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Abstract

The widespread success of polymer-based packaging materials is associated with having melt
processability, which allows to create products with complex shapes at a low cost. However, the
resulting polymer morphology is influenced by a combination of factors, including material
properties, processing conditions, and environmental factors such as humidity. These structural
variations directly impact the mechanical performance of the packaging material and consequently,
understanding the correlation between material, processing parameters, and resulting morphology
remains an important challenge. Furthermore, to expand the use of renewable cellulosic materials,
intrinsic limitations in cellulose that impede melt processing must be overcome. This can be
achieved by chemically modifying the cellulose, however chemical modifications impact the
morphology formed during processing.

This thesis applies advanced X-ray based imaging techniques to investigate polymer based packaging
materials, aiming to correlate their hierarchical structures with material performance. The thesis
covers a diverse range of polymer materials, from conventional synthetic polymers to
lignocellulose-based papers and chemically modified cellulose. In injection-molded polyethylene,
scanning small and wide-angle X-ray scattering (SAXS/WAXS) combined with computational
simulations was used to reveal a complex multilayered morphology with oriented structures near
the sample edges. These organized structures were strongly influenced by material composition as
well as local shear and cooling rates during the injection process and could be linked to enhanced
mechanical strength (Papers I and II). In chemically modified cellulose, dialcohol cellulose is
explored as a new path toward sustainable packaging, as it can be melt-processed both by itself and
in composites with synthetic polymers. Scanning SAXS and WAXS showed that both degree of
modification and processing conditions influenced the cellulose orientation, and that using
humidity control during processing helps maintain favorable crystalline structures during
processing (Papers III and IV). In non-modified cellulose fibers for drinking straw application, SAXS
and WAXS demonstrated how liquid exposure and changes in relative humidity induced multiscale
structural changes crucial for understanding the real-world performance of commercially available
pulp materials (Paper V). Finally, the potential of using near-edge X-ray absorption fine-structure
spectroscopy (NEXAFS) coupled with scanning transmission X-ray microscopy (STXM) was
explored as a chemical imaging tool for fiber-based materials. Sample preparation strategies were
shown to critically influence the quality of the measurement, influencing sample homogeneity,
spectral quality and sensitivity to radiation damage (Paper VI). The combined findings of this work
advance structural and chemical characterization of both fossil- and lignocellulose-based polymers,
contributing to a deeper understanding of structure—property relationships critical for tailoring
material performance in packaging applications.

Keywords: Packaging Materials, X-ray imaging, X-ray scattering, X-ray microscopy, Melt
Processing, Polyethylene, Dialcohol cellulose, Pulp
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Chapter 1- Introduction

Packaging materials are essential for maintaining quality, safety, and shelf life of foods and
consumer goods. A widely used packaging material is paper board due to its low cost,
printability and recyclability. However, it lacks effective moisture and gas barrier properties
which limit its use for many food applications. In contrast, metal cans and glass bottles offer
excellent barrier properties and recyclability but are heavy, energy demanding to produce,
and costly to transport. As a result, there is a high demand for plastic packaging, driven by
the exceptional material properties and versatility of polymer materials. They are
lightweight, durable, chemically resistant, and easy to process into diverse shapes and
forms!3. Over recent decades, the shift from reusable to single-use packaging has further
accelerated plastic consumption worldwide. However, this development comes at a
significant environmental cost. Most plastics are derived from fossil fuels, and their
production consumes significant resources and contributes to greenhouse gas emissions. At
end-of-life, plastic packaging often escapes recycling systems, accumulates in landfills or
natural ecosystems where it can persist for hundreds of years. According to estimates by
Geyer et al* if current trends in production and waste management continue,
approximately 12,000 million metric tons of plastic waste could end up in landfills or the
environment by 2050.

The most common polymer used for packaging is polyethylene’, with an annual global
production of approximately 90 million metric tons®. The widespread use of polyethylene
is largely due to favorable processing characteristics, good barrier properties, high
mechanical strength and low cost. However, since polyethylene is derived from non-
renewable petroleum resources, it significantly contributes to the long-lived plastic waste
and high carbon emissions. Therefore, there is an increasing interest in developing bio-
based and biodegradable alternatives to reduce environmental impacts and promote circular
material systems.

Cellulose presents a promising candidate to this transformation, since it is the most
abundant biopolymer on Earth’. However, transforming cellulose into more versatile,
three-dimensional packaging materials presents significant technical challenges. Most
conventional processing methods of polymer materials such as injection molding or
extrusion require the material to exhibit thermoplastic properties. Specifically, the material
should become soft and amendable to molding upon heating or shearing and become rigid
and retain the molded shape upon cooling. Native cellulose does not fulfill these
requirements due to its high crystallinity and strong inter- and intramolecular interactions.
In contrast to fossil-based thermoplastics, cellulose decomposes before it reaches a flowable
state, as the thermal degradation temperature lies below its glass transition and melting
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points. In order for cellulose to exhibit thermoplastic properties, it needs to be chemically
modified. Such modifications often destroy the inherent cellulose nanostructure and
require energy-demanding procedures and large volumes of chemicals or solvents®1°.

Both fossil-based and bio-based polymers exhibit complex hierarchical structures, where
smaller subunits self-organize across multiple length scales to form larger structural
architectures. In conventional polymers such as polyethylene, this hierarchy typically
includes both crystalline and amorphous phases, giving rise to a semicrystalline
morphology. Crystalline regions are formed by ordered folding and stacking of polymer
chains, while the amorphous regions consist of randomly entangled chains without long-
range order''. These domains can further organize into larger structures such as spherulites
and shish-kebabs, which is important for the mechanical properties exhibited. Spherulites
are approximately spherical aggregates of crystallites, whereas the shish-kebab structure
features an aligned crystalline core surrounded by perpendicular lamellae'. In cellulose-
based materials the structural complexity is even greater. In lignocellulosic biomass such as
wood, cellulose is intertwined with lignin and hemicellulose, which results in a
multicomponent hierarchical material. The cellulose chains are organized into microfibrils
and microfibril bundles that build up a multilayered cell wall of the fiber!'*: 4. Chemical
modification adds further complexity, affecting both the nanoscale arrangement and
processability.

Understanding and characterizing the complex structures of polymer materials and their
relationship to material properties remain critical challenges for both fossil-based and
cellulose-derived materials. The micro- and nanoscale morphology of a polymers is
influenced by a wide range of factors including the chemical nature of the polymer as well
as processing conditions and storage conditions. Small changes in molecular parameters
such as molecular weight distribution, degree of branching, or the presence of additives and
fillers can lead to significant differences in the resulting morphology. In the case of
chemically modified cellulose, the degree and type of modification play an important role
in determining processability and structural organization. Furthermore, the processing
conditions, such as temperature, shear rate, and cooling speed influence the polymer
structures. For cellulose-based systems, ambient humidity both during and after processing
is another critical factor that influences inter-fibril interactions and swelling behavior. The
correlation between all these parameters creates a highly complex system, and many
fundamental structure—processing—property relationships remain poorly understood.

To address this issue, advanced characterization techniques are essential. Among these,
small- and wide-angle X-ray scattering (SAXS and WAXS) are particularly powerful tools
as they enable non-destructive investigations of polymer structures across multiple length
scales, from molecular arrangements to aggregate structures. In addition, scanning
transmission X-ray microscopy (STXM) using near-edge X-ray absorption fine structure
(NEXAFS) has high potential since it provides chemical specific contrast with high spatial
resolution, making it especially valuable in chemically modified cellulose where small
chemical differences can significantly alter the morphology and the material performance.
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These methods are most effective when used in combination with complementary
techniques. For instance, optical- and birefringence light microscopy can be used to
visualize structural domains in the micrometer regime, mechanical testing can be used to
link structures to material performance, and computational modeling can be used to
simulate structure formation or predict material behavior. By integrating complementary
approaches, it becomes possible to construct a more comprehensive understanding of
polymer structures and functions.

In this thesis, hierarchical structures from the Angstrom regime to the millimeter scale of
fossil- and bio-based polymers have been investigated using advanced X-ray based imaging
techniques in combination with complementary techniques. The work includes a
systematic study of a commercially used polyethylene, examining how varying densities,
molecular weights, and process conditions influence polymer hierarchical structures and
mechanical performance. The experimental findings are further compared with
computational simulations to explore the underlying mechanisms for the anisotropic
morphologies. In future work, these results could be used to calibrate simulation models
and predict material performance without the need for physical tests of each prototype with
varying complex shapes and materials.

In parallel, chemically modified cellulose, specifically dialcohol cellulose, is explored as a
bio-based material that demonstrates thermoplastic properties. Dialcohol cellulose is
studied as part of a composite with a synthetic polymer, with a focus on how the degree of
chemical modification and material composition influence structural organization
throughout the material. Understanding these structure—composition relationships is
crucial for tailoring material properties in future bio-based packaging applications.
Dialcohol cellulose is further studied as a standalone material to examine the effects of
processing, particularly the introduction of controlled humidity during processing. These
findings are important for overcoming current limitations in the thermoplastic processing
of cellulose.

Finally, this thesis explores the potential of scanning transmission X-ray microscopy
(STXM) as a high-resolution tool for chemical characterization of cellulose fibers. The
presented study investigates how different sample preparation strategies affect the resulting
data quality and interpretability. Establishing reliable and reproducible STXM protocols is
key to unlocking STXM'’s full potential in evaluating chemically heterogeneous fiber
materials. Together, these studies contribute to a deeper understanding of polymer
structure—property relationships, laying groundwork for the development and
implementation of next-generation sustainable packaging materials.






Chapter 2 — Polymers

Polymers are widely used as packaging materials due to their remarkable mechanical,
thermal, and solvent-resistant properties as well as easy molding and shaping'®. A polymer
is defined as a large molecule that forms long chains made up of covalently bonded
repeating units called monomers, where the degree of polymerization is the number of
monomeric units in the polymer. The properties of a polymer material vary greatly with

the polymer type, structure and processing

In polymer materials, molecular ordering can occur when sufficiently long polymer chains
fold back on themselves, forming crystalline regions known as lamellae'. The lamellae are
typically embedded in an amorphous matrix, resulting in a two-phase morphology. The
lamellae thickness is a characteristic length in polymer materials, and it highly impacts
material properties such as stiffness, melting temperature and permeability.

For crystallization of a polymer to take place, the Gibbs free energy, G, must be negative
G=H-TS Equation 2.1

where H is enthalpy, S is entropy and T is temperature. The crystallization process results
in a large negative entropy change since the molecular order of the polymer chains
increases. Thereby, for Gibbs free energy to be negative, there must be a matching negative
enthalpy change, which implies that strong interactions between polymer chains are
necessary for crystallization to take place. Linear polymer chains allow for the polymers to
pack closely, which increases the interaction between the chains. Thus, linear polymers are
more prone to form crystals, compared to branched polymers with many defects
incorporated into the polymer chain.

The folded surface is associated with large interfacial energy, which would
thermodynamically favor thick lamellae crystals. However, due to kinetic limitations,
polymers are found to form lamellae with a thickness typically in the range of tens of
nanometers. The larger number of folds increase the free energy but make crystallization
more kinetically accessible!”. The thickness of the crystalline lamellae is highly dependent
on the temperature of the melt at which the crystallization takes place!®. Individual polymer
chains may be involved in several crystalline lamellae as well as the amorphous regions in-
between'. In a similar way, the crystalline lamellae often consist of multiple polymer
chains, resulting in a complex intertwined network structure®.

In natural sources like wood, polymer crystallization primarily involves cellulose, while
lignin typically exists in an amorphous state. Cellulose is a key component to the structural
integrity of wood, and the cellulose chains primarily orient themselves in the growing



direction of the tree. For man-made polymers, crystallization can be induced in varying
processing conditions. If polymer crystallization takes place in a melt under quiescent
conditions, crystallites tend to grow in a random fashion resulting in a state with low degree
of molecular orientation, a morphology generally referred to as spherulites. In contrast, if
the polymer chains are subjected to either a shear or an elongational flow, alignment of the
molecular chains can be achieved?. The ordering of crystalline polymers is of high
importance, since it imparts high material strength and rigidity with a direction dependent
response due to the predominant crystal alignment?2.

2.1 Polyethylene

Polyethylene is one of the most widely used polymers due to its low production cost, ease
of modification and relatively low carbon footprint compared to other synthetic plastics?*
24, From a chemical point of view, polyethylene is one of the simplest polymers since it
consists of repeating units of methylene. However, from a structural point of view the
structure is often complex. The most common crystalline state of polyethylene is packing
of unbranched parts of the polymer chains into an orthorhombic unit cell, with amorphous
regions in-between the crystalline parts® 2. If crystallization occurs in a melt at rest, the
lamellae of polyethylene grows around central nucleolus resulting in an isotropic crystal
structure called spherulites?. If crystallization instead takes place at intermediate shear, the
spherulites elongate in the direction of the flow, adapting to more or less elliptical shapes!*
28, At high shear, a so called shish-kebab morphology can be formed where polymer chains
are stretched out in the direction of the flow creating highly oriented thread-like structures
(shish) with crystalline lamellae (kebabs) growing in the perpendicular direction®” 3. Figure
2.1 shows schematic representations as well as microscopy images of the spherulite and
shish-kebab microstructure. The spherulite structure is associated with isotropic
mechanical properties®’, whereas the shish-kebab structure gives highly anisotropic
properties where the tensile strength is improved and the elongation at break is decreased
in the direction of the oriented shish3?33. The shish-kebab structure is more prone to form
when the cooling rates are high3%, and it has been reported to have two different
morphologies with twisted and untwisted lamellae3* .



Figure 2.1. Examples of semicrystalline morphologies of polyethylene. Figure 2.1a and 2.1b show
schematic representation of the shish-kebab and spherulite microstructure respectively, Figure 2.1c
shows micrographs of the shish-kebab structure taken with field-emission scanning emission
microscopy, and Figure 2.1d shows polarized optical microscopy images of a spherulite microstructure.
Adapted with permission from Katti et al'? (Copyright 2004, John Wiley & Sons), Somani et al.3
(Copyright 2005, Elsevier) and Tong et al.¥” (Copyright 2015, Elsevier).

2.2 Lignocellulose-based Polymers

Lignocellulose-based polymers can be derived from numerous sources, such as wood,
agricultural waste®, and oil palm biomass residue®’, making them abundant materials with
significant potential for sustainable development.

2.2.1 Wood Fibers

Wood plant cells, also known as wood fibers, make up the structural framework of wood.
The length and size of wood fibers varies depending on the plant source, location in the
tree and growth cycle. For example, Scandinavian softwood fibers are typically 2-4 mm
long and 30 pm wide*. The three main components in the wood fiber are cellulose,
hemicellulose and lignin. The wood fiber consists of a cell wall that surrounds a hollow
center known as a lumen, as shown in Figure 2.2. In the living tree, the lumen is mainly
used for transportation of water and nutrients. The cell wall is a multilayered structure
which is typically divided into a primary and a secondary cell wall. The secondary cell
wall can further be divided into three layers, S1, S2 and S3. The primary wall consists of
hemicellulose, pectins, proteins and disordered cellulose microfibrils®!. This layer is
flexible and allows the cell to expand during growth. The secondary cell wall is in contrast
much stiffer and gives the wood fiber high mechanical strength and contains more
cellulose and lignin compared to the primary cell wall. The S2 layer is the thickest and
most important layer in terms of mechanical properties. It consists of cellulose
microfibrils that are arranged helically with a 5-30° angle with respect to the fiber axis,



contributing to the high mechanical strength*" 4. The fibers are joined together by the
middle lamellae, which is a thin lignin rich layer with a thickness of 0.2-1.0 pm*.

Middle lamelae

Primary wall
S1

S2
S3

Lumen

Figure 2.2. Simplified structure of a wood cell, showing the hollow lumen, the primary wall (P), outer
(S1), middle (S2) and inner (S3) layer of the secondary wall and the middle lamellae (ML). Adapted from
Sjostrom et al.42.

2.2.2 Cellulose

Cellulose is a crucial component in plant cell walls to maintain strength and rigidity. The
structure of native cellulose is highly hierarchical and complex, as shown in Figure 2.3,
where the sizes and distribution of the components can differ depending on the plant
species and environmental influences*.

Wood fibre

Microfibril ilul
Microfibril < Cellulose
bundle T~ :2“ Molecule
4]
pd
1pm 10 nm 1nm

Lengthscale

Figure 2.3. The hierarchical structures of wood. Inspiration from Penttild®

On the molecular level, cellulose is a linear polymer composed of glucose*, where the
molecular structure of cellulose can be seen in Figure 2.4 a) (i). Depending on the plant
source, the degree of polymerization of cellulose is approximately 14,000 in its native state*!.
In similarity to other polymers, cellulose is a semicrystalline material forming both
amorphous and crystalline regions, where the cellulose chains stack together with
intramolecular hydrogen and van der Waals bonds to form the crystalline regions. The
assembly of cellulose chains form structures called microfibrils, which have an approximate
diameter of 2-20 nm and an approximate length of 0.1-40 pum?. The fibrils exhibit high
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strength and are therefore considered to be reinforcement components of the wood fibers*.
The microfibrils further aggregate to microfibril bundles, which are parts of the wood
fibers.

2.2.3 Pulp

To utilize cellulose or lignocellulosic fibers in material applications, they must first be
separated from the surrounding structural environment. This is typically achieved through
pulping, where mechanical or chemical treatments are used to extract fibers or cellulose
from the lignocellulosic biomass*. Pulping can be done in different ways, which can be
categorized into either mechanical, chemical and semi-mechanical pulping®. Mechanical
pulping is in general associated with lower production costs and less pollutants, whereas
chemical pulping typically produces pulp with higher strength and requires less energy.

A commonly used mechanical pulping process is thermomechanical pulp (TMP). In the
TMP process, wood chips are fed into a large steam-heated refiner where the wood chips
are mechanically grinded between two steel disks under elevated temperature and pressure.
As its name implies, heat and mechanical energy are used to transform the wood structure
into a pulped material®!. The lignin and hemicellulose are not removed from the pulp in the
TMP process, which gives a high yield (up to 95%). On the downside, the harsh mechanical
processing often gives reduced fiber lengths, resulting in a pulp with relatively low strength.
A chemical pulping method frequently used is the Kraft process, where wood chips are
mixed with sodium hydroxide and sodium sulfite to break the chemical bonds between
lignin and cellulose. The lignin is then washed from the cellulose fibers, creating a pulp free
from lignin®'.

2.2.4 Dialcohol Cellulose fibers

Cellulose is not intrinsically thermoplastic and in order to use it in conventional processing
techniques like injection molding or extrusion, modification of the cellulose structure is
needed. A promising cellulose modification is dialcohol cellulose, since this material has
been shown to exhibit thermoplastic properties in terms of softening, increased ductility,
and melt processability®2. To produce dialcohol cellulose, a two-step modification is used,
where the first step is periodate oxidation and the second step is borohydride reduction
(Figure 2.4a). The suggested structure for the heterogeneously modified dialcohol cellulose
is a core-shell structure, with amorphous dialcohol cellulose as a shell around a core of more
crystalline cellulose as shown in Figure 2.4b. One hypothesis is that thermoplastic
properties are achieved from a combination of surface modification enhancing the fiber-
fiber interface, and internal modification making the fiber more flexible.
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Figure 2.4. Structure of dialcohol cellulose where a) shows the reaction scheme and b) shows schematic
representation of the fibril structure of dialcohol cellulose. The core consists of crystalline cellulose and
the surface consists of amorphous dialcohol cellulose.

2.3 Polymer Processing

Polymer processing makes it possible to convert raw materials of different polymer
compounds, blends or composites into functional products. Polymer processing is a wide
term that can refer to a range of techniques including extrusion, injection molding, blow
molding, thermoforming and more. In the case of thermoplastic processing, the key steps
typically include plasticization of the solid polymer, flow and shaping of the melt, and
cooling and solidification of the polymer™. In this thesis, samples were produced with micro
compounding and injection molding.

2.3.1 Micro Compounding

Micro compounders are widely used in research and development for small-scale polymer
processing. These instruments are specialized miniaturized extruders designed for mixing,
blending and modification of polymeric materials. In large scale industry, extruders are
widely used, however conventional extruders are not suitable for small sample quantities.
Micro compounding is based on the same working principle as regular extruders, using two
rotating screws within a barrel to mix and process polymer materials®*. In contrast to a
regular extruder, the micro compounder couples the rotating screws with a recirculation
channel®.

This setup allows the material to circulate through the screw zone multiple times, ensuring

adequate thermomechanical treatment that is essential for melting, mixing, and
homogenization of the material. Therefore, micro compounders are particularly beneficial
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when studying shear-sensitive materials, as the continuous flow mimics the processing
conditions found in industrial-scale extruders.

2.3.2 Injection Molding

Injection molding is a widely used processing technique for polymers that has been
continually developed over almost 150 years®® and over 30% of all plastic parts are
manufactured with injection molding®. In the injection molding process, plastic pellets are
fed into the injection molding machine and heated until the polymer is soft enough to be
injected into a mold under pressure. This creates a complex flow pattern called fountain
flow (Figure 2.5) with varying shear and cooling rates in the through-thickness direction,
highly influencing the hierarchical semicrystalline structure of the polymer. Several studies
have been published investigating how various processing conditions influence the polymer
morphologies, such as pressure® >, shear rate® cooling rate®! and stress overshoot®?. Katti et
al'? described that close to the injection molded gate the flow has a semicircular shape
mainly dominated by an elongational flow, whereas further down the plate the flow is
laminar instead. Thus, it is expected that the polymer morphology depends both on the
position in the thickness direction and the distance from the injection molded gate.

a) b)
Flow Direction
Mold wall | >

Fountain flow

Frozen skin layer —

Shear zone T V\
F———] _ centralline of the Skin layer Shear layer  Bulk layer
injection molded
plate

Figure 2.5. Multilayered structure of injection molded polymers, where a) shows the shear rate profile
of the fountain flow inspired by Zhou et al. 3, and b) shows the characteristic layers of an injection
molded plate.

The injection molded process can be divided into four stages®. First is the filling phase
where the molten polymer is injected into the cool mold under pressure. Second is the
packing phase, where high pressure is maintained and additional melt flows into the cavity
to prevent shrinkage under solidification. Third comes the cooling phase where the
polymer is allowed to cool down to room temperature. Fourth is the ejection, where the
polymer is removed from the injection molding machine. A schematic representation of
volume flow rate, pressure, temperature, and crystallization progress can be seen in Figure
2.6.
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Figure 2.6. Schematic representation of the different phases during injection molding.

2.4 Polymers for packaging applications

In packaging applications, there are many requirements on the material properties. The
processability is of high importance, as well as mechanical properties, barrier properties,
permeability and recyclability. The overall performance of a packaging product is dictated
by a complex interplay between the intrinsic properties of the materials and the conditions
under which the product is processed. As a result, accurately predicting the performance of
packaging materials remains a significant challenge.

Polymers used in packaging applications are typically derived from either fossil-based
sources, such as polyethylene, polypropylene, polyethylene terephthalate (PET), or
renewable sources such as cellulose or starch®. Fossil-based or synthetic polymers dominate
the market today due to their excellent mechanical performance, barrier properties and low
price. Furthermore, they exhibit excellent thermoplastic processability, and conventional
processing techniques have been used and optimized for synthetic polymers over decades.
In particular, injection molding is commonly employed for synthetic polymer materials,
since it can produce products with complex 3D shapes with high precision and
repeatability. However, the morphology of the resulting polymer structure can vary
significantly throughout an injection-molded part due to local differences in shear flow and
cooling rates during and after processing. These morphological variations directly impact
the mechanical and barrier properties. Therefore, understanding how processing conditions
influence microstructure is essential for optimizing product performance.

In recent years, there has been a growing demand for more sustainable and environmentally
friendly alternatives for packaging materials. As a response, attention has been directed
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toward cellulose-based polymers, which offer the potential for enhanced recyclability,
biodegradability, and lower carbon footprint compared to their fossil-based counterparts.
In addition, regulatory measures such as the European Commission's ban of fossil-based
materials for single use products have further accelerated this trend®.

Processing of cellulose-based materials is more challenging compared to processing of
synthetic polymers since native cellulose does not exhibit thermoplastic properties®”*. To
overcome this limitation and enable thermal shaping of cellulose, various chemical
modifications have been explored including cellulose acetate, ethyl cellulose, methyl
cellulose, and dialcohol cellulose®> 7973, This opens new possibilities to explore cellulose-
based materials for 3D-products, potentially broaden the application of cellulose in
packaging applications. However, cellulose-based materials behave very differently
compared to synthetic polymers and many aspects of their processing—structure—property
relationships remain underexplored. Conventional processing routes, optimized for
synthetic polymers, often lead to suboptimal outcomes when applied directly to cellulose-
based materials. This is exemplified in Figure 2.7, where scanning SAXS was used to
investigate the hierarchical structures in a paper-based material used for drinking straws.
The figure shows two types of paper-based drinking straws produced with different types
of corrugation patterns to allow for bending of the straw. The top straw was produced with
a traditional corrugation pattern that was developed and optimized for synthetic polymers,
whereas the bottom straw was developed with a new type of corrugation pattern with
cellulose-based materials in mind. The Figure shows the scattering intensity in the low-q
region, where the top straw displays an overall higher intensity across the corrugation
pattern compared to the straw on the bottom. In this region, a high scattering intensity can
be linked to an increase in the number of internal interfaces inside the material. Thus, a
high scattering intensity indicates breakage of fibers, limiting the performance of the
drinking straw. The example highlights the importance of adapting the processing routes
to fit the new emerging cellulose-based materials. Note that at the edges of the samples,
the high scattering stems from cutting effects from the sample preparation.

Figure 2.7. Scanning SAXS of commercial drinking straw with different corrugation patterns.
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To understand the correlation between polymer morphology, processing and resulting
performance, various characterization techniques can be used to probe the polymer
material. For instance, optical microscopy can be used to visualize polymer structures in
injection molded parts’ . Several previous studies have also been using small- and wide
angle X-ray scattering (SAXS/WAXS)’®, often in combination with other techniques such
as scanning electron microscopy (SEM)7”, differential scanning calorimetry (DSC)’, and
mechanical testing®*>2, or a combination of them”, in order to get in-depth understanding
of the hierarchical structures processed polymer materials.

When investigating the processing—structure—property relationship of polymer materials,
one of the most common strategies is to use a trial-and-error approach. In this approach,
parameters are systematically varied, and the resulting material morphology or other
material properties are tested. However, during processing of polymer materials there is a
large amount of parameters that will influence the outcome, such as pressure®® >, shear rate
%, cooling rate®' &, and stress overshoot®> 8. Furthermore, material variables also highly
influence the outcome, for example small variances in molecular weight and molecular
weight distribution®?®4. Thus, the trial-and-error approach is often demanding and
expensive and it is difficult to predict material properties for new packaging products, if the
new product requires a different shape, material or processing conditions.

Computational simulation has the potential to predict package performance without the
need for physical tests of each prototype, allowing for a prompt implementation of novel
materials into the processing pipeline. Various studies have previously used computational
models to simulate polymer processing for synthetic polymers, providing a better
understanding of how processing conditions influence the resulting material performance®-
8. For cellulose-based materials, the development of robust simulation tools is still in its
early stages. Current modeling efforts focus mainly on material property predictions rather
than simulating complex flow conditions. For example, molecular dynamics simulations
have been used to evaluate dialcohol cellulose, suggesting that it has high molecular
mobility at elevated temperatures, along with excellent stiffness and strength at room
temperature®” ., While computational simulations have high potential to predict material
performance for packaging applications for both synthetic and cellulose-based polymers,
the simulation models rely on accurate assumptions and input values for the material
structures. However, most previous work is based on isotropic polymer morphologies,
limiting the accuracy and use of the simulation output. Furthermore, linking simulation
models to results from experimental characterization remains challenging due to the large
quantity of fitting parameters.
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Chapter 3 — X-ray based

characterization
3.1 X-ray interaction with matter

X-rays are electromagnetic waves with wavelengths between 0.01-10 nanometers, which
correspond to photon energies between 100 eV to 100 keV®!. Due to the high energy, X-
rays have high penetration power, making them ideal for non-destructive material
characterization techniques. When X-rays interact with matter, they interact with the
electrons of atoms in two predominant ways, scattering and absorption. Figure 3.1
illustrates the interactions between X-rays and electrons.

Scattering occurs when the direction of the X-ray beam is changed due to interactions with
electrons. If the energy of the scattered X-rays remains unchanged, the process is known as
elastic scattering (Thomson or Rayleigh scattering). During elastic scattering, the X-rays
cause electrons to oscillate at the frequency of the incident beam. These oscillations cause
the electrons to emit photons at the same wavelength, and the interference between the
scattered waves can be constructive or destructive depending on their relative phase, see
path b in Figure 3.1. This type of scattering is central to techniques like SAXS and WAXS.
If there is an energy transfer between the X-ray photons and the electrons the process is
known as inelastic scattering (Compton scattering), resulting in a photon with lower energy
(path c in Figure 3.1). For most applications using synchrotron radiation at energies below
100 keV, the effects of Compton scattering are small and neglected?" *2.

X-ray absorption, on the other hand, involves complete absorption of an X-ray photon by
an atom, transferring its energy to an inner-shell electron (path a in Figure 3.1). This energy
absorption causes the electron to be ejected from the atom, a process known as the
photoelectric effect. The vacancy in the electron shell is filled by an electron from a higher
energy level, where the excess energy will be released either as a photon with characteristic
wavelength, i.e. X-ray fluorescence or transferred to another electron, which is ejected as
an Auger electron. This principle is fundamental to techniques such as X-ray fluorescence
(XRF) and Near edge x-ray absorption fine structure (NEXAFS)?'.

When X-rays pass through matter, the intensity I of the transmitted X-rays will decrease
due to these interactions. The attenuation can be described by the Beer-Lambert law:

[ =le™™ Equation 3.1
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Where I, is the initial X-ray intensity, p is the linear attenuation coefficient, and x is the
path length through the material. The attenuation coefficient depends on the material
composition and X-ray energy and decreases with increasing X-ray energy and atomic
number and increases with increasing density of the material®.
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Figure 3.1. Illustration of X-ray interaction with matter, where Eo corresponds to the energy of the
incoming X-ray photon, Es corresponds to the energy of the scattered X-ray photon. Path a) corresponds
to the photoelectric effect path b) to the Rayleigh scattering and path c) to Compton scattering.

3.2 Synchrotron radiation

Synchrotrons are circular particle accelerators that are used to produce high-intensity X-
rays and other forms of electromagnetic radiation. This radiation is characterized by
extremely high brightness, tunable energy, and naturally narrow collimation. These
properties make synchrotron radiation an essential tool for characterizing materials across
a broad range of scientific and industrial applications.

In a synchrotron, electrons are first generated by an electron gun and accelerated and
focused through a sequence of magnets inside a linear accelerator (LINAC). Depending on
the synchrotron design, the accelerated electrons may be injected directly into the storage
ring (as at MAX IV) or first into a booster ring, which increases their energy before injection
into the storage ring (as at the Swiss Light Source, SLS). In the storage ring, the electrons
travel around a curved path at near the speed of light, and different types of insertion
devices are used to manipulate the direction of the electron beam to produce radiation with
varying properties. Bending magnets are used to steer the electron beam along the curved
path of the storage ring and resulting in continuous spectrum of radiation tangentially to
the beam’s circular path. Wigglers consist of a series of alternating-pole magnets that cause
the electrons to oscillate rapidly from side to side. This produces intense, continuous

16



spectrum radiation with higher brightness compared to bending magnets due to the
constructive addition of radiation from multiple oscillations. Undulators have a similar
structure to wigglers but have a lower magnetic field strength and smaller angular
deviation, which produces monochromatic radiation due to constructive interference.
Undulators offer very high brilliance and are ideal for techniques requiring narrow energy
bandwidths, such as X-ray absorption spectroscopy® 4.

The radiation produced by the insertion devices is directed into beamlines, which serve as
the experimental stations of the synchrotron facility. Each beamline is designed for a
particular type of measurement or technique and is equipped with optical components such
as monochromators, focusing optics, slits, and high-resolution detectors®. Figure 3.2 shows
examples of beamline layouts from the cSAXS and the PolLux beamline at the Swiss Light
Source, Paul Scherrer Institute.
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Figure 3.2. Examples of different beamline layouts where a) shows the cSAXS beamline and b) shows
the PolLux beamline at SLS, PSI.

Compared to conventional laboratory X-ray sources, there are many advantages to using
synchrotron radiation. The high photon flux and brilliance enable extremely fast data
acquisition, making time-resolved experiments possible. Furthermore, the synchrotron
beam can be highly focused, allowing for spatially resolved measurements. The photon
energy can be finely tuned over a wide energy range, which makes it possible to probe
specific elements or chemical compounds. Another key advantage is that synchrotron
facilities support a wide range of experimental environments, such as mechanical testing
stages, humidity control and chemical reactors, allowing for in-situ and operando
measurements.

3.3 Near edge X-ray absorption fine structure

Near edge X-ray absorption fine structure (NEXAFS) is a technique to extract chemical
information about a sample, where the absorption is detected as a function of energy.
During a NEXAFS measurement, a specific atom species is selected, and the X-ray energy is
scanned across the corresponding absorption edge with high energy resolution. Due to
interactions between core electrons and their local environment, the absorption energy
needed to excite the electrons to an unoccupied energy state is slightly shifted®. This makes
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it possible to detect the presence of specific chemical bonds in molecules, for instance can
C-C be distinguished from C=C%. Due to having a unique electron structure, each chemical
compound has a unique absorption spectrum.

The high energy resolution in NEXAFS can be combined with a high spatial resolution in
scanning transmission X-ray microscopy (STXM). In this setup, in particular for soft X-rays,
Fresnel zone plates are commonly utilized to focus the x-rays to a point focus on the sample
and a detector is placed behind the sample to measure the transmitted intensity”’. Raster
scanning is used to scan the sample through the focal point, and the transmitted intensity
is recorded for each measurement point. After the measurement, the transmitted X-ray flux
(I) can be transformed into optical density (OD) according to the Beer-Lambert law,

1
OD = —lnI— Equation 3.2
0

Where Iois the incident X-ray flux®®. In order to achieve high quality of the transmitted
signal, the sample thickness is of high importance. The sample needs to be thin enough to
allow sufficient X-ray transmission for detection, but thick enough to provide a measurable
signal. The transparency of a sample varies strongly with the X-ray energy, where an
increased X-ray energy in general corresponds to a decreased X-ray absorption. Cellulose-
based samples are typically prepared with a thickness of 90-200 nm.

Figure 3.3 shows an example of a NEXAFS spectrum over the carbon K-edge of a
thermomechanical pulp fiber. At different X-ray energies, core level electrons are excited
to the anti-bonding m* and o* orbitals. The sharp transition seen at 284.9 eV and 286.2 eV
are characteristic of the C 1s—1 m* (C=C) transition of aromatic (C-H) and phenolic carbons
(C-0O), respectively, and at 288.7 eV a peak corresponding to the C 1s—1 7*(C=0) transition
of carboxylic carbon®. These functional groups are present in lignin, as shown in Figure
3.3b. The peak at 290.4 eV is related to the aliphatic C-H carbons, and the broad peak at
293 eV to C 1s—o* transitions in aromatic and aliphatic carbons present in both cellulose
and lignin. Due to the complexity of lignocellulosic materials, the results obtained when
probing such materials using STXM with NEXAFS contrast can be difficult to interpret. A
good approach is to compare the data with already known absorption edges of chemical
compounds'® and by including good reference samples to be measured at the same
conditions.
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Figure 3.3. a) Characteristic NEXAFS spectrum from a lignocellulose fiber showing resonance energies
from both lignin and cellulose components. b) Model structure of cellulose and lignin based on Adler et
a ] 101

A main advantage of STXM at low X-ray energies is that the setup allows for very high
spatial resolution, typically down to around 20 nm®- 12 depending on the exact setup used.
Furthermore, the energy resolution is high, typically around 0.1 eV, which allows for the
identification of chemical bonds. Since each measurement point must be measured for each
X-ray energy selected, the combination of high spatial and energy resolution can result in
high radiation as well as long measurement times. To account for this, different data
collection strategies can be taken.

In general, there are three main approaches for collecting STXM data called imaging mode,
spectral mode and energy stacking mode®!. In the imaging mode, the X-ray energy is fixed
while the sample is raster scanned over the beam. If the energy is selected to match the
absorption of a certain chemical species, this can be used to efficiently map the distribution
with high spatial resolution over a large sample area. In the spectral mode, the scan is
collected across the sample while the energy is varied over the carbon edge to provide the
full NEXAFS spectrum. Using a high energy resolution gives a more comprehensive data set
that is easier to interpret. In energy stacking mode, a few X-ray energies are selected that
correspond to the resonance energies where absorption is the strongest for certain chemical
compounds in the sample. Raster scanning is then used to map out these compounds across
the sample, similarly to the imaging mode.

The modes can further be combined in different ways. Figure 3.4 shows an example where
an energy stacking approach (left) is combined with a spectral approach (right). In the
energy stacking mode, only a few selected energies are measured which allows the sample
to be measured at a high spatial resolution. In contrast, the spectral mode is used to collect
at a lower spatial resolution but instead allows for detailed spectral analysis across the same
sample region. The resulting dataset thus includes both high spatial and high energy
resolution over a large sample area, while minimizing the measurement time and radiation
dose.
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Figure 3.4. STXM images collected at 287.1 eV of a cross section of a fiber (a, b) and corresponding
averaged NEXAFS spectra (c, d). The figure illustrates a measurement where the spatial resolution was
optimized by a highly focused beam, with the compromise of fewer energy scans (a, c) and a
measurement where the energy resolution over the fiber was optimized and instead the spatial resolution
was compromised by using a defocused beam to collect the average absorption signal over the fiber
providing the entire energy spectra of the cross section of the fiber (b, d).

3.4 Small and Wide angle X-ray scattering

X-ray scattering is a non-invasive technique sensitive to structural variations on length
scales ranging from angstroms to hundreds of nanometers. The measured signal represents
an average of all structural components over the whole depth of the illuminated sample
volume. A typical experimental set up is shown in Figure 3.5, where a monochromatic X-
ray beam with wave vector k, is focused on a sample in transmission mode. Parts of the
radiation will be scattered at an angle 20 as defined by the vector k, where the scattering
intensity is measured by the detector behind the sample.
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Figure 3.5. Transmission setup of the scattering experiment.

The recorded scattering pattern is the square of the Fourier transform of the electron-
density distribution p(r) * according to

2

I1(q) = Equation 3.3

f p(r)e~rdr
v

where V is the sample volume. To resolve different structures, the electron densities in
different domains or between scatterer and environment needs to be different enough,
where the scattering intensity I1(q) depends on the contrast (Ap).

Structures of different sizes can be investigated by resolving either the small- or the wide
angles of the X-ray scattering. In practice this is done by changing the sample to detector
distance. In SAXS the detector is typically placed meters away from the sample, which
provides information on relatively large repeating structures inside the material, generally
in the range of a few to hundreds of nanometers. In synthetic polymer materials, the SAXS
signal is commonly used to characterize lamellar spacing'® whereas in cellulose-based
materials the SAXS signal can be used to investigate distances between the fibrils!®. In
WAXS the detector is placed centimeters away from the sample, providing information on
small repeating structures in the Angstrom regime. In the crystalline regions of polymer
materials, the positions of the atoms are well defined, giving rise to sharp WAXS peaks
corresponding to the distance between atom planes. In addition, amorphous regions exhibit
short-range order due to chemical van der Waals forces between polymer chains, giving
rise to a broad WAXS-peak!®- 1%, Depending on the material investigated and research aims,
different analysis approaches for SAXS and WAXS are needed. The analysis approaches used
in this thesis are described below.
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3.4.1 Bragg Peak Analysis

Highly ordered structures will scatter x-rays in specific directions, producing scattering
patterns with sharp maxima which are referred to as diffraction peaks’™ 4. These peaks
correspond to the repeating distances within the material. Analyzing the characteristics of
Bragg peaks is typically used in WAXS, due to the well-defined peaks arising from the
crystalline unit cells. However, in systems that have repeating distances in the nanometer
range, a similar analysis can also be used for SAXS.

Diffraction peaks appear according to Bragg’s law,
nd = 2dsin(0) Equation 3.4

where n is a positive integer, 1 is the wavelength of the X-rays, d is the distance between
the repeating structure and 0 is the scattering angle. When analyzing the Bragg peaks, it is
convenient to define a scattering vector § as

G =k —k. Equation 3.5

In case of elastic scattering, the scattering vector ¢ fulfills Bragg’s law and can thus be

described as
41

gl = q = Tsine Equation 3.6

sin(0)

By substituting for in equation 3.4, a simple relationship between the scattering vector
d and repeating distance d is obtained, which is independent on the energy of the X-ray
beam.
2m
q = T Equation 3.7

Thus, the peak position can directly be linked to repeating distances in the material,
providing valuable information of the samples.

3.4.2 Orientation Analysis

To investigate orientation effects of the samples, the scattering data was analyzed according
to an approach proposed by Bunk et al.!”” where each 2D scattering pattern is divided into
Ng azimuthal segments. The azimuthal intensity distribution is approximated over the
segments with a cosine function, as shown in the inset in Figure 3.6, where the measured
values are indicated with black circles and the cosine approximation is shown in red. The
baseline of the cosine function ao gives the symmetric intensity, which corresponds to the
average scattering of the sample whereas the amplitude of the cosine function a: gives the
asymmetric intensity which corresponds to the oriented part of the scattering. The degree
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of orientation can be defined as the ratio ai/ao, and the phase of the signal &; corresponds
to the angle of orientation.
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Figure 3.6. SAXS 2D pattern (left) and integrated intensity (right) of the skin layer of medium viscosity
LDPE. The radial integration is performed in a horizontal i) and vertical azimuthal segment ii). The inset
shows the azimuthal integrated intensity capturing the asymmetry of the scattering pattern in the g-
range from 0.26 - 0.94 nm™! as indicated with dashed circles and dashed lines, respectively.

3.4.3 1D correlation function analysis SAXS

The 1D correlation function analysis is a method to get detailed description of the polymer
lamellar stack, which is composed of an amorphous phase and a crystalline phase. With this
analysis it is possible to determine the lamellae thickness and crystallinity of semicrystalline
polymers!'® 19 The 1D correlation function K(z) is computed by taking the cosine Fourier
Transform of the scattering data I(q),

1 [00]
K(z) = af 1(q)q? cos(qz) dq Equation 3.8
0

where Q is the Porod invariant, which is independent of the size and shape of the structural
heterogeneities. Q is defined as

Q = f 1(q) q*dq. Equation 3.9
0

The term @* in equation 3.8 and 3.9 stems from a Lorentz correction, meaning that the
intensities are multiplied by g2, to enhance any peaks in the scattering curve, as shown in
Figure 3.7a. The integration requires data between q=0 and q=2, and the experimental data
do not extend to these limits. Consequently, extrapolation of the data is required. In the
low g-range, the data can be extrapolated to q=0 by using a Guinier function to fit the data,

I(q) = AeBd’ Equation 3.10
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where B is related to the effective radius-of-gyration. In the high q-region, a Porod function
can be used to extrapolate the data to g=o0,

I(q) = Kq*e~9°°" + Bg Equation 3.11

where Bg is the background, K is the Porod constant, and o describes the width of the
electron/neutron scattering length density profile at the interface between the crystalline
and amorphous regions. The extrapolation to low q has little impact on the final 1D
correlation function due to the q*> weighting in the integral, whereas accurate extrapolation
to high q values is critical®.

From the analysis, the lamellae thickness can be estimated by the triangle method!®®, where
the lamellae thickness Lt is taken as the intercept between the minimum value of K(z) and
the initial slope, whereas the long period Lp, which is the distance of one crystalline and

one amorphous layer, is taken as the position of the first maximum of K(z) as described in
Figure 3.7b.
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Figure 3.7. Example of Lorentz-corrected SAXS profile (a) and corresponding correlation function
analysis (b), from medium viscosity LDPE taken in the shear layer. The data to the left of the orange line
in a) was used to fit the Guinier function and extrapolate the data to q=0, whereas the region between
the two purple vertical lines in a) were used to fit the Porod function and extrapolate the data to g=%.

3.4.4 Model-based fitting SAXS

There are many analytical models that can be used to fit experimental SAXS data. To
describe the scatterers, several variables are used to typical characteristics such as the shape,
size, concentration and size distribution. These characteristics can be divided into a form
factor P(q) and a structure factor S(q). The form factor is linked to the shape of the particle
and polydispersity whereas the structure factor is linked to the interactions between
neighboring particles!!!.

For cellulose-based samples, this thesis used a model based on hexagonally packed
cylinders!'? which was adapted to wood-based samples by Penttild et al. and introduced as
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the WoodSAS model'3. To use the model, the full small angle scattering data is fitted with
the function

A2

1(q) = Al.y(q,R,AR,a,Aa) + Bexp <%> +Cq @ Equation 3.12

where A, B, 0, C and are constants and Ii(q) is the intensity from infinitely long cylinders
organized in a hexagonal lattice with paracrystalline lattice distortion. R corresponds to the
cylinder radius with mean R and standard deviation AR and a correspond to the distance
between the cylinders’ center points with standard deviation Aa.

The Wo0dSAS model is tailored for fitting the equatorial intensity profile from wood
samples where the fibrils are aligned to the incident X-ray beam. However, in many paper-
based samples the fibrils are close to randomly oriented which will affect the scattering
form factor. For the case of randomly oriented fibrils, a Lorentz factor of q! needs to be
multiplied as described by Hashimoto et al''2.

3.4.5 Crystallinity calculations WAXS
Several approaches exist for estimating the degree of crystallinity from WAXS data. One of

the most common approaches primarily used for cellulose-based materials is the Segal

method!'*. In the Segal method, the degree of crystallinity is calculated as

Crl = 100 * ryst"Inon-cryst Equation 3.13

cryst

where lays is the height of the crystalline peak and Inon-crystis the height of the amorphous
peak. In the case of cellulose, the (200) peak is often chosen as the crystalline peak whereas
the amorphous peak is often taken as the minimum between the (110) and the (102) peaks.
The Segal method is simple and widely used, however, it has many drawbacks. First, the
measured spectrum always contains contributions from amorphous regions in the position
of the crystalline peaks as well, giving an overestimation of the degree of crystallinity.
Moreover, overlapping of crystalline peaks has an additional influence on the results'.
Another difficulty is that the measured peak intensities are affected by the structure’s
preferred orientation, therefore, the measured intensity ratio and the apparent crystallinity
can be strongly influenced by the orientation''é. A 2D area detector or a rotating stage can

be used to study or to minimize the orientation effect.

A more reliable approach to calculate the degree of crystallinity is the peak deconvolution
method, where the peak area instead of just the peak height is taken into consideration. In

this approach, the degree of crystallinity is calculated according to

25



Acr peak 1 + Acr peak 2 + -t +Acr peak N

C =100 * Equation 3.14

Aoy peak 1 + Ay peak 2 + -+ A, peak N + Anon—cryst

where A is taken as the area under peak!'. For the deconvolution, a proper background
subtraction is essential avoid uncorrected non-sample contributions (e.g., thermal diffuse
scattering, Compton scattering, air scattering, diffraction of the sample holder, etc.), which
could lead to reduced crystallinity values !'8. In most cases, during deconvolution, four (1-
10, 110, 200 and 004)'* or five crystalline peaks (1-10, 110, 102, 200 and 004)2* 12! are fitted

using Gaussian'?® 22, Lorentzian'"® and Voigt'*" 2 functions.

3.4.6 Crystallite size estimation WAXS

To estimate crystallite size in polymer materials, the Scherrer equation is often applied to
diffraction peaks. The Scherrer equation relates the crystallite size D to the full width half
maxima (FWHM) of the diffraction peak according to

D KA
~ Bcos6

Equation 3.15

where K is a constant, 4 is the wavelength of the X-rays, and 6 is the Bragg angle. The
Scherrer equation is particularly useful for approximating crystallite sizes up to 200 nm'%,
making it well suited for analyzing semi-crystalline polymers. A limitation of the Scherrer
equation, is that it assumes that peak broadening comes solely from changes of crystallite
size. In practice, peak broadening can also stem from several other factors such lattice strain,
microstructural disorder, instrumental broadening and thermal motion, which can result
in over or underestimation of the crystallite size!®.

3.5 Mechanical testing

In commercial applications, the inherent toughness and fracture resistance of polymer
materials are of outermost importance. Mechanical testing is therefore widely used to
evaluate both synthetic and cellulose-based polymer materials. For polyethylene, numerous
studies have examined their mechanical response, with most studies focusing on isotropic
polyethylene!?¢1%, and with a few studies published on anisotropic polyethylene with flow
induced structures'" 32, In the case of cellulose-based polymers, mechanical testing is also
commonly employed. However, their mechanical properties vary widely between different
studies due to cellulose’s inherent heterogeneity which arises from differences in raw
material'®, growing conditions of the plant'*, potential thermal treatments'?, and chemical
modifications!¢

One of the most widely used approaches to study mechanical characteristics of polymer
materials is to measure the stress-strain behavior, where a tensile force is applied to the
sample and the resulting deformation of the sample is measured. This gives information on
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the modulus, brittleness, and strength of the polymer. An example of a stress-strain curve
can be seen in Figure 3.8, showing the elastic and plastic regions. In the elastic region, the
polymer can go back to its original shape if the tensile force is removed. At a certain
threshold called the yield point, the polymer reaches its elastic limit and beyond this point
the deformation of the polymer is permanent. This is called the plastic region, and here the
elongation of the sample will continue at almost constant stress until the ultimate
elongation is reached and the polymer breaks. A polymer is defined as brittle if the polymer
fractures before the yield point is reached, whereas the polymer is defined as ductile if the
polymer elongates into the plastic region'®.

Yield Point Rupture Point

Stress o

Elastic Plastic
Region Region
Strain €

Figure 3.8. Stress-strain response of a typical polymer.

3.6 Birefringence Microscopy

Birefringence is an optical property where a material’s refractive index varies depending on
the polarization and direction of the incoming light. When light passes through a birefringent
material, it is split into two separate rays with orthogonal polarizations. The two rays are
referred to as the ordinary ray and the extraordinary ray. The ordinary ray travels at a constant
velocity regardless of direction, while the extraordinary ray’s velocity depends on its
direction of propagation within the internal structures of the material. The difference in
refractive indices between these two rays defines the birefringence (B) according to

B = |n, —n,| Equation 3.16
where n,, is the refractive index of the extraordinary ray and n, is the refractive index of the
ordinary ray. To quantify the optical path difference caused by this velocity difference, the

retardation (I') is used

I'=txB Equation 3.17
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where t is the thickness of the sample. The retardation reflects the phase difference introduced
between the two rays as they propagate through the material. In birefringence microscopy,
the birefringent properties of a material are measured by analyzing the change in the
polarization state of light after it passes through the sample. In this work, a setup from Hinds
instruments was used that consisted of a combination of polarizers and photoelastic
modulators (PEMs), allowing for quantitative determination of both the optical fast axis (0)
and the retardance (I).

In polymeric materials, birefringence arises from optical anisotropy, which is a direct result
of molecular orientation'?’. Ordering of polymer chains induces directional differences in the
polarizability of the material. Light traveling parallel to the polymer chain alignment will
encounter a different electronic environment compared to light traveling perpendicular to it,
resulting in differing refractive indices. Thus, birefringence microscopy can be used to
evaluate orientation in polymer materials. The more ordered or oriented the polymer chains,
the greater the birefringence. This makes birefringence a powerful tool for assessing
molecular orientation and structural anisotropy in polymer materials.
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Chapter 4 — Materials and
Experimental Methods

4.1 Materials

In this thesis, five types of materials have been studied, low density polyethylene, high
density polyethylene, dialcohol cellulose, kraft pulp and thermomechanical pulp.

In Paper I and II, high-density polyethylene (HDPE) and low-density polyethylene (LDPE)
were used, with two types of LDPE with varying viscosity and one type of HDPE. The LDPE

had a density of 923 kg/m? and the HDPE had a density of 953 kg/m3. The Melt Flow Index
(MFI) was 55 g/10 min for the low viscosity LDPE, 22 g/10 min for the medium viscosity
LDPE and 26 g/10 min for the HDPE min when measured at 190°C at a load of 2.16 kg.

In Paper III dialcohol cellulose (DALC) was probed together with Ethylene Acrylic Acid
Copolymer (EAA) and in Paper IV pure dialcohol cellulose was used. The DALC was
derived from bleached softwood kraft fibers by using oxidation and reduction with sodium
periodate and sodium borohydride respectively, according to a partly modified version of
an earlier described protocol®? 1%, This resulted in conversion of cellulose to dialcohol
cellulose with varying degrees of modification.

Paper V used a commercially available V2, 138 gsm paper derived from kraft pulp, a paper
material that consists of 30-50% hardwood, 50-70% softwood and additives. The additives
used were kaolin clay as a filler, cationic starch as a dry strength agent, rosin and alkyl
ketene dimer as sizing agents and glyoxalated polyacrylamides as wet strength agents.

In Paper VI, Thermomechanical pulp (TMP) was used for the measurement. The TMP
fibers were obtained from StoraEnso Hyltebruk, Sweden and were derived from Norway
spruce (Picea abies). Fiber analysis of the TMP, performed using a Kajaani FS300, gave a
respective mean fiber length, width, and fines distribution of 3.2 mm, 35 um, and 3% '*,
and have been reported to have 50 wt.% of polysaccharides and ca. 30-35 wt.% lignin .
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4.2 Sample Preparation

In Paper I and II, the samples were injection molded with a hydraulic injection molding
machine (Arburg 470 800-70S, Arburg GmbH Germany) to produce plates with a thickness
of 0.6 mm according to ISO 294-5. The fixed mold half was made from steel DIN 45 NiCrMo
16, while the moving half plate was made from high-strength aluminum-zinc alloy
AlZnMgCU 1,5. In Paper I, the injection temperature was 220 °C, the mold temperature
was 40 °C, whereas in Paper II, the injection temperature was 260 °C the mold temperature
was 60 °C. The injection volume flow, V/P switch-over points and holding pressures used
in Paper I and II are summarized in table 4.1.

Table 4.1. Process settings used during the injection molding process in Paper I and II.

Set Injection | V/P switch-over | Holding  pressure
volume flow cm3/s | point (%) (bar)
Paper I (LDPE)
Medium viscosity 20 99 750 - 0.3 s-500
Low viscosity 20 99 650 - 0.3 s —450
Paper II (HDPE)
High 85% 25 85 1100 -1s-750
High 99% 25 99 1100 -1s-500
Low 85% 20 85 1100 -1s-750
Low 99% 20 99 1100 -1 s-500

In Paper III, the materials were melt processed at 80 °C or 120 °C using a DSM Xplore Micro
5cc twin-screw micro-compounder (Heerlen, Netherlands). After compounding, according
to the standard ISO 527-2, dumbbell shaped (1BA) specimens and bars (60x10x1 mm3) were
prepared by injection molding using a Thermo Scientific HAAKE Mini-Jet Pro (Thermo
Fisher Scientific, Waltham, Massachusetts, USA) with the injection pressure of 1000 bar
and an oven temperature of 140 °C and mold temperature of 40 °C.

In Paper 1V, the initial water content was set to either 30 or 40 wt.%. Melt compounding
was performed in an Xplore micro-compounder (Xplore, Maastricht, The Netherlands) at
100 °C. After the compounding step, the samples were either directly injection molded or
dried in an oven at 70 °C for 48 hours and rehydrated to 30 wt.%. before the injection
molding step. The injection molding was performed in an Xplore micro-injection molding
equipment (Xplore, Maastricht, The Netherlands) with the injection pressure 7 bar,
injection temperature of 125 °C and mold temperature of 30 °C. In Paper IV, samples were
taken from different parts of the processing chain. An overview of the processing steps of
Paper IV can be seen in Figure 4.1, where the samples measured are indicated by stars.
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Figure 4.1. Overview of the processing scheme. 1) The raw material is modified to 44% or 51% degree
of modification (DOM), 2) The water content is set to 30 or 40 wt.% water, 3) Compounding is
performed, 4) The samples are either left untouched or dried and rehydrated (D+R) to 30 wt.% water, 5)
Injection molding is performed. The stars indicate where in the process samples S1-S8 were taken.

The sample for scanning SAXS, WAXS and birefringence measured through the thickness
in Paper [, II, IIl and IV were prepared by cutting slices of 50 um using a Microtome (Leica
RM?2255 from Triolab for LDPE and HDPE and RMC MT-XL ultramicrotome for cellulose-
based samples). LDPE and HDPE were evaluated in two separate directions, cross direction-
thickness direction (CD-TD) and machine direction-thickness direction (MD-TD) as
described in Figure 4.2.

CD-TD MD-TD

Figure 4.2. Injection-molded test plate with dimensions and positions of the measured samples. The
layered structure along the thickness direction (TD) was studied by preparing cross-section in CD-TD,
and MD-TD plane, respectively.
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In Paper VI, the STXM samples were prepared using five different sample preparation

strategies.

1)

2)

3)

4)

5)

Spurr epoxy sample preparation protocol: Samples were embedded in
Spurr epoxy resin with ERL-4221D formulation. The epoxy was polymerized in
an oven at 65 °C overnight before cutting at room temperature.

Cycloamine based epoxy sample preparation protocol (CBE): Epoxy resin derived
from a 1:1 mixture of 4,4-methylenebis(2-methylcyclohexylamine) and 2-[2,2-
bis(oxiran-2-ylmethoxymethyl)butoxymethyl]oxirane was used, following a
method adapted Spith et al''. As with the Spurr epoxy sample protocol, the
epoxy was polymerized at 65 °C overnight before cutting at room temperature'#>
144

Sucrose sample preparation protocols: Fibers were immersed in a 2M sucrose
solution. After soaking, the fibers were sandwiched between pieces of plastic and
filter paper to make handling the fragile material easier. Cryo-sectioning was
performed at -160 °C.

Water sample preparation protocols: The fibers were immersed in pure MQ
water. Similar to the sucrose sample preparation protocol, after immersion, the
samples were sandwiched between pieces of plastic and filter paper to make
handling the fragile material easier while sectioning in cryogenic conditions at -
160 °C.

Sulphur sample preparation protocol: Adapted from Lehmann et al.'#? and
Noguchi et al.!3, elemental Sulphur was used as embedding material. Sulphur
(0.75 g) was placed on a tray of aluminum foil at 170°C for 2 minutes until the
Sulphur became viscous and reddish-brown. This temperature was kept below
values reported in previous studies to minimize thermal degradation. At
temperatures above 159 °C, Ss-rings in elemental Sulphur open and form
diradicals, where the radicals then polymerize into long chains which increases
the viscosity'#. The Sulphur was then quenched in liquid nitrogen, where the
Sulphur becomes amorphous. The samples were then warmed in ambient
conditions for 2-4 minutes until it turned into a viscous state, where cellulose
fibers carefully could be pressed into the Sulphur using tweezers. The optimum
consistency for this step only lasted for about 10-30 seconds, after which the
amorphous Sulphur converts to a microcrystalline but still plastic, state. Once
embedded, the samples were cryo-sectioned at —160 °C.

All samples were cut into 150 nm thin sections, using a ultramicrotome Leica EM FC7. The
sections were transferred onto 100 nm-thick silicon nitride (SizN,) membranes and stored
at room temperature prior to STXM measurements.
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4.3 Synchrotron SAXS and WAXS

In Paper I-V, synchrotron based SAXS and/or WAXS was used. The experimental
parameters used in each paper are summarized in table 4.2.

Table 4.2. Experimental parameters used in the scanning SAXS/WAXS experiments in Paper I-V

Paper I Paper II Paper III Paper IV Paper V
Synchrotron SLS SLS SLS SLS MAXIV
Beamline cSAXS cSAXS cSAXS cSAXS ForMAX
X-ray Energy 11.2 keV 12.4 keV 12.4 keV 12.4 keV 12.7 keV
Beam Size (um) | 7.5x28 42x4 42x4 6x45 15x56
40x40
Scanning step | 10x25/ 40x10 /| 40x5 40x6 N/A
size (um) 40x40/ 40x5
60x60
SAXS Sample- | 2183 /2167 | 2171 N/A 2181 2144.8
to-Detector
distance (mm)
WAXS sample- | N/A 250 250 261 N/A
to- detector
distance (mm)
Exposure time | 100 60 60 100 300
(ms)

The scattering data was analyzed according to section 3.4.2, where the 2D scattering
patterns were azimuthally integrated in Ne angular segments and the orientation and degree
of orientation were analyzed in specific q-ranges according to Bunk et al'”. The number of
azimuthal segments and the gq-regions used the analysis is summarized in table 4.3
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Table 4.3. Number of azimuthal segments and g-regions used for the analysis in Paper I-V

Paper I Paper II Paper III Paper IV Paper V
Azimuthal 16 16 16 32 32
segments
q-regions 0.26-0.94 14.3-16.3 10.2-10.7 0.0446— N/A
analyzed 0.01-0.17 16.3-17.6 10.2-10.7 0.0991
(nm™) 0.31-0.84 0.145-0.623 0.253-1.2

0.21-0.90 15.1-16.5

0.22-1.89

0.25-0.29

0.86-0.89

0.17-0.2

1.91-1.94

4.4 Synchrotron STXM

In Paper VI, the STXM measurements were performed at the PolLux beamline at the Swiss
Light Source synchrotron (SLS). The X-ray beam was focused to >30nm by using a Fresnel
zone plate and the transmitted signal was detected by a photomultiplier tube (PMT),
coupled with a phosphor screen. A higher order suppressor'® was used to suppress higher
order light that distort the spectra. To collect the NEXAFS spectra, the energy was varied
from 280-350 eV with a step size of 0.1 eV around the absorption edge and 1 eV in the post-
edge region.

To analyze the data, the MATNIS analysis software was used!*%, to convert the transmission
signal to optical density according to equation 3.2. The incident X-ray flux was measured
in an empty region on the sample holder. To correct for thickness variations across the
sample, a normalization was performed by dividing with the post-edge measurement,
which is sensitive to changes of the electron density.

4.5 Tensile Testing

In this thesis, the mechanical testing of polyethylene materials was conducted using a
standard tensile test equipment Zwick Z010 Proline [ZwickRoell, Germany], equipped with
aload cell of 1 kN. The tests were performed with a loading rate of 100 mm/min and a gauge
length between the grips of 58 mm. Ten samples were measured for each material, and the
results were averaged to obtain the stress-strain curve.

The characterization of the cellulose-based materials in Paper III was performed by Giada
Lo Re using a single column Instron 5944 (Norwood, Massachusetts, USA) tensile micro
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tester with a load cell of 2 kN. The tests were performed with a loading rate of 15
mm/min using a gauge length between the grips of 30 mm. Five samples were measured
for each material composition.

4.6 Birefringence Microscopy

The retardance and angle of the optical fast axis was measured with a birefringence imaging
microscope (EXICOR MICROIMAGERTM, Hinds Instruments, Inc., OR) to investigate the
multilayered structure of injection molded HDPE. The setup used consisted of a linear
polarizer at 0°, a photo-elastic modulator (PEM) at 45°, a PEM at 0° and a linear polarizer at
45°. Due to the high level of birefringence, the phase unwrapping technology included in
the Hinds software was used, which combined measurements from four stroboscopic light
sources (LED, with wavelength 655 nm, 615 nm, 530 nm and 475 nm). The samples were
measured with a 10x objective in front of a 2048x2048 pixel 12-bit CCD camera resulting
in a spatial resolution of 0.5 um/pixel and a field of view of 1 mmx1 mm.
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Chapter 5 — Results and Discussion

5.1 Small- and Wide-angle X-ray scattering of
polymer packaging materials

The results shown in this section demonstrate how SAXS/WAXS can be used to investigate
the hierarchical structures of polymer packaging materials over multiple length scales. The
data presented is included in Paper I-V and the emphasis here is put on comparison between
the different materials and analysis approaches.

5.1.1 Scattering profiles of synthetic and cellulose-based polymers

Examples of a radial integrated SAXS and WAXS curves for synthetic low-density
polyethylene (LDPE), high density polyethylene (HDPE) and a cellulose-based dialcohol
cellulose (DALC) are shown in Figure 5.1. In the SAXS data of polyethylene (Figure 5.1a,
b) a broad peak at 0.3-0.4 nm! is clearly visible. This peak corresponds to a real space
distance of #16-21 nm, which is associated to the repeating distance d.c that includes one
amorphous and one crystalline layer. In the DALC sample, the SAXS curve has a small
shoulder at 0.5 nm™ that is much less pronounced compared to the peak in polyethylene
(Figure 5.1b). This peak can be associated with the average distance between cellulose fibrils
or microfibril bundles, as well as swelling of the cellulose fibrils 113 147. 148

Comparing the scattering of LDPE and HDPE, the SAXS peak position is found at a higher
q value around 0.4 nm!in LDPE compared to HDPE at around 0.3 nm™. This indicates that
lamellae distance dac is significantly smaller in LDPE, which is expected since increased
density of polyethylene is associated with increased lamellae thickness!*’ 1. To account for
this, different q-regions were used to evaluate the lamellae peak for the different samples,
where a g-region of 0.26 - 0.94 nm™' was used for the LDPE, a g-region of 0.145-0.623 nm-
' was used for the HDPE. When comparing the peak width, LDPE had a significantly wider
peak, which implies that there is a larger variety of da. present in the sample. This stems
from LDPE having more branching along the polymer chains, resulting in more disordered
lamellae and more irregular lamellae spacings. For HDPE, the scattering showed a second
much weaker peak around 0.8 nm™ which corresponds to a real space distance of ~ 8 nm.
This peak has not been studied further in this thesis, but plausibly the peak stems from
thickness contributions from either the crystalline or the amorphous layer.

In the WAXS regime, the peaks correspond to inter-molecular distances, where sharp peaks
correspond to molecular distances in the crystalline regions. In polyethylene (Figure 5.1c),
the peaks at 15.1 nm’!, 16.6 nm, 21.0 nm, 25.3 nm™ and 26.6 nm™ corresponds to the
(110)-, (200)-, (210)-, (020)- and (120)-planes respectively. Besides the sharp crystalline
peaks, a broad peak at ~14.8 nm'is visible which corresponds to the inter-molecular
distances in the amorphous region. In dialcohol cellulose, the crystalline peaks at 1.0 A,
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1.2A1,1.5A1,1.6 A*and 2.4 A correspond to the (1-10)-, (110)-, (102)-, (200)-, and (004)-
crystalline planes. Similarly to polyethylene, a broad cellulose has a broad peak from the
amorphous region, ~1.3 A1, The differentiation between the crystalline and amorphous
peaks is more clearly visible when performing a peak fit analysis, see section 5.1.3. When
comparing LDPE and HDPE, the crystalline WAXS peaks are notably more pronounced in
HDPE compared to LDPE, indicating a higher degree of crystallinity as expected from the
more linear polymer chains.

LDPE ‘ HDPE ‘ Dialcohol cellulose
a) a) b) c)
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Figure 5.1. Examples of SAXS and WAXS integrated intensities for LDPE (a, d), HDPE (b, e) and
dialcohol cellulose (c, f).

In Paper III, the cellulose-based materials investigated were a two-component system
consisting of dialcohol cellulose and EAA-polymer matrix. Figure 5.2 shows radially
integrated WAXS data from different compositions of fiber and cellulose, where the top
curve in light blue corresponds to 100% modified cellulose fibers, and the bottom dark blue
curve corresponds to 100% EAA. The samples that contained both dialcohol cellulose and
EAA, had scattering profiles that clearly showed contributions from both components. In
order to study the two components separately, two regions were identified where only one
of the components had scattering signal, q=10.2-10.7 nm which was the (110)-peak in
cellulose marked in green and q=24.8-25.9 nm™ corresponding to the (020)-peak in EAA
marked in blue. These regions were used when analyzing the scanning WAXS-data, see
section 5.2.5.
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Figure 5.2. WAXS results showing integrated intensity as a function of scattering vector q for EAA, fiber
composites and modified cellulose. The integrated data is averaged over all scattering angles. The green
region of 10.2-10.7 nm™! and blue region of 24.8-25.9 nm! indicates the regions that were used to analyze
the cellulose (110)-peak and the EAA (020)-peak respectively.

5.1.2 Peak fitting small angle X-ray scattering

To get more information from the small angle scattering data, either a model-free or model-
based peak fitting approach can be used. A model-free approach was taken in Paper I, Paper
II, and Paper IV. The power law decay before- and after the peak was approximated by a
negative exponential and subtracted from the data. The remaining signal was approximated
with a Gaussian function, from which the peak position, width, and amplitude were
obtained. An example of this peak fitting procedure from low density polyethylene is shown

in Figure 5.3.
0 Data
| — Total fit |
50 — Exponential part
— Gaussian part

~
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T
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Figure 5.3. Example of peak fitting procedure. The fit consists of a negative exponential and a Gaussian
peak.
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In Paper V, a model-based approach was used to fit the integrated SAXS curves on a
commercial paper-based material. The Wood-SAS model was used, and the results are
shown in Figure (5.4). The key fitting parameters extracted from the model include the
cylinder scaling factor (A), the fibril diameter (2R), and the center-to-center distance
between fibrils. When decreasing the relative humidity, a decrease in the microfibril
packing distance and cylinder scaling factor was observed, due to that water withdraws
from the space between the microfibrils. This trend aligns with previous reports on natural
wood . However, the degree of structural response in the commercial paper material was
notably more pronounced than that typically seen in intact wood. In our samples, the fibril
diameter decreased by 23% from 2.26 nm at 95% RH to 1.74 nm at 0% RH, while the center-
to-center distance between fibrils decreased by 64%, from 6.6 nm to 2.4 nm. For
comparison, literature reports on wood indicate corresponding changes of only 2-7.4% in
fibril diameter and 22-31% in fibril spacing over similar RH ranges'3. This amplified
response in the paper material likely arises from its inherently reduced structural integrity
compared to native wood. Paper fibers, once separated and processed, are less tightly bound
and have more accessible internal surfaces. Additionally, the lack of lignin and reduced
hemicellulose content in processed paper may increase its susceptibility to moisture-
induced changes. Consequently, water can penetrate and leave the interfibrillar regions
more easily, resulting in more significant structural rearrangements upon drying.

The benefits of using a model-based approach compared to a model-free approach are that
more information can be obtained and that the model parameters have direct physical
meaning, which provides more straightforward interpretations. For instance, in the
cellulose-based materials, the shoulder seen in SAXS contains information on both the fibril
diameter and the distance between fibrils, and just extracting the peak position, width and
amplitude is not enough to resolve the two contributions. However, a drawback of model-
based analysis is that it relies on assumptions about the sample structure and morphology.
If these underlying assumptions are wrong, the resulting parameters may be misleading,
even if the fit appears good. Furthermore, in the model-based approach there is a risk of
having correlated parameters, and that different fitting parameters provide similar fits. A
benefit of using a model-free approach is that it is much simpler, and it can be automated
to analyze many scattering patterns. This is particularly useful when performing scanning
SAXS where thousands of scattering images can be collected for each sample.
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Figure 5.4. Small Angle scattering data as well as fitting results from the WoodSAS model at different
levels of equilibrated relative humidity.

5.1.3 Peak fitting WAXS

Peak fitting of the WAXS-data was performed in Paper I, II and IV. An example for peak
fitting in WAXS of low-density polyethylene is shown in Figure 5.5 a) and of dialcohol
cellulose is shown in Figure 5.5 b). For both polyethylene and dialcohol cellulose, a
deconvolution approach was used, where both crystalline and amorphous peaks were fitted
individually by Gaussian functions. In the case of polyethylene, there were smaller overlaps
of the peaks compared to dialcohol cellulose, making it easier to perform the fitting.
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Figure 5.5. Peak fitting of WAXS data for a) polyethylene and b) dialcohol cellulose.

5.1.4 Comparing dialcohol cellulose derived from wheat and wood pulp

In this thesis, the dialcohol cellulose studied in Paper III and IV were derived from wood
pulp. However, dialcohol cellulose can be derived from other lignocellulosic sources as well,
such as wheat straw. Initial scattering experiments have been performed to evaluate
structural differences between dialcohol cellulose derived from wood pulp and wheat, see
Figure 5.6. The samples derived from wheat-straw display a noticeably higher scattered
intensity in the low q region compared to the wood derived samples. The scattering
intensity in this range scales with specific surface area of internal interfaces, and we

41



hypothesize that the scattering increase at low q observed in the wheat-derived sample
stems from fractures, cracks and voids when preparing the samples. Furthermore, in the
wheat-derived samples, the SAXS peak that is associated with distance between microfibrils
was shifted to higher g-values, indicating a smaller fibril spacing.

From the WAXS, all crystalline peaks were weaker in intensity in the wheat-derived sample
compared to the wood pulp reference. This shows that the wheat-derived sample has a
lower degree of crystallinity, which affects the mechanical performance of the material.
Furthermore, looking closely at the (200)-peak, a slight shift of the peak position is observed
towards lower q in the wheat derived sample. This could be an effect from lattice strains,
resulting in a slightly larger unit cell.
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Figure 5.6. SAXS and WAXS results from wheat-derived and wood-pulp derived dialcohol cellulose.

5.2 Using scanning SAXS and WAXS to study
process induced polymer morphology

Scanning X-ray scattering techniques were used to evaluate how structures changed across
extended areas of the sample in both synthetic and cellulose based packaging materials.

5.2.1 Comparing injection molded polyethylene and cellulose-based samples

In this thesis, the use of scanning-based techniques has been particularly useful for injection
molded samples, since they display a similar multilayered morphology both for
polyethylene based and cellulose based materials, studied in Paper I, Paper II, Paper III and
Paper IV (Figure 5.7). The degree of orientation for all samples was highest close to the edge
of the sample, whereas a low degree of orientation could be found close to the center of the
sample. The multilayered structure is a consequence of the fountain flow of the injection
molding process, where high shear close to the edge induces orientation of the polymer
chains and fast cooling from the cold mold freezes the structures in place. Figure 5.7a-b
show degree of orientation values of the scattering peak for SAXS of LDPE and HDPE
respectively, where the peak corresponds to the center-to-center distance of the crystalline
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lamellae. The different materials were prepared with different process settings, making it
difficult to compare absolute values of the degree of orientation, both between polyethylene
and dialcohol cellulose, as well as between HDPE and LDPE. Thus, only qualitative
comparison can be done in between the different materials studied within this thesis.
Furthermore, the different materials are composed of different hierarchical structures,
where the degree of orientation is highly affected by the form of the structures.

Comparing the degree of orientation in WAXS between HDPE and the dialcohol cellulose
materials, HDPE gives rise to significantly higher degree of orientation values and sharper
transitions between the different layers (Figure 5.7c-e). This is hypothesized to be a result
of the well-defined hierarchical structures polyethylene can form. Above a certain
threshold value of shear rate cooling rate and pressure, polyethylene is transitioned from a
spherulite to a shish-kebab microstructure causing a drastic change of the scattering signal,
as discussed in detail in Paper II. Cellulose, on the other hand, cannot form such structures
due to more intrinsic disorder built into the polymer chains, resulting in less long-range
order and an overall lower degree of orientation. Crystalline parts of cellulose have been
reported to consist of roughly 15-30 cellulose chains which correspond to crystalline
regions of 2-4 nm®''33, This is considerably smaller than the crystalline regions of
polyethylene, where typical sizes of the crystalline lamellae are around 10 nm thick and 1-

50 um long'"* 1%,
LDPE SAXS HDPE SAXS HDPE WAXS DALC+EAA WAXS DALC WAXS
o o -
I I 0.25 0.1 l
0 1mm 0.2 mm O 2mm
0 0 0 0

Figure 5.7. Degree of orientation calculated for a-b) SAXS long distance peak of LDPE, c-d) SAXS long
distance peak of HDPE, e) WAXS (110)-peak of HDPE and f) WAXS (110)-peak of cellulose in an EAA
polymer matrix. The SAXS results are taken from two perpendicular planes, MD-TD and CD-TD
respectively.

5.2.2 Injection molded low density polyethylene
The multilayered morphology of injection molded LDPE was investigated in more detail in
Paper I. The symmetric intensity, degree of orientation, and long-period spacing profiles
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were compared together with selected 2D SAXS patterns, see Figure 5.8. From this analysis,
four distinct layers could be identified and characterized according to points A1-4 and B1-
4.

In layer 1, located near the mold wall, scattering patterns in both MD-TD and CD-TD
planes revealed sharp vertical streaks and in MD-TD, a two-point pattern could be observed
in the 2D SAXS pattern. This scattering pattern corresponds to a shish-kebab
microstructure. The extracted long-period spacing in this region (from the MD-TD plane)
was ~11.3 nm. Layer 2 was distinguishable from Layer 1 by a reduction in the vertical streak
intensity and an increase in the lamellar two-point pattern. This indicates a decrease in
shish content. The long period in this region was significantly larger compared to layer 1 at
712.4 nm. Differences between the two layers were evident in low-q data, while the g-
range of 0.26-0.94 nm™ showed similar degree of orientation values. Layer 3 exhibited
scattering patterns with slight anisotropy in the MD-TD plane and isotropy in the CD-TD
plane, consistent with elongated spherulites oriented in the flow direction. The extracted
long-period spacing was “11.1 nm. These features align with microstructural models
proposed by Katti and Schultz!?, where lamellae of elongated spherulites are preferentially
oriented perpendicular to the flow. Layer 4 displayed nearly isotropic scattering in both the
CD-TD and MD-TD planes, and similar long-period spacing (711.1 nm), indicating
randomly oriented, symmetric spherulitic morphology.
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Figure 5.8. Symmetric intensity, degree of orientation and calculated long period from the center of the
plate for cross sections of medium viscosity LDPE, perpendicular (CD-TD plane) and parallel (MD-TD
plane) to the flow (a), as well as scattering patterns from selected points A1-4 and B1-4 along the plate
thickness (b). Note that the scale of the color bar differs between MD-TD and CD-TD, as the intensity
and degree of orientation, respectively, differ significantly. Blue represents masked areas outside the
sample.

5.2.3 Injection molded high density polyethylene

In Paper II, we show that high density polyethylene has a more complex morphology
compared to low density polyethylene, where five distinct layers were present (Figure 5.9).
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The more complex morphology in HDPE compared to LDPE is believed to be a consequence
of less branching of the chains, making HDPE more prone to form highly ordered
crystalline structures. To define the five layers, 2D SAXS patterns were combined with 2D
WAXS patterns to obtain more in-depth information on the hierarchical structures.
Interestingly, a clear difference in the WAXS 2D scattering patterns was observed between
layer 1 and layer 2, closest to the edge of the sample. In layer 1, the WAXS 2D pattern has
four maxima scattered as a cross along the horizontal plane in the (110) crystal plane, two
maxima along the vertical plane in the (200) crystal plane, and two broad maxima along the
horizontal plane in the (020) crystal plane. This is a typical WAXS pattern for shish-kebab
with twisted lamellae, as indicated by the structure in Figure 5.9b%%. In layer 2, the
vertical streak in the SAXS signal is less pronounced, whereas the two-point pattern is more
intense, indicating less shish-structures present in the sample and more growth of the
crystalline lamellae. In WAXS, the crystal (110)-, (200)-, and (020)-planes are aligned in the
vertical direction. These are typical characteristics for shish-kebab with untwisted lamellae.
In order to reveal the type of shish-kebab structure present, a combination of SAXS and
WAXS 2D patterns must be used.
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Figure 5.9. Scanning SAXS and WAXS 2D scattering patterns in five different positions (left) and
orientation + asymmetric intensity (right top) of cross-sections from samples produced with process
settings High 85% as well as idealized scattering patterns of polyethylene in MD-TD direction (right
bottom). The idealized scattering patterns correspond from left to right a) shish-kebab with untwisted
lamellae b) shish-kebab with twisted lamellae, c) elongated spherulites and d) symmetrical spherulites.
In the orientation + asymmetric intensity plots as well as in the idealized scattering patterns, the hue
represents the scattering orientation, and the value shows the asymmetric intensity. The white profiles
in the orientation + asymmetric intensity plots show the asymmetric intensity through the thickness.
The crosses in the orientation + asymmetric intensity plots indicate the position of the 2D scattering
patterns (1-5). The scattering patterns reveal shish-kebab with twisted lamellae (Keller-Machine Type
I) in layer 1, shish-kebab with untwisted lamellae (Keller-Machine Type II) in layer 2, a highly oriented
crystalline morphology in layer 3, elongated spherulites in layer 4, and symmetrical spherulites in layer
5.Type I) in layer 1, shish-kebab with untwisted lamellae (Keller-Machine Type II) in layer 2, a highly
oriented crystalline morphology in layer 3, elongated spherulites in layer 4, and symmetrical spherulites
in layer 5.

5.2.4 Correlating structures with material and processing in polyethylene

To further evaluate and compare how choice of material, distance to injection gate and
process settings impacts the multilayered morphology, the scattering signal of scanning
SAXS and WAXS was evaluated throughout the thickness of injection molded plates (Figure
5.10). By utilizing the highly focused beam and high flux provided at the synchrotron, small
differences of the layered morphology could be evaluated.
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In LDPE, the focus was evaluating differences of varying viscosities of the polymer, and in
position of the plate. Figure 5.10a shows that medium viscosity LDPE on average exhibit a
higher degree of orientation than low viscosity LDPE. It was also seen that the distance
between the injection gate and the measuring point had high impact on the structures
formed, where a higher degree of orientation was found closest to the inlet of the mold
(position 1).

LDPE Degree of Orientation SAXS MD-TD HDPE Degree of Orientation WAXS (100) MD-TD
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Figure 5.10. Degree of orientation calculated along a line through the thickness of a) SAXS of LDPE with
varying viscosities and positions of the injection molded plate and b) HDPEs produces with different
process settings.

For HDPE the influence of different processing settings was evaluated, where both
difference in injection speed (high and low) and difference in the volume/pressure (V/P)
switchover point was varied. The V/P switchover point is defined as the transition between
the injection- and packing phase according to Figure 2.6, and in this study, we investigate
samples where the switchover point occurred at either 85% or 99% filing of the cavity
volume. Figure 5.10b shows that the V/P switchover point has a more significant influence
on the layered morphology than the injection speed, in particular in the highly oriented
layers close to the injection mold.

The difference between low and medium viscosity LDPE was further compared by using
the 1D correlation function analysis described in section 3.4.3, to calculate the crystallinity
and lamellae thickness (Figure 5.11). The results showed that the skin layers consisting of
shish-kebab structures had a significantly higher degree of crystallinity as well as a higher
lamellae thickness compared to the shear- and bulk layers, for both low and medium
viscosity LDPE. Overall, the medium viscosity LDPE had slightly thicker lamellae
compared to low viscosity LDPE. When investigating the effect of the positions within the
injection molded plate, no statistically significant difference could be found in lamellae
thickness between the different positions, despite the differences observed in the degree of

orientation (Figure 5.10 a).
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Figure 5.11. Crystallinity (a) and lamellae thickness (b) calculated for low and medium viscosity
polyethylene for different layers across the thickness as well as different positions of the injection molded
plate.

In the case of HDPE, the different processing settings were further compared by spatially
resolving the d-spacing obtained from peak fitting of Lorentz corrected SAXS radially
integrated curves, according to Figure 5.3. The peak position corresponds to the average
lamellae spacing, which is the distance d.c that includes one crystalline and one amorphous
layer and the results are shown in Figure 5.12. The peak fit revealed that in layer 2,
consisting of shish-kebab with untwisted lamellae, as well as in layer 5, consisting of
symmetric spherulites, the lamellae spacing was significantly larger for low injection speed
compared to the high injection speed. Furthermore, the lamellae spacing was larger for
samples prepared with the 99% V/P switch-over point compared to the 85% V/P-switch-
over point.

Low 85% High 85%

— High 85%
— Low99 %

(nm)
18
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Figure 5.12. Peak fitting from SAXS data in MD-TD plane of a sample produced with process setting
High 85% (a), Low 85% (b), High 99% (c), and Low 99% (d), where the d-spacing from the 2m/peak
position is shown. Figure 5.12 e) show how the peak position that was found through peak fitting varied
through the thickness for the process settings High 85% and Low 99%.
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5.2.5 Correlating structures with material and processing in dialcohol cellulose

Dialcohol cellulose was studied either as a part of a composite with EAA (Paper III) or as a
pure material (Paper IV). Figure 5.13 shows the spatially resolved WAXS symmetric
scattering intensity and degree of orientation of the dialcohol cellulose and EAA composites
containing 10 wt.%, 30 wt.% and 50 wt.% DALC fibers. The scattering intensity of the (020)
diffraction peak of EAA and the (110) diffraction peak of cellulose, (Figure 5.13a-f), were
used to analyze the distribution of cellulose fibers across the injection molded samples,
according to Figure 5.2. For all fiber compositions, the symmetric intensity shows a
homogeneous profile across the sample cross-section, with no indication of a layered
structure. This suggests that the cellulose is well dispersed and uniformly distributed in the
EAA matrix.

In contrast, the degree of orientation plots (Figure 5.13g-1) show a layered structure with
increased degree of orientation close to the edges, in particular for the EAA peak, as
expected from the injection molding process. Analysis of the EAA (020) peak (Figure 5.13a—
c) shows that samples with lower cellulose content exhibit a higher degree of orientation.
This trend is consistent with a strong interaction between EAA and the modified cellulose,
which restricts EAA chain mobility and hinders its ability to form oriented structures.
Notably, the oriented shear layers near the sample edges are broader when the fiber
concentration is low, further indicating that cellulose disrupts the EAA ordering.

The degree of orientation calculations for the cellulose (110)-peak (Figure 5.13d-f) show
the opposite trend where the cellulose has a higher degree of orientation in samples with
high amounts of cellulose. This suggests that cellulose can more easily form ordered
structures at high concentration, likely due to increased viscosity and stronger shear forces
during molding. This result is also in line with a strong interaction between EAA and
modified cellulose, which on one hand hinders the EAA orientation, on the other hand at
low EAA concentration it serves just as a plasticizer, allowing the modified cellulose to align
more easily in the direction of the flow (under stronger shear forces). Figure 5.131 shows
that at high fiber concentrations, there is a high degree of orientation of the cellulose
through most of the sample, except for a thin unoriented core layer.
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Figure 5.13. Scanning WAXS intensities of 10% Fiber 38-90% EAA, 30% Fiber 38-70% EAA and 50%
Fiber 38-50% EAA, a—c) symmetric intensity of the EAA (020)-peak, d—f) symmetric intensity of the
cellulose (110)-peak, g-i) degree of orientation calculated for the EAA (020)-peak, j-1) degree of
orientation calculated for the cellulose (110)-peak

In addition, fiber composites with 30% EAA and 70% fiber were measured with scanning
WAXS for fibers with three different degrees of modifications (DOM) (Fiber 32, Fiber 46
and Fiber 55) to investigate how the degree of modification influences homogeneity and
degree of orientation, as shown in Figure 5.14. For all samples, the intensity showed a
homogeneous distribution of cellulose across each sample cross-section (Figure 5.14a—f),
indicating that the mixing is not affected by the degree of modification of the cellulose.
The degree of orientation calculations for EAA peak (Figure 5.14g—i) show a similar
degree of orientation profile across the set of samples investigated. This indicates that the
modification of cellulose has a little influence of the degree of orientation of the EAA.
The right side of the 70% Fiber 32-30% EAA sample was deformed during the sample
preparation, causing deviating results. Degree of orientation plots for the cellulose peak
(Figure 5.14j-1) show that the degree of orientation of cellulose is higher when the degree
of modification is low. This implies that the orientation of the cellulose is lost as the
material is modified.
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Figure 5.14. Results from scanning WAXS measurements of 70% Fiber 32-30% EAA, 70% Fiber 46-30%
EAA and 70% Fiber 55-30% EAA showing a—c) symmetric intensity of the EAA (020)-peak, d-f)
symmetric intensity calculated for the cellulose (110)-peak, g-i) degree of orientation calculated for the
EAA (020)-peak, j-1) degree of orientation calculated for the cellulose (110)-peak
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In injection molded pure dialcohol cellulose, similar profiles of the degree of orientation
are found. Results for two different degrees of modifications (44% and 51%) are shown in
Figure 5.15. Similar to the composite material, a higher degree of orientation is found in
samples where the degree of modification is low. To investigate the role of water during
processing, samples were prepared with two different initial water contents (30 wt.% and
40 wt.%) prior to compounding, which correspond to samples S3, S4, S6 and S7 according
to Figure 4.1. For 44% DOM, the shear layer observed was thicker and the bulk layer had a
higher degree of orientation when having 40 wt.% water content (Figure 5.15a, b)
compared to 30 wt.% water content (Figure 5.15e, f). The higher initial water content is
expected to lower the viscosity of the material, which will allow for an increased alignment
within the flow direction during the injection molding.

The orientation effects observed as a function of both the degree of modification and initial
water content prior to compounding can further be attributed to the effect of fiber breakage.
Cellulose fibers are susceptible to breakage both during chemical modification to DALC and
during processing steps such as compounding and injection molding. In samples with longer
intact fibers, it is expected that the material responds more effectively to shear forces by
aligning with the flow, while shorter fragments are expected to be more randomly oriented.
Our results indicate that a low degree of modification, as well as having a high initial water
content, plays a crucial role in mitigating damage to the fibers. This is also indicated by
having the sample with the lowest degree of modification and highest water content
resulting in the highest fibril alignment with the flow (Figure 5.15a-b).

44% DOM 51% DOM

0.2 mm [IE b)

Figure 5.15 Scanning WAXS of the 200-peak showing degree of orientation and asymmetric scattering
maps of samples with different initial water contents (30 wt.% and 40 wt.%) and different degrees of
modification (41% and 51%) corresponding to samples S3, S4, S6 and S7.
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By using SAXS data, the effect of initial water content was further evaluated. Examples of
radially integrated SAXS curves taken from the center of each sample are shown in Figure
5.16. The results show that the SAXS peak around 0.05 A is more pronounced in the 51%
degree of modification compared to 44% degree of modification. This could be due to the
core-shell structure visualized in Figure 2.4, since previous work has shown that core-shell
structure can lead to increased moisture sorption'™” '8, which typically gives a more
pronounced peak in SAXS'3. By using the peak fitting approach described in section 5.1.2,
it was further revealed that for 51% DOM samples prepared with a higher water content of
40 wt.% water prior to compounding exhibited a SAXS peak that was shifted to lower q
compared to the 30 wt.% water. The shift corresponded in real space to an average distance
of 12.3 nm for 40 wt.% water compared to 12.0 nm for 30 wt.% water. This indicates that
the presence of additional water during early processing stages causes irreversible swelling
of the fibril network. This structural effect remained visible even after the final injection
molding step, demonstrating that small differences in water content at the start of
processing can have lasting consequences on the final material structure.

——44% DM 40 wt.% H,0

———44% DM 30 wt.% H,0

\ §1% DM 40 wt.% H,0
—51% DM 30 wt.% H,0

Intensity(a.u)

102 TS
qlAT]
Figure 5.16. SAXS curves from the center of the samples with 44% and 51% degree of modification and
30 wt.% and 40 wt.% initial water content.

In a similar way, the influence of a drying and rehydration step prior to injection molding
was investigated for pure dialcohol cellulose, corresponding to samples S4, S5, S7 and S8
according to Figure 4.1. Figure 5.17 show that samples processed without this intermediate
drying step had more homogeneous fibril orientation profiles without a clear difference
between the shear and bulk regions and where the main orientation was in the direction of
the injection flow (Figure 5.17a-d). In contrast, the inclusion of a drying and rehydration
step resulted in more random fibril orientations, in particular in the center of the injection
molded plate. The results show that the inclusion of a drying and rehydration step
significantly changes the fibril alignment during the following injection molding process.
Furthermore, it was found that the degree of orientation and fibril center-to-center distance
were decreased for samples with the additional drying and rehydration. One plausible
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explanation is that the drying step causes partial compaction of fibrils. This can lead to a
denser packing that is not fully reversed upon rehydration, which suggests irreversible
structural rearrangements at the nanoscale.

44% DOM 51% DOM
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No drying and
rehumidifcation
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Figure 5.17. Scanning WAXS of the 200-peak showing degree of orientation and asymmetric scattering
maps of samples with different initial water contents (30 wt.% and 40 wt.%) and different degrees of
modification (41% and 51%) corresponding to samples S3, 54, S6 and S7.

5.2.6 Using scanning SAXS for commercially available packaging products

The injection molded samples produced for papers I-IV had a relatively simple geometry.
However, in real packaging applications the products often have far more complex shapes,
resulting in varying local processing conditions. Figure 5.18 shows results from a scanning
SAXS measurement of a commercially available opening device made from medium
viscosity LDPE studied in Paper I. Figure 5.18a shows an image of the opening device,
where the red square indicates the sampling position. From the larger sample, a thin section
was taken according to the red dashed line and measured in the through-thickness
direction.

Figure 5.18b shows the average scattering orientation through the thickness over a larger
area. It was determined that the average scattering direction varied from the top left corner
(blue) to the bottom right corner (red), indicating a shifting orientation of the polymer
structures. Furthermore, a region with deviating orientation was observed next to the
screw thread (cyan). This is most likely a consequence of the screw thread changing the
flow pattern, and consequently the average orientation of the polymer. In the through-
thickness direction, Figure 5.18c, a layered structure was observed with the main scattering
orientation in the vertical direction. In some parts of the sample, a skin layer was observed
with main scattering in the horizontal orientation (red), where the scattering 2D patterns
confirmed a shish-kebab microstructure.
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Overall, the results highlight local polymer structures and orientations formed due to the
intricate flow profile during injection molding in more complex shapes. Identifying regions
with deviating orientations is of importance since it can be used to identify regions with
varying mechanical performance that are more prone to breakage. Furthermore, the
scattering can be used to identify if shish-kebab structures are present which has been
reported to highly increase the mechanical performance in the direction of the fibril-like
Shish33, 159, 160

Figure 5.18. Scanning SAXS of a commercially available opening device made from pigmented medium
viscosity LDPE.

5.2.7 Correlating structures with changing environment in commercial paper of drinking straw
In Paper V, scanning SAXS was employed to investigate how exposure to different liquid
compositions influences the nanostructure of a commercial paper-based material used for
paper drinking straws. Spatially resolved measurements were conducted across the soaking
front after partial immersion of the samples in either water or orange juice (Figure 5.19).
The SAXS data revealed that the degree of fibrillar swelling varied markedly depending on
the liquid. When exposed to water, the scattering peak exhibited a pronounced shift,
indicating a rapid and significant increase in the center-to-center distance between
microfibrils. This behavior is consistent with strong water absorption and fibrillar
separation. In contrast, immersion in orange juice led to a smaller peak shift and a more
gradual change in intensity, suggesting a more limited and slower swelling process. These
results highlight the sensitivity of cellulose nanostructures to the surrounding liquid
environment, which is key in the paper straw application.
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Figure 5.19. Spatially resolved SAXS measurements over the soaking front for samples immersed in
either water or orange juice.

5.3 Combining scattering data with complementary
methods

In the thesis, emphasis was put on how scanning SAXS and WAXS can be combined with
complementary techniques to further understand the hierarchical structures of injection
molded polymers. A summary with a few selected examples will be described in the section
below, where more examples can be found in Paper I, Paper II, Paper III and Paper V
including mechanical testing (Paper I and Paper III), birefringence measurements (Paper
IT), light optical microscopy (Paper II), DSC (Paper I and III), computational simulations
(Paper I and II) and DVS (Paper V).

5.3.1 Mechanical Testing

Tensile testing was used to correlate the morphology to mechanical performance of the
material. Stress-strain curves from the different viscosities of LDPE are shown in Figure
5.20, where orange curves correspond to low viscosity LDPE, blue curves correspond to
medium viscosity LDPE and dots and crosses indicate the breakpoints for the 10 samples
measured. Both low- and medium viscosity LDPE showed a higher ultimate strength in the
machine direction (MD) compared to the cross direction (CD). The difference in material
strength between MD and CD originates from the orientation of the highly oriented shish-
kebab and elongated spherulite microstructures in the skin and shear layers of the sample,
which were identified using scanning SAXS (Figure 5.8). The shish-kebab structure
improves the tensile strength in the direction of the fibril-like shish structure® '**'®, which
explains the higher ultimate strength measured in MD. Compared to low viscosity LDPE,
medium viscosity LDPE had a thicker skin layer as well as a more oriented and thicker shear
layers, as shown in Figure 5.10a. The increased tensile strength and stiffness observed in
medium viscosity LDPE compared to low viscosity LDPE can be explained by the difference
in thickness of highly oriented layers.
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Figure 5.20 Stress Strain curves of LDPE with low (LV)- and medium viscosity (MV).

The structural morphology was further connected to the mechanical performance by
measuring the deformed samples after tensile testing post-mortem with scanning SAXS
(Figure 5.21). Measurements were performed for samples deformed in CD (Figure 5.21a-c)
and MD (Figure 5.21d-f) both in top view where the average structure through all layers
was measured and with side view where the structure of each layer was evaluated
separately. The colors in the Figure 5.21 correspond to the preferred scattering direction
where blue color indicates horizontally aligned scattering and red indicates vertically
aligned scattering. In the CD direction, the dogbone sample showed clear necking, unlike
the MD-deformed sample (Figure 5.21g). As a result, a larger region was selected for SAXS
analysis in CD than in MD.

In the CD deformed sample, the undeformed region at the top shows horizontally aligned
patterns (blue hue), indicating orientation along the flow direction. In contrast, after
deformation, the lower part of the sample exhibits vertically aligned scattering patterns (red
hue), which indicates that fibrillar structures reoriented along the tensile direction. In side
view, the CD deformed samples further show that the orientation of the skin layer that
consists of shish-kebab structures remains intact upon deformation, whereas the shear and
bulk layers change their orientation upon deformation (Figure 5.21b). Furthermore, in the
deformed region, the degree of orientation increases in the shear and bulk layers and the
contrast between them decreases (Figure 5.21c). Thus, after deformation, the two layers
have a similar microstructure, presumably consisting of fibrillar structures in the direction
of the stress applied. These observations agree well with the results published by Guo et
al'®! where crystalline segments, formed by slip of lamellae, beyond the yield point, reorient
into the direction of the deformation. This is in agreement with previous work by Dashan
et al* where it was hypothesized that the strong shish-kebab structure sustains most of the
tensile forces, until cracks are formed in the skin layer, breaking the structure promptly.
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Figure 5.21. Scanning SAXS of a medium viscosity LDPE dogbone deformed in CD (a-c) and in MD (d-
f), respectively. Asymmetric intensity plot in top view (a, d) and in side view (b, e) as well as degree of
orientation in side view (c, f). Note the different scaling in the degree of orientation maps. For

=)

6

=

4

=

2

o

)IﬂI
|

2mm

asymmetric intensity plots the hue corresponds to the orientation angle of the scattering, whereas the
asymmetric scattering corresponds to the value of the color. Figure 5.21g shows photographs of the
dogbone shaped samples deformed in CD (left) and MD (right). The black rectangles (g) indicate the
regions that were measured with scanning SAXS top view (a, d).

A peak fitting analysis of the main SAXS peak was performed on the deformed sample in
CD direction to evaluate how the distance dic of one crystalline and one amorphous layer
varied across the samples (Figure 5.22). The undeformed part of the sample at the top (blue
position) had a narrower peak width, indicating a low dispersity, and a larger distance dac
compared to the deformed parts of the sample.

Moving towards the fracture surface, a combination of decreased peak intensity, broadening
of the peak and decrease of the distance d.c was observed. This suggests that when
deformation starts, large structures are first disrupted to create new smaller structures. Even
closer to the fracture position (yellow and purple position) the peak width starts to decrease
again, and the long period further decreases. This indicates that increasing amounts of the
large structures are disrupted, giving rise to structures with smaller relatively defined long-
distance spacing.

In addition, the radially integrated data (Figure 5.22e) shows that the peak intensity
consistently decreases closer to the fracture position, consistent with having a decreasing
amount of crystalline structures present. Thus, our results suggest that when the sample is
being deformed in CD, large structures break apart into smaller structures simultaneously
as they reorient in the direction of the applied stress.
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Figure 5.22. Results from peak fitting of scanning SAXS data of medium viscosity dogbones deformed in
CD (a-d) as well as azimuthally integrated data for some selected points (e). (a) and (b) show the
calculated full width at half maximum of the peak across the top view and side view sample respectively,
whereas (c) and (d) show the 2*r/(peak position), corresponding to the length of the full-period d-
spacing.

5.3.2 Birefringence Microscopy

High density polyethylene produced with different process settings was studied using both
birefringence microscopy (Figure 5.23) and scanning SAXS/WAXS (Figure 5.24) to further
evaluate how process conditions influence the layered morphology. Differences between
the process settings were observed both in the skin and in the shear layers.

As previously described, the skin layers consist of shish-kebab structures. In contrast to the
birefringence and SAXS data, WAXS data is needed to resolve if the shish-kebab structures
have twisted or untwisted lamellae. By having access to the WAXS data, an indication of
thicker shish-kebab layer with untwisted lamellae (layer 2) was observed for the settings
using a V/P switch-over point of Low 85% compared to 99%, seen with the yellow/orange
(upper) and purple (lower) color in the WAXS (200) asymmetric intensity in MD-TD
(Figure 5.24a, e in comparison with Figure 5.24c, g).

The main difference observed between process settings was the presence of the thick layer
of highly oriented crystalline morphology, which can be seen as red layers both in the
birefringence and in the SAXS CD-TD data. This layer was present in the samples produced

58



with 85% V/P switch-over point (Figure 5.23a, c and 5.24 b, f), while not being present at
all in the samples produced with 99% switch-over point (Figure 5.23b, d and 5.24d, h). The
thickness of this highly oriented crystalline morphology layer was different in the upper-
and lower part of the sample, which most likely originated from the different mold
materials in the two mold halves, giving rise to different cooling rates on the two sides of
the cavity.

Low 85% Low 99%

Figure 5.23. The angle of fast axis measured with birefringence microscopy for a) HDPE High 85%, b)
HDPE High 99%, c) HDPE Low 85%, and d) HDPE Low 99%.

High 85% High 99%

Low 85% Low 99%

I — = e
I l

Figure 5.24. Scanning SAXS and WAXS (200) orientation + asymmetric intensity through the thickness
of cross-sections from samples produced with varying process settings. Cross-sections to the left of each
pair (a, ¢, e, and g) represent WAXS (200) MD-TD and cross-sections to the right of each pair (b, d, f,
and h) represent SAXS CD-TD.

0.1 mm

Overall, a good agreement was found between SAXS and birefringence results. Correlating
scattering results with birefringence is of importance from an industrial point of view since
birefringence microscopy is more available and requires less data analysis compared to
scanning SAXS and WAXS. Furthermore, birefringence measurements provide higher
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spatial resolution, allowing resolution of finer layers. However, the birefringence
measurements by themselves do not provide enough information to define the hierarchical
structures present, making the two techniques complementary to each other.

5.3.3 Computational simulations

In Paper I-II, computational simulations were combined with the scattering data to gain
insights on the formation of hierarchical structures in polyethylene. The simulations
presented in this chapter were performed by Renan Melhado Mazza. My contributions
were to be deeply involved in the interpretation of the simulation results and linking the
computational results to the experimental data.

In Paper I, the scattering data from LDPE was compared to finite element simulations,
where the temperature- and shear profiles over time were simulated for low- and medium
viscosity LDPE (Figure 5.25). The formation of different hierarchical structures through the
thickness can be correlated to the shear and temperature profiles in different steps of the
injection process. The blue temperature region represents polymer temperatures below 120
°C, allowing for comparison between crystallization under quiescent conditions at 100 °C
and flow-induced crystallization at higher temperatures under shear!¢.

As shown by the temperature profiles, the skin layers (corresponding to positions Al, A2,
B1, and B2 in Figure 5.8) are formed almost immediately when the flow reaches the cold
mold. The cooling rate is very high, causing the polymers to solidify almost instantaneously
while having high shear stresses. This induces high orientation in the polymer, providing
the right conditions to form the fiber-like core in the shish-kebab structures, as identified
by the scattering data. Furthermore, the induced orientation is believed to contribute to the
higher crystallinity and thicker lamellae observed in the 1D correlation function analysis
(Figure 5.11).

In the shear layer, (Figure 5.8 positions A3 and B3), the temperature is increased due to
friction from increased shear forces in the injection phase. Thus, this layer will not
crystallize until the packing phase, where the shear rate is lower. Consequently, a lower
degree of orientation is expected compared to skin layers 1 and 2. This agrees with the
scattering data, which shows that these layers consist of elongated spherulites.

Comparing low and medium viscosity LDPE, the temperature when entering the holding
pressure phase is higher in the medium viscosity LDPE due to more shear-induced heat
during the injection phase. However, the medium viscosity LDPE has a lower specific heat,
resulting in a faster cooling rate. Combined with a higher shear rate and a longer relaxation
time for the longer molecules, the induced orientation during the high shear injection phase
is more prone to remain before crystallization occurs, resulting in a more anisotropic
microstructure. This agrees with the scattering data, that showed a thicker shear layer with
a higher degree of orientation in medium viscosity LDPE compared to low viscosity LDPE.
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In the bulk layer, the crystallization is slower in the low viscosity LDPE than in the medium
viscosity LDPE due to the difference in specific heat. This gives more time to the polymer
chains to relax, which gives a thicker layer of symmetric spherulites.

High shear Low shear No shear
Flow induced crystallization Transition Quiescent crystallization

Ti

me
0220s 02325 0260s 0257s 0.282s 0301s 03205 03585 0.366s 0.449s 0.587s 0.649s 0.745s  0.847s

LV LDPE
O MV LDPE
o Position 01
()
= 245.0
3 L
= |
£
(¢] e Position 02
o
()
Rt
LV LDPE
MV LDPE
Position 01
‘,T\ 40000.0 LV LDPE
o f
g MV LDPE
() 30000.0
- "
] Position 02
-
- 'znnnu.n LV LDPE
o
c 10000.0 MV LDPE
0] Position 03

Figure 5.25. Simulation results of temperature- (top) and shear rate profiles (bottom) of low- and
medium viscosity LDPE during injection, packing and cooling. Observe that the time scale is non-linear.

In a similar way to low density polyethylene, shear rate and temperature profiles were
simulated for high density polyethylene in Paper II, see Figure 5.26. The simulations were
performed in each of the layers defined in Figure 5.9 and were used to understand the
structural differences observed when comparing the morphology profiles of the different
process settings shown in Figure 5.10b and 5.12.

The simulation shows that the shear rate drops in the holding phase and occurs under
significantly different pressure in samples with 99% compared to 85% V/P switch-over. As
reported by Zhang et al. an increased pressure during processing is linked to a higher
formation of the shish-kebab morphology'®®. The pressure history can thereby be a main

61



contributor to the thicker layer 2 observed in samples produced with the 85% V/P switch-
over point in comparison with 99% V/P switch-over point, as shown in orientation +
asymmetric intensity in SAXS and WAXS (Figure 5.9).

The simulations further show that the shear rate is lower and the time duration under shear
is longer for low injection speed in comparison with high speed. This could possibly give
fewer nucleation sites for kebabs on the shish precursors, which could explain the longer
d-spacing between the kebabs for samples produced with low injection speed in comparison
with high speed, as shown in Figure 5.12.
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Figure 5.26. Selected results from finite element simulations: shear rate (left), pressure (center), and
temperature (right), in five different layers through the thickness, where layers 1 to 5 represent different
depth from the mold wall, i.e., 0.00, 0.03, 0.06, 0.15, and 0.27 mm. These depths were chosen to represent
the same layers reported in Figure 5.9. Note that the x-axis, i.e., the time, was chosen differently for the
three parameters. Horizontal purple dotted lines represent the quiescent crystallization temperature of
117 °C. The vertical black lines indicate the transition between injection phase and the hold phase (~0.5
s) and the transition between the hold phase and cooling phase (~1.5 s).
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Comparing the different V/P switch-over points, the simulations revealed that the 99%
setting had a significantly lower pressure compared to the 85%. Thus, the crystallization
was expected to occur under higher pressure for the samples produced with the 85% switch-
over point. This result agrees with the differences identified in SAXS/WAXS (Figure 5.24)
and birefringence (Figure 5.23), where the highly oriented crystalline morphology was
present only when using the 85% V/P switch-over point. Furthermore, the lower pressure
in the 99% V/P switch-over point could be a possible explanation for the longer d-spacing
between the kebabs observed in Figure 5.9.

Furthermore, in Paper II computational simulations were used to analyze the crystallization
process of HDPE from an energy perspective by using specific work (Figure 5.27). The
specific work w is defined according to Janeschitz-Kriegl et al.!¢*

w = fotsn [y (®©)]y2(t)dt Equation 5.1

where t; is the shearing time, n is the viscosity, y is the shear rate. By using the specific
work, a clear difference was observed between the 85% and 99% V/P switch-over points.
In layer 1 and 2 consisting of shish-kebab structure, which corresponds to ranges 0-0.1 and
0.9-1.0 nominal thickness, the specific work was significantly higher for the samples with
85% V/P switch-over point, than in those with 99% V/P switch-over point. The higher
specific work could explain the difference in layer thickness of shish-kebab identified by
birefringence and SAXS/WAXS (Figure 5.23 and 5.24). The highest levels of specific work
were identified for High 85% and Low 85% in the approximate ranges of the thickness
where highly oriented crystalline morphology were identified by SAXS/WAXS for the
samples produced with these process settings.
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Figure 5.27. The calculated specific work as a function of the nominal thickness for four different
process settings, i.e. high and low flow rate and V/P switch over at 85% and 99%, respectively.
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5.3.4 Dynamic Vapor sorption

SAXS data of the commercial paper material used for drinking straws in Paper V was
combined with dynamic vapor sorption (DVS) analysis to gain insights of the drying
mechanisms of the material (Figure 5.28). The samples used for the SAXS measurements
were initially preconditioned at high relative humidity (95% RH) and then allowed to dry
under ambient conditions within the beamline hutch.

The DVS data revealed that water loss followed a typical exponential decay, where most of
the moisture was released within the first few minutes after exposure to the low relative
humidity environment. Similarly, the SAXS data showed an immediate and pronounced
shift in the main scattering peak within the first three minutes of drying. This rapid shift
corresponds to a significant decrease in the center-to-center distance between microfibrils,
indicating rapid structural contraction in response to moisture loss. After the initial phase,
the SAXS peak position gradually stabilized. The intensity of the SAXS peak exponentially
decreased with time, which closely resembled the moisture loss profiles observed in the
DVS measurements. This strong correlation suggests that the fibrillar network responds
almost instantaneously to changes in moisture content, and that the structural evolution is
tightly coupled to water removal kinetics.
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Figure 5.28. (a) Moisture loss calculated from the dynamic vapor sorption model, demonstrating
correlation between microstructural reorganization and exponential desorption behavior. (b) Time-

resolved SAXS patterns showing structural evolution of the base paper material during drying from 95%
RH to ambient conditions.
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5.4 Using STXM with NEXAFS contrast to study
cellulose-based materials

In Paper VI, STXM with NEXAFS contrast around the carbon K-edge was used to probe the
chemical content of cellulose fibers. Figure 5.29 shows an example of a STXM image of a
single thermomechanical pulp fiber taken at 284.9, 286.2 and 330 eV. The sample was
probed with a focused 30 nm beam with a step size of 30 nm. The first two energies
correspond to the absorption of aromatic and phenolic carbons found in lignin, as described
by Figure 3.3. For these energies, regions with high optical density values correspond to
high lignin content. Consequently, the measurement can be used to map out the lignin
distribution across the fiber. By comparing the two energies, it was found that there was a
difference in the spatial intensity distribution between the two lignin peaks over the fiber.
This can be related to a variation in the relative fraction of the monomers p-coumaryl,
coniferyl, or sinapyl monomers which have different amounts of phenolic groups®. The
image at 330 eV corresponds to the post edge of the NEXAFS spectra. At this energy,
variations in optical density values are related to thickness variations across the fiber, as it
is sensitive to the overall electron density.
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Figure 5.29. Images collected at the resonance energies for lignin (284.9 eV, 286.2 eV), and at the post-
edge (330eV) which is sensitive to the electron density of the section and highlights the entire fiber.

As showecased in Figure 5.29, STXM coupled with NEXAFS contrast has high potential for
chemical characterizations of a lignocellulosic fibers, due to the high chemical sensitivity
and high spatial resolution. However, the technique currently presents many challenges.
One key challenge is the demanding sample preparation of thin slices, which is required to
ensure sufficient X-ray transmission through the sample. Cellulose-based samples typically
require a sample thickness of 90-200 nm to provide optimal X-ray transmission. At this
thickness, about 30-60% of the incident X-ray intensity is maintained, which gives high
quality spectral data®® %. In Paper VI, five different sample preparation approaches were
tested for thermomechanical pulp and were tested in terms quality of the NEXAFS spectra,
sensitivity to radiation dose and quality of the sample sectioning.

The resulting NEXAFS spectra for each of the sample preparation approaches are shown in
Figure 5.30. When possible, NEXAFS spectra were collected both for the embedded sample
(black) and for the embedding matrix (grey). The samples prepared by immersing fibers in
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pure water and cutting in cryogenic conditions (Figure 5.30d) and by embedding fibers in
Sulphur (Figure 5.30e), had embedding materials that do not contain any carbon atoms.
Thereby, these spectra reflect the chemical composition of the thermomechanical pulp
fiber, without any potential spectral contaminations from the embedding. The two aromatic
peaks from the lignin at 284.9 eV and 286.2 eV are clearly visible and are comparably
pronounced in the two samples. Similarly, the peak at 288.7 eV and the shape of the broad
transition at 293 eV for C 1s—0”* transitions of aromatic and aliphatic carbons remained
consistent.

In contrast, the resulting spectra from the other sample preparation approaches showed
clear differences, which indicates spectral contaminations. This can arise if embedding
material is partly present in the measured regions, since the resulting NEXAFS spectrum
are a linear combination of the different components present. In the sucrose embedded
fibers (Figure 5.30c), a lower relative intensity between the aromatic lignin peaks compared
to the broad peak at 293 eV was found. The sucrose contributions give an indistinguishable
contribution from the cellulose, explaining the stronger signal from saccharides relative to
the lignin. A similar phenomenon was observed for fibers with the cycloamine based epoxy
embedding (Figure 5.30b), where the spectrum also showed a lower relative signal from
lignin. This can be explained by the contribution from the aliphatic carbon species in the
embedding material. The highest spectral contamination was found for samples embedded
in Spurr epoxy (Figure 5.30a), where the entire shape of the NEXAFS spectrum was
modified due to the superposition of epoxy resonance peaks at “284.8 and "288 eV.
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Figure 5.30. Spectra from embedded fibers and embedding materials prepared through the different
sample preparation protocols (a-e). Spectra acquired from fibers (black) together with the reference of
each embedding material (grey), offset for clarity. f) Normalized spectra from the fibers prepared through
each preparation protocol. The spectra are offset for clarity.
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Another key challenge when using STXM to characterize lignocellulosic fibers is radiation
damage. The severity of radiation damage is increased by the radiation dose on the sample
which is related to a high photon flux, long exposure times and a focused X-ray beam. The
radiation damage is particularly severe around the carbon K-edge since the X-ray
absorption is so high. The sensitivity for radiation damage may be affected by the sample
preparation approach, as different embedding materials may react under the beam energy.
Conductivity of the embedding material may also reduce static build-up which can help
mitigate reactions in the samples after dose exposure.

Figure 5.31 shows radiation damage tests for each sample preparation approach, where the
samples were repeatedly measured along a line of 50 points with an exposure time of 20 ms.
In the case of epoxy-based sample preparation protocols, pure epoxy without any embedded
fibers was also measured, shown as insets in Fig. 5.31b and 5.31e. The post edge energy at
330 eV, was used to evaluate mass loss or gain of carbon, where the water, cycloamine- and
Spurr-based epoxy showed significant reduction. A small positive mass change of carbon
was found in the Sulphur embedded samples, which indicates deposition of carbon-
containing species from the surrounding atmosphere onto the sample. In the high-vacuum
chamber outgassing can occur from both sample and material in the chamber which may
lead to redeposition of evaporated material by the incident beam.

In addition, changes of relative intensity of different spectral peaks were observed because
of radiation damage. These spectral changes can be linked to breakage or formation of
different covalent bonds in the material. The results showed that three different covalent
bonds were particularly sensitive to radiation damage, (1) the C 1s—1 1" transition of the
phenolic carbons at 286.5 eV, (2) the C 1s—1 m* transition of carboxylic carbon at 288.7 eV
and (3) the broad C 1s—o™ transition of aromatic and aliphatic carbons at 293 eV.

At 286.5 eV, the peak intensity increases with exposure time across all sample preparation
methods, except for the Spurr epoxy, where the peak could not be resolved due to spectral
overlap. In contrast, peak intensities at 288.7 eV decrease for all samples, consistent with
previous findings showing that radiation exposure leads to chain scissoring of the C=O
bonds and formation of C=C bonds'®. The Spurr-embedded sample showed a significant
decrease in peak intensity at both 288.7 eV and 283 eV. The spectral changes are likely due
to a combination of damage to the fiber as well as damage to the embedding material as the
neat Spurr embedding (Fig. 5.31e, inset) have a strong peak at 288.7 eV from its carboxylic
carbon groups that disappears between the first and second 20 ms exposure. The
cycloamine-based epoxy shows smaller spectral changes compared to other approaches,
suggesting a greater radiation resistance. Tests on the pure cycloamine epoxy confirm its
relative stability compared to Spurr. The spectral changes in the sucrose sample protocol of
the peaks at 288.7 and 293 eV are relatively small while a clear decrease in the peak at 286.5
eV is seen. We believe that this is due to that sucrose has a large spectral overlap with the

fibers at these energies and that sucrose is less sensitive to radiation damage compared to
the fibers.
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Figure 5.31. Radiation damage test of the samples with different embedding. Each time increment is 20
ms, the insets show radiation damage tests for the pure epoxies without any fibers

To further evaluate the sample preparation approaches, the quality of the sample sectioning
was evaluated by optical microscopy (Figure 5.32) and STXM measurements taken at the
carbon post-edge (Figure 5.33). The thickness variation is important to evaluate since it is
directly linked to the signal quality. If the sample is too thick the incident beam is mainly
absorbed by the sample which results in poor data quality. If the sample is too thin the
spectrum can appear noisy due to weak signal-to-noise ratio, making it difficult to extract
meaningful chemical information®.

The epoxy-based sample protocols (Spurr and cycloamine based epoxy) performed best
from a sectioning perspective, providing the easiest sectioning process and resulting in
large, uniform sections with well-dispersed fibers (Fig. 5.32a). Furthermore, the post edge
STXM images showed that epoxy-based methods gave the most homogeneous sample
thicknesses (Figure 5.33). This is emphasized when plotted with the same scalebar as the
other embeddings (Fig. 5.33c and 5.33d).

The sample preparation approaches that involved immersion of the fibers in a liquid, like
water or sucrose, and sectioning at cryogenic conditions caused issues with fiber clustering
(Fig. 5.32c-d). This made it difficult to characterize individual fibers. The sucrose
embedding protocol allowed for easy sectioning, whereas the water-embedded samples
were more challenging due to the sample being brittle under cryogenic conditions. The post
edge STXM images showed large thickness variations across the samples (Figure 5.33e-f),
where the largest variations were found for the sucrose embedded sample.
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The Sulphur embedding protocol posed the greatest challenges during the embedding
phase, as the success of embedding was highly sensitive to temperature and timing of each
embedding step. Once the embedding was successful, the sectioning was straightforward,
creating sectioning ribbons of intermediate sizes (Fig. 5.32e). The Sulphur embedded

sample also showed large variations in thickness when probed with STXM at the post edge
(5.33g).

Figure 5.32. Microscopy images of sectioned samples. a) Spurr epoxy embedding b) Cycloamine based
epoxy embedding c) Cryo-embedding with sucrose, d) Cryo-embedding with water d) Sulphur
embedding. The scale bar corresponds to 0.2 mm.

Sucrose Sulphur

0

Figure 5.33. Images taken at the carbon post edge of fibers using Spurr epoxy (a, c), Cycloamine based
epoxy (b, d), Sucrose (e), Water (f), and Sulphur (g) sample preparation protocols. The figure shows larger
areas of epoxy embedded samples (Fig. 5.33 a-b) and plotted with a different scale bar of the optical
density (OD) compared to Fig. 5.33 c-d.

In conclusion, the results from Paper VI show that each sample preparation approach
investigated have different advantages and disadvantages when performing STXM
measurements. The choice of sample preparation strategy for a certain experiment therefore
needs to be determined based on the nature of the sample and the goal of the measurement.
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Chapter 6 — Conclusions and Outlook

Understanding the complex structures of synthetic and cellulose-based packaging materials,
and connecting structural changes with varied material-, processing- and environmental
parameters, requires characterization techniques that offer structural and chemical insights
with high spatial resolution. In this thesis, synchrotron based small- and wide-angle X-ray
scattering (SAXS/WAXS) and scanning transmission X-ray microscopy (STXM) are used as
primary techniques to image both synthetic and cellulose-derived polymer materials. The
overall contributions from this thesis can be summarized into the following points:

e New material insights: Structural information from SAXS and WAXS has been
used to explore the hierarchical structures of both synthetic and cellulose-derived
packaging material. This has provided new insights into how structural
morphology is linked to material, processing and environmental influences.

e New applications of advanced characterization methods: Synchrotron-based
techniques have been used in new contexts and for new types of materials. For
example, various analysis approaches of scanning SAXS/WAXS data have been
explored and adapted to address different material systems and research questions.
In addition, sample preparation protocols and measurement strategies have been
developed and refined for STXM experiments.

e Integration of complementary methods: By combining structural
characterization with complementary techniques such as mechanical testing,
dynamic vapor sorption (DVS), and computational simulations, the thesis
demonstrates varied approaches for material analysis.

e Towards sustainable materials: Cellulose-based materials require modifications to
achieve thermoplastic behavior. This thesis contributes to understanding how such
chemical modifications affect the resulting material structure, providing insight
critical for the design of renewable, functional packaging materials.

The thesis consists of 6 research papers. Paper I and II focus on a synthetic polyethylene,
Paper IIT and IV focus on dialcohol cellulose, Paper V focus on a commercial paper material
used in drinking straw applications, and Paper VI focus on sample preparation strategies for
STXM.

In Paper I, the relationship between processing conditions, hierarchical morphology, and
mechanical performance in injection-molded low-density polyethylene (LDPE) with
different molecular weights were investigated. Scanning SAXS was used to reveal distinct
microstructural features across different layers. The results were combined with
computational simulations to evaluate the shear- and temperature profiles in the through-
thickness direction, and tensile testing to link the structures to the mechanical properties.
The results showed that oriented shish-kebab and elongated spherulite microstructures
contribute to high tensile strength when deformed in the direction of the flow. Moreover,
it was shown that the molecular weight of the polymer and the position on the injection
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molded plate highly influenced the hierarchical structure formed, where higher degree of
orientation was found in higher molecular weight samples close to the injection mold gate.
The deformation mechanisms were further studied by measuring scanning SAXS on
deformed samples post mortem. It could be concluded that when samples are deformed
perpendicularly to the flow, the orientation of the highly oriented shish-kebab structures
close to the mold wall stays intact upon deformation whereas layers consisting of elongated
spherulites and randomly oriented spherulites change their orientation in the direction of
the applied stress.

In Paper II, a combination of scanning SAXS, WAXS, birefringence and light optical
microscopy was used to get a more in-depth understanding of the layered morphology of
high-density polyethylene (HDPE). Compared to LDPE, a more complex structure with
more distinct layers were identified. HDPE samples produced with different process
settings were characterized to further evaluate how process conditions influence the
hierarchical structures, and it was found that the pressure during the holding phase of
injection molding had a higher influence on the molecular structures than the injection
speed. Furthermore, the crystallization process was evaluated from an energy perspective,
where the specific work of flow was identified as the main parameter to capture the changes
in morphology induced by varying process settings.

In Paper III, scanning WAXS was used to visualize the distribution and orientation of
dialcohol cellulose within an EAA polymer matrix. Since there was little overlap between
the cellulose (110)- peak and the EAA (020)- peak in WAXS, these peaks were used to
separately evaluate orientation effects of the polymer and the cellulose. A homogeneous
distribution of cellulose was found within all samples measured, indicating a good mixing
between the cellulose and EAA. Furthermore, a loss in degree of orientation was found for
cellulose with higher degree of modification whereas the degree of orientation of the EAA
was unaffected by the degree of orientation of the cellulose.

In Paper IV, scanning SAXS and scanning WAXS were combined to study dialcohol
cellulose, focusing on how addition of water during processing influences the structural
morphology. Our findings show that processing without careful control can lead to
irreversible structural degradation, including a decrease in crystallinity, disruption of fibers
and alteration of fibril orientations, which is closely linked to the mechanical performance
of the material.

In Paper V, a commercial paper-based material was probed with SAXS and WAXS to
investigate how the material responds to changes in humidity. The study shows that a
decrease in relative humidity causes both the fibril diameter and the center-to-center
distance between fibrils to shrink significantly. We further investigate how the material
responds when being soaked in a liquid, and we show that the liquid type significantly
influences the swelling behavior.

72



In Paper VI, we explore different sample preparation strategies for STXM with NEXFS
contrast, to achieve spatially resolved images with chemical contrast of cellulose fibers. We
find that epoxy-based embeddings are beneficial for homogeneous sectioning, providing
advantages during imaging, while embedding strategies without carbon species, such as
elemental Sulphur or cryo-embedding with water, are more beneficial when evaluating the
chemical content of the fiber. Furthermore, we show that one can spatially resolve different
lignin compositions over a single thermomechanical pulp fiber.

The combined findings of this thesis show that synchrotron-based scanning SAXS/WAXS
are powerful techniques with high potential to understand the complex morphology of both
synthetic and cellulose-based packaging materials. As more materials are being developed
to aid the transformation from fossil-based to bio-based packaging materials, the demand
for detailed structural characterization will grow. Therefore, future effort must be put to
continuously develop and adapt the advanced characterization techniques to fit new
challenges. For instance, to gain more insights on the structural morphology of the materials
studied, SAXS and WAXS measurements can be extended to in-situ studies, including
mechanical deformation, rheology, or water-assisted processing. Such experiments would
allow real-time observation of structural evolution that is critical for the material
performance.

One of the main materials investigated in this thesis was partly modified dialcohol cellulose.
Despite recent progress, some research questions remain that could be further addressed
using advanced synchrotron techniques. For instance, there is still much to explore when
it comes to processing, for example how the morphological changes observed vary with pH,
shear rate and temperature. Such data could further be used as input to computational
simulations, increasing the understanding of how modification and processing influence
the material properties. Additionally, it is currently not known if the suggested core-shell
structure in Figure 2.4 is correct. By implementing more advanced SAXS models, it may be
possible to resolve the structural features of modified cellulose with greater precision.

Furthermore, the thesis has shown that STXM with NEXAFS contrast has high potential for
chemical imaging of cellulose-based materials, providing both high energy and high spatial
resolution. With the proper sample preparation approach, this can be used in future work
to determine the localization of chemical modifications. This is a key consideration when
modifying fiber-based materials. It is in particular important to understand if the
modifications are mainly situated on the fiber surfaces or distributed within the fiber walls,
since this insight may help to define the minimal degree of modification required to achieve
thermoplasticity. Minimizing the degree of modification helps preserve the native fiber
structures which supports biodegradability, as well as providing a more sustainable
production by reducing the amounts of chemicals needed.
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