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Abstract 
The success of polymers products is associated with the melt processability, which allows to 
create products with complex shapes at a low cost. One of the most widely used processing 
techniques utilizing melt processability is injection molding, where a polymer is heated until it 
flows into a mold under pressure. Due to varying shear- and cooling rates during processing, 
injection molding creates a multilayered structure, consisting of complex hierarchical 
morphologies. In addition to process conditions, the structures formed are dependent on the 
molecular architecture including chemical environment and branching of the polymer chain. 
The resulting morphology defines the mechanical properties of the injection molded parts and 
consequently, understanding the correlation between material, processing parameters, and 
resulting morphology is an important challenge. Furthermore, to expand the use of injection 
molding to renewable cellulosic materials, intrinsic limitation 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 focuses on using advanced scanning small- and wide-angle X-ray scattering as main 
characterization techniques, to unfold the nature of the complex semicrystalline structures in 
injection molded synthetic and cellulose-based polymers. By varying material parameters, 
processing conditions and using complementary techniques, such as computational simulations 
and mechanical testing, the underlying factors for formation of hierarchical morphologies is 
further studied. This thesis brings us one step closer to understanding and predicting the 
polymer microstructures and resulting mechanical properties of injection molded materials. 
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Chapter 1 

Introduction  
 

From the toothbrush we use in the morning to the fabrics in our clothes, polymer materials 
are present in all aspects of our daily life. During the past centenary the use of plastics has 
exponentially increased, to the point that today it is hard to imagine modern day society 
without man-made polymers. The rapid growth of plastic use can to a large extent be 
explained by extraordinary material properties, high processability and low price. The 
beginning of the polymer age can be traced back to the 1950s where large-scale production 
of plastic started and since then, production rates have increased yearly by an average annual 
growth rate of 8.2%, up to 2020 when the Covid 19 pandemic impacted the industry (Figure 
1.1).  

The largest market for plastic material is packaging2, where the leading factor for the rapid 
growth was a global shift from reusable to single use containers. The most common polymer 
for packaging is polyethylene3, and globally a total of 90 million metric tons of polyethylene 
is annually produced4. In many commercial applications, the mechanical performance of the 

1950 1960 1970 1980 1990 2000 2010 2020
0

50

100

150

200

250

300

350

400

Pr
od

uc
tio

n 
vo

lu
m

e 
in

 m
ill

io
n 

m
et

ric
 to

ns

Figure 1.1 Annual production of plastic from 1950-2020 in million metric tons. Source: Statista1 
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material is of high importance to ensure the quality of the product, where ductility, strength 
and fracture behaviour of the polymer is of particularly high interest.  

The micro- and nanostructures of a polymer material are highly influenced by the processing, 
and in-depth understanding of the structure-processing relationship is a prerequisite to tailor 
material properties of plastic products. To correlate molecular structures with the mechanical 
properties of the material, several aspects such as degree of crystallinity and structural 
orientations must be taken into consideration. Furthermore, material factors including 
molecular weight, polymer branching, and additives influence the molecular structure 
formed. Due to the complexity of the system and the number of factors that impacts the 
results, many of the underlying relations are still not clear.  

The vast majority of plastics are derived from fossil-based hydrocarbons and thereby these 
materials do not naturally degrade. The plastic waste annually created must either be 
eliminated by combustion which results in greenhouse emissions or being put on landfill.  An 
estimation made by Geyer et al.2 is that daunting 12,000 Mt of plastic waste will end up in 
landfill by 2050 if current production and waste management continues. A response to this is 
an increasing interest for bio-degradable materials from sustainable resources that can replace 
the fossil-based plastics. Cellulose is a promising candidate since it is one of the most 
abundant biopolymer on earth5. It is furthermore degradable and can easily be processed into 
a two-dimensional material such as paper or board6. However, conventional processing 
methods of polymer materials such as injection molding requires the material to have 
thermoplastic properties. That is, the material should become soft and amendable for molding 
upon heating or shearing and become rigid and retain the molded shape upon cooling. 
Cellulose fibres are intrinsically not thermoplastic and thereby can not be melt processed into 
complex three-dimensional shapes without first chemical modification of the cellulose.  

In this thesis, hierarchical structures from the Angstrom regime to the millimeter scale of 
injection molded synthetic and wood-based polymers have been investigated by using 
scanning small- and wide-angle x-ray scattering in combination with complementary 
techniques. The starting point was to study commercially used polyethylene with varying 
densities, molecular weights, and process conditions to shed light on the relationship between 
structure, processing, and mechanical performance. The experimental data was further 
compared with computational simulations to explore the underlying mechanisms for the 
anisotropic morphologies. In the future, these results could be used to calibrate simulation 
models, which could be used to predict material performance without the need for physical 
tests of each prototype with varying complex shapes and materials. This will enable prompt 
implementation and optimization of new sustainable polymer materials. As a next step, a 
novel cellulose-based composite was studied, where scanning wide angle x-ray scattering was 
used to investigate how degree of modification and material composition induce structural 
changes throughout the material. Understanding how hierarchical structures change 
throughout polymer material is key to optimize material usage, further increase the quality of 
the product and to develop more sustainable materials.   
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Chapter 2 

Polymers 
 

A polymer is a large molecule that forms long chains made up by covalently bonded repeating 
units. The most common state for molecular order in these long chains is crystalline where 
long enough polymer chains fold back on themselves and form crystalline lamellae7, with the 
direction of the polymer chain perpendicular to the direction of the lamellae. However, due 
to kinetic effects and intrinsic disorder built into the polymer chains, the crystallisation 
process is most often not complete, resulting in a semicrystalline structure with amorphous 
regions in between the crystallites8.  

From a thermodynamic process, in order for crystallisation 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 crystallisation process is 
associated with 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 crystallisation 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 favour 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 accessible9. The thickness of the crystalline lamellae is highly dependent on 
the temperature of the melt at which the crystallization takes place10 . 
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Individual polymer chains may be involved in several crystalline lamellae as well as the 
amorphous regions in between11. In a similar way, the crystalline lamellae often consist of 
multiple polymer chains, as an entangled configuration retains the maximal entropy resulting 
in a complex intertwined network structure12.  The length of the polymer chains and the 
number of entanglements makes the crystallisation process a complex and kinetically 
controlled process13.   

If polymer crystallisation 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, 
whereas if the polymer chains are subjected to either a shear or an elongational flow, 
alignment of the molecular chains can be achieved14. The ordered arrangement of crystalline 
polymers imparts high strength and rigidity, with a direction dependent response due to the 
predominant crystal alignment15, where the process induced differences in microstructure can 
provide orders of magnitude variation in physical properties of a given polymer16.   

 

2.2 Polyethylene 

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 quite 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 parts17, 18. If crystallisation occurs in a melt at rest, the 
lamellae of polyethylene grows around central nucleolus resulting in a isotropic crystal 
structure called spherulites19. If crystallisation instead takes place at intermediate shear, the 
spherulites elongate in the direction of the flow, adapting to more or less elliptical shapes16, 

20. 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) grown in the perpendicular direction21, 22. 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 
properties23, 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 shish24, 25. The Shish-kebab structure is more prone to form when the cooling rates 
are high26, and it has been reported to have two different morphologies with twisted and 
untwisted lamellae22, 27. 
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Figure 2.1 Examples of semicrystalline morphologies of polyethylene. Figure 2a and 2b show schematic representation of the 
shish-kebab and spherulite microstructure respectively, Figure 2c shows micrographs of the shish kebab structure taken with 
field-emission scanning emission microscopy, and Figure 2d shows polarized optical microscopy images of a spherulite 
microstructure. Adapted with permission from Katti et al16 (Copyright 2004, John Wiley & Sons), Somani et al.28 (Copyright 
2005, Elsevier) and Tong et al.29 (Copyright 2015, Elsevier). 

 

2.3 Cellulose 

Cellulose can be derived from numerous sources for example wood, agricultural waste30, and 
oil palm biomass residue31, making it an abundant material. The structure of native 
lignocellulose is highly hierarchical and complex, as shown in Figure 2.2, where the sizes and  

Figure 2.2 The hierarchical structures of wood. Inspiration from Penttilä32 
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distribution of the components can differ depending on the plant species and environmental 
influences33.  

Cellulose is a linear polymer composed of glucose34 and the molecular structure of cellulose 
can be seen in Figure 2.3a (i). 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 nano-sized structures called microfibrils, 
which has an approximate diameter of 2-20 nm and an approximate length of 0.1-40 μm35. 
The fibrils exhibit high strength and are therefore considered to be reinforcement components 
of the wood fibers36. The microfibrils further aggregate to microfibril bundles which are parts 
of the wood fibers.  

Cellulose is not intrinsically thermoplastic and in order to use it in conventional processing 
techniques like injection molding, modification of the cellulose structure is needed. A 
promising cellulose modification is dialcohol cellulose (Figure 2.3a), since this material has 
been shown to exhibit thermoplastic properties in terms of softening, increased ductility, and 
melt processability37. 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 2.3b. One hypothesis is that thermoplastic 
properties are achieved from a combination of surface modification enhancing the fibre-fibre 
interphase, and internal modification making the fibre more flexible. 

 

Figure 2.3 Structure of dialcohol cellulose where a) shows the reaction scheme and b) shows schematic representation of the 
fibril structure of diacohol cellulose. The core consists of crystalline cellulose and the surface consists of amorhous dialcohol 
cellulose.   
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Chapter 3 

Injection Molding 
 
Injection molding is a widely used processing technique for polymers that has been developed 
for almost 150 years38 and over 30% of all plastic parts are manufactured with injection 
molding39. 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 3.1) 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 pressure40, 41, shear 
rate42 cooling rate43 and stress overshoot44. Kattis et al16 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 as well as the distance from 
the injection molded gate.  

 
Figure 3.1 Multilayered structure of injection molded polymers, where a) shows the shear rate profile of the fountain flow 
inspired by Zhou et al. 45, and b) shows the characteristic layers of an injection molded plate. 

The injection molded process can be divided into four stages46. 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 and last 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 3.2.  
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Figure 3.2  Schematic representation of the different phases during injection molding. The figure is taken from paper II.  
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Chapter 4 

Materials and Experimental Methods 
 

4.1 Materials and Sample Preparation 

In this thesis two types of materials have been studied, on the one hand polyethylene with 
varying densities, and viscosities and on the other hand mixtures of dialcohol cellulose (DAC) 
and Ethylene Acrylic Acid Copolymer (EAA). 

Both high-density polyethylene (HDPE) and low-density polyethylene (LDPE) were used, with 
two types of LDPEs with varying viscosity and one type of HDPE. The LDPEs had a density 
of 923 kg/m3 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 ºC  at a load of 2.16 kg. 
 
The DAC was derived from bleached softwood kraft fibres by using oxidation and reduction 
with sodium periodate and sodium borohydride respectively, according to a partly modified 
version of an earlier described protocol37, 47. This resulted in conversion of cellulose to dialcohol 
cellulose with varying degrees of modification. The cellulose was then mixed in with EAA to 
create cellulose composites.  
 
The sample for scanning SAXS, WAXS and birefringence were prepared by cutting slices of 
50 μm using a Microtome (Leica RM2255 from Triolab for LDPE and HDPE and RMC MT-
XL ultramicrotome for cellulose-based samples). LDPE and HDPE were evaluated in two 
separate directions, CD-TD and MD-TD as described in Figure 4.1. 
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Figure 4.1 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. The figure is taken 
from Paper II 

 

4.2 Small and Wide angle X-ray scattering 

X-ray scattering is a non-invasive technique sensitive to structural changes on Angstrom to 
nanometer range, where the signal is the average of all structural components over the whole 
depth of the illuminated sample volume. A typical experimental set up is shown in Figure 4.2, 
where a monochromatic X-ray beam with wave vector 𝑘!444⃗  is focused on a sample in 
transmission mode. Parts of the radiation will be scattered at an angle 2θ as defined by the 
vector 𝑘"444⃗  where the scattering intensity is measured by the detector behind the sample. The 
scattering pattern recorded is the square of the Fourier transform of the electron-density 
distribution with the sample48. Constructive interference is achieved when Braggs law is 
fulfilled, 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛(θ)																																												Equation	4.1 

where n is a positive integer, 𝜆 is the wavelength of the X-rays, d is the distance between the 
repeating structure and θ is the scattering angle. In case of repeating units in the material, 
Braggs law will be fulfilled, and a peak appears in the scattering data. When analysing a 
scattering pattern, it is convenient to define a scattering vector �⃗� as 

�⃗� = 𝑘!444⃗ − 𝑘"444⃗ 																																																	Equation	4.2 

In case of elastic scattering, the scattering vector �⃗� fulfills Braggs law and can thus be 
described as 

	 |�⃗�| = 𝑞 = #	%
&
𝑠𝑖𝑛θ																																								Equation	4.3								

10



 

11 

 

By substituting for '()(+)
&   in equation 4.1 a simple relationship between the scattering vector 

�⃗� and repeating distance d is obtained, which is independent on the energy of the X-ray beam. 

𝑞 =
2	𝜋
𝑑 																																														Equation	4.4 

	 	

 
Figure 4.2. Transmission setup of the scattering experiment.  

Since the repeating distance d is inversely proportional to both the scattering vector q and the 
scattering angle θ, 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 Small Angle X-ray Scattering (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 nanometers to hundreds of 
nanometers. In synthetic polymer materials, the SAXS signal is commonly used to 
characterize lamellar spacing49 whereas in cellulose-based materials the SAXS signal can be 
used to investigate distances between the fibrils50. In WAXS the detector is placed centimeters 
away from the sample instead, 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-peak51, 52.  
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Figure 4.3. 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 q-range from 0.26 - 0.94 nm−1 as indicated with dashed circles and 
dashed lines, respectively. The figure is taken from Paper I.  

 

The scattering data was analysed according to the approach proposed by Bunk et al.53 where 
each 2D scattering pattern is dived into to 𝑁+ 	azimuthal	segments,	 in	 this	work	𝑁+=	16	
segments	were	used.	The azimuthal intensity distribution is approximated over the segments 
with a cosine function, as shown in the inset in Figure 4.3, where the measured values are 
indicated with black circles and the cosine approximation is shown in red. The baseline of the 
cosine function a0 gives the symmetric intensity, which correspond to the average scattering 
of the sample whereas the amplitude of the cosine function a1 gives the asymmetric intensity 
which corresponds to the oriented part of the scattering. The degree of orientation can be 
defined as the ratio a1/a0 and the phase of the signal 𝛷' corresponds to the angle of orientation.  

 

4.3 Scanning SAXS and WAXS  

All scattering experiments presented in this thesis were performed at the cSAXS beamline 
X12SA at the Paul Scherrer Institute (PSI, Switzerland) using scanning SAXS/WAXS, i.e. 
the samples were scanned through the X-ray beam and a scattering pattern was collected for 
each position of the scan. The micro-focused beam in combination with the high flux made it 
possible to investigate structural changes throughout extended areas of the samples, making 
scanning SAXS and WAXS suitable methods to investigate hierarchical structures, from the 
angstrom regime to the millimeter scale.   
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A Si(111) double crystal monochromator was used to select the X-ray energy of 11.2 keV for 
LDPE samples and 12.4 keV for HDPE and cellulose-based samples where the beam size 
varied between 4*42 μm  to 40 x 40μm. A Pilatus 2M detector54 was used to record the 
scattering signal where the distance between the samples and detector was 25 cm for WAXS-
setup and varied between 2.1669-2.171m for the SAXS-setup.  When measuring in SAXS, a 
flight tube of 2 m was placed in between the sample and the detector to reduce air scattering 
and X-ray absorption. The exposure time used was 0.1 s for LDPE samples and 0.06s for 
HDPE- and cellulose-based samples.  

4.4 Mechanical Testing 
In commercial application, the inherent toughness and resistance to fracturing of a polymer 
material is of outermost importance. Since polyethylene is a widely used polymer material, 
the mechanical response of polyethylene has been extensively studied with most studies 
focusing on isotropic polyethylene55-59, and with a few studies published on anisotropic 
polyethylene with flow induced structures60, 61.  Mechanical testing is also a common approach 
to characterize cellulose-based polymers. However, since cellulose is known to be a highly 
heterogenous material with structural variation depending on raw material62, growing 
conditions of the plant63, potential thermal treatments64, and chemical modifications65, the 
mechanical behaviour highly varies between different studies.  

One of the most widely used approaches to study mechanical characteristics of polymer 
materials is to measure the stress-strain behaviour, where a tensile force is applied to the 
sample and the resulting deformation of the sample is measured. This gives information on 
the modulus, brittleness, and strength of the polymer. An example of a stress-strain curve can 
be seen in Figure 4.4, 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 in to the plastic region49.  

In this thesis, during the characterization of the polyethylene materials a standard tensile test 
equipment Zwick Z010 Proline [ZwickRoell, Germany] was used with a load cell of 1 kN. The 
tests with a loading rate of 100 mm/min and a gauge length between the grips of 58 mm. 10 
samples were measured for each material, and the results were averaged to obtain the stress-
strain curve.  
 
The characterization of the cellulose-based materials was performed by Giada Lo Re using a 
single column Instron 5944 (Norwood, Massachusetts, USA) tensile micro tester with a load 
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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.  
 

 

Figure 4.4 Stress-strain response of a typical polymer.  

 

4.5 Birefringence Microscopy  

Birefringence is an optical property of a material where the refractive index is dependent on 
the polarization and propagation direction of the light. When a birefringent material is 
exposed to light, the incident ray of light is split into two rays with opposite polarisations. 
The two rays are called the ordinary ray and the extraordinary ray, where the ordinary ray 
propagates through the material with the same velocity in every direction, whereas the 
velocity of the extraordinary ray is dependent upon the propagation direction within the 
crystal. The Birefringence B is defined as 

𝐵 = |𝑛- − 𝑛.| 

where 𝑛- is the refractive index of the extraordinary ray and 𝑛. is the refractive index of the 
ordinary ray.  To relate the velocity difference between the ordinary and extraordinary rays 
as they propagate through the sample, the retardation Γ can be used 

𝛤 = 𝑡 ∗ 𝐵 

where t is the thickness of the sample.  

Birefringence in polymer material is a consequence of optical anisotropy which is affected 
by molecular orientation of the polymer chains66. In this thesis, 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 multi-layered structure 
of injection molded HDPE. The setup used consisted of a linear polarizer at 0°, a photo-elastic 
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modulator (PEM) at 45°, a PEM at 0° and a liner polarizer at 45°. Due to the high level of 
birefringence, phase unwrapping technology included in the Hinds software was used, which 
combined measurements from four stroboscopic light sources (LED, with wavelength 655nm, 
615nm, 530 nm and 475 nm). The samples were measured with a 10x objective in front of a 
2048*2048 pixel 12-bit CCD camera resulting in a spatial resolution of 0.5μm/pixel and a 
field of view of 1 mm*1 mm. 
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Chapter 5 

Results 
 

This thesis aims to study the hierarchical structures formed during injection molding of 
synthetic and wood-based polymers. The main focus was using advanced scanning SAXS and 
WAXS since these methods provide in-depth information on the structures present, as well 
as achieve high spatial resolution. In addition, several complementary techniques were used 
with the aim of understanding the conditions needed for certain structures to form as well as 
their impact on the mechanical performance of the injection molded parts.  

5.1 Using scanning SAXS and WAXS to study a flow 
induced multi-layered morphology  

Scanning X-ray scattering techniques were used to evaluate the structures of injection molded 
synthetic and wood based polymers. A multi-layered morphology could be observed in all 
samples investigated, where the degree of orientation was highest close to the edge of the 
sample as shown in Figure 5.1. Detailed descriptions of the layered morphology of LDPE can 
be found in Paper I, of HDPE in Paper II and of cellulose composite in Paper III. The multi-
layered structure is a consequence of the injection molding process, where high shear close 
to the edge inflict orientation of the polymer chains and fast cooling from the cold mold 
freezes the structures in place. 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 cellulose, as well as between HDPE and LDPE. Furthermore, the 
different materials are composed of different hierarchical structures, where the degree of 
orientation is highly affected by the form of the structures. For example, perfectly aligned 
thin fibres will give higher degree of orientation values compared to perfectly aligned 
ellipsoids with low aspect ratio between the axis, particularly in the SAXS regime.  

Figure 5.1a-d shows degree of orientation values of the diffraction peak for SAXS of LDPE 
and HDPE respectively, for two perpendicular directions (MD-TD and CD-TD according to 
Figure 4.1), where the diffraction peak corresponds to the center-to-center distance of the 
crystalline lamellae. Note that different q-regions were used to evaluate the degree of 
orientation, where a q-region of 0.26 - 0.94 nm−1 was used for the LDPE, whereas a q-region 
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of 0.145-0.623 nm-1 was used for the HDPE. The q-region was adapted for the different 
materials since increased density of polyethylene is associated with increased lamellae 
thickness67. In the LDPE, four distinct layers could be identified (Figure 5.1a-b), where the 
two outer layers mainly were distinguishable in the CD-TD direction. The HDPE showed a 
more complex structure with more pronounced difference in the layered distribution between 
the two measuring directions (Figure 5.1c-d), compared to LDPE. By combining data from 
both SAXS and WAXS (Figure 5.1c-e), five distinct layers could be identified for HDPE. 
The more complex morphology in HDPE compared to LDPE is believed to be a consequence 
of less branching of the chain, making HDPE more prone to form highly ordered crystalline 
structures.  

Comparing the degree of orientation in WAXS between HDPE and the cellulose-based 
composite, HDPE gives rise to significantly higher degree of orientation values and sharper 
transitions between the different layers (Figure 5.1e-f). This is hypothesized to be a result of 
the well defined hierarchical structures polyethylene can form. Above a certain threshold 
values of shear- 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 corresponds to crystalline regions of 2-4 nm68-

70. 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 long71, 72.  

 

Figure 5.1.  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 a EAA polymer matrix. The SAXS results are 
taken from two perpendicular planes, MD-TD and CD-TD respectively.  
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By combining 2D scattering patterns from both SAXS and WAXS, more in-depth information 
of the hierarchical structures can be revealed. Figure 5.2, shows four examples of 2D 
scattering patterns of HDPE, where the scattering patterns in a) were collected from the edge 
of the plate, and in b) a bit further into the bulk of the plate. Exact measuring points of the 
scattering patterns in Figure 5.2 as well as more examples of 2D scattering patterns 
throughout the sample can be seen in Figure 3 in Paper II and S3 and Supplementary 
information of Paper II. The SAXS 2D data in a) show a weak tendency for a vertical streak 
and a two-point pattern in the horizontal direction. This scattering pattern indicates the 
presence of a shish-kebab crystalline structure, where the streak represents the shish and the 
two-point patterns represent the aligned lamellae in the kebabs. 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 scattering pattern for shish-kebab 
with twisted lamellae, as indicated by the schematic to the right22,73. In b) the vertical streak 
in the SAXS signal is less pronounced, whereas the two point pattern are 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/regular lamellae. 
In order to reveal the type of shish-kebab structure present, a combination of SAXS and 
WAXS 2D patterns must be used.  

 

Figure 5.2 Examples of 2D SAXS and WAXS scattering patterns, clarification of the WAXS pattern as well as a schematic of 
the structure indicated by the scattering patterns. Row a) correspond to a position at the edge of the sample close to the mold 
whereas row b) correspond to a position further into the sample.  

To further evaluate and compare how choice of material, distance to injection gate and 
process settings impacts the multi-layered morphology, the scattering signal of scanning 
SAXS and WAXS was evaluated throughout the thickness of injection molded plates (Figure 
5.3). 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 the LDPE, the focus was evaluating differences of varying viscosities of the polymer, and 
in position of the plate. Figure 5.3a 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). 
By using computational simulations (Figure 6 and 7 in Paper I), it was found that the origin 
of the more oriented structures in medium viscosity LDPE compared to low viscosity LDPE 
is a higher shear rate in combination with a higher cooling rate during processing, whereas 
the difference seen in scattering data from different positions of the plate could be explained 
by having longer time under shear as well as higher shear rate in position 1. 

Figure 5.3. Degree of orientation calculated along a line through the thickness of a) SAXS of LDPEs with varying viscosities 
and positions of the injection molded plate and b) HDPEs produces with different process settings.  

HDPEs were used to evaluate the influence of different processing settings, 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 , and in this study we investigate samples 
where the switchover point occurred at either 85% or 99% filing of the cavity volume. Figure 
5.3b 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. By using computational simulations (Figure 9 in Paper II), we could conclude 
that the difference in orientation is most likely a consequence of the higher pressure used 
during the holding phase for the 85% samples. 

To investigate how the morphology of LDPE was changed upon deformation and fracture, 
deformed samples after tensile testing were measured post-mortem with scanning SAXS 
(Figure 5.4) both in top-view where the average structure through all layers were measured 
(Figure 5.4a) and with side view where the structure of each layer were evaluated separately 
(Figure 5.4b). The colours in the Figure 5.4 correspond to the preferred scattering direction 

0 0.2 0.4 0.6 0.8 1
0

0.5

1

1.5
Degree of Orientation MD

MD1 LV
MD2 LV
MD3 LV
MD1 MV
MD2 MV
MD3 MV

LDPE Degree of Orientation SAXS MD-TD

0 0.2 0.4 0.6 0.8 1
0.1

0.15

0.2

0.25

0.3

0.35
MD-TD Degree Orientation WAXS [110]

High 85%
Low 85%
High 99%
Low 99%

HDPE Degree of Orientation WAXS (100) MD-TD

In
te

ns
ity

 [a
.u

]

In
te

ns
ity

 [a
.u

]

Normalized thickness Normalized thickness

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
0

0.1

0.2

0.3

0.4

0.5
Degree of Orientation CD-TD

pos 1 LV
pos 2 LV
pos 3 LV
pos 1 MV
pos 2 MV
pos 3 MV

a b

20



 

21 

 

where blue colour indicates horizontally aligned scattering and red indicates vertically 
aligned scattering. From the top view sample, a clear necking region could be identified where 
the main scattering direction changed from blue in undeformed regions to red in deformed 
regions, indicating a change from preferred orientation of the long axis in the direction of the 
flow, to preferred orientation in the direction of the applied stress occurred. Thus, the 
macroscopic deformation is reflected in the underlying nanostructure. The side view samples 
(Figure 5.4b), show the layered morphology through the thickness before and after 
deformation. It can be seen that the orientation of the skin layer close to the edge is intact also 
after deformation, whereas the shear and bulk layers change the orientation deformation 
direction. These observations agree well with the results published by Guo et al74 where 
crystalline segments, formed by slip of lamellae, beyond the yield point reorient into the 
direction of the deformation. More measurements of deformed samples including peak fitting 
can be seen in Figure 9 and 10 in Paper I.      

 

Figure 5.4 Scanning SAXS of a medium viscosity LDPE dogbone deformed in CD direction for top view (a) and side view(b).  

The cellulose-based materials investigated are two component systems consisting of modified 
cellulose and EAA-polymer matrix. Figure 5.5a shows radially integrated WAXS data from 
different compositions of fibre and cellulose, where the top curve in light blue corresponds 
to 100% modified cellulose fibres, and the bottom dark blue curve corresponds to 100% EAA. 
Some parts of the cellulose and EAA spectra have little overlap, for instance in the region of 
q=10.2-10.7 nm-1 corresponding to the cellulose (110)-peak and q=24.8-25.9 corresponding 
to the EAA (020)-peak. Thereby, orientation effects of cellulose and EAA could be evaluated 
separately, as shown in Figure 5.5b-c. The degree of orientation of the cellulose (Figure 5.5b) 
shows a soft gradient from the edge to the center of the sample, whereas in the EAA polymer 
(Figure 5.5c), similar to the polyethylene samples, sharp transitions between different layers 
where observed. This information is useful for understanding how threshold values of 
pressure, shear and temperature affects different types of material.  The 2D scattering pattern 
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from three different positions in the samples in Figure 5.5 show that the preferred direction 
of the scattering is mainly in the vertical directions close to the edge, which indicates that the 
polymer chains are oriented in the direction of the flow, whereas almost no preferred 
scattering direction can be observed in the center of the sample.  

 

Figure 5.5 WAXS results from cellulose-based composites where a) shows integrated scattering intensity for EAA, fibre 
composites and modified cellulose, b) shows degree of orientation calculated for the cellulose (110)- peak and c) shows degree 
of orientation calculated for the EAA (020)-peak for a composite that consists of 70% cellulose fibres and 30% EAA. In 
addition, some selected 2D scattering patterns are showed for three positions in c).  

 

5.2 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 and Paper III including 
mechanical testing (Paper I and Paper III), birefringence measurements (Paper II), light 
optical microscopy (Paper II), DSC (Paper I and III) and computational simulations (Paper I 
and II).  

Tensile testing was used to correlate the morphology to mechanical performance of the 
material.  Stress-strain curves from the different viscosities of LDPE is shown in Figure 5.6, 
where orange curves correspond to low viscosity LDPE, blue curves correspond to medium 
viscosity LDPE and dots and crosses indicate the break points for the 10 samples measured. 
Both low- and medium viscosity LDPE showed a higher ultimate strength in the MD direction 
compared to the CD direction. The difference between material strength in MD compared to 
in CD could be explained by the orientation of the highly oriented shish-kebab microstructure 
in the skin layer, as well the oriented elongated spherulite microstructure which were 
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identified using scanning SAXS (Figure 3 Paper I). The shish-kebab structure has been 
reported to improve the tensile strength in the direction of the fibril-like shish 25, 75, 76, explaining 
the higher ultimate strength measured in MD. When comparing low and medium viscosity 
LDPE using scanning SAXS (Figure 4 Paper I), it was concluded that medium viscosity 
LDPE had thicker skin layers, as well as more oriented and thicker shear layers compared to 
low viscosity LDPE. The higher tensile strength and higher stiffness observed in medium 
viscosity LDPE compared to low viscosity LDPE can be explained by the difference in 
thickness of highly oriented layers.   

 

Figure 5.6 Stress Strain curves of LDPEs with low (LV)- and medium viscosity (MV). 

Birefringence microscopy was used for HDPE samples produced with different process 
settings to further evaluate how process condition influence the layered morphology. Figure 
5.7 shows the result, where the colour indicates the direction of the angle of the fast axis. 
Similar to the SAXS results (Figure 5.3b and Figure 8 in Paper II), it was found that samples 
produced with the 85% V/P point had a significantly different layered structure with the 
presence of the thick layer of highly oriented crystalline morphology oriented vertically as 
indicated by the red colour. Overall, a good agreement was found between SAXS and 
Birefringence results. Correlating scattering results with birefringence is of importance in 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 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.  

 

Figure 5.7 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%.   
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Chapter 6 

Conclusions and Outlook 
 

The work presented in this thesis shows that advanced scanning SAXS and WAXS are powerful 
techniques to investigate hierarchical flow induced structures in polyethylene and cellulose-
based composites, in particular when the scattering data is combined with other techniques such 
as tensile testing, birefringence microscopy and computational simulations. All samples studied 
showed a clear multi-layered morphology as a consequence of varying shear-, temperature- and 
pressure-profiles during processing. For the LDPE samples, the work was centered around 
understanding the link between processing, morphology, and mechanical performance (Paper 
I). Scanning SAXS was used to gain insight on hierachical structures of the different layers, 
computational simulations were used to evaluate the shear- and temperature profiles in the 
through-thickness direction, and tensile testing was used to show the mechanical performance 
of LDPEs with different viscosities at varying distances from the injection gate. The 
combination of scattering data, simulations and mechanical testing revealed 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 molded plate highly influenced the hierarchical 
structure formed, where higher degree of orientation was found in higher molecular weight 
samples close to the injection flood gate. By measuring scanning SAXS on deformed samples 
post mortem the deformation mechanisms could be further studied. 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 changes its orientation in 
the direction of the applied stress.  
 
An interesting aspect for future studies would be to investigate the deformation process of 
polymer materials using SAXS and WAXS in-situ, that is to repeatedly collect scattering 
patterns for one point in the sample while deforming it. This would provide important insights 
how the microstructures are changed while being deformed, which could further reveal the link 
between hierarchical morphologies and the mechanical performance. Previous studies of 
polyethylene have reported a stress-induced martensitic transformation of the unit cell, in which 
the orthorhombic structure of undeformed polyethylene is converted to a monoclinic structure77, 

78, however this is not something that can be observed by measuring deformed samples post 
mortem.  
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HDPE chains are less branched compared to LDPE and are therefore more prone to form 
crystalline structures. Consequently, a more complex layered morphology was expected in 
the HDPE samples compared to the LDPE samples. In the work presented, 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 HDPE, which resulted in identification 
of more distinct layers compared to LDPE. 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.  

The work on cellulose-based composites was centered around use of scanning WAXS to 
visualize distribution and orientation of cellulose within a 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 
homogenous 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 with the degree of orientation of the cellulose.  

One of the most severe short-comings with dialcohol cellulose is that it is difficult to process 
dry material, resulting in high process forces and high temperatures causing discoloration of 
the material. This can be overcome by addition of water during the processing, making it 
possible to process dialcohol cellulose at temperatures below 140oC. Thereby, another 
interesting aspect for future studies would be to use scanning WAXS and SAXS to investigate 
how the hierarchical structure within dialcohol cellulose is affected by added water during 
processing. So far, our work has been focused on the WAXS signal of cellulose-based 
materials, however previous studies have showed that in systems where microfibrils are 
packed with high regularity, a peak in SAXS appears corresponding to the mean center-to-
center microfibril spacing 50, 79 . The SAXS signal could thereby be used to investigate if water 
aided processing gives swelling effects on fibrils, which we hypothesize can be correlated 
with the thermoplastic properties of the material. A combination of SAXS and WAXS would 
thereby give a more complete understanding of the hierarchical structures in dialcohol 
cellulose.  

In addition, it would be of high interest to use SAXS and WAXS to investigate structural 
changes of modified cellulose while the material is being heated, that is continuously 
collecting scattering patterns while the temperature of the sample is increased. Understanding 
such structural changes in-situ would provide useful information on how the material is 
affected by increased temperatures, which is key for understanding the conditions needed to 
achieve thermoplastic properties of cellulose materials.  
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Furthermore, we plan to use other types of X-ray-based synchrotron methods to characterize 
cellulose-based materials, such as scanning transmission X-ray microscopy (STXM) based 
on the near edge X-ray absorption spectral (NEXAFS) contrast and X-ray fluorescence 
(XRF). In STXM, the X-ray transmission can be measured as a function of the energy of the 
X-ray beam. If the X-ray energy is varied over the absorption edge of carbon, different 
chemical bonds that includes carbon atoms can be detected, making it possible to map out 
chemical modifications commonly used in cellulose. The STXM-method provide a high 
spatial resolution below 50 nm80, and could thereby be used to determine where in the samples 
chemical modifications are situated. If the chemical modifications contain elements not 
intrinsically present in the cellulose, scanning X-ray fluorescence could be used in a similar 
way, with the aim to receiving chemical maps of the chemical modifications. Furthermore, 
XRF can be measured together with SAXS and WAXS, making it possible to investigate both 
structural and elemental changes simultaneously 81, 82.   
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