale, the
one of fibres themselves. Moreover, the paper presents structural heterogeneities, and
has a layered and an orthotropic structure. The structural properties depend on the
nature of the pulp and on the paper making process. The structural organisation
implies anisotropic in-plane mechanical properties. Due to the capacity of the
constitutive fibres to uptake water, these structural and mechanical characteristics
are affected by the relative humidity in the surrounded air. A particular attention
was paid on the modelling and experimental analysis of fracture phenomena in papers
and it points out the experimental difficulty (i) to relate the structural characteristics
to the internal length that are involved in nonlinear fracture models applied to paper,
and to (ii) quantify the Fracture Process Zone and (iii) to investigate the influence of
humidity on such features, especially in the low density networks. A synthetic
overview of the structural characterisation of paper by X-ray microtomography
showed the possibility to quantify accurately both porous and fibrous phases in paper
at meso and micro scales and described the opportunities brought by the monitoring
of the microstructural evolution of the paper when coupled with a tensile device, for

example.

80



Chapter 2. Materials and methods

Content

2.1

2.2

2.3

24

2.5

2.6

2.7

TOETOAUEEION e 82
Studied paper MALETIAL............uiiiiiiiiiiiii e 82
2.2.1 Low Density Paper .........oouuiiiiiiiiiiiiiiiiiiiiiiiiieeeee 82
2.2.2 High Density Paper......ccccouiiiiiiiiiiiiiiiiic et 83
2.2.3 Sample preparation for mechanical teStiNg............oevviiiiiiiiiiiiiiiiiiiiiiiiiiiieiiie 84
Methods used in paper physics for structural characterisation.............ccccccvvvviiiviiiiieieeennn. 86
2.3.1 Grammage and thiCKNESS .......cceeiiiiiiiiiiiiii e 86
2.3.2 Fibre morphology.... ..ottt 87
2.3.3 MOISEUTE COMBEINT ..ceieiiiiiiiiiet ettt eeeeeeaae 88
Developed mechanical set-ups and tOOLS .............oeiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeee 89
2.4.1 Macroscopic tensile test under various Relative Humidity........cccccovveiiiiiinnniin. 89
2.4.2 In situ tensile test coupled with humidity changes monitored by X-ray tomography

................................................................................................................................. 91
Quantification of paper microstructure by image analysis.........ccccccveeiiiiiiiiiiiiiiiiinnnnnn. 94
2.5.1 2D image acquisition using optical miCrOSCOPY.......cuurriiiiiiiiiiiriiiiiiiiiiiiiiiiiiiiieieiienenes 94
2.5.2 3D image acquisition and PreproCesSINg ...........uuuuuueiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeenes 96
2.5.3 Formation characterization...............uuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiiee e 100
2.5.4 Porosity and thickness measurement based on X-ray images.........cccccoeeuuveeereennn. 105
Mechanical characterisation using digital image correlation..........ccccccccciiiinnnniinn. 108
2.6.1 DIC technique used in this stUy «....ceeeeiiiiiiiiiiiiiiiiiiiiiiiiiieeee s 108
2.6.2 Input datasets Preparation........ ...ttt 108
2.6.3 DVC procedure in practice used in this Study...........eeeveeeieeeiiiiriiriiiiiiiiiiiiiiiiieeinenns 109
COMICIUSION 1.ttt e et e e e e e ettt e e e e e e e e aa bt eeeeeeeeasateeaeeeaessssanaeeeaeesesanen 111

81



2.1 Introduction

As mentioned in the first part, the main objectives of the current PhD are to
provide a multiscale description of crack propagation mechanisms in papers and to
investigate the influence of relative humidity on such mechanisms by taking into
account the phenomena that occurs at lower scales (fibres scale or assembly of fibres
scales). To fulfil these objectives, an experimental approach was developed. The
objective of this chapter is to provide an accurate description of the analysed paper

materials and of the developed methods. This chapter is divided in 5 sections:

e Section 2.2 and section 2.3 describe in detail the two studied papers namely
a high density and a low density papers, justifies the choice and
summarises their main physical and mechanical characterisation using
procedure classically used in paper physics.

e Section 2.4 presents the two tensile set-ups developed to investigate the
fracture behaviour of the two types of samples under various relative
humidities at the three investigation scales: macroscale, mesoscale and
microscale.

e Section 2.5 presents the imaging procedures based on classical microscopy
and X-ray microtomography to quantify the formation at the mesoscale
and microstructural properties.

e Section 2.6 summarised the main steps of the local displacement field

measurement procedure in the particular case of paper samples.

2.2 Studied paper material

To study the mechanical and hygro-mechanical behaviour of natural fibrous
materials, two paper materials were chosen for their different structural

characteristics. The selected papers are:

. A low density paper which was specially manufactured for this study. It has
started to being investigated in (Hagglund and Isaksson, 2006; Isaksson et
al., 2012);

° A high density paper such as commercial tracing paper (“Tracing paper in

roll 40/45 g, 0.750 x 20 m”, Clairefontaine”, France)

2.2.1 Low Density Paper

The studied low density paper (LDP) is a tissue paper (Figure 2-1). It was
manufactured at very low speed by air-drying (TAD) discussed in Chapter 1,
resulting in a sparse fibre network. The LDP was made from bleached unbeaten
softwood chemical pulp to a basis weight of 23 gm™ and an apparent thickness of 113
pm £+ 7 pm measured according to the standards presented in section 2.3. The
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apparent density is about 204 kg/m’. This paper has therefore a porosity of 86 %

leading to a discrete microstructure.

The mean arithmetic fibre length was 1.4 mm, the mean length-weighted fibre
length 2.1 mm, and the mean fibre width 31.7 pm. These measurements were
obtained using Morfi® (section 2.3.2). The in-plane mechanical anisotropy of the
LDP, defined as the ratio between the Young’s moduli measured in the MD (Ejyp)
and CD (E¢p) directions, was 1.2. On Figure 2-1b, one can observe heterogeneities of

the paper structure in dark grey corresponded to the high mass distribution, called
flocs (Chapter 1).

(a)

5cm

Figure 2-1 : Studied low density paper: (a) image of paper sheet the samples were cut from; (b)
transmitted light image taken with Techpap® Paper Formation analyser (Pagora, Grenoble, France);
(¢) image obtained with optical microscope in transmission.

2.2.2 High Density Paper

The chosen high density paper (HDP), i.e. a tracing paper (Figure 2-2), consists of
highly fibrillated fibres from the chemical pulp (Gosh and Chaliha, 1984; Van Der
Reyden et al., 1992). This paper has a grammage of 47 ¢ m™” and a thickness of 44 +
1 pm. The apparent density is about 1068 kg/m’, leading to a porosity of 0.3. The
homogeneous structure of the tracing paper comes from the high refining degree
inducing a large amount of fibre-fibre bonds. The dense organisation of the fibre
network can be observed in the SEM images in Figure 2-3. Due to the papermaking
process, this paper has a bulk porosity that is below 1%, leading to a continuous
microstructure. The anisotropy of the tracing paper Eyp/Ecp was 1.8. Due to its
homogeneous structure the tracing paper transmits more light (Figure 2-2b) in

comparison with those papers of low opacity, for example, LDP.
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Figure 2-2 : Tracing paper at macroscale (a) and mesoscale (b).

(a) (b)

Figure 2-3 : Microstructure of tracing paper obtained with SEM: (a) thickness, (b) top view. The
structure shows a network of highly refined fibres (Marulier, 2013).

2.2.3 Sample preparation for mechanical testing

All the samples used for the mechanical tests performed in this study were
prepared using a cutting machine (Kongsberg® XL 22, Eskoartwork, Gent, Belgium)
located in LGP2, Grenoble (Figure 2-4). The protocol to ensure repeatability of the

sample preparation was:

e To avoid any damage of the studied sheet of paper, a sheet of thick paper
was placed on the top of studied paper. This assembly was then placed in
the machine.

e The samples were then cut automatically according to the chosen
geometry. The geometry is manually chosen by the operator (insert of
Figure 2-4).
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Figure 2-4 : Picture of the cutting machine. In the insert, cutting scheme of paper sample.

Table 2-1 summarises the dimensions of the tested samples: rectangular samples
of height (h;) and width (w) were extracted from the paper roll and a single edge
notch of length (a) was made at the mid-height (insert of Figure 2-4). As paper
physical and mechanical properties depend on environmental conditions, once
prepared, all the studied samples were stored in the conditioning room with a
temperature (T) of 24.5°C and a relative humidity (RH) of 50%.

Table 2-1 : Dimensions of the samples for mesoscale and macroscale experiments.

Scale Width w [mm] Height h; [mm] notch length a [mm] a/w []
12 12 0 0.00

= 12 12 1 0.08
z 12 12 2 0.17
g 12 12 3 0.25
12 12 4 0.33

12 12 5 0.42

45 130 0 0.00

45 130 2 0.04

45 130 3 0.07

45 130 4 0.09

. 45 130 5 0.11
G 45 130 6 0.13
8 45 130 7 0.16
é 45 130 8 0.18
45 130 9 0.20

45 130 10 0.22

45 130 11 0.24

45 130 15 0.33

45 130 20 0.44

45 130 23 0.51
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2.3 Methods wused in paper physics for structural

characterisation

In this section, we present tools and techniques that are traditionally used in the
paper physics in order to measure paper properties and characteristics such as
grammage, thickness, density of paper, average fibre length and width, and moisture
content of paper. The parameters of the studied papers presented in the previous

section were measured using the techniques discussed below.

2.3.1 Grammage and thickness

Before measuring the paper’s thickness (t) and grammage (g), the samples were
cut into squares of 10-by-10 cm’ using a scale frame and were stored in a conditioned
room at temperature (T) 23 °C and 50 % of relative humidity (RH) during 24 hours.
The grammage and the thickness measurements were carried out in this room.

e According to standard (ISO 534:2011), the apparent thickness (single
sheet) is measured using a dead-weight micrometer (Figure 2-5) which
applies a pressure of 100 kPa on a surface of 2 ¢cm® (discussed in section
1.2.4). In HDP 10 different areas were measured and then averaged. Since
the LDP is highly compressible paper, the bulking thickness of 10 layers
was measured in 10 different areas where the average thickness of the
single sheet was calculated from.

o According to standard (ISO 536:2012), 10 different samples were
gravimetrically measured. The grammage was simply deduced by dividing
the mass by the area. The average value of 10 samples gave a mean

grammage of the paper material.

When the paper does not have filler or when neglecting the filler content, the
porosity (@) of the paper sample can be deduced from these measurements using the

following relationship:
¢=1- g/(t ' pfibre) (Z-1)
where pgipre represents the fibre wall density which equals 1550 kg/ m*®

The density of paper (p), [kg/m’]is calculated as:
p="5/ (2-2)
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Figure 2-5 : Apparatus to measure thickness of paper installed in LGP2, Grenoble.

2.3.2 Fibre morphology
The fibre characteristics of the produced paper such as their length and the

dimensions of their section were evaluated using the fibre analysis apparatus Morfi®

(Techpap®, Grenoble, France). The protocol is described below.

2.3.2.1 Preparation

The analysed paper is placed inside a jar with a little amount of distilled water to
soak in overnight. This procedure is necessary in order to let fibres separate from
each other. In case it is not sufficient for the decent separation, a mixer can be used
to improve the separation. The soaked separated fibres are diluted with 4 litres of

distilled water and separated into three parts to perform three tests.

2.3.2.2 Test

The suspension prepared according to the protocol above starts moving in front of
the camera installed inside of the device. The images of the suspension are
automatically taken during a few minutes (Figure 2-6a). An automatic image analysis
procedure is applied. The distribution of the length of fibres (Figure 2-6b) can be
retrieved from the image analysis. Such a procedure also provides indication on the

presence and on the characteristics of fines included in the suspensions.
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Figure 2-6 : (a) Image of the pulp suspensions inside the Morfi® device (www.techpap.com). (b)
Example of fibre length distribution obtained using Morfi® device.
2.3.2.3 Results

A statistical analysis can be performed on the obtained distributions. For example,
the mean arithmetic fibre length (Lg) or the mean length-weighted fibre length (L,,)

can be evaluated as follow:

_iL

La - NT’ (2'1)
_I

Lo =57 (2-2)

where L represents the length of each fibre, and N, the total number of analysed

fibres.

The mean arithmetic fibre length consider equally all the elements of the pulp,
whereas the mean length-weighted fibre length gives more importance to the long
fibres. In the example of Figure 2-6b which corresponds to LDP, L, equals to 1,4 pm
and L,, 2,1 pm.

2.3.3 Moisture content

The moisture content (MC) of a paper sample is defined as follows:
MC =2 (2-3)

md’
where m,; and m, represent the dry mass of sample after drying for 24 h at 105°C
and the mass of water present in the paper sample, respectively.

The moisture content of paper sample was measured using the Varimass® device
(Techpap®, Grenoble, France) illustrated in Figure 2-7a and b. The samples were
subjected to the following Relative Humidity (RH) steps (Figure 2-7c): 10% — 20%
— 30%— 40% —50% — 60% — 70% — 80% — 85% — 80% — 70% — 60% —50%
— 40% — 30% — 20% — 10% for 2 hours each at ambient temperature (T=24.5°C).
This duration was long enough to make sure that moisture content in the papers was
stabilized. During these experiments, the mass of the samples was regularly measured
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(Viguié, 2010; Marulier, 2013). The moisture content was deduced from the evolution

of the mass as following:
Am
amc =, (2-4)
where Am is the difference between the mass of samples in two consecutive RH

steps.

Figure 2-7d illustrates the obtained moisture content of a paper. One can observe
that the MC of a paper is different in absorption and in desorption. This classical
behaviour is due to the fact that it is easier to uptake water than to remove it
(Chapter 1).

Weighting system

Environemental
chamber

N sample

RH [%]

0 20 40 60 80 100

20 30
Time [h] RH [%]

(=]
-
(=]

Figure 2-7 : Set-up for moisture content measurement of paper materials: (a) wet air generator
that connects to (b) the Varimass® device installed in LGP2, Grenoble. (¢) Example of humidity cycle
(d) Example of MC vs RH for a paper material at absoption and disoption cycle.

2.4 Developed mechanical set-ups and tools

2.4.1 Macroscopic tensile test under various Relative Humidity

2.4.1.1 Experimental set-up of protocol

The macroscopic tensile tests were performed using a testing machine INSTRON®
equipped with a 5 kN load cell (2580-108, Static Load Cell, INSTRON®, Norwood,
MA). As mentioned in the Chapter 1, the mechanical response of any paper depends
on its moisture content (MC). In order to quantify the influence of MC on the
mechanical responses of the studied paper, a setup was developed. In this scope, a
climatic chamber was installed around the sample placed in the tensile machine.
Figure 2-8 illustrates the developed set-up. The environmental conditions (T and RH)
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in this chamber are ensured by air-controlled RH provided by a wet air generator
(humidity generator, Techpap® SAS, Grenoble, France). The measurements were
conducted in a controlled environment condition at T of 24.5 °C and RH of 10 %, 50
% and 85 %, respectively. All the samples were preliminary stored in the chamber for
2 hours prior to testing. Then the samples were loaded at a speed of 1 mm/min that
was chosen in order to be as close as possible to the speed used for the tensile test
coupled with a real time in situ X-ray imaging (see Section 2.4.2). By testing the
other speeds lower than the current, the speed of 1 mm/min was found to be the

optimal one that does not significantly alter the mechanical behaviour of the studied

(b)
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Figure 2-8 : (a) Setup for the tensile test regulated in humidity and temperature: 1 — clamps where
the sample was placed, 2 — output from the humidity generator, 3 — cable for the humidity sensor, 4 —
humidity chamber; (b) Force as a function of displacement for a tensile test for LDP sample without
notch in MD and CD.

2.4.1.2 Preliminary result

Figure 2-8b illustrates the uniaxial tensile behaviour of the considered LDP in
machine (MD) and cross (CD) directions in the room conditions. First, the force
linearly increased with the applied displacement (zone 1). Then, the force deviated
from linearity; this behaviour corresponded to the plastic mechanical response of the
paper (zone 2). When the maximum force Fy,, was reached, the crack started
propagating (zone 3). In case of LDP, the “non-immediate” rupture is observed when
the force decreases slowly from F,,,, toward zero.

Figure 2-9a and b show the mechanical response of the LDP and the HDP,
respectively, for the 3 considered RH rates: 10 %, 50 % and 85%. The mechanical
properties of both papers decreases with the increase of RH that is coherent with the
literature (see the section 1.3.5). One can observe that for both papers, the Young’s
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moduli decrease, the forces at the peak decrease, displacements corresponding to the

force peak increase with the increase of RH as summarised in Table 2-2.
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Figure 2-9 : Mechanical behaviour of LDP (a) and HDP (b) at different RH: 10%, 50% and 85%.

Despite of the RH, one can observe a difference in the post-peak behaviour of
LDP and HDP in the curves (Figure 2-9). The curves of LDP present a stable
decrease of the force, i.e. stable fracture, whereas the curves of HDP show immediate
decrease of the force, i.e. immediate fracture. The behaviour of LDP is common for
the papers with bond-induced fracture behaviour whereas the HDP exhibits rather
fibre-bond-induced fracture.

Table 2-2 : Young’s modulus E, force at the peak F,q,, displacement df corresponded to the force
peak of the LDP and HDP at 10 %, 50 % and 85 % of RH shown in Figure 2-9.

RH [%) E [GPa] Foo [IN] d; [mm]
LDP HDP LDP HDP LDP HDP
10 0.092 9.5 5.1 151.2 1.2 0.7
50 0.089 9.1 4.2 149.3 1.6 1.1
85 0.029 6.3 3.2 71.6 3.0 2.9

2.4.2 In situ tensile test coupled with humidity changes monitored by X-
ray tomography

2.4.2.1 Development of a mini tensile device

The mini tensile device used in this PhD work was designed in close cooperation with
M. Terrien (LGP2, Grenoble). The development of the device has been evolving
through the PhD to be as close as possible to a standard tensile device. Therefore,
the following conditions should be fulfilled:

e It has to be as close as possible to standard tensile machine.

e It has to be versatile to be installed on various microscopes such as laboratory
(3SR, RX Solutions®, Annecy, France) and synchrotrons (SLS and ESRF) X-
ray microtomographs (XpCT) (Section 2.4.2) or such as optical microscope
installed in LGP2, Grenoble where the spatial constraints are the following:

91



o The diameter of the tensile machine should be smaller than 20 mm in
order to perform acquisition at a pixel size of 7 pm in 3SR lab XpCT.
This small diameter is also required to perform high quality phase

retrieval reconstruction in synchrotron;

o The location of the sample in the tensile machine should be compatible

with the different distance between the rotation stage;
o The device can be used vertically or horizontally depending on the
imaging device.

It has to be adapted to a rapid change of soft samples due to the limited time
available in XpCT

Based on the experience acquired in our group on the development of mini testing
machines (Latil et al., 2011; Isaksson et al., 2012; Laurencin et al., 2016), the mini

tensile device was developed to fulfil all these requirements. The result is presented in

Figure 2-10. The mini tensile device, the height of which is 18 cm, consists of:

a piezo motor type NanoPZ Ultra-High Resolution Actuator from Newport,
installed at the bottom of the mini tensile device. It has a load capacity of

50N, a travel of 12.5 mm and a speed up to 0.2 mm/s.

a compression/tension load cell of 5 or 50N (type Honeywell Model 34
Miniature), depending on the sample to be analysed, installed on the top of

the device. These two elements are protected by aluminium parts.

dedicated mechanical clamps (Figure 2-10c) and mounting system were
developed to allow an easy change of sample.

a Plexiglas® tube, the thickness of which is 1mm that is transparent to X-ray
and that ensures a partial rigidity of the system. The Plexiglas® tube is
constituted of two half tubes that are assembled together with four screws.
The first half is permanently fixed connecting the upper and bottom parts of
the device; the other half can be removed to place the sample between the

clamps.

() (b) ()

Force sensor

LvDT

Piezo motor
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Figure 2-10 : Mini tensile device: (a) 3D synthetic view of the final mechanical design; (b)
photograph of the device, (¢) zoom on the clamps inside which a broken sample can be observed.
The first tests using this device were carried out on a stationary XpCT installed in
3SR laboratory. The load versus time graph indicated that the rotation of the sample
may have affected the measurement of the load due to the cabling. To avoid this, the

mini tensile device was improved by:

e adding a slip ring avoiding the rotation of the load cell cable during
acquisition which might lead to error in force measurement.

e installing a linear variable differential transformer LVDT (RDP Electronics
Ltd D5-D6, UK) to access the displacement especially when high resolution

images were acquired.

The mini-tensile device was also equipped with an in-house acquisition software,

developed in cooperation with P. Charier (3SR laboratory, Grenoble).
e As in any tensile device, it records force and displacement, allowing deducing
strain/stress curve;
e It allows a manual control of the motor’s displacement. Therefore, traction
tests can be interrupted anytime for the image acquisition.
This acquisition system can be installed in the controlled room of the various XnuCT,
which avoid entering the XpuCT chamber. This is required to perform continuous

monitoring of the microstructure while loading.

2.4.2.2 Monitoring a tensile or fracture tests by X-ray

Figure 2-11 illustrates the developed set-ups installed in the two X-ray
microtomographs used in this PhD, namely the laboratory one and the synchrotron

one.

{ Acquisition
system
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X-ray
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-

Figure 2-11 : Photograph of the tensile device mounted on the various X-ray tomographs (a)
laboratory microtomograph installed at 3SR Laboratory; (b) synchrotron at SLS.
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2.4.2.3 Application: fracture tests under various humidity

Experiments carried out at beamline TOMCAT of Swiss Light Source (SLS) were
focused on the investigation of crack propagation phenomena at different relative
humidity RH conditions. In this scope, few modifications of the set-up were
performed to satisfy relative humidity requirements and illustrated in Figure 2-12.

e The output of the wet air generator used for microscopic tests (see section
2.4.1) ends up into a conical part that was placed above the humidity
chamber. This is where the regulation takes place. The air flow pressure was
adjusted to prevent sample from motion.

e A humidity chamber was designed with a Plexiglas tube in which the mini
tensile device was placed. Three holes were made at the bottom of humidity
chamber to avoid condensation in the chamber. A control wet air sensor was
placed at the bottom of this cell. This sensor generally indicates the chosen RH
/- 2%.

The two parts described above were separated to allow high speed data acquisition.
Namely rotating several consecutive times the wet air pipes is generally not

compatible with high speed imaging.

Output of the
wet air generator

HR and T regulating
sensor

Slip ring

Humidity chamber

HR and T sensor

Figure 2-12 : Photograph of the mini tensile device regulated in temperature and humidity
installed at SLS.

2.5 Quantification of paper microstructure by image analysis

In order to visualise the structure of paper (section 1.2.4), an optical microscope

and an X-ray microtomograph were used. Their main principles were recalled below.

2.5.1 2D image acquisition using optical microscopy
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When a cellulosic fibre is illuminated by visible light, part of it is reflected by the
surface of the fibre, another part is absorbed by the fibre and the rest is transmitted
by the fibre. The amount of transmitted, reflected and absorbed light depends on the
incident angle of the light. Considering the fact that paper is a porous assembly of
fibres, all the phenomena described above happen to all the fibres. It means that
paper under light shows: specular reflexion, scattered reflexion at the surface,

scattered absorption, refraction, transmission (Niskanen, 1998).

2.5.1.1 Image acquisition using an optical microscope

2D images were acquired in transmission mode using optical microscope with
objective (ZEISS®, Discovery.V20, Plan S1x, Germany), available in LGP2, Grenoble,
equipped with a CCD camera (ZEISS®, AxioCam ICc5, Germany). The 2D
micrographs were obtained using a transmitted visible light. Figure 2-13 illustrate the
microscope and the images obtained for LDP and HDP samples with a chosen pixel
size of 7.3 pm. During acquisition the exposure and the white balance were
automatically adjusted. The acquired images were 2452 x 2056 pixels size encoded in
24-bit RGB colour coding.

For LDP sample, the dark grey areas (Figure 2-13b) correspond to the fibrous
network: darker grey areas correspond to the higher mass distribution in the sample
and lighter areas — to the lower mass distribution. The HDP has low opacity, thus,
more light was transmitted through the sample (Figure 2-13c). The transmitted light
reveals homogeneous structure of paper, however the small dark dots were observed
in the image. One can also observe a dark area near the notch tip of the sample
corresponding to damage in structure of the tracing paper due to cutting: the air was
introduced into the structure creating more reflections of light and, thus less
transmission through the thickness of paper. It is hypothesised that the dark dots
correspond to the voids between the fibrillated fibres in the tracing paper.

CDD camera (b) )

Camera adapter

Binocular phototube

Eyepieces

Discovery. V20 body (c) |

Objective

Slit ring illuminator
Motorized mechanical stage
- Sample support with a sample |

Source

Figure 2-13 : Optical microscope (a) and optical micrographs obtained using the transmitted light
mode of LDP (b) and HDP (c) samples.
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2.5.1.2 Link between fracture mechanisms and the paper microstructure

For the samples from the chapter 5 subjected to the fracture test, the transmitted
light images were obtained following the procedure: first images of the sample were
acquired before the test, the sample was placed in the clamps of mini tensile device
(Section 2.4), the fracture test were performed, the sample was carefully removed
from the clamps of the device and placed back on the microscope to acquire the last
image after the test (Figure 2-14).

Figure 2-14 : Optical micrographs obtained for a small paper sample using transmitted light before
(a) after (b) fracture test at 7.3 pm of pixel width.

2.5.1.3 Image preparation

The original RGB image was converted into 8-bit greyscale images using Fiji
image software (https://imagej.net/Fiji).

2.5.2 3D image acquisition and preprocessing

During this PhD, different microtomographs were used: the one located in the 3SR
laboratory and the one of the TOMCAT beamline of SLS. The used set-ups are
detailed here.

2.5.2.1 Laboratory X-ray microtomography.

The X-ray source of 3SR laboratory is an Hamamatsu Corporation L8121-03 sealed
source with a source tension between 40 and 150 kV and a current between 0 and 500
pA. Tt generates a polychromatic conic X-ray beam. A 1 mm plexiglass was placed at
the output of the source to remove the lower energy of the beam. The detector is a
flat-panel (Varian PaxSCan® 2520V) that measures the intensity of incident X-ray
photons on an array of 1536 x 1920 pixels in either landscape or portrait modes. The
scintillator of the detector (Caesium Iodide, CsI) converts X-rays into visible light
captured by the array of photodiodes. The distance between the X-ray source, the
rotation axis and the detector defines the effective used pixel size, which was chosen
to be 6.9 pm. To obtain a high data quality, 900 2D X-ray projection images of the
sample were obtained during the 360 ° rotation of the mini tensile device with the
sample. One scan lasts about two hours. In this work, the reconstruction software
DigiCT version 2.4.2 from Digisens was used which is based on the FDK Algorithm,
after Feldkamp, Davis and Kress who describe it as a “convolution-backprojection”
algorithm (Feldkamp et al., 1984).
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2.5.2.2 Synchrotron X-ray microtomography

The parallel and monochromatic X-ray beam was adjusted at an energy of 20 keV.

Two imaging systems were used:

e A high resolution imaging system that consisted in a scintillator of LAG:Ce 20
pm that convert X-ray light into visible light. The magnification was done
using Zeiss optics (two consecutives objectives x10 and x2. The effective pixel
size was 0. 55 pm using the PCO Dimax (2016 x2016 pixels) detector that has
a pixel size of 11 pm. The distance between the detector and the rotation axis
was 200 mm allowing phase acquisition. 501 2D X-ray projection images of the
sample were obtained during the 180° rotation of the mini tensile device with
the sample in about 3s. The reconstructed data were obtained using Paganin
phase retrieval mode (Paganin et al., 2002) and filtered back-projection
algorithm (Kak and Slaney, 2001);

e A lower resolution imaging system that consisted in a scintillator of LAG:Ce
350 pm that convert X-ray light into visible light. The magnification was done
using Zeiss optics (objective x1). The effective pixel size was 6.5 pm using the
PCO Edge 4.2 detector (2040 x 610 pixels) that has a pixel size of 6.5 pm. The
distance between the detector and the rotation axis was 200 mm, allowing for
absorption acquisitions. 2001 projections were recorded over 180° in about 1
minute. The reconstructed data were obtained using absorption mode and

regridding reconstruction algorithm (Marone and Stampanoni, 2012).

Regardless the microtomograph, 2D radiograph (Figure 2-15a) exhibits very few
information that is visible to the naked eye. The 2D data sets are converted into 3D
data sets and a slice of the inner part of the LDP can be observed (Figure 2-15b) at a
pixel size of about 7 pm. Such images represent ‘mesoscale’ images where the network
of the fibres can be analysed (Figure 2-15). The higher resolution images with 0.55
pm of effective voxel width shows detailed fibre structure in paper. Those images will
be called ‘microscale’ images.

2.5.2.3 3D X-ray image binarisation

Quantitative image analysis of the paper structure is usually performed on the
binarised images where phases were identified that is in our case fibre and pore
phases. For that the grey level images (Figure 2-15b) are converted into black and
white images by thresholding operation. This is done on the analysis of the histogram
of grey levels of the original images. A typical obtained histogram is shown in Figure
2-15c. In this example, one can observe that the number of the dark grey values
corresponded to the pore phase prevails over those corresponded to the fibre phase
since the material is very porous. However, the range of grey values for the fibre
phase is wider than the one for the pore phase. The critical value of thresholding is
manually selected based on visual assessment. Thus, the grey values that are below
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the critical thresholding value will be turned into black (0) corresponding to pores,
and the values above into white (255) corresponding to fibres (Figure 2-15d). Limited
by image resolution, the segmentation of every fibre was not perfectly performed as it
can be observed comparing Figure 2-15b and d: in order to avoid segmentation of
non-constant background the tiny parts of the fibres were denied. The threshold
chosen for the ‘mesoscale’ images (Figure 2-15d) was sufficiently good to “cover” all

the voxels in the centre belonging to the fibre phase.
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Figure 2-15 : Illustration of the thresholding procedure for the ‘mesoscale’ images of paper sample
(voxel size 6.5 x 6.5 x 6.5 pm®): a) One of the 2D radiographs obtained using X-ray microtomography
before the reconstruction algorithm was applied; (b) A greyscale slice of the 3D image; (c¢) Histogram
of the whole 3D image exhibiting the threshold range chosen for the fibre phase; (d) Binarised slice
corresponding to the grey slice.
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Figure 2-16 : Illustration of the thresholding procedure for the ‘mesoscale’ images of paper sample
(voxel size 0.55 x 0.55 x 0.55 pm®): a) One of the 2D radiographs obtained using X-ray
microtomography before the reconstruction algorithm was applied; (b) A greyscale slice of the 3D
image; (c) Histogram of the whole 3D image image exhibiting the threshold range chosen for the fibre
phase; (d) Binarised slice corresponding to the grey slice.
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2.5.2.4 Ring artefact

Regardless the microtomograph, ring artefacts are systematic intensity distortions
that appear in the X-ray images as full or partial rings of a few pixels large in width
centred on the rotation axis. The ring artefacts are superimposed on the images as it
is shown in example in Figure 2-17 and, thus, may disturb the segmentation of the
images. The ring artefacts are caused by pixel errors in the tomographs which appear
in the projections as lines along the angular direction. The existing filtering methods
allows reducing the ring artefacts before (Tang et al., 2001) as well as after image
reconstruction (Axelsson et al., 2006; Lyckegaard et al., 2011). In our work, the high
and lower resolution images were treated manually: the ring artefacts and the noise

were removed from the binarised images when it was needed.

Ring artefact

Figure 2-17 : Ring artefact in the greyscale X-ray images of paper network scanned at 1.4 pm of

effective voxel size.

2.5.3 Formation characterization

In the particular case of low density papers with a very sparse network, light
transmission data can be used to measure mass distribution (Bernie and Douglas,
1996). The areas with variation of light transmission observed in Figure 2-13b
correspond to higher mass distribution and lower mass distribution. This section
includes the developed original method that allows analysing the effect of local mass

distribution on the fracture propagation phenomena in the paper network such as
LDP.

2.5.3.1 Image preparation

Images used for this type of analysis were prepared using Fiji® software as

following;:

e 2D 8-bits greyscale images acquired using transmitted visible light in the
optical microscope were adjusted according to the tilt of the samples and
to the size of the analysed areas of the samples.

e 3D X-ray images were first binarised and then converted into 2D images
called enhanced radiographs using image processing tools such as ‘Z
project’ -> ‘Sum slices’. This operation overlays voxels of the fibre phase

over each other in thickness direction that allows obtaining 2D greyscale
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maps of local mass distribution. The images were converted into 8-bits

greyscale images.

2.5.3.2 Two approaches

As work was evolving, two complementary approaches were developed to analyse
the local areas such as higher mass distribution areas and lower mass distribution
areas in the LDP network. The first approach used in Chapter 4 provides
identification of the areas of lower mass distribution named as antiflocs, and the
second approach used in Chapters 5 and 6 allows the identification of both types of
areas: antiflocs and flocs.

First approach

The image obtained using transmitted visible light in the optical microscope
(section 2.5.1) was first binarised using the mean value of grey level of the
transmitted image. In this approach we assume that an antifloc is mathematically
defined as a connected region of pixels with a lower grey level value than the average
grey level value in the entire image. The procedure gave a good visual correspondence
between the identified antiflocs and visible low-mass regions in the original image
which lends some confidence to the method. The antiflocs areas are shown as ellipses

in the transmitted image in Figure 2-18.

Figure 2-18 : Antifloc detection on a sample of 12 x 6 mm® (a) Transmitted light micrograph; (b)
Antifloc detection.
Second approach

The second approach was used in order to quantify the positions and the sizes of
the flocs and of the antiflocs in two types of 2D images: (i) image acquired using the
transmitted light in optical microscope; (ii) enhanced radiograph of X-ray images. An
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algorithm was developed using Matlab®. The following procedure was applied to
identify flocs (Figure 2-19):
e The considered image is first binarised using a thresholding method.
e This binarised image is then eroded with structural element ‘disk’ in order
to extract the flocs.

e The smaller objects are then removed.

The same procedure was applied on the inverted binarised image to obtain
antiflocs (Figure 2-19). In both cases, the obtained areas are identified and are fitted
using ellipses. It is obvious that ellipses simplify the shape of the original
heterogeneity areas but they provides their centres of mass, locations and their
approximate dimensions (major and minor lengths of the ellipse) as well as their
orientation. Figure 2-19 illustrates the results obtained with an image taken at a

pixel size of 7.3 pm.

Original ing

Figure 2-19 : Floc procedure performed using the transmitted image 12 x 6 mm” The original
image was inverted to show the identified flocs in red and antiflocs in yellow.

The main parameter of the procedure described above is the critical thresholding
value. According to a common and simple definition, flocs are the areas with local
grammage which is higher than the average one. In our study, the flocs were obtained
by thresholding an image with its median grey level value in order to be consistent
with the found literature (Jordan, 1986; Laleg and Nguyen, 1995). As it was tested
on several images, both median and mean thresholding values give very similar

results in flocs and antiflocs identification.

In binarised image (Figure 2-19) the flocs cannot be easily separated. Therefore,
we used a common image processing function called erosion that allowed separating

102



the connected floc areas into individual ones. The binarised images were eroded with
structural element ‘disk’ (radius of 3 pixels) for the transmitted visible light images
and ‘disk’ (radius of 1 pixel) for X-ray enhanced radiographs. Size of the structural
element ‘disk’ was decreased to 1 pixel since the X-ray images contain more detailed
information than the images obtained with transmitted light: the zones related the

high or low mass distribution in the X-ray image are more distinct.

2.5.3.3 Validation 1: comparison with X-ray radiographs

To validate the procedure described above, we acquired an image of the same
paper sample (12 mm x 6 mm) using the microscope in transmitted visible light and
the X-ray microtomograph. As the X-ray transmission through a material can be
directly related to its local density (see Chapter 1), the enhanced radiograph of the
studied sample provides a local map of the mass distribution. Figure 2-20 a and b
illustrates the images obtained in visible and in X-ray lights, respectively. Figure
2-20c and d represents the flocs obtained with the procedure described above for both
types of images. The images show a good correspondence which ascertained us to use
this technique to study the link between the local mass variation and the crack path
in both types of images (see Chapter 4, 5 and 6).

Figure 2-20 : (a) transmitted light micrograph and (b) X-ray radiograph of the same LDP sample;
(¢) and (d) result of image processing performed on images (a) and (b), respectively. On the row below
we are able to distinguish fibre aggregates indicated with ellipses in red, their centroids as well as less
dense zones in black.

2.5.3.4 Validation 2: influence of image size on floc identification

The flocs were first identified on a large image acquired at a pixel width of 7.3 pm
representing 88 mm x 45 mm. The results are presented in Figure 2-21.
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Figure 2-21 : Floc identification using a large image 88 x 45 mm®.

A part of the original image (Figure 2-22a) representing 12 mm x 6 mm was
extracted (Figure 2-22b). The flocs were identified on the large images (Figure 2-22a)
and (Figure 2-22c) represents a zoom on the floc identification. The identification of
the flocs on the smaller image is presented Figure 2-22d. The visual comparison
between both analysis shows that the floc identification is independent on the size of

the image. This validates the use of such a procedure on the small image.

104



Figure 2-22 : Influence of image size on floc identification (a) original image (b) part extracted (c)
zoom on the floc identification obtained on the large image corresponding to the image b (d) floc
identification on image (b)

2.5.4 Porosity and thickness measurement based on X-ray images

This method provides a quantitative analysis of the local thickness and porosity

variation in thickness direction in paper samples.

2.5.4.1 Preparation of the 3D X-ray datasets
The analysis is performed on the binarised 3D X-ray images (Section 2.5.2).

Moreover, the binarised images were cropped in order to remove the clamps from the
images. Those images were used to obtain the local thickness and porosity maps

using the code developed in Matlab®.

2.5.4.2 Local thickness and porosity procedure
Each 3D dataset is represented as a stack of 2D slices along the thickness (y)

direction of the paper sample as it is schematically shown in Figure 2-23(a). A grid
with square cells of equal dimensions called Analysis Windows (AW) are applied onto
each slice of the stack. This method allows to measure thickness and porosity of the
paper samples in thickness direction locally. First, the measurement of local thickness
t was performed: in each analysis window AW pixel-by-pixel along y-direction, the
two surface boundaries were defined as the first and the last occurrence of the fibre
phase (Figure 2-23b). Therefore, the local thickness was calculated as a difference
between the two surface boundaries in pixels and in micrometres knowing the pixel
size of the image. As a result, we obtained a 2D maps with local thickness variation
of the sample. In order to compare the local thickness variation for each loading step
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of a sample, every thickness map related to the X-ray image at each loading step was
normalized with the mean thickness <& > of all the AW in the first (reference)
thickness map of the series: the thickness values in each AW was divided by the
value < t; >.

Afterwards, the porosity maps were created where the local porosity was
calculated inside each AW restricted by the obtained surface boundaries identified in

the thickness map analysis:
7o Npore
¢ = /(Npore + Nfibre)' (2-5)
where @ is the local porosity of each analysing zone, Npore the total number of
pixels in each zone corresponding to the pore phase, Nfjpre the total number of pixels

in each zone corresponding to the fibre phase.

The porosity maps were presented using their absolute values for each AW.

First boundary
| —

Analysis
window

el '{
PR A e e |

Figure 2-23 : Scheme of local thickness and porosity measurements on a 3D X-ray image using a
grid (yellow). Fibres are presented in white and the pores/air in black. (a) The grid (yellow) was
applied to each slice XZ of the image in Y direction where the analysis was performed in each analysis
window (AW) (example of AW in red); (b) The samples’ surfaces (boundaries) were determined in
each AW (example in red) in the cross section YZ.

2.5.4.3 Examples of the thickness and porosity maps obtained for paper

Figure 2-24 featuring the local thickness and porosity maps for LDP sample
obtained with various sizes of the AW:
a) AW2x2 — size of 2 x 2 pixels, i.e. ~14 x 14 pum’® (Figure 2-24b and c)

illustrates the structural changes in details in both local maps. One can
clearly observe the pattern featuring the local thickness increase caused by
manufacturing process, i.e. paper sheet transportation on the wire

b) AW10x10 — size of 10 x 10 pixels, i.e. ~70 x 70 pm’ (Figure 2-24b’ and ¢’)

give a global quantitative analysis.
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2[-]

Figure 2-24 : Low density sample analysed with different AW with corresponding: (a) X-ray
enhanced radiograph; (b) Local thickness map with AW of 2 x 2 pixels (~14 x 14 pm?); (b’) Local
thickness map with AW of 10 x 10 pixels (~70 x 70 pm?®). Both maps were normalised with the mean
value of the thickness (140 pm); (¢) Local porosity map (AW of 2 x 2 pixels); (¢’) Local porosity map
(AW of 10 x 10 pixels).

2.5.4.4 Choice of the AW dimension

In order to choose the smallest more appropriate size of the AW for quantitative
analysis of the porosity, the following approach based on the statistical estimation of
Representative Elementary Volume was carried out. Two independent volumes V1
and v2 of size 300 x 300x thickness pixels have been analysed, the pixel size being
about 7 pm. In each volume, 15 centre points were defined as the central points of
the analysis window. 15 independent subvolumes of size AW x AW x thickness with
AW varying from 1 to 19 were extracted. Figure 2-25 represents the evolution of the
mean porosity as a function of AW for the two volumes. We can observe that for
both volumes, the mean porosity increases and stabilizes whereas the associated
standard deviations decrease and stabilize. The transition between both regimes
occurs for both samples for AW=9 pixels. Therefore, the AW size of 10 x 10 pixels,
that corresponds to ~70 x 70 pm?®, will be chosen for the further local quantitative
analysis. This is consistent with the results presented in the literature for images of

higher resolution.

107



0.9}F
0.8 . g = =] =]
m]
0.7 g g e] g = =
| |
06 s ! g 8 8
= ’ g
w m}
8 0s5r g
2 : =
04 g
0.3F
| |
N d ™ )
0ok mean v2
O mean +/- std v2
0.1 ®  meanvl
T mean +- std v
L 1 T T T T

=]
u]

Il 1 1
0 2 4 6 g 10 12 14 16 18 20
size of the AW pixels

Figure 2-25 : Evolution of mean porosity and the standard deviation vs. different AW for two
equal subvolumes v1 and v2.

2.6 Mechanical characterisation using digital image correlation

Digital image correlation is a powerful mathematical tool that can provide full-
field measurement of kinematics at the surfaces (2D) as well as within an object (3D)
during its deformation (Roux and Hild, 2009; Hall et al., 2010; Viguié et al., 2011).
The principle of Digital Image Correlation is to recover the image feature from the

first image to the second image from which the displacement can be deduced.

2.6.1 DIC technique used in this study

In this work, Continuum Digital Volume Correlation (DVC) was performed using
the python-based code “TomoWarp2” (Tudisco et al., 2015). The TomoWarp2 was
successfully used for the geomaterials ((Viggiani et al., 2012), (Tudisco et al., 2015)).
It will be the first time the TomoWarp2 code will be used to define the deformation
in the paper materials. The principle of the continuum DIC is to define the similarity
between two 3D images or parts of images by calculating the normalized correlation
coefficient (Hall et al., 2010; Ando, 2013; Khaddour, 2015). The first image is
generally referred to as the reference image and the second, acquired after some

increment of deformation, as the deformed image.

2.6.2 Input datasets preparation
The result of DVC code is highly affected by the quality of input datasets, i.e. the

3D X-ray images, that should be of sufficient voxel dimension (pm per voxel) and
have enough intensity information (grey-levels) contained by each voxels of the image
(Hall, 2012). Therefore, in this work, the DVC was performed on the original
reconstructed greyscale images that were slightly adjusted according to the following
procedure. The original 3D X-ray greyscale images (Table 2-3) were previously
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reconstructed and thresholded (Section 2.5.2). Afterwards, the segmented binary
images were applied onto the corresponded greyscale images functioning as a mask in
order to separate fibre phase from non-constant background value, to decrease noise
in the images and to restrict zone of the analysis. Therefore, in the images used for
correlation the fibres were represented in greyscale and the rest equalled to zero.

Table 2-3 : X-ray images used as input dataset for DVC and their descriptors

N° chapter Samples X-ray ptomography  Voxel size Dynamic range Grey-scale levels
[m?]

5 S1 3SR 6.9 x 6.9 x 6.9 32-bit(float) 2%

6 S5 SLS 6.5x6.5x6.5 16-bit(integer) 216

2.6.3 DVC procedure in practice used in this study

The code “TomoWarp2” calculates the displacements in 3D of image points
(node) of a regularly spaced grid from reference to the deformed image. The code
tracks small “subset” called correlation window, a group of pixels, of the images
centred on the grid nodes giving 3D displacement vector mapping for each correlation
window. The correlation window is independent of the positions of the fibres. The
underlying discrete fibrous structure presented in these images is ignored, that is why
this technique is called continuum.

Figure 2-26 schematically presents the DVC methodology that involves the
following basis steps:

Parameters:

e Application of a grid of the analysis points (nodes) to both of the analysing
images as it is shown in 1;

e Definition of a region consisted of a group of pixels centred on each node
(correlation window). In this work, it is chosen to be roughly the mean
width of a fibre of the studied paper in the image.

e Definition of the reduced area of search called search window centred on
each node in the second image;

Principle:

The Tomowarp2 computes the similarity between two 3D images by calculating
the Normalized Cross Correlation (NCC) within each search range. The displacement
between two images is measured to the nearest pixel.

NCC(u, v, W) _ 2xy,z 110y 2) [ (x+uwy+v,z+w)

- 9
\/z:x,y,z 11 (x,y,2)? Zx,y,z L(x+u,y+v,z+w)?2

(2-6)

where I;, I, represent the local grey level in the 3D reference and deformed
images, respectively; x, y, z are the coordinates in the 3D volume of the images; and
u, v, w, denote the integer displacement values along the x, y, z axis of the points of
the image I, with respect to the corresponding points in the image I;.
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NCC values vary from 0 to 1. The combination of u, v, and w giving the highest
NCC value (close to one) are selected as the best match between I; and I,. Since this
procedure only allows measuring 3D displacements with an integer precision (to the
nearest pixel), the refinements for subpixel was performed by interpolation of NCC
(Ando, 2013). The scalar components coming from these measurements (e.g., the
displacement, the maximum correlation coefficient, etc) are saved as a 3D matrix.
The 3D matrices are turned into 3D images that can be visualized and being

measured using the image analysis tools.
Output:

e Definition of the discrete displacement (integer number of pixels) given by
the displacement with the best correlation;

e Sub-pixel refinement which allows to obtain more smooth fields (see more
in (Hall, 2012) shown in 3;

2D approach

nodes

Correlation
window

®

Search g ) @
window
Corr.Coeft. @

Search vector displacement Vector displacement
field with best correlation for field with sub-pixel
a}l points in searching window A 3D accuracy

(integer pixel resolution)

A\

Sub-pixel refinement of
displacement vectors

a3l

Figure 2-26 : Schematic of 2D (on the one slice of X-ray image of paper) and 3D (on the 3D X-ray
image of paper) approach of DIC analysis. The illustration for the third step was taken from (Hall,
2012).

The thickness of the studied paper is small and often the structure is slightly
tilted in the images; therefore it was not possible to extract a relevant single slice
with required information on deformation. For simpler representation 3D fields are
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2D projected through the thickness direction using median values which provide a
global overview.

The input and output images are illustrated in Figure 2-27 in the case of paper.
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Figure 2-27 : Low density sample loaded in z direction with corresponding: (a) and (b) two X-ray
enhanced radiographs and its displacement fields (Uz - in z direction and Uy — in y direction)

obtained using Tomowarp2.

2.7 Conclusion

In this chapter, the two types of papers that are investigated within the next
chapters are presented and the developed tools were described. The high density
paper exhibits a continuous microstructure whereas the low density paper, a discrete
one. Mechanical set-ups were designed to investigate the tensile behaviour of both
paper under various relative humidities and at microscale, mesoscale and macroscale.
To link the macroscopic behaviour of paper with its structure, several imaging
procedures have been developed:

e Microscopy was used to quantify the mesoscale structure in a statistical way:
localisation of flocs, antiflocs and their structural characteristics

e X-ray microtomography was used to quantify the mesoscale structure, the
microstructural parameters such a porosity and thickness, and to visualise
the structure at the fibres scales.

e Field measurement can be obtained by digital volume correlation.

All these imaging procedures require the choice of parameters which was
discussed.

The following methodology was systematically applied to fulfil experimentally the
objectives of the thesis:

i.  Macroscopic fracture tests at various relative humidity
ii.  Mesostructural analysis by microscopy and image analysis before and

after fracture tests
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iii.  Mesostructural and microstructural monitoring by X-ray imaging during
fracture tests under various relative humidity.

iv.  Quantification through images analysis procedures and volume
correlation of the observed mechanisms.

The two first steps were used in chapter 3 to link the internal length introduced
in models to formation. The three last points were used in chapter 4 and 5 to
investigate the crack propagation mechanisms for various relative humidity at the

mesoscale and microscales.
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Chapter 3. Influence of mass distribution in

cellulosic fiber materials on the fracture

behavior at different moisture conditions

This chapter is based on an article submitted to International Journal of Solid
and Structure, V. Krasnoshlyk, S. Rolland du Roscoat, P. Dumont, P. Isaksson.
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Abstract

The fracture process in two different moisture-sensitive paper materials, a low-
and a high-density paper, is studied experimentally and analytically. It is shown that
the two papers fracture in a quite different manner. While the high-density paper is
smooth and continuous, the low-density paper is substantially discontinuous and has
a relative high degree of varying mass distribution. The high-density paper is able to
localize fracture to even the smallest defect while a rather large defect is required in
the low-density paper to localize fracture. A physical parameter that distinguishes the
low-density paper from dense papers is the presence of the clearly observable large
variations in the mass distribution, here referred to as antiflocs. It is hypothesized
that these antiflocs govern the fracture process. A gradient-enhanced theoretical
model is applied to describe and capture this fracture phenomenon and intents to
approximate stresses on a subscale. The relatively simple hypothesized fracture
theory was remarkably consistent with the experiments and quantitatively captured
subscale length-effects in a convenient way. A key observation is that the internal
length parameter, used in the hypothesized theory to bridge stresses to a dominant

subscale, is linked to the dominant size of large antiflocs present in the material.

3.1 Introduction

The fracture behavior of natural cellulosic fibrous materials such as paper and
paper boards has been extensively studied during the past four decades, cf. (Seth and
Page, 1974; Niskanen, 1993; Niskanen et al., 2001; Salminen et al., 2003; Isaksson and
Hagglund, 2007; Considine et al., 2011; Makeld and Fellers, 2012; Hagman and
Nygards, 2012; Coffin et al., 2013). Low-basis-weight paper, commonly referred to as
tissue, is widely used on a daily basis for a variety of household needs. Several
physical properties distinguish them from printing and packaging papers including
tensile response due to a more open network structure offering greater flexibility.
Paper essentially consists of a discontinuous stochastic network of cellulose fibers and
is usually manufactured by dewatering a fiber-suspension on a wire. The fibers have
an inherent capability to form bonds between them without any additives. Since the
fibers are much longer than the thickness of the paper sheet, the fiber network is
approximately planar. Typically, cellulosic fibers that are used to produce papers are
1-3 mm in length and 20-40 pm in cross-sectional width, depending on their origin
(hardwood or softwood fibers) and on the papermaking method (Kaarlo Niskanen,
2012). The porosity of papers ranges from almost 0%, for dense papers, to about 80%
for tissue paper materials. Moreover, cellulosic fibers are sensitive to the variations in
environmental conditions such as relative humidity and temperature, affecting their

dimensions and mechanical properties. As a consequence, the mechanical properties of
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papers also depend on their moisture content (Haslach Jr, 2000; Kaarlo Niskanen,

2012).

Several studies have analyzed the defect size sensitivity of different papers, e.g.
(Seth and Page, 1974; Héagglund and Isaksson, 2006; Coffin et al., 2013), indicating
that classical fracture mechanics theories have severe difficulties capturing the
mechanical behavior for low-density paper materials. For high-density papers, a very
small defect is sufficient to localize continued crack growth, as foreseen by classical
fracture theories. For low-density papers, however, the situation is different because
the fracture process seems unaffected by small defects and fracture does not necessary
initiate at small defects. Moffatt (Moffat et al., 1973) reported that global fracture
passes through regions in the paper having a mass density (or, grammage) below the
paper’s average. According to experimental and numerical studies, e.g. (Wong et al.,
1996; Nazhad et al., 2000), local grammage and local strains are inversely
proportional, meaning that high strains occur in regions of relatively low grammage.
The mass distribution heterogeneities are often referred to as “flocs” and correspond
to fiber aggregates in the network. The measurement of the spatial basis weight
variation related to the flocs is hence essential since it may influence the fracture
properties. However, estimation of the floc morphology in paper is not an easy task
and there is no established standard (Sampson, 2001; Ostoja-Starzewski and Castro,
2003).

Furthermore, when a low-density paper is subject to load on the macroscopic
scale, complex deformations arise on the scales below and have to be captured
properly, which puts high demands on the spatial resolution of the mechanical model.
Linking the stress field on a subscale to a stress field on the scale above is
mathematically difficult, especially if the subscale stress is nonhomogeneous and
gradients are present, such as in the vicinity of macroscopic singularities at crack
tips, randomly positioned defects, pores, or regions of low mass-distributions (and
even more so if they are randomly positioned). The wide range of length scales
affecting deformation and fracture in low-density papers poses a difficult modeling
problem because the relation between the discontinuous microstructure and the
prevailing deformation/fracture processes leads to inherent size effects. Hence, if one
aims at a material description above the scale of a discrete discontinuous
substructure, i.e. within a macroscopic continuum model, it is clear that any fracture
model of such materials has to capture length-scale effects occurring at dominating
subscales. One way to numerically analyze these fracture phenomena is to use high-
resolved numerical models that capture details in the microstructure. Another
possibly way is to use e.g. so-called gradient-enhanced continuum models to
incorporate length scales analysis (Kroner, 1967; Isaksson and Hégglund, 2009; Askes
and Aifantis, 2011; Aifantis, 2011a; Isaksson and Hagglund, 2013b). The later way is
exploited in this study. To investigate dominating length scales and connect them to
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paper-specific features, the fracture localization behavior of a low-density paper at
various moisture conditions is examined. Different crack/defect sizes are evaluated in
single edge notch experiments to reveal when a localization transition occur, i.e. at
which defect size the global final fracture is localized to the defect rather than
nucleated at a remote distance from the defect. This transition length will possibly

allow for judging the predominate subscale at fracture.

3.2 Theory

How does a low-density paper’s microstructure affect its global fracture behavior?
In recent investigations by the authors (Hagglund and Isaksson, 2006; Isaksson and
Héagglund, 2009; Isaksson and Héagglund, 2013b), it is concluded that classical
continuum mechanical descriptions of low-density papers cannot fully describe
deformations near a macroscopic crack mainly because some subscale structural
effects alters the local strain and stress fields in the inhomogeneous discontinuous
material. Traditionally, deformation and fracture analysis of paper materials were
performed using classical continuum theories on the macroscale omitting that these
theories were designed to describe deformation phenomena that could be captured by
the naked eye, cf. (Seth and Page, 1974; Yuhara and Kortschot, 1993). However, in
low-density papers where regions of relatively low mass are relatively large compared
to a defect or a crack, global scale deformation fields given by classical continuum
mechanics theories are distorted due to the complex deformations taking place at
subscales, a phenomenon that is commonly referred to as length effects. Linking the
strain/stress fields on a subscale to the strain/stress fields on a scale above is
mathematically difficult, especially if the subscale deformation is nonhomogeneous
and gradients are present. Several techniques have over the years been suggested to
extend traditional continuum formulations to include so-called material-characteristic
lengths. A convenient approach is to compute an approximated averaged subscale

stress tensor §ij in a point (x,X,) as the weighted average of local macroscopic
stresses §; in a surrounding domain W, cf. (Hagglund and Isaksson, 2006; Askes and

Aifantis, 2011; Aifantis, 2014)
5 00,%) =Y [ F(Vs 04, 5)dW0g, %) , Y = [ £(Wdw, (3-1)
w '

where V is the distance between points (x,X,) and  (X¢x4),
f=exp[- |/?/(4CZ)]/ [4,0C2] is a symmetric interaction kernel and Y a scaling factor

that secure that the two stress tensors are equal for a homogeneous stress state in W

(i.e. when no gradients in S, are present). The range of subscale interactions is given

by an internal subscale length C. The formulation (3-1) is based on a physical

assumption of mechanical interactions on a subscale via e.g. connected fibers. The
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stress S;;(XGx4) can for sufficiently smooth fields be rewritten into a gradient
formulation around (x,X,) according to a Taylor expansion,
k ql
(xg¢- Xl)k(xﬁt' Xz)l Tsi (%, %)
K qrl
k=01=0 k!l T %

where n denotes the order of the series expansion. Dropping unsymmetrical terms
in (3-2), yields after substitution of (3-2) into (3-1),

, (3-2)

5i(X0 %) = 55 (%, %) + & CCMVAMS (%, X,) ..o, M=1,2,.. (3-3)

Further, taking the Laplacian of (3-3), subtract from the original (3-3), and
neglect derivatives of the forth order and higher, an implicit gradient formulation is

obtained in a form of a modified Helmholtz equation, cf. (Eringen and Edelen, 1972;
Askes and Aifantis, 2011; Aifantis, 2011a):

5, - C°V’5; =5y, (3-4)

where the dependence of the coordinates has been dropped. It would be possible
to extend (3-3) to include anisotropic gradient-sensitive lengths, cf. (Aifantis, 2014).
However, for simplicity, assume a low-density paper can be considered transversely
isotropic on the macroscopic scale, despite the fact that many low-density papers
may be strongly anisotropic. As will be discussed later, the studied paper is nearly
isotropic and substantially simplifies matters. Assume further that the paper is
linearly elastic on the macroscopic scale and a state of plane stress prevails. Then,

consider a planar body containing a straight stationary crack, as illustrated in Figure
3-1.

Figure 3-1 : Load and geometry on macroscopic scale.

A Cartesian (x,%,) and a polar coordinate system (I‘:[X12 +X§]1/2

q:tan'l[x2 I%]) are introduced with their origins coinciding with the crack-tip. The
crack occupies the negative part of the x-axis, i.e. x <0 and x, =0. Distant from
the crack-tip a pure mode I opening field acts and the singular macroscopic stress

tensor S is given by:

Sii =K [2pr] ™ f;(@) asr— oo, =12, (3-5)
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where K, is the mode I stress intensity factor (Williams, 1956). The displacement

field u, producing the macroscopic stress field in (3-1) is given by

W= +n)K [/ )G (g)/E ast -, (3-6)

where E is the Young’s modulus and v is the Poisson’s ratio. The angular
functions f;(g) and ¢, (@) in (3-5) and (3-6) are found in every book on fracture
mechanics. Using (3-4), a mode I gradient-enhanced stress tensor that aim to
approximate subscale stresses is computed using the macroscopic stress tensors (3-5)
as source terms, i.e.

= 2725 — -12

§jj- V5 =K\[2pr] 7 ;(q). (3-7)

In addition to conditions of traction-free crack surfaces, requirement of finite
subscale stresses when r —0 and S i S when r/c— oo leads to the following
expression of the subscale stress component § . when solving (3-7), cf. (Aifantis,
2011a; Isaksson and Hagglund, 2013b):

_ _ K, cos4

5‘ =
9 a2pr

[ 2(1+cosg)+6¢° /r° - e "[6¢°(L+1/c)/r* +2c0sg+5 ] (3-8)
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Figure 3-2 : The approximated subscale stress squ given by (3-8), ahead of the tip contrasted

with the macroscopic singular stress S a (3-5). The two stresses are similar for about r/c>2.

According to (3-8), the maximum §_ =K[5/2- 19¢°t/4]/\2pc » 0.300K, I\c
and is situated on the crack plane at r/c»1.1, Figure 3-2. One may notice that the
two stresses S, and S g are similar at roughly r>2c illustrating the important
feature that the approximated subscale stress field differs from the macroscopic stress
only around mathematical singularities. Hypothesize that cohesive fracture initiates
when a subscale hoop-stress S - reaches a critical level §,. A natural interpretation
of this criterion is to relate it to the macroscopic fracture toughness K, through the
relation (§,=S)

_slc

ch -
0.3

) (3_9)
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which allow for estimations of the length ¢ in standard fracture tests. A deeper
discussion of gradient theories and the physical arguments leading to them is found
in e.g. (Gitman et al., 2010; Askes and Aifantis, 2011; Hutchinson, 2012; Aifantis,
2014). It is underlined that the approximated subscale stress s_ij should not be

considered as a standard stress field. When one carefully examines the solutions to
(3-7) one find that in general the gradient-enhanced stress field is not divergence-free,
nor does the work conjugate strain fields satisfy classical compatibility equations in
continuum mechanics. For discontinuous materials the classical compatibility
equations may, however, not be sufficient to guarantee that subscale strains/stresses
can be obtained from single-valued displacement fields. Nevertheless, the physical
meaning of divergence in the subscale stress field (and hence not have traditional
stress equilibrium) is not entirely understood and has lent some criticism. To some
degree we agree with this criticism and the theory may thus be questioned. An
interested reader is advised to e.g. (Aifantis, 2014) for a discussion on this matter.
The gradient-enhanced stress field should thus be interpreted so that it approximates
subscale stresses emerging from displacement jumps at a discontinuous subscale.
Even though the meaning of the physical peculiarity § i 10 is still an open

scientific question, the concept has proven powerful and the solutions include lengths
that seemingly capture a dominating subscale’s heterogenic structure. Although the
theory needs further investigations and deeper physical understanding to be
convincing it is worth mentioning that a substantial amount of studies during the
last decades have identified the mneed to e.g. include size-dependent
strengthening/hardening associated with e.g. nonlinear deformations involving strain
gradients and many different theories have been proposed. It is nowadays generally
accepted that nonlinear (e.g. plasticity) theories must be higher order, not only by
incorporation strain gradients but also in having higher order stresses that are work
conjugate to the strain gradients, cf. (Hutchinson, 2012; Aifantis, 2014; Askes and
Susmel, 2015).

3.3 Experimental

3.3.1 Materials and sample preparation

Two different kinds of papers were studied: a low-density paper (LDP) and a
high-density paper (HDP). Figure 3-3 shows micrographs that were recorded in
transmission mode on both papers, using an optical microscope equipped with a
camera (pixel size 7.3 X 7.3 pm®). For the LDP, the darker areas corresponded to
zones that are denser compared to the rest of the sample due to high variation in
mass distribution. The HDP had a low opacity, thus, the light was homogeneously
transmitted through the sample and the black dots correspond to the paper’s
roughness (i.e. the HDP have a negligible variation in mass distribution).
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Figure 3-3 : Optical micrographs of the LDP (a) and the HDP (b). A manufactured notch of
length a is present in both samples.

The LDP was manufactured at a low speed by “air-drying”, resulting in a sparse
fiber network. It was made from bleached unbeaten softwood chemical pulp to a basis
weight of 23 g/m’ a thickness of 113£7 pm and a porosity of 86%. The average
arithmetic fiber length was 1.4 mm, the average length-weighted fiber length 2.1 mm,
while the average fiber width was 31.7 pm, all values measured using a specially
designed device for the analysis of pulp morphology (Techpap®, Grenoble).

Papers normally exhibit anisotropic in-plane and out-of-plane structural and
mechanical properties which are directly related to the papermaking processs. The
main directions of anisotropy are referred to as the machine direction (MD), the cross
direction (CD) and the out-of-plane direction (Z). The in-plane mechanical
anisotropy of the LDP, here defined as the ratio between the Young’s moduli
measured in the MD and CD directions, was 1.2 meaning the material is almost
transversely isotropic on a global scale. The HDP consisted of highly fibrillated fibers.
This paper had a grammage of 47 g/m’, a thickness of 4441 pm, and had a bulk
porosity that was below 1% leading to a continuous microstructure. The anisotropy
of the tracing paper was 1.8. In order to ensure repeatability, all the samples were cut
in a rectangular shape (to a width of 45 mm and a height of 130 mm.) in the machine
direction using a cutting machine. A notch with length a, which varied from 0 to 23

mm, was cut at one edge at the midheight of the samples.

3.3.2 Moisture content measurements

Using a Varimass device (Techpap, Grenoble), both papers were subject to the
following relative humidity in sequential steps: RH= 10% — 20% — 30%— 40%
—50% — 60% — 70% — 80% — 85% — 80% — 70% — 60% —50% — 40% — 30%
— 20% — 10%. At each step the samples were hold during 2 hours at a temperature
24.5°C to make sure that the moisture content were stabilized. Additionally, the mass
of the samples was regularly measured. Then the moisture content MC were
estimated using the relation MC=Am/m,; where Am is the difference between the
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mass of moistened samples in the Varimass device and m, is a reference mass of the

sample after drying in an oven for 24 hours at 105°C.

3.3.3 Tensile tests with controlled environmental conditions

Tensile tests were performed using a standard laboratory tensile machine (2580-
108, Static Load Cell, INSTRON®, Norwood, MA) equipped with a 5 kN load cell.
The measurements were conducted in a climatic chamber (Figure 3-4a) at a
controlled temperature of 24.5°C and a relative humidity of the surrounding air of
10%, 50% and 85%. All the samples were preliminary stored in the chamber for 1
hour prior to testing. The initial distance h between the clamps was 100 mm (Figure
3-4b). Five samples of each paper material were tested at each notch length at a

speed of 1 mm/min.

Figure 3-4c¢c shows a typical force-displacement curve obtained for the LDP.
Initially, the force increased linearly with the applied displacement (stage 1). Then,
the global force deviated from linearity, possibly due to plasticity and microfracture
nucleation (stage 2). When the global peak-force F,,was reached, the crack started
to propagate (stage 3).
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Figure 3-4 : (a) Setup for the tensile test regulated in humidity and temperature: 1 — clamps, 2 —
tube from humidity generator, 3 — cable for the humidity sensor, 4 — humidity chamber; (c¢) Force vs.
displacement for a LDP sample without notch in MD and CD.

3.3.4 Mass distribution

A microscope in transmission (ZEISS, Discovery.V20, Germany) equipped with a
CCD camera (ZEISS AxioCam ICch, Germany) was used to measure the mass
distribution of the LDP (Komppa, 1988; Sampson, 2001). When a single cellulosic
fibre is illuminated by visible light, part of the light is reflected by the surface of the
fibre, another part is absorbed by the fibre and the rest is transmitted by the fibre.
The amount of transmitted, reflected and absorbed light depends on the incident
angle of the light. Considering the fact that paper is a porous assembly of fibres, all
the phenomena describe above happen to all the fibres. It means that paper under
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light shows: specular reflexion, scattered reflexion at the surface, scattered
absorption, refraction, transmission. On images of paper obtained in an optical
microscope using visible light, we can observe the light transmitted through the
sample. For example, Komppa (Komppa, 1988) showed that the relationship between
local light transmission and local grammage is approximately linear for highly
scattering papers such as LDP.

Figure 3-5 : Antifloc identification procedure on a sample of 6 X 12 mm?* (a) Transmitted light
micrograph. (b) Antifloc identification

A LDP sample of 88 X 62 mm?® was prepared following the preparation procedure
described above. Then, an optical image was first binarized using the mean value of
the transmitted image, because an antifloc is here mathematically defined as a
connected region of pixels with a lower grey level value than the average grey level
value in the entire image. To quantify the regions (position, size) of relatively low
mass distribution (antiflocs), a Matlab algorithm, detailed in the Appendix, based on
the function regionprops, was applied to identify regions of connected pixels. The
procedure gave a good visual correspondence between the identified antifloc and the
visible low-mass regions in the original image, Figure 3-5, which lends some
confidence to the method.

3.4 Experimental results

3.4.1 The moisture content MC vs. RH

Figure 3-6a shows the moisture content MC as a function of relative humidity RH.
When RH varied from 10% to 85%, the moisture content increased from 6% to 17%
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for the LDP, whereas, when RH varied from 20% to 80%, the moisture content
ranged from 3% to 11% for the HDP. In both papers, the moisture sorption and
desorption curves exhibited hysteresis. In desorption, the moisture content MC was
higher at a given RH than in absorption, showing a classical dependence of the
moisture content on both the relative air humidity and the moisture content history
(Kaarlo Niskanen, 2012). In addition, the difference in the moisture content of both

papers could be related to the difference in the chemical composition of the used raw

pulps.

3.4.2 The Young’s modulus E vs. the moisture content MC
Figure 3-6b shows the Young’s modulus E in the MD for both the LDP and the

HDP as a function of the relative humidity RH. Samples without notches were used
for these experiments. Both papers exhibited a similar behavior. At low values of
relative humidity the Young’s modulus were fairly constant in both papers, while at
higher relative humidity than about 50%, the modulus decreased. This behavior is
well-known for papers. It is reported in (Alava and Niskanen, 2006) that water
disrupts hydrogen bonds of cellulose and other polysaccharides of pulp fibers. Besides,
not only the interfiber bonds become weaker as the moisture content increases, but
also (if present) the matrix made of lignin and hemicelluloses between cellulose

crystalline regions softens.
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Figure 3-6 : The moisture content (a) and Young’s modulus (b) in the LDP and the HDP vs. the
relative humidity RH.

3.4.3 Fracture behavior vs. the moisture content MC
Figure 3-7 shows the average global peak-force <Fmax> estimated at various notch

lengths a for the two papers and three different levels of relative humidity.
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Figure 3-7 : The average global peak-force (F,,,) estimated at various notch lengths a for the
LDP (a) and the HDP (b). The notch lengths are normalized with the width of the sample, w = 45
mm, and the standard deviation is indicated by the error-bars. (¢) The average peak-force (Fpqy)
normalized with(F;), the value of (F,,,) at a = 0. A critical transition length a. is indicated, i.e. the
notch length a = a, at which the global fracture load starts to decrease (confidence interval estimated

in grey).
The results in Figure 3-7 illustrate that the average global fracture force (Fp,qy)

was quite stable at notch lengths a smaller than roughly 9 mm (i.e. %< 0.2) for the

LDP, even though it slightly fluctuates. For larger notch lengths, however, the global
fracture force displayed a clear decrease. The behavior is similar at all investigated
relative air humidities (10%, 50% and 85%). Thus, a critical transition length a. for
the LDP is estimated to a, ® 9 mm. Note also that this length was independent of
the relative humidity, showing that it depends on the material structure. For notch
lengths lower than this critical length, the fracture initiated at random positions in
the paper sample. However, at notch lengths larger than the critical length, the
fractures were always localized to the notch tip. This fracture behavior is coherent
with previously reported results, cf. (Hagglund and Isaksson, 2006; Coffin et al.,
2013). In addition, at both 10% and 50% RH the average global fracture force (Fyqy)
was about 5 N. However, at higher RH of 85% the fracture force (Fpu) was
substantially lower, about 2.5 N. Hence, the global fracture load typically followed

the moisture-behavior of the Young’s modulus (Figure 3-6).

For the HDP, the results in Figure 3-7 shows that in contradiction to the LDP,
the global fracture force (Fq) decreased with an increase of notch length at all
tested humidity levels while the fracture was always localized to the notch tip. This
result is similar to the observations by e.g. (Mékeld and Fellers, 2012; Coffin et al.,
2013) and is typical of high-density papers, meaning that the HDP can be considered
a continuous material and described by classical theories in fracture mechanics. Also
for the HDP one observe that the fracture load typically follows the moisture-
behavior of the Young’s modulus (Figure 3-6). Importantly, in contrast to the LDP,

one cannot identify a critical transition length a..
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3.5 Analysis and discussion

3.5.1 Distribution of mass

The regions of relatively low mass distribution, i.e. antiflocs, were analyzed with a
Matlab code (Appendix). In some way antiflocs may be seen as “semi-pores” in the
sense that they have a lower load-carrying capacity than the average of the paper. In
the limit when an antifloc’s mass distribution tends to zero, the antifloc rather may
be regarded as a hole. Hence, the size and the distribution of the antiflocs are useful
parameters to characterize the heterogeneity of low-density papers. Figure 3-8 shows
the largest antiflocs detected by the algorithm applied on the light transmitted
optical image of a LDP of size 88 X 62 mm®. The antiflocs are mathematically defined
as isolated connected regions of pixels with a lower grey level value than the average
grey level value in the whole image while the size of an antifloc is defined as the
maximum distance between connected pixels in the antifloc. The relatively large
antiflocs evenly distributed over the whole domain/image, as one may observe in
Figure 3-8b. Figure 3-9a shows a histogram over the sizes of these 150 largest

antiflocs.

binizd im e 15 t a tiflcs

Figure 3-8 : (a) The binarized image of size 88 X 62 mm?® (pixels with low mass are white). (b)
The 150 largest antiflocs (regions of relatively low mass) in the image identified by the Matlab code.
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Figure 3-9 : (a) Histogram over the 150 largest antifloc sizes in the image. (b) The population of
antiflocs with size 3.25+£0.25 mm.

A selection of the 150 largest antiflocs correspond to about one antifloc per 6 X 6
mm®, a physically reasonable quantity having in mind that the average length-
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weighted fiber length is 2.1 mm. The more “large antiflocs” included in the statistical
analysis, the peak in the histogram in Figure 3-9a will naturally shift to the left as
the antiflocs vanishes while increasing substantially in numbers. It is hence difficult
to draw sound statistical conclusions of average size etc. among a population of an
arbitrary number of “large antiflocs”. Nevertheless, the histogram in Figure 3-9a
indicates that antiflocs having a size of about 3-3.5 mm dominate the population of
relatively large antiflocs in the LDP. Figure 3-9b shows solely those large antiflocs of
size 3.2540.25 mm and one observe that they are evenly distributed over the whole

domain.

3.5.2 The internal length ¢

The findings in Figure 3-7 shows that the average global fracture force were
rather constant at notch lengths a smaller than about 9 mm for the LDP. From this
observation one draw the conclusion that a critical defect size to obtain fracture
localization in the LDP is a, =9 mm. Since the global fracture load is constant
for 0 < a < a;, the cohesive stress s_ is equal to the global fracture stress s¥

when a < a., according to the theory. Then, using the hypothesized fracture relation

_s.e
3

in (3-9), i.e. K, = o3 together with the well-known classical macroscopic expression

for the fracture toughness of an edge crack, i.e. K, =112s¥[pa ], a relation that links

C to a, for the actual loading situation is
c» 0.113pa, (3-10)
Using a, =9 mm, the internal length ¢ for the LDP is estimated to about 3.2

mim.

3.5.3 Localization

Distant from the dominant macroscopic singularity at the crack-tip, at r>2c

according to (3-8), the subscale stress field S_ij is approximately equal to the global
macroscopic stress §;. Providing that the hypothesis that onset of microfractures in

the LDP occurs when the subscale stress reaches a certain critical limit o, is valid,
one realize that a microfracture may nucleate either in the crack-tip region or at
random locations at remote distances from the singularity (tip) depending on the
magnitude of the defect. For a < a, the subscale stress field is approximately
homogeneous in the body and equal to the remote macroscopic fracture stress s¥.
Figure 3-10 displays the theoretical stress ratio s¥ / S. at various crack lengths for an
edge crack using (3-8) under the assumption that microfractures nucleate when the

subscale stress S g €duals the cohesive stress s . Using (3-8, 3-9) the remote fracture

stress s¥ for an edge crack is given by (K, =1.12s*[pa]”?)
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Figure 3-10 : Localization (a) a = a, & 2.8, estimated by (3-11) for an edge crack (b).

One may notice the similarities between the shape of the curves in Figure 3-7, for
the LDP, and the theoretical one in Figure 3-10, given by (3-11). The horizontal line
in Figure 3-10 represents the situation when the approximated subscale stress field is
homogeneous in the whole body. At sufficiently small crack lengths afa,, the
subscale stress field is homogeneous as a result of the averaging, or gradient-enhanced
terms, reflected in (3-1). In this region may microfractures nucleate at randomly
positioned weak points in the body. At a>a_, indicated by the vertical stretched line,
the highest approximated subscale stresses occur at the vicinity of the macroscopic
singularity (tip), at r/c»1.1 according to (3-8), whereupon the fracture process is
localized to the tip region. The critical crack length a_ is roughly 2.8c according to
(3-10). Thus, a LDP with small variations in mass, i.e. with relatively small antiflocs,
is expected to have a smaller internal length C and a smaller critical defect size a_,
which leads to an interesting observation that a substantially more dense paper, such
as the HDP or paper boards, is inclined to localize fracture already at very small
defects. Hence, the gradient-enhanced fracture theory quantitatively explains why a
sparse discontinuous LDP requires a relatively large defect to localize fracture, in
contrast to a HDP, which is relatively continuous in this context.

3.5.4 Different scales

A LDP paper is a multiscale material. At least three different structural length-
scales may be of interest for the governing fracture process. With reference to Figure
3-11, principally: the paper structure is on the macroscale, the regions of high and
low mass distribution (flocs and antiflocs, respectively) as well as the fibers are on a
mesoscale (mm), while the interfiber connections (bonds) and the pores between the
fibers are on a lower scale, the microscale.
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Figure 3-11 : Three possible predominate structural scales at fracture in a LDP.

It is crucial to establish a physically sound connection between the theoretical
internal length ¢ and any predominating subscale in the material that influence the
fracture process. So, what structural scale is the governing scale at fracture in paper?
There are several candidates. From the analysis above it is concluded that since the
critical defect size a, ® 9 mm, the internal length ¢ for the LDP is estimated to
about 3.2 mm. The average length-weighted fiber length is about 2.1 mm and could
be a candidate. However, the fiber length seems to be of minor importance for the
structural fracture phenomena studied here because also very dense papers, such as
boards and liners, may have an average fiber length of some millimeters but still
behave as traditional continuums (Yuhara and Kortschot, 1993; Mékela and Fellers,
2012; Coffin et al., 2013). A physical parameter that distinguishes the LDP from the
class of more dense papers is the presence of clearly observable antiflocs, i.e. a large
variation in the mass distribution. While e.g. dense papers such as the HDP has a
smooth and limited variation in mass, the LDP has a high magnitude of varying mass
distribution, i.e. there are several large regions in a LDP of relatively low load-
carrying capacity. The regions of low and high mass are clearly visible to the naked
eye. Additionally, the sizes of antiflocs are not changing their sizes with the moisture
since it is a structural parameter, an observation that further strengthens the
hypothesis of the antiflocs importance. As seen in Figure 3-9, the antifloc regions are
evenly distributed throughout the LDP and the antiflocs having a size of 3.2540.25
are the dominating ones. The estimated value of the internal length, 3.2 mm, is
surprisingly close to the size of these dominating antiflocs and hence suggests that
the most typical size among large antiflocs is a prevailing length scale parameter for
fracture of a LDP. This observation seems physically reasonable and may explain
why fractures in LDP and HDP are so different. The theoretical hypothesis in Section
3.5.3 supports this observation. If this fracture hypothesis is valid, a consequence is
that another low-density paper with smaller mass variations than the studied LDP
(i.e. a paper with smaller antiflocs) is likely to have a smaller internal length and
critical defect size. Or, put differently, with smaller variations in mass, the critical
defect size is anticipated to decrease and the internal length tends to the average
interfiber bond distance in the fiber network. In the limit where the variation in mass
tends to zero, the material becomes a continuous and (3-8) turns into the classical
continuum LEFM stress field solution at a crack tip. Hence, a dense paper is inclined
to localize fracture already at very small defects since the internal length is vanishing
and the tip stress field tends to singularity. Thus, a key-conclusion is that the
hypothesized gradient-enhanced fracture theory quantitatively offers an explanation
why a discontinuous LDP requires a large defect to localize fracture in contrast to a
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HDP, which always localize fracture to any present defect. However, the applied
theory may be questioned from a physical point of view. The strange peculiarity that
the approximated subscale stress field is not divergence-free (and hence not in stress
equilibrium) need to be thoroughly investigated, explained and clearly understood to
support, validate and strengthen the theory. It is crucial that these essential scientific
questions are answered.

3.6 Conclusions

The fracture processes in two different moisture sensitive natural cellulosic
materials, a low- and a high-density paper, were studied experimentally and
analytically. It is shown that the two papers fracture in a different manner. While the
high-density paper was smooth and continuous on the macroscopic scale, the low-
density paper was substantially discontinuous and has a relative high degree of
varying mass distribution, which can clearly be observed with a naked eye. These
structural differences influence the materials ability to localize global fracture to
present defects. The high-density paper was able to localize fracture to very small
defects (<0.5 mm) while a rather large defect (~9 mm) was required in the low-
density paper to localize fracture. At defects smaller than that, the global fracture
took place at seemingly random positions in the paper. It is hypothesized that
different dominating subscales influences the prevailing fracture process in the two
materials. Notable is that the fracture behavior is similar at both high and low
relative humidity. However, the magnitudes of the global fracture load scales with
the moisture-dependent Young’s modulus in both papers. A physical parameter that
distinguished the low-density paper from dense papers was the presence of the clearly
observable large variations in the mass distribution (here referred to as antiflocs).
While dense papers has a smooth and very limited variation in mass, the low-density
paper has a high magnitude of varying mass distribution, i.e. there were several large
regions in the low-density paper that have a relatively low load-carrying capacity.
This observation seems to be physical reasonable and may explain why the fracture
processes are different. Additionally, the mass distribution is not changing with the
moisture level in the paper, which is in accordance with the experiments. A gradient-
enhanced theoretical model was applied to describe and capture this fracture
phenomenon and intended to approximate stresses on a subscale. The hypothesized
fracture theory quantitatively suggests why a discontinuous sparse paper requires a
relatively large defect to localize continued fracture in contrast to a dense paper,
which is relatively continuous in this context and can be described by classical
fracture mechanics theories. The relatively simple fracture theory was remarkably
consistent with the experiments and quantitatively captured subscale length-effects in
a convenient way. A key observation was that the internal length parameter, used in
the hypothesized fracture theory to bridge stresses to a subscale, was linked to an
average size of the most common large regions of relatively low mass, or antiflocs, in
the low-density paper, which seem to predominantly influence the fracture process.
According to the hypothesized theory: if the large regions of relatively low mass
would be smaller, the critical defect size to localize fracture would also be smaller,
and in the limit of a homogeneous mass distribution the material would become a
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classical continuum, which always localize fracture to very small defects. However,
even though the hypothesized theory seems promising it may be heavily questioned
from a physical point of view. A strange peculiarity that the approximated subscale
stress field is not divergence-free needs to be understood in order for the fracture
theory to be physically trustworthy. This is a subject for future studies.
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Appendix

The Matlab algorithm used to compute the size of the connected regions of low
density.

V=imread('image.tif"');
scalefactor=88/max(size(V)); %size of image (88mmx62mm)
V(V(:)<mean(V(:)))=0; V=logical(V);%threshold with mean value and binarize

subplot(2,2,1); imshow(V); title(binarized image');

CC=bwconncomp(V,8);
numPxs=cellfun(@numel,CC.PixelIdxList); [~,idx]=sort(numPxs);

N=150; idx=idx(end-N+1l:end); %only the N=150 largest antiflocs

subplot(2,2,2), imshow(V); [X,Y]=meshgrid(1l:size(V,2),1:size(V,1));

title( [num2str(N) ' largest antiflocs'l); hold on;

for k=1:N, i=CC.PixelIdxList{idx(k)}; plot(X(i),Y(i),.', 'color', 'r', 'markersize',.1); end

Le=zeros(N,1); s2= regionprops(V,Extrema'); %Get properties for the identified antiflocs
subplot(2,2,3), imshow(V); title([antiflocs of size 3.25+0.25 mm1); hold on;
for k=1:N %Extract N=150 largest antiflocs to compute size
Extrema=s2(idx(k)).Extrema;
[~,dist]=knnsearch(Extrema, Extrema, k',size(Extrema,1));
Le(k,1)=max(dist(:))*scalefactor; %largest distance beween pixels
if Le(k,1)>=3 & Le(k,1)<=3.5 sonly if 3<size<3.5
i=CC.PixelIdxList{idx(k)};
plot(X(i),Y(i),".",'color','r', 'markersize',.1); drawnow
end
end

subplot(2,2,4); hist(Le,50); xlim([@ 10]1); xlabel([mm]'); ylabel('Number');
title({'maximum distance between','pixels in each antifloc?);
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Chapter 4. 3D visualisation and quantification of
the fracture mechanisms in sparse fibre
network assessed with multiscale X-ray

microtomography

This chapter is based on an article submitted to Journal of Material Science, V.
Krasnoshlyk, S. Rolland du Roscoat, P. Dumont, E. Ando, P. Isaksson, A. Bonnin,
and M. Terrien.
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Abstract

The structural changes that are induced by the initiation and the propagation of a
crack in a low density paper (LDP) were studied using advanced imaging techniques.
Single edge-notched fracture tests (SENT) were performed on LDP samples with
different notch lengths using a micro tensile device that was mounted under an
optical microscope and in a laboratory or a synchrotron X-ray microtomograph. A
multiscale analysis of the initial and deformed structures of samples was performed
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using these images. The 2D optical images were used to understand the links between
the mesoscale structural variations such as flocs and the so-called “antiflocs” of LDP
and the crack path. Medium-resolution X-ray 3D images were used to analyse the
spatial variations in the thickness and local porosity of samples as well to plot
displacement field maps that are induced by the fracture of LDP. At a finer scale,
high-resolution 3D images showed that these mesostructural variations were
accompanied by complex fibre and bond deformation mechanisms that were, for the
first time, in situ imaged. In particular, these mechanisms occurred in the fracture
process zone (FPZ) that developed ahead of the crack tip before the crack path
became distinct and visible, and were at the origin of the aforementioned thickness
variations that developed more particularly along the crack path. They eventually led
to fibre-fibre bond detachment phenomena and crack propagation through the fibrous
network. These results can be used to enhance the current structural and mechanical

models for the prediction of the fracture behaviour of paper.

4.1 Introduction

Ordinary paper is a porous material that consists of natural cellulosic fibres. The
cellulosic fibres have an inherent capability to form inter-bonds between them
without any additives (Seth, 1979; Salmen and Back, 1980; Nissan and Batten, 1990;
Uesaka, 2002; Hirn and Schennach, 2015). Typically, cellulosic fibres are 1-3 mm in
length and 20-40 pm in cross-sectional width, depending on their origin (hardwood or
softwood fibres) and on the papermaking method (Retulainen et al., 1998; Gustafsson
and Niskanen, 2012). Since the fibres are much longer than the thickness of the paper
sheet, the fibre network is generally considered to be planar and generally exhibits in-
plane structural anisotropy, e.g. machine direction (MD) and cross direction (CD),
due to papermaking conditions. The porosity of papers ranges from almost zero for
dense papers such as tracing papers, to about 85 % for tissues. The layered fibrous
structure of papers and the limited conformability of the fibres are at the origin of
voids/porosity between them. The porosity of paper plays a significant role, for
example, in the paper converting processes such as coating, gluing and printing (Silvy
et al., 1995). In addition, the mechanical properties, i.e., tensile strength and fracture
behaviour, are fundamental properties for papermaking, converting and printing as
they are related to machine runnability. These properties are highly affected by the
paper structure, e.g. fibre orientation and spatial distributions, and the structural
constituents such as fibres and inter-fibre bonds which in return depend on the pulp
preparation and papermaking conditions (Niskanen, 1993; Donner, 1997; Sampson,
2001, Marulier et al., 2012; 2015). As the other papers, low density papers generally
exhibit anisotropic mechanical properties as well as a well-pronounced inhomogeneous
structure caused by formation where the fibres get entangled in flocs, i.e., regions of
relatively high local mass distribution (Dodson, 1996; Isokangas and Leiviskéa, 2011).
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In particular, the mechanisms of crack propagation in paper materials depend on
their density. For instance, high-density papers, e.g. packaging or printing papers,
exhibit straight crack propagation ahead of a notch, whereas the crack path in low-
density papers presents a diffuse behaviour (Isaksson et al., 2012) and other
phenomena such as crack tip blunting occur (Isaksson and Dumont, 2014). The
tensile behaviour of low-density papers, such as tissues, differs from the printing and
packaging papers due to a more open “sparse” network structure, offering greater
fibre flexibility (Coffin et al., 2013). When a low-density paper is subjected to a
mechanical loading, complex deformations arise on the micrometric and millimetre
scales and have to be captured properly (cf. previous chapter). Formation of paper,
i.e., local mass variations, causes inhomogeneous deformation in different types of
papers: local mass variability affects the variation in the strain distribution and, thus,
affects the fracture process in papers (Wong et al., 1996; Considine et al., 2011;
Hagman and Nygards, 2012).

Several techniques have been used to investigate crack initiation and propagation in
papers such as for instance acoustic emission (Alava and Niskanen, 2006, Isaksson
and Hagglund, 2013), fractography of crack line (Salminen et al., 2003) as well as 2D
imaging of silicone-impregnated paper during tensile and fracture tests (Korteoja et
al., 1996, Niskanen et al., 2001). Recently, digital image correlation (DIC) and
thermography were combined to perform a surface analysis of the strain field and
temperature field onto the surface of paper samples during tensile experiments
(Hagman and Nygards, 2017). Acoustic emission enables sound emission of crack-
related events to be acquired during crack experiments. However, it is difficult to
extract information on the fine scale deformation mechanisms (fibre and/or bond
breakage). In Korteoja et al. (1996), 2D image analysis of the silicone-impregnated
paper during a tensile test showed that the plastic strain patterns and eventual
mesoscopic fractures were affected by the paper formation. Moreover, the fracture
initiates and passes through the relatively low mass distribution areas (Moffat et al.,
1973). In Hagman and Nygards (2017), the authors were able to predict where the
crack initiates but not where the crack propagates using 2D imaging combined with

digital image correlation technique and thermography.

Furthermore, one more open question in fracture mechanics of paper material is the
size of the fracture process zone (FPZ) that appears ahead of the notch/crack tip of
paper before the crack becomes distinct (Coffin et al., 2013). This zone corresponds
to an area around the crack tip where the stresses alter from the global stress in
paper (Donner, 1997; Coffin et al., 2013; Niskanen et al., 2001; Ostlund and Mérkeli,
2012). The size of this zone is seen by many authors as an important parameter for
the fracture behaviour of fibre networks such as papers. For instance, it is used as
internal length in modified linear elastic fracture mechanics (LEFM) models
(Niskanen et al., 2001, Coffin et al., 2013) that are proposed for the prediction of
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fracture resistance of paper. There was one attempt to measure the size of the FPZ
proposed by Niskanen et al., 2001 which is an invasive procedure as it consists in
impregnating the paper sample with a silicone oil and following the crack opening
using 2D images acquired under the optical microscope for a medium density paper.
However, the authors could not give any detailed description of the deformation and
damage mechanisms that occur in the FPZ using this approach. However,
information about the nature of the mechanisms that are activated in the vicinity of
the crack during crack initiation and propagation would be necessary to validate or
not fracture mechanics models for paper. Several questions on the phenomena that
govern fracture in paper are still open: How do the fibres deform? Do they show
plastic deformation? Do they break? Do fibre-fibre bonds break? What are the
mechanisms that lead to their breakage? What is the influence of the structural

heterogeneity of paper on these phenomena?

All the aforementioned studies that link microstructural or mesostructural
parameters to the crack mechanisms are based on 2D imaging. The main drawback of
all these techniques comes from the fact they provide information on the average
structural properties in the thickness direction and, therefore, do not take into
account the 3D structural effect that arise in the paper structure. X-ray
microtomography allows the 3D inner structure of different materials to be visualised
in a non-invasive way (Antoine et al., 2002; Salvo et al., 2003; Rolland du Roscoat et
al., 2005; Yu et al., 2016), and thus can overcome this drawback and bring
complementary information to the ones provided by traditional imaging systems. As
mentioned by Yu et al., 2016, this method is suitable to understand the fracture

phenomena in fibrous materials.

Therefore to provide a multiscale analysis of the structural evolution of a low density
paper during a fracture test, images of paper samples were obtained in this study
using either X-ray tomography or optical microscopy. Advanced images analysis tools
were developed, first, to investigate the influence of mass variation on the crack
propagation and, second, to map the evolution of the local porosity and thickness as
well as to visualise at the fibre scale the mechanisms developed during the crack

propagation.

4.2 Experimental procedure

4.2.1 Materials and sample preparation

The Low Density Paper (LDP) considered in this study was made from bleached
unbeaten softwood chemical pulp and produced at low speed by “air-drying”,
resulting in a sparse fibre network that did not show any in-plane preferential fibre
orientation. The arithmetic mean fibre length was 1.3 mm and their coarseness was
0.14 mg m" measured using Morfi apparatus (Techpap®, Grenoble, France). Using
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standard techniques (ISO 536: 1995(F) and ISO 534: 2011(F)) of paper science, the
basis weight g of paper was measured by dividing the mass of samples by their in-
plane areas (100x100 mm?), and their apparent thickness t was measured using a
micrometer which consisted of two parallel plates (diameter of 10 mm) placed in
contact with the sample surfaces (static pressure of 100 kPa). The basis weight of
LDP was 23 ¢ m” and the thickness was 113 pm. Its porosity @ was equal to 86 %
and was obtained as follows:
®»=1-—2 (4-1)

b
t.Pfibre

where pgipre was the fibre wall density and was equal to 1550 kg m”.

All the analysed samples were cut in a rectangular shape in machine direction (MD)
with width w and initial length h; using a cutting machine (Kongsberg® XL 22,
Eskoartwork, Gent, Belgium) to ensure the repeatability of the results. Depending on
the imaging system, w and hy differed (Section 4.2.2). A notch of the length a was
cut at the midheight and one edge of the samples, as shown in Figure 4-1a. Since the
mechanical properties of papers are highly influenced by the temperature and the
relative humidity (Alava and Niskanen, 2006; Haslach, 2000), all the samples were
stored at ambient temperature T of 23 °C and a relative humidity RH of 50 % for at
least 24 hours before the mechanical experiments. All mechanical experiments were

performed in similar ambient conditions.

4.2.2 Single edge-notched fracture tests (SENT) with optical or X-ray
imaging techniques
Based on previous experiments (Isaksson et al., 2012), a mini tensile machine was
developed and mounted on the X-ray microtomograph rotation stages (Figure 4-1b)
as well as under the optical microscope. The samples (Figure 4-1a) that were placed
in the clamps (the distance between clamps was denoted h) were subjected to tensile
test while the bottom clamp was attached to the piezoelectric motor (NanoPZ Ultra-
High Resolution Actuator, Newport, USA) was moving vertically down. The mini
tensile device was equipped with a 5-N load cell (MEAS XFTC300, USA) and Linear
Variable Differential Transformer (LVDT) (D5/05000U/RA, RDP Electronics Ltd,
United Kingdom) displacement sensor. During the experiments, both the normalised
force F/w (where F is the measured tensile force, and w the sample width) and the

global tensile strain were calculated.

4.2.2.1 SENT with ex situ 2D optical imaging

LDP is a type of paper with a relatively high degree of mass distribution variation,
which can clearly be observed with a naked eye. The microscopy with a visible
transmitted light was used in order to measure the mass distribution in paper
(Trepanier et al., 1998; Isokangas and Leiviska, 2011), as well as to study its
influence on the fracture behaviour in paper (Wong et al., 1996). Furthermore, the
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choice of this technique for studying the mass variation is supported by the
investigation of Komppa (1988) and Dooley and Sampson (2002) where the
relationship between local light transmission and local grammage was approximately
linear for highly scattering paper which was the case for the LDP analysed in this
study.

Two-dimensional optical images of LDP samples of 12x12 mm?® with 0 and 5 mm
single edge notches were taken prior and after the single edge-notched fracture tests
at a pixel size of 7.3x7.3 nm” (see the example in Figure 4-1a) in transmission mode
using a stereomicroscope (ZEISS®, Discovery.V20, Germany) equipped with a CCD
camera (ZEISS®,AxioCam ICch, Germany) and objective (ZEISS®, Plan S 1.0x, FWD
81 mm, Germany). The initial distance h, between clamps was set to 6 mm. The
black areas in this image correspond to the zones that were denser in the thickness
direction compared to the rest of the sample due to high mass distribution variations.
One of the SENT typical curves for a sample with a = 5 mm obtained using the mini

tensile device is shown in Figure 4-2a (dotted line).

4.2.2.2 SENT with 3D in situ X-ray imaging

The microstructural changes of LDP during fracture tests were monitored using the
X-ray microtomograph installed in the 3SR laboratory and the synchrotron X-ray
microtomograph of the TOMCAT beamline of the Swiss Light Source (Paul Scherrer
Institut, Villigen, Switzerland). Figure 4-1 shows both experimental setups. The
acquisition parameters for each type of X-ray microtomography experiments are
given in Table 4-1. For both experiments, 2D X-ray radiographs of the samples were
obtained during the full rotation of the mini tensile device with the sample. Then,
these radiographs were used to reconstruct the 3D microstructure of the sample, i.e.,
the spatial distribution of the local X-ray attenuation coefficient. An absorption mode
and a filtered back-projection algorithm (Kak and Slaney, 2001) were used for images
acquired using the lab microtomograph, whereas the Paganin phase retrieval mode
(Paganin et al., 2002) and regridding reconstruction algorithm (Marone and
Stampanoni, 2012) were used for the images acquired using the synchrotron
microtomograph. Both imaging sources provide complementary information since the
3D images showing the evolution under loading of the paper structure were acquired
at a medium resolution using the lab X-ray microtomograph during interrupted
SENT, and at a high resolution and during continuous and real-time fracture SENT
using the synchrotron X-ray microtomograph. This enabled the evolution of paper to

be studied at the network scale and the fibre scale, respectively.

Interrupted SENT - In the lab X-ray microtomograph a scanning time of about 2
hours was necessary to obtain a high quality images of the paper microstructure at a
voxel size of 6.9x6.9x6.9 pm®. Therefore, an interrupted procedure was used: the

loading was stopped each time during image acquisition of the sample which was
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denoted S1 (Table 1). The load-point displacement rate v was 0.3 mm min". The
corresponding tensile curve for the sample which was denoted S1 is shown in Figure
4-2a (bold continuous line), whereas several 3D X-ray images illustrate the fibrous
network of this sample during loading in Figure 4-2b. As the LVDT sensor could not
be used during this test, the tensile curve was adjusted in accordance with the
displacement of the clamps measured in the 3D images. Because of the conic beam
geometry of the laboratory microtomograph, a slight deformation of the upper clamp
and of the image edges is apparent in Figure 4-2b. In the series of images 13 — I5 of
sample S1 obtained at different states of deformation, a small distortion of the
bottom clamp can be observed due to its shift to the edge of the field of view. These
areas were excluded from the analysis of the microstructure or the displacement fields
of sample S1.

Continuous SENT - Synchrotron X-ray microtomography enabled real-time X-ray
scanning (Mokso et al., 2011; Laurencin et al., 2016) of a sample during continuous
SENT, i.e., the acquisition of a sequence of several images of a sample which was
denoted S2 (Table 1) without stopping the mechanical loading. Each image of the
sequence was obtained using a high-speed detector PCO.Dimax (PCO, Germany)
every 200 s with a voxel size of 0.55x0.55x0.55 pm®. For these experiments, the mini
tensile device was placed inside of a special humidity chamber where the
environmental conditions were controlled using a humidity generator (Figure 4-1d).
The velocity of the motor during the tensile test (0.06 mm min™) was chosen in order
to obtain images of a decent quality. Contrary to the laboratory X-ray
microtomograph, the ultra-fast image acquisition (5 ms per projection) and the
parallel-like geometry of the synchrotron X-ray beam did not cause any notable
image deformation. Figure 4-8 shows the sequence of images (denoted C1 to C10) of
the notch tip area (field of view of 1.1x1.1 mm?®) of sample S2 that were acquired.

The corresponding force-strain curve is shown in Figure 4-2a (continuous line).
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Figure 4-1 : (a) Micrograph obtained using the visible transmitted light of the notched LDP
sample. (b) Mini tensile device mounted on the rotation stage in the X-ray microtomograph of
laboratory 3SR. Sample was placed between two mechanical clamps. (¢) Experimental setup in the X-
ray microtomograph of laboratory 3SR. (d) Experimental set-up at the synchrotron X-ray
microtomograph of the TOMCAT beamline of SLS. Signs in all the images: 1 — X-ray source; 2 — Mini
tensile device; 3 — Schematic conic X-ray beam; 4 — X-ray detector; 5 — Rotating stage; 6 - Force
sensor, 7 — Sample; 8 - Piezoelectric motor; 9 — Image acquisition system; 10 — Humidity chamber; 11
— LVDT sensor; 12 — Schematic parallel X-ray beam.

Table 4-1 : Experimental parameters for X-ray microtomography experiments.

X-ray microtomograph 3SR laboratory TOMCAT
Sample S1 S2

1) Voxel size [m?] 6.9%6.9x6.9 0.55x0.55x0.55
2) X-ray characteristics 250 pA, 40 kV 400 mA, 20 keV
3) Number of projections [-] 900 501

4) Projection size [pixels] 15361920 2016x2016

5) Scan duration s] 7200 2.5

6) Scan levels [-] 5 10

7) Scan type interrupted continuous

8) Sample dimensions

- width w [mm] 8 12

- height h [mm] 6 6

- notcha [mm)] 3 4

- a/w [] 0.375 0.334

142



(a) 160
(F/w) = X-ray, interrupted, sample “S1”
max -=-" no X-ray, continuous

140
—— X-ray, continuous, sample “S2”

120

g

£
oY
Z 30
=
w

(b) Sample «S1»

60

T
0,15

strain [-]

Figure 4-2 : Tensile curves for the LDP samples in (a) were obtained using the mini tensile device.
Forces were normalized with the width of the samples. One of the curve (bold continuous line)
represents interrupted tensile test with X-ray monitoring (performed at 3SR laboratory) of sample S1
where each X-ray scan (I1-I5) is indicated on the curve and the obtained 3D images (voxel size of
6.9%6.9x6.9 pm®) are shown in (b). The direction of the moving bottom clamp is shown with a bold
black arrow on the image I1. Structural change such as pore size augmentation is indicated with the
blue arrows in I3. Continuous tensile test with X-ray monitoring (performed on the TOMCAT
beamline of SLS) of sample S2 is represented using a continuous line where X-ray scans (C1-C10) are
indicated. Continuous tensile test without X-ray scanning is shown with a dotted line.

4.2.3 Image analysis

The 2D and 3D greyscale images were used to analyse the evolution of the geometry
of the samples and extract descriptors of their microstructure. However, for some of
the analyses, the reconstructed 3D datasets were converted from greyscale images to
binary images using classical image processing tools: a median filter with a radius of 2
pixels (only for images of 0.55x0.55x0.55 pm® resolution) followed by thresholding
Isodata algorithm (Ridler and Calvard, 1978). When it was needed, the ring artefacts of
the 3D images were also manually removed. This segmentation procedure allowed the
fibre phase to be separated from the pore phase.
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In addition, 2D enhanced radiographs were obtained by projecting the binarised 3D
images in the thickness (Y-direction) of the paper samples (Figure 4-7a). The
representation of the images aims at better visualizing the quantitative results.

4.2.3.1 Detection of floc and antifloc zones

In order to quantify the positions and sizes of the regions of relatively high mass
distribution (flocs) and of relatively low mass distribution (antiflocs), a Matlab®
algorithm was developed and applied to 2D binarised images (obtained using optical
microscopy images or the aforementioned 2D enhanced radiographs) using the
median value of the grey level (Jordan, 1986) in order to minimize effect of the
variations in the image contrast. Then, the erosion function with structural element
‘disk’ (radius of 3 pixels) enabled us to obtain the connected regions of the pixels
related to the flocs that were identified using ‘regionprops’ function. In the case of
the antiflocs, the binarised images were inverted and the same procedure was applied
to extract the connected regions of pixels. Flocs and antiflocs regions were
approximated by ellipses, simplifying the shape of the original heterogeneities but
giving an order of magnitude of their approximate dimensions (major and minor

ellipse lengths).

4.2.3.2 Local thickness and porosity maps

The thickness and porosity of each sample were measured locally using the 3D
binarised images. To that extend, a grid was applied onto each slice of the 3D
binarised images, as shown in Figure 4-3. The size of the Analysis Window (AW) of
the grid was chosen according to the resolution of the images and to the aim of the
analysis. For each AW across the thickness, the two surface boundaries were defined
as the first and the last occurrence of the fibre phase from which the local thickness &
was obtained. Therefore, the thickness map is a 2D image of local thickness variation.
Further, to compare local thickness variation of the sample, every thickness map was
normalised with the mean thickness t; of the first image of an image sequence.

The porosity maps was obtained from the local porosity that was calculated for each
AW restricted by the obtained surface boundaries identified in the thickness map
analysis:

~ N.
& = pore ’ (4_2)
NporetNfgipre

where @ is the local porosity of each AW, Npore the total number of pixels in each
zone corresponding to the pore phase, Nfjpre the total number of pixels in each zone

corresponding to the fibre phase.
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Figure 4-3 : Scheme of local thickness and porosity measurements on a 3D X-ray image using a
grid (yellow). Fibres are white and the pores/air black. (a) The grid (yellow) was applied to each slice
XZ of the image in the Y direction where the analysis was performed in each analysis window (AW)
(example of AW in red); (b) The samples’ surfaces (boundaries) were determined in each AW
(example in red) in the cross section YZ.

4.2.3.3 Continuum Digital Volume Correlation (DVC)

Digital Tmage Correlation is a powerful tool that can provide full-field measurement
of kinematics at the surfaces (2D) as well as within an object (3D) during its
deformation (Roux and Hild, 2009; Hall et al., 2010; Viguié et al., 2011). The
principle of Digital Image Correlation is to recover the image feature from a reference
image to the deformed image which provides the displacement fields. In this study,
Digital Volume Correlation (DVC) was performed using the python-based code
TomoWarp2 (Tudisco et al., 2015) which is based on the earlier TomoWarp code
(Hall et al., 2009). In this code, (i) a grid of the analysis points (nodes) is first
applied over the grey scale 3D images; (ii) a group of pixels surrounding each node of
this grid, called correlation window which correspond to the feature, is determined in
the reference image. The correlation itself consists in searching for the most similar
correlation window in the deformed image based on the statistical measure of
correlation, for example, the normalized correlation coefficient (Ando, 2013). The
search is usually performed within a reduced area in the deformed image called search
window, providing a displacement values such as integer number of pixels. However,

to obtain more realistic values, a subpixel refinement is performed.

In this study, this technique was applied to the medium resolution images of sample
S1. First, the greyscale images of this sample were masked using its segmented
images in order to separate fibre phase from non-constant background value, to
decrease noise in the images including ring artefacts and to restrict zone of the
analysis. The subpixel refinement was based on the interpolation of the correlation
coefficients corresponding to integer displacements (Viggiani et al., 2012). For the 3D
images of sample S1 where the mean fibre width was 4 voxels, the correlation window
was set to 5 voxels, the node spacing to 2 voxels. In addition, the search window was
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set for each image I1 to I5 uniquely as it depended on the clamp opening. The
thickness of the studied paper was small and often the structure was slightly tilted in
the images; therefore it was not possible to extract a relevant single slice with
required information on deformation. Thus, the analysis was only focused on the
components of the displacement field. DVC enabled the component of the
displacement field to be measured between two successive images, i.e., the
displacement components were measured incrementally, for instance between images
I1 and 12 and so on, as shown in Figure 4-5b and c. For simpler representation, these
3D fields were projected through the thickness direction using median values which
provided a 2D global overview (Figure 4-5).

4.3 Results

4.3.1 Typical mesoscale results

Normalised force vs. strain curves — The typical evolution of the normalised
tensile force as a function of the global strain of samples are shown in Figure 4-4 for
several samples without notch — curves (a) and (b) — and samples with a 5-mm notch
—curves (c¢) and (d). In addition, Figure 4-2a shows several SENT curves obtained
under various conditions: a continuous test without X-ray monitoring (dotted line)
and an interrupted test (bold continuous line) as well as a continuous test
(continuous line) with X-ray scanning. All the samples behaved similarly during these
tests and exhibited a typical behaviour for a LDP: the force-strain curves presented a
sharp practically linear and smooth increase that was followed by non-linear part
that led to the maximum carried force F,,. Then, the force slowly decreased until
the complete breakage of the sample was reached. During this decrease the curves
were irregular. This evolution was certainly related to damage and crack propagation
events before the sample breakage. Note that the shape of the curves was similar for

the samples with and without notch.

In addition, for sample S1 (bold continuous line), relaxation phenomena are clearly
apparent due to the interruption during X-ray acquisition (Figure 4-2a). However,
this interruption of the tensile test did not affect the global mechanical behaviour of
sample S1, making both types of experiments complementary. Thus, the X-ray beam
did not seem to have an effect on the mechanical response of the studied LDP
samples, which led confidence in the information that was extracted from the analysis

of these images.
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Figure 4-4 : Micrographs of 0 and 5 mm notched samples (12x6 mm?) before (1) and after crack

propagations (3) (fibers — in dark grey); (2): Inversed original images with flocs shown in red (fibers —
in light grey), and antiflocs in blue; (4): Tensile curves for the corresponded images of the samples.
Forces were normalized using the width of the samples.

Displacement field - The components u, and u, of the displacement field in the

loading y and the z directions that were obtained for sample S1 are shown in Figure

4-5b and c¢, respectively. The component u, is not shown as it did not deliver any

complementary information. Images I1 and 12 were taken before the maximum force

Fnax was reached, whereas images 13 to I5 were taken after the maximum force

(Figure 4-2). The following comments can be made from the images of the

components of the displacement field:

Prior to the maximum force F;,qy, the components u, and u, along the y-axis and
z-axis, respectively, exhibited rather smooth variations (Figure 4-5b and c, images
[1-12). However, the component u, exhibited a transition on both sides of the
crack lips. The top part of the sample located above the top crack lip did not
seem to move compared to the part of the sample located beneath the bottom
crack lip. Further, the variations of the component u, show that the sample did
not exhibit any out-of-plane significant variations.

The increment of displacement components measured between the images 12
(prior to Fuay) and 13 (after F,,,) shows that several heterogeneities appeared
during the transition through the force peak. The magnitude of both components
increased over the entire sample in terms of absolute value. Above the top crack
lip, the displacement u, remained quite low, whereas the bottom left part moved
approximately by 0.22 mm down. The component u, reveals that the notch lips

moved in two out of-plane opposite directions. Ahead of the notch, this
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component exhibited heterogeneous patterns. However, it was difficult to
ascertain if the locations of these patterns reflected the locations of the flocs or
antiflocs that are shown in the images 12 and I3 in Figure 4-5a, whereas such a
link was clearly established by Hagman and Nygards (2017) for paperboards, i.e.,
a denser material.

- In the maps I3-14 and I[4-15, i.e., after F,,, the heterogeneities of both
displacement field components still increased in a remarkable manner. This
increase was possibly due to fine scale damage of the fibre network induced for
instance by fibre movement or fibre-fibre debonding as fibre patterns can be
clearly distinguished. Two distinct zones also appeared in the maps [3-14 and 14-I5
for the u, component. The transition zone between these two zones represents the
crack path in the maps I3 - 14 and 14 - I5 in Figure 4-5b. The crack path (also
apparent in the enhanced radiographs 14 and I5 in Figure 4-5a) is also clearly
apparent in the maps I4 - I5 for u,, in Figure 4-5c. Note that the missing part of
the paper sample observed in the images I3-14 was due to large notch lip

displacement in the thickness direction that was outside of the search window. It

is also interesting to notice that the crack tip exhibited a blunt shape which is
typical for LDP (Isaksson and Dumont, 2014).

x 103 [mm]

(b) My

u z 200

Figure 4-5 : (a) X-ray enhanced radiographs of sample S1 during SENT. Fibres are in grey, and air
is in black. On the images I2 and I3 the flocs were detected as red ellipses and antiflocs are yellow
ellipses. Due to different intensity the image edges were excluded from the floc identification analysis.
(b) Component u, of the increment of the displacement field in the tensile direction represented using
median intensity projections. The colour bar was applied to all the images except I1-12 with its own
bar. (c) Component u, of the increment of the displacement field in the y-direction represented using

median intensity projections.
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Influence of the notch length on the normalised force - Figure 4-6 shows the
evolution of the maximum normalised force F,q,/w for various ratios a/w that
ranged between 0 and 0.42 for samples with dimensions w=12 mm and h=6 mm. The
heterogeneities in the structure related to the paper formation affect its tensile
strength (Norman, 1966; Nazhad et al., 2000), therefore, significant error bars can be
observed on the graph. The maximum normalised force Fu/w for sample S2
indicated in the graph is in the error bar range. The average fracture force (F,,4,) was

almost stable until a critical ratio (%) that ranged between 0.25 and 0.33, thereafter
c

the maximum normalised force decreased. The visual observations of these
experiments showed that, if the notch length was less than the critical value, fracture
phenomena initiated at a random “weak” area in the paper samples, whereas fracture
always localised in the vicinity of the notch tip if the notch length was large enough,

i.e., if the ratio was approximately equal to 0.25.

This fracture behaviour is typical for the low density papers, and is coherent with
previously reported results, cf. previous chapter and Hagglund and Isaksson (2006),

Coffin et al. (2013); , where the dimensions of the samples were larger.

180

<Fmax>/w [N/m]
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Figure 4-6 : Influence of the notch length a on the normalised maximum force F,,,. The average
peak forces (Fpq.) with the error bars were normalized with the widths of the samples (w=12 mm).
Sample S2 is indicated on the graph.

4.3.2 Evolution of paper structure at the meso- and microscale during
crack initiation and propagation

Both 2D and 3D images allow several comments on the crack initiation and
propagation to be made, more particularly on the links the microstructural

characteristics of the LDP fibrous network and these phenomena.

Influence of formation on crack path — Besides typical SENT curves, Figure 4-4
shows typical micrographs of the initial and cracked states of notched (a=5 mm) and

unnotched samples. The position of flocs and antiflocs in these samples is also shown
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in these images. The visual analysis of these images and some other images (not

shown here) enabled some principles for the crack initiation and propagation to be

proposed:

e Regardless of the presence of notch, cracks tended to propagate in the low mass
distribution regions (antiflocs), avoiding the denser regions (flocs). However, in
the particular case when the major axis of the ellipse representing a floc was
almost parallel to the loading direction (shown for example with the black arrow
in Figure 4-4a-2), cracks propagated through the floc connecting the notch tip
with the largest antifloc or two largest antiflocs.

e In the samples without notch, e.g. Figure 4-4a,b, the crack always initiated at the
largest antifloc in the structure, which was possibly the area showing the weakest
mechanical properties in the fibrous network.

e In the samples with a ratio a/w larger than the critical ratio, as shown in Figure
4-4c,d, if the antiflocs were located next to the notch tip, the crack propagated
through them (Figure 4-4c). Otherwise, if a floc was ahead of the notch tip the
crack was “attracted” to the biggest antifloc in the vicinity of the notch (Figure
4-4d).

In addition, the effect of the flocculated network on the mechanical behaviour could
also be noticed on the tensile curves that are shown in Figure 4-4. Crack propagation
around flocs seemed to be more energy consuming. For example, the total work of
fracture that was estimated from the area under the SENT curves for the notched
samples (d) and (c) was 2.1 times larger for sample (d) where the crack had to
circumvent several flocs than for sample (c¢) where the crack could propagate through
a “corridor” of antiflocs. Similarly, the unnotched sample (a) with a vertical floc
(Figure 4-4a-2) through the crack path presented 1.3 times larger of TWF than the

sample (b) that also exhibited a “corridor” of antiflocs.

These observations show the importance of paper formation and how mesoscale
structures such as flocs and antiflocs affect the tensile strength and the crack
propagation phenomena in LDP as well as their breakage. However, they do not give

information on the 3D mechanisms that are involved.

The 3D images of both samples S1 and S2 (Figure 4-2b and Figure 4-8) obtained
during SENT illustrate the 3D microstructural changes in a qualitative manner. The
3D images in Figure 4-2b and the enhanced radiographs in Figure 4-7a of sample S1
illustrate stepwise crack nucleation followed by its propagation. The images I1 and 12
obtained in the linear part of the tensile curve (prior to Fpygay) did not exhibit any
microstructural differences that could be seen with the naked eye. Changes occurred
starting from image 13 (after Fy,,) where the dimensions of some pores increased, for
example in the areas shown with the arrows in Figure 4-2b, as well as crack tip
blunting. Images 14 and I5 enabled the localisation of the crack to be distinguished as
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a zone with large pores along it clearly appeared. The images in Figure 4-2b that
were taken at a higher resolution zoomed in the crack tip of sample S2 that exhibited
a blunting phenomenon during SENT. In the vicinity of the crack tip, the pore size

also showed an increase.

Evolution of the local porosity and local thickness - The quantitative
evolution of the local porosity and local thickness of samples S1 during SENT is
shown in Figure 4-7b,c. These maps were obtained for a grid with a size of analysis

windows (AW) of 10x10 pixels, i.e., approximately 70x70 jm®.

The maps show large heterogeneities for these mesostructural descriptors of the
fibrous network in its initial state (image I1). The thickness map exhibits periodic
patterns that are slightly apparent. These patterns could be wire marks and could
have been induced during papermaking. Flow and antifloc patterns could also be
superimposed to the wire marks and contribute to the overall variations of the LDP
thickness. The cross section of the 3D image I1 that is shown on the left-hand side of
Figure 4-7d also reveals that local fibre detachment phenomena could contribute to
localised thickness variations. The initial mean thickness (£) of sample S1 is given in
Table 4-2. This thickness was equal to 150 pm and was larger than the apparent
thickness obtained using the standard measuring technique (Section 4.2.1) where
paper was compressed. The mean porosity of sample S1 in its initial state deduced
from the local porosity map was 67 % that is less than the calculated porosity using
classical approaches (Section 4.2.1). This difference could arise from the threshold
that is complicated on the low resolution images, but could also reflect a local
variation in the LDP structure that was present in the S1 sample. As the threshold
for the porosity calculation was the same for each image of sample S1, only the

porosity variations between images I1 to I5 were considered to be significant.

The porosity and thickness maps of images I1 and 12 did not exhibit significant visual
variations of the LDP mesostructure (Figure 4-7). It may be explained by the fact
that both 3D images were obtained below the maximum force F,,,, i.e., in an elastic
deformation regime. According to the result given in Table 4-2, the mean thickness in
sample S1 slightly decreased between images I1 and I2. This contraction could be
related to a Poisson’s effect. The out-of-plane Poisson’s ratio was estimated as the
ratio between —(e,,)/(€,,), and was equal to approximately 0.2, which is a possible
value for paper (Niskanen and Karenlampi, 1998). In parallel, the porosity exhibited
a slight increase between images I1 and 12.

Close to the notch tip a significant increase in the local thickness and porosity was
apparent in the map I3 (after the maximum force F,,y), as indicated by the zones
delimited with two parallel dashed lines. Note that this zone was only visible in these
maps and not in the enhanced radiographs (Figure 4-7a). Thereafter, the crack path
could be easily recognized in the maps 14 and I5 where the local porosity reached
values above 90%, and the local thickness almost doubled. In addition, the average
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thickness and porosity given in Table 2 showed an overall increase. This localised
increase led to an overall increase in the mean thickness between the initial 11 and
the final I5 images that was almost 13.5%, whereas the average porosity (@)
exhibited a continuous increase, and the total growth was about 25%. Note that
similar fracture mechanisms were observed in other samples of LDP that were also X-
ray monitored. Therefore, these observations seem to be typical of crack initiation

and propagation phenomena in LDP.

§ . g A\ :
Figure 4-7 : (a) X-ray enhanced radiographs of 3D images of sample S1. (b) Normalised local
thickness maps for the corresponding X-ray images, the analysing zone is 10x10 pixels; (¢) Local
porosity maps for the corresponding X-ray volumes, the analysing zone is 10x10 pixels; (d) Cross-
section of the 3D X-ray volumes of upper part of the sample (as it is shown in Figure 4-7¢). Fibre
detachment is observed and indicated with the arrows. On the images the FPZ is indicated with the
dotted lines.
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Table 4-2 : Average structural parameters deduced from the local mapping analysed with
AW10x10 pixels (70x70 pm?) with (£) the average thickness, A(f) the thickness variation considering
the thickness in the image I1 as reference, (®) the average porosity, A(®) its variation, (&yy) and (g,,)
the average out-of-plane and the in-plane strains that were calculated considering the image I1 as the
initial configuration of sample S1.

Images 11 12 13 14 15
(&) [nm] 150.0 139.8 144.4 159.2 179.4
AT [pm] - -10.2 4.6 14.8 20.2
() %] 63.6 66.8 72.7 79.1 79.3
MP) %) - 3.2 5.9 6.4 0.2
(g5 %] - 6.8 3.1 9.9 13.5
(€,,) [%] - 1.5 6.3 17 26

Fibre-bond detachment mechanisms — Figure 4-7d shows cross-sections of the
images I1-15 of sample S1 during SENT. An increase of fibre detachment phenomena
occurred during crack propagation as it is evident for example in the image 15 where
fibres that were detached at the end of SENT are shown by black arrows. However,
the resolution of these images was not high enough to obtain clear observation of
these phenomena at the fibre and bond scale. Therefore, these mechanisms were
investigated in detail using the high resolution images of the notch tip of sample S2
(Figure 4-8).

In Figure 4-8, image C3 was taken in the linear part of the force-strain curve prior to
Frax, images C4-C5 in the non-linear part prior to the force peak F,,,, image C6 was
taken when F,,, was reached, and images C7 and C10 after F,,,. The cross sections
in Figure 4-8¢c show the progressive damage of samples and the corresponding
thickness growth of the fibre network. In particular, Figure 4-8d and e show two
groups of fibres (the group of fibres denoted F1, F2, and F3 and the group of fibres
F4 and F5) that were manually extracted from the 3D images. In images C5 (prior to
Fnax), fibre F1 was in full contact with fibre F3, whereas fibre F2 was partially
connected to fibre F3. Similarly fibres F4 and F5 were in contact. As evident from
these images, during SENT, the imposed stress tended to rotate/twist the fibres
(images C5 and C6) and to incrementally modify the geometry of the fibre-fibre
bonds (contact area) until they broke (images C7). No preferential location of bond
breakage along the fibres could be detected. Finally, once several were broken along a
fibre, the detachment of this fibre from the network was observed. Fibre bond
detachment was mainly observed just after the force peak, as shown in images C7 for
both groups of fibres (Figure 4-8d and e). These phenomena were observed for several
fibres in the area near the notch tip. Furthermore, it was also observed that the areas
of few fibre-fibre bonds (not presented here) decreased but did not break: the fibres
still remained attached, even after the force peak. The fibre rotation and detachment
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during tensile test caused the paper thickness increase as it can be noticed in Figure
4-8d and e. Note also that no fibre breakage phenomena were observed during this

experiment.

F4
L 4
F5
b Y
30 ) pm

Figure 4-8 : (a) 3D images of sample S2 (voxel size of 0,55%0,55%0,55 pm?®). (b) X-ray enhanced
radiographs of sample S2 (fibres are in grey and the air in black). (c¢) Cross sections of the images

ahead of the crack tip. The arrows indicate out-of-plane deformation phenomena that occurred during
SENT. (d,e) 3D images of two groups of fibres (F1, F2, F3) and (F4, F5) extracted from the 3D
images of sample S2, showing the mechanisms of fibre detachment.

4.4 Discussion

The previous results confirm several previous experimental observations that are
related to the fracture of LDP’s:

o LDP’s exhibit a low sensitivity to the presence of notches (Hagglund and

Isaksson, 2006,Isaksson et al., 2012, Coffin et al., 2013), strain localised at the

crack tip if the notch length was longer than a critical notch length a, = 3 — 4

m, i.e., for a critical ratio (%)c ~ (0.25—0.33. Note that this length was smaller

than the critical length that was determined in the previous chapter, i.e.,
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approximately 9 mm even if the critical ratios (%) were more or less the
c

same. This discrepancy could have several origins. It could result from a
variation in the structure of tested LDP samples compared to that of samples
that were used in the previous study. However, this would be astonishing as
the present samples were cut in the same paper sheet. This difference could
also result from an effect of the geometry of samples (Hammond and Fawaz,
2016) since their height h to width w ratios, h/w = 0.5 —0.75, was small.
Such a low ratio may induce biaxial effects and result in lower critical notch
length. In a previous study (cf. chapter 3), a gradient-enhanced model for
fracture of low density networks was proposed. This model includes a length
scale c. This length was estimated to be 3.2 mm for the studied LDP. In this
approach, the critical length a, is related to the internal length through the
following expression (see also Isaksson and Hagglund, 2013):

¢ =~ x%(0.3)?ma,, (4-3)
where y is a function that appears in the expression for the stress intensity
factor which is given by

K, = xo*na, (4-4)
where 0% is the remote normal stress field acting far away from the crack.
The function y depends on the geometry of the test specimen, i.e., the ratios
a/w and h/w. In the present case, this function was estimated to range
between 1.7 and 1.9, whereas for samples with a ratio h/w > 2, this ratio is
equal to 1.12, thereby showing a large increase for the present experiments.
However, the effect of the compact geometry of the specimens on the critical
notch length should be further investigated, using for instance finite element
simulation. In particular, it would be interesting to investigate the effect of
out-of-plane displacements of the crack lips that are shown in Figure 4-5.

The crack tip exhibited a blunt shape, which is characteristic of sparse fibrous
networks (Isaksson and Dumont, 2014).

Cracks did not exhibit a straight path (Salminen et al., 2003, Alava and
Niskanen, 2006) and the crack paths were affected by mesoscale
heterogeneities such as flocs in the paper structure, as shown by the analysis of

crack paths using 2D optical micrographs.

In addition, the 3D images of fracture experiments of the studied LDP gave an

original understanding of the mesoscale and microscale phenomena that led to the

initiation and propagation of crack within these fibre networks and finally to their

breakage. This technique is complementary to fractography which consists in the

analysis of the roughness of cracks using 2D images of their profile, digital image

correlation to determine the displacement and strain fields, thermography or acoustic
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emission. For instance, acoustic emission has been widely used to follow events such
as fibre or bond breakage during crack propagation. This technique enables crack
events to be detected but it remains difficult to determine the nature of these events.
By contrast, the medium-resolution 3D images, i.e., 6.9x6.9x6.9 pm® voxel size, and
their associated maps of local thickness, porosity and displacement components gave
information about the localised deformation phenomena that occurred at the
mesoscale in LDP’s. Besides, high-resolution images, i.e., 0.55x0.55x0.55 pm® voxel
size, enabled several observations to be performed in situ and in real-time at the fibre
or bond scale, i.e., at the microscale, within the fibre network in the vicinity of the
crack tip. Several important observations were done using the 3D images:
o The crack tip was preceded by a fracture process zone (FPZ) that exhibited a
large thickness increase, i.e., out-of-plane dilatancy phenomena, accompanied by a
porosity increase (see for instance the thickness and porosity maps in Figure 4-7)
before a distinct crack path or a macroscopic breakage became visible (Niskanen
et al., 2001). The size of the FPZ is an important parameter that is taken into
account to modify linear elastic fracture mechanics (LEFM) models by including a
microstructural length (Niskanen et al., 2001, Coffin et al., 2013). Tt is seen as a
material’s parameter which has been shown to depend on the fibre length
(Kettunen et al., 2000; Niskanen et al., 2001) for paper. In the studied LDP, the
width of this zone was approximately equal to 1.5 mm (images 13 of Figure 4-7
and images of Figure 4-9 for a complementary specimen), i.e., a width close to the
aforementioned arithmetic fibre length of LDP. This order of magnitude
corresponds to previously estimated sizes of FPZ for papers with quite similar
structures such as for instance a tissue paper with a basis weight of 22 g m™ as
reported by Coffin et al. (2013). However, such a comparison with literature data
is rather difficult as paper density as well as the properties of structural elements,
e.g. fibre length or diameter, can largely vary from one paper to another.
o At the microscale, the analysis of high-resolution 3D images (in zones located
ahead of the crack tip) showed that fibre-fibre bonds exhibited (large)
deformation mechanisms prior to Fyg.. However, no fibre-fibre bond detachments
were observed prior to Fpg, in these experiments. These phenomena were
observed only after F,,, in the present experiments. This result confirms previous
observations for the accumulation of damage events that have been given by
acoustic emission for tensile experiments performed on paper at low strain rates
(Alava and Niskanen, 2006).
o In addition, our observations showed that LDP exhibited an increase in its
thickness just prior to E,4, and also after. Besides, the increase in the thickness of
the samples was mainly caused by the increase in the thickness of zones where the
deformation localised, such as the FPZ. Thus, it could infer from these
observations that the microscale bond deformation (prior to F,g.) and bond
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breakage (mainly after Fn,,) and the resulting fibre detachment phenomena that
are localised in these peculiar zones were at the origin of the thickness variations
of LDP.

o It was also noticed that the slight change from a linear force-strain response of
to a non-linear response prior to Fy,, of LDP was related to localised thickness
increase (images of Figure 4-10 for a complementary specimen), and thus to
localised fibre-fibre bond deformation phenomena. Hence, fibre-fibre bond
deformation mechanisms that occurred prior to F,,, could be at the origin of the
apparent plastic mechanical behaviour of this paper. Note that this observation
also sheds light on the micromechanisms that occur within the FPZ.

o Finally, the progressive decrease of the SENT curve after F,,, was related to
bond breakage phenomena (Figure 4-2), i.e., damage phenomena. No fibre
breakage was observed during these experiments.

o Note also that any clear increase in the thickness was measured for the studied
LDP in its elastic regime of deformation, i.e., the first linear part of the force-
strain curves. On the contrary, in this deformation regime, the LDP thickness
would rather decrease. Thus, contrary to some recent experimental results
(Stenberg and Fellers, 2003, Verma et al., 2014) that were obtained for various
papers, LDP did not exhibit any auxetic effects. However, as previously
mentioned, our observations are also in accordance with the results that have

been reported by Niskanen and Kéarenlampi (1998).

At the microscale, our observations also showed that fibre bond detachment
mechanisms were accompanied by complex deformation mechanisms of the fibres that
were in contact (or bonded). It was seen that fibres exhibited complex torsion (and
probably bending) movements. The origin of these movements is certainly the
complex anisotropic mechanical behaviour of fibres that exhibit torsion-traction
coupling effects, due to their peculiar structure (helical arrangement of cellulose
microfibrils in the S2 layer of fibres). Of course, dried-in strains due to papermaking
operations such as wet-pressing and drying, have also certainly an effect on the

magnitude of these deformation mechanisms and would require further investigation.
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Figure 4-9 : Series of thickness maps of a SENT specimen (w = 15 mm, notch length a = 3 mm)
that shows the FPZ (circled by the black ellipse in the second image of the series) and the
development of the crack. Note that the second image was taken prior to E,,.. Note also a second
zone, far from the crack tip, where large thickness variations occurred prior to the complete formation
of the crack path.

Figure 4-10 : Series of thickness maps of a specimen (w = 15 mm, without notch) subjected a
tensile experiment. The third image was taken prior to Fqy, I.e., in the “plastic” deformation regime.
The black arrows show two zones that exhibit a marked thickness increase.

4.5 Conclusion

The objective of this study was to experimentally determine the multiscale
phenomena that accompany crack initiation and propagation in low density papers
(LDP’s). Optical and X-ray microtomography imaging techniques during fracture
tests combined with advanced image analysis were used to reveal the fracture
mechanisms that occurred in LDP. For that purpose, a mini tensile device was
designed and enabled the imaging of the sample deformation either under a
microscope or during X-ray microtomography in situ tensile tests that were
performed on single edge-notched samples. The developed image analysis procedures
allowed several fracture phenomena in the LDP to be studied: the fracture mostly
localised in the antiflocs (the zones of low mass density) of paper, and the crack
propagated mainly in the antiflocs, avoiding the flocs (the zones of high mass
density). The analysis of 3D images revealed that the crack propagation induced in-
plane and out-of-plane deformation phenomena such as the increase in the paper
thickness. In particular, these phenomena localised in the Fracture Process Zone
(FPZ), i.e., the microscopic fracture localization zone, ahead of the crack tip. The
width of FPZ was equal to approximately twice the arithmetic fibre length. In
addition, the application of Digital Volume Correlation (DVC) on the 3D X-ray
microtomography images allowed us visualise the inhomogeneity of the displacement
field observed even before a distinct crack path occurred. These mescoscale changes
were accompanied by microscale deformation mechanisms such as, for instance,
rotation and twist of the connected fibres during tensile tests, decreasing the
contact /bond areas between them and eventually leading to the bond breakage. The
rotation and the detachment of fibres were at the origin of an increase of the
thickness and porosity in the thickness direction of paper and could also be at the
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origin of the apparent plasticity of LDP prior to the maximum tensile force. It would
be interesting to complete these results by performing observations of larger
specimens using high-resolution X-ray images. This approach would allow us to
detect fibre and bond deformation and breakage phenomena all along the crack path
at the imaging resolution. Then, these results would be used to test models for the
prediction of the evolution of paper structure along a crack path such as for instance
the models that give a prediction of the number of fibres that are intercepted by the
crack when it develops (Sampson, 2009). It would also help to give a better
description of the deformation kinematics of fibres and bonds as local digital image
correlation techniques could be used to perform within the fibre network these

measurements at a very fine scale.
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Chapter 5. 3D X-ray real-time and in situ
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5.1 Introduction

This chapter aims at studying deeply the influence of Relative Humidity (RH) on

crack propagation mechanisms in the considered Low Density Paper (LDP). Two

series of experiments were conducted. The first one concerns the influence of RH on

the crack propagation mechanisms in different samples of the LDP. The second one

concerns the influence of a change in RH during the crack propagation.

These two studies were carried out using the experimental tools developed during

this PhD and presented in chapter 2: The fracture tests with controlled MC were

monitored using the X-ray microtomography set-ups of the 3SR laboratory and of
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TOMCAT beamline at SLS at both micro- and mesoscales. The results were obtained

using the advanced imaging procedure and digital volume correlation techniques.

This chapter is organised in two sections 5.2 and 5.3, in which the results are
presented and discussed. Each section corresponds respectively to the first and the

second aforementioned studies.

5.2 Influence of relative humidity on crack propagation

mechanisms

5.2.1 Paper samples and tests

The studied paper is a low density paper (LDP) (23 g m?”) described in chapter 2.
Its thickness (t) is 113 £ 7 pm measured using standard. The samples of LDP were
prepared according to the procedure described in chapter 2. A notch of length a of 4
mm was cut at the mid-height and one edge of the sample. The samples were stored
in the ambient conditions: temperature (T") of 23 °C and a relative humidity (RH) of
52 % for at least 24 hours before the experiment.

5.2.2 Imaging procedures

The experimental multiscale procedure performed at SLS for three RH conditions

is recalled:

i.  The studied sample was placed in the mini tensile device with an initial
distance between clamps of 6 mm and the RH inside of the chamber was
regulated to a desired level using the wet air generator.

ii.  The initial X-ray ‘mesoscale’ scan of the paper sample was performed at 6.5
pm of effective voxel width with a time scan of about 45 s. Due to the
limited field of view (13.3 x 4.0 mm®) the image acquisition was performed
in two steps: a first ‘top’ image included a part of the top clamp and the
upper half part of the sample and a second ‘bottom’ image which covers
the rest of the sample and a part of the bottom clamp.

iii.  The image acquisition system was changed in order to perform a real time
X-ray scanning at 0.55 pm of the effective voxel width during a continuous
tensile test. This ‘microscale’ image acquisition was performed at the notch
tip area with a field of view of 1.1 x 1.1 mm®. Each ‘microscale’ image was
obtained in 3 s and a sequence of 10 images were acquired every 200 s to
total time of 45 min.

iv. At the end of the tensile test, the image acquisition system was changed
back to the lower resolution in order to obtain the final ‘mesoscale’

according to procedure of step ii.

162



Due to the difficulty to place the sample in the tensile machine, a pre-stretch of
the sample was applied in order to straighten the sample. The velocity of the tensile
test of 0.06 mm/min was chosen in order to obtain images of a decent quality during
step ii. All the experiments were conducted at room temperature i.e. 25°C. Four
samples were submitted to fracture tests for a given RH while imaging as described in

next section:

e S1 was scanned at 50 % of RH in an interrupted way in the 3SR laboratory
and analysed in detail in chapter 3;

e S2 was scanned at 50 % of RH using a multiscale and continuous approach
at SLS which continuous test was presented in chapter 3;

e S3 was scanned at 15 % of RH using a multiscale and continuous approach
at SLS in this chapter;

e S4 was scanned at 75 % of RH using a multiscale and continuous approach
at SLS in this chapter.

Each obtained data sets was processed as follows:

i.  The reconstructed 3D greyscale datasets were converted into binary images
where the fibre phase and the pore phase were separated. The noise and
ring artefacts were removed when needed.

ii.  The binarised ‘mesoscale’ images, previously concatenated, were used to
obtain the local thickness and porosity maps. An analysis window (AW) of
10 x 10 pixels (=65 x 65 pm*) was chosen.

iii.  The binarised concatenated 3D images were projected in the thickness
direction of the paper sample to provide 2D enhanced radiographs. Such

data were used to analyse the formation of paper.

5.2.3 Preliminary remarks

TOMCAT beamline enabled to perform sophisticated and unique experiment with
a complex set-up that lasted 48 hours including the set-up of the X-ray
microtomograph by A. Bonnin, the scientist in charge of TOMCAT beamline. Due to
the complexity of the whole experiment, our group faced technical problems resulting
in the missing data sets. Let’s present them in details:

e Due to a misalignment of the rotation stage on which the mini tensile
device was mounted and the detector during image acquisition, the
‘mesoscale’ image of the sample S2 after the traction test was partially
acquired and could not be exploited. As mentioned in chapter 3, similar
fracture mechanisms are observed when comparing interrupted and
continuous tests. Therefore, sample S1 acquire in an interrupted manner
was recalled to complete the analysis of the missing data of S2.

e The power glitch caused by the meteorological conditions (storm) resulted
in the X-ray beam loss during the real time scanning of the fracture test of
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the sample S4. The first two scans of the series were recorded but were
unfortunately blurred.

e The fluctuations in the RH ,varying from 70 % to 83 % of RH, during the
tests at 75 % RH were due to variation of pressure of the compressed air
needed for the wet air generator. We assumed that the test was carried at
75 % RH.

e A small defect appeared in the top ‘mesoscale’ image: several slices of the
bottom of this 3D volume were missing. It comes from the fact that the
overlapping zone between top and bottom image was miscalculated,
inducing an inaccurate concatenation of top and bottom images. The zone

with a small defect is indicated in the images using a rectangle.

Due to the limited amount of time, the partially successful experiment could not
have been repeated.

5.2.4 Results

5.2.4.1 Influence of RH on the fracture tests
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Figure 5-1 : Graphs of the load F/w vs. axial strain: (a) for the samples S2 and S3. Each X-ray
scan performed during continuous traction tests is indicated (for S3: C15(1) — C15(10); for S2: C50(1)
— C50(10)); (b) for the sample S4.

Figure 5-1a and b represent the strain-stress curves obtained during the three
fracture tests at SLS. It should be noticed that force F were normalised according to
the width of the sample which is a common way in paper physics (Niskanen, 1998).
Regardless the RH, one can observe a similar mechanical behaviour: at small strain a
linear region prevails; then the plastic region appears until the peak is reached. The
fracture starts to occur at the maximum load and the strength of paper decreases
slowly. Those trends of the mechanical responses, typical of low density papers, are
coherent with the previous observations documented in the chapters 3 and 4 and the

literature review (chapter 1). For sample S2 and S3 we can also observe that the
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main characteristics of the curve (Young’s modulus, maximum load, size of the
plastic regions) are moisture dependant. The difference for the samples S2 and S4 is

less pronounced.

5.2.4.2 Influence of formation on crack propagation for various RH

Figure 5-2c¢, Figure 5-3b, Figure 5-4c and Figure 5-bc illustrate the flocs and
antiflocs identification on the initial X-ray enhanced radiographs (Figure 5-2a, Figure
5-3a, Figure 5-4a and Figure 5-5a acquired for 50 % RH in an interrupted manner,
and 15 % RH, 50 % RH and 75 % RH in a continuous manner, respectively. The
corresponding final X-ray enhanced radiographs are shown as well. One can observe
that regardless the RH, the crack propagated in the antiflocs (yellow ellipses in
Figure 5-2¢, Figure 5-3b, Figure 5-4c, Figure 5-5¢ avoiding the flocs (red ellipses).

A detail observation of each sample of these figures shows that:

e  When the notch tip is surrounded by antiflocs (sample S3 at 15 % RH), the
crack is attracted by the biggest antifloc and propagated through it.

e When the notch tip is surrounded by flocs (sample S1 at 50 % RH), the
crack is attracted by the biggest and closest antifloc and propagated
around the flocs in the vicinity of the notch.

e  When the notch tip is surrounded by two series of antiflocs (sample S4 at
75 % RH), the crack is attracted by the longest series of antifloc. Moreover
the small floc indicated by an arrow in Figure 5-5b affected the direction of

the crack propagation.

This analysis of the link between the location of the notch tip regarding the
formation and the location of the crack path is coherent with the observations made
in the previous chapter 4 at 50 % RH, confirming that the part of the phenomenon
are independent of the RH.
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Figure 5-2 : Sample S1: Mesoscale analysis of the interrupted fracture tests carried out at 50% RH
(a-b) initial and final enhanced radiographs; (c¢) floc (in red) and antifloc (in yellow) identification on
image (a); (d-e) normalised thickness maps of initial and final states; (f-g) porosity maps of initial and
final states. The thickness maps were normalised with the mean thickness of the initial state.
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Figure 5-3 : Sample S2: Mesoscale analysis of the continuous fracture tests carried out at 50% RH
(a) initial enhanced radiograph; (b) floc (in red) and antifloc ( in yellow) identification on image (a);
(c¢) normalised thickness map of initial state; (d) floc (in black) and antifloc (in yellow) identification
superimposed on the normalised thickness map (e) porosity map of initial and final states, (f) floc (in
black) and antifloc (in grey) identification superimposed on the normalised thickness map.
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Figure 5-4 : Sample S3: Mesoscale analysis of the continuous fracture tests carried out at 15% RH
(a-b) initial and final enhanced radiographs; (c) floc (in red) and antifloc (in yellow) identification on
image (a); (d-e) normalised thickness maps of initial and final states; (f) floc (in black) and antifloc (in
yellow) identification on the image superimposed on the normalised thickness map in the initial state;
(g-h) porosity maps of initial and final states; (i) floc (in black) and antifloc (in grey) identification on
image superimposed on the normalised thickness map in the initial state.

168



(a) Initial state (b) Final state

OCb N 2 "'oa.m S -"“b #
%vﬁﬂ
‘b S i

: - () oM 0%

Figure 5-5 : Sample S4: Mesoscale analysis of the continuous fracture tests carried out at 75% RH
(a-b) initial and final enhanced radiographs; (c) floc (in red) and antifloc (in yellow) identification on
image (a); (d-e) normalised thickness maps of initial and final states; (f) floc (in black) and antifloc (in
yellow) identification on image superimposed on the normalised thickness map in the initial state; (g-
h) porosity maps of initial and final states; (i) floc (in black) and antifloc (in grey) identification on
image superimposed on the normalised thickness map in the initial state.

5.2.4.3 Out-of-plane mechanisms

The mechanisms of the crack propagation were analysed in the thickness direction
using the local thickness and porosity maps. The obtained results are presented in
Figure 5-3b, Figure 5-4c and Figure 5-5c, for 15 %, 50 % and 75 % of RH,
respectively. All the thickness maps were normalized with their initial mean thickness

of 150 pm, 150 pm, and 152 pm, respectively.
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For different RH, one can observe similar inhomogeneous thickness variation in
the initial local maps: the areas with larger thickness correspond to the higher mass
distribution, i.e. flocs, in the enhanced radiographs and wise worth. Moreover, higher
thickness areas have higher porosity as observed in the porosity maps as illustrated
by the images where the floc identification have been superimposed on the
corresponding maps (Figure 5-3¢, Figure 5-4f, Figure 5-5f).

Regardless the RH, crack path can be characterised by a continuous zone of high
porosity and high thickness compared to the initial porosity and thickness at similar
locations. These area corresponded to the crack paths visualised on the X-ray
enhanced radiograph (Figure 5-2b, Figure 5-4b and Figure 5-5b). However in the case
of sample S4, the area indicated with an arrow in Figure 5-5b corresponds to an
antifloc but could have been visually considered as an existing crack path or a
damage zone. As the thickness and the porosity maps of S4 do not exhibit major
structural changes in that area, we assume that this area was not significantly
affected by the fracture test in the thickness direction. Nevertheless, one can observe

the pore size growth, illustrating in-plane mechanisms of deformation.

5.2.4.4 Fracture phenomena observed at the microscale in different RH conditions

Figure 5-6 represents the paper network in 3D for 15 % and 50 % of RH obtained
at high resolution in the continuous way. Figure 5-7 represents the images of the
manually selected fibres from Figure 5-6 acquired along the stress — strain curve:
C15(2) and C50(4) were obtained in the elastic region, C15(3), C50(5), and C50(6)
were acquired in the plastic region just before the stress peak and C15(4), C50(7) just
after the peak. According to Figure 5-6 and Figure 5-7, we can observe that:

e in the elastic domain, the curved fibres become more straight and the
inter-fibre bonds remain intact;

e in the plastic region, some fibres start rotating to become straighter which
caused a partial bond / contact breakage;

e after the peak, the bonds break and some fibre pull out in the crack path.

e 1o breakage of the fibres were observed.
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Figure 5-6 : ‘Microscale’ images of the crack tip area obtained using real-time scanning at 15 %
and 50 % of RH during tensile test: the X-ray enhanced radiographs obtained at (a) 15 % and (c) 50 %
of RH; cross section 3D views at (b) 15 % (in greyscale) and (d) 50 % of RH (in colour) whereas fibre
detachment is indicated with the arrows.
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Figure 5-7 : Fibre detachment mechanism in the selected area of the samples (a) S3 and (b) S2.
C15(2) and C50(4) were obtained in elastic region, C15(3), C50(5), C50(6) - in the plastic region just
before the stress peak and C15(4), C50(7) — just after the peak.
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5.2.5 Discussion

5.2.5.1 Influence of RH on the mechanical response

According to the experimental results presented above, from a structural point of
view there are no major differences in the crack initiation and propagation
mechanisms in the studied LDP due to a change in RH. The main difference may
concern the level of force. Namely, it is well known the mechanical properties of the
fibres and of the inter-fibre bonds decrease with an increase of RH. The experimental
results presented in chapter 3 (Figure 3-7) showed that the evolution of the force
versus the notch length independent of RH. It first exhibits a plateau and then a
linear decrease, however the values of the plateau being moisture dependent.
Applying these results to the similar curve for the mesoscale sample (see chapter 4,
figure 4-4), we can assume that the proposed fracture tests were performed after the
knee. The relatively large error bar (Figure 3-7) for the maximum force is caused by
the high structural heterogeneities of the samples and thus, it is difficult to conclude,
in a certain way, about the effect of moisture on the mesoscale mechanical behaviour

of the samples presented in Figure 5-1.
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5.2.5.2 Influence of formation on crack propagation for various RH

The results presented in the previous section show that the localization of the
crack path is independent on RH: it propagates around the floc and in the longest
chain of antiflocs. As mentioned in chapter 3, fracture models that aim at describing
the crack initiation, are based on an internal length that is independent on RH. This
internal length was related to the size of antiflocs. Assuming antiflocs can be
represented as ellipses, their mean major axis was found to be 223 pm, 220 pm, 221
pm and their minor axis 119 pm, 120 pm and 120 pm for 15 % RH, 50 % RH and 75
% RH, respectively. This shows that the average size of antiflocs or chain of antiflocs
is independent on the RH, confirming the fact that the size of antiflocs is a good

candidate for the internal length for damaging models.
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Figure 5-8 : (a) X-ray enhanced radiograph of the LDP. Cross sections from the 3D images were
obtained along: (b) floc; (¢) antifloc; (d) transition from an antifloc to a floc.

To deepen the understanding of the reason why antiflocs are the areas of fracture
localisation and the damage mechanisms, a better analysis of the structure of
antiflocs must be perfomed. Figure 5-8 (b-d) illustrates the views of local paper
thickness in the floc and the antifloc identified in Figure 5-8a. The visual comparison
of these regions shows that the flocs have a larger thickness, a higher porosity and a
higher number of fibres than antifloc. This induces fewer inter-fibre bonds in antiflocs
than in flocs. As illustrated in Figure 5-6, in LDP the inter-fibre bonds break during
loading, and thus, the crack rather propagates in the antiflocs with less number of
inter-fibre bonds to break. Moreover, the fact that no fibre breaks can be explained
by lower strength of inter-fibre bonds in comparison with the strength of fibres.

5.2.5.3 Out-of-plane mechanisms

e The experimental results on the mesoscale do not show an increase of the
thickness with humidity despite the fact that when the cellulosic fibres absorb
water from the air their transverse dimension can generally increase up to 30 %
(Haslach Jr, 2000; Joffre et al., 2016). This is an effect of the resolution of the
‘mesoscale’ images. At an effective pixel size of 6.5 pm, the mean fibre width at 50
% of RH contains about 4 pixels. If the fibre dries up to 30% of its dimension the
fibre width will be about 3 pixels. This difference of 1 pixel is in the error bar of
the segmentation of the image.
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e The thickness maps in the crack path indicates a high local increase of the local
thickness, regardless the RH. The 3D views of the initial microstructure in the
initial state show that the fibres are not perfectly stretched in the machine
direction. The detachment of the fibres in the crack path during the traction is
responsible of the thickness increase. Omn the other hand, no significant out-of-
plane fibre detachment was observed outside the crack path. This comes from the
fact that above a critical length of the notch, the crack localises at the notch tip
(see chapter 3 and 4).

5.2.5.4 Comparison with literature

All the previous observations confirm the results from indirect measurement that
aimed at explaining the stress — strain behaviour regarding the micro structural
events related to fibres and inter-fibre bonds. For example, using acoustic emission
technique (Isaksson et al., 2006) concluded that (i) the main damage mode occurred
in rather low density paper was a bond failure (ii) the fibre rearrangement due to
tensile tests implies the fibre pull-outs in particular in the fracture path. Using 2D
technique (Kettunen and Niskanen, 1998) observed that the damage mechanism
occurred due to fibre debonding in the paper sample made of ductile kraft fibres.
(Isaksson et al., 2012) stated that the crack growths via bond fractures in the low
and in the high density papers qualitatively analysed using X-ray microtomography.

According to (Wong et al., 1996) the local grammage and the local strains are
inversely proportional, meaning that high strains occur in regions of relatively low
grammage which is coherent with our observations that the crack propagated in the

antiflocs.

5.3 Influence of a change in relative humidity during a fracture

tests

5.3.1 Paper samples and tests

This investigation was conducted on the sample S4 described in section 5.2.1.

5.3.2 Imaging procedures

The experimental multiscale procedure is summarized below. It consists of two
parts: the first part that corresponds to the fracture test carried out at 75 % RH
(section 5.2.2) that was stopped before the total failure of the sample. The second
part corresponds to the drying of this sample. Here is the protocol:

First part: tensile test at 75% RH

i.  ‘Mesoscale’ image acquisition at 75 % RH of the sample before loading;
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ii. Fracture test at 75 % of RH. The fracture test was stopped when the axial
strain reached 17 % after the force peak and the clamps were kept at the same
position until the end of the experiment;

iii.  ‘Mesoscale’ image acquisition at 75 % of RH.

Second part: drying part
iv.  Decrease of the RH from 75 % to 22 % inside the humidity chamber that
afterwards stabilized at 22 % during 7 min.
v. ‘Mesoscale’ X-ray image acquisition of the sample at 22 % of RH after a

stabilization of 70 minutes.

The experiment was conducted at room temperature 25°C.

The obtained images were processed following methods described in section 5.2.2.
Moreover, Digital Volume Correlation (DVC) was performed using 3D images of
sample S4 obtained at step iii) and v). The input images were previously masked
using corresponding binarised images. The top and bottom ‘mesoscale’ images were
correlated separately using the code “TomoWarp2”. The obtained results were then

concatenated.

5.3.3 Results

5.3.3.1 Mechanical response of the sample to the drying

Figure 5-9 illustrates the temporal evolution of the force and the RH during the
drying part. One can observe that the humidity can be considered as constant. The
variations of RH around 10 minutes correspond to interferences between the cabling
of the RH sensor and the rotation stage during the real time scanning, which is not

presented here. One can note an increase of 0.06 N during the drying.
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Figure 5-9 : Temporal evolution of force and of the relative humidity during drying.
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5.3.3.2 Microstructural changes

Figure 5-10a and b represent the enhanced radiographs in the initial and final
state of the drying process, where we cannot visually observe significant changes. The
comparison of the local thickness maps presented in Figure 5-10¢ and d present an
average decrease of the thickness of 3.4 pm despite some local increase by 2 — 3 times
indicated by arrows up. These microstructural variations occurred mainly in the
crack path, damaged including the areas next to the notch lips. The average porosity
of the sample remained constant at 76 % and no significant local change of the

porosity was observed in Figure 5-10(c).

22 % RH
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Figure 5-10 : Sample S4: Mesoscale analysis of the drying tests carried out at 75% and 22 % of RH
(a-b) initial and final enhanced radiograph; (c-d) thickness map of initial and final state; (e-f) porosity

map of initial and final state.

5.3.3.3 Displacement fields

The DVC analysis was performed on the 3D X-ray images before and after the
drying. In Figure 5-11, the displacement fields in each of three directions: u, in the
in-plane transverse direction (CD), u, in the thickness, and u, in the loading
direction (MD) are presented according to the procedure described in chapter 2. One
can observe an inhomogeneous displacement fields in all three directions:

e In the loading direction (Figure 5-11c¢), the displacement field u, indicates a

zeros displacement closed to the clamps and a displacement gradient form
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each clamp to the centre of the sample. This displacement corresponds to
shrinkage of the sample in MD due to the drying. It should be noticed that
the increase of the displacement occurred in the area which is slightly
below the crack path in Figure 5-11c¢, on the side of the moving motor;

e In the transverse direction (Figure 5-11d), the displacement field wu,
exhibits two smooth gradients: a positive and a negative one from one side
towards the centre of the sample. These displacements correspond to
shrinkage of the sample in CD due to the drying. However, one can notice
a larger variation in the region in front of the notch tip.

e In the thickness direction (Figure 5-1le), the displacement field u, is
heterogeneous. Comparing with Figure 5-11f obtained at 75 % RH where
the flocs and the antiflocs are indicated, the areas shown with bold black
arrows which exhibit negative and positive gradients correspond to the
borders between flocs and antiflocs. However, it is not the case for all the
heterogeneous areas presented in the u,, field.
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Figure 5-11 : (a-b)
displacement fields of DVC analysis ux, uy, and u, represented in 2D through the median intensity
along the thickness direction. Areas of the image concatenation and lower notch lip are covered with
rectangular. (f) The X-ray enhanced radiograph at 75 % RH with indicated flocs and antiflocs.
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5.3.4 Discussion

5.3.4.1 Displacement field

In most papers, fibres tend to align in MD. When the environmental conditions
vary, the dimensions of paper change in an anisotropic way: the MD is less affected
than the CD because a change of RH affects more the diameter of the fibres than
their length. However the displacement fields show similar order of magnitude in
both MD and CD. This comes from the fact that the drying is constraint and that
the studied LDP exhibits a small mechanical anisotropy as stated in chapter 3.

5.3.4.2 Microscale analysis of phenomena due to change of RH

To understand the local increase of the thickness of LDP observed in several areas
in Figure 5-10d, these areas were qualitatively analysed. The result is presented in
Figure 5-12 showing 3D views of the fibre network in the cross section. The local
increase of the thickness mainly corresponds to the detachment of fibre ends from the
bulk of LDP (Figure 5-12b). Figure 5-12¢ captures the mechanisms of the fibre
detachment caused by the fibres torsion due to the drying. The fibre torsion
mechanism induces a decrease of the inter-fibre bond area and its breakage in some
cases. This is coherent with the properties of cellulosic fibres: when a fibre goes from
the wet state to a drier one, the fibre rotates following its natural micro fibril angle
(see chapter 1). The torsion of the individual fibres is limited due to the fact that the
fibres are linked together by chemical bonds. However if strength of the inter-fibre
bonds is lower than the effort (force/moment) that are induced by the torsion of the
fibres caused by drying, the bonds fail allowing the fibres to follow their natural angle
(Figure 5-12¢). The fibre torsion due to drying can be noticed in the Figure 5-12d
that was only partially attached to the other fibres.

5.3.4.3 Towards the link between mechanical response of paper and its

microstructural evolution

On the curve presented in Figure 5-9, a clear increase of the force is linked to the
drying process. Moreover, fluctuations of the force can be observed which are not
caused by the resolution of the sensor: a local increase of the force curve is always
followed by a decrease. This local variation may be due to the competition between
the fibre torsion due to drying and the fibre detachment. It might come from the fact
that when the fibre torsion becomes higher than the bond energy, the inter-fibre bond
breaks. A more time resolved acquisition could help to interpret the observed
phenomenon. Moreover the spatial resolution of the images reduced the opportunity
to answer the following questions regarding the local areas where significant increase
of the thickness was observed: was the inter-fibre bond area partially decreased due
to the previous traction test? If yes, did the drying induce enough torsion mechanism
to break the bonds?
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Figure 5-12 : Sample S5 at 75% of RH and 20 % of RH. (a) The X-ray enhanced radiographs.
Modification of the microstructure of paper sample presented in parts: (b) out-of-plane fibre
detachement; (c¢) fibre rotation causes its detachement; (d) Fibre torsion causes its displacement.

5.4 Conclusions

In this chapter, first, the influence of relative humidity RH on the fracture
mechanisms of low density paper LDP was studied. Second, the influence of a change
in RH on the crack propagation in paper was investigated. This analysis was made
using the 3D imaging tools developed in this study (3D X-ray monitoring of the
fracture tests followed by the advanced image analysis procedures). It enabled to
show that:

e The mechanisms of crack initiation and propagation of the sample, are
independent of the RH: they propagate around the flocs in the longest
chain of antiflocs, and are due to bond breakage, fibre detachment and
fibre pull out.
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e The constraint drying of the pre-damaged sample implies a shrinkage of
the sample and bond breakage in the vicinity of the visible crack path but
also in damaged zone elsewhere (far away from the crack path).

Although the methodology proposed in this chapter need to be improved to
increase the spatial and temporal analysis of the evolution, these results are quite
encouraging as they bring the preliminary results to validate the models dedicated to

the forecast of such phenomenon.
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General conclusions and perspectives

Conclusions

The main objective of this work was to investigate the fundamental mechanisms
leading to crack initiation and propagation in papers. In the papers, the spatial
organization of the fibre networks induces long range effects when crack propagates
in such media which are hard to capture. This study deals with the experimental
multiscale characterization of fracture mechanisms in low density papers (LDP), i.e.,
sparse fibrous networks, which exhibit a very specific behaviour in regard to crack
propagation such as, for instance, a low sensitivity to defects unless these defects

reach a critical length.

In the “state of the art”, presented in chapter 1, a particular attention was paid
on the modelling and experimental analysis of fracture phenomena in papers and
pointed out the experimental difficulty (i) to relate the structural characteristics to
the internal length that are involved in nonlinear damage models applied to paper
and to (ii) quantify the Fracture Process Zone (FPZ) and to (iii) investigate the
influence of humidity on such features. In order to bring the necessary experimental
data, an experimental approach, detailed in chapter 2, was developed based on
multiscale and Multiphysics mechanical tests. Several various original experiments
were performed to investigate these mechanisms. First, a series of macroscopic single
edge-notched fracture tests were performed to investigate the structural changes and
deformation mechanisms of tested fibrous networks under various relative humidity
conditions. Second, a series of mesoscopic and microscopic images were obtained by
in situ micromechanical tests coupled with advanced imaging techniques (optical
microscopy and more particularly X-ray microtomography). For that purpose, a mini
tensile device was designed that enabled the imaging of the sample deformation either
under a microscope or during X-ray microtomography. Imaging quantification
procedures were developed to investigate the structural changes and the deformation
mechanisms during fracture tests at the meso- and microscales of tested fibrous

networks under various relative humidity conditions.

Chapter 3 was dedicated to the link between the macroscopic behaviour and the
mesoscale structural features. The fracture processes in two different moisture
sensitive natural cellulosic materials, a low and a high density paper, were studied
experimentally and analytically. It was shown that (i) the two papers fracture in a
different manner, (ii) their fracture behaviour was independent of the moisture
content and (iii) the magnitudes of the global fracture load scales are moisture-
dependent. The different behaviour between both papers for any moisture content
can be linked to the high spatial mass distribution in the low density paper compared
to the high density paper. The applied fracture theory was remarkably consistent
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with the experiments and quantitatively captured subscale length-effects in a
convenient way. A key observation was that the internal length parameter, used in
the hypothesized fracture theory to bridge stresses to a subscale, was linked to an
average size of the most common size of large regions of relatively low mass, so-called

antiflocs.

Chapter 4 was dedicated to the experimental study of the multiscale phenomena
that accompany crack initiation and propagation in low density paper at ambient
conditions. Optical and X-ray microtomography imaging techniques during fracture
tests combined with the advanced image analysis were used to reveal the fracture
mechanisms that occurred in LDP. It was shown that the fracture mostly localised in
the antiflocs of the paper, and the crack propagated mainly in the antiflocs, avoiding
the flocs confirming the crucial role of the antiflocs already mentioned in chapter 2.
The analysis of 3D images revealed that the crack propagation induced in-plane and
out-of-plane deformation phenomena such as the increase in the paper thickness. In
particular, these phenomena localised in the FPZ ahead of the crack tip. The width
of FPZ was equal to approximately twice the arithmetic fibre length. In addition, the
application of Digital Volume Correlation (DVC) on the 3D X-ray microtomography
images allowed us to visualise the inhomogeneity of the displacement field observed
even before a distinct crack path occurred. These mesoscale changes were
accompanied by microscale deformation mechanisms such as, for instance, rotation
and twist of the connected fibres during tensile tests, decreasing the contact/bond
areas between them and eventually leading to the bond breakage. The rotation and
the detachment of fibres were at the origin of an increase of the thickness and
porosity in the thickness direction of paper and could also be at the origin of the
apparent plasticity of LDP prior to the maximum tensile force.

In chapter 5, first, the influence of relative humidity RH on the fracture
mechanisms of LDP was studied. Second, the influence of a change in RH on the
crack propagation in paper was investigated. This analysis was made using the 3D
imaging tools developed in this study (3D X-ray monitoring of the fracture tests
followed by the advanced image analysis procedures). It enabled to show that the
mechanisms of crack initiation and propagation of the sample at the microscale are
independent of the RH: they propagate around the flocs in the longest chain of
antiflocs, and are due to bond breakage, fibre detachment and fibre pull out. Then
we showed that the constraint drying of the pre-damaged sample implies a shrinkage
of the sample and bond breakage in the vicinity of the visible crack path but also in

damaged zone elsewhere (far away from the crack path).
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Perspectives

The experimental tools based on X-ray microtomography brought the first
visualisations of the mechanisms of fracture propagation in low density paper at a
high resolution. Moreover, a quantitative analysis was performed at the scale of the
assembly of fibres. In order to be even more accurate, a quantitative analysis should
be carried out at the fibre scale by (i) identifying each fibre and each fibre-fibre
contact in each loading stage and by (ii) following all the identified objects from one
loading state to another. It was partially done manually in this work. An automatic
procedure must be developed to gather enough information on the microstructural
changes. This experimental advance would allow quantifying the fibre rearrangement
(elongation, rotation or displacement) and the evolution of fibre-fibre contact area.
Such information will allow answering some remaining questions experimentally in

3D raised in the various studies:

e What are the predominant mechanisms depending on the strain applied to
the sample? Is it fibre reorientation? Elongation? Modification of the fibre-
fibre bond? What is the percentage of fibres or fibre-fibre contact affected
by each of this mechanism in each part of the mechanical curve?

e What is the average energy necessary to break bonds? The forecast tools
coupled with the mechanical response of the sample would be able to
measure the average energy necessary to break bonds in various situations:
fracture tests at various moisture content or influence of a change in
moisture content on a damaged paper. This information is missing to carry
out realistic 3D simulations in the case of LDP crack initiation and to
improve the current models.

e Does the internal length involved in models that aim at capturing the
initiation of the crack path evolve during the failure process i.e. during
propagation, which modifies the microstructure and the shape of the stress
field?

All those experimental results are necessary to improve and / or validate the
current models regarding both fracture mechanisms and moisture diffusion. In order
to complete these results, the observations of larger specimens using high-resolution
X-ray images and larger field of views should be performed. This approach would
allow us to detect fibre and bond deformation and failure phenomena all along the
crack path. Then, these results would be used to test models for the prediction of the
evolution of paper structure along the crack path such as, for instance, the models
that give a prediction of the number of fibres that are intercepted by the crack when
it develops. The damage mechanisms far away from the crack path could also be
quantified.
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