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Abstract

An understanding of moisture transport within sized paperboards is an important
quality aspect for the packaging industry. In this study, the experimental technique
of magnetic resonance imaging (MRI) is used to develop a testing methodology
which can measure, characterise and quantify the transport of water within paper
materials.

A methodology for in-plane liquid uptake measurements within the MRI was de-
veloped and found to be applicable for hydrophilic materials. Through thickness
testing was performed in the MRI and 1-D profiles were obtained along the through-
thickness direction of the paper materials with a spatial resolution of 31uym and a
temporal resolution of 2 minutes measurement acquisition time. To give further
insight into the mechanisms of liquid transport within the fibre structure of the pa-
per materials apparent diffusion coefficients were estimated and found to be on the
order of 1072 m? /s which strongly suggest that the rate defining mechanism for hy-
drophobized paper is moisture diffusion within the fibers. This study also explores
the various issues encountered during method development and lays a foundation
for further work.

Keywords: MRI; Paperboard; Moisture diffusion; Through thickness measurement;
In-plane measurement
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List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

AKD Alkylketene Dimer

AOI Area of Interest

ASA Alkenyl Succine Anhydrine
CD Cross Direction

FOV Field of View

MD Machine Direction

MRI Magnetic Resonance Imaging
MSME Multiple Slice Multiple Echo
NIR Near Infrared Spectroscopy
NMR Nuclear Magnetic Resonance
NSA Number of Signal Averages
RF Radiofrequency

SEM Scanning Electron Microscope
SNR Signal to Noise Ratio

TE Echo Time

TR Repetition Time

7D Out-of-plane Direction
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Nomenclature

Below is the nomenclature that has been used throughout this thesis.

v Larmor frequency (MHz)

y Gyromagnetic ratio

B Magnetic field (T)

M, Longitudinal magnetization

My Transverse magnetization

T Tesla

z Distance liquid has travelled through the material (m)
D Diffusion coefficient (m?/s)

t Time to reach reference uptake level (s)
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1

Introduction

1.1 Background

Paper materials are widely used as sustainable packaging, corrugated board, print-
ing paper and product materials in a selection of industries including the food and
beverage industry. Paper materials can fulfill the role of an alternative to single-use
plastics, notably for single-use applications such as plastic straws. Paper materi-
als consist of cellulose fibres layered as a porous matrix. The fibres separated by
interfibral spaces include large and irregular shaped pores [4]. The fibres and the
structure absorb water while the pores hold the water in their natural hydrophilic or
processed hydrophobic states. The mechanical strength of the paper matrix depends
to a large extent on the moisture content of the material [14]. Moisture-material
interactions are thus important to monitor and to understand in order to optimise
material performance.

For packing materials, in which mechanical strength is an important product
quality aspect; the understanding of transport, swelling and mechanical degrada-
tion processes are essential in designing improved packaging materials and paper
products in the future. Liquid transport and flow problems within cellulose fibre
materials have been widely researched and published across various applications and
focusing on a variety of aspects. MRI is however a less explored method through
which non-invasive measurements can be made in real time within the paper struc-
ture itself without the need for the material being transparent. These qualities are
a benefit over widely used methods available to measure moisture content, and no-
tably moisture content within thin sheets such as near infared spectroscopy (NIR),
terahertz radiation, or radiography methods[19]. The main drawbacks with these
methods are that they cannot be adopted for measuring the through thickness pro-
files with good spatial resolution or that they are costly and not widely available.

1.2 Aim

The aim of this work is to develop a methodology to measure the moisture transport
in sized paper materials with high spatial and temporal resolution using MRI. This
work explores the future applications and possibilities of MRI within the paper
industry through developing and assessing methodologies with which to measure,
characterise and quantify liquid transport within paper materials to high spatial
and temporal resolutions. This knowledge can be used to characterize the paper
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materials and the moisture transport which would help guide the development to
further introduce novel and innovative paper-based packaging solutions.
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Magnetic Resonance Imaging

2.1 Basic concepts

Magnetic Resonance Imaging (MRI) is a non-destructive and non-invasive imaging
methodology that was first applied in the medical field but has recently started de-
veloping applications in experimental investigations of moisture in paper samples
[7]. This method provides useful information on the material properties and the
evolution during processes like absorption or drying with high spatial and temporal
resolution [7].

An MRI instrument mainly consists of a magnet, radiofrequency (RF) trans-
mitter and a receiver. It is based on the principles of Nuclear Magnetic Resonance
(NMR). An overview of the underlying principles of this method is described below:

o Nuclei that are placed in a magnetic field of strength B, will precess with the
frequency v, which creates a net magnetization. Think of precession as the
rotation observed of a spinning top or gyroscope. The frequency also called
the Larmor frequency depends on the gyromagnetic ratio v of the spin.

v=9B (2.1)

The Larmor frequency of the MRI in this study is 300 MHz.
o It is favorable to run NMR/MRI on isotopes whose natural abundance is high
for example "H because the signal will get larger with more presence since the
MRI is very insensitive.
o The net magnetization can be disturbed when applying a RF pulse [14]. The
net magnetization will return to the thermal equilibrium. In other words, the
RF pulses will excite the protons 'H in the sample [17].
To get a better understanding of how the nucleus behaves when placed in a magnetic
field, let us consider a proton. As we know, each nucleus has some spin property
associated with it. When this nucleus is placed in the magnetic field, the magneti-
zation vector aligns itself with the magnetic field and its behavior is similar to that
of a magnet with a north and south pole. It has 2 different energy levels that it can
transition between. A low energy level, where the poles align in N-S-N-S direction
and a high energy level, where the poles align N-N-S-S direction [12]. An illustration
of this concept can be seen in Figure 2.1

The process of imaging is as follows:
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) Low energy level (b) High energy level

Figure 2.1: Energy levels

e An external RF pulse is introduced to excite the protons in the sample.

e The nuclei return to the thermal equilibrium depending on the "relaxation"
process. The signal is recorded as a function of time.

e The raw signal is converted to corresponding intensity levels using a Fourier
transform.

o The intensity levels are then displayed as different shades of grey or other
colors in a matrix arrangement of pixels.

o The contrast of the images can be varied by changing the sequence of RF
pulses applied. Thus different images can be created.

The precession of the protons disturbed back to thermal equilibrium can be
visualised through Figure 2.2

Precession

Applied Magnetic
Field (Bg)

Figure 2.2: Precession of proton

There are primarily two controls that are important when determining the con-
trast. The contrast can be varied by changing these parameters depending on the

4
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type of imaging required.

» Repetition Time (TR):It is primarily the time before the first 90 degree
RF pulse. A longer TR would allow the protons to relax back to thermal
equilibrium while a shorter TR would not have had the protons fully relaxed
by the time for the next measure. This would result in a decreasing signal.
This phenomenon is related to the T1.

o Echo Time (TE):It is primarily the time between the initial 90 degree RF
pulse and the echo. A longer echo time would most likely make the protons go
out of phase which results in reduced signal while a shorter echo time would
reduce the amount of dephasing that can occur. This phenomenon is related
to the T2.

2.2 Imaging applications

Relaxation

The most common types of MRI scans are T'1-weighted scans and T2-weighted scans.
Depending on the type of relaxation (T1 or T2), the signal to noise ratio (SNR) is
more or less affected. The T1 relaxation time, also called the spin-lattice relaxation
time measures how quickly the excited protons return to equilibrium (or) how the
net magnetization vector recovers to its ground level in the direction of the magnetic
field [21].

The T2 relaxation time, also called as transverse relaxation time is the rate
at which the excited protons reach equilibrium or go out of phase together [22].
Anything causing T1 relaxation causes T2 relaxation also, but T2 relaxation can
occur without T1 relaxation too. T2 is always less than or equal to T1. Short echo
and repetition times are used to produce T1-weighted images. Alternatively, longer
echo and repetition times are used to produce T2-weighted images.

In pure water, the T1 and T2 have comparable magnitude, about 3-4 seconds
long [22]. A general illustration of the T1 and T2 relaxation curves can be seen in
Figure 2.3

2.3 Imaging considerations

MRI is often limited by poor signal to noise ratio and hence optimizing the settings
within the MRI is an important step in order to get images and profiles of high
spatial and temporal resolution. This is an important part of method development
and depends specifically on the type of material tested on and rig setup used. There
is a trade off between the taking images with high spatial and temporal resolution
but the same needs to be done whilst minimizing the amount of noise. Depending
on the scope of the investigation, certain process conditions and physical attributes
demand certain considerations with respect to size and rate of process changes.

Before going through the different settings within the MRI, it is important to
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Longitudinal
Magnetization (M,)
] Time (t)
(a) T1 Relaxation
Transverse
Magnetization (M,,)
= —
Time (t)

(b) T2 Relaxation

Figure 2.3: T1 and T2 Relaxation curves

know what some of the important terms mean and how they are involved in the
imaging process. These are summarised below [10] .

Spatial Resolution:

An MRI image is composed of several voxels. The voxel size is the spatial resolution
of the image. It is a 3D unit of the image with a single value, like how pixels are
used for representing 2D information [27]. Since voxels are in 3D, the resolution
depends on matrix size, field of view (FOV) and slice thickness.
o Resolution is directly proportional to the number of pixels. Pixel size can be
calculated by dividing FOV by matrix size.
o Two resolution parameters used in MRI for production of a 2D image are basic
resolution and phase resolution.

Basic resolution:

It determines the size of the image matrix. It is inversely proportional to the pixel
size. So, lower resolution means larger pixel size.

Phase Resolution:

It is the number of pixels in the phase direction. It is normally expressed as a
percentage value of the basic resolution. Decreasing the phase resolution will increase

6
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the pixel size in one direction and result in a rectangular pixel shape. Increasing
phase resolution will also generally result in a prolonged scan time.

Signal-To-Noise Ratio (SNR):

SNR is a standard used to describe the performance of an MRI system. An MRI
image is created by a combination of MRI signals and background noise.

MRI image = signal + noise

SNR = signal/noise

Number of Signal Averages (NSA):

It is a measurement parameter and is primarily used to improve the SNR. Doubling
the NSA improves the SNR by a factor of v/2 because random noise is also sampled.
Thus, as NSA increases, noise begins to get cancelled out. Repeated sampling and
the accumulation of signal results in a high signal image, but the drawback is that
increasing the NSA also increases the scan time significantly which hence affects the
temporal resolution.

The most common settings that are usually optimised within the MRI are Reso-
lution, Repetition Time, Echo Time, Slice Thickness, Field of View and NSA. All
of these directly or indirectly affect the SNR of the image obtained. They are also
changed depending on the type and contrast of image required. Some of their effects
on the SNR are summarised below

Basic Resolution and SNR
SNR is inversely proportional to basic resolution. Hence it is directly proportional
to pixel size. Increasing the base resolution will reduce the pixel size and therefore
the SNR of the image will be reduced.
Increasing the basic resolution will increase the image quality but increasing it more
than the acceptable range will produce grainy images due to low SNR and reducing
it below the acceptable range will produce blurry images due to high SNR.

Phase Resolution and SNR
Decreasing the phase resolution will reduce the image quality and scan time. Re-
ducing phase resolution will increase the pixel size and thus the SNR will decrease.

TR and SNR
Increasing TR will increase the SNR since a high TR will allow the longitudinal
magnetization to approach its maximum and produce high signal intensities. But
increasing the TR beyond a certain limit will reduce the T1 effect.

TE and SNR
Increasing the TE will reduce the SNR. A long TE will cause the transverse mag-
netisation to decay to very low values and result in signal loss. Decreasing the TE
beyond a certain limit will reduce the T2 effect. Reduction of TE to increase the
SNR should only be used for T1 weighted sequences as that reduces the effect of

7
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T2.

Slice Thickness and SNR
Increasing the slice thickness will increase the SNR. Increasing the slice thickness
increases the voxel size which results in an increase in the amount of signal received
by the individual voxels. But this would however reduce the spatial resolution.

Matrix Size and SNR
Increasing the matrix size will reduce the SNR. Increasing the matrix would re-
duce the voxel size, reducing the amount of signal received by the individual pixels.
Smaller pixels will receive less signal and produce a low SNR image. Correct selec-
tion of matrix size for a particular FOV is necessary for optimum quality images.

FOV and SNR
Increasing the FOV will increase the SNR. It would increase the pixel size which will
increase the number of signals received by individual pixels. Large pixels would re-
ceive more signal and produce higher SNR images. Increasing FOV would however
reduce the spatial resolution and produce blurry images. To achieve max spatial
resolution, the matrix size must be increased when increasing the FOV.

Number of Averages and SNR
Number of averages is used to represent the number of times data is repeatedly
acquired to form the same image. Increasing the averages will increase the SNR.
Doubling the averages will increase the SNR by square root of 2 and double the scan
time.

NSA and Slice Thickness
Decreasing the slice thickness in high resolution images will reduce the SNR. In-
creasing the NSA would increase the SNR. When reducing the slice thickness, the
signal will drop. So, to compensate for this drop, the NSA needs to be increased but
this would in turn increase the scan time. But this would be the most appropriate
method when reducing the slice thickness without compromising the image quality.

NSA and FOV
Decreasing the FOV will reduce the pixel size and produce an image with low SNR.
To compensate for this signal loss, either the matrix size needs to be reduced or the
NSA must be increased. Decreasing the matrix size will slightly reduce the image
quality while increasing the NSA would improve the image quality. The only down-
side is the significant increase of the scan time.

NSA and Resolution
Increasing the matrix size will reduce the pixel size and produce a low SNR image.
To compensate for the signal loss, the NSA can be increased. Increasing the ma-
trix size and NSA would increase the scan time. Increasing both parameters would
nearly triple the scan time, but the result will be a very sharp and detailed image.
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Different settings can be adjusted to manipulate a grainy/blurred image as shown
in Table 2.1 and Table 2.2.

Grainy Image

- Reduce the base resolution. This would reduce the scan time

- Increase slice thickness. This will increase the voxel size and SNR
and thus the image will become smoother

- Increase number of averages. This will increase the scan time
though

- Increase FOV. This will increase the pixel size and SNR and thus
the image will become smoother

Table 2.1: Settings adjustments for grainy image

Blurred Image
- Increase resolution. This would increase the scan time.
- Decrease FOV. This would reduce the pixel size and SNR and the

image will thus become sharper.

Table 2.2: Settings adjustments for blurred image
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3

Paper Materials and Moisture
Transport

3.1 Paper materials

Paper materials are produced from wood which has been turned into a fibrous pulp
through one of various either mechanical or chemical pulping methods; the pulp
is further processed to selectively modify the end product material properties and
dried into paper sheets. Mechanical pulping separates cellulose fibres from wood
physically while chemical processes, such as the commonly used ’'kraft process’, use
a mixture of chemicals to achieve this separation [3]. The pulp consists of individual
fibers, each being a long and slender structure typically in the range of 10-50pm
wide and 700-4000pm long [18].

The centre of the fibre is hollow, with the fibre wall having a structure as visualised
in Figure 3.1. The fibre is composed primarily from components cellulose, hemicel-
lulose and lignin [3].

Lumen

Secondary cell wall:
/ Inner layer (S3)
. Secondary cell wall:

| “— Middle layer (S2)

Secondary cell wall:
Outer layer (S1)

—

“——— Primary cell wall

+~—— Middle lamella

Figure 3.1: Hierarchical structure of a paper fibre visualising from the fibre’s outer
layers to inner lumen

The fibres mechanical and chemical properties depend on various factors such
as wood species, wood growth section and processing which all can alter relative
fractions of the three primary components. Common pulp processing steps in addi-
tion to initial pulping include bleaching to remove lignin and achieve brighter and

11
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whiter pulps. The addition of chemical agents change paper absorption characteris-
tics, filler additives can be added into the paper pulp or different pulp types mixed
to attain specific pulp properties.

As pulp is dried and rolled, higher density networks of fibres and bonds are
formed. The density of the network, distribution of pulp fibre types, sizes or chem-
ical properties and the thickness of the material layer can all be optimised for the
desired paper application. Paper production commercially leads to a preferential
fibre orientation along the direction of motion leading to orthotropic paper prod-
ucts. Moisture transport and mechanical properties are thus direction dependent.
The 'machine direction” (MD), ’cross direction’ (CD) refer to the running direction
of the paper through machines during production and the direction perpendicular
to that through the same plane while the through-thickness direction (ZD) refers to
the thinnest dimension of the paper. This can be visualised through Figure 3.2.

Coatings can be added to the paper material during production to achieve improved

Figure 3.2: Machine, cross and through-thickness direction within paper produc-
tion

glossiness or improved print-ability on the paper surface as is common for packaging
applications. Furthermore, paper grades can be layered to achieve a desired material
design.

3.2 Moisture-paper material interaction

Paper at the basic level is a heterogeneous fibre mesh with a certain surface rough-
ness and porosity [24]. As a natural cellulosic material, paper has a strong tendency
for water absorption due to cellulose fiber’s intrinsic hygroscopic nature [26]. The
material structural and chemical characteristics, liquid properties as well as their
respective interactions determine liquid transport through fibrous materials. In this
investigation, water imbibition at ambient temperatures will be explored without
analysis of temperature effects.
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3. Paper Materials and Moisture Transport

Paper material has commonly three proposed liquid populations; these being
water vapour, interfibre (pore) liquid as well as liquid sorbed within fibre structure
itself that interacts to a greater extent with the fibre polymers[1] [2] [9]. Dynamic
exchange and transport between these populations is naturally occurring as non-
equilibrium mass exchanges. These liquid populations can be visualised in Figure
3.3 which displays the relative positions of these water populations within a simple
fibre structure of paper.

Intra-fiber liquid Inter-fiber liquid, vapour
B \

s

Fiber Void Space

Figure 3.3: Liquid populations within paper fibre structure

The size of the interfibre space is highly variable due to a wide range of produc-
tion variabilities as well as material design factors within the stochastic fibre media.
Interfibre pore space is able to impact both capillary liquid as well as vapour uptake.
A second independent pore space stems from pores within the fibre wall itself. This
pore space is, due to removal of lignin and hemicelluloses during pulping, higher for
pulped than unpulped fibres which allows for a high liquid uptake before saturation
for processed fibres [1]. When fibres are water saturated, water is a significant com-
ponent of the cell wall typically greater than 1 gram water per gram dry fibre [24].

In packaging and paper straw applications there is the potential for high mois-
ture contact with the paper material. For packaging materials, this contact is, due
to polymer layers often being in contact with the contents rather than the liquid,
most significantly during the packaging material liquid sterilization step for asep-
tic packaging. For paper straws this contact is through direct liquid contact with
the straw during usage. High material liquid contents however lead to undesired
mechanical strength degradation which can be a hurdle to packaging performance
and cellulose fibre application or durability [24] [5]. This degradation stems from
both the loss of fibre network structure through fibre cohesion loss as well as loss of
individual fibre strength and stiffness [2]. For this reason pre-treatment of fibres can
be conducted during paperboard production for increased material hydrophobicity
known as ’sizing.

Sizing of materials is a treatment with hydrophobic materials such as rosin,
alkenyl succinc anhydrine (ASA) or alkylketene dimer (AKD), which reduce the
wettability of fibers [26]. These additives modify the fibre surfaces to attain a larger
water contact angle. Sizing can be optimised towards the desired hydrophobicity or
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wetting resistance of the end use of the paper product with (Xu et al., 2018) indi-
cating in [26] that sizing is typically particularly effective at reducing perpendicular
penetration into the paper surface. The article [24] can be referenced for a thorough
outline of available hydrophobization methods.

Two types of water invasion of paper materials are the in-plane invasion of water
into the thin porous material with vertical liquid uptake known as ’edge-wicking;” as
well as water invasion in the through-thickness direction from a single paper material
face. These two different moisture movement pathways are visualised through Figure
3.4. Both uptake types will form part of this work, with a more significant focus
being on through-plane direction liquid uptake.

<

Figure 3.4: In-plane liquid uptake as compared to through-plane water invasion

Moisture can enter the fibre structure as a liquid or a vapour, it can interact
with the fibre surface or enter the fibre structure itself. Liquid imbibition rates de-
pend on factors such as pore size, porosity, permeability, tortuosity, evaporation and
liquid contact angle [25]. Furthermore, properties of paper such as its dimensional
stability, surface roughness and strength change with liquid content [24].

Work by (Salminen, 2008) in [23] found that the pore transport rate is more im-
pacted by the expanded fibre matrix-rather than the dry fibre matrix. The moisture
transport through materials is in this way a strong function of the material moisture
content. The mechanisms through which this moisture uptake occurs are discussed
in 3.2.1 - with individual proposed mechanisms highlighted.

3.2.1 Moisture transport mechanisms

Moisture transport through the porous cellulosic fibre layers has been described
as occurring through two pathways simultaneously- the diffusion of moisture and
vapour through interfibre void spaces and intrafibre diffusion of sorbed moisture
through the cellulosic fibres themselves [5]. These apply to both in-plane and
through-plane liquid transport, with the majority of currently published research
focusing primarily on the in-plane transport.

There is debate in literature what these exact mechanisms for water transport
within paper materials are, however a concise summary can be that of [16] [23] [24]:

1. Diffusion of vapour though paper pores
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2. Capillary transport of liquid in the paper pores
3. Diffusion of sorbed moisture through the fibres

These transport mechanisms have been described mathematically; however their
respective weightings are not conclusively defined for any of the large range of paper
materials largely due to the lack of spatial moisture distribution data within paper
samples during moisture uptake [14]. More definitive measurements of this intra-
sample distribution, as is hypothesized can be obtained through an MRI, will thus
be significant.

The importance of the different mechanisms are seen to be functions of tem-
perature, moisture vapour pressure and composition as well as the chemical and
structural properties of the fibres [9][16][24]. Moisture transport can thus for a cer-
tain set of conditions be modelled as a combination of these mechanisms with one
commonly being rate determining.

It is debated in literature which mechanisms are dominant through differing pa-
per types. For two distinctly different paper categories, namely sized and unsized
papers, a common conclusion drawn is that pore diffusion (mechanism 1) and cap-
illary transport (mechanism 2) are dominant for unsized paper while pore diffusion
(mechanism 1) is dominant for sized paper grades (more hydrophobic) [26][3] |20,
pg. 196]. The work of [26] as well as [20, pg. 195] and contained sources corroborate
this, additionally indicating the importance of diffusion within the fibre wall itself
(mechanism 3) to this moisture transport, notably for sized paper grades.

The difference between hydrophobic and hydrophilic paper materials has to do
with the surface energy and resultant contact angle that the moisture makes with
the material fibre surfaces within the pores. The well known capillary effect leads
to a natural uptake of moisture at contact angles lower than 90°while a significant
uptake reduction or even liquid discharge at contact angles greater than 90°. This
concept is explored further in 3.2.1 with a visualisation of the contact angle found
in Figure 3.5.

High Angle Low Angle

Low surface energy High surface energy

Figure 3.5: Contact angle visualisation

Results indicate that in-plane moisture transport within highly sized paper
grades was influenced by factors other than the size level [26]. This emphasizes
the importance fibre structure has on moisture transport in the sized case. This

15



3. Paper Materials and Moisture Transport

fibre structure could be a function of the fibre density, the fibre wall thickness and
the fraction of collapsed lumens, the fibre flexibility and inter-fibre bonding. A
higher density for materials such as the sized materials tested in this work mean a
higher density of fibres. This could be an asset to improving moisture transport as
contact between fibres aids the interfibre transport of intrafibre fluid that as such
does not need to pass through interfibre pores. Fibres with thinner walls can also
be more prone to collapsed lumens, leading to closed lumen transport channels. [26].

Diffusion of vapour though paper pores

Vapour diffusion occurs through the movement of liquid vapour through pore path-
ways in the fibre structure due primarily to moisture concentration gradients. A
major influence on this vapour transport stems from material permeability. As per-
meability of a material increases this allows for more effective vapour transport.

Permeability on a macroscopic level is influenced notably by the effect of porosity
amongst other effects for fibrous materials, most notably as porosity approached zero
[3]. Permeability, due to the anisotropic nature of fibrous paper, is an anisotropic
property having higher permeability in the paper’s machine direction than cross
direction. Work of (Leisen, 2002) [14] has indirectly inferred the extent of this
mechanism to be the faster mechanism for transport through sized paper in a humid
atmosphere based on MRI imaging with moisture within the pores subsequently able
to be adsorbed by the fibre. Thus the actual measurement was on absorbed liquid
moisture as opposed to the vapour itself.

Liquid capillary transport

Liquid capillary penetration into the porous fibre structure is most important for
transport in unsized paper and is a strong function of material permeability. The
capillary pressure is generated on capillary walls of the paper stemming from the
mutual attraction of molecules from the liquid (cohesion) and molecules of the solid
(adhesion)[24]. A positive capillary pressure leading to water entering the fiber ma-
trix stems from a liquid phase-solid phase contact angle of less than 90°. Conversely,
a negative hydrophobic contact angle is lower than 90°as visualised in Figure 3.5.

Hydrophilic pores imbibe liquid progressively from the smallest pores which have
the larger attraction forces to the largest pores. Conversely the hydrophobic pores
take up water starting from the largest pores due to larger repulsive forces within
the smaller pores provided the external load is sufficient to overcome repulsive forces
[2]. The actual measurement of contact angle of sample materials is only able to
be measured on the liquid surface and thus this is a surface contact angle and not
an internal fibre matrix contact angle. This is however taken as a measure of the
entire matrix’s surface properties. The sample materials tested in in this work are
all hydrophobic with contact angles greater than 90°.
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Diffusion through fibres

Movement of fluid within the fibres referred to commonly as fibre diffusion occurs
in a manner not entirely understood through literature, however describes moisture
movement of liquid closely interacting with the fibre and fibre cell walls themselves
[2]. Isolating this mechanism from the other mechanisms is not trivial and thus
leads to the lack of understanding of this tortuous network flow. This movement is
naturally assumed to stem from gradients either chemical or moisture based [2].

This mechanism has notably been found to be significant when analysing sized
paper fluid transport [20, pg. 206]. The rate of moisture transport within the fibre
once liquid has been taken up is likely of a similar magnitude between sized and
unsized paper grades. This is as sizing impacts only external fibre surfaces.

3.2.2 Moisture uptake effects

During flow of aqueous liquids through fibre networks, expansion of the network is
experienced in part due to hydroxyl groups (-OH) in the fibre combining with wa-
ter molecules [8]. Due to this and the breaking of intra-fibre hydrogen bonds upon
water molecules’ entrance into the fibre walls and between hydrogen bonded fibrils;
the pore structure of the fibrous material changes. The saturation limit of water
uptake and imbibition dynamics change along with this pore structure change [24]
[23] [1]. As the amount of water taken up increases, the internal bonding of the fibre
wall decreases. This internal bonding of the fibre wall decrease allows an increase
in the distance between cellulose chains and thus causes swelling[24]. Fibre network
expansion influences water transport in two major ways- its effect on the transport
velocity of the liquid front and the thickness of the penetrating water front relative
to the dry sample [23].

It can be suggested that the thickness of swelling in paper can be used to estimate
fibre sorption [23, pg. 21]. An increase in inter-fibre distance is responsible for the
swelling of wet paper according to [8], which means that the increase in volume of
inter-fibre pores determines paper volume expansion. This increase in volume must
stem from water uptake, and thus the quantity of water is relatable to the volume
change.
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MRI Application within Paper
Materials

MRI has been an experimental technique employed on thin films and paper materials
through a selection of applications such as moisture uptake in a humid atmosphere,
material drying, liquid quantity and diffusion assessment. The value of the technique
comes in its non-invasive, non-destructive, and quantitative nature which makes it
possible to measure processes while things are changing with time and not only
the result of the process [17]. This instrument however has significant untapped
potential.

4.1 Moisture transport focus using MRI

4.1.1 Drying

First works into MRI application were gained assessing moisture gradients within
cellulose fibre networks. Nilsson et al. assessed the water distribution within a
cellulose pulp sheet dried in-situ. Here a spatial resolution of 390um was attained
through the 4mm thick sheet [17].

Work done by Nilsson et al. showed that magnetic resonance imaging was suit-
able to study drying in thin films [17]. In their work, sodium silicate films were
studied and was found to attain both molecular mobility of water as well as density
information with a high spatial resolution. It was observed that a moisture gradient
formed across the sample through the progression of drying, which was not fully
understood then. The distribution of moisture in industrial pulp samples during
drying was studied by Bernada et al [6]. Copper sulphate was used as a contrasting
agent to reduce the T1 relaxation time which made it possible to detect moisture
at low water contents (6%). A spatial resolution of 150um was obtained in the
through thickness direction of the sample [6]. This is almost a 2.5 times increase in
comparison to what was achieved by Nilsson et al. However, at the same time the
acquisition time increased by around 4 times [7].

Drying in cellulose based materials specifically was studied by [11] to measure
quantitative water profiles during drying of liquid packaging board. Relative liquid
concentration measurements were made through 1D imaging with a spatial resolu-
tion of 15um per pixel in a 2mm field of view; 6 averages were taken per image
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leading to a 24s imaging time. Due to the importance of imaging procedure in
attaining representative measurements, this was a focus of Harding’s work [11]. A
similarity to the current work is that fast acquisition is attained using 1D spin-echo
measurements. Water within cellulose fibres has a very short T2 relaxation time
typically between 1 and 6ms with lower water contents leading to lower relation
times. The echo time within the spin-echo sequence however must be smaller than
5 times this T2 relaxation time to avoid signal attenuation. For any 1D measure-
ments, notably through thin materials, the field of view must also be perpendicular
to the sample to avoid result distortions [11][19].

Leisen et al. conducted similar work assessing the degree of anisotropy in paper’s
in-plane diffusion [13]. Previously, not much work had been done to study the in-
plane diffusion of moisture in paper. A notable finding here was of the difficulty in
attaining signal from paper with a moisture content under 6%. Both the work of
Harding and Leisen (2001) started with soaked samples and thus positioning was
not an issue. In this current work the sample is initially dry and thus positioning
needs to be guaranteed without the use of a reference image before testing. Both
also had comparatively thick samples simplifying the measurement.

4.1.2 Moisture uptake

Leisen et al. did start with dry samples assessing rather moisture uptake from a
humid atmosphere in the through-plane direction and was able to find support to
the idea of moisture transport of paper being through two steps, the water vapour
ingress into pores and subsequent sorption into fibres [14]. A TE of 1.4ms and TR
of 2s for 2D images were used for 2mm thick samples, however due to low signal-to-
noise ratios 68 mins were required for imaging of single face moisture uptake while
17 minutes for dual face moisture uptake. In the current work the samples are to
be at maximum 0.4mm thick and multiple images are required per minute to attain
functional data, most notably within the initial period of moisture uptake. Some no-
table findings of Leisen et al. were that for the paper samples investigated, the water
was found to diffuse faster in vapor and the sorption of moisture by the fibers was at
a slower rate [14]. A good takeaway from this work was that intrafiber diffusion of
moisture is quite important during the transport through paper over longer duration.

Perrin et al. improved on the work of [14] for uptake of paper looking into up-
take of ink deposited on paper [19]. In Perrin’s work a spatial resolution of 10um
and temporal resolution of 1.3 seconds per image was attained on a sheet 100pum
thick. Furthermore, [19] showed that the buckling of paper due to moisture could
show irregularities in the 1D profiles.

A further difference of this current work when contrasted to previously con-
ducted work such as [19] as well as [11][13][14] and similar papers is the requirement
not to maximise the signal quantity attained, with the signal attained being due
to the reference sample, but rather identifying and isolating the signal stemming
from the sample as contrasted to the signal stemming from the surrounding liquid.
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This poses the challenge not to be one of selecting correct MRI imaging settings or
sequences but rather developing a methodology with which such measurements can
be reliably taken and result outcomes can be processed effectively.

4.1.3 Diffusional transport

Samyn et al. indicates the importance of diffusional transport for hydrophobic pa-
pers [24, pg. 6459]. Diffusion through paper was measured both in the plane and
through thickness directions by NMR pulsed field gradients. Diffusion coefficients
were not found to be impacted by fibre dimensions, internal fibre structure or chem-
ical composition but were found to be consistently higher for the in-plane rather
than through-plane directions. A slow and a fast diffusion coefficient distinction
were found.

Perkins et al. similarly makes use of NMR techniques to investigate diffusional
transport with paper fibre structures [18]. This work was built on two sets of work.
The first by Li et. al. in [15] who distinguished between two diffusional regimes in
paper with high moisture contents (>4g/g) that of bulk water and interacting water.
The diffusion coefficients were found to be 1.3 x 107m?s~! and 4 x 107 m?2s71L.
The second work was done on low moisture (<0.25g/g) content cellulose fibres (ref
topgaard and Soderman 2001 from in Perkins) who rather found a single phase of
water with significant water-cellulose cross-relaxation obtaining typical diffusion co-
efficients from 107%m2s~! to 10~ 1tm2s1L.

Perkins et al. examines intermediate moisture contents between 1.2g/g and
0.2g/g and found that as the moisture layer on fibres thickens with increased mois-
ture content, liquid layers are distanced from fibre interaction and thus can exhibit
more free diffusional mobility [18]. It was found that diffusion coefficients decrease
linearly with decreasing moisture content similarly to the findings of Harding et
al.[11]. It is also found that through-plane diffusion has an increase in liquid-fibre
interaction effects and tortuosity with diffusional motion when compared to in-plane
diffusion.
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Methods

5.1 Equipment

All experiments were performed using a Bruker Advance-III HD NMR spectrometer
having a magnetic field of 7T with MiniSWB90 single-tuned 'H quadrature probe
with 66mm in diameter. Standard spin echo sequences were employed. The data
was collected using Paravision 6.0 software by Bruker and was then imported into
Matlab for data processing and analysis.

Figure 5.1: MRI instrument

5.2 Materials

The materials tested in this work are paperboards made use of industrially during
the production of packaging cartons. A summary of the materials tested is available
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in Table 5.1 with descriptions of the materials to follow.

Material De- || Outline Sizing Thickness

scriptor (um)

B Duplex uncoated | sized 360
(bleached+unbleached)

B2 Duplex  coated  (CLC) | sized 360
(bleached+unbleached)

Table 5.1: Summary of materials assessed

Initial tests and proof of concept tests were conducted on an unsized ’egg carton’
like material which had a high water uptake. This material was some compressed
pulp that was not made in a paper-machine. These tests were mainly done to be
able to develop the test method and contrast with thinner and sized materials. Mak-
ing use of the egg carton material initially allowed development of the experimental
method with regards to MRI settings and positioning problems within the MRI
before further testing on applicable samples. The egg carton material had a very
inhomogenous and hydrophilic surface with multiple material layers stacked on top
of each other. This allowed for a fast water uptake and even led to air pockets within
the surface. Figure 5.2 visualises the structure of the material surface.

(a) Material (b)  Material
top surface bottom surface

(¢) Through-thickness

Figure 5.2: Egg Carton Material

There are two independent packaging materials considered through this test-
ing. These are considered based on the experimental consideration of their differing
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hydrophobicities as well as surface properties. These materials are listed in Table 5.1.

The duplex materials consist of a combined dual layering of top bleached and
bottom unbleached pulps forming a single material composite. This dual layer is
visible to the naked eye as per Figure 5.3; both origin pulps however attain same
sizing during production.

Figure 5.3: Visualisation of sample paperboard’s top and bottom faces due to its
double layered construction (Material B pictured here)

The fibre structure of the materials can be seen through SEM images of the
material surfaces. The images, taken on a Phenom ProX tabletop SEM, provide a
tangible representation of the fibre structure that is being considered and can be
used as a strong basis to understand the mechanisms at play during moisture trans-
port. Figure 5.4 shows a representative element of the material B’s sample surfaces.

(a) Bleached pulp surface (b) Unbleached pulp

Figure 5.4: SEM images of top surface of Material B
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Figure 5.4 shows how compact the fibre structure is and how compression dur-
ing production has influenced the fibres. The distribution of fibre sizes is evident in
Figure 5.4 with a significant distributional range by design however this property
of the material is unknown through this work due to supplier reserved information.
Additives to the fibre structure are further visible in the figure in the form of the
brightly responding white granules visible. These are mineral fillers that are added
by the suppliers during the paper making process.

Material sample B was an uncoated material, while in contrast material B2 has
one of its faces coated with a clay layer. This layer aids surface printability and is
visible in Figure 5.5.

(a) Bleached pulp surface with clay (b) Through thickness image
coating

Figure 5.5: SEM images Material B2

The clay layer is evident in Figure 5.5 in how it smooths the finish of the paper
in contrast to what was seen for the uncoated material B. This clay based layer is
porous by nature and thus moisture absorbent. It is of interest in this work to assess
the impact this absorbent material surface has on the moisture transport dynamics
not only with reference to through thickness but also edge-wicking applications.

5.3 Testing procedures

The scope of this work is an exploration of the potential that the experimental
technique MRI has for non-invasive measurement of moisture transport through
porous paper materials. Method development presented here for this reason forms a
large part of the functional knowledge progression and outcome of conducted work.
The testing procedures below present the practical application of these methods.

26



5. Methods

5.3.1 Visual edge-wicking

Edge-wicking is the in plane liquid penetration into a paper sheet. Many efforts have
been made to reduce the effects of edge-wicking over the past few years [26]. Most of
the solutions mainly involved chemically modifying the fiber surface and increasing
the sizing of the material. Higher sizing allows for reduced capillary penetration of
water through the sample [26]. However, it is not possible to increase the sizing over
certain levels due to food safety concerns and cost.

Sample

hanging

Figure 5.6: Graphical edge-wicking diagram visualising the experimental setup of
an edge-wicking experiment

Visual edge wicking tests were first conducted using a camera. This was done
in order to make appropriate choices for the settings in the MRI. The camera was
set up to take a photo every 1 minute under artificial lighting. The sample was
dipped in water up to 2 mm height to allow for the edge-wicking. Coloured water
was used to provide a visual indication of the waterfront. These tests were done for
both a sample in open air and confined conditions to prevent surface evaporation.
The coloured water does contain additive and could lead to minor impacts on the
wicking characteristics, however these are considered negligible for the purpose of
these tests.

5.3.2 MRI in-plane measurements

Observing edge-wicking of different samples within the MRI would potentially pro-
vide useful information on the material characteristics and properties. The method
of testing was developed for the MRI based of the visual tests and tested on the egg
carton and Material B. The development of the methodology is outlined below.

Method Development

3-D printed rigs were used in the MRI which were provided by Tetra Pak®. The
rig involved 3 individual pieces which included the sample holder (which supported
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the sample to be wicked), the main body which would allow for consistent sample
holder insertion and positioning relative to the cup holding water. This cup would
be twisted into the main body so as to come into contact with the sample holder
placed at the top at a defined manually initiated time. This experimental setup is
as per the diagram in Figure 5.7.

MRI slices

Liquid front

¢

Liquid source

Figure 5.7: Graphical diagram visualising the experimental setup of the MRI
edge-wicking experimental rig

This experimental set up is made up of the components as per Figure 5.8. The
development and modifications of the rig can be seen in Appendix A.

(a) Sample holder (b) Main body (¢) Water
cup

Figure 5.8: Edge wicking rig parts used in the MRI

This initial setup was effective but could not be used as the final design due to
positioning errors and stability issues arising when moving the cup containing water
in place every test. Furthermore, the removal of the entire probe from the MRI after
every test made it difficult to get consistent results.
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In order to minimize these errors, modifications were made. A new sample
holder that had longer arms which improved the sample stability during testing
reducing the potential for the sample angling a certain direction during testing (a
comparison is found in Figure A.4). Furthermore, a simple setup was constructed
using cardboard layered rolls which allowed the main body of the rig to be held in
place within the MRI and to be controlled from the outside by an operator. This
was done in order to avoid removal of the MRI probe each time, instead, only the
tower of the cardboard rolls would have to be removed from the rig in between each
test. These modifications allowed for the cup holding the water to slide in through
the tube of cardboard rolls, into the main body of the rig to have the sample dipped
at the top as seen in Figure 5.9.

(a)  Cardboard (b) Setup in MRI probe
roll tube

Figure 5.9: External control of rig

5.3.3 MRI through-thickness measurements

A Cobb test is a well known experiment conducted over a time-frame of commonly
60 or 180 seconds during which time liquid penetrates a material sample from a
single face. The Cobb test is in this way a standardised testing procedure that
focuses on the through-thickness transport of moisture within the sample. It is
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useful in determining the amount of water absorbed into the surface of a sized paper
sample/paperboard in a set period, usually 60/180 seconds. This type of tests are
used in papermaking since it quantifies the ability of the paper sample to resist the
penetration of moisture into the paper from the surface.

Method Development

Since the measurements are taken with the help of the MRI, the typical setup for a
Cobb test was not able to be followed exactly due to the presence of metallic mate-
rials in it, and also the size of the standardized test does not fit in the equipment.
As was the case during edge-wicking testing, an initial iteration of an experimental
testing rig compatible with the MRI apparatus was thus 3D printed from which base
development work was conducted. Due to the high spatial resolution desired when
measuring water transport in through-thickness direction, development of the ex-
perimental set-up and methodological design was a significant portion of the overall
thesis work. A summarised elaboration on this development is found in Appendix A.

Figure 5.10 presents the experimental setup found most effective for accurate
Cobb style moisture measurements within the MRI. The final developed rig consists
of 4 main parts that are connected/stacked and then inserted into the probe in the
MRI. The individual units of the rig can be seen in the figure 5.10 (a) as the blue
material supporting base; a rubber seal with a lem x lem square cutout, a white
3D printed platform with the same cutout and the top connector/support that is
fitted with a sealing rubber O-ring.

The square cutouts are primarily to reduce the sample surface area exposed to
the water during testing and allow for a square liquid contact area. This was imple-
mented primarily to reduce the effects of buckling of the paper sample and to also
reduce the field of view in the MRI to eliminate unwanted signal as well as having
the slices of the MRI align only with the required area of interest. The rubber seal
helps in keeping the water contained within the 1em x 1em block and thus prevents
the water from escaping through to the sample’s edges and seeping into the sample
outside of the selected liquid contact area. The 3D platform keeps the rubber seal
in place and helps in applying pressure on the rubber seal when screwing the top in.
This again helps with keeping the water contained. Lastly the top is equipped with
an O-ring to pressure on the entire stack of parts when screwed in and stop water
from escaping down the sides if it were to overflow from the lem x 1em block.

About 2ml of water was injected into the rig from the top. Initially, the water
was injected and then the rig was placed into the MRI and only then the mea-
surement was started. In doing so though, quite a bit of time was unaccounted
for before the first measurement taken by the MRI, especially when the temporal
resolution was around 2 min. To solve this issue, water was injected the second the
measurement was started in the MRI. This was done through a syringe connected
to a long PVC tube which was first attached on top of the rig, inserted into the MRI
and then have water injected just after the measurement was started. This setup
can be seen in 5.11.
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af;-

(a) Individual rig units ) Stacked sealing setup  (c¢) Top support for connec-
tion with the sample base

Top view Side view

l J 3D Platform
Water

*——»Rubber Seal

MRI FOV 3
“ Sample

(d) Conceptual rig design

Figure 5.10: MRI Cobb Testing Setup for MRI

Figure 5.11: Water injection setup

Multiple tests were conducted with hydrophilic egg-carton material for method
development before conducting testing upon paperboard sample material. Multiple
sample acquisition times and testing optimisations were conducted and the 1D pro-
files of these were constructed and analysed using Matlab.
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Optimisation of MRI parameters:

Various comparison tests were performed in order to optimise the Signal-To-
Noise Ratio (SNR) for the Multiple Slice Multiple Echo (MSME) 1D profiles. As
mentioned in Chapter 2, the different settings in the MRI are interconnected and
affect the signal received. The echo time (TE) was constantly kept at the lowest
possible time in order to reduce the effect of T1 as much as possible. The image
size was also set to 128 points as at higher resolutions (of for example 256 points),
the signal to noise ratio is too low. This is due to the fact that the paper samples
being tested take up very little moisture which provides the MRI receiver a much
lower signal at the higher resolution for the same temporal resolution. Using the
higher image size would require increasing the number of averages to get a better
signal hereby increasing the scan time significantly which is not preferred in this
situation. Multiple experiments were carried out at various repetition times (TR),
FOV, slice thicknesses and averages. Since each setting affects the signal to noise
ratio, priority had to be given to the settings that should not be changed and then
the other settings were optimised around it. In this case, the TE and image size
was fixed as discussed before, and all the other settings were optimized around it.
A summarised view of this testing’s outcomes are found in Appendix B.

Firstly, the TR was optimised based on the T1 of water which is around 2-3
seconds. Thus, the TR had to be at least 2s long. Keeping this in mind, various
tests were run at different TRs from 2s to 5s. These results concluded finalisation
the optimum TR to be 2s long. Based on the image size being 128 points, the
FOV was optimised around it. Ideally having a lower field of view allows for more
number of points within the actual thickness of the sample which is advantageous.
But at the same time, a lower field of view meant lower SNR which is not preferred.
Considering all these effects it was decided on having a field of view of 4mm which
gave a spatial resolution of 31.25 pum per point and approximately 11 points through
the thickness of the sample. The other potential field of views considered and their
respective spatial resolutions can be found in Appendix B.
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6.1 In-plane moisture transport

Edge-wicking styled in-plane liquid uptake by paper materials is a commonly used
measure primarily for characterisation of unsized paper materials. This current work
focuses on sized materials for application within the packaging and straw industries,
and it is investigated whether in-plane analysis can provide new insight into sized
material liquid uptake. Edge-wicking as a process is generally seen to occur to a
far lesser extent within more hydrophobic materials due to the importance of the
capillary liquid uptake mechanism in edge-wicking as discussed in 3.2.1. Analysis
both through visual testing and MRI measurements of in-plane liquid uptake is
conducted, outlining the potential MRI has to expand understanding of in-plane
liquid uptake for paper materials.

6.1.1 Unsized material in an open atmosphere

Initial testing for methodology validation was conducted on unhydrophobized mate-
rials such as egg-carton material. This material has a comparatively high rate and
extent of moisture uptake when compared to the focus materials of this work with
the liquid uptake fronts of the material being clearly visible to the naked eye during
edge-wicking tests. The use of hydrophilic materials can for this reason be used as
a baseline for method development. This could then be used to validate the possi-
bility of measurement of the sample materials within an MRI context. Figure 6.1
visualises how MRI is an applicable tool for measurement of such liquid uptake. The
figure represents successive MRI liquid water measurements within the rectangluar
sample volume over a short 2 minute period in the experimental setup orientation
as per Figure 5.6.

In the figure it can be seen that within the hydrophilic egg carton material there
is a fast progressive uptake of liquid in the form of a liquid gradient inferred from the
signal intensity. The first 12 second measurement displays a steep drop-off in signal
intensity, which is representative of liquid uptake, extending from the position Omm
liquid interface to the sample reaching a negligible liquid content just under 2mm
above the liquid surface. This drop-off represents a combination of the liquid gradi-
ent within the sample averaged over the first temporal resolution interval as well as
the influence of the meniscus both of liquid on the sides of the vessel as well as ex-
pectedly primarily on the sides of the sample. Should extremely accurate resolution
within this minor region above the liquid surface be desired then hydrophobization
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Figure 6.1: Edge-wicking results for hydrophilic egg-carton material through time
in the form of signal intensity as a measure of liquid fraction in the egg carton
sample from the liquid surface at position Omm up the exposed carton material to
the material’s top end at 18mm. Experimental time 2 minutes: sequential 12 second
intervals extend progressively from the thicker black lines to thin blue lines.

of the edges of the liquid vessel is recommended in order to invert the meniscus on
the vessel edges and isolate sample effects. This is however not required for this
particular testing due to the relative length scales applicable.

As time progresses, this gradient extends steadily further up the sample length
representing liquid transport vertically through the material and furthermore steadily
increases in intensity. It can be seen that at, for example, 4mm above the liquid sur-
face; the signal intensity of approximately 2.4 x 107% appears to remain as a steady
state liquid concentration through the subsequent time intervals which is achieved
by the measurement averaging the liquid content between seconds 48 and 60 into the
test. As time progresses, the steady state reached is seen to progress further up the
sample until it reaches 12mm from the liquid surface at which time measurements
presented in the figure are terminated. The acquisition time for this particular mea-
surement allowed a 12 second temporal resolution and spatial resolution of 156um.
The apparent noise due to fluctuating signal intensities is in this case not entirely
due to measurement noise or error but rather the very rough and in-homogeneous
nature of the material as was seen in Figure 5.2. For this measurement on a fast
and highly absorbing materials the signal to noise ratio at the 12 second tempo-
ral resolution is still high and thus further optimisation can easily be made to the
temporal resolution and spatial resolution should this be desired. The work is not
focused towards optimisation for this egg-carton but rather the packaging material
samples.

Quantification of the MRI signal based liquid uptake seen in Figure 6.1 is possible
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through correlation of MRI signal outputs to mass uptake evaluation over the exper-
imental time frame. This correlation methodology can be as simple as normalisation
of initial and final liquid mass to relevant signal intensities. The final liquid uptakes
are calculated with reference to the atmospheric liquid mass content against a fully
dried sample and the mass uptake after the experiment’s completion respectively.
In this manner the absolute signal intensity whose quantification is dependent on
several factors within the measurement system (as will be further discussed) should
not be a source of measurement error. This simple method’s applicability for mea-
surement is further made use of during consideration of through-plane testing as
found discussed further in 6.5. Furthermore, the position of the rising liquid front
can be quantified through the combination of experimental MRI testing and refer-
ence visual tests allowing for the tracking of visual reference liquid fronts within
material. This is though correlating a material absorption fraction or moisture con-
tent with the presence of the visual liquid front. Figure 6.2 indicates the manner
in which this mass uptake as well as visual liquid front rise can be quantified. The
figure displays two time intervals from the results of 6.1 normalised to the test’s
specific atmospheric and post-experiment liquid mass reference frames within the
first minute of the experiment.
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Figure 6.2: Edge-wicking results during liquid visual tests and visual liquid liquid
front movement: Egg carton

It can be seen in the figure that during the first minute, approximately 6mm of
the material is fully saturated. The first 2 mm of the sample above the liquid sur-
face appear as over-saturated based on the figure but this is simply due to meniscus
effects on the edge of the water sample penetrating the liquid surface. Considering
the position of the initiation of liquid uptake in the figure (a) as correlated to the
position of the visual front represented by the darker areas in figure (b) indicates
how the initiation of moisture uptake correlates to the front position and this can be
used to effectively track the moisture front. As the material absorbs further water,
it expands and interacts with the absorbed liquid which leads to the signal quantity
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increasing until saturation is reached.

This moisture front within the particular material is fairly inhomogeneous with
minor variation in front and fingering of liquid fronts occuring. For this reason
differences between experiments are possible within the particular material used
not allowing for statement with full confidence whether the measured uptake aligns
precisely with the visible liquid front. This result does however present a strong in-
dication of their alignment and its material specific validity may be able to be more
accurately assessed within more homogenous hydrophilic materials. The MRI mea-
sured front is however certainly not vapour phase as vapour is not visible within MRI
measurements. The influence of vapour only becoming apparent upon adsorption
to the fibres.

6.1.2 Sized materials in an open atmosphere

In-plane moisture transport measurement through edge-wicking experimentation
was shown to allow for effective in-plane moisture front tracking and liquid up-
take assessment using the MRI for highly absorbent hydrophilic materials. This
same experimental testing is further implemented for sized sample materials.

Visual and bulk testing

Visual measurement of the position of a rising liquid front was experimentally con-
ducted for the sized board material of sample B. In-plane water uptake as a process
was explored to attain a visual reference useful in further MRI experimental testing.

For sized material B, visual tests conducted indicated the lack of in-plane water
uptake of the material. Experiments were conducted both with reference to mass of
liquid uptake as well as with inclusion of a liquid dye to more conclusively attain a
visual liquid front indication. The addition of a liquid dye would to a degree alter lig-
uid properties such as the liquid contact angle which would impact the edge-wicking
extent. This is however not required to be further explored due to the similarity
in outcomes attained in both the dyed and undyed visual tests. Results from such
visual edge-wicking with coloured liquid are found in Figure 6.3.

Figure 6.3 displays a material B sample upon test initiation and after 24 hours
after which time minor bulk liquid evaporation had occurred. It is evident in the
figure that liquid uptake and retention does not occur to a visual extent due to the
lack of movement of the waterfront over the experimental timeframe of 24 hours.
Furthermore the mass increase of the sample was found to be consistent with no
liquid uptake above the liquid surface. There is minor creepage up the edges of the
material sample but no change within the central width area of the sample except
for the visual effect of evaporation of the bulk liquid. This does not specifically
conclude that in-plane moisture transport does not occur at all within the material,
however the relationship between the liquid uptake and moisture loss due to evap-
orative effects from the sample is such that the liquid uptake and retention above
the liquid interface does not appear to be significant. The liquid uptake, should it
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(a) Time: Ohrs (b) Time: 24hrs

Figure 6.3: Edge-wicking results during dyed liquid visual tests: Material B

be measureable within the MRI, is expected to take place through fibre diffusion
as opposed to the inter-fibre capillary transport mechanism from 3.2.1 due to the
sizing of the fibres altering the liquid’s contact angle in the fibre pores.

A simple comparison between the liquid absorption rate when sample B is fully
submerged in room temperature water to the rate of drying from initially fully sat-
urated atmospheric material at approximately 22°C can suggest why this material
does not take up notable liquid quantities above the liquid interface. This by indicat-
ing the high rate of evaporation. Figure 6.4 displays a baseline as to the relationship
between material B’s submerged moisture uptake rate and its open air drying rate
for discussion of this evaporation rate.

The drying rate for the material under these atmospheric conditions can in
Figure 6.4 be estimated to be almost linear at 0.014 grams of liquid per minute when
fully exposed to the atmosphere for from the start of drying until approximately 90%
of the initial saturated moisture content has been removed. This is compared to an
initially extremely high uptake rate of 0.125% for the first 5 minutes during which
around 50% of the total liquid uptake occurs. This then transitions to a second
slower absorption rate through which the final 25% of the liquid uptake occurs. The
drying rate thereby becomes more significant than the liquid uptake rate for all but
the very fast initial liquid uptake when the dry sample initially comes in contact
with the liquid. The mechanisms and multiphysics behind such moisture uptake
are not explored in further detail; however such uptake/drying relationships are
provided as a reference baseline and further information on this topic can be found
in [3]. What is indicated through this rate comparison is the high rate of moisture
uptake required to retain more liquid within the material than is lost. It is seen in
the results of the edge wicking tests that this high liquid uptake is not maintained
above the liquid surface.
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Figure 6.4: Comparison between the estimated liquid uptake and drying rates for
material B

MRI measurements of in-plane moisture transport for sized material

The visual edge-wicking testing on the sized sample materials provided a clear view
of the apparent low sample B material liquid uptake vertically above the liquid
surface within which the bottom of the edge-wicked sample is submerged. It was
hypothesized that testing within the MRI may be able to shed light on potential
liquid uptake not visually identifiable.

The lack of liquid uptake is however during the MRI testing procedure confirmed
through the MRI material B sample area testing. The sample area above the mate-
rial water surface does not indicate any sign of signal intensity fluctuation over time
due to uptake as was indicated when edge-wicking the hydrophilic egg-carton mate-
rial discussed above. This is displayed within the MRI results as displayed in Figure
6.5. In the figure, a smaller representative sample area of 4mm is considered in the
plot due to expected lower material liquid uptake. The signal intensity at the Omm
position indicates the water surface and from it extends a smooth curve of decreas-
ing signal intensity until approximately 2mm. From this point the signal intensity is
negligible. What is seen here is the effects of the meniscus discussed before with in
this case the curve likely stemming for this hydrophobic material from the manner
in which the rig operates. The water carrier in which water is contained is threaded
up from the bottom at the test’s initiation as seen in Figure 5.8. Once it reaches the
top it slips marginally down into a notch approximately the depth of this seen pro-
file’s height for stability and consistency in positioning. The liquid surface thus is to
this marginal degree above the final liquid surface position for a minor period as the
liquid holding cup reaches the top of the threading of the rig before this liquid cup
drops down into the notch cup locking mechanism. Liquid appears to due to surface
tension remain on the sample surface forming the visible meniscus in this case. No
liquid uptake can be seen in the figure. From the initial time point until the 12 hour
mark the only change in the liquid representative signal curves is the change in the
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liquid’s surface position as a result of evaporation from the open experimental setup.
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Figure 6.5: Edge-wicking results for material B

A number of signal optimisation strategies were used during testing in order to
extract signal from possible liquid uptake. During this represented testing in Figure
6.5, an MRI imaging sequence based off of effectively implemented sequences from
the Cobb styled testing in which liquid uptake was measured within the sample were
deemed appropriate and thus it can be concluded that the lack of signal is due to
lack of measurable liquid content within the sample and not lack of an appropriate
MRI imaging setup.

Both visual as well as MRI testing here thus indicate a negligible extent of
moisture uptake and retention above the liquid surface.

6.1.3 Liquid uptake from a contained atmosphere

Inplane transport measurements through edge-wicking testing could be conducted
on these materials in a closed, contained setup. When contrasted to the testing in
an open environment, testing in this fashion minimises the effect of material drying
through evaporation by allowing the system to reach a state of humidity saturation
as well as introducing material liquid uptake from a humid atmosphere. In a similar
fashion to the open air edge-wicking, no indication of liquid uptake is visible during
an 8 hour experiment at identical MRI settings with which moisture uptake was
viewed during through-plane testing experiments as will be further dicussed.

As would be expected from this contained edge-wicking test on material B; a
liquid uptake test from a closed and moisture saturated atmosphere without direct
liquid contact does not indicate any interpretable response but rather only 'noise.
This however does raise an interesting observation to note as by weight, the raw
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atmospheric uptake test measured a liquid uptake fraction up to 40% of the total
submerged liquid mass uptake. The contained edge-wicking experimental test mea-
sured similar liquid mass uptake if the submerged portion of the sample is excluded.

As these mass uptakes from contained atmosphere edge wicking and contained
atmosphere vapour moisture uptake with no liquid contact are significant and no
signal was received, the question needs to be posed in what form this liquid uptake
occurs and why this cannot be seen during the testing. This, when compared to
the through-thickness testing results still to be presented in which liquid uptake is
visible, would give an indication that the liquid populations may not be the same
between these two liquid uptakes. Further work in this area would be interesting to
consider.

These presented results do display a potential future application for MRI use in
the study of paper material liquid uptake. Work has however been conducted to an
extent in the vapour uptake of dry paper samples by various authors. For this reason
focus is in this case is not set in vapour liquid uptake but rather focus is put towards
studying of the through-thickness liquid uptake testing methodology of similar form
to the Cobb testing methodology often made use of in the characterisation of sized
materials.

6.2 Through-thickness moisture transport

A Cobb test is generally conducted over a time-frame of 60 or 180 seconds. As dis-
cussed further in Appendix B, temporal resolution of approximately 1 minute was
found to be near the upper limit allowing for acceptable signal to noise ratios based
on findings discussed in section 6.3 and for this reason analysis is considered over
longer time frames.

Results obtained come in the form of a signal intensity (related to water con-
tent) plot with positions extending vertically from a position which is within the
higher signal intensity water region above the sample, through the sample region
to below the sample region within rig supportive material. Such signal profiles can
be attained sequentially to obtain a signal profiles through time as is presented in
Figure 6.6. It is the sample through thickness region, referred to as the area of
interest (AOI) which is to be analysed further.

6.3 Experimental validation discussion

In order to attain practical results, one must be certain that signal is attained within
the area of interest and that the signal for analysis stems from sample responses.
Due to the small length scales across the sample’s through-thickness as well as the
significant signal discontinuity between liquid water and dry samples this is espe-
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Figure 6.6: General Cobb styled signal profile visualisation

cially important in this work. Initial work in this regard is discussed for reference in
Appendix A as the experimental rig is designed to achieve realistic optimised signal
profiles. In this sense validation is conducted both with regards to verification of the
signal’s presence, origin as well as assessing potential alternate signal sources to be
aware of during experimentation and testing. MRI imaging considerations as well
as further validation is also found in Appendix B for further reference as to MRI
settings choices.

An initial validation of whether an uptake in liquid over time occurs and is mea-
surable is presented in Figure 6.7 displaying the signal attained across an interest
region within which the sample is located. The experiment has an image acquisition
time of approximately 2 minutes and the AOI extends from the measured water sur-
face contacting the sample’s top face through its thickness and beyond. Free water
presents a much higher signal than the water bound within the sample and thus
the drop-off within the plots represent the transition point between free water and
sample. The MRI imaging settings and resolutions are discussed further through
the text as well as in Appendix B.

The figure visualises a signal response attained through experimental time below
the water face and that as such uptake of liquid is measurable. The water face
does marginally change position over time due to effects such as sample expansion
and buckling which will be further discussed. The area in which liquid uptake is
measured however extends over an area larger than the 360um thickness of the
sample to around 600um below the liquid surface even though the sample has a
fixed base position and thus liquid measured below the material area stems from
below the fixed sample. For this reason consideration is made as to the source of
this signal before absorption dynamics are analysed.
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Figure 6.7: Material B validation of liquid uptake measurement at different time
points

6.3.1 Signal response from the rig

With the rig’s construction being from sintered nylon and resin and the rubber set
above the sample being a rubber compound, there exists the potential for signal
stemming from these sources conflicting with signal attained from the sample itself.
The signal attained from isolating the signal of the dry rig is found in Figure 6.8.
The scan position runs from a position within the rubber material against the y axis
which is experimentally above any sample through to the plastic rig base experi-
mentally below any sample. The signal was isolated by running an experiment in a
completely dry environment without the influence of the free water present during
general testing runs. In the figure two tests are presented, one running without a
paper material sample within the rig and one with such a sample present. Both sig-
nal curves have high noise and low absolute signals due to the lack of water presence.

Signal is seen to stem from the dry rubber to a greater extent than the dry
plastic material of the rig. This could be the influence of aromatic groups or other
liquid compounds within the rubber material. Signal within the rubber is not sig-
nificant in comparison to signal stemming from water within the rubber’s central
square hole (refer to Figure 5.10) which is an order of magnitude larger and thus
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Figure 6.8: Visual indication of the signal stemming from the dry sample rig while
in a test setup with no water present. The two presented experiments omit and
include a sample respectively.

this effect is acknowledged but will not impact results. The signal stemming from
the dry rig base is noise and thus its effect negligible.

Within the transition between these two materials lies in one case an atmo-
spherically dry sample (~ 7Twt% moisture content) and in the other no sample. The
positioning of the rig base bottom is consistent and due to this the position of the
signal stemming from the rubber should be expected to be raised by the thickness of
the sample. This is found to be the case in Figure 6.8 and the position of the sample
can be inferred. The atmospherically dry sample’s signal is in this way found to be
comparable to the signal attained from the rig’s dry plastic.

During the course of an experiment, water passes through sample and is able to
come into contact with the originally dry plastic base. The influence of this liquid
contact with the base during experimentation can be seen in Figure 6.9. Here a sim-
ilar experimental comparison is made to before, however the rig’s partially rough
surface and the rubber have both been in contact with liquid in the prior experi-
mental run before being wiped dry for the subsequent testing. Contact with this
liquid through a sample material is representative of conditions experienced during
testing over longer time intervals.

In the figure it can be seen that liquid not only remains within the plastic rig
base surface, but additionally to a lesser extent on the rubber surface. Signal stem-
ming from the rubber is expected to be found within minor printing imperfections
that are visible, but the signal can be neglected as the rubber’s signal was neglected
before. The plastic base appeared dry to the touch in the dry sample test confirming
the liquids presence within surface grooves and pores of the 3D printed plastic. For
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Figure 6.9: Visual indication of the signal stemming from the sample rig while
in a test setup with no water present but that has been in contact with water and
wiped dry. The two presented experiments omit and include an atmospherically dry
sample respectively.

this reason signal arising within testing results in an area below the expected AOI
can be neglected and attributed to this source. A comparison of this wet plastic
base signal to signal obtained below a sample during an experiment does confirm
this signal attribution explaining the artefact seen within Figure 6.7

The symmetrical triangular profile of the liquid within the wet plastic sample
seen in Figure 6.9’s blue curve have two possible sources. This could be attributed
to either the nature of how the liquid is physically contained within groves of the
structure, or else attributed to the water lying as a flat and consistent single layer
of liquid on the rig base viewed from a slanted angle due to the improper angle of
the rig base. This improper angle in comparison to a perfectly side on through-
thickness profile view. Such a misalignment of the experimental setup would lead to
inconsistent results with a lack of valid signal profiles. In this case the symmetrical
profile of this liquid is believed to be due to the former alternative, this being the lig-
uid’s positioning within the material concluded based off of the learnings discussed
in appendix A. No notably significant experimental error from such experimental
positioning is expected to harm experimental conclusions.

An important learning from the presence of liquid within the sample base sup-
port unit of the rig is the requirement to use an entirely dry sample rig base (not
just dry to the touch) during testing. Within Figure 6.9 the signal obtained from
within the initially dry material appears higher than when the rig was dry to start.
This is expected to be due to minor liquid uptake from the 'wet’ rubber and sample
base support during the sample preparation and insertion process which can take
several minutes and expected to skew results should a rig plastic base containing
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liquid be used.

Signal attained within the sample is able to be considered as 'noise’ due to
its low intensity as is seen through the consistency between signal stemming from
the dry plastic supporting rig and the sample area in the figure. At initiation of
an experiment the sample itself has an atmospheric moisture content. This initial
moisture content, of approximately 7wt% within the relevant experimental environ-
ment, is considered the natural baseline and due to the general climate consistency
through control present within the MRI housing room not considered to fluctuate
to levels which would disturb any experimental results. Housing of samples within
sealed plastic housings until extraction for experimentation only improves upon this
consistent initial moisture content. This baseline can however be perceived as a
limit to the experimental measurement of liquid content within the sample material
as corroborated by literature.

6.3.2 Repeatability

Validation of the experimental method repeatability can be conducted with inde-
pendent experimental runs achieving very similar signal intensities across difference
measurement slices and across independent tests. An exemplar of such a validation
is presented in Figure 6.10 which displays an increase in moisture content (seen
through signal intensity) through time over three independent tests at these same
conditions. The exact dynamics are not able to be seen in this plot due to its posi-
tioning, however general comparative trends are to be focused on in this assessment.
Measurements are shown at three of the ten independent points through the sample
thickness. These thus consider the sample paper’s position as the area of interest
(AOI). This area is through visualised through a selection of figures presenting the
moisture content within a specific sample area measured with time.

Within Figure 6.10 it is evident at first assessment the differing moisture uptake
profiles between different layers of the material. Near the material surface moisture
uptake is initially rapid before a slower steady uptake after roughly 10 minutes.
This initially accelerated moisture absorption however tails off through the mate-
rial’s thickness to this initially rapid uptake not being immediately evident nearer
the bottom of the through-thickness. Comparison of the moisture uptake curves
from 6.10 visualise the reproducible nature of the experimental methodology. Dif-
ferences between the moisture contents of after 1 hour of absorption range between
from 15 to a high of 20% in the upper half of the material while this can extend to
up to 25% nearer the material’s lower surface. This reproducibility of this result,
notably contrasted to individual experimental noise adjustment estimates of up to
10% is considered sufficient.

Material buckling

Note is to be made of the effect buckling has on the experimental results. Within
the experimental rig, the circular sample is constrained with a square sample area
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Figure 6.10: Exemplar material B2 validation: test 1 (blue), test 2 (orange) and
test 3 (yellow) represent three independent experiments at corresponding positions
through the thickness of the paper. Scan position Opum representing the area of the
top material face through the middle to the lower end of the through-thickness at
350pm.

exposed to the liquid comprising approximately 10% of the total sample surface.
Paper as a cellulosic fibre material naturally expands upon absorption of water as
discussed in 5.2 but the water tight constraint applied on the edge of the exposed
sample area does not allow for material expansion across this boundary. For this
reason; as expansion of the sample takes place, material buckling occurs within the
measurement zone. Buckling effects become visible after approximately 5 minutes
and stabilize after 25 minutes as is indicated by Figure 6.11. Here the white block
represents a side profile of the square water profile laying above the through thick-
ness of the sample with the vertical direction of Figure 5.10 extending from top to
bottom of each subfigure. The dark shadow ingressing into this liquid block from the
bottom indicates the change in position of this buckling material. In Figure 6.10,
the buckling pattern of the test 1 runs parallel to the MRI measurement direction,
similar to the buckling seen in Figure 6.11 while tests 2 and 3 buckle in a perpen-
dicular fashion. Such buckling is an unavoidable result owing to the hygroexpansion
of the material.

Further validation of the experimental measurements is attained through mea-
surements not impacted by this dynamic buckling. Figure 6.12 shows the moisture
absorbed by the sample in an area not exposed to liquid water and thus any absorp-
tion occurs due to radial liquid transport. Here, in an area with highly restricted
expansion, the consistency of the experimental results are most evident with differ-
ences within the middle and lower region of the sample through-thickness being due
to initial measurement error rather than absorption differences. The impact of the
compression is not discussed further in this context as these results are presented as
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Figure 6.11: Visual progression of the buckling of a sample

representative. Buckling is seen to impact experimental results, however its effects
do not take from their applicability.
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Figure 6.12: Exemplar material B2 validation in a compressed non-buckling area:
test 1 (blue), test 2 (orange) and test 3 (yellow) represent three independent experi-
ments at corresponding positions through the thickness of the paper. Scan position
Opm representing the area of the top material face through the middle to the lower
end of the through-thickness at 350um.

In an attempt to reduce the possibility of buckling, the size of the liquid contact
area was reduced from lem? to 0.25¢m?. In this way it was expected that expansion
forces would be localised and buckling would be less significant as the sample would
expand as a single region rather than folding and buckling. This was indeed the
case, however results from such an experiment are less valuable due to the reduction
in signal quantity as discussed further with reference to slice thicknesses in B. It is
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more appropriate to increase water contact area than decrease it. This is presented
as a further design approach recommended in further experimentation.

Buckling takes place within the experimental rig directionally perpendicular to
square sides of the rig rubber seal internal opening. The directionality of the buck-
ling does not in this case appear to be entirely predictable and could be either
parallel to or perpendicular to the MRI imaging slice. It is hypothesized that the
directionality of the buckling in fact be consistent and predictable due to the well
known differences in mechanical strength as well as expansion rates between the
directions, this however does not appear to be the case. The specific directionality
of the externally attained sample paper is however unknown neither to the experi-
menter nor the sample material’s source. The direction of buckling expectedly has
an effect on the profile of the absolute signal response above the known material
surface dependant buckling direction. For this reason expansion above the initial
liquid /material interface is not considered within these measurements and thus only
the area within which material is known to be at all times independent of buckling
orientation.

The buckling shape, visualised through Figure 6.11, is however again not detri-
mentally critical to the moisture measurements as measurements are taken over
an averaged lcm? area of the material at each positional point which is consistent
across all samples and thus is representative of the buckling (which is consistent in
shape even if not in direction) no matter the buckling direction. In this way ab-
solute material buckling effects deviation from within the AOI measurement zones
is consistent. Figure 6.13 provides a visualisation of how the total signal quantity
is consistent despite buckling direction knowing that buckling shape is consistent.
Green is considered the material area from which the MRI measurement signal is at-
tained within which the material is 'unbuckled’ while the white area is area in which
buckling plays a role in the signal achieved. Total signal measured by the MRI, as
the liquid contact area is across the entire individual squares, is represented by the
summed area of green colour and white colour within the plot. This would be a
representation of a single 'measurement height’ slice across a certain position of the
sample’s through thickness from a top down view with multiple of these height slices
taken through the sample. Despite the direction, the summed area of each of these
representative slices is representative of signal measurable in both the influenced and
uninfluenced areas is generally consistent across both orientations. For this reason
buckling is a phenomena considered to be consistent phenomena across tests.

MRI signal

Signal achieved from the MRI is attained through a complicated set of calibration
functions, magnetic field shimming and reference normalising that is conducted by
the MRI before the raw signal is recorded upon which Fourier transforms can be
conducted and the output interpreted. A simple example of one of these reference
systems could be the 'receiver gain’ of the system which is automatically optimised
by the system and has a non-linear relationship with absolute signal output. In this
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Signal measurement
area with low buckling
extent

Signal measurement
area with higher
buckling extent

Buckle direction 1 Buckle direction 2
liquid contact area liquid contact area

Figure 6.13: Visualisation of how buckling direction does not detrimentally impact
result outcomes knowing that buckling direction is consistent and signal is attained
from an averaging of the entire area at each vertical position.

way, should a system optimisation be conducted within the system and come out
slightly differently between two ’almost’ identical experiments, the signal outputs
would not be linearly scalable and comparable to each other. This has not caused
any known problems in the experiments conducted but, due to the time limitations
on this work however, a full detailed understanding and review of the extremely
complex systems made use of within the MRI background systems is not attainable
and thus potentials for other such unknown sources of background process signal
deviation cannot be ruled out by the authors. Furthermore, simple differences in
vertical positioning of a sample within the measurement area can lead to discrepan-
cies between signal datasets. This is due to the averaging of signal quantities over
the appropriately defined measurement zone. An exemplar hypothetical visualisa-
tion (representing the experimental rig as per Figure 5.10) is presented in Figure
6.14 where the slice averaged over taken over the entire representative purple block
area area on the left from a top view is positioned vertically in two different areas
comprising fields of view over different material majorities on the right.

Figure 6.14: Exemplar visualisation of the sample measurement slice from a top
and side view between two vertical field of view positionings
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In the figure two identical experiments are conducted with the difference be-
ing only the vertical position of the sample and thus the amount of water present
within the entire vertical field of view. Measurements per height position are taken
independently through the vertical resolution, however in this example two different
signal intensity maximums may be attained due to the experimental slices having a
greater total fractions of water within the measurement areas. Signal normalisation
can thus be applied to the signal intensity measurements

Signal normalisation

Overall the experimental error from the accumulated effects of the material buck-
ling, the slight positioning differences and other small changes can, on the length
scales applicable to this form of testing, lead to deviations notably larger than what
was presented within the prior comparisons in experimental results. Deviations such
as these when considering raw signal intensities cannot be discounted, nor can dif-
ferences such as these allow for comparison between different material types as no
consistent reference curve for a particular material can be constructed in confidence.
The differences are however majorly in the absolute signal quantity attained rather
than the relative rates of signal (and thus moisture) change within the material
through time. The initial moisture fraction of the samples tested as well as the final
moisture contents are measurably consistent through testing, and it is thus known
that the experiments are consistent in their essence despite how absolute signal in-
tensities may appear to contradict this.

The same overall sample liquid mass uptakes over the time frame thus despite
different absolute signal intensities describe the same overall sample moisture con-
tents. The signal intensity should for this reason not be seen as a tool for direct
comparison between different tests. This signal can however for visual consistency
be normalised between initial and final moisture contents and analysed with a more
representative plot similar to that of 6.10 is seen in 6.15 plot (a) in which a compar-
ative initial view of significant deviation between tests n the same material is seen.

This is not a solution which removes error from experiments but rather a man-
ner in which error can be acknowledged and the essence of the data’s rates visu-
alised simply. It is through this means seen that the experimental rate shapes are
comparable when normalised which bodes well for the experiments’ consistency in
fundamental nature. Figure 6.15 plot (b) shows how this normalisation gives an
idea that the outcome of the experiments have similar profiles over time and can
be seen to be describing the similar overall liquid uptake rate profiles through time.
What can however not be seen is whether any gradients exist within the sample
itself. The experimental rig’s central square liquid contact area allows a restricted
liquid contact area through which liquid enters the material. From here however
the liquid spreads radially through the sample. This liquid spread can however not
be measured through the MRI with the current experimental methods. For this
reason it is not known whether a gradient exists through the sample radiating from
centrally within the sample or whether the moisture content through the sample is
consistent. It is known from Figure 6.4 that the absolute liquid uptake within an
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Figure 6.15: Normalised signal compared to non-normalised signal profiles

entirely submerged sample has a liquid uptake of approximately 1.3 grams of liquid
taken up per gram of dry sample and it is known that the liquid uptake after 8 hours
in the Cobb style experimental rig is only 0.7 9o il;i’nple which is significantly less.

In order to not smooth over the potential gradients, it is not applicable to nor-
malise the curves to a liquid content both initially and after the conclusion of the
experiment as this normalisation would have no fundamental basis behind it. The
normalisation is for broad view comparative purposes and further analysis will not
make use of this normalisation but rather a normalisation to a standard atmospheric
initial liquid content only.

6.3.3 Liquid uptake of material B

Optimisation of MRI imaging settings is an important aspect of MRI analysis as this
allows for the best possible signal to noise ratios, spatial and temporal resolution
optimisation and total signal quantity for use in results analysis. Work in this regard
is found as per Appendix B, and the optimised imaging settings are presented in
Table 6.1.
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FOV Slice Points TR TE Averages
Thickness
4mm lem 128 2000ms 6.064ms 8/32/64

Table 6.1: Coatings comparison: MRI imaging specifications for 60 min tests

The highest potential temporal resolution is approximately 15 seconds corre-
sponding to imaging using 8 averages at the consistent MRI. The high 15 second
temporal resolution would be desired to allow for imaging of the material buckling
processes which occur within the initial minutes of the experiment as well as to at-
tain clearer data within the initial time period within which the liquid uptake rate
is expected to be more rapid. Longer temporal resolutions of 32 and 64 averages
with temporal resolutions of 1 minute and 2 minutes are expected to allow for higher
quality data over longer time periods and combinations of these temporal resolutions
would be able to provide accurate descriptions of liquid uptake through all phases
of liquid uptake.

Analysis of the moisture uptake for material B is considered initially over a 60
minute time-frame, this being in essence an order of magnitude longer than the typ-
ically used Cobb60 test. The uptake in 60 minutes will initially be analysed with
reference to the signal response attained from the MRI.

Despite this uptake being over a comparatively long time-scale, the liquid up-
take is surprisingly seen to follow a relatively linear rate through three independent
points through the sample thickness in Figure 6.16 (a). This conclusion is not in
line with expectations of the material and thus should be treated with scepticism.
With a temporal resolution of 15 seconds corresponding to imaging with 8 averages,
this is unable to account in detail influence of sample buckling as was seen in Figure
6.11 and other faster processes nor does it have a good signal-to-noise with noise
in these measurements, although being apparently distinguishable from the overall
trend, being high. Experimentation at this high signal-to-noise ratio was conducted
to allow consideration of the first ten minutes and thus allow consideration of the
period of buckling with more detail. The results of this experiment as displayed in
plot (b) of the figure do not aid in the description of liquid uptake dynamics within
this period. Nearest the material surface, at AOI position Oum, an initial increase
over and above that of positions further into the sample thickness is seen which can
likely be attributed to the buckling phenomenon. This could be due to free water
intrusion into the surface as it begins to fold before the overall expansion re-filling
this area at around 10 minutes after which the linear liquid uptake resumes. There
furthermore appears to be a decreasing liquid content gradient extending through
the sample through-thickness from the liquid contact surface to the sample base
in the figure (a). Such artefacts cannot however be validated and thus will not be
explored further nor will the apparently linear liquid uptake rate. The noise at this
temporal resolution is too high to accurately derive conclusions from the outcomes
and thus this temporal resolution is not applicable as a measurement tool.

Due to the low signal to noise ratio at short temporal resolution, a higher num-
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Figure 6.16: AOI liquid uptake: 8 averages 60 mins

ber of averages allows for longer acquisition time and thus a higher signal uptake.
An experiment with 32 averages will attain 4 times more signal than one with 8
averages and one with 64 averages double the signal of 32. The acquisition times
of course follow suit. In Figure 6.17 this is not quite as clear due to the discussion
regarding signal acquisition, however what can be seen is how the results of the 32
averages and that of the 64 averages tests are able to quantify the moisture content
gradient between the lower and upper regions more effectively. The initial minutes
of the 32 averages test is hampered to a degree by a slightly wet rig, however the im-
provement in attainable and interpretable data as the temporal resolution is lowered
is evident over the first 60 minutes of liquid uptake. Most evident in comparison
of these results is the emergence of a more defined indication of the presence of a
liquid gradient in the through-thickness direction from the material upper surface
closer to the liquid surface down the the material base. This appears significantly
more defined in the test with a slower and higher quality signal intensity.

It is clear within Figure 6.17 that within the first 60 minutes of liquid uptake the
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Figure 6.17: AOI liquid uptake: 32 and 64 avgs: 60 mins

rate of absorption does not reach a point indicative of liquid saturation and for this
reason experimentation over longer time-frames is appropriate despite this already
being a time-scale not comparative to the Cobb60 test. Liquid uptake for the lesser
hydrophobized material B has thus been found to be appropriate to analyse not on
time scales of seconds as is typically done for Cobb60 tests but more appropriately
over minutes and hours. The most appropriate temporal resolution on which anal-
ysis can take place is a two minute acquisition time and thus further analysis will
take place at this temporal resolution.

An experiment conducted over a time period longer than this first hour can be
found in Figure 6.18 which displays the water uptake over an 8 hour period with a
temporal resolution of 2 minutes corresponding to 64 averages from material B test 1.

Should the initial period of the absorption be reconsidered at this lower tempo-
ral resolution, it is apparent that more data is able to be extracted from it due to
the reduction in signal noise and relative liquid absorption rate relationship when
comparing initial and final absorption rates. Within the initial 20 minutes of ex-
perimentation there is an high moisture uptake rate before a transition period to
a slower, almost linear liquid uptake regime. Within the initial liquid uptake the
possible three mechanisms discussed in 3.2.1 are expected to drive moisture uptake
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Figure 6.18: AOI liquid uptake: 64avgs: 8hrs (Test 1 material B)

while within the latter slow regime it is expected that the uptake is due rather to
changes in the cellulose structure of an already saturated material that allow for
increased uptake. This change thus gives the impression of a change in dominant
liquid uptake mechanisms between the initial and latter rates as material saturation
changes. There further appears to be a constant liquid gradient between the upper
and lower regions of the sample. This liquid uptake relationship mirrors what was
seen when considering liquid uptake within a fully submerged sample discussed with
reference to Figure 6.4.

The samples within the experimental rig are measured to be at a bulk lower
liquid content of 0.7ggdr yg::‘;ple when compared to an equivalent of up to 1.39%;‘7:%
for the fully submerged sample.this distinction is due to with the smaller liquid con-
tact area within the experimental rig. It is further known, as visualised in Figure
5.4, that the fibre orientation is very biased towards fibres laying in the longitudinal
direction rather than the through thickness direction. In this way it can be of great
value to isolate the mechanisms responsible for these liquid uptake rates through
calculation of the rates liquid diffuses into the through-thickness. This would not
only allow for increased understanding of the processes but also be of great value
looking at future work on these materials from a simulation viewpoint.

Prior to analysis of this, an interesting phenomenon is noted in the initial liquid
transfer; this being the point when the driving force for moisture transport due to
concentration differences is highest. It appears to take time to be registered by the
MRI as visualised in Figure 6.19. Figure (a) displays a comparison between the
signal attained from a dry sample and the recorded signal average over the first 2
minutes for 3 independent material B tests within the 2 minute temporal resolution.

What is clear is the similarity between the signal profiles. Comparing the sig-
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Figure 6.19: Comparison of moisture transport within a dry Material B sample
and 3 independent Material B samples

nal attained after 2 minutes to the signal after 10 minutes seen in the (b) figure
is that after 2 minutes there is no increased signal in contrast to the dry sample.
Figure (b) is noted to have relatively high noise, notably for test 3; however this
is due to the extremely low liquid quantity measurements that are taking place
and in a more qualitative than quantitative sense this is not an issue. This lack
of moisture transport measured over the first 2 minutes could be due to either the
moisture transport not having progressed into the sample through-thickness; the
moisture level still being too low to attain signal from or it could be based on the
mechanism of moisture transport at play. The MRI, due to the manner in which it
operates, attains signal from liquid water and not water vapour. Water vapour is
for this reason a possible reason for this phenomena. In 3.2.1 it was discussed how
hydrophobized materials are hypothesized to have moisture transport within their
structure governed by non-capillary liquid transport. Capillary transport would be
characterised by liquid movement within the material and would should be clearly
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visible within the MRI signal responses. Vapour diffusion into the fibre pores would

however not be picked up by the MRI imaging until it had been absorbed into the
fibre structures or adsorbed onto its surface.

Figure 6.20 displays the progression of liquid through the material through thick-
ness during the first 60 minutes.
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Figure 6.20: Translation of liquid progression within the sample B’s through-

thickness from MRI signal as compared to the total liquid uptake over the 8 hours
of testing

What is seen here does not support a hypothesis of initial transport being dom-
inated by vapour transport which then gets absorbed into the fibre structure at
which point the liquid would be registered by the MRI. This moisture transport,
due to the expected vapour transport rate through the pores commonly expected
to be in the range of 107%m?/s, would due to the time-scale enter the fibre not
evidently from a certain face on which the moisture makes contact but rather in
a more homogeneous fashion. The increase in moisture concentration would thus
not expected to be a progressive gradient in the through thickness direction as as
appears in the figure but a homogeneous increase. The likelihood of the moisture
transport’s dominating mechanism for this reason falls more pertinently to diffusion
through fibres themselves. Diffusion through the fibre pores is commonly accepted
to be a mechanism with a diffusion rate in the range of 1071?m?/s.

The progression rate of liquid as it enters the material structure would again
be an interesting aspect to distinguish between these different mechanisms. Assess-
ment of the possible diffusion rate within the fibre can add confirmatory weight to
the fibre diffusion mechanism playing an important role in explaining the observed
moisture sorption dynamics. Calculation of the diffusion rate through the paper’s
through-thickness is conducted by correlating signal intensities with moisture con-
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tents by weight fraction allowing for calculation of the actual diffusion rate.

Initial and final moisture contents after 8 hours of testing of around 0.08g and
0.71g liquid per gram dry material are measured. This indicating a basis from which
estimation as to diffusion rates can be calculated. Using this initial approximation
as to the initial and final moisture contents is primarily to determine the order of
magnitude of diffusion rates as the nature of different mechanism transport rates
are within different estimated orders of magnitude.

If moisture transport is split into two separate regimes as per the initial rapid
and latter slower liquid uptake regions seen represented and discussed in Figure
6.18, it is appropriate to consider these diffusion rates within the first 20 minutes
and after the rate transition independently. In contrast to Figure 6.18 however, the
first assessments of diffusion rate are presented without normalisation of the upper
limit of the liquid uptake and thus rather with reference to the liquid uptake graph
as per Figure 6.21. Here each curve represents a single point through the sample’s
thickness from the sample surface in black successively to the sample base in light
blue. It is important to note that in this case the upper limit is not normalised as in
this case it is not a general scale comparison and loose dynamic region analysis that
is being considered as was done before but rather a more probing rate analysis upon
individual experiments. Figure 6.22 gives the rate of diffusion through material B’s
through-thickness for these two segments of the moisture uptake.
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Figure 6.21: Moisture uptake of material B test 1 without scaling of the upper
liquid content extending from black at the liquid surface to progressively lighter blue
towards the sample base.

Diffusion can be calculated using the following function:

2? = 2Dt (6.1)
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Figure 6.22: Calculated approximate effective diffusion rate of liquid through
sample B’s through-thickness

Here z refers to the distance liquid has travelled through the material, D is the
diffusion coefficient and t is the time taken to reach the respective reference uptake
level. This methodology makes the assumption that the liquid uptake is driven by
Fick’s law driven by the gradient of moisture per dry sample mass. The assumption
is further made that liquid uptake is a function only of time rather than additionally
a function of saturation which is likely an oversimplification of the system however
for the purposes of this analysis, a feasible approximation. In the case of the initial
uptake rate, based off of 6.18, a liquid content per dry sample mass of 0.35g/g is
considered an effective reference from which to base the initial diffusion rate as this
marks the initiation of the transition point between the two segments. An uptake
limit of 0.6 is taken after the transition for the latter mechanism.

The order of magnitude of the diffusion rate is evident as x10~'2 which corre-
sponds well to the fibre diffusion mechanism regime ([3, pg. 31, 33] and contained
sources). This valuable outcome can be of great importance when further work in
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simulation of moisture transport through material is conducted as a more appropri-
ate weightings and rate descriptions can be given to this mechanism.

This assessment is however not to suggest that there is no moisture transport
through vapour which gets absorbed into the fibres. This moisture transport most
likely exists but is however, for the contexts of the sample material being in direct
contact with liquid water, not considered the dominant mechanism.

6.3.4 Uncoated vs coated material comparison

Liquid uptake in coated B2 material and uncoated B is differentiated by B2’s ’clay-
type’ coating for printing visible in comparison between Figures 5.4 and 5.5 which
is a porous and hydrophilic layer only micrometers thick that is not hydophobized
as are the two pulp types making up the paper material. Comparisons are made
between the shorter term liquid uptake rates and extents as well as compared to
longer term absorption until the sample nears saturation.

Within the 8 hours of testing, the coated material B2 was found to consistently
take up less moisture by mass than the uncoated material B. To the best knowledge
of the material’s source (Tetra Pak®), the materials are the exact same composition
and structure barring the coating layer. The coated B2 however consistently took
up 0.6%:7:#?[6 as compared to 0.71 o ;l:jnple for uncoated material B. This indicates
that the clay type coating does have an impact on liquid uptake. The coating is
hydrophilic (designed for ink absorption) and thus uptake within this very thin layer
is expected to be high as is seen in Figure 6.23 where a 2D image of material B and
material B2 is seen from the top view of the Cobb type experimental rig setup.
The white in the image represents the square hole in the rig allowing for the square
liquid contact area on the sample surfaces. What is seen is the difference between
the signal response of the coated and uncoated material after a long uptake period
surrounding the central liquid contact surface being the presence of signal response
evidently stemming from the saturated coating that does not appear on the un-
coated material. This is visualised by the gray/white texture around the central
square present in coated material B2’s Figure (b) that is not present in uncoated
material B’s Figure (a). This suggests a potentially higher lateral movement of
liquid radially from the liquid contact area on the liquid surface visible within the
coated material.

This phenomenon is not seen exclusively for the coated material B2 as a small
fraction of uncoated material B tests appear to show a similar albeit lesser trait;
however the consistency of the presence of this is for coated B2 does add weight to
the probability of it being due to lateral liquid transport. Potential exists that this
difference could be due to a lower sealing effectiveness between the coating and the
rubber seal, however the manner in which the coating smooths the material surface
as well as the consistency of the sample rig preparation does reduce the likelihood
of this being the case.
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Figure 6.23: Visualisation of the coated surfaces liquid uptake as seen from a top
down MRI image of the Cobb rig after 8hr testing cycles

The effect on the first faster absorption period is displayed in Figure 6.24. Coated
material B2 appears to uptake liquid at a higher rate than uncoated material B. A
difference in uptake rate, considering only orders of magnitude, of order difference
1 could be considered significant.

Doubt is however shed on these results due to the effect that scaling and experi-
mental discrepancies have on the result outputs. In these calculations only scaling of
the initial moisture content was conducted and not the scaling of the upper limit of
the liquid uptake. This thus does not make the assumption that the paper material
is saturated across the entire through thickness but rather measurement outputs
appear to indicate the presence of a lingering concentration gradient through the
material even after over 8 hours of direct liquid contact. It cannot be determined
whether this is a representative measurement artefact, a measurement anomaly due
to the influence of radial transport into the material sample area not in direct contact
with the middle contact square of the experimental rig or simply a manifestation
of experimental error. This conclusion cannot be made due to a lack of consistency
between tests conducted upon the same material.

As a visualisation of this experimental difference, Figure 6.25 indicates a liquid
concentration gradient from the material base (blue) through to the material surface
(black) to which the diffusion result of Figure 6.24 (b) describes. This same trend
was seen in Figure 6.21 for material B as is described by Figure 6.24 (a). This could
however be contrasted to an experimental run within which this long term through-
thickness concentration gradient is not apparent, in which case successive points from
surface to base through the material thickness different and non-consistent relative
liquid uptakes and thus there does not exist a comparative gradient through the
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Figure 6.24: Comparison between the diffusion rates of the initial uptake period
in coated and uncoated materials B and B2

material.

This alternate gradient in which the higher liquid content at the surface of the
sample when compared to through the material thickness is visualised through com-
parison of two tests, both on material B. Material B test 1 (as described before)
compared to material B test 2 displayed in Figure 6.26 (a). Here the base of the
sample through thickness (blue) is in fact at a higher liquid concentration than the
sample surface. This difference, in contrast to what was seen before in for example
material B test 1 does not lead to the ability to confidently prescribe the material
diffusion rate as a material property. In the figure (b) the same diffusion co-efficient
as measured in material B test 1 is superimposed on the liquid progression through
the sample of material B test 2, and conclusive outcomes cannot be drawn due to
the lack of a gradient through the material thickness in this specific case.

An absolute difference in the final liquid content is seen between this material B
test 1 and test 2 with all tests having a range in final moisture uptakes through the
sample thickness of between around 0.4 and 0.8; but through in the same consistent
gradient. This described difference is not prescribed as a conclusive outcome of the
work, the order of magnitude of diffusion is however put forward as an estimate as
to the rate of liquid transport through the material.

62



6. Results

S
o
l

&
o
l

oo
~
|

Liquid Water Uptake (gwater!gdw)
o
o

0
I [ | I I [ | I I [ |
0 50 100 150 200 250 300 350 400 450 500
Time (min)
Figure 6.25: Moisture uptake of material B2 test 1 without scaling of the upper
liquid content extending from black at the liquid surface to progressively lighter blue
towards the sample base

The source of the errors which could lead to this difference between tests has
been discussed through the results section, ranging from the buckling of the sample
material to the implicit operation of the MRI background calculations. Despite these
inconsistencies found among the highly dynamic process that is the liquid uptake of
natural cellulose based paper fibres, this outcome still represents a significant step
forward in the analysis of liquid transport through paper materials on length scales
of micrometers.

6.4 Application of MRI to study moisture uptake
and transport

The MRI has been found to be a tool which lots of potential for usage in charac-
terisation of moisture transport through paper materials in a selection of different
contexts through both currently available literature; as well as the expanded applica-
tions brought forward through this work. Results attained comprise work conducted
in experimental method development for measurement of moisture uptake for hy-
drophobic materials in an edge-wicking as well as Cobb style testing environment.
The novelty of this work is in the application of MRI to moisture uptake from direct
liquid contact of a single face at sufficiently high spatial and temporal resolution from
an initially dry state to derive mechanistic conclusions as to the moisture transport
in the hydrophobic materials.

Work was conducted considering edge-wicking liquid uptake and a method effec-
tively proposed, however not expanded upon further than proof of concept testing
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due to the lack of liquid uptake in this context by the hydrophobized materials. A
confident estimate for hydrophilic materials as to the temporal resolution of single
digit seconds can be proposed for materials thickness 0.6mm and above at a ver-
tical spatial resolution on the order of 50-100um while averaging across the entire
through thickness of the material. This is expected to be able to be reduced sig-
nificantly for hydrophilic materials, however optimisation to a further extent than
these proposed scales was not conducted during this work. Edge-wicking is however
not recommended for hydrophobic materials for which no clear visual edge-wicking
is evident.

A Cobb styled testing methodology for either hydrophilic or hydrophobic ma-
terial has been proposed shown to be functional; with hydrophobic materials being
emphasized in finding methodology use as a material characterization technique. In
the Cobb style testing setup an emphasis is made on the requirement for incredibly
precise test sample positioning due to any minor deviation from ideal positioning
reducing significantly the extent to which data analysis can be performed and con-
clusions be drawn on the data. Samples are recommended to have square liquid
contact areas with minimum size of lem? with a future work recommendation to
explore liquid contact areas of greater than this area. Buckling will always be an
issue within this experimental setup over the longer experimental time frames that
are able to be considered by MRI imaging. A temporal resolution of 31um has been
obtained at a temporal resolution of 2 minutes per time-averaged image. This is
proposed from the currently available experimental liquid contact area and MRI coil
size to be the limit of the temporal and spatial resolution combination. Should the
temporal or spatial resolution wish to be improved further then a trade-off between
spatial and temporal resolution is required.

It is further not recommended to make use of this Cobb testing methodology
for precision focused measurements, but rather relative trend focused measurements.
Due to quantitative signal-receivable intricacies based on sample positioning and rel-
ative sample/liquid signal quantities as well as the achievable signal-to-noise ratios,
trends are able to be attained with a higher degree of confidence and conclusions
drawn from such data over time scales in fractions of hours but not to higher de-
tail. Such conclusions drawn to these ends are seen to be applicable in modelling
applications where a reference for mathematical characterisations desire a physical
reference validation or application baseline from which to draw.

Liquid concentrations below 7% have been confirmed not to be viable for analysis
within the MRI at temporal resolutions of 2 minutes or less, and a recommendation
is put forward not to consider assessment of liquid of under 10% or even 15% within
paper materials should this temporal resolution range be a factor.
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Conclusion and Future Work

The main aim of this study was to to develop a methodology for the measurement of
the moisture transport within paper materials using the experimental technique and
MRI equipment. This study assessed various testing methodologies to characterise
and quantify the liquid transport within paper materials to a high spatial resolution
within the MRI.

In this work, the samples tested were of paperboard provided by Tetra Pak®
that were sized and had a thickness of 360um. The testing procedures explored
in this study were in-plane moisture transport (edge-wicking) and through-plane
(Cobb styled) tests. The development of these standard tests for the MRI and the
optimisation of the MRI parameters for these tests can be followed through in this
study. The results obtained comprise mainly of work conducted in the experimental
method development for measurement of moisture uptake in the through-thickness
direction. An in-plane edge-wicking methodology was effectively developed and pro-
posed, but due to the low liquid uptake by the materials, it is presented primarily
as a proof of concept.

This study further analyses the various mechanisms that affect moisture trans-
port within these paper samples within the through-thickness direction using the
MRI. Assessing the possible diffusion rate through the paper’s through-thickness
direction was conducted by correlating the signal intensities received from the MRI
with moisture contents by weight fraction, which allows for the calculation of the
actual diffusion rate. The order of magnitude of the diffusion rate through the pa-
perboard materials was calculated as 102 m? /s which corresponds to fibre diffusion
regime being the primary transport mechanism. This assessment does not contest
presence of moisture transport through vapour as moisture can be taken up into the
fibres through vapour, however does not consider it as a dominant mechanism.

This study explored the different issues faced during development of the testing
procedures which can lay a good foundation for further work. In particular, isolat-
ing the different mechanisms responsible for liquid uptake is very valuable from a
simulation point of view with this improved knowledge able to be utilized within
computer simulations to predict even faster processes occurring within production
of packages or paper straws. This study lays the groundwork for using MRI to
successfully study the transport of moisture within paper materials from a perfectly
dry state using different testing methodologies.
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7. Conclusion and Future Work

Further work improving the through-thickness measurement methodology through
utilising larger liquid contact areas within the rig could be valuable in increasing
the signal-to-noise ratio of the measurements. Making use of a smaller diameter
MRI probe to reduce 'dead space’ between the coils and measurement zone is a
method proposed to explore which could help improve the quality of the signal at-
tained. Further work applying the developed methodologies to different materials,
liquids, and temperature ranges will also be valuable in future learning and analysis
of materials and liquid uptake studies.
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Appendix A- MRI testing rig
design

A.1 In-plane testing modifications

The initial rig setup for the edge-wicking tests was 3D-printed and provided by Tetra
Pak. As discussed earlier, modifications were made as testing continued on the go
to remove stability and positioning errors and to get the most effective setup for
testing with the available tools.

The main problem faced with the original rig setup shown in A.1 was the sample
stability in the holder. Double sided tape and parafilm were used initially in the
sample holder to provide stability as seen in A.2. The parafilm was quickly dis-
missed since it was not firm enough to keep the sample from swaying during testing.
Another issue was the swelling of the sample which would cause it to tilt within the
MRI during the test. This initial setup also involved placing the main body directly
into the probe of the MRI which was then screwed inside. This was not an efficient
or accurate form of testing since the probe had to be removed after every test from
the MRI which could affect the signal received and calibration of the MRI and it
was also time consuming.

(a) Sample holder (b) Main body (¢c) Water
cup

Figure A.1: Initial rig setup

A custom tower was made using empty cardboard paper rolls stacked on top of
each other and taped together with the main body of the rig. This worked quite
well since the diameter of the main body of the rig was almost the same as the rolls
and was able to sit on top of the tower. This modification was made so as to not
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Figure A.2: Modification of sample holder using parafilm

Figure A.3: Placement of initial rig in MRI probe.

have to remove the probe after every single test. A much sturdier setup would have
been preferred but this simple design solved the main purpose for this work.

The initial tests were done on samples that absorb moisture and swell quite
rapidly, with the intention being to develop the method of testing before moving on
to the commercial paper samples. An issue faced with the double sided tape was
that it could not stick to wet samples, so another alternative was considered which
is quite similar to prestick. Further testing revealed that the base of the sample that
stuck to the holder was not quite as important as supporting it towards the middle.
This thought led to 3D printing a new sample holder that had extended wings on
the side. The idea was to place a "beam" across the wings and have the sample pass
through it. A visual comparison of the old and new sample holder can be seen in
AA4.

Figure A.4: Comparison of old and new sample holder
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The new holder proved quite effective for testing and this coupled with the home-
made tower made positioning within the MRI much easier. Most of the positioning
external to the MRI was done with self-made markings and observations as shown in
A.5. This of course is not the most accurate method since human error is a common
plausibility when testing. But, overall this testing procedure worked well with the
simple adjustments and modifications made.

Figure A.5: Positioning of rig inside MRI probe

The final rig deign used involved the new sample holder with the extended
wings, the main body which was attached onto the tube of cardboard rolls and then
inserted into the MRI probe. The water cup would be inserted right before the
measurement was to be taken and all the positioning was done by visible markers
and observations. This final rig setup can be seen in 5.8 and 5.9.

A.2 Through-thickness testing modifications

In order to conduct a Cobb styled test, a paper sample is to lie flat and have free
water rest on top of the sample for a certain time period. It is important in this
procedure that liquid is not able to enter the sample from it’s edge but rather only
from the material surface. The goal in this work is to attain the movement of lig-
uid across the through-thickness direction of the paper sample. This requires an
extremely high degree of precision.

Initial attempts made use of a rig from Tetra Pak operated from external to the
MRI through the use of the same tube utilised for the edge-wicking tests which could
be handled from the outside of the MRI machine. A diagram is found in figure A.6.
As is seen in the figure, this consisted of a base holder on whose bottom the sample
rests that is able to screw into a top-piece that had an O-ring attached which made
a seal around the side edges of the circular sample, thereby not allowing liquid to
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enter through the sample’s edge.

(a) Rig base (b) Rig top

(¢) Complete rig (d) Rig
mounted
on tube

Figure A.6: Initial rig setup

Results obtained from the use of this external tube did not allow for appropriate
representative measurements as variability within the positioning for measurement
was unable to be optimised to a degree to which confident predictions and conclu-
sions could be drawn from the result outputs. Figure A.7 is an explanatory exemplar
of a test on egg carton material does not allow for accurate definition of where the
sample and liquid interfaces are due to bad angling of the sample depsite the large
length scales applicable to the test. In this figure it is, due to its thickness and rough
surface as well as notably bad positioning, exaggerated when compared to that seen
with the sample materials however this exemplar gives a clear indication of how this
positioning can hamper data extraction attempts.

Figure A.8 gives a visualisation for this on the more relevant length scales ap-
plicable to the material samples.

What can be seen in the figure (a) is a full profile including water positioned
above the sample through to measurement below the sample itself. Above the sam-

VI



A. Appendix A- MRI testing rig design

Signal Intensity

15 Positioning angle
/ \‘\

influence

| [ | [ | - ! | |
5 6 7 8 9 10
Scan Position (mm)

water =

Figure A.7: Representative diagram indicating the appropriate orientation of a
sample during testing.

ple a high signal intensity is indicative of the free water present above the sample’s
surface. What is evident is the sheer drop in signal intensity at measurement point
scan position Opum. At this point the material-liquid interface is found. The plot
(b) however indicates the effect that lower accuracy positioning has on the signal
attained. It can be seen that the signal sheer drop-off takes place over a distance of
800um. The sample itself is however only less than 400um thick and the drop-off
thus takes place over an area that does not allow for conclusions to be drawn. The
nature of insertion of the probe into the measurement area without any ability to
confirm positioning before the addition of water means that it, through this result,
is not possible to confirm at which point the material face is actually located on
the micrometer scale. any conclusions drawn as an experiment runs through time
is for this reason prone to error stemming from unknowns. It is not understood
whether artefacts and differences in result outputs come from the positioning, from
MRI imaging settings chosen or from the sample itself.

The improvements made to the carton material tube base however still did not
allow for very accurate measurements due to internal sample positioning factors.
These are visible through the selection of plots mounted together in A.9. The figure
is representative again of a slice from above the water surface downwards through
the entire sample, signal intensity representing the water concentration is high in-
dicating liquid water within the rig for the majority of the plot progressing from
the y-axis. Small deviations between position -2000um and Opm stemming from the
shape of rig internals. The curve drop-off following scan position Oum represents
the liquid-sample interface and further progress through the thickness of the sample.
The highest liquid concentration is, due to the circular rubber seal shape, reflective
of the material surface. This however only reaches a representative sample liquid
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Figure A.8: Visualisation of the impact imperfect positioning can have on results
analysis and interpretation.

concentration around 500um after this point. This downwards curve rather than a
precise 'step’ change across the interface does not allow for confident assessment of
the sample whose thickness is less than 400pum.

Influencing this error are factors of the measurement area size being too large to
be confident of the measurement positioning’s stability during testing and the round
rubber pressing on the sample possibly distorting measurements. The pressure of
the rubber at a localised point on the sample’s external boundary compressed the
sample in a circle around the edge leading to indents into which liquid water could
ingress as seen within the red circled area of A.10. In this figure the white area is
representative of liquid within the sample while the black artefacts seen in against
the white are rig artefacts as per the figure’s explanatory additions. The white area
extending down with the round rubber’s shadow on the figure’s right hand edge
is thus the before-mentioned liquid ingress. Furthermore, the flexing of the large
inner sample area upwards is visible in the figure. in due to sample having a hole in
the middle for visualisation and thus the sample on being visible in the immediate
vicinity of the rubber seal.
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Figure A.9: Representative reference curve (with scaled signal intensities) indicat-
ing the precision attainable for successive independently set-up experimental runs.
This plot consists of 4 stacked experimental runs.

Figure A.10: Representative graphic displaying a side profile of the experimental
rig as it corresponds to the white liquid water held within the rig. The round rubber
and plastic holster with their reference to the sample are visualised upon the left
side.

A square alternative to the round rubber seal from before was produced and
implemented into the setup. This seal, shown against the rubber ring seal in figure
A.11, was however not effective. In addition to this, the effect that the round shape
has on the signal profiles was not clearly attainable, however not perceived to be
advantageous. For this reason a square sample design was recommended.
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Figure A.11: Visualization of square rubber seal as compared to the round rubber
seal

The first modification made to obtain a square sample surface area was to make
circular rubber seal but with a square cutout in the middle. This was made from
a simple flexible rubber source and then stuck onto the surface of the sample with
a universal contact adhesive (A.12). This method is not recommended as the glue
would reacted with the water and formed a type of paste while still allowing there
was water leakage to the sides as well. This was however a good proof of concept
which led the consturction of a much sturdier seal which is used in the final rig de-
sign. Usage of nail polish to paint the surface of the sample and just omit an exposed
sample square area unpolished was considered and quickly dismissed. The premise
was that the nail polish would act as a barrier between the sample and water and
would thus allow water to penetrate only through the square left in the middle of
the sample. however the nail polish interaction with water led to the sample getting
stuck to the rubber seal and was thus not an effective solution.

Figure A.12: Initial rubber seal with square cutout from cycle tube

The most appropriate design was found for reasons summarised before to be
that displayed in figure 5.10 reproduced here as A.13. In this design constant pres-
sure on the rubber seal and sample below is maintained by the plastic top-piece.
This constant pressure assists in maintenance of the sample’s position through the
test while the square hole through the rig top-piece and rubber allow for predictable
square shaped water-sample contact which can be effectively aligned with the MRI
measurement slice. In this way positioning deviations are minimised, the effect of
rounded measurement zones are minimised, the possibility for angular errors were
before reduced and overall more conclusive artefacts were able to be interpreted
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through the design. Through use of this design, more effective results were attained.

Effective measurements conducted using this rig design require MRI imaging
optimisation. The methodology and results of this optimisation are presented in B

(a) Individual rig units (b) Stacked sealing setup ~ (c¢) Top support for connec-
tion with the sample base

Figure A.13: Final Cobb testing rig design
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Appendix B- Final rig MRI
settings design and validation

B.1 Through-thickness testing optimisation

Optimisation of the MRI imaging is essential to successful MRI analysis. The most
important parameters to analyse, based on the MRI theory presented in 2.3, are
the relaxation time TR, the echo time TE, the field of view FOV, the number of
averages as well as the thickness of the measurement slices through the sample.

A field of view of 4mm was chosen based on the proposed relationship that the
spatial resolution has with the signal attainable. The lower the spatial resolution-
the larger each 1D measurement pixel is and thus the more signal attainable. How-
ever due to measurements being conducted on a material’s through thicknesses of
less than half a millimeter and the desired outcome being the progression of liquid
through this thickness; the number of points measured through thick thickness is
important. This is a balance between making sure that the resolution is high enough
across the full sample and all relevant facets of the rig and sample through thickness
are included while maintaining a signal to noise ratio of an appropriate level. Thus
having a field of view and hence spatial resolution too large could risk losing details
within the sample and having too few independent through-thickness measurement
points while having a resolution that is too high could risk having noise negatively
impact all results. Table B.1 summarises the potential resolutions of 4 different
spatial resolutions at a rig appropriate 4mm field of view.

This is of course interconnected with all other MRI imaging settings and the
temporal resolution; though its effect can be visualised independently through fig-

FOV Number Points | Pixel Size | Points per
pum/point 360um sheet
4mm 160 25 14
128 31.25 11
90 44.44 8
48 83.33 4

Table B.1: Summary of different field of view properties with a comparison between
the resolutions they allow to be attained
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ure B.1 where the different spatial resolutions from table are tested using a high
number of averages (64) and the most applicable TR and TE times.
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Figure B.1: Representative diagram indicating the effect of the field of view on
signal intensity received. The largely soaked sample AOI extends from position Opm

The initial 4cm FOV proposal was able to be contrasted once further settings
optimisations to be summarised below had been conducted as a validation measure
for the figure. A lower dependence of the results on the specific spatial resolution
chosen in this case within reasonable bounds is seen.

The choice of TR is to a great extent based on the sample’s characteristic re-
sponse within the MRI. During the capturing of an image, the nuclear spin align-
ments are directionalised by the magnetic field within the MRI and subsequently
the response of the spin’s decoupling is measured in either the T1 or T2 sense as
is in more detail presented and discussed in 2.1. In this work T2 response is fo-
cused on most specifically- and for this reason the effect of T1 minimised to the
greatest extent possible by minimising TE while the TR time chosen is optimised.
Free liquid water and water within the material matrix for this reason have different
characteristic responses, and the work requires that the appropriate TR is isolated.

The responses within the sample AOI for different TR values can be shown
through figure B.2. In the figure testing of the TR’s influence on signal response
comes through successive measurements of the same sample at a point seen as effec-
tive saturation after the sample’s soaking within the rig for over 60 hours.The tests
are conducted using 64 averages and a TE of 6.064ms for a good signal

Figure B.2 indicates the low signal at 1000ms when compared to higher signal
values of higher TRs. Higher signal with increasing TR is beneficial for results anal-
ysis and can allow for lower SNRs- thus more accurate results. For this reason the
balance is to be made between increasing of the experimental image acquisition time
and the signal attainable. In this work a TR of 2000ms attains good signal as well
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Figure B.2: Representative diagram indicating the effect of choice of TR. The
largely soaked sample AOI extends from position 50um

as a balanced acquisition time and is thus appropriate to use during experimentation.

Slice thickness is a determinant of the amount of signal the MRI scan is able
to account for. The larger the sample area over which the through thickness mea-
surement is averaged- the larger the amount of signal able to be considered; with a
larger area expected to increase the confidence in the results obtainable through this
bulk homogeneous material. Confirmative tests were run at a TR of 2000ms, TE of
6.6524ms and a low number of 8 averages. Figure B.3 visualises and confirms this as
the progressively increased signal intensity and thus liquid concentration measured
at larger slice thickness. It is to be noted in this figure that the signal to noise
ratio is relatively higher- however this is due to the conscious selection of a low
number of averages. Furthermore these tests were taken successively from largest to
smallest slice thickness on a single sample after 30 minutes of soaking and thus the
lower slice thickness’ likely had a minutely larger liquid content to measure than the
higher- hereby giving more weight to the use of a larger slice thickness. The spatial
resolution through which the sample is measured is an additional variable which is
to be optimised.
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Figure B.3: Representative diagram indicating the effect of slice thickness on signal
intensity received. The largely soaked sample AOI extends from position 50pm
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