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Abstract

Recent advancements in fast synchrotron x-ray tomography has made it possible to

acquire time-resolved 3D image volumes (4D Imaging) of different materials including

paper that can be utilized for direct observation of their microstructure under defor-

mation. Considering the importance of inter-fibre bonding in prediction of paper

behaviour, especially when paper is formed from a pulp mixture, this thesis devises

a method to evaluate the level of inter-fibre bonding using 4D imaging experiments.

To do so, four samples with different levels of bonding, and six samples with different

fractions of NBSK and Eucalyptus fibres were scanned by synchrotron x-ray tomog-

raphy while being deformed in a tensile tester in an interrupted fashion. Qualitative

observations of the sample with the weakest level of bonding revealed some significant

thickness expansions in and around the regions of failure. Measurements of fibre-fibre

contacts and curl index showed that inter-fibre bond breakage, in addition to fibre

straightening, are the underlying mechanisms for such thickness expansions. This

lead to a conclusion that out-of-plane deformations of paper samples during tensile

testing can be used as a criterion to measure the level of bonding inside their networks.

Qualitative observations of the samples with different levels of bonding showed that

there is a strong correlation between such thickness expansions and the levels of bond-

ing further confirming that out-of-plane deformations can be used as a measure to

evaluate network efficiency. To do so, norms of the out-of-plane strain fields obtained

from DVC analysis were used to quantify such thickness expansions that also showed

strong correlation with the levels of bonding. Application of such analysis on mixture

samples revealed some unexpected results where 100% NBSK samples showed higher

thickness expansions when compared to 100% Eucalyptus samples when 100% NBSK

sample is expected to have higher levels of bonding. This trend was explained by an

increase of the free fibre lengths due to addition of longer fibres to the pulp mixture.
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This underlined the need for consideration of the contribution of free fibre lengths to

such thickness expansions to evaluate the level of bonding inside samples made from

mixture of fibres that have different lengths.
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Lay Summary

Advancements in x-ray imaging has made it possible to observe the evolution of in-

ternal structure of different materials during deformation. In this thesis such imaging

methods are used for direct observation of internal structure of paper during tensile

deformation. This is then used to develop a method to evaluate the level of fibre-fibre

bonding of different paper networks which is one of the most important factors that

determine their mechanical behaviour. This becomes particularly important when

paper is made from a mixture of fibres where the difference between the fibres can

influence the level of fibre-fibre interaction making it challenging to predict their be-

haviour. The findings of this thesis shows that thickness expansions of paper during

tensile deformation can be used as a measure to evaluate the level of fibre-fibre in-

teraction in their networks. They also underline that for a conclusive evaluation of

mixture samples other measurements of their fibre network are also necessary.
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Chapter 1

Introduction

The advent of digital media has led to a decline in the application of paper as a

medium, which has motivated the industry to embark on a journey to find novel ap-

plications for such a ubiquitous yet interesting material. This trend has resulted in

the development of some novel paper-based technologies ranging from low-cost and

flexible electronics [1] and energy devices [2] to biomedical sensors [3]. As a con-

sequence, some previously overlooked properties of paper, including the mechanical

properties, have been regaining attention in the research community. This underlines

the need for further investigation of the process-structure-property relationship of

paper materials.

The mechanical properties of paper depend not only on the properties of its con-

stituent fibres, but also on the cumulative and relative arrangement of those fibres

that form the fibre network. Consequently, the mechanical properties of paper can be

divided into two length-scales: fibre-level and network-level. Modification of either or

both of these properties can help in tailoring the mechanical properties of paper ma-

terials for specific applications. In general, two main processing steps are utilized for

this purpose: refining and pulp mixture. Refining induces some changes to morphol-

ogy of fibres that can also affect the network-level properties. Application of different

fibres inside the pulp mixture also influences the properties by changing the intrinsic

properties of the constituent fibres. In general, the main motive behind the appli-

cation of pulp mixtures is to reduce the fraction of more expensive softwood fibres

inside the pulp mixture by substitution of less expensive fibres while achieving the

desired properties. However, the change of pulp mixture can also effect the network

1



properties by altering the fibre-fibre interactions (i.e. the level of inter-fibre bond-

ing) inside the network making the process-structure-property relation more complex.

Therefore, understanding the changes in fibre-fibre interactions made by changing the

pulp blend is of paramount importance for prediction of their properties.

Since the failure of paper can be associated with disruption of either the fibres

themselves or their bonding inside the network, characterization of failure mecha-

nisms, or in other words the measurement of the evolution of relevant fibre-level and

network-level properties during deformation, can significantly contribute to our un-

derstanding of the underlying physics of paper-based products. However, considering

the complex morphology of paper fibres and its network, characterization of defor-

mation mechanisms is not a trivial task, especially by direct measurement. Recent

advancements in different imaging modalities including X-ray Computed Tomogra-

phy (CT) has made it possible to obtain detailed high quality three-dimensional data

of paper’s microstructure. Such data can be used along with sophisticated image

analysis algorithms to measure different properties of paper. Furthermore, fast imag-

ing capabilities of the third generation synchrotron X-ray imaging facilities has also

made it possible to perform some 4D (3D + time) imaging of different in-situ me-

chanical tests. The 4D data can be used in measurement of evolution of properties.

In particular, it can be used to characterize the deformation mechanisms in paper.

Considering the importance of fibre-fibre interactions in predicting the behaviour

of paper materials, especially when they are formed from a mixture of different fibres,

the main focus of this thesis is to gain insight about the correlation of deformation

and failure of paper and the level of fibre-fibre bonding of their network, and to apply

those insights to evaluate the level of bonding in different mixture samples. This

can be done by performing a 4D imaging of tensile testing of paper samples, and

then analyzing the obtained data by different image analysis techniques to measure

the evolution of some relevant microstructural descriptors during deformation. The

experiments can then be repeated for a set of samples with different levels of bonding

to quantify the effect of fibre-fibre bonding on deformation mechanisms. The insights

gained from these experiments can then be used to evaluate the level of inter-fibre

bonding inside different mixture samples.
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1.1 Literature Review

This section provides a review of the relevant literature, specifically, around funda-

mentals of paper physics, factors affecting fibres and bonding, and image analysis

methods that are relevant to paper. In section 1.1.1, the literature surrounding the

structure-property relation of paper with a focus on its tensile strength is explored.

This section tries to establish the importance of inter-fibre bonding as a determin-

ing factor of paper’s mechanical behaviour and its relation to paper’s deformation

and failure. The process part of the process-structure-property relation of paper is

explained in section 1.1.2 where factors that can affect fibres and their bonding are

considered. This section provides a review of some of the relevant literature about

refining, pulp mixture, and drying of paper. In section 1.1.3, a brief explanation of

X-ray CT and its application in characterizing paper materials is also provided.

1.1.1 Paper Physics

There are two major factors that influence the strength properties of paper materials:

the strength of constituent fibres and the strength of inter-fibre bonding [4]. Before

moving to deformation and failure of paper, it is important to understand the relation

between these factors and the overall tensile strength.

1.1.1.1 Tensile Strength of Paper

There have been many studies examining the link between the properties of individual

fibres and properties of the final paper sheets, especially their tensile strength [5]. One

of the first studies in this area was the work of Cox et al. [6] in which they calculated

the strength of paper and other fibrous materials using the modulus of the paper

fibres, along with a function of fibre orientation. Cox applied the above model to

investigate the mechanical properties of a resin-filled planar fibre mat, and showed

that for a homogeneous sheet, the elastic modulus was equal to one-third as compared

to Young’s modulus of an individual fibre. Although this model provided new insight

into stress distribution in paper handsheets, the calculated results poorly matched

the experimental findings. This was attributed to the curved morphology of actual

papermaking fibres, and the transmission of the load through the inter-fibre bonds.
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The research by Cox inspired the development of new models that better accounted

for paper physics. Perhaps, the most well-known example of these models is the

work of Page and Seth [7, 8], where the structure of paper sheet was included in

the mathematical analysis of Cox to directly predict Young’s modulus and tensile

strength. The Page equation is given below,

Ep =
1

3
Ef

[
1− (

w

LRBA
)

√
Ef

2Gf

tanh
(
LRBA

w

√
2Gf

Ef

)]
(1.1)

1

T
=

9

8Z
+

12Aρg

bPL(RBA)
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where in equation 1.1, Ep is the elastic modulus of paper, Ef is the axial elastic

modulus of the component fibres, w is the mean fibre width, L is the arithmetic mean

fibre length, Gf is the shear modulus of the component fibres for shear in (L,w) plane,

and in equation 1.2, Z is the zero span tensile strength, T is the tensile strength, A

is the average fibre cross section, b is the measured shear bond strength per unit

bonded area, and P is the perimeter of the fibre cross section. The term RBA is used

to represent the Relative Bonded Area. These equations have been extensively applied

to different paper types where they have shown good agreement with experimental

data. The presence of the terms RBA and b in these equations clearly shows the major

role that inter-fibre bonding can play on the strength properties of paper, which will

be explained in more details in the following sections.

1.1.1.2 Inter-fibre Bonding

As mentioned earlier, inter-fibre bonding is one of the major factors influencing the

strength properties of paper. An inter-fibre bond can be described as the zone where

two fibres are so close that different bonding mechanisms become activated [9]. In gen-

eral, six different mechanisms are thought to contribute to the development of bonds

between cellulose fibres [10, 11, 12]: mechanical interlocking, capillary forces, inter-

diffusion, Coulomb forces, hydrogen bonding and Van der Waals’ forces. In a recent

study, Hirn and Scennach [10] have quantified the contribution of each mechanism to

the inter-fibre bonding of cellulose fibres and reported that despite the general belief

which flavours hydrogen bonding as the main contributor, Van der Waals’ bonds play

the most important role. Regardless, these inter-molecular bonding mechanisms only
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become relevant when a molecular contact, i.e. contact less than 300 Å, is obtained.

Molecular contacts between fibres are achieved by capillary forces pulling fibres to-

gether when water is removed. This mechanism of fibre bonding was first explained

in detail by Campbell [13], and is known as the Campbell Effect. In the wet state

during paper formation, capillary bridges are formed between fibres. As pulp fibres

are hygroscopic and contain about 10% water at ambient conditions [10], capillary

bridges do not disappear during drying but instead result in capillary forces that pull

fibre surfaces together, leading to the creation of molecular contacts.

Although the knowledge of mechanisms involved in the formation of inter-fibre

bonding are useful for understanding of the physical behaviour of paper, the details

of their inheritance makeup is not necessary for studying the effect of bonding in

deformation and failure mechanisms. In general, in the context of deformation and

failure of paper, the effect of inter-fibre bonding is mainly considered through charac-

terization of their strength and extent by measurement of the specific bond strength

and RBA, respectively.

Bond Strength The strength of bonds in a paper is usually quantified by the

specific bond strength, which is defined as the ratio of the shear strength of the bond

to the area of that bond [9]. The most common way of studying bonding and bond

strength in paper is by performing mechanical tests in the out-of-plane direction (z-

directional tensile test, delamination test, and Scott bond test) [14]. According to

Koubaa and Koran [15], the results obtained from these tests, strength, energy, and

modulus, are highly correlated with each other but do not provide the real value of

the fibre-to-fibre bond strength.

In the delamination test, the paper sample is sandwiched between two adhesive

tapes and the ends of which are pulled apart until the paper begins to split. At

this instant, the force required to complete the fracture is recorded. This technique

measures the inter-fibre bond breakage energy and the energy dissipated within the

fibre network [15]. In the z-directional tensile, double sided adhesive tape is applied

on both sides of a paper sample, and the assembly is then inserted into a tensile test

apparatus. The failure strength as well as the energy of intra-fibre bond failure are

measured [15]. In the Scott bond test, an impact testing method, a paper sample is
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placed within a frame, and a pendulum is released to strike the upper edge of the

frame. This apparatus is used to measure the loss of potential energy due to the

resistance of paper to splitting. Of the three tests, the Scott test seems most affected

by basis weight, and by the dynamic nature of the test thus overestimating the bond

strengths [15]. According to Koubaa and Koran [15], the z-directional tensile strength

seems to be the most suitable measurement technique for measuring the internal bond

strength of high-basis-weight papers.

Relative Bonded Area The extent of bonding in paper is usually described by the

term Relative Bonded Area, RBA, which is the ratio of the bonded surface area to the

total surface area of the fibres [16]. As discussed above, the RBA is a strong predictor

of the strength of paper. However, measurement of the RBA is not a straightforward

task, and can be measured either by direct or indirect methods.

Indirect methods for RBA measurement use either gas adsorption or optical light

scattering techniques. The gas adsorption method utilizes a measure of the adsorption

of nitrogen gas in a paper sheet as a proxy for the non-bonded surface area of the

sheet [17, 18]. In this method, the total surface area can also be measured using non-

bonded handsheets formed in acetone and butanol [18]. However, the total surface

area is the surface area accessible to the gas which can also include the internal lumen

area and the pores in the cell wall [19]. The light scattering method of Ingmanson

and Thode [20] is based on the assumption that only the free surface area of the

fibres can scatter light. In this case a lower light scattering coefficient translates to

a higher degree of bonding. Then, the total surface area calculation is based on the

assumption that there is a linear correlation between the light scattering coefficient

and tensile strength, and the total surface area can be determined by extrapolating

the light scattering coefficient to zero tensile strength. Although both methods have

found widespread usage in research and in industry, the way of determining the total

surface area has become a subject of debate [19, 21]. It is argued that refining and

pressing can introduce additional differences in paper samples such as fibrillation and

lumen collapse that can also affect the light scattering. Batchelor and He [21] recently

developed a new method to calculate the RBA of non-bonded sheets without the need

for extrapolation of light scattering coefficient by using available experimental data:
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fibre cross-sectional area, cell wall density, area of a rectangle circumscribing the fibre,

fibre wall area, and the density of the sheet. This method seems to produce adequate

results.

Direct methods for RBA measurement are based on image analysis and micro-

scopic studies of paper cross-sections. However, most of the macroscopic studies face

difficulty in producing sufficiently high resolution images of the paper cross-sections

[19]. Only recently, the development in X-ray micro-tomography has made it possible

to produce high resolution 3D images of the paper sheets that can be used to mea-

sure the extent of fibre-fibre contacts in them [22]. However, to study the fibre-fibre

contacts from 3D images, one needs to segment all individual fibres, which means

assigning to each image element a label that indicates to which object it belongs. It

is also quite unclear exactly what constitutes a fibre-fibre bond, since it will depend

on the image resolution. Several automatic methods to segment paper fibres have

been developed that are mostly based on lumen tracking [23, 24]. In the method

developed by Sharma et al. [24] RBA is calculated via counting the contacts between

the segmented fibres. Malmberg et al. [22] has developed a method to measure RBA

without fibre segmentation only by detecting fibre lumens in cross-sectional images

of the 3D volume which in principal is similar to the light scattering method. More

information about X-ray tomography of paper and related image analysis methods

are provided in the Image Analysis section of this chapter.

1.1.1.3 Tensile Deformation and Failure of Paper

Load-elongation curves obtained from standard tensile tests are one of the main tools

to study the deformation of materials. Despite the fact that paper is heterogeneous

at all levels of its structure, it still exhibits a well-defined load-elongation curve that

can be used to describe its mechanical behaviour. The load-elongation curve of paper

has two distinct features when testing is carried out in a dry atmosphere (relative

humidity below 80%) [25]. As seen in Figure 1.1, the initial response of paper to

a tensile load is an elastic behaviour. This initial linear response is followed by the

plastic region which is associated with a gradual decrease in the slope of the curve

that usually approaches a reasonably constant secondary slope [25]. Further, paper

also show behaviour that is typical of visco-elastic materials, such as a dependence of
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Figure 1.1 has been removed due to copyright 
restrictions. It was a schematic illustration of  
load-elongation curve of a typical paper. Origi-
nal source: Kari Ebeling. “Distribution of 
Energy Consumption during Straining of
Paper”. PhD Thesis. Lawrence University, Ap-
pleton, Wisconsin, 1970, p. 680.

Figure 1.1: Schematic load-elongation curve for a typical paper [25]

the load-elongation curve on strain rate, creep, and stress relaxation [26].

Elasticity As explained in Section 1.1.1.1, through extensive experimental studies,

Page and Seth [7, 8] were able to elucidate the factors that affect the elastic response

of paper leading to the equation 1.1. They showed that the elastic response of paper

depends on two factors: the elastic properties of the constituent fibres, and the sheet

structure. The structural factors includes the orientation distribution, fibre length,

and the relative bonded area of the paper network. They also showed that when

the fibres are long enough, and the network is highly bonded the elastic modulus of

a paper should approach one-third that of the component fibres. Consequently, the

elastic modulus of random sheets can be simply described by,

Ep =
1

3
ϕEf (1.3)

where, ϕ is the efficiency of the network and has maximum value of 1.0 for sheets of

well-bonded long fibres.

Viscoelasticity-Plasticity The literature regarding the visco-elastic and plastic

behaviour of paper contains two drastically different viewpoints. The first viewpoint,

hypothesized by Rance [27], believes in disruption of inter-fibre bonding throughout

the whole deformation process of paper. In this viewpoint, fibres are considered to be
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perfectly elastic and inter-fibre bond breakage is believed to control the rate of the re-

sponse, or in other words, the visco-elasticity of paper. This viewpoint is supported by

the work of Nordman et al. [28] that used optical scattering to show that paper suffers

from inter-fibre bond breakage during deformation. However, as they only reported

indirect evidence, there were some questions regarding the inter-fibre bond breakage

being the true source of the change in light scattering coefficient. Further, Page et al.

[29] performed some direct microscopic observations of the inter-fibre bonded areas

during straining of a paper. They reported that a vast majority of the analyzed bonds

showed little to no loss in the bonded area and only a few of them showed full fail-

ure during deformation. The second viewpoint, first hypothesized by Berzinski [30],

believes that the plastic deformation of paper is not influenced by inter-fibre bond

breakage but is only governed by the irreversible intra-fibre deformation of the cell

wall structure. This viewpoint has been supported by the work of Kubát [31], and

Page et al. [32]. Finally, Ebeling [25] has also studied the thermodynamic behaviour

of paper during the load-elongation and hypothesized that the load-elongation re-

sponse of paper was governed by both intra-fibre irreversible structural changes and

subsequent partial breakage of inter-fibre bonds.

One of the most complete research on the stress-strain behaviour of paper was

conducted by Seth and Page [8]. In this study, different paper sheets with different

levels of inter-fibre bonding were generated by varying the wet pressing and refining

conditions, and through the use of additives. It was reported that the level of the

inter-fibre bonding had no influence on the shape of the stress-strain curve as long

as there was adequate level of bonding to create a fully efficient structure. The level

of bonding only seemed to affect the strain to failure and the strength of the paper

sheets. The change in the light scattering coefficient was also measured for different

sheets, and it showed a decrease in RBA during straining at a rate which depended

on the treatment that was applied to the sample. The sheet with the lowest bonding

level showed the highest rate of RBA loss. Figure 1.2 shows the stress-strain curve

for three samples of their study [8]: a control sheet indicated by the letter C, a sheet

treated with a bonding agent indicated with the letter B, and a sheet treated with

a debonding agent indicated by the letter D. The right-hand vertical axis indicates

the corresponding light scattering coefficients recorded during straining. As can be
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Figure 1.2 has been removed due to copyright 
restrictions. It was a digram of  stress and 
light scattering coefficients  plotted against 
strain of  the samples that were controlled, 
treated with debonding and bonding agents 
showing how the light scattering coefficiencts 
increase more rapidly for the sample treated 
with a debonding agent. Original source: R S 
Seth, D H Page, and J Brander. “The Stress 
Strain Curve of Paper”. In:
The Role of Fundamental Research in Paper 
Making. Vol. 1. 1981, pp. 421–452.

Figure 1.2: Stress-strain curves and scattering coefficient for C-control, B-treated

with a bonding agent D-treated with a debonding agent [8]

seen, while the shape of all three stress-strain curves is the same (only the failure

point is affected), the increase in scattering coefficient is much larger for the sample

treated with a debonding agent as compared to the sample treated with a bonding

agent. Therefore, it was concluded that the pre-failure behaviour, and subsequently,

the stress-strain behaviour of paper sheets are not affected by bond strength.

Further, since in the plastic regime the flow stress also is dependant on the visco-

elastic properties of fibres, in addition to the sheet structure and the efficiency factor,

Seth and Page [8] proposed that an equation similar to equation 1.4 could be used to

describe the plasticity of paper:

Ep
? =

1

3
ϕ?Ef

? (1.4)

where Ep
? and Ef

? now represent the value of stress divided by strain at any point

on the stress-strain curve, and ϕ? now represents the strain-dependent efficiency fac-

tor. The change in the orientation of the fibres is thought to be negligible and the

efficiency factor is thought to decrease because of inter-fibre bond breakage. Fol-

lowing the same rationale, they showed that by using an efficiency factor calculated

by dividing the elastic modulus of an inefficient structure by the elastic modulus of

an efficient structure, the stress-strain curves of paper networks with different net-

work efficiency superimpose on each other as long as the fibre properties stay the
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Figure 1.3 has been removed due to copyright 
restrictions. It included two diagrams: (a) 
showed the plots of the stress-strain curves for 
different samples with different wet pressing 
pressures and how the curves are different, 
and (b) showed that the stress-strain curves of 
all the samples superimpose
with only difference between them being the with only difference between them being the 
strain to failure values. Original source: R S 
Seth, D H Page, and J Brander. “The Stress 
Strain Curve of Paper”. In:
The Role of Fundamental Research in Paper 
Making. Vol. 1. 1981, pp. 421–452.

Figure 1.3: (a) Stress-strain curves for handsheets made with different wet-pressing

pressures from laboratory-made, never-dried, unbleached, 46%-yield kraft pulp of

black spruce (b) The same stress-strain curves superimpose when the efficiency factor

is considered [8]

same. Therefore, they concluded that the non-linearity of the stress-strain curve of

paper and its visco-elastic properties originate from the intra-fibre processes and that

the inter-fibre bond breakage only plays a minor role in the stress-strain evolution

through a slight reduction in the network efficiency during deformation. Figure 1.3

(a), redrawn from the work of Seth and Page [8], shows the stress-strain curves of

different samples made with different levels of wet-pressing. Figure 1.3 (b) shows the

same stress-strain curves that superimpose when the efficiency factor is applied, thus

demonstrating the superimposition theory proposed by Seth and Page.

Failure Analysis There are two main mechanisms that govern the fracture of pa-

per: fibre pull-out, where breakage of a series of inter-fibre bonds result in fibres being

pulled out of the paper network during deformation and failure, and fibre breakage,

where the fibres inside the fracture zone break due to high tension inside their fibre

walls. Different experimental methods have also been developed to study the fracture

process in paper. Kettunen and Niskanen [33] have developed a geometric method

to characterize the microscopic damage that results from inter-fibre bond failure and

fibre pull-out caused by propagation of a crack through paper. In this method, the
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area that the fracture takes place and proceeds is called the Fracture Process Zone,

FPZ. The method involves measurement of two parameters: damage width wd, that

characterizes the extent of inter-fibre bond breakage near the crack line, and pull-out

width Wp that characterizes the fibre pull-out by measuring the distance that the

fibre ends extend from the crack line on both sides. The measurement is performed

on silicon-impregnated samples, as silicon enhances the contrast of newly created sur-

faces that allows for identification of inter-fibre bond or fibre failures. Further, Zhang

et al [34] applied this damage analysis method to compare the effect of wet straining

and refining on the fracture properties of paper and showed that the ratio of damage

width to pull-out width may be reflective of the degree of fibre segment activation.

Acoustic Emission (AE) monitoring has also been applied in investigation of dam-

age processes in paper [35, 36, 37]. Isaksson et al. [36] used AE monitoring to

study the onset and evolution of damage in isotropic paper sheets with inter-fibre

bond breakage as their dominant damage mechanism. Detected emitted waves in

AE monitoring are considered to be the consequence of rapid release of elastic en-

ergy originating from micro failures. Figure 1.4, redrawn from their study, shows the

typical experimental (σ) and theoretical (σ̂) stress-strain curves obtained from the

uniaxial strain tests in [36]. As can be seen, the normalized cumulative number of

AE events and the calculated homogeneous damage variable D is also plotted as a

function of uniaxial strain ε. The theoretical stress-strain curve is calculated by ex-

trapolation obtained from a curve fitting relation and damage variable D is calculated

as D = 1 − σ/σ̂. Close agreement of the curves for the damage parameter and the

normalized cumulative number of AE events demonstrated the use of detected AE to

indicate damage growth in paper specimens where inter-fibre bond breakage is the

active damage mechanism.

Fracture Mechanics of Paper In recent years, in addition to the idea of network

efficiency, the idea of fracture sensitivity has gained increasing attention which is

based on the notion that tensile strength of paper is a measure of paper’s ability to

concentrate strain energy resulting in development of fracture-based models of tensile

strength [38]. It has been reported that linear elastic fracture mechanics (LEFM)

modified for paper [39], and an extended fracture process zone length (FPZ) [40], is
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Figure 1.4: Typical experimental and theoretical stress-strain curves obtained from

uniaxial strain test on isotropic paper sheets along with the normalized cumulative

number of AE events and the calculated homogeneous damage variable D as a function

of the uniaxial strain [36]

sufficient to describe the fracture resistance for a wide range of paper grades [41].

Coffin et. al. [41] showed that for a wide range of commercial papers a sample width

of 50 mm is enough to determine the effective process zone length, and the obtained

results can be scaled to allow for prediction of fracture sensitivity of wider webs. The

measured FPZ, or in other word, the effective process length parameter was taken as

a measure of papers ability to concentrate load near the crack tip that has a great

influence on the fracture resistance of a paper sheet relative to its tensile strength.

They also argue that the tensile strength of paper is a result of a fracture process

mainly induced by the defects along the edges of paper sheets which are introduced

via cutting of the network. Therefore, tensile strength is simply the result of the

same type of fracture process that happens in a notched test. This idea resulted

in application of a flawed lattice model to study the effect of a discrete structure

on the fracture sensitivity, which showed that the smaller lattice spacing resulted in

concentration of load closer to the crack tip. This way they concluded that the FPZ

used in modified-LEFM is not necessarily a physical length of the extended fracture

zone length, but a characteristic length of the network that can be used to describe

the ability of the structure to concentrate energy. Therefore, a fracture-based model

can be used to model the tensile strength loss of a network based on this characteristic

length rather than bond strength as in Page’s equation for tear strength. Coffin [38]
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also measured characteristic length of 37 market pulp for a set of beating curves

and reported the existence of a unique shape to the curve of the normalized tear

strength when plotted against their characteristic length. This plot showed that the

tear strength decreases significantly when the characteristic length is smaller than

the fibre length. He interpreted the observed trend as that the tear strength peaks

when the unit cell is of the order of the fibre length and further densification of

the paper network results in smaller effective unit cells that similar to the result of

the lattice model will lead to more strain concentration quickly diminishing the tear

strength. In other words, he explained that tensile strength and tear strength appear

to be influenced by the ability of the network to concentrate and transfer strain

energy from one unit to another, and therefore, once the characteristic length is less

than the fibre length, the ability of the network to concentrate energy is sufficient

to propagate fracture without engaging the surrounding material resulting in higher

fracture sensitivity to smaller tears and less energy required for tearing. Therefore,

he concluded that for networks of large inherent lengths, such as low grammage and

low bonding sheets, sample size needs to be considered even when a standard sample

width of 15 mm is used as they would not yield an accurate measurement of tensile

strength.

1.1.1.4 Auxetic Behaviour of Paper

Similar to other materials, deformation of a paper sample under uniaxial loading is

three dimensional, which means that paper not only deforms in the direction of the

load, but also exhibits signs of deformation in the transverse directions. This effect

is known as the Poisson effect, and quantified as,

ν = −∆d/d

∆l/l
(1.5)

where ν is the Poisson’s ration, d is in this case the initial thickness, l is the initial

length of the sample, and ∆d and ∆l are changes in the thickness and length of the

sample.

Auxetic materials are a specific class of materials that exhibit expansion in the

transverse direction during a uniaxial tensile loading. This thickness expansion dur-

ing uniaxial tensile loading have also been observed for different kinds of paper and
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reported in the literature [42, 43, 44]. Öhrn [42] measured thickness change by three

different types of instruments: a continuous thickness gauge made of a metallic circu-

lar platen with a diameter of 2.7 cm, a mercury dilatometer [45] measuring thickness

as a function of volume change of liquid mercury, and a Microcator [42] that mea-

sures thickness during a biaxial bulging of paper. Öhrn tested four types of papers

and found all of them to show an increase in the thickness with increasing strain. He

measured the thickness of samples until failure and even after failure and found that

the thickness curve was concave upward for all samples. Stenberg and Feller [43] used

a bespoke thickness measuring device with a spherical platen head to continuously

measure the thickness of the samples over an area of about 20 cm2 of paper while

being strained in a tensile tester. The overall thickness of the samples was reported

to increase with increasing strain. No correlation were found between the Poisson’s

ratio with either grammage or the initial thickness of the samples and no discussion

was provided on the effect of processing parameters.

In addition to all the above mentioned experiments, where mechanical contacts

were used to measure the change in the thickness of samples, image analysis can also

be used to measure such changes. Post et. al. [44], used optical imaging along with

some image analysis to measure the thickness change of different paper samples during

tensile testing. They reported an increase in the thickness for few samples made from

Kraft pulp and also some multi-ply boards. However, as the thickness measurements

were calculated from images of the cut edge of the samples, any misalignment, rupture,

or buckling of the sample could significantly influence the thickness values.

As can be seen from equation 1.5, expansion in the thickness direction occurring

concurrently with tensile deformation results in a negative Poisson’s ratio, which is a

typical characteristic of auxetic materials [46]. In contrast, most monolithic materials

(e.g. metals, ceramics, and polymers) show a positive Poisson’s ratio, which means

that a stretch in one direction induces a contraction in the lateral directions. Although

auxetic materials also elongate in the direction that they are being stretched, unlike

regular materials they show expansion in either or both lateral directions. Auxetic

behaviour can be both naturally occurring, as in certain types of skin and load-bearing

bones, and synthetically induced, as in honeycomb structures and fibre-reinforced

composites. Depending on the type of the material, different mechanisms are believed
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Figure 1.5: Re-entrant honeycomb network structure with negative Poisson’s ratio

(auxetic) [46]

to be responsible for their auxetic behaviour [46]. A simple mechanism for auxetic

behaviour can be observed in the re-entrant honeycomb structure. As can be seen

in Figure 1.5, the special form of the structure will result in an expansion in the y

direction when the structure is stretched in the x direction.

As mentioned earlier, the out-of-plane Poison’s ratio of paper have been mea-

sured to be negative, and therefore, paper can be considered as an Auxetic material.

Straightening of the curved fibres have been widely accepted as the mechanism re-

sponsible for the auxetic response of paper [42, 43, 44]. In a recent work, Verma et.

al. [47] have tried to build up on the existing knowledge and further explain this

phenomena by developing a simple geometrical model using cylindrical fibres. Figure

1.6 shows a schematic view of their network model along with its cross-sectional view

at stretched and non-stretched states. They hypothesized that when the network is

stretched, the relaxed and flexible fibres are pulled at the network points pushing

the fibres that are bonded or in contact with them in the z-direction resulting in an

increase in the thickness of the network. It is therefore suggested that the bonded con-

tacts make this phenomena more pronounced, since otherwise fibres would slide past

each other. Consequently, by filling the voids of the network they would not be able

to contribute to the thickness expansion. Using such geometrical model, Verma et. al.

showed that, similar to paper, the magnitude of the negative out-of-plane Poisson’s

ratio of their model increases with increasing strains, consistent with experimentally

obtained values [42].
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Figure 1.6: Network structure (left) and its cross-sectional view at non-stretched

(right-upper) and stretched states (right-bottom) [47]

1.1.2 Factors Affecting Fibres and Bonding

As explained in section 1.1.1, the properties of the constituent fibres and their inter-

actions, namely inter-fibre bonding, are the two major factors that affect the strength

properties of the final paper products. These factors can be influenced by different

processing steps that help tailor the final products for specific applications. In the

present research, three processing methods have been used to alter the mechanical

properties of paper handsheets: refining, where mechanical treatment of fibres is used

to alter their properties; drying, where fibre properties and bond formation can be

influenced by changing drying conditions; and pulp mixture, where paper proper-

ties are altered by using blends of different fibre types that inherently have different

properties. All these factors are explained below.

1.1.2.1 Refining

The refining process or ”beating” of chemical pulps is a mechanical treatment to

design the fibres to better satisfy the requirements of the paper-making process such as

drainage characteristics, or the desired properties of the final paper product including

certain strength properties [48, 49]. In the refining process, the fibres are subject to

compressive and shear forces that can result in several changes in fibre characteristics

17



Figure 1.7: Schematic drawing of a wood fibre structure [53]

which depend on the type of initial fibres, refiner specification, and pulp consistency.

Pulp consistency is defined as the weight in grams of oven-dried fibre in 100g of pulp-

water mixture, based on which refining processes are usually divided into low or high

consistency methods.

In order to understand the effect of refining on paper properties, its effect on fibre

properties have to be clarified, which necessitates a basic familiarity with the wood

cell wall structure. The cell wall structure of wood fibres consists of several layers

[50]: middle lamella, primary cell wall, secondary wall, and lumen. Figure 1.7 shows

a schematic drawing of the structure of a wood fibre. As can be seen, the primary

and secondary cell walls contain a scaffold of cellulose microfibrils with middle lamella

surrounding the primary cell wall. Middle lamella mainly consists of lignin that is

holding the fibres together in wood, along with some primary cell walls of adjacent

fibres. The secondary cell wall is the main contributor to the mechanical properties

of the fibre, and contains three different layers [51]: the outermost layer called S1,

the middle layer called S2, and the innermost layer called S3. The Microfibril Angle

of the secondary wall layers is known to be the main reason behind the difference

in elasticity, shrinkage, and collapse resistance behaviour of different types of wood

fibres [52]. The last layer of the cell wall is called the lumen, which is the hollow core

and can hold water or water vapour.

18



Fibrillation The first effect of refining on paper fibre is internal fibrillation caused

by cyclic action of forces that rise during the refining process. This results in delam-

ination of the P and S1 layers of fibres, causing the breakage of inner bonds that

exist among different fibre wall layers. Further, this results in the expansion of the

pore structure inside the cell wall that leads to swelling of the fibre [54], which is

indicative of damage in the fibre wall. Finally, degradation of the fibre wall during

internal fibrillation causes the fibres to be more flexible or conformable [55]. The

loosening of the fibre wall results in a reduction of the effective elastic modulus that

further reduces the bending stiffness of the fibres. Flexibility is one of the key factors

in determining the final strength of a paper product since more flexible and collapsed

fibres result in higher contact areas between fibres and lead to stronger bonding that

in turn results in higher tensile strength [56, 57].

Another effect of refining, especially when the shear rate in refining is low, is

external fibrillation, which is associated with the shearing of the fibre surface that

results in exposure of the microfibrils still attached to the surface of the fibres [58].

This results in an increase in the specific surface area of pulp fibres that are believed

to improve the fibre–fibre bonding [59, 60]. Further, some hydrophilic compounds

from the cell wall are released during the external fibrillation process that leads to

the formation of some gel-like layers that appear as a thin layer after drying that

can influence the fibre-fibre bonding [60]. As internal and external fibrillation happen

simultaneously during the refining process, it is difficult to determine the effect of each

one individually. However, the application of ultra-fine friction grinding has made it

possible to keep internal fibrillation constant while observing the effect of external

fibrillation on strength properties [61]. This resulted in the observation that external

fibrillation, in addition to internal fibrillation, will significantly increase the tensile

and bonding strength.

Fine Formation and Fibre Shortening In general two types of fines can be

present in pulp: primary fines and secondary fines. Primary fines are present even in

unbeaten pulp and stem from the ray and parenchyma cells [62] while secondary fines

are produced during the refining process as a result of fibre shortening or external

fibrillation [63]. Fines consist of fragments of primary and secondary fibre walls with
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a high surface area that can improve the fibre-fibre bonding, but at the same time

they can increase the draining time.

A reduction in the fibre length during the refining process is called fibre shortening

[64]. While fibrillation is caused by a large number of impacts of small intensity, a

small number of high intensity impacts can lead to fibre cutting [65]. Fibre cutting is

usually an undesirable effect of refining as longer fibres result in higher tensile strength

in paper sheets [66]. However, the shortening of fibres can improve sheet formation

considerably due to decrease of flocculation tendency by reducing the crowding num-

ber [67]. The fibre length reduction as a result of refining is calculated by measuring

the length weighted average fibre length before and after the refining process. It has

been reported that the reduction of fibre length did not actually correlate with the

changes in the number of long fibres in the unit mass, suggesting that there might be

a relation between fines formation and fibre shortening [68].

Fibre Straightening Another major effect of the refining process on the fibre mor-

phology is fibre straightening [69]. Although the exact mechanism of fibre straighten-

ing during refining is not clear, breakage of the intra-fibre bonds, swelling of the fibre

walls along with the tension in the refiner gap are thought to be the main mechanisms

associated with fibre straightening [70].

As pulp travels through different high consistency mechanical treatments it may

be subject to bending or axial compressive stresses. Lamellar structures of wood

fibres that consist of helically wound fibrils results in them being fairly strong in

tension, while they easily fail under longitudinal or axial compression. Axial com-

pressive failure in fibre results in regions where the original orientation of the fibrils

are locally disturbed, and give rise to microcompressions [71] which is defined as axial

shortening of fibres due to introduction of slip planes and dislocations. Further, the

bending failure of fibre can result in large-scale deformations in the fibre wall that are

accompanied by delamination. This leads to development of regions that have low

bending stiffness. Fibres have a tendency to develop kinks at those sites, where the

direction of the fibre axis changes abruptly. It is because of these deformations along

the length that a fibre becomes curly [72].

Straightness of fibres can have a major impact on tensile strength and modulus
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Figure 1.8: Illustration of fibre curl

of the final paper sheet [71]. Considering that paper consists of a network of fibres

that bond together at fibre-fibre crossings, the fibre segments that are curved do not

contribute to the load transfer in the network until deformation straightens them.

Consequently, stress distribution within the network becomes uneven, leading to stress

concentration and therefore a reduction in in-plane strength. The straightness of fibres

is measured using a parameter called curl index, which is defined as the relationship

between the ”contour length”, and the ”projected length”, as shown in Figure 1.8

and calculated as [71],

Curl index =
L

l
− 1 (1.6)

where L is the contour length and l is the projected length.

1.1.2.2 Pulp Mixture

Most of the research on the effect of pulp blends on paper properties are focused on

investigating the usefulness of the general mixture rule in predicting the properties

of mixture sheets. The most basic form of the mixture rule is the linear regression

model, which approximates the mixture properties by summing the products of the

properties and weight fractions of each constitutive phase [73]. For example, Gates

and Westcott [74] performed a theoretical study on the application of a linear mixture

rule (i.e. mass fraction additivity) for calculation of RBA for a paper that consists of

two components. Using statistical mechanics of fibres in the network, they were able

to develop the following relation

RBA =
w1RBA1

w1 + w2α1

+
w2RBA2

w1α2 + w2

(1.7)
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where w1 and w2 are the mass fractions, and RBA1 and RBA2 are the relative

bonded areas of the two components. α1 and α2 are factors that consider the RBA,

and width and thickness of the collapsed fibres of the pulp components. However,

they found that this relation is not always true and some mixtures do not follow the

linear mixture rule. They also concluded that when the RBA deviates from this linear

mass fraction additivity rule, tensile strength of mixtures also deviate from the linear

mixture rule. Similarly, Mohlin and Wennberg [75] observed synergistic effect for

tearing resistance in a mixture of chemical and mechanical pulps. However, the tensile

properties and internal bond strength was reported to show negative deviation from

the linear additivity. Weak interactions between the chemical and mechanical fibres

was suggested to result in formation of two separate networks in the mixture leading to

such non-linear patterns. Retulainen [76] also observed a negative non-linear deviation

from linear mass fraction additivity for the apparent density of blends of earlywood

and latewood kraft fibres in mechanical pulps. Tearing resistance was reported to

increase linearly with the addition of latewood fibres but showed a positive deviation

when more flexible earlywood fibres were added to the mixture. It was suggested that

the stiffer fibres had undermined the ability of bonding of more conformable fibres,

and therefor, the Kraft fibres were under utilized. In contrast, both linear and non-

linear behaviour of the strength properties in sheets consisting of Kraft and TMP was

observed by Zhang et al. [77]. It was suggested that the behaviour was dependent

on the degree of bonding in the sheet. When the bonding potential of both pulps

was fully utilized, a linear relationship in the strength properties was observed, while

a deviation, generally negative, was seen when the bonding potential was not fully

utilized.

Some properties of the mixtures of separately refined chemical softwood and hard-

wood pulps also have been reported to deviate from the linear mixture rule. The

tensile, tear and folding strengths, light scattering and opacity of the mixture can

show synergistic effects while air permeability have been shown to deviate negatively

from the calculated values [78, 79, 80]. In contrast, the breaking length, and the

stretch of the mixture have been reported to follow the linear additivity rule [80].

Bovin and Teder [78] have found that if their tensile strengths are on different sides of

the tear strength maximum on their tensile-tear strength curves the tear strength of
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the mixtures of any different chemical pulps show positive deviation from the linear

mixture rule.

1.1.2.3 Drying

As explained in section 1.1.1.1, inter-fibre bonding is a major factor contributing to

strength properties of paper networks. Inter-fibre bonds form due to a phenomena

known as the Campbell Effect [13] that arises from the capillary forces during the

drying process that pulls the fibres together. As the drying process continues, this

effect leads to different kinds of bonding between fibres including Molecular bonding

and Van der Waals’ bonding. The extent of inter-fibre bonding formed during this

process can also be influenced by the method of drying. In general, drying can be

categorized into two types of free drying, where paper sheets are allowed to shrink

freely during drying, and restrained drying, where shrinkage of paper sheets during

drying is inhibited. During drying, pulp fibres have different tendencies to shrink

laterally or longitudinally [81]. The amount of shrinkage depends on the amount of

wet swelling of the fibre walls that is in turn dependant on the internal fibrillation,

and chemical composition of the fibre walls. As a result of this discrepancy, pulp

fibres shrink more laterally leading to shear stress at the bonding area. Therefore,

when a paper is loaded, the edges of the bonds will be the first area to start carrying

the load [81]. Lateral shrinkage of one fibre also leads to axial shrinkage of the

bonded fibre, causing microcompressions in the bonding region. Consequently, the

properties of the bonded fibres differ from those that are freely dried. In contrast,

when the drying is restrained, the axial compression in the bonded area inflicted

by neighbouring fibres leads to activation of some fibres in the network as shown in

Figure 1.9. Activation refers to the event when originally kinked, curly, and deformed

fibres that are unable to carry any load, are transformed into active components of

the network. In addition, Jentzen [82] found that drying under axial tension can

substantially increase the tensile strength but decrease the breaking length of single

fibres. This change in mechanical properties is associated both with an increase in the

crystalline orientation (that enables higher tensile strength and Young’s modulus) as

well as a more even redistribution of stress in the fibres brought upon by a removal

of internal deformations [83, 82].
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Figure 1.9: Schematic illustration of network activation [81]

Finally, paper can also be freeze-dried, where the wet handsheet is initially frozen

and then sublimed under vacuum condition. This method is known to eliminate the

surface tension effect during the drying process, inhibiting the Campbell effect [84,

85]. This results in the freeze-dried samples to have lower degrees of bonding, and

consequently, lower tensile strength properties when compared to air-dried samples.

1.1.3 Image Analysis

Considering the great importance of the fibre network on properties, direct observa-

tion of this network, and changes that occur with deformation, will help to improve

our understanding of the process-structure-properties relationship in paper. Different

image acquisition methods have been employed to study paper, and are summarized

in [86]. While most of these imaging methods are suitable to study the surface of a

paper, a few of them can also be used for 3D analysis. Among these methods, the

non-destructive and high-resolution nature of X-ray Computed Tomography (CT) has

made it the method of choice for 3D analysis of paper microstructure [87]. In doing

so, the next section will provide a brief explanation of the X-ray tomography method-

ology. The following sections will then explain how image analysis techniques can be

applied to the acquired 3D images to analyze the structure of paper. The last section

will focus on the use of X-ray computed tomography to acquire time-dependent data

sets that can further facilitate the study of paper’s mechanical behaviour.

1.1.3.1 X-ray Tomographic Imaging of Paper

X-ray Computed Tomography (CT) imaging has been used for more than 40 years

in medicine, and has developed to be a powerful technique to study materials over
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Figure 1.10: Schematic illustration of the principles of X-ray tomography [90]

the past 15 years. Figure 1.10 shows a schematic illustration of the process of X-ray

tomography in a non-medical setting. As can be seen, the sample is placed between

the source and the detector. Then, the sample is rotated and a series of radiographs

is acquired. Then, these images are used to reconstruct or compute the 3D dataset

of the internal structure of materials [88]. The image contrast is obtained based

on variations in X-ray attenuation within the studied sample. Attenuation of X-ray

by each element within a sample is governed by its characteristic X-ray attenuation

coefficient µ[89]:

I = I0e
−µt (1.8)

where I0 is the intensity of the incident beam, and I is the intensity of the X-ray beam

after passing through a material with thickness t. This equation can be extended to

a three dimensional space:

I(x, y, z) = I0e
−
∫ z

0
µ(x,y,z)dz (1.9)

where (x, y, z) determine the position inside the specimen. Therefore, the resultant

x-ray intensity I(x, y, z) is a measure of the attenuation coefficient as a function of the

position inside the specimen. Solving this equation for µ results in a three dimensional

volume consisting of attenuation coefficients of materials inside the scanned specimen

which are proportionally represented by different greyscale values.

In addition to the absorption mode, the contrast of the images can also be obtained

by phase contrast. Phase contrast exploits the Fresnel diffraction of the X-rays and
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maps the difference in the refractive indices of materials inside the sample [91]. In

this way it can enhance the visibility of the edges and boundaries of the objects

that have similar X-ray attenuation coefficients. It can also be useful in imaging of

materials that have very low X-ray attenuation. For example, in paper materials the

low attenuation of cellulose fibres makes it difficult to differentiate the fibres from

voids (i.e. air) via absorption mode CT, and therefore, phase contrast can be a useful

method for imaging of such materials.

The X-ray source can also significantly affect the quality of the obtained images

and synchrotron radiation can offer significant improvements when compared to lab-

oratory X-ray sources. While X-ray tubes are normally used in lab-based equipment,

synchrotron uses synchronized magnetic and electric fields to accelerate charged par-

ticles in a ring-shape path that results in a nearly parallel beam propagation with

a flux many orders of magnitude higher than that of lab-based X-ray sources. The

parallel nature and the high flux of such beams translates to faster scan times [92].

The high intensity of the synchrotron beams also facilitates the application of filters

providing the possibility to work with a monochromatic beam resulting in scans that

suffer less from X-ray artifacts such as beam hardening [92].

Synchrotron X-ray Computed Tomography of Paper Synchrotron X-ray Com-

puted Tomography (sCT) has been widely used to study the structure of paper [87,

93, 94, 95, 96]. The usefulness of sCT to study paper structure at the micrometer

level was first examined by Samuelsen et. al. [96]. Antoine et. al. [97] also used sCT

with phase-contrast mode to obtain images of paper’s 3D structure with a resolution

of 1 µm. They found a series of artifacts and ’disturbances’ in their data and pro-

posed a set of image analysis routines to semi-automatically segment fibres and fillers

from pores. Roscoat et al. [94] used a parallel, monochromatic synchrotron X-ray

beam to obtain images of paper structure achieving a resolution of 0.7 µm. They

realized that the sensitivity of paper samples to humidity and temperature can result

in sample shrinkage during the scan that can lead to blurry images. They were able

to overcome this problem by estimating the strain of the sample during the scan using

a linear interpolation based on the cross-correlations between radiographs obtained

at both 0 and 90 degrees. They also suggested conditioning samples by leaving them
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in the experimental hutch for two days prior to the experiment in order to resolve the

shrinkage problem. Further, using the acquired images they were able to segment and

characterize the structure of paper samples in terms of their fibres, fillers and pores.

In a later work, Roscoat et al. [87] used sCT to study porosity and specific surface

area of four industrial paper materials. They analyzed the porosity profile in the

thickness of each sample using the acquired 3D datasets and reported the thickness

of paper sheets to consist of three layers: a bulk layer with almost constant porosity

being sandwiched between two boundary layers that have strong porosity gradients.

In addition to bulk-level studies, sCT has also been used to study paper structure

at the level of fibres and bonds [22, 98, 99]. Malmberg et al. [22] used phase-contrast

sCT to study a series of wood-fibre mats. They developed a data reduction method

to quantify the degree of inter-fibre bonding in their samples that only requires the

identification of fibre lumens. Marulier [98] also used sCT to study paper’s fibrous

microstructure to shed light on the links between manufacturing conditions, and the

resultant microstructural and mechanical properties. They adapted a manual segmen-

tation approach to find centre lines of fibres that were further used to characterize

the morphology of fibre cross sections and inter-fibre bonds. Wernersson et al. [99]

also developed an algorithm with a graphical user interface that can facilitate a semi-

automatic segmentation of fibres inside a X-ray tomography data. Segmentation is

done by choosing a few control points along the fibre that represents the centre line

of the fibre at each slice. Then, the rest of the fibre centre line is calculated by the al-

gorithm using interpolation and splines. By using the segmented fibres the developed

algorithm is able to identify where the fibres are free or bonded.

While manual or semi-automatic fibre segmentation methods have been shown

to be effective in studying the microstructure of paper using sCT, segmentation of

large number of fibres using such methods can not only be very time consuming,

but also may result in user bias. This underlines the importance of development of

robust automatic algorithms that can effectively segment individual fibres form tomo-

graphic data. Such data can be used to obtain statistically significant measurements

of different fibre-level and network-level properties of paper.
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1.1.3.2 Segmentation

As mentioned earlier, the data acquired from sCT is a three dimensional volume of

greyscale values that proportionally represent the X-ray attenuation of the materials

inside the scanned sample. The first step in analyzing such data is to distinguish

the greyscale values that represent the paper material from background noise (i.e.

air), which is known as Binarization. Doing so usually involves selection of a thresh-

old value that separates ranges of the greyscale spectrum that are attributed to the

regions of interest from the rest of the values. However, the low contrast of X-ray

tomographic images of paper, especially at the fibre-air interface makes such selec-

tion of a global threshold value a challenging task [97]. Therefore, advanced filtering

and denoising methods are usually first applied to sharpen the histogram of greyscale

values, facilitating the binarization of tomographic datasets of paper.

Binarization Different denoising and binarization methods for tomographic images

of paper samples have been suggested in literature [97, 94, 100]. Antoine et al. [97]

proposed a multi-step method for binarization that included a low and high pass

filtering, subjective selection of seed points, and thresholding by region growing. First,

low frequency noise in the quasi-ring artifacts was removed by a smoothing procedure

based on averaging five consecutive slices in one direction, while high frequency noise

was removed by conventional Butterworth filter [101]. Then, a region growing method

[101] restricted in only two directions and requiring the selection of several seed points

was used to binarize the data. Roascoat et al. [94] used a non-linear anisotropic

diffusion filter [102] and showed that application of such diffusion filters can result in

smooth regions while preserving the edges. In that work, a semi-automatic seeded

region growing method was used for binarization, which regroups the voxels based on

their homogeneity and adjacency criteria. Recently, Sharma et al. [100] developed

a multi-step method for binarization. First, a simple non-linear diffusion filter [103]

was used to remove the noise while preserving the edges. Then, a threshold value was

calculated in a way that the basis weight of the digitized volume would be equal to

the physical basis weight of the sample. The digitized basis weight was calculated by:

w =
N(T )× (r)3 × ρ

A
(1.10)
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where N(T ) is the total number of voxels with a greyscale value greater than T ,

r is the voxel size (i.e. the resolution of images), ρ is the density of cellulose (assume

in Sharma’s study to be 1.5 g/cm3), and A is the area of the sample. Using this

equation, the value of T was calculated by equating the basis weight of the digitized

paper with experimental measurements. It should be noted, however, that considering

the locality nature of basis weight in paper, and the fact that the size of samples in

X-ray tomography imaging are very small (i.e. in the order of few millimetres), the

actual basis weight of the scanned sample might not be exactly equal to the measured

basis weight of a standard sample.

Segmentation of Individual fibres After binarization, different image processing

techniques can be used to segment individual fibres inside the volume. The term seg-

mentation refers to the identification of regions of interest in digital images. Segmen-

tation is quite important and has applications in many different fields, ranging from

medical sciences, to robotics, and materials sciences, and thus a variety of segmenta-

tion algorithms exist in the literature. However, because of the complex morphology

of paper fibres, adaptation of such algorithms to segmentation of paper fibres has

been proven to be challenging.

An initial attempt at segmentation of individual fibres inside volume images of

paper was made by Aronsson [23]. In this work, segmentation was initiated by manual

definition of two seed points inside the lumens of paper fibres: the preferred start-

and end- locations. Seeds were then grown in the direction of local fibre orientation

using Ordered Region Growing (ORG) [104] along with a steering function defined

by a Distance Transform (DT) [105] of the binary image. In this way, ORG tracks

centreline of lumens throughout the 3D dataset that results in a ’wiggly’ skeleton for

each lumen. Then, using these lumen skeletons as seed voxels, a 3D segmentation

method known as SeparaSeed [106] was applied to identify the entire lumen. Finally, a

DT histogram based approach was used to segment fibre walls. This method success-

fully segmented 10-20% of the lumens in a dataset obtained by SEM and microtomy

[23]. Lundén [107] and colleagues have also developed a similar method to identify

lumen candidates, but unlike Aronsson’s approach, this method does not assume a

constant fibre wall thickness when segmenting fibres. In fact, lumen candidates are
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grown outwards until an edge is detected using the Canny edge detector algorithm

[108]. This method was able to capture any regions where the lumens had collapsed

by first removing the previously identified regions and then using the remaining data

as seed for edge detection in the original data. Another method that has been used

to segment lumens in a volume image of paper was to track Maximally Stable Ex-

tremal Regions (MSER) [109]. MSERs are either bright regions surrounded by dark

boundaries or dark regions surrounded by bright boundaries, and can be identified

using extremal properties of the intensity function. A lumen being a dark region

surrounded by a bright boundary, can in fact be identified by detection of MSERs.

Therefore, simultaneous detection and tracking of MSERs between adjacent slices of

a volume image can result in segmentation of 3D lumens [110, 110]. Such segmented

lumens can further be used to segment fibres in a similar way as the previously men-

tioned approaches. Axelsson [111] has also developed a ’pre-segmentation’ method

that uses the local orientation of fibres. In this method, the first estimation of the

fibre cross section is provided manually by identification of seed points that mark the

approximate centre for each fibre. Then a local coordinate system is defined with the

origin at the seed point and one coordinate axis along the approximate fibre direction.

Next, a series of images are created using sum projections perpendicular to the fibre

cross section by rotating the local coordinate system around the fibre axis. The sum

projections are then radon-transformed [112] to identify the lines corresponding to

the fibre walls. This can be done by locating the local maxima in radon transforms.

These lines are then used to update the fibre axis and the centre points. Finally, a

step is taken in the direction of the fibre axis and the new fibre axis and centre point

is calculated in a similar fashion. The described method was shown to effectively find

the centre lines of fibres; these can be used as seed data for segmenting fibre walls

in a similar way as in [23]. However, this method only works for fibres with lumens

since completely collapsed region of a fibre become a band in their radon transform,

lacking the required local maxima. Among the mentioned methods for segmentation

of individual fibres only the methods based on tracking of MSERs can be considered

as automatic and the rest of them require manual indication of seed points for initia-

tion. Attempts have also been made to automate other methods through automatic

identification of lumen cross sections in two dimensional slices using different shape
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descriptors and constraints [113, 114]. Simultaneous tracking and identification of

lumens in adjacent slices can result in 3D segmentation of lumens that can further be

used as seed for segmentation of fibres. A recent advancement in this area has been

made by Sharma et al. [100] and can extract 40-50% of the fibres in a image volume.

Sharma’s method is utilized in the present study, and will be explained in more detail

in the methods section of this thesis.

1.1.3.3 4D Imaging of Paper

4D imaging refers to performing some in-situ (or in other words time-dependant)

analyses of materials inside X-ray chambers that has been made possible by recent

advancements in fast synchrotron X-ray Computed Tomography (sCT). Nowadays

4D tomographic imaging can also be done inside lab-based tomography machines.

However, since lab-scale CT equipment have limited X-ray flux their application in

4D imaging is only limited to high contrast materials and processes happening over

long time scales.

4D tomographic imaging along with some image analysis methods has been used

to study combined microstructure and mechanical evolution of different materials [90,

115, 116, 117]. For example, Latil et al. [117] have used 4D imaging to study the

micromechanical behaviour of a saturated fibre bundle during an in-situ compression

test. This was done by quantifying some microstructural descriptors such as fibre

orientation from 3D images at different stages of deformation to characterize evolution

of the fibrous medium during its deformation.

4D imaging has also been applied to perform in-situ analysis on paper products.

Viguié et al. [118] have used 4D imaging to study hygroexpansion of lignocellulosic

fibrous material. They used a paper-board made up of several layers and subjected it

to a variation of humidity while performing X-ray microtomography scanning. Then,

image correlation techniques were used to measure in-plane and out-of-plane displace-

ment fields which revealed that hygroexpansion is highly anisotropic. They also used

the obtained data to characterize the hygroexpansion micromechanisms for the fibre

and pore phases. This showed that hygroexpnsion is highly dependant on the fibre

content of the fibrous layer.
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Digital Volume Correlation DVC is a three-dimensional expansion of the stan-

dard two-dimensional Digital Image Correlation (DIC) [119]. DIC is now widely

accepted and commonly used in experimental mechanics and is used to obtain direct

in-plane displacement measurements and full-flied strains [120]. This is achieved by

tracking of points (features) in the digital images of the surface of a test object to

match them in the reference state and after deformation. This will result in their

displacement vector that can be used later to obtain their corresponding strain fields.

While DIC is only limited to 2D images and deformation of the surface of the test

objects, DVC is a true 3D measurement technique that uses the same principles as in

DIC to calculate internal displacements. DVC is dependant on tracking of naturally

occurring textures inside the materials, and therefore, is typically used along with

high-resolution tomographic 4D imaging. This dependence limits the application of

DVC to materials that possess suitable microstructures. DVC have been applied to

study the behaviour of many materials ranging from indentation response in metallic

foams [121] to microstructural behaviour of trabecular bone compression [122]. The

fibrous structure of paper materials make DVC a suitable tool to study their defor-

mation mechanisms. More technical details about the DVC method are provided in

Section 2.4.2.

1.2 Summary

The search for novel paper-based products derived by the competition in pulp and

paper industry has become the motivation behind further investigation of different

properties of paper materials. Development of novel products necessitates a deeper

understanding of process-microstructure-properties relationships in order to better

tailor the properties for such products. Consequently, in recent years the mechanical

properties of paper, including their tensile strength, has regained attention within

the research community. As explained in section 1.1.1, the strength of paper mainly

depend on the properties of its constituent fibres and their relative and cumulative ar-

rangement, or in other words, paper’s network structure that can be modified through

different processing methods. As explained in section 1.1.2, refining, pulp mixture,

and drying can significantly alter the mechanical properties of the final paper product.
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Refining processes aim to minimize the inter-fibre bond breakage during deforma-

tion and failure of paper samples by inducing morphological changes in the constituent

fibres. This results in a more efficient paper network during deformation that improves

the tensile strength. Moreover, as explained in section 1.1.2.3, since bond formation

happens during the drying process, changing the drying conditions can also substan-

tially alter the extent of inter-fibre bonding inside the paper sheets. As shown in

sections 1.1.1.3 and 1.1.1.3 , although the effect of inter-fibre bonding on deformation

and failure mechanisms, and its resulting translation to macro-scale strength proper-

ties is well understood, there is no clear agreement in the paper community on the

relative importance of different mechanism (i.e. fibre/bond breakage) during deforma-

tion and failure of paper products. This underlines the need for direct observation of

deformation and failure of paper materials to gain insight about mechanisms that are

active during deformation and failure, and also to quantify their relative importance.

This can be achieved by measurement of evolution of microstructural descriptors such

as inter-fibre bonding.

In addition to the refining process, the strength properties can also be changed by

altering the pulp mixture. This can be used to tailor paper properties by changing

the intrinsic properties of the constituent fibres. Another industrial motivation for

pulp mixture is to reduce the cost by substitution of some fibres with cheaper ones.

In this case, interactions between fibres become even more important. As shown in

section 1.1.2.2, there has been many studies focused on understanding the effect of

pulp mixture on the properties of the final paper products. Although there are a

few mixture models that have been developed for paper products using statistical

methods, there is no clear understanding of how the physics of fibre-fibre interactions

changes with changing pulp blends. This underlines the need for further investigation.

The first step in doing so would be to see if different pulp mixtures with the same

amount of refining result in different extents of inter-fibre bonding. Since deformation

of paper is mainly governed by the extent of inter-fibre bonding, characterization of

deformation and failure of paper by direct observation can shed light on the the level

of inter-fibre bonding inside the paper network.

Recent developments in synchrotron X-ray tomography allow for the 4D imaging

of a wide range of engineering materials during processing and in-service use. As ex-
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plained in Section 1.1.3.3, this method, combined with software tools including fibre

segmentation and Digital Volume Correlation, make it possible to quantify deforma-

tion at the scale of microstructure. It is now possible to acquire the 3D structure

of paper during different stages of deformation, and further to analyze the volume

images to directly characterize their deformation.

1.3 Scope and Objectives

Considering the industrial importance of the level of inter-fibre bonding in predicting

the behaviour of paper materials, especially for samples made from pulp mixtures, and

the scientific importance of understanding the evolution of fibre morphology during

paper deformation, and new 4D imaging methods that have become available for

materials engineering research, the main objectives of this thesis are:

• To demonstrate the viability of using 4D imaging to observe the evolution of

fibre-level and network-level properties of paper during deformation

• To characterize the deformation mechanisms of paper based on microstructural

descriptors such as inter-fibre bonding and curl index

• To apply the developed methods to study deformation of a series of handsheets

with different levels of bonding to see if deformation of samples can be used to

evaluate the level of bonding of their network

• To use the obtained insights to evaluate the level of bonding inside the network

of a series of samples made from pulp mixture of varying levels of NBSK and

Eucalyptus fibres

This thesis includes six chapters. In Chapter 1, an introduction along with a

review of the relevant literature was provided, and the scope and objectives were

listed. Chapter 2 provides the details about the 4D imaging experiments, along with

the explanation of the image analysis methods that are later used in Chapter 3 and

4. In Chapter 3, these methods are applied on the dataset obtained from 4D imaging

experiments to gain general insights on deformation of paper. In Chapter 4, the

insights of Chapter 3 are utilized to study the effect of bonding and pulp mixture on
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deformation of paper. In Chapter 5, the obtained image volumes are used to measure

the Poisson’s ratios of all samples. Chapter 6 summarizes the findings of this research

and provides recommendations for future work.
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Chapter 2

Methods

In this chapter a detailed explanation of the methods used for this study will be

provided. In doing so, this chapter is divided into four sections. In the first section,

the method used to acquire the 4D data is provided. Second, a detailed explanation

about the sample preparation and the design of the sample holder is given. Third, a

description of the details of the fibre segmentation methodology are provided. Finally,

a detailed explanation of the DVC method is given.

2.1 4D Imaging of Paper

The 4D imaging synchrotron Computed Tomography (sCT) experiments were per-

formed on the I13 beamline at the Diamond Light Source (Didcot, UK) under pink

beam conditions. As mentioned in the Section 1.1.3.1, typically monochromatic beams

are used in synchrotron facilities in order to avoid beam-hardening artifacts that are

present in polychromatic laboratory sources. However, the use of monochromator

results in significant loss in X-ray flux [123]. This leads to increased data acquisition

times that would be too long to capture in 3D the dynamics of fibre deformation.

An alternative to monochromatic X-rays is the so-called pink-beam in which only the

high-energy X-rays are filtered greatly increasing the X-ray flux.

Imaging Setup The detectors on I13 beamline were placed on a motorized stage

that enabled adjustment of the sample to detector distance up to 2000 mm. The

sample to detector distance in this case was set to be around 1 m allowing for some
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Figure 2.1: P2R tensile tester

phase-contrast to be captured in the images. After interacting with the paper, X-rays

are transformed to visible light by a scintillator screen, and then captured by digital

detector placed behind an optical microscope. The 4X objective lens was chosen for

these experiments, along with a PCO Edge camera, resulting in a voxel size of 1.6

µm and a field of view of 64 mm3. The pink beam mode was used enabling a fast

exposure time of 0.101111 s per projection. In total, 1800 projections were taken for

each tomograph resulting in a scan time of around 3 minutes, and in total ≈ 18-20

3D image volumes were acquired during the deformation process.

In-situ Tensile Testing A bespoke tensile tester known as the P2R [124] was

provided by Manchester University to perform the in-situ tensile tests. Figure 2.1

shows the P2R tensile tester placed in the beamline. Tensile tests were performed

under a constant rate of deformation of 100 µm/min. Deformations were applied

at increments of 100 µm followed by a 2-minutes relaxation time. In total, each

sample was deformed in about 18 - 20 steps prior to failure, with 3D images captured

at each step. One should note that some samples contained areas of yellow/brown

discoloration after the 4D imaging, providing some indication that the intensity of

the X-ray beam may have damaged some of the handsheets.
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2.2 Sample Preparation and Holder Design

Ten standard handsheets were used in this study: four softwood handsheets to study

the effect of bonding on deformation and failure mechanisms, and five handsheets to

study the effect of pulp mixture on deformation and failure mechanisms. All hand-

sheets were created using the facilities at the University of British Columbia (UBC)’s

Pulp and Paper Centre. The four samples used to study the effect of bonding were

made from NBSK pulp and are referred to as freeze-dried, non-refined, moderately-

refined, and highly-refined. The six samples used to study the effect of pulp mixture

were made using different levels of separately refined NBSK pulp in combination with

Eucalyptus pulp, and are referred to based on their NBSK content. All the pulp

used for sample preparation was provided by Canfor. While the freeze-dried and non-

refined samples had no refining, the moderately-refined and mixture samples were

Low-Consistency (LC) refined at 60 kWh/t, and the highly-refined sample were re-

fined at 100 kWh/t. Except the freeze-dried sample, which as implied by its name

was freeze-dried into a handsheet, all the samples were air-dried. Air drying was per-

formed in restraint at 23 ◦C and relative humidity of 50% for 24 hours after formation

of the sheets. The handsheets, having an areal density of 60 g/m2, were formed using

a British handsheet maker and following standard TAPPI procedures. Table 2.1 lists

all the handsheets and their respective processing parameters.

The handsheets were cut into samples having a dog-bone shape as shown in Figure

2.2 (a). Samples were 18 mm long with a gauge length (width) of 2.8 (3.0) mm. The

doge-bone shape of the samples was employed to ensure that the fracture would

occur in the field of view during sCT imaging. The handsheets, except the freeze-

dried samples, were all cut by Silver BulletTM single-blade paper cutter at UBC. The

freeze-dried samples, due to their delicacy, were cut using a laser cutter at University

College London.

To increase the load to a measurable level of ≈20 N for the bespoke tensile tester

of the synchrotron facility a multi-sample test setup was developed, and shown in

Figure 2.2 (c). Consequently, four samples (three for the freeze-dried sample) were

deformed concurrently. As can be seen in Figure 2.2 (c), 3D printed rectangular

spacers were fixed on each side of each sample in the multi-sample test setup, using
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Sample Name Material Refining Energy (kWh/t) Drying

Freeze-dried 100% NBSK 0 freeze-dried

Non-refined 100% NBSK 0 air-dried

Moderately-refined 100% NBSK 60 air-dried

Highly-refined 100% NBSK 100 air-dried

100% NBSK 100% NBSK 0% Euc. 60 air-dried

80% NBSK 80% NBSK 20% Euc. 60 air-dried

40% NBSK 40% NBSK 60% Euc. 60 air-dried

20% NBSK 20% NBSK 80% Euc. 60 air-dried

10% NBSK 10% NBSK 90% Euc. 60 air-dried

100% Euc. 0% NBSK 100% Euc. 60 air-dried

Table 2.1: List of samples with their processing conditions

double-sided adhesive. The spacers were needed to separate the samples so that they

would be easily distinguishable in the acquired 3D images. The adhesive layers were

used as reinforcement to ensure that the fracture would not occur in the grip area,

and also to facilitate load transfer between spacers and samples. A pin-grip design

was employed to link the samples together, as well as to the tensile tester. Further,

an assembly mould as shown in Figure 2.2 (b) was used to ensure that all the samples

are aligned together. To do so, samples and spacers were laid on top of each other

inside the mould and then a pressure was applied to make them stick together.

The multi-sample geometry was mounted inside the tensile tester using purpose-

built grips, additively manufactured, and depicted in Figure 2.3 (a). A screw-nut

setup was used to apply adjustable compressive load to further ensures that the

fracture would not occur in the grip region. The U-shape bracket was used to facilitate

sample handling without damaging the samples; this was taken out after the grips

were placed in the tensile tester. Figure 2.3 (b) shows the actual 3D printed grips

along with their multi-sample setup. Figure 2.3 (c) shows how the grips were placed

inside the tensile tester.
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Figure 2.2: Schematic drawing of (a) sample geometry (b) assembly mould (c)

multi-sample geometry

Figure 2.3: (a) Schematic drawing of the grip, (b) Actual 3D printed grip and its

multi-sample setup, (c) samples placed inside the tensile tester

2.3 Segmentation

The segmentation method developed in this work is an improved version of the au-

tomated fibre segmentation method developed by Sharma et al. [100]. Since this

method uses binarized 3D images as input, the acquired sCT images need to be bina-

40



rized before segmentation. Further, to improve the quality of the binarization step,

a denoising step was also necessary to remove artifacts and noises from the obtained

sCT images. Therefore, denoising and binarization steps, which are different to the

methods used in [100], will be explained first before moving to a detailed explanation

of the developed segmentation algorithm.

2.3.1 Denoising

In general, images that are acquired from X-ray tomography can include noises and

artifacts that necessitates a filtering step to remove such noises. This becomes chal-

lenging when the contrast of images are low, which is the case with X-ray tomographic

imaging of paper samples. Figure 2.4 (a) shows a cross-sectional slice of a volume

image of a paper sample acquired by sCT. As can be seen, fibres appear as light ring

shaped objects and the grey areas surrounding them are in fact the air inside and out-

side of the fibres. Ring artifacts and a noisy background can also be seen; these result

in large errors during the binarization step. Since the segmentation method is based

on identification of fibre lumens, general smoothing filters that perform indiscriminate

blurring cannot be used to remove the noise as they can result in blurring of the fibre

edges making such identifications even more difficult. Considering the importance of

fibre edges, edge-preserving filters seem to be the best option for denoising.

The denoising filter used in this work was a bi-exponential edge-preserving smoother

called BEEPS [125]. BEEPS is structurally similar to a bilateral filter and uses a sim-

ple local adaptation of the filter weights to preserve edges with low computational

costs. Due to the size of sCT image data, low computational cost is a desirable at-

tribute. Similar to bilateral filters, BEEPS also contains two essential ingredients

of a range filter r and a spatial filter s. While r is used to measure the degree of

photometric similarity of a neighbourhood (i.e. image intensity), s determines the

spatial extent of the filter. There are two choices for the range filter: Gaussian-like or

sech-like (i.e. hyperbolic secant). In both cases, the contribution of the range filter

is controlled by its standard deviation. While a large standard deviation leads to a

broad range filter that has a weak effect and allows for the smoothing of all but the

strongest edges, a small standard deviation results in a narrow range filter with strong

effect that forbids the smoothing of most edges. Decay of a bi-exponential filter con-
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Figure 2.4: Cross-sectional slice of a sCT image of a paper sample (a) in as-scanned

condition (b) in filtered mode (c) in binarized mode

trols the amount of spatial smoothing with useful decays being in the interval [0, 1).

With slow decay (near 0), the filter has a long-range reach and the spatial smoothing

is strong.

In this study, BEEPS is used as a plugin within the ImageJ [126] software. Figure

2.4 (b) shows the same slice as in Figure 2.4 (a) after application of a BEEPS filter

using the following parameters: a sech range filter with standard deviation of 6.00, a

spatial decay of 0.01, and 6 iterations. Figure 2.5 shows the histogram of the same

slices before and after application of BEEPS. The effectiveness of filtering is evident

from the slimmer tails and a higher peak in the histogram of the filtered image.

2.3.2 Binarization

Although Sharma et al. [100] have developed a binarization method based on the

basis weight of paper samples, this study utilized a hysteresis thresholding method

instead of a standard thresholding method [127]. AvizoR© software is used in this

research to perform the hysteresis thresholding. While in a standard thresholding
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Figure 2.5: Histogram of cross-sectional slices of a sCT image of a paper sample

before and after denoising using BEEPS

method any pixels lower than the threshold is turned into black and any values above

it to white, the hysteresis mode uses a hysteresis loop to provide a more connected

thresholding result. First, two threshold parameters λ1 and λ2 (i.e. grayscale values)

are specified. Then, if intensity of the point I(n,m) > λ2 then the point is in the

retained area and it is turned to white. If I(n,m) < λ1 , the point is in the rejected

area and it is turned to black. However, if λ1 < I(n,m) < λ2 , the point is in the

fuzzy area, where it will be retained if it has any connectivity to a retained area, or

otherwise will be rejected and turned to black. This method has the potential to be

run in 3D where the connectivity criteria is measured in 3D. The low and high range

of grayscale values are obtained by addition and subtraction of a constant value (e.g.

5) to the threshold value obtained from the method in [100]. This approach will result

in lower white speckles in the binarized images while using lower values for threshold

that helps preserve closed lumens, which in turn can facilitate lumen tracking. Figure

2.4 (c) shows the result of hysteresis thresholding, using the AvizoR© software, on the

cross-section image shown in Figure 2.4 (b). As can be seen, a nicely-binarized image

is obtained. Having denoised and binarized the data, volume images are now ready

to be fed into the segmentation algorithm.
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2.3.3 Existing Segmentation Method

The segmentation method developed by Sharma et al. [100] consists of the following

three stages: lumen tracking, fibre walls extraction, and second-level segmentation.

In the lumen tracking stage, a modified connected component labelling algorithm

is used to track the lumens throughout the 3D volume. Although the geometry of

lumens are not closed in 3D due to the presence of pores in the fibre walls and the

fact that fibres have open ends, the cross section of lumens in 2D cross-sectional

slices of the volume image have a closed geometry. Therefore, with the exception of

cracked lumens, a simple connected component labelling algorithm [128] is capable

of identifying and separating most of the lumens in the cross-sectional images of

the dataset. Considering the fact that lumens of the same fibers will have some

overlapping points in the adjacent slices, identified lumens can be merged to create

a 3D lumen. When a lumen is cracked or a fibre end is reached in a slice, connected

component labelling will result in part of the background to be labelled as the lumen

in that slice. Therefore, a sudden increase in the lumen cross-section area can be used

as a method for identification of pores and fibre ends. If the cross-sectional area of a

lumen, after sudden increase in slice k, returns to its original size within an acceptable

threshold after n slices, then the lumen is identified to have a pore. The intersection

of the lumen in slice k+ n with the background in the slices k to k+ n− 1 are taken

as the lumen for those n slices. However, if the sudden increase in the lumen size

does not recover after n slices the fibre is considered to be ended at the slice k − 1.

Thus, this method is capable of successfully identifying the lumens that have pores

in their fibre walls.

In the fibre wall extraction stage, the 3D lumens identified by the lumen tracking

stage are used as seed data to extract fibre walls by assigning each voxel in the fibre

phase the label of the closest lumen. First, a distance transform is performed on the

2D slices of the segmented fibres. This results in the voxels belonging to the lumens

to have a value of zero and the remaining voxels to have values based on their distance

from nearest lumens. Multiplication of the obtained dataset by the binarized data

will result in each voxel in the fibre phase to have a value based on their distance to

the nearest lumen. Application of a threshold value on the distance transformed data
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will result in removal of the voxels that are farther than the threshold value from each

lumen preserving the topology and thickness of fibres. Finally, assigning the label of

their nearest lumen to each voxel in the fibre wall phase will result in identification

of the boundaries of fibres that are in contact leading to effective segmentation of the

fibres.

In the second-level segmentation, the focus is on tracking the collapsed regions of

fibres. Since there are no lumens in such regions, the lumen tracking is not capable of

identifying such regions, and therefore, crushed fibres appear as several smaller fibres

in the segmented data. To overcome this issue, in the second-level segmentation

the non-segmented fibre voxels are attached to either ends of the segmented fibres

based on their connectivity to the fibre voxels in adjacent 2D slices. In this way each

segmented fibre may grow at its ends and overlap with other segmented fibres. Such

overlap can be used as an indication that those segmented fibres belong to a single

fibre. This can be used to merge such fibres segments into a single fibre leading to

effective segmentation of fibres that have collapsed regions in their fibre walls.

2.3.4 3D Lumen Tracking

The method developed by Sharma et al. [100] is based on the assumption that fibres

in a paper sample are all more or less aligned in a single direction and lumens can

easily be detected from their cross sections in 2D slices perpendicular to the direction

of fibres. However, in handsheet samples, where fibres are randomly oriented, such

assumptions do not hold resulting in this method to be biased to a single direction.

To overcome this issue, the developed code has been extended to a 3D lumen tracking

algorithm by extending it to each of the three x, y, z axes. This will result in the need

to merge three different set of labels each obtained from each of the three directions.

The details of the developed algorithm, based on connectivity criteria of fibre lumens,

is provided in the following section.

The lumen identification step in [100], where a series of constraints are used to

remove the false positives may result in some directional bias. Such constraints include

limiting the maximum and minimum values for areas of blobs that are identified as

lumens and selection of a threshold value for the solidity of such blobs. The solidity

of a blob of pixels in image processing is defined as the ratio of its area to its convex
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area, which is in fact the area of its convex hull. Therefore, shapes similar to a circle

have higher values of solidity compared to shapes similar to a star. Because of these

constraints, blobs that are identified as lumens but are in fact areas between fibres,

due to their shape, will have lower values of solidity. By choosing an appropriate

threshold value for solidity, all the blobs that result from areas between fibres can be

removed. However, when fibres are not all perpendicular to the 2D cross-sectional

slice that is used for lumen identification their lumesn can appear in different sizes

and shapes, and therefore, application of such global threshold values might limit

the effectiveness of this method. Considering that same lumens can also appear in

different shapes and sizes in 2D slices from different directions, and the fact that

lumens with pores in a 2D slice in one direction can have a closed lumen in another

direction, a multi-directional identification of the same lumen can facilitate a more

effective lumen tracking approach and remove the directional bias of the existing

method.

In the 3D lumen tracking method, the lumen identification method developed in

[100] is used in three orthogonal directions. Figure 2.6 shows identified lumens in an

X-ray tomographic image of a paper sample obtained from a lab equipment. Figure

2.6 (a) shows the identified lumens from only one direction, while Figure 2.6 (b) shows

the identified lumens from three orthogonal directions using the same method. The

same parameters of solidity and area of lumens were used in both cases. In Figure 2.6

(b) different colors indicate voxels that are identified from different directions. One

should note that some lumens were identified from all three directions and some of

them were only identified from one direction resulting of 48% increase in the number

of voxels identified as lumens for this sample. This is more evident in Figure 2.7 that

shows a 2D cross-sectional slice of the identified lumens. As can be seen from Figure

2.7 (b), different parts of the same lumen can be identified from different directions

that results in them having different labels depending on the identification direction.

This necessitates a method to merge different parts of the same lumen together.

A connectivity criteria is used in this method to merge different segments of the

same lumen that are identified from different directions, and consequently, have dif-

ferent labels. This connectivity criteria is based on the fact that lumens of different

fibres are separated by their fibre walls and do not touch each other. Consequently, a
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Figure 2.6: 3D visualization of (a) lumens identified from a single direction (b)

lumens identified from three orthogonal directions. Voxels are colour coded based on

the direction of identification

simple connected component labelling can result in proper labelling of lumens leading

to merging of different segments of the same lumen. This is evident from Figure 2.7

(c) where the identified lumens from different directions are labelled based on their

connectivity. Figure 2.8 shows the extracted fibre walls using the same labelled lu-

mens as in Figure 2.7 (c). As can be seen, 3D connectivity of the segmented voxels

can successfully be used to label the lumens of a fibre that are identified from dif-

ferent directions. As evident however, there still remains some lumens with different

segments that are not merged together. This is due to the fact that those segments

were separated by collapsed regions of that fibre, and therefore, there were no lumens

in that regions to be identified and used for connectivity. This can be overcome using

the second level segmentation method described in [100].
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Figure 2.7: 2D cross-sectional slice of lumens (a) identified from a single direction

(b) identified from from three orthogonal directions and colour-coded based on their

direction of identification (c) labelled using their 3D connectivity.

Figure 2.8: 3D visualization of extracted fibre walls using lumens labelled by their

3D connectivity.
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2.3.5 Post-processing

Having segmented individual fibres inside the volume image of a paper sample, differ-

ent network and fibre level properties can also be calculated using those segmented

fibres. Considering the scope and objectives of this thesis, two properties of Relative

Contact Area (RCA) and curl index are of interest. RCA is a property similar to the

Relative Bonded Area but applicable to sCT datasets as described below. Calculation

of RCA in different stages of deformation using the 4D imaging data at hand can help

in quantitative studies of the evolution of inter-fibre bonding during deformation and

failure of paper samples. Further, curl index, as explained in the literature review

section, is the measure of straightness of fibres, and therefore, such measurements

can make it possible to study straightening of fibres that is thought to be one of the

major underlying mechanisms of paper’s auxetic behaviour.

2.3.5.1 Relative Contact Area

As explained in Section 1.1.1.2, relative bonded area can be measured directly using

image analysis methods by finding the contacts of segmented fibres. In this case,

calculation of relative bonded area reduces to counting the number of voxel faces

that are in contact with each other and belong to different fibres, divided by the

number of voxel faces that are in contact with the air, multiplied by the surface area

of each voxel (i.e. resolution squared). However, this method necessitates the need to

segment all the individual fibres inside a paper handsheet, which with current state

of the available tools is virtually impossible. Nevertheless, since the purpose of this

measurement is to study the evolution of this descriptor during deformation of paper

networks, a similar approach as proposed by Sharma et al. [100] can be adopted.

In this case, instead of measurement of relative bonded area for the whole paper

handsheet, this measurement is obtained for each segmented fibre that is written

back to the non-segmented volume. Then, counting the number of voxel faces of the

segmented fibre that are in contact with the rest of the fibres will result in the contact

area for each fibre. Furthermore, the tracked lumens for each fibre can also be added

to the original volume to exclude the voxels inside the fibre from this measurement.

Figure 2.9 (a), shows a cross sectional view of the segmented fibres inside the freeze-
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dried sample that are longer than 0.5 mm using the developed algorithm of this study.

As can be seen, the identified contact areas of the fibres with the air and the rest

of the fibres are indicated by the developed algorithm using red and green regions,

respectively. Figure 2.9 (b) shows a 3D visualization of one of these segmented fibres

chosen arbitrarily where the red areas indicate the fibre areas in contact with air and

the green regions indicate the contact areas of the fibre and the rest of the volume.

Division of the area of the green regions by the area of the red regions will result

in a measurement of relative bonded area for each fibre. However, one should note

that this method of relative bonded area measurement is based on the assumption

that the fibres in contact form bonds in all the contacted areas, which may not be

entirely correct. Therefore, it is more accurate to denote this measurement as Relative

Contact Area (RCA) of fibres. In addition, one should note that since the contact area

of fibres in digitized volumes also depend on the resolution of tomography data, this

measurement might not represent the true contact areas of fibres. Regardless, this

value can still be used for a comparative analysis by considering the same segmented

fibres at different stages of deformation.

Figure 2.9: (a) Cross sectional view of the segmented fibres that are longer than 0.5

mm and (b) 3D visualization of a single segmented fibre. Red regions depict the free

surface area of the fibres and the green regions indicate the fibre contact areas.
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2.3.5.2 Curl Index

As explained in Section 1.1.2.1, curl index is defined as the relationship between the

”contour length”, and the ”projected length” of the fibres expressed in the Equation

1.6. Contour length of fibres are calculated based on the method suggested by Sharma

et al. [100]. In this method, the contour length of a fibre is calculated by adding the

cord lengths of the digitized fibres. Cord lengths are defined as the Euclidean length

between the centres of the fibre’s cross section in every two consecutive adjacent

slices inside the tomography data. The centre of each cross section of fibres are found

by treating the voxels of lumens and fibre walls together as a single cluster of 2D

points in each cross section, and using the k-means clustering algorithm to find the

centroid of that cluster. k-means clustering [129] is a quantization algorithm that

aims to partition the given data to different clusters such that the variances of each

cluster (within-cluster sum of squares) becomes minimum. Application of k-means

clustering to obtain a single cluster made of voxels of lumens and fibre walls will yield

the coordinates of the centre of each cross section of fibres. These coordinates can

later be used to find the contour length by adding the Euclidean distance between

adjacent centres. Furthermore, projected length of a fibre in this case can be found by

calculation of Euclidean distance between the centres of the start and end cross section

of each fibre. Figure 2.10 (a) shows 81 fibres that are segmented from the freeze-dried

sample using the segmentation method of this study and have a contour length of

more than 0.5 mm. As can be seen, the obtained centre lines for each fibre are also

depicted as red lines. Figure 2.10 (b) shows a 3D visualization of the same segmented

fibre as in Figure Figure 2.9 (b). The projected length of this fibre is calculated by

AvizoR© as 1516.14 µm. The projected length of the same fibre is calculated as 1516.6

µm using the algorithm developed in this study. This value along with the contour

length obtained from the method developed by Sharma et al. [100] can be used in

Equation 1.6 to find the curl index of each segmented fibre.
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Figure 2.10: (a) Segmented fibres of the freeze-dried sample that are longer than

0.5 mm along with their centre lines plotted in red, and (b) single segmented fibre

along with its centre line and projected length

2.4 Digital Volume Correlation

Since its introduction in 1999 [130], DVC has seen a rise in its variation of implemen-

tations that try to achieve higher efficiency and accuracy [119, 131]. A commercial

software named VicVolumeR© is used in this research for DVC analysis, and conse-

quently, details of the underlying calculations are not available. However, all the

spatial-domain DVC are based on the same general procedure [121]. The procedure

of DVC analysis of this research can be divided into two steps of 4D volumetric im-

age acquisition and calculation of the strain fields that are explained in detail in the

following sections.

2.4.1 4D Volumetric Image Acquisition

The first step for any DVC analysis is to acquire a set of volumetric images of a test

subject at different levels of deformation. As explained in Section 2.1, 4D synchrotron
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X-ray tomographic imaging is used in this research to obtain suitable data for DVC

analysis. One should note that such volumetric data are in fact a discreet set of data

points that represent the interaction of the test subject with the imaging ray over a

small volume called voxel [121]. As a voxel value is associated with a discreet point in

the centre of the voxel, the intensity values between centres of different voxels need to

be interpolated. This interpolated data are normally used when a 3D visualization of

the data is rendered. Having obtained the necessary data, the process of DVC starts

by defining the region of interest. A set of discreet points are then defined inside this

region based on the accuracy requirements.

It should be noted that the considered deformed volumes in this research are all

registered with the reference volume. Registration is a process similar to DVC where

only the translation of the deformed volume is considered. During registration the

volume is translated to a point that maximizes the correlation between the deformed

and the reference volumes. In this way the result of DVC analysis will only include

the deformation of the sample and the translation will be excluded from the analysis.

AvizoR© is used in this research for all the registrations.

Figure 2.11 shows the freeze-dried sample as is displayed inside the editor of

VicVolumeR©. As can be seen from Figure 2.11 (a), the region of interest is first

drawn manually by the user by specifying a set of points as the boundaries. The

yellow indicator inside the region of interest is an initial guess defined by the user.

Initial guesses are used to reduce the computational cost and increase the accuracy of

the results. Figure 2.12 shows the editor of VicVolumeR© that can be used to specify

initial guess points. Those points are specified manually by the user mainly consid-

ering the translational degrees of freedom (i.e. translation in x, y, and z), and is

then checked by the software to examine the degree of correlation between the chosen

points considering the extra degrees of freedom: rotation, normal and shear strain. If

the correlation coefficient is higher than the threshold value, then the specified point

is taken as an initial guess for deformation. As can be seen from Figure 2.11 (b),

VicVolumeR© divides the region of interest into cubic sub-volumes of equal sizes, the

size of which is defined by the user based on the underlying microstructural texture

of the material. In fact, to obtain reliable results each sub-volume needs to be large

enough to include enough information (i.e. texture). The centre point of each
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Figure 2.11: (a) Specification of the region of interest and an initial guess (yellow

indicator) inside the editor window of VicVolumeR© (b) division of the region of interest

into sub-volumes of equal sizes

Figure 2.12: Editor window of VicVolumeR© to specify an initial guess
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sub-volume is then taken as the measurement point for estimation of displacement

vectors that is explained in more details in the following section.

2.4.2 Calculation of Strain Fields

To calculate the strain fields, first an estimation of displacement vectors are required.

Displacement vectors at predefined measurement points are estimated via correlation

of the target volume (i.e. deformed) and the reference volume. Figure 2.13 (bottom)

shows a schematic summary of the process for a single measurement point p. As can be

seen, a sub-volume denoted as k0 centred at the measurement point p is extracted from

the reference volume. The sub-volume is defined as a set of w vectors centred at p and

pointing to the centre of each voxel inside the sub-volume, {mα : α = 1, 2, 3, ..., w},

with values extracted from the reference volume. Then, the correlation process can

be carried out in a general way by performing a series of affine transformations [132]

on the original sub-volume k0 resulting in a series of trial sub-volumes labelled as

k. Trial sub-volumes are also defined as a set of w vectors, {nα : α = 1, 2, 3, ..., w}

with voxel values extracted from the target volume. The main transformation of

interest is translation defined by the vector t, as seen in Figure 2.13 (top). Other

transformations, such as rotation, normal strain, and shear strain is also considered

to improve the accuracy of the analysis. Next, an objective function is needed to

quantify the degree of match between a reference and trial sub-volumes. In this

research, Normalized Cross Correlation Coefficient (NCCC) is chosen in VicVolumeR©

for that purpose which is defined as [121]

C(g) = 1−

w∑
α=1

B(p+ xα)A(p+mα)√
w∑
α=1

B(p+ xα)2
w∑
α=1

A(p+mα)2
(2.1)

where A and B are the reference and the target image volumes,respectively. p is the

measurement point and mα is defined as before. xα = t+nα where t is the translation

vector and nα is the trial sub-volume defined as before. Parameter g includes all the

active degrees of freedom that include the translation t and the rotation, normal

strain, and shear strain parameters that define the transformations performed to

obtain the trial sub-volumes. Numerical methods can then be used to obtain the

global minimum of the objective function C with respect to the parameter vector g.
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Figure 2.13: Schematic diagram of the general process for (top) DVC analysis, and

(bottom) estimation of displacement vectors adapted from [121].

The results, displacement vectors, usually do not point towards the centre of voxels

in the target volume, and therefore, interpolation is necessary to achieve sub-voxel

accuracy. VicVolumeR© provides the user with the option to specify the order of the

interpolation method (i.e. 4-tap and 8-tap) to modify the computational cost.

Finally, strain fields are estimated from the obtained displacement vector fields.

First, the displacement field may be smoothed using a local polynomial fit, and then,

is used to calculate deformation gradient tensor from a cloud of neighbouring points

by least-square fit to a second-order Taylor series expansion of the displacement vec-

tor field [133]. Three threshold values can be specified in VicVolumeR© to discard the

data points with unreliable (i.e. physically unrealistic) displacement values: Con-

sistency Threshold, Confidence Margin, and Matchability Threshold. Consistency

Threshold is used to control the maximum amount of change in displacement val-

ues of neighbouring points. A value of 0.1 pixel is used to remove the points that

their displacement values are larger when compared to their neighbouring points. In

addition, Confidence Margin is used to exclude any points that have low correlation

values. A value of more than 95% match is used in all the analysis to remove the

data points that their estimated locations are less certain. Matchability Threshold is
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used to discard any data points that do not contain enough image contrast for proper

correlation. A value of 0.1 pixel is used in all the analysis to exclude any sub-volumes

that have less image contrast. VicVolumeR© also requires the user to specify the step

size which determines the number of slices that are used in DVC calculations.

2.5 Overview of the Methods

The methods used in this research to characterize the deformation of paper samples

can be summarized by the flow chart shown in Figure 2.14. First a 4D volumetric

data is obtained by synchrotron X-ray tomographic imaging and in-situ tensile testing

of the paper samples as explained in Section 2.1. Then, as explained in Section

2.4.1, AvizoR© is used to register the obtained deformed volumes with respect to the

reference volume. As explained in Sections 2.3.1 and 2.3.2, the registered data is

then filtered and binarized using AvizoR©. The filtered and binarized data is then

used in the 3D lumen tracking algorithm to segment individual fibres inside both the

deformed and reference volumes as explained in Section 2.3.4. Segmentation results,

as explained in Section 2.3.4, can be refined by choosing proper constraints on the

shape of the lumens until satisfactory results are obtained. Then, curl index and RCA

of the segmented fibres are calculated using the methods explained in Sections 2.3.5.2

and 2.3.5.1, respectively. The registered data are also used in VicVolumeR© for DVC

analysis. As explained in Section 2.4.1 the region of interest and some initial guess

points are identified by the user. VicVolumeR©, as explained in Section 2.4.2, requires

the user to specify the size of the sub-volumes, step size, interpolation method, and

proper thresholding values. These values can be used to refine the results of the DVC

analysis. The strain fields obtained from VicVolumeR© and measurements of curl index

and RCA are then used to study the deformation of paper samples.
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Figure 2.14: Overview of the methods used in this research
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Chapter 3

Characterization of Deformation

Mechanisms

This chapter is intended to present new insight on paper deformation mechanisms

based on analysis of the 4D datasets of paper. In doing so, this chapter is divided into

two main sections of network-level and fibre-level analysis. The freeze-dried sample

was chosen since it contains a large number of un-collapsed fibres with open lumens,

making it perfect for fibre segmentation using the improved segmentation algorithm

developed in this thesis. The segmented fibres are later used for both qualitative and

quantitative study of deformation at the fibre-level. A summary of the results and

discussions is also provided in the final section of this chapter.

3.1 Network-level Analysis

The focus of this section is to study the deformation of the freeze-dried sample at the

network level. First, the 3D volume images obtained from the 4D imaging experiment

are presented and discussed in a qualitative manner. Next, the strain fields obtained

from the DVC analysis along with the measured loads by the P2R tensile tester are

used to provide quantitative insights about the deformation of the sample at the

network-level.
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3.1.1 Qualitative Observations

Figure 3.1 shows the front-view (1) and side-view (2) of the freeze-dried sample in

the (a) reference state and (b)-(d) after tensile deformations of 1200 µm, 1600 µm,

and 2580 µm, respectively. By comparing these images, the evolution of the fibre

network resulting from tensile deformation can be observed. First, between Figures

3.1 (a)-1 and 3.1 (b)-1, it seems that the fibres have become more visible, especially

in the bottom of the image, after 1200 µm of displacement. This change in contrast

can be associated with detachment of a layer of fibres at the surface from the rest of

the sample. A closer look at the side-views of these samples, Figures 3.1 (a)-2 and

3.1 (b)-2, reveals some out-of-plane expansion at the bottom of the sample. Second,

the initial signs of failure are already evident in the lower region of Figure 3.1 (c)-1,

after deformation of 1600 µm has been applied. Specifically, there is a large area

that seem to be less dense when compared to the reference state, indicating fibre

pull-out. This is made further clear in Figure 3.1(d)-1, with 2580 µm of deformation,

as there are a large number of fibres at the bottom of the sample that seem to be

aligned in the direction of the load, further indicating fibre pull-out. Although no

rupture zone (in its conventional form) was observed during the deformation process,

failure in this sample was identified to occur at 1200 µm based on a drop in the

measured load. This will be further examined in Section 4.1.2. Fibre pull-out in this

sample was expected to occur, since as explained in section 1.1.2.3, the freeze-drying

process results in extremely weak inter-fibre bonds due to a reduction in the Campbell

effect. The handsheet’s weakness is further magnified by the low conformability of

the constituent fibres that result from the fact that they have not been refined. A

comparison between the side-view images of Figure 3.1 (a)-(c) shows an increase in

the sample thickness with increasing deformation. This thickness expansion was most

pronounced at the bottom of the sample, inside the failure region. Further increase

of deformation resulted in reduction of sample thickness inside the failure region,

as evident from comparison of Figure 3.1 (c) and (d). This thickness reduction is

associated with the fact that fibres were pulled-out from the sample. This is also

evident from Figure 3.1 (d-1), where, as can be seen, parts of the sample at the

bottom left is missing. Furthermore, the observed thickness expansion is contrary
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Figure 3.1: (1) Front-view (2) side-view visualization of the freeze-dried sample in

(a) reference state, (b) deformation of 1200 µm, (c) deformation of 1600 µm, and (d)

deformation of 2580 µm

to the hypothesis made in [47] that there will not be significant increase in sheet

thickness (i.e. auxetic behaviour) during deformation of paper samples having weak

hydrogen bonding, like freeze-dried handsheets, since the fibres would simply slide

past each other and have significant opportunity to occupy the empty spaces.

3.1.2 Quantitative Insights

Figure 3.2 shows the in-plane strain (εzz) fields obtained from DVC analysis of the

freeze-dried sample in the direction of the tensile load (z-direction) at deformations

of (a) 200µm, (b) 400µm, (c) 600µm, and (d) 1000µm. The red regions show the

areas of low in-plane strain while the yellow regions indicate the areas of high in-

plane strain of greater than 0.08. As evident from Figure 3.2 (a), a narrow band

of high in-plane strain is formed at the bottom of the sample at early stages of

deformation. A comparison of the calculated strain fields, Figure 3.2 (a)-(d), reveals
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that the magnitude of the in-plane strain in this region increases with increasing

amount of deformation. This is consistent with the observations that were made from

Figure 3.1, where fibre alignment and pull-out were observed at the bottom left of

the sample. Consequently, it can be concluded that for the freeze-dried sample, the

in-plane strain concentrates very early in the deformation process in a narrow region

of the paper. This localization then grows in magnitude and size to become the failure

region. This agrees with the findings of Ranger and Hopkins [134] and Borodulina et.

al. [135] that plastic deformations in paper tend to concentrate along lines that move

across the sample at an angle with respect to the applied external load similar to shear

band formation that typically happens in ductile materials. Korteoja et. al. [136] also

obtained similar deformation patterns using back-lit photographs of strained silicon

impregnated paper samples, which also showed that plastic deformations in paper are

highly nonuniform. They also observed that the site of eventual failure can visually

(i.e. from plastic strain) be identified long before failure [136] which is also evident

from the obtained strain fields.

Figure 3.3 shows the out-of-plane (εyy) strain fields obtained from DVC analysis

of the freeze-dried sample at deformations of (a) 200µm, (b) 400µm, (c) 600µm, and

(d) 1000µm. Similar to Figure 3.2, the red regions show the areas that exhibit small

out-of-plane deformations, while the yellow regions indicate the areas that exhibit

larger amounts of out-of-plane deformation. One should note that to facilitate the

data visualization the maximum value of the strain is capped at 0.2. Therefore, the

white regions indicate areas that have out-of-plane deformations of 0.2 or larger. As

can be seen from Figure 3.3 (a), a region of high out-of-plane strain is formed at the

bottom of the sample at early stages of deformation. A comparison between the out-

of-plane strain fields in Figure 3.3 (a)-(d) reveals that such areas of high out-of-plane

strain (yellow regions) grow in size and magnitude with increasing amount of tensile

deformation. This is consistent with the observations that were made from Figure

3.1, where increasing amount of deformation was associated with thickness expansion

of the sample, especially in or around the failure regions. This is also evident from a

comparison of Figures 3.2 and 3.3 that shows that the large out-of-plane deformations

are mainly concentrated in or around the regions that are associated with large in-

plane deformations (i.e. failure regions). Such out-of-plane thickness expansions have
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Figure 3.2: DVC calculated strain fields in the in-plane (z) direction of the freeze-

dried sample at deformations of (a) 0.2mm (b) 0.4mm, (c) 0.6mm, and (d) 1mm

Figure 3.3: DVC calculated strain fields in the out-of-plane (y) direction of the

freeze-dried sample at (a) reference state (b) deformation of 1200 µm, (c) deformation

of 1600 µm, and (d) deformation of 2580 µm
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been previously reported in the literature [44, 135].

3.1.3 Measured Loads and Strain Norms

Figure 3.4 plots the measured loads and the norm of the out-of-plane strain fields,

Nyy, against the P2R cross-head displacement for the freeze-dried sample. The y-axis

on the left indicates the loads in (N), while the y-axis on the right indicates the norms.

The norm of the strain fields was determined by performing a 2-norm calculation on

the 2D matrix that resulted from averaging strain values through the thickness of the

samples. The 2-norm of the resultant matrix can be calculated from the following

equation [137]:

‖A‖ =
√∑

ij

|uij|
2

(3.1)

where uij is the through-thickness average of the out-of-plane strain at the point ij. In

other words, the norm is calculated by performing square root of sum of squares of the

through thickness average strain values of the strain fields for each sample. Therefore,

the norm of the strain values, in fact, quantifies the accumulated deformation by

adding both the contraction and expansion that has occurred inside each sample.

In this way, the norm will in fact provide a quantity to compare the amount of

accumulated deformation inside different samples. The norms are calculated until the

peak load is reached, after which failure is assumed to have occurred. Beyond this

point, the sample is expected to have large deformations and missing fibre segments

as a result of fibre pull-out. VicVolumeR© cannot handle the analysis of such samples

where parts of the data from reference state is missing in the deformed volume, in

which case the analysis will yield large erroneous values for strain fields. As can be seen

from Figure 3.4, the norm of the out-of-plane strain fields increases with increasing

tensile deformation. This is consistent with the expected auxetic behaviour of paper.

However, while there is a relatively large increase in Nyy at later stages of deformation,

the increase is small early-on. The plot of the Nyy versus P2R head displacement has

a concave up trend, which is qualitatively similar to the plot of normalized cumulative

acoustic events and homogeneous damage variable D as reported by Isaksson et al.

[36], and explained in Section 1.1.1.3. This trend has also been observed for Poisson’s

ratios of some paper samples in the literature [42, 44, 47].
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Figure 3.4: Peak load (blue dashed line) and out-of-plane strain norm (red solid line)

of the freeze-dried sample from 4D imaging tests as a function of P2R tensile-tester

cross-head displacement

Sample Scale Although the loads can be measured using the in-situ tensile testing

equipment during 4D imaging experiments, it’s worth noting that such measurements

are not comparable to the standard tensile tests of paper. First, the high energy x-

ray beams can damage the paper which was observed in this study as some of the

samples exhibited colour change. This damage could lead to loss of strength. Sec-

ond, the scale of the samples are not as advised by the standard TAPPI procedure

(15mm). The gauge length and width of the samples in this study were 3mm and

2.8mm, respectively, which was dictated by the field-of-view of the synchrotron x-ray

imaging equipment of 4×4×4 mm, as it was intended to capture the whole width

of the samples during the in-situ tensile deformation. However, it was close to the

fibre length as NBSK fibres are around 3mm long. Furthermore, as it was explained

in Section 1.1.1.3, the gauge width of low grammage and low bonding samples are

possibly smaller than their characteristic length resulting in inaccurate strength mea-

surements. In addition, Hagman and Nyg̊ards [138] also used tensile testing and

speckle photography to study the effect of size in in-plane tensile testing of paper-

board, and concluded that the strain behaviour of their samples is dependant on the
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length to width ratio of the samples and cannot be predicted by standard tensile tests.

Therefore, in general, considering the scale of the samples of this study, the strength

measurements in here cannot be related to the values reported in the literature that

have been obtained following standard tensile testing procedures. However, consider-

ing that the sample scale has been kept consistent throughout the experiments, the

scale of the sample are not expected to significantly influence the comparative study

of deformation mechanisms of this research.

3.2 Fibre-level Analysis

Although observations made at the network-level leads to some interesting insights

about deformation of the freeze-dried sample, especially the presence of large out-of-

plane strain regions inside and near the failure regions, it is still difficult to make

comments about the underlying mechanisms for the observed deformations using

network-level analysis. In this section the improved segmentation algorithm is used

to segment a set of freeze-dried fibres at different levels of deformation for qualitative

study of deformation at the fibre level. In addition, the developed post-processing

codes for curl index and RCA are also used to obtain quantitative insight.

3.2.1 Qualitative Analysis of the Deformed Regions

Figure 3.5 (a) provides an overview of the fibre structure at a deformation of 1200µm

with four manually segmented fibres highlighted in a region of interest. Figure 3.5

(b) shows three horizontal slices of the same cross-section in the (b)-1 reference state,

(b)-2 1000µm, and (b)-3 1200µm displacement states. A comparison between Figures

5 (b)-1 and (b)-2 reveals that after 1000 µm of displacement, only the green fibre has

sustained any deformation; the remaining fibres do not appear deformed nor displaced.

By 1200µm of displacement, the blue fibre has clearly detached from the red fibre,

and also appears to have deformed. In addition, the separation between the green

and the blue fibre have also increased. Although Figure 3.5 (b) provides some ability

to study fibre deformation, it is quite difficult to identify deformation mechanisms

using only 2D cross-sectional slices as only one cross section of the fibre is visible at

a time. Figure 3.5 (c) shows a 3D visualization of the four segmented fibres from
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the region of interest: (c)-1 in the reference state, (c)-2 after deformation of 1000µm,

and (c)-3 after deformation of 1200µm. Most parts of these fibres were segmented

using the improved segmentation algorithm developed in this thesis; however some

manual merging and refining was also required. By comparing Figures 3.5 (c)-1 and

(c)-2, it is evident that the process of deformation resulted in a straightening of the

green fibre, and that this straightening led to an increase in the separation between

the green and the blue fibres near the middle kink of the blue fibre. Furthermore, as

evident, the green and the blue fibres were also detached near the bottom of the fibres

while remaining attached at the middle part. It is also evident from Figure 3.5 (c)-3

that after deformation of 1200µm the blue and the green fibres became completely

detached from each other. However, the yellow and the blue fibres remained attached.

It also appears that the blue and yellow fibres translated downwards, suggesting that

they were being pulled out. Overall, these observations show that in a freeze-dried

handsheet, an increase in fibre separation due to fibre straightening occurs during

the early stages of deformation, while complete detachment, i.e. inter-fibre bond

breakage, is also prevalent at later stages of deformation, resulting in failure.

Figure 3.6 shows a 3D visualization of a set of 18 segmented fibres. The blue fibres

were segmented from a deformed configuration after a P2R cross-head displacement of

200µm, while the yellow fibres depict the same fibres segmented from a configuration

after a displacement of 1000µm. One should note that some of the segmented fibres

were manually refined since it is virtually impossible to segment the exact same seg-

ments of the fibres within two different volumes using only the developed automatic

segmentation algorithm. The segmentation algorithm is capable of segmenting at

least 80 fibres inside the deformed volumes of the freeze-dried sample that have fibre

lengths of more than 0.5mm. Among those fibres, 18 fibres have been chosen based

on the fact that their similar segments have been segmented inside the two volumes.

As can be seen, the fibres at the bottom left of the sample exhibit noticeable move-

ments, while the fibres at the top of the sample have negligible deformation. This is

consistent with the observations that were made from Figures 3.1, 3.2 and 3.3, i.e.

deformation at the network level was at the bottom and to the left. However, it is

difficult to characterize fibre-level deformation by such qualitative observations. This

necessitates quantitative calculations such as curl index and RCA measurements. In
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Figure 3.5: (a) 3D visualization of the freeze-dried sample after being deformed to

1200 µm; (b) Cross section of the same sample and (c) segmented fibres in the region

of interest at “-1” reference state, “-2” deformation of 1000 µm, and “-3” deformation

of 1200 µm.

Figure 3.6: 3D visualization of the segmented fibres inside the reference configura-

tion (blue) and deformed configuration at 1 mm (yellow) of the freeze-dried sample

using the improved segmentation algorithm.
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the following section, the number shown beside each fibre of Figure 3.6 will be used

for quantitative comparison between the two deformed states.

3.2.2 Quantitative Insights

Segmentation of same fibre segments within different deformed volumes just using au-

tomatic segmentation algorithm is a challenging task since deformation of the sample

can induce some morphological changes to the fibre lumens making it difficult to track

the whole fibre inside different image volumes automatically. Therefore, some manual

refining was performed to ensure that the same regions of each fibre segmented from

two different image volumes were being compared in a quantitative manner. Fibre

length can be used as an indicator to ensure similarity of the segmented fibres. Fig-

ure 3.7, shows a plot of fibre lengths of the segmented fibres inside the two deformed

volumes of the freeze-dried sample; The blue bars indicate the fibre lengths inside the

reference volume (deformation of 200µm), and yellow bars indicate the lengths of the

same fibres inside the volume deformed at 1000µm. The x-axis indicates the fibre

numbers that were assigned to each fibre as shown in Figure 3.6. The red bars also

show the relative change in the fibre lengths from the first configuration to the second

configuration. As evident, the fibre lengths mostly match each other and the relative

change is small. This indicates that the same segments of each fibre are segmented

from the two volumes. The small changes in the fibre lengths are mainly associated

with fibre movements and deformations that have caused the fibres to move in or out

of the field of view.

3.2.2.1 Relative Contact Area

Figure 3.8 shows the calculated RCA for the segmented fibres inside two different

configurations of the freeze-dried sample using the method developed in this thesis;

The blue bars show the RCA of the fibres after a cross-head displacement of 0.2µm,

while the yellow bars show the RCA of the same fibres after displacements of 1000µm.

The relative change of the RCA of the segmented fibres between the two configurations

are also shown by the red bars. As evident, while the amount of RCA for almost half

of the fibres remained the same with increasing amounts of deformation, for the

rest of the fibres both reduction and increase in RCA were observed. To give an
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Figure 3.7: Fibre lengths of the segmented fibres of the freeze-dried sample (as

shown in Figure 5) at displacements of (blue) 200µm, and (yellow) 1000µm, along

with their relative change (red).
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Figure 3.8: Relative Contact Area of the segmented fibres of the freeze-dried sample

(as shown in Figure 5) at displacements of (blue) 200µm, and (yellow) 1000µm, along

with their relative change (red).
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example, fibre number one, located at the bottom of the sample (i.e. in or near the

failure region) exhibited the biggest loss in RCA. This is consistent with qualitative

observations that were made from Figure 3.5, where the blue fibre was observed to

loose contacts with other fibres indicating inter-fibre bond breakage. One should note

that RCA measurements are very sensitive to the quality of segmentation, and since

some manual refining were required for merging of different segments of segmented

fibres, despite best efforts, it was very challenging to remain consistent with manual

refining of such segments. Overall, it seems that although it is difficult to generalize

the change in RCA, and possibly inter-fibre bonding, during deformation of the freeze-

dried sample, inter-fibre bond breakage happens in and around the failure regions of

this sample. Since fibre detachments can result in a significant increase in fibre-fibre

distance, it is also considered to be a contributing factor to the large out-of-plane

strains measured inside the failure regions.
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Figure 3.9: Curl Index of the segmented fibres of the freeze-dried sample (as shown

in Figure 5) at displacements of (blue) 0.2mm and (yellow) 1000µm, along with their

relative change (red).
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3.2.2.2 Curl Index

Figure 3.9 shows the calculated curl index of the segmented fibres inside two different

configurations of the freeze-dried sample using the method developed in this thesis;

While the blue bars show the curl index of the fibres after a cross-head displacement

of 200µm, the yellow bars show the curl index of the same fibres after displacements

of 1000µm. The relative change of the curl index of the segmented fibres between the

two configurations are also shown by the red bars. As evident, most fibres exhibit a

reduction in the curl index value which is an indication of fibres being straightened.

This is consistent with the expected auxetic behaviour of paper, and the general

trend that were observed for the out-of-plane strain fields, since fibre straightening is

considered to be the main mechanism responsible for auxetic behaviour of paper [42,

44, 47]. Only two fibres (No. 10 and 13) show an increase in the value of curl index

with increasing deformation that translates to the fact that those fibres have become

more curly (i.e. their ”contour length” has increased.) This can be an indication

of deflection of those fibre segments under compressive forces. As can be seen, the

amount of relative change becomes mostly less negative as the assigned fibre number

increases. As the lowest numbers are generally assigned to the fibres at the bottom

of the sample, the biggest reduction in the curl index values are observed for fibres

at the bottom of the sample. This shows that fibres inside or near the failure regions

(bottom of the sample) show higher amounts of straightening, which is consistent with

the previous observations of large thickness expansions in those regions. Since the

main failure mechanism for the freeze-dried sample is known to be fibre pull-out, this is

believed to stem from the fact that during fibre pull-out fibres have more opportunity

to become straightened compared to the the fibres inside the rest of the network that

are constrained by other fibres. Therefore, in general, such large amounts of fibre

straightening, in addition to possible inter-fibre bond breakage, are considered to be

the main contributing factors to the large out-of-plain strains observed in and near

the failure regions. Overall, it can be concluded that both fibre straightening and fibre

curling happens during deformation, although fibre straightening is more prevalent.

In addition, straightening of the fibres in and around the failure regions where fibre

pull-out happens are larger than the rest of the fibres.
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3.3 Summary

In this chapter the results of the 4D imaging experiment were used for both qualitative

and quantitative insights. At the network-level from the 3D visualization of the freeze-

dried sample it was evident that the failure happened at the bottom of the sample. It

was also evident from the side-views of the 3D visualizations that the thickness of the

sample increased with increasing tensile deformations. Furthermore, it was evident

that the thickness expansion was larger at the bottom of the sample where the failure

was observed. In-plane and out-of-plane strain fields were calculated using the DVC

analysis. From in-plane strain fields it was evident that the strain was concentrated

in a narrow band at the bottom of the sample that grew in size and magnitude with

increasing tensile deformations. The out-of-plane strain fields also showed signs of

strain concentration at the bottom of the sample that grow in size and magnitude

with increasing tensile deformation. The areas of large out-of-plane strain fields were

also observed to be in and around the regions of high in-plane strain confirming the

previous qualitative observations.

At the fibre-level, four fibres inside the freeze-dried sample were segmented and

manually refined. Qualitative observations showed that fibres became straightened at

earlier stages of deformation, while at later stages some of the fibres were completely

detached from each other that can be taken as a sign for existence of inter-fibre bond

breakage during tensile deformation of the freeze-dried sample. Furthermore, 18 fibres

were chosen from the segmented fibres inside the sample that had lengths longer than

0.5mm at two stages of deformation. While, fibres at the bottom of the sample

showed some noticeable movements, the rest of the fibres had negligible deformation.

Fibre lengths of the segmented fibres were used as a measure to show that the same

segments of each fibre were segmented inside the two different image volumes. RCA

of the segmented fibres were also calculated using the algorithm developed in this

thesis. While almost half of the fibres had negligible change in their RCA values, one

fibre at the bottom of the sample showed some noticeable loss in its RCA. This also

confirmed the qualitative observations that inter-fibre bond breakage may happen in

and around the failure regions of the freeze-dried sample during tensile deformation.

As inter-fibre bond breakage will result in an increase in the distance between the
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detached fibres, such bond breakage were also considered to be a contributing factor

to the observed large strain values in the out-of-plane strain fields. Furthermore,

curl index of the segmented fibres were also measured using the method developed

in this thesis. It was found that while most of the fibres straightened during tensile

deformation, two fibres showed an increase in the curl index meaning that those fibres

had become more curly. In addition, the relative change in the curl index (i.e. fibre

straightening) were more pronounced for the fibres that were located at the bottom of

the sample (i.e. in and near the failure regions). This was believed to happen as fibres

during pull-out become more straightened compared to the fibres from the rest of the

paper network that are constrained by other fibres. This showed that large amounts

of fibre straightening, in addition to possible inter-fibre bond breakage, were also a

contributing factor to the larger out-of-plane strain values that were observed in or

around the failure regions. Therefore, it was suggested that when a paper network

has more contribution from fibre pull-out it will exhibits larger values of out-of-plane

strain before failure. Consequently, the out-of-plane strain norms of paper handsheets

can be used as a measure to determine the relative contribution of fibre pull-out to

the overall failure.
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Chapter 4

Industrial Applications

The analysis of the freeze-dried sample in the previous chapter lead to the conclusion

that there exists a correlation between the out-of-plane strain fields and the contri-

bution of fibre pull-out to deformation and failure of the freeze-dried sample. Since

paper networks with higher amounts of fibre pull-out are considered to have less ef-

ficient networks, this correlation, therefore, can also be used to compare the network

efficiency of different paper samples. These findings are used in this chapter to study

the effect of refining and pulp mixture on deformation of paper addressing the inter-

est of the industry. For the effect of refining, qualitative and quantitative analyses

of the 4D imaging experiments on three softwood samples with different levels of re-

fining (i.e. 0, 60 , and 100 kWh/t) and the freeze-dried sample are used. Next, the

same approach is used to evaluate the effect of fibre mixture on such mechanisms.

To do so, the results of 4D imaging on 6 samples made from pulp blends with dif-

ferent levels of separately refined hardwood/softwood fibres (i.e. 100%Eucalyptus -

0%NBSK, 90%Eucalyptus - 10%NBSK, 80%Eucalyptus - 20%NBSK, 60%Eucalyptus

- 40%NBSK, 20%Eucalyptus - 80%NBSK, 0%Eucalyptus - 100%NBSK) are studied.

Finally, a summary of the findings is presented.

4.1 Effect of Refining

Refining is known to increase the network efficiency of paper samples by increasing

the extent of inter-fibre bonding through mechanisms that were explained in Section

1.1.2.1. In this section this phenomenon is studied using 4D imaging experiments.

75



First, qualitative observations of the paper networks are used to study the effect of

refining. Next, quantitative analysis including the out-of-plane strain norms are used

for this evaluation.

4.1.1 Qualitative Observations

Figure 4.1 shows the front-views of the 3D visualization of the samples. Figure 4.1

(a) shows the freeze-dried sample and Figures 4.1 (b)-(d) show the samples that were

refined at refining energies of 0, 60, and 100 kWh/t, respectively. As was observed in

Section 3.1.1, the freeze-dried sample exhibits large amount of fibre pull-out. As can

be seen from Figure 4.1 (b)-(d), definitive rupture zones were captured for the samples

refined at 0, 60, and 100kWh/t. By a comparison between Figures 4.1 (b)-(d) it is

evident that the number of unbroken fibres in the fracture zone decreases with increas-

ing refining energy. This indicates the fact that the contribution of fibre pull-out to

deformation and failure decreases with increasing refining energy, and consequently,

as expected, higher refining energies leads to more efficient paper networks.

Figure 4.2 shows the side views of the 3D visualizations of the same samples as in

Figure 4.1; Figure 4.2 (a) shows the side-view of the freeze-dried sample, and Figures

4.2 (b)-(d) show the side-views of the samples that were, respectively, refined at 0, 60,

and 100 kWh/t. The images on the left show the samples at the reference state, while

the images on the right show the samples after failure. The failure regions that were

observed from Figure 4.1 are indicated by a dashed-line rectangle for each sample. A

comparison between the left images of Figures 4.2 (b)-(d) shows that with increasing

amounts of refining energy, in general, the samples become thinner. This happens as

with higher refining energies the fibres become more conformable that lead to larger

bonding area between flexible fibres than between stiff fibres leading to a stronger

paper sheet with denser paper networks [139, 140] . Furthermore, as was observed

in Section 3.1.1, a comparison of the side-views of the freeze-dried sample shows a

thickness expansion in and around the failure region. A comparison between the left

and right images in Figures 4.1 (b) and (c) shows that such thickness expansions

in and around the failure regions decrease with increasing refining energies. This

reduction is due to the fact that higher refining results in the paper networks to have

lower values of free fibre length (i.e. length of a fibre between two inter-fibre bonds)
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Figure 4.1: Front view of the (a) Freeze-dried sample, (b) 100% NBSK sample

refined at 0kWh/t, (c) 100% NBSK sample refined at 60kWh/t, and (d) 100% NBSK

sample refined at 100kWh/t after failure

Figure 4.2: Side view of the (a) Freeze-dried sample, (b) 100% NBSK sample refined

at 0kWh/t, (c) 100% NBSK sample refined at 60kWh/t, and (d) 100% NBSK sample

refined at 100kWh/t at (left) reference configuration and (right) after failure with

failed regions being indicated by dashed line rectangles
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which leads to lower amounts of thickness expansion due to fibre straightening. In

addition, paper samples that are refined at higher energies are expected to experience

lower amounts of inter-fibre bond breakage contributing to such thickness expansions.

A comparison between the left and right images in Figure 4.2 (d) shows that for the

sample that were refined at 100kWh/t the thickness inside the failure region becomes

even less than the thickness of the handsheet at the reference state, while the thickness

around the failure regions shows some expansion. Overall, it can be concluded that the

thickness expansion (i.e. auxetic behaviour) of paper samples show strong correlation

with refining energies as samples with higher refining energies show lower amounts of

thickness expansion.

4.1.2 Quantitative Insights

Figure 4.3 shows the evolution in load with displacement during 4D imaging for the

100% NBSK samples that were refined at 0, 60, and 100kWh/t and the freeze-dried

sample. Recall that each test contained multiple samples, four for the softwood sam-

ples with different levels of refining and three for the freeze-dried sample. As can be

seen, the load peaks at 32N for the sample refined at 100kWh/t at a displacement

of 1400µm, then drops sharply afterwards, while for the samples refined at 60 and

0kWh/t, and the freeze-dried sample the values are 21N, 19N, and 8.5N at displace-

ments of 1200µm, 1200µm, and 1000µm, respectively. The significant drop in the

load after the peak value is associated with the failure of one or two of the handsheet

samples within a test. Interestingly, for the samples that were refined at 0, 60 and

100kWh/t, there is a slight increase in the load a few steps after the peak, after which

it drops again to zero. This behaviour is associated with the deformation and failure

of the remaining samples that had not previously failed. This post peak increase is

not seen for the freeze-dried test, as the failure of all the samples for this test hap-

pened almost simultaneously. Further, the load drop for the freeze-dried sample is

not sudden and it drops rather smoothly. This is because the deformation within the

freeze-dried samples is mainly fibre-pullout, as shown in Chapter 3. Consequently,

the fibres are still physically in contact even after failure until they are pulled apart.

Figure 4.4 shows strain contours from the DVC analysis of the acquired sCT

datasets for (a) the freeze-dried sample, and 100%NBSK samples refined at (b) 0,
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Figure 4.3: Peak loads of the freeze-dried, 100%NBSK refined at 0kWh/t,

100%NBSK refined at 60kWh/t, and 100%NBSK refined at 100kWh/t samples as

a function of P2R tensile tester cross-head displacement

Figure 4.4: DVC calculated strain fields of the freeze-dried, 100%NBSK refined

at 0kWh/t, 100%NBSK refined at 60kWh/t, and 100%NBSK refined at 100kWh/t

samples as a function of P2R tensile tester cross-head displacement in ”-1” in-plane

( εzz), and “-2” out-of-plane (εyy) directions
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(c) 60, and (d) 100kWh/t at the point just prior to failure. The top row of Figure

4.4, (a)-1 to (d)-1, shows the DVC calculated in-plane (εzz) strain fields, while the

bottom row, Figure 4.4 (a)-2 to (d)-2, shows the corresponding out-of-plane (εyy)

strain fields. To facilitate the comparison of the strain fields between the four samples,

the values of in-plane and out-of-plane strain fields are capped at a maximum of 0.14

and 0.4, respectively, where the yellow and red regions identify areas with high and

low in-plane deformation. As was observed in Section 3.1.2, there is a large region of

high in-plane deformation at the bottom of the freeze-dried sample that is consistent

with qualitative observations that showed the fibres were being pulled-out from the

bottom of the sample. Further, a comparison between the in-plane and out-of-plane

strain fields of this sample shows that large out-of-plane deformations seem to be

concentrated in areas associated with high in-plane deformations. The same trend can

also be observed for the softwood sample refined at 0kWh/t from Figure 4.4 (b). As

can be seen from Figure 4.4 (b)-1, there is a narrow band of large in-plane deformation

occurring near the top of the sample. In addition, as evident from Figure 4.4 (b)-2, for

the most part, similar to the freeze-dried sample, the large out-of-plane deformations

in this sample also occur in regions neighbouring the large in-plane deformations. In

contrast, as evident from Figure 4.4 (c) and (d), the softwood samples refined at 60

and 100kWh/t contain very few regions that show large deformations, both in-plane

and out-of-plane. This shows that for more efficient paper networks there is less

accumulated damage before the failure leading to a more brittle like fracture for the

softwood samples refined at 60 and 100kWh/t. This can be explained by the fact

that more refined samples, due to the efficiency of their network, experience more

uniform stress distribution during deformation. This is also clear from a comparison

between the out-of-plane strain fields, Figure 4.4 (a)-2 to (d)-2, where the extent

of yellow regions decreases from left to right as the network efficiency of the sample

increases due to increasing refining energies (i.e. higher extents of inter-fibre bonding.)

This is consistent with qualitative observations from Figure 4.2 in terms of thickness

expansion in the freeze-dried, and softwood samples. The results shown in Figure 4.4

quantify the observations from Figure 4.2, that is, the freeze dried and the softwood

sample refined at 0kWh/t show significant auxetic behaviour, while the softwood

samples refined at 60 and 100kWh/t only show minimal auxetic behaviour.

80



The trends observed from the obtained strain fields confirms the findings of Boro-

dulina et.al. [135], where they used particle-level simulation to model paper networks

with varying levels of inter-fibre bonding and showed that the paper networks with

lower levels of bonding show higher stress variations inside the network. They com-

pared the in-plane strain fields obtained from the simulations with the patterns of

bond failure inside the simulated networks and reported that the high strain regions

in the network with lower levels of bonding matches the regions of bond failure, while

for the network with high levels of bonding the areas of high in-plane strain does not

match the regions associated with bond failures. This also agrees very well with the

observed trends in the strain fields where large out-of-plane strain values, which is

believed in here to be associated with the regions of inter-fibre bond failure, are con-

centrated mainly in and around the failure regions for the samples with lower levels

of bonding (i.e. freeze-dried sample and softwood sample refined at 0kWh/t) and not

much so for the rest of the samples. This further suggest that a comparison between

in-plane and out-of-plane strain fields can be used as a criteria to evaluate inter-fibre

bond breakage during deformation of paper samples. In other words, when regions of

high out-of-plane strain concentration coincide with regions of high in-plane concen-

tration it is an indication of inter-fibre bond failure. They also concluded that it is

the high local in-plane strains due to network inefficiency that lead to inter-fibre bond

failure, and not the other way around. However, the out-of-plane strain fields were

not reported in their study. Regardless of the origin, this also confirms that strain

localization can be used as a criteria for network efficiency.

Figure 4.5 plots the norm of the out-of-plane strain fields (Nyy) as a function of

displacement for all the samples. The norms were calculated using the same way as

explained in Section 3.1.3 and were measured until the last deformation configuration

just before failure. Note that the results shown in Figure 4.5 correspond to samples of

the multi-sample setup that failed just after the second load peak was reached, Figure

4.3. One should also note that the lines plotted between the measurement points do

not imply a linear change between them, but instead were added to facilitate the

comparison between the four samples. As can be seen, all three softwood samples

show the same trend as the freeze-dried sample, an increase in Nyy occurs with an

increase in displacement, which is consistent with the expected auxetic behaviour of
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Figure 4.5: Out-of-plane strain norms of the freeze-dried sample, and the

100%NBSK sample refined at 0kWh/t, 60kWh/t, and 100kWh/t as a function of

P2R tensile tester cross-head displacement

paper. Similar to the freeze-dried sample, while the increase in Nyy is small early-

on, there is much larger increase in the later stages of deformation leading to the

same shape of concave-up for all the plots. This trend, as mentioned in section

3.1.3, is consistent with observations for damage accumulation [36] and Poisson’s

ratios reported for some paper samples in the literature [42, 44, 47]. In general, the

values for Nyy increase when the extent of inter-fibre bonding decreases (i.e. for less

efficient paper networks). The changes in the values of Nyy between the samples

that happen early-on during the deformation is believed to stem from the fact that

more refined samples have a denser paper network that translates to lower values

for free fibre length. This leads to lower values of thickness expansion due to fibre

straightening during early stages of deformation. Interestingly, the difference amongst

the values of Nyy for different samples increases drastically at the later stages of

deformation where complete fibre detachments were observed. One should note that

for the softwood fibres, refining up to 100kWh/t is expected to result in small amount

of fibre shortening [141]. It is reported in [140] that for a 100% softwood samples a

reduction of 3% in length weighted fibre length is observed after refining of 132kWh/t.
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Therefor, possible fibre length reduction due to refining of the samples in this study

is deemed negligible. This suggests that inter-fibre bond breakage is the main factor

responsible for such large differences in the accumulated out-of-plane deformations of

the samples with less efficient networks. In other words, for the less efficient paper

networks the contribution of complete fibre detachment to Nyy becomes larger than

the contribution of fibre straightening in later stages of deformation. This also agrees

well with the findings of [135] where the reported percentage of fractured bonds as a

function of in-plane strain for simulated paper networks with different levels of inter-

fibre bonding show similar trends to that of the strain norms in this study. Therefore,

it can be concluded that out-plane strain norms can be used as a criteria to compare

the network efficiency of different paper samples (i.e. the extent of bond breakage.)

Overall, considering that inter-fibre bond breakage is a precursor to fibre pull-out, it is

proposed that the accumulated out-of-plane deformations can be used to quantify the

accumulated damage and the contribution of fibre pull-out towards failure in paper

handsheets.

4.2 Effect of Mixture

As explained in Section 1.1.2.2, the level of inter-fibre bonding is an important factor

in prediction of the behaviour of the paper samples that are made from pulp blends

of different fibres. Considering the findings of the previous sections that the out-of-

plane strain norms compared with in-plane strain norms can be used as a measure

to evaluate the levels of inter-fibre bonding in a paper handhseet, this section is

intended to evaluate the viability of using such measurements to study the effect of

pulp mixture on deformation of paper samples. To do so, the results of 4D imaging on

6 different samples with different levels of separately refined NBSK and Eucalyptus

pulp are used. First, the image volumes are used for qualitative observations. Next,

DVC analysis is used on the dataset to obtain quantitative insights on deformation

of these samples.
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4.2.1 Qualitative Observations

Figure 4.6 shows the front views of 3D visualizations of the image volumes obtained

from 4D imaging of (a) 100% Eucalyptus, (b) 10% NBSK, (c) 80% NBSK, and (d)

100% NBSK samples after failure. Both NBSK and Eucalyptus fibres are separately

refined at 60kWh/t. As can be seen, clear fracture zones are captured for all the

samples. A comparison between Figures 4.6 (a) to (d) reveals that the number of un-

broken fibres dangling inside the fracture zones increases with decreasing percentage

of NBSK fibres. This shows that the addition of NBSK fibres results in less contribu-

tion of fibre pull-out to failure. This is due to the fact that longer NBSK fibres will

result in more opportunities for inter-fibre bonding leading to more efficient paper

networks.

Figure 4.7 shows the side views of the same samples as in Figure 4.6 at (left) the

reference state and (right) after failure. Regions corresponding to the fracture zones

are indicated by dashed-line rectangles. A comparison of thickness of the samples

shows that while the 100% Eucalyptus sample, Figure 4.7 (a) left, has the lowest

thickness, 100% NBSK sample, Figure 4.7 (d) left, has the highest thickness and the

thickness of the samples, in general, increases with increasing percentage of NBSK

fibres. This is due to the fact that Eucalyptus fibres have, generally, much lower di-

ameters and lengths compared to the NBSK fibres, and addition of larger and longer

fibres at the same levels of refining creates paper samples with higher caliper. A

comparison of thickness of the samples between the reference state and after failure,

left and right images of Figure 4.7 (a)-(d), shows that although some thickness reduc-

tion is observable inside the fractures zones, it is generally difficult to qualitatively

evaluate any changes in the thickness that occur during deformation of the samples

that have been subject to similar levels of refining. This necessitates a quantitative

analysis of their image volumes.
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Figure 4.6: Front view of the (a) 100% Eucalyptus, (b) 10% NBSK, (c) 80% NBSK,

and (d) 100% NBSK sample refined at 60kWh/t after failure

Figure 4.7: Side-views of the (a) 100% Euc., (b) 10% NBSK, (c) 80% NBSK, and

(d) 100% NBSK samples refined at 60kWh/t at (left) reference state and (right) after

failure with failed regions being indicated by dashed line rectangles
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4.2.2 Quantitative Insights

Figure 4.8 shows the contour plots of the strain fields from the DVC analysis of

the (a) 100% Euc., (b) 10% NBSK, (c) 40% NBSK, (d) 80% NBSK, and (e) 100%

NBSK samples refined at 60kWh/t in ‘-1’ in-plane direction (εzz), and ‘-2’ out-of-plane

direction (εyy). The strain values are capped at 0.14 and 0.4 for the in-plane and out-

of-plane strain fields, respectively, to facilitate the comparison. The red regions show

the areas of low strain, while the yellow regions show the areas of high strain values.

A comparison of the in-plane strain fields, Figure 4.8 (a)-1 to (e)-1, shows that, except

for the 40% NBSK sample that shows the largest extent of the orange regions, the

extent of high strain regions increases slightly with increasing percentage of the NBSK

fibres (i.e. from left to right). Furthermore, while the magnitude of the in-plane strain

values are almost the same (i.e. all high strain regions are orange) for the first three

samples from left, namely 100% Euc., 10% NBSK, and 40% NBSK samples, the

existence of small yellow regions in Figure 4.8 (d)-1 and (e)-1 shows that there is an

increase in the magnitude of the in-plane strain for the 80% NBSK, and 100% NBSK

samples. The same trends can also be observed for the out-of-plane strain fields. As

evident from out-of-plane strain fields of the 100% Euc. and 10% NBSK samples,

Figure 4.8 (a)-2 and (b)-2, these samples show very little out-of-plane deformation

before failure. In addition, a comparison of the out-of-plane strain fields for all the

samples, Figure 4.8 (a)-2 to (e)-2, shows that both the extent and the magnitude of

out-of-plane strain increase with increasing percentage of NBSK fibres in the pulp.

In addition, as can be seen from Figure 4.8 (d)-2 and (e)-2, the areas associated with

large out-of-plane strains (yellow regions) are again more or less concentrated around

the areas of large in-plane strains that can be indicative of inter-fibre bond breakage.

Figure 4.9 shows the evolution of the out-of-plane strain norms (Nyy) with dis-

placement. Strain norms are calculated using the same methods as explained in

Section 3.1.3 until the last stage of deformation just before failure. It is worth noting

that the lines connecting the data points are only to facilitate the comparison and

does not imply a linear trend between each data point. Recall that the multi-sample

setup had four samples for each test. In order to remain consistent, the values of Nyy

are calculated using the strain fields from the samples in the same position within
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Figure 4.8: Strain fields obtained from DVC analysis of (a) 0%NBSK–100%Euc,

(b) 10%NBSK–90%Euc, (c) 40%NBSK–60%Euc, (d) 80%NBSK–20%Euc, and (e)

100%NBSK–0%Euc samples refined at 60kWh/t in ‘-1’ in-plane direction and ‘-2’

out-of-plane directions
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Figure 4.9: Out-of-plane strain norms (Nyy) of mixture samples as a function of

tensile tester’s cross-head displacement

87



the multi-sample setup. In this case, the first sample inside each multi-sample setup

were used for all the tests with the exception of 100% Eucalyptus sample where the

third sample was used. This choice was made based on the quality of the images that

were obtained from the 4D imaging experiments, since DVC analysis on low quality

data (i.e. blurry images) can result in erroneous strain values. In order to facilitate

the comparison of the plotted values a roman numeral is assigned to each sample: (i)-

100% Eucalyptus, (ii)-10% NBSK, (iii)-20% NBSK, (iv)-40% NBSK, (v)-80% NSBK,

and (vi)-100% NBSK. In general, as can be seen, the Nyy increases with increasing

displacements which is consistent with expected auxetic behaviour of paper samples.

A comparison between the Nyy values of the 100% Euc, 10% NBSK, and 20% NBSK

samples (i, ii , and iii) shows that with a slight increase in the percentage of the NBSK

fibres in the pulp blend the values of out-of-plane norms decreases significantly. This

is due to the fact that addition of the longer and more conformable NBSK fibres

results in an increase in the extent of inter-fibre bonding leading to more efficient

paper networks. Increasing the efficiency of paper networks, as concluded from the

findings of the Sections 3.3 and 4.1, results in a decrease in the measured values of

out-of-plane norms. A comparison of the Nyy values of the 40% NBSK, 80% NBSK,

and 100% NBSK samples (iv,v,vi) shows that further increase of the percentage of

NBSK fibres in the pulp blends results in an increase in the amount of the out-of-

plane norms where Nyy values become almost equal or larger than that of the 100%

Euc. sample. This trend is not consistent with the values reported by Verma [142]

where the 100% hardwood samples when compared to 100% softwood samples show

more rapidly increasing out-of-plane thickness as a function of axial strain. At first,

it seems that since the out-of-plane norm values of these samples are equal or larger

than the 100% Euc. sample, their network efficiency must be equal or less than

this sample. However, this is not true since our qualitative observations showed less

signs of fibre pull-out (i.e. unbroken fibres inside the fracture zone) for the 100%

NBSK sample when compared to 100% Eucalyptus sample meaning that the former

has higher network efficiency. The increase in the Nyy values for these samples is

due to the fact that the addition of longer NBSK fibres results in longer free fibre

lengths of the paper network that in return leads to larger out-of-plane thickness

expansions when fibres are straightened during deformation. As evident from Figure
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4.9, the 40% NBSK sample has the largest Nyy values for low amounts of displacement

suggesting failure at lower cross-head displacement when compared to other samples.

On the contrary, as evident from the extent of orange regions in Figure 4.8 (c)-1, this

sample shows larger extents of in-plane deformation before failure when compared to

other samples. This suggest a discrepancy in the readings for the displacement of this

sample. Therefore, this sample is considered to be an anomaly in the observed trends.

Overall, it seems that addition of small percentage of NBSK fibres to the Eucalyptus

sample results in a large increase in the network efficiency (i.e. lower contribution

of fibre pull-out to its failure) and as a result it shows less amount of out-of-plane

deformation. However, a further increase in NBSK fibre content seems to increase the

out-of-plane deformation which is explained by the increase in the free fibre length

inside the paper networks and not the network efficiency. In other words, although

the increase in the amount of NBSK fibres will result in more efficient paper networks

leading to a decrease in out-of-plane norms, the increase in the free fibre length will

counteract this reduction. This, in total, will lead to larger thickness expansions for

the samples with higher levels of NBSK fibres.

In general, it seems that measurements of accumulated deformations alone cannot

be used to evaluate the level of inter-fibre bonding in paper samples that are made

from pulp blends with fibres of differing lengths. Therefore, the findings of this study

regarding the mixture samples is inconclusive when it comes to evaluation of the

levels of inter-fibre bonding, and therefore, it is not possible to conclude whether

such samples should follow the linear mixture rule or not. This can be resolved by

normalizing the measured out-of-plane strain values using the average or maximum

thickness expansions achievable for each paper network to remove the possible extra

contribution of longer free fibre lengths to thickness expansions of some samples.

This can be done by utilizing geometrical or mathematical models such as the one

suggested in [142]. This requires free fibre length measurements that can be obtained

experimentally [143, 144], or by using mathematical models developed for random

fibre networks [145, 146].
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4.3 Summary

4D imaging experiments were used in this chapter to study the effect of refining and

pulp mixture on deformation of paper samples. Image volumes obtained for three

softwood samples that were refined at 0, 60, and 100kWh/t along with the freeze-

dried sample were used to study the effect of refining. From qualitative observations

of the captured fracture zones it was found that increasing refining energies lead to

less contribution from fibre pull-out to failure consistent with the fact that more

conformable fibres result in more efficient paper networks. Qualitative observations

of the side views of the samples revealed thickness expansions in and around the

failure regions that decreases with increasing refining energies. This was explained

by the fact that higher refining energies result in more efficient paper networks with

lower free fibre lengths leading to less contribution from inter-fibre bond breakage

and fibre straightening to such thickness expansions. Strain fields obtained from

DVC analyses were used to obtain quantitative insights about the effect of refining on

deformation. In general, regions of high strain in both in-plane and out-of-plane strain

fields increased in size and magnitude with decreasing extent of inter-fibre bonding

(i.e. as the network of the sample became less efficient.) In addition, while in-plane

strain fields of the softwood samples refined at 0kWh/t and the freeze-dried sample

showed narrow bands of high strain concentration, the softwood samples refined at 60

and 100kWh/t showed little signs of accumulated damage before failure suggesting a

more brittle fracture for these samples. This can be explained by more uniform stress

distribution in the more efficient paper networks. Strain norms were also calculated

from the obtained out-of-plane strain fields and were plotted against the cross-head

displacement. In general, out-of-plane strain norms increased for all the samples with

increasing displacements, which is consistent with the expected auxetic behaviour

of paper material. While the difference between the out-of-plane strain norms of the

samples were small early-on, it became more noticeable in later stages of deformation.

It was concluded that the difference between the amount of inter-fibre bond breakage

experienced by the lower efficient networks were the main contributing factor to such

large differences observed at later stages of deformation.

To study the effect of mixture on deformation of paper, six samples made of
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different levels of separately refined Eucalyptus and NBSK fibres were used. From

qualitative observations of the captured fracture zones, it was clear that the number

of dangling fibres inside the fracture zones decreased with increasing levels of NBSK

fibres in the pulp blend. This is due to the fact that the longer NBSK fibres create

more opportunity for inter-fibre bonding and lead to more efficient paper networks

that exhibit less contribution from fibre pull-out to failure. A comparison of the side

views of the samples showed that, in general, addition of longer and larger NBSK fi-

bres to the pulp at the same level of refining results in paper samples that have higher

caliper. In addition, a comparison between the side views at reference state and after

failure revealed that the thickness expansions in and around the failure regions were

difficult to notice qualitatively necessitating a quantitative approach. Strain fields of

each sample in both in-plane and out-of-plane directions were obtained using DVC

analyses of their image volumes. In general, the extent and magnitude of strain in

both in-plane and out-of-plane directions increased with increasing content of NBSK

fibres in the pulp blend. Plots of out-of-plane strain fields as a function of cross-head

displacements showed that, in general, out-of-plane strain norms increased with in-

creasing displacements for all the samples revealing auxetic behaviour as expected.

A comparison between the plots showed that a small addition of 10 to 20 percent of

NBSK fibres to the Eucalyptus sample leads to significant reduction in the calculated

out-of-plane strain norms. This was rationalized by the increase in the network ef-

ficiency due to addition of longer NBSK fibres to the pulp blend. Further addition

of NBSK fibres to the pulp blend resulted in an increase in the out-of-plane strain

norms. This was explained by the increase of the free fibre length in the paper net-

work due to addition of longer NBSK fibres and not the loss of network efficiency.

These observations lead to the conclusion that out-of-plane strain norms are not a

good criteria for evaluation of network efficiency of the mixture samples with fibres of

differing lengths. This can be overcome by normalization of the obtained out-of-plane

strain values based on the free fibre lengths measured experimentally or calculated

theoretically.

91



Chapter 5

Mechanistic Insights

In the previous chapter it was shown that the qualitative and quantitative analysis

of the image volumes acquired from 4D imaging experiments can be used to gain

insights into the micro mechanisms that are active during tensile deformation of paper

material. This chapter only focuses on measurement of Poisson’s ratios of the samples

using the obtained image volumes, and to complement the previous results, the effect

of refining and mixture on these measurements are also considered.

5.1 Poissson’s Ratios

As explained in Section 1.1.1.4, deformation of paper, similar to other materials, is

a three-dimensional phenomenon where tensile deformations will also result in some

lateral deformations. This effect is quantified by the ratio of lateral strain over axial

strain, and is called Poisson’s ratio. DVC has previously been used for measurements

of Poisson’s ratios of standard and auxetic foams [147], where two ways are suggested

for such measurements. First, to create spatial maps for Poisson’s ratios in each tomo-

graphic slice and then averaging over them. Second, to average axial and transverse

strain values for each subset volume. This can also be done by simply averaging the

strain values over the whole volume using the following equation:

νaveragezy = − ε̄yy
ε̄zz

(5.1)

where νzy is the out-of-plane Poisson’s ratio and ε̄yy and ε̄zz are the average out-of-

plane and in-plane strain values, respectively, that are calculated by averaging the
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strain values obtained from the DVC analysis over the whole volume. In addition, to

be consistent with the rest of this thesis and also to facilitate a comparison between

the results of this chapter and the previous chapters, the ratio of strain norms are

also used for measurements of out-of-plane Poisson’s ratios as follows:

νnormzy = −Nyy

Nzz

(5.2)

where Nyy and Nzz are the out-of-plane and in-plane norms, respectively. The norms

are calculated from Equation 3.1 using the corresponding in-plane and out-of-plane

strain values obtained from the DVC analysis that are averaged over the thickness

of the samples. Poisson’s ratios of paper samples are reported in three ways [43,

47, 147]; First, by performing a linear fit, or second, a second order polynomial

fit to the obtained instantaneous Poisson’s ratios during the deformation. Third,

only by considering the highest values that experimentally are measured during the

deformation at the latest state before failure, which is the method used in this thesis

to report the Poisson’s ratios.

5.1.1 Effect of Refining

Figure 5.1 shows the plot of average out-of-plane strain values against the average in-

plane strains of the softwood samples refined at 0, 60, and 100 kWh/t. As evident, an

initial decrease in thickness is observed that later on during the deformation changes

to rapid increase passing the initial thickness of the sample. The same trend has

also been observed by Verma [47] for softwood samples with a grammage of 166

g/m−2, and is believed to be due to fibre segment activation during early states

of deformation. As evident, the sample with the lowest refining has the highest

values of out-of-plane strain before failure. In contrast, the change in refining energies

from 60 to 100kWh/t does not result in a significant change in the average out-of-

plane strain values prior to failure. The lowest Poisson’s ratios calculated using the

average strain values for the samples refined at 0, 60, and 100kWh/t energies are

νaveragezy = −2.9,−1.62, and −1.51, respectively, that are observed at the last stage of

deformation just before failure. It is also evident that the strain to failure increases

with increasing refining energy from 0 to 60kWh/t, while further increase of refining

energy from 60 to 100kWh/t resulted in a decrease in the failure strain.
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Figure 5.2 shows the out-of-plane strain norms, Nyy, plotted against in-plane strain

norms, Nzz, of the softwood samples that were refined at 0, 60, and 100kWh/t. As

can be seen, the lines for Poisson’s ratios of νnormzy = −0.5 and νnormzy = −1 are

also plotted. As evident, in contrast to the average strains, when strain norms are

considered, all the samples have Poisson’s ratios more negative than νnormzy = −0.5

at all stages of deformation. It is also evident that the absolute value of Poisson’s

ratio of the samples decreases with increasing amounts of refining which is consistent

with the findings of Section 4.1, where samples with more refining was shown to

have lesser values of out-of-plane strain norms. As can be seen, all the samples have

Poisson’s ratios of almost less negative than νnormzy = −1 in early stages of deformation,

while they exhibit more negative values at later stages of deformation resulting in a

concave-up shapes for all the samples.The lowest Poisson’s ratios observed at the last

stage of deformation just before failure of the samples refined at 0, 60, and 100kWh/t

energies are νnormzy = −2.9, -1.77, and -1.56, respectively. These values seem to be very

close to the values of Poisson’s ratios that were obtained from average strains. This

shows that the choice of average or norm does not change the calculated Poisson’s

ratios at the last stage of failure for refining samples, and only makes a difference

for initial states of defamation. However, a comparison between Figures 5.1 and 5.2

makes it clear that this choice can effect the observed general trends. The obtained

values for Poisson’s ratios are within the range of the values that are reported in the

literature [42, 44, 47]. For example, Poisson’s ratios of as low as -4 are reported by

Verma [142] for some softwood handsheets at initial deformation states. Post et. al.

[44] also reported values of between -1.5 and -2.5 for out-of-plane Poisson’s ratios

of a range of Kraft pulp handsheets that were obtained using optical measurement

methods at the last stage of deformation just prior to failure. In general, from the

plot of out-of-plane strain norms, Figure 5.2, it is evident that the absolute values of

Poisson’s ratios decrease with increasing refining. In other words, softwood samples

with lower refining have more negative Poisson’s ratios. This agrees with the findings

in [142] where increasing amounts of refining for softwood samples with a grammage

of 60 g/m−2 resulted in less negative Poisson’s ratios. This decrease in Poisson’s ratio

was reported to be so large that the handsheets were no longer auxetic which was

rationalized with the fact that higher refining had caused some damage to the fibres.
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Figure 5.1: Average out-of-plane strain as a function of in-plane strain norms of the

100% NBSK samples refined at 0, 60, and 100kWh/t
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Figure 5.2: Out-of-plane strain norms as a function of in-plane strain norms of the

100% NBSK samples refined at 0, 60, and 100kWh/t
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Figure 5.3: Average in-plane strain in transverse direction (ε̄xx) as a function of

in-plane strain norms of the 100% NBSK samples refined at 0, 60, and 100kWh/t

Figure 5.3 shows average in-plane strain in transverse direction, ε̄xx, as a function

of average axial in-plane strain, ε̄zz, of the softwood samples that were refined at 0,

60, and 100kWh/t. As can be seen, the line for Poisson’s ratios of νaveragezx = 0.3 is

also plotted. In contrast to the average out-of-plane strains where a transition from

non-auxetic to auxetic behaviour can be observed, almost all the average in-plane

strain values in the transverse direction of the refining samples have negative values

resulting in positive Poisson’s ratios for all the samples. This shows all the refining

samples exhibit non-auxetic behaviour in the transverse in-plane direction. This can

be explained by the absence of the layered structure in the transverse direction which

exist in the thickness direction due to the way that fibres are laid upon each other

during the paper making process. Furthermore, as can be seen, all the samples have

Poisson’s ratios less than νaveragezx = 0.3 for almost all the states of deformation. There

is also no apparent correlation between the level of refining and the measured in-plane

Poisson’s ratios (νaveragezx ).
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5.1.2 Effect of Mixture

Figure 5.4 shows the average out-of-plane strain plotted against average in-plane

strain obtained from the DVC analysis for samples with pulp blends of different levels

of NBSK and Eucalyptus fibres. As can be seen, a similar trend to that of the refining

samples is observable in that the samples’ behaviour changes from non-auxetic at

initial stages of deformation to auxetic at later stages of tensile deformation. This

trend is more distinct for softwood samples than hardwood samples that is explained

in [142] to be due to fibre segment activation during early stages of deformation as

longer fibres in softwood samples are more likely to have non-activated segments.

Figure 5.5 also shows the plot of out-of-plane strain norms versus the in-plane strain

norms for the same samples. This transitional behaviour is not observable from the

norm plots as the norms are obtained by sum of squares of strain values leading to

exclusion of the sign of the values. It is evident from both plots that for the 100%

softwood sample, out-of-plane strain values increase more rapidly with increasing in-

plane strain when compared to 100% hardwood sample. Although, this does not agree

with the findings reported in [142], where all the hardwood samples were reported to

have more negative Poisson’s ratios than softwood samples, it confirms the existence

of strong correlation between paper materials’ auxetic behaviour and their processing

conditions and pulp mixture. A comparison between Figures 5.4 and 5.5 makes it clear

that the use of strain norms or the average values does not change the observed trends.

In general, it is evident from both plots that addition of 10 to 20% of NBSK fibres to

Eucalyptus fibres results in less negative Poisson’s ratio (i.e. less auxetic behaviour),

while further increase of NBSK fibres leads to more negative Poisson’s ratio when

compared to the 100% Eucalyptus sample. Interestingly, a comparison between the

Figures 5.5 and 4.9 shows that the 40% NBSK sample is no longer an anomaly in

this trend when the out-of-plane norms are plotted against in-plane strain norms.

A possible explanation is that by calculation of in-plane strain from DVC analysis

possible inconsistencies that might have been introduced by the experimental setup

for this sample are excluded. This leads to the conclusion that out-of-plane strain

values as a function of in-plane strain values is a better measurement to be used

as a criteria for evaluation of network efficiency for the paper samples. Table 5.1
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Sample Refining Energy Poisson’s Ratio Poisson’s Ratio

(kWh/t) (Strain Norms) (Average Strain)

Freeze-dried 0 -2.84 -3

100% NBSK 0 -2.97 -2.9

100% NBSK 60 -1.77 -1.62

100% NBSK 100 -1.56 -1.51

100% NBSK-0% Euc. 60 -2.49 -2.35

80% NBSK-20% Euc. 60 -2.23 -2.02

40% NBSK-60% Euc. 60 -1.95 1.94

20% NBSK-80% Euc. 60 -1.33 -1.33

10% NBSK-90% Euc. 60 -1.01 -1.04

0% NBSK-100% Euc. 60 -1.40 -1.28

Table 5.1: Out-of-plane Poisson’s ratios (νzy) of the samples using both strain norms

and average strains

summarizes the measured Poisson’s ratios for all the samples using both strain norms

and average strain values obtained from the DVC analysis. As evident, the choice

of strain norms and average values does not lead to a significant difference in the

measured Poisson’s ratios. This means that for most of the samples there is little to

no contraction (i.e. negative deformation) in the thickness and axial directions.

Figure 5.6 shows the out-of-plane strain norms plotted against in-plane strain

norms for the mixture samples using the strain fields obtained from the DVC analy-

sis. The only difference between Figures 5.6 and 5.5 is that Figure 5.6 uses the values

obtained from the fourth sample of the multi-sample setup except for the 100% Eu-

calyptus sample where the first sample is used, while Figure 5.5 shows the values

obtained from the first sample of the multi-sample test setup except for the 20% and

40% NBSK samples where the same values as for the fourth samples are used due

to the limitations in the quality of the obtained data. From a comparison between

Figures 5.6 and 5.5, it is clear that while there might be slight changes in the final

values of strain norms for different samples inside the multi-sample setup, the general

trend does not change. This shows that while some samples inside the multi-sample

setup failed at different displacements, the amount of deformation experienced by
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Figure 5.4: Average out-of-plane strain values as a function of average in-plane

strain vales of the mixture samples for the first sample of the multi-sample setup

each sample before failure remains almost the same, or in other words, the difference

is not significant enough to have an influence on the general trends.

Figure 5.7 shows average transverse in-plane strains, ε̄xx, for the mixture samples

as a function of average axial in-plane strains, ε̄zz, along with the line for Poisson’s ra-

tios of νaveragezx = 0.3. As evident, all the samples exhibit contraction in the transverse

in-plane direction, ε̄xx, showing non-auxetic behaviour resulting in positive Poisson’s

ratios. Furthermore, in contrast to the trends observed for the average out-of-plane

strains of the same samples (Figure 5.4), there is no transition from non-auxetic to

auxetic behaviour for the transverse in-plane strains. A comparison between the lines

for the mixture samples and the line for Poisson’s ratios of νaveragezx = 0.3, makes it

clear that almost all the samples have Poisson’s ratios of less than 0.3 except for ini-

tial stages of deformation for the 10%NBSK sample. In general, with the exception

of 10%NBSK sample that has the largest Poisson’s ratios, average in-plane Poisson’s

ratios seem to decrease with increasing contents of NBSk fibres. This is in contrast to

the out-of-plane Poisson’s ratios that increased with increasing percentage of NBSK

content.
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Figure 5.5: Out-of-plane strain norms as a function of in-plane strain norms of the

mixture samples for the first sample of the multi-sample setup
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Figure 5.6: Out-of-plane strain norms as a function of in-plane strain norms of the

mixture samples for the fourth sample of the multi-sample setup
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Figure 5.7: Average transverse in-plane strain as a function of average axial in-plane

strain of the mixture samples

5.2 Summary

This chapter was intended to show that 4D imaging experiments can also be used for

measurements of Poisson’s ratios of paper samples. For this purpose the average and

norm of the strain fields were used to obtain the plots of out-of-plane versus in-plane

strain values. The largest values measured at the last stage of deformation just before

failure was reported as the Poisson’s ratio of each sample. The obtained values were

within the range of the values reported in the literature [142, 44, 42]. It was shown

that the choice of average and norm for the strain values result in almost the same

Poisson’s ratios for the samples. From the plot of strain norms for the refining samples

it was found that all the samples initially experienced some thickness reduction that

then transitioned to a thickness expansion as the tensile deformation continued leading

to an auxetic behaviour for all the samples. This was explained by non-activated fibre

segments that become activated during initial states of deformation. In general, it

was found that the absolute values of Poisson’s ratio decrease with increasing refining

energies which is consistent with the findings in the literature [142]. The same trend
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of initial thickness reduction followed by thickness expansion was also observed for

the mixture samples. In general, the largest Poisson’s ratio was measured to be for

the 100% NBSK sample being even larger that the 100% Eucalyptus samples. This

does not agree with the findings in [142] where the hardwood samples have the largest

Poisson’s ratios. However, the observed trends in the measured Poisson’s ratios agree

with the findings of Section 4.2, where small increase in the percentage of softwood

samples results in significant reduction in the out-of-plane strain values leading to

lower values for Poisson’s ratio, and further increase leads to out-of-plane deformation

strains larger than that of the 100% Eucalyptus sample. Interestingly, when the out-

of-plane strain values are plotted against axial strain values, unlike the plot of strains

versus displacements, the 40% NBSK sample is no longer the anomaly in the observed

trends. In addition, out-of-plane strain norms obtained from two different samples of

the multi-sample geometry were also plotted as a function of in-plane strain norms.

These plots showed that while small changes in the norms can be observed for some

of the samples, the choice of the sample does not change the general trend observed

for the mixture samples.
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Chapter 6

Conclusions

Paper despite being ubiquitous has a complex micro-structure that leads to many

interesting properties. Although mechanical properties of paper materials have been

studied before, the main focus of such studies have been on those that are related

to printing. Recent trends in the market has lead the industry to explore new and

innovative applications for paper pulp and materials. Therefore, in recent years the

mechanical properties of paper have regained interest in the research community in an

attempt to further understand the process-structure-property relation of paper mate-

rials. This trend has been fuelled by recent advancements in the imaging techniques

including x-ray micro-tomography that has facilitated the direct characterization of

paper structure. In particular, recent developments in fast synchrotron x-ray micro-

tomography has made it possible to acquire 4D (3D+time) data of some physical

phenomena in different materials including paper.

6.1 Summary of Findings

The main objective of this thesis has been to obtain 4D image volumes of different

paper samples to study the effect of refining and pulp mixture on their deformation

and failure. To do so, four different samples were used to study the effect of refining: a

freeze-dried sample, and three softwood samples that were refined at 0, 60, 100kWh/t.

To study the effect of mixture, six different samples with pulp blends of different levels

of NBSK and Eucalyptus fibres were used that were separately refined at 60kWh/t.

The samples were cut into a dog-bone shape to ensure that the fracture zones would be
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captured inside the field-of-view of the synchrotron tomographic imaging equipment.

Four samples from each material were tested concurrently to increase the load to an

acceptable level that the tensile tester could capture noise free. For this purpose a

multi-sample tensile test holder were designed and 3D printed. Details about the 4D

imaging experiments and the samples are provided in Sections 2.1 and 2.2.

6.1.1 Characterization of Deformation Mechanisms

To study the obtained 4D image volumes of the samples two different approaches

were taken: fibre-level and network-level analysis. To study the deformation of the

samples at the network-level, DVC was applied to the obtained datasets using a com-

mercial software called VicVolumeR©. Related details can be found in Section 2.4.1.

For the fibre-level analysis an improved version of the lumen tracking algorithm were

used. The improvements were achieved by adding extra dimensions to the tracking

algorithm. Furthermore, two MatlabR© functions were developed to calculate the curl

index and relative contact areas (RCA) of the segmented fibres that were used to mea-

sure the evolution of these micro structural descriptors during deformation. Details

of the improved segmentation algorithm and the developed post-processing functions

are provided in Sections 2.3.4 and 2.3.5, respectively. Since fibre segmentation algo-

rithm was based on tracking open lumens, only the freeze-dried sample was chosen for

this analysis. At the network-level, qualitative observations revealed that the sample

exhibits some thickness expansion with increasing deformation which was indicative

of auxetic behaviour. This was in contrast to the assumptions made in [47] that

the samples with weak hydrogen bonds will not exhibit significant auxetic response.

Further, thickness expansions were larger at the bottom of the sample where failure

was observed from 3D visualization of the sample confirming similar observations in

the literature [44, 135]. In-plane and out-of-plane strain fields were obtained using

the DVC analysis. From in-plane strain fields It was found that the strain becomes

concentrated in a narrow band at some angle to the applied load at the bottom of the

sample corresponding to the region of failure. This confirms the same observations

reported in [134, 135, 136]. From the out-of-plane strain fields it was found that the

strain becomes concentrated at the bottom of the sample in regions corresponding

to in-plane strain concentration confirming qualitative observations. To quantify the
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accumulated deformation inside the sample, strain norms were calculated using the

obtained strain fields. The trend observed from the plot of out-of-plane strain norm

as a function of cross-head displacement had a shape of concave-up that agrees with

the expected auxetic behaviour reported in the literature [42, 44, 47]. Detail of the

network-level analysis can be found in Section 3.1. At the fibre-level a set of 18 fibres

were segmented from the image volumes. Qualitative observations of the segmented

fibres revealed some movements for the fibres at the bottom of the sample were failure

was qualitatively observed from 3D visualizations of the sample. A closer look at four

segmented fibres inside the regions corresponding to large out-of-plane strains also

confirmed that the fibres become straightened at earlier states of deformation and

experience some inter-fibre bond breakage during later states. Curl index and RCA

were also measured for the 18 fibres at two state of deformation using the developed

MatlabR© codes. From curl index measurements it was found that while most fibres

experience straightening, two fibres also become more curly that can be due to fibre

buckling under compression. Measurements of RCA also showed that while some fi-

bres loose contact during deformation, some of them can experience an increase in the

amount of contact area with other fibres that can be explained by their movements.

In general, fibres that were located in the areas that correspond with identified fail-

ure regions showed larger values of straightening. In addition, fibres that experience

bond breakage were also located inside or near the regions of failure. Details of the

fibre-level analysis can be found in Section 3.2.

6.1.2 Industrial Applications

Similar network-level analysis was then used on the obtained image volumes to study

the effect of refining on deformation of paper samples, details of which can be found in

Section 4.1. Clear fracture zones were captured for the softwood samples refined at 0,

60, and 100kWh/t. From qualitative observations of the number of non-broken fibres

dangling inside the fracture zones it was confirmed that the samples with higher refin-

ing energies had more efficient networks with less contribution from fibre pull-out to

their failure. Furthermore, all the samples showed thickness expansion with increas-

ing deformation that decreased with increasing refining energies. This was explained

by the fact that more refined samples had more efficient networks with less free fibre
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length, and therefore, less contribution from fibre-straightening and bond breakage to

their thickness expansion. In-plane and out-of-plane strain fields were also obtained

from the DVC analysis of the samples. In-plane strain fields of the samples refined

at 0kWh/t, similar to the freeze-dried sample, showed regions of high strain concen-

tration before failure. Such high strain concentrations were absent inside both the

in-plane and out-of-plane strain fields of the samples refined at 60 and 100 kWh/t,

which shows that these samples had more uniform stress distribution inside their

networks and experienced little to no damage accumulation before failure suggesting

more brittle fracture for these samples. This confirmed the findings of Borodulina

et.al. [135] that used particle-level simulation to simulate papers with different lev-

els of inter-fibre bonding and reported similar trends for the obtained strain fields.

Furthermore, the regions of high out-of-plane strain concentration were concentrated

in and around the regions of high in-plane strain for the samples with low network

efficiency and not for the samples with high network efficiency. This further confirms

the findings in [135] that the regions of high in-plane strain for the highly efficient

paper network does not match the regions where inter-fibre bond breakage happens.

In other words, the regions of high out-of-plane strains that match the regions corre-

sponding to high in-plane strain are a strong indication of the areas associated with

inter-fibre bond failure. Out-of-plane strain norms were also calculated for all the

samples to quantify the accumulated deformation inside the samples and were plot-

ted against the cross-head displacements. It was found that the values of out-of-plane

strain norms increase with increasing deformation for all the samples which is consis-

tent with the expected auxetic behaviour of paper samples. The values of out-of-plane

strain norms were also larger for samples with lower levels of refining. While the dif-

ference between the out-of-plane strain norms of the samples were negligible early on

during the deformation, it became more significant during later states where inter-

fibre bond breakage were more prevalent inside the paper samples with less efficient

fibre networks. This further confirmed that out-of-plane strain norms can be used as

a criteria to compare the network efficiency (i.e. the extent of inter-fibre bonding) of

different paper samples. Overall, it is safe to conclude that out-of-plane strain norms

can be used as a criteria to evaluate network efficiency of softwood paper samples.

Considering that the level of inter-fibre bonding becomes an even more important
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of a factor in determining the behaviour of paper samples when it comes to papers

made from a mixture of two different fibres, the same methods of network analysis

were also used on the image volumes obtained for the mixture samples. Qualitative

observations of 3D visualizations of the captured fracture zones of the samples showed

that the the number of non-broken fibres dangling inside the fracture zones decrease

with increasing levels of NBSK fibres that was explained by the fact that the addition

of larger fraction of longer NBSK fibres inside the paper network results in more

opportunity for inter-fibre bonding and leads to more efficient paper network with

less contribution of fibre pull-out to their failure. Strain fields were also obtained for

all the mixture samples in both in-plane and out-of-plane directions. It was found

that, in general, the magnitude and the extent of strain concentration increases with

increasing levels of NBSK fibres. Out-of-plane strain norms were also calculated

for all the samples and plotted as a function of cross-head displacement. All the

samples showed an increase in the value of the out-of-plane strain norm with increasing

deformation revealing auxetic behaviour for all the mixture samples. It was found

that addition of 10 to 20 percent of NBSK fibres to Eucalyptus pulp can result in a

significant reduction in the out-of-plane strain norms during deformation indicating a

significant increase in the network efficiency. Further increase of the fraction of NBSK

fibres in the pulp blend resulted in an increase in the measured values of out-of-plane

strain norms for the samples which was in contrast to the qualitative observations

that showed higher notwork efficiency for the sample with higher levels of NBSK

fibres. This is due to the change in the free fibre length of the samples that have

more levels of longer NBSK fibres resulting in higher values of thickness expansion as

a result of fire straightening and not inter-fibre bond breakage. Therefore, free fibre

length measurements need to be considered to remove the extra contribution that

the networks with longer free fibre lengths have to their thickness expansion when

comparing network efficiency of the mixture samples. Detail of the analysis can be

found in Section 4.2. In conclusion, it is not possible to conclude about the network

efficiency of the mixture samples of this study by only considering the out-of-plane

deformation.

It is also worth noting that although the insights gained from the methods of this

study are of possible value to the pulp and paper industry, the cost of 4D imaging

107



experiments including the equipment and computational costs might make such 4D

imaging experiments prohibitive for many. However, recent improvements in lab-

based x-ray equipment and related in-situ testing equipment indicate a near future

where such 4D experiments will become more accessible.

6.1.3 Mechanistic Insights

In Chapter 5 the results of the 4D imaging experiments were used to find the Poisson’s

ratios of all the samples. To do so, both the average strain values and the strain norms

were used and the largest ratios of out-of-plane versus in-plane strains at the latest

state of deformation just before failure were reported as the Poisson’s ratio for each

sample. The obtained values for all the samples were within the range of values that

have been reported for different paper samples in the literature [142, 44, 42]. From

the average strain values some thickness reduction during early states of deformation

were observable that were consistent with previous observations in the literature [142]

where such thickness reductions were explained by activation of non-activated fibre

segments that happens early on during deformation. In general, increasing levels

of refining energies resulted in samples with less negative Poisson’s ratios which is

consistent with the findings in [142]. The same trend of initial decrease in sample

thickness were also observed for mixture samples that were more significant for the

samples with larger fractions of NBSK fibres. This was also observed by Verma [142]

and explained by the fact that samples with longer fibres are more likely to have

non-activated fibre segments. It was found that the 100% NBSK sample has the

larger Poisson’s ratio when compared to other samples. This does not agree with the

reported values in [142] where 100% hardwood samples have been reported to have

the highest Poisson’s ratios when compared to 100% softwood samples. Furthermore,

the strain values were calculated using two different samples from the multi-sample

setup and it was shown that the choice of the sample does not change the general

observable trend in the measured strain values of the mixture samples.

6.2 Main Conclusions

The main conclusions of different chapters of this study can be summarized as follows:
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• Characterization of Deformation Mechanisms:

– Despite previous reports in the literature, weakly bonded fibre networks

(i.e. low efficient paper networks) can also exhibit significant auxetic be-

haviour.

– For networks with low efficiency, regions of high in-plane strain concentra-

tion correspond to regions of high out-of-plane strain concentration.

– Fibres inside a paper network become both straightened and buckled dur-

ing deformation. However, inside and around the failure regions with high

concentration of out-of-plane strain, fibre straightening is more prevalent

compared to the rest of the network.

– Inter-fibre bond breakage is also prevalent inside the regions of high out-

of-plane strain inside paper networks with low efficiency that, in addition

to fibre straightening, is responsible for auxetic behaviour of such papers.

• Industrial Applications:

– There is a strong correlation between the level of refining and the auxetic

response of paper networks in that networks with more refining (i.e. more

efficient networks) exhibit less auxetic behaviour.

– Regions of high out-of-plane strain does not correspond to regions of high

in-plane strain for paper networks with high efficiency, which confirms the

previous findings in the literature.

– Out-of-plane strain norms can be used as a measure to evaluate network

efficiency of paper samples made from the same pulp.

– There is also a strong correlation between pulp mixture and auxetic re-

sponse of paper samples in that samples made from pulps with higher

levels of softwood fibres exhibit more significant auxetic behaviour.

– Despite the existence of a strong correlation, out-of-plane strain norms

alone cannot be used to evaluate the network efficiency of paper samples

made from pulp mixtures containing fibres with different fibre lengths,

and the proposed method requires a consideration of free fibre length of

the network
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• Mechanistic Insights:

– 4D imaging experiments and DVC can be used to measure Poisson’s ratios

of different paper samples.

– There is strong correlation between Poisson’s ratios of paper samples and

their network efficiency and pulp mixture.

– More refined samples (i.e. more efficient networks) result in less negative

Poisson’s ratios, and therefore, Poisson’s ratio of paper samples can also

be used to evaluate their network efficiency .

– Evaluation of network efficiency of mixture samples using Poisson’s ratios

also requires consideration of free fibre length of their network.

6.3 Future Work

Considering the shortcomings of the proposed methods to evaluate the level of inter-

fibre bonding for mixture samples, it will be interesting to develop a geometrical or

mathematical model to calculate the maximum contribution of fibre straightening to

the out-of-plane strain values of such papers. In this way the contribution of fibre

straightening can be excluded from calculations of the out-of-plane strain norms that

will allow for comparison between network efficiency of a wide range of paper samples

that are made from pulp mixtures that include fibres with different fibre lengths. This

can be achieved by finding the maximum value for free fibre length of the samples

which can be calculated by estimating the number of fibre-fibre contact for each fibre

using mathematical models for random fibre networks [146]. Since, as explained in

Section 1.1.2.2, the level of inter-fibre bonding is suggested to be the deciding factor to

evaluate whether a mixture sample will follow the linear mixture rule or not, this can

be used to predict the behaviour of different mixture samples. It will also be of interest

to develop a network model similar to the one developed by Borodulina et. al. [135]

using properties of NBSK and Eucalyptus fibres obtained from the 4D experiments,

and compare the strain fields from such models with the strain fields obtained from

the DVC analysis to further investigate the findings of this thesis. Finally, it will also

be useful to see if there exist a correlation between the RBA values for each sample
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and their measured strain norms or Poisson’s ratios. This will result in a way to find

RBA values from strain norms, or probably to modify the Page’s equation to include

the Poisson’s ratios as a measure of network efficiency instead of RBA measurements.
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