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Abstract 

The battery separator is a component of the conventional battery that for long has been overlooked. 

Just because it’s the only inactive component, doesn’t mean it’s any less important for the battery cell. 

Recent trends point to an immense growth of the electrical vehicle-industry, and by so, also the 

lithium-ion battery separators market. This is because the lithium-ion battery is the most common 

battery type in commercial electrical vehicles. In one of the major manufacturing processes of the 

separator, mineral oil is used, to achieve a porous film. This study aims to evaluate different oils 

interaction with the polymer resin in the manufacturing process. Since most oils used in the battery 

separator industry today use paraffin rich oils, oils with different naphthenic content is tested to find 

correlations between the oils properties and the crystallinity or the porosity. 

No correlations for either the porosity or the crystallinity could be made to the oil’s properties. The 

images taken with the SEM was not enhanced enough to study the pores themselves or the pore 

structure of the films. 

For future studies it is recommended to collect more data to identify outliers so more accurate values 

are obtained. The methodology needs to be verified to ensure the procedure is reproducible. For the 

study of the pores and the pore structure, an FE-SEM should be used to achieve greater quality 

enhancement images on the surface of the films. 
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Sammanfattning 

Batteri separatorn är en komponent i det konventionella batteriet som länge har förbisetts. Bara för att 

den är en inaktiv komponent, betyder inte att den är mindre viktig för battericellens prestation. 

Trender idag pekar mot en enorm tillväxt inom elbils-industrin, och med det även litium-jon 

batteriseparatorns marknad. Det är för att litium-jon batteriet är det batteriet som vanligen används 

kommersiellt idag i elbilar. I en av de två stora industriella tillverkningsprocesserna används olja för 

att åstadkomma en porös film. Denna studie syftar på att utvärdera olika oljors interaktion med 

polymeren i denna tillverkningsprocess. Eftersom de flesta batteriseparator-industrier idag använder 

paraffinrik olja så testas oljor med olika mycket naftalensikt innehåll för att hitta korrelationer mellan 

oljornas egenskaper och kristalliniteten eller porositeten hos filmerna.  

Inga korrelationer för porositeten eller kristalliniteten kunde göras till oljornas egenskaper. Bilderna 

tagna med SEM var ej tillräckligt förstorade för att kunna studera vare sig porstorleken eller 

porstrukturen hos filmerna. 

För framtida studier rekommenderas att samla in mer data för att kunna utskilja ”outliers” i datan, för 

att erhålla mer korrekta värden. Metodiken måste även verifieras för att säkerställa att proceduren är 

reproducerbar. För att studera porerna och porstrukturen, borde en FE-SEM användas för att få mer 

förstorade bilder med bättre kvalité på filmernas yta. 
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Nomenclature  

SEM – Scanning Electron Microscope 

EV – Electrical Vehicle 

UHMWPE – Ultra High Molecular Weight PolyEthylene 

DSC – Differential Scanning Calorimetry 

MD – Machine direction 

TD – Transverse direction 

PP – PolyPropylene 

PE – PolyEthylene 

TIPS – Thermally Induced Phase Separation 

FE-SEM – Field Emission Scanning Electron Microscope 

  



 

iv 

 

Table of contents 

1 Introduction ............................................................................................................................................ 1 

1.1 Background .................................................................................................................................... 1 

1.2 Lithium ion batteries ..................................................................................................................... 1 

1.2.1 Electrical vehicles ...................................................................................................................... 1 

1.3 Separator ........................................................................................................................................ 2 

1.3.1 Production of separators........................................................................................................... 2 

1.3.2 Requirements for separators .................................................................................................... 4 

Thickness............................................................................................................................................. 5 

Porosity and pore size......................................................................................................................... 5 

Tensile strength and puncture strength ............................................................................................ 5 

Dimensional stability .......................................................................................................................... 5 

Shutdown temperature....................................................................................................................... 5 

1.4 Earlier studies ................................................................................................................................ 5 

2 Materials and experimental methods.................................................................................................... 6 

2.1 Materials ........................................................................................................................................ 6 

2.1.1 Polymer resin............................................................................................................................. 6 

2.1.2 Mineral oils ................................................................................................................................ 6 

2.1.3 Solvent ....................................................................................................................................... 7 

2.2 Experimental ................................................................................................................................. 7 

2.2.1 Preparation of blends ................................................................................................................ 7 

Oil/UHMWPE ratio ............................................................................................................................ 7 

2.2.2 Sample preparation ................................................................................................................... 7 

2.2.3 Characterization methods ......................................................................................................... 7 

Porosity measurements ...................................................................................................................... 8 

Pore size .............................................................................................................................................. 9 

Crystallinity ......................................................................................................................................... 9 

3 Results and discussion ......................................................................................................................... 10 

3.1 Oil/UHMWPE-formulation ........................................................................................................ 10 

3.3 Oil A............................................................................................................................................... 11 

3.4 Oil B .............................................................................................................................................. 12 

3.5 Oil C .............................................................................................................................................. 13 

3.6 Oil D ............................................................................................................................................. 14 

3.7 Summary ...................................................................................................................................... 15 

4  Conclusion ................................................................................................................................................20 

5 References ............................................................................................................................................. 22 

6 Appendix A ........................................................................................................................................... 24 

6.1 Oil A.............................................................................................................................................. 24 

6.3 Oil B .............................................................................................................................................. 27 

6.5 Oil C .............................................................................................................................................. 30 

6.7 Oil D ............................................................................................................................................. 33 

6.8 UHMWPE .................................................................................................................................... 36 



 

1 

 

1 Introduction 

1.1 Background 

This study is financed by Nynas Petroleum AB and aims to investigate the interaction between the 

polymer and the oil in the lithium ion (Li-ion) battery separator. The study attempts to answer the 

following question: 

• How does the choice of mineral oil affect the properties of the resulting separatorfilm? 

The study will be conducted at Nynas and use the equipment available at location at Nynäshamn. A 

method called thermally induced phase separation (TIPS) will be used. As an extruder is not available, 

a curer press will be used for casting the solution, and the film created will be ~0,25 mm and not 20-25 

µm, that is the standard for the separatorfilm in Li-ion batteries. 

The focus of this study is to investigate the separator and therefore the electrodes and the electrolytes 

will not be discussed, nor the chemistry of the battery.  

1.2 Lithium ion batteries 

Li-ions are widely spread and exists in almost every mobile phone or laptop today. The reason for this 

is the battery’s low weight and high energy density. Even though the function is the same, they occur in 

different shapes, e.g. cylindrical, prismatic and pouch cells. (1) These are seen in Figure 1. The type of 

design of the battery depend on the intended use of it. E.g. for a mobile phone, a desired feature is 

flatness, and therefore a pouch cell is used to achieve this flatness. 

 

Figure 1 - The various forms Li-ion batteries comes in. (1) 

1.2.1 Electrical vehicles 

One industry that is especially in need of high-performance batteries is the electrical vehicle (EV) 

industry. This industry is under heavy development and recent trends predicts that the use of EV’s will 

only continue to rise. (2) The Li-ion battery is a big part of the EV industry because the need to supply 

the vehicle with sufficient power while at the same time not being a safety hazard. E.g. not long ago, a 

major mobile phone company released a mobile phone which, under certain circumstances would 

overheat and explode. The cause of the explosion was later revealed to be because a fault in the Li-ion 

battery, specifically the separator. (3) A battery in an EV would be more powerful and due to the bigger 

size and an explosion could be deadly, which is why the safety of the battery is of such importance. 

The EV can be a lot of different types, e.g. plug-in electric vehicle (PEV), plug-in hybrid vehicles 

(PHEV), hybrid electric vehicle (HEV) or battery electric vehicle (BEV). The BEV is the only that relies 

entirely on electricity, while in the other types, electricity is used to increase the fuel-economy or as 

backup in case the battery runs out of electricity. 
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The EV’s are already considered as an alternative to common fossil fuel vehicles and a switch to EV’s 

would be desirable to lower the CO2-emissions. (4) EV’s may therefore be a way to combat the global 

warming and in Sweden there is incentives for buying an EV; a climate bonus is available to make EV’s 

more affordable and the tax on the vehicle is lower because no CO2 is released. It must also be stated 

that, for EV’s to be truly green, the electricity with which they are charged must be produced with 

renewable resources. 

1.3 Separator 

The separator in a Li-ion battery is a very thin porous film placed between the anode and the cathode 

to prevent physical contact and short circuits in the battery. It must allow Li-ions to be transported 

freely between the electrodes. (1) For the separator to accomplish its main purpose it must also be 

mechanically and chemically stable. It cannot be permitted to break due to physical stress or be 

degraded by the electrolyte in the cell, both causing short circuit. 

Separators for batteries can be divided into different types, depending on their physical and chemical 

characteristics (5). The types can be e.g. molded, woven, non-woven or microporous. This study 

focuses on the microporous separator, specifically the polyethylene separator. Polypropylene (PP) and 

polyethylene (PE) are the most used material for the microporous separator, but other materials are 

also used, e.g. poly vinyl chloride (PVC). (5,6) The microporous separator is the most common 

separator on the market, mostly because of the simplicity of the manufacturing process. (6,7) 

1.3.1 Production of separators 

The process of producing a microporous separator can broadly be divided into two processes, the wet 

and the dry process. Both processes will produce a porous film with similar properties. The polyolefin 

used for the separator is often PP or PE. Other materials are also used but not at the same extent as PP 

or PE. The reason why PP and PE are so popular is their chemical stability, electrochemical stability 

and mechanical stability. (7) The microporous polyolefin separators biggest flaw is the thermal 

stability. Due to the stretching in the manufacturing processes, it shrinks at higher temperatures, 

which can lead to an exposed cathode and anode, causing short circuit in the cell.  

The dry process will first melt the polymer resin. The polymer-melt will then be extruded to a non-

porous film. The extruded film is then annealed at an elevated temperature below the polymers 

melting point to induce a crystallite formation. To acquire the porous structure, the film is stretched in 

machine direction (MD). It is immediately after treated with heat to fix the pores and relax the stress 

in the film. (5,6,8) 

The wet process starts with mixing the polymer resin with a low molecular weight substance and other 

additives, e.g. antioxidants. The mixture is then melted and extruded to a film, and the film is 

calendared until the desired thickness is obtained. To enlarge the pores, the film is stretched biaxially 

or in the MD. Extraction of the low molecular substance is done by a solvent and left after the 

substance is the pores. (6,8) In the dry process, the pores come from stretching the film and breaking 

the stacked lamellae, while in the wet process, the pores come from phase separation between the 

polyolefin and the low molecular weight substance. (6,8) Both the dry and the wet process flow charts 

is shown in Figure 2. 
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Figure 2 - Shows the flow chart for the a) dry process b) wet process. (6) 

The pore structure will be slit-like pores that are highly oriented in the machine direction (MD) for 

films that is produced with the dry process. The films produced with the wet process will have a more 

rounded structure on the pores. The difference is shown in Figure 3. 

 

Figure 3 – A microporous film produces with the a) dry process b) wet process. (8) 

 
With the wet process molecules with higher molecular weight are able to be processed. This because of 
the low weight substance lowering the viscosity of the blend making it manageable. (8) That way, 
UHMWPE can be used to raise the mechanical strength of the film. (9) 
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The wet and the dry processes are the main manufacturing processes in the industry because of their 

simplicity. They both use an extruder and can be made a continuous process with polymer resin, 

mineral oil and additives in, and the separatorfilm out. However, there are other methods used to 

produce microporous films, e.g. thermally induced phase separation (TIPS). The wet method is a TIPS 

process. TIPS is the method used in this study and can be easily described with four steps (10):  

1. A homogeneous solution is formed by melt-blending the polymer with a high-boiling, low molecular 

weight liquid or solid referred to as the diluent. 

2. The solution is then cast into the desired shape. 

3. The cast solution is cooled to induce phase separation and solidification of the polymer. 

4. The diluent is removed (typically by solvent extraction) to produce a microporous structure. 

A more detailed description of the methodology used in this study will be presented in Chapter 2. 

1.3.2 Requirements for separators 

A separator must have certain properties to achieve optimal performance and safety in the cell. A 

criterion for a separator to even be considered is it need to be chemically stable in the electrolyte for a 

long time. The separator must also allow a high ionic flow at the same time as preventing any 

electronic current. (11,12) These are the separators most important functions and if they are not 

fulfilled, they cannot be used. Other properties of the separator affect the performance of the 

separator. The main goal with a battery, is to achieve as high energy density as possible. The 

requirements are summarized in Table 1. 

Table 1 - Requirements for Li-ion battery separators. (5,6,13,14) 

Parameter Requirement 

Thickness 20-25 µm 

Porosity 40-60% 

Pore size <1 µm 

Tensile strength <2% offset at 1000 psi 

Thermal shrinkage <5% shrinkage after 60 min at 90 °C 

Dimensional stability Lay flat and not curl up 

Puncture strength >300 g/mil 

Shutdown temperature ~130 °C 

Chemical stability Stable for a long time 
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Thickness 

A property that directly affects the energy density of the cell is the thickness of the separator. With a 

thinner separator, the energy density will be higher. But is the separator too thin, the mechanical 

strength is compromised. Therefore, it is important to find a thickness that would supply the cell with 

sufficient mechanical strength while not risking a short circuit. The separators used in commercial 

separators are between 20-25 µm. (5,6) 

Porosity and pore size 

Porosity of the separator directly affect the mechanical strength of the separator. With a higher 

porosity, the mechanical strength is lower. The separator can therefore not have too high porosity even 

though a high porosity is favorable for the cell performance. The typical porosity of separators is 

around 40%. (5,6) The use of a higher molecular weight polyolefin could allow for a higher porosity 

without compromising the mechanical strength. 

The pore size must be large enough for the Li-ion to pass through the separator, enabling the cell to be 

charged and discharged. They must also be small enough to prevent lithium dendrite growth, that can 

cause short circuit. The pores should be <1 µm. (5,6) 

Tensile strength and puncture strength 

The mechanical strength is usually divided into the tensile and the puncture strength, both very 

important properties of the separator. For the tensile strength, the following applies (5): the separator 

must not elongate significantly under tension in order to avoid contraction of the width. The separator 

cannot offset more than 2% at 1000 psi. (5,6) 

If the separator is punctured, the cell will short circuit. It is therefore important that the separator can 

resist a force of at least 300 g/mil. (5) 

Dimensional stability 

This property is mostly important for making the assembly of the cell manageable. The separator 

should lay flat and not curl up at the edges when unrolled (5). It is also important that the separator 

keep the dimensions as it is wetted with the electrolyte. 

Shutdown temperature 

The shutdown temperature is an important aspect of the safety of the cell. It can protect against a 

thermal runaway. When the temperature reaches the shutdown temperature, the separator melts and 

by doing so, blocks the pores so Li-ions can no longer pass through the separator and thereby shutting 

the cell down. This prevents a thermal runaway that could result in a fire or under certain conditions, 

an explosion. For the PE-separators, the shutdown temperature is ~135 °C. (5,6) 

1.4 Earlier studies 

Because the separator is an inactive component of the battery it has often been overlooked. Recently, 

studies have focused on the separator and improving its properties. Many investigate new materials or 

methods to upgrade the separators, as the polyolefin-separators are not thermally stable. E.g. the 

performance of a polyolefin-separator suffers degradation when working at high temperatures under a 

long time. (7) A solution for this could be to ceramically coat the polyolefin-separators to make them 

more thermally stable while at the same time increase the wettability. (8,15) Thus, making it possible 

for the Li-ion battery to operate at a higher temperature. 

A study which investigates how naphthenic oil affect the crystallization showed that the film’s 

crystallinity increased with the oil/PE ratio. The study also showed that without silica, the highest oil 

content after process was 2,3 mineral oil/UHMWPE. (16) This corresponds to a ratio of 70/30. Even 

though the study investigates lead-acid batteries, the result can be applicable in this study and will be 

considered when preparing the mixtures. 
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2 Materials and experimental methods 

This chapter aims to present the materials used and describe what instruments and methods used. 

2.1 Materials 

2.1.1 Polymer resin 

The polymer resin chosen for this study is a UHMWPE called GUR 4018 from Celanese. Its properties 

are shown in Table 2. 

Table 2 - Properties of the polymer resin 

Properties GUR 4018 

Molecular weight 0,6∙106 g/mol 

Viscosity number (VN) 500 ml/g 

Particle size 110 µm 

Density 0,95 g/cm3 

Bulk density 0,45 g/cm3 

Melting point 130-138 °C 

 

2.1.2 Mineral oils 

Four mineral oils were chosen and provided by Nynas for this study. The mineral oils properties are 

shown in Table 3. 

Table 3 - Properties of the mineral oils 

Oil Oil A Oil B Oil C Oil D 

Molecular weight 

[g/mol] 

395 400 401 540 

Density, 15 °C 

[kg/dm3] 

0,905 0,896 0,920 0,868 

Viscosity, 100 °C 

[mm2/s] 

8,6 8,5 11 12 

Aromatic content 

(Ca, Cn, Cp) [%] 

7, 40, 53 2, 43, 55 13, 37, 50 <1, 28, 71 

Aniline point [°C] 96 103 90 128 
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2.1.3 Solvent 

The solvent used for extraction is hexane. 

2.2 Experimental 

The overall process is following the process of TIPS with exception on the blending, as it will not be 

meltblended. Instead the blend will be a suspension of the polymer particles in the mineral oil. 

2.2.1 Preparation of blends 

The mineral oil and the UHMWPE is weighed in a plastic beaker to obtain the right formulation of the 

blend. The substances are then mixed with a propeller. It starts with a low rpm and when the oil and 

the UHMWPE have formed a slurry, the rpm is set to 700 and stirred for ~30 min. 

Oil/UHMWPE ratio 

As stated at Section 1.5, higher oil/UHMWPE ratio results in a more crystallin structure. With this in 

consideration, three different formulations will be tested. The tested oil/UHMWPE-formulations are: 

70:30, 60:40 and 50:50. 

When inspecting the result; the hardness, dimensional stability and thickness distribution are 

considered. One formulation is then chosen for the continued tests. 

2.2.2 Sample preparation 

The film is prepared in a curer press where the sample is pressed under high temperature. To find the 

best amount of sample to use in the form, a couple of test runs will be conducted. The right amount of 

sample is then weighed into the form. Since the UHMWPE is not fully miscible in the oil and the 

UHMWPE particles is only suspended in the mineral oil, it is important to take the sample directly 

from the stirring-sequence to the weighing-sequence to avoid layers forming. This for obtaining a well-

mixed blend in the press and a uniform distribution of the film. If the film is not uniform in thickness 

or UHMWPE, the results may vary widely. The form used in the curer press is 150×150×0,25 mm. 

The program run by the curer press is borrowed from Fabien Toquet (17) and is as follows: the press 

and form are preheated to 165 °C. First 5 ∙ 103 N is applied during 1 min, then 104 N during 2 min and 

finally 125 ∙ 103 N during 10 min. After this program the form is moved to be cooled at room 

temperature. 

When the film has cooled down, dumbbells are cut from the film. Preferably five dumbbells are cut 

from each film to observe if the film is uniform in properties. These dumbbells are bathed in hexane 

for two hours to extract all the oil out of the dumbbell sample. After extraction the dumbbells are ready 

for testing. 

2.2.3 Characterization methods 

The chosen properties for testing in this study are porosity, pore size and crystallinity. 
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Porosity measurements 

The porosity is determined by weighing the dumbbell with the mineral oil before extraction and the 

dumbbell after the extraction. By knowing the density of the mineral oil and the volume on the 

dumbbell, it is possible to calculate an estimate for the porosity of the sample. 

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦(%) =
𝑉𝑜𝑖𝑙

𝑉𝑡𝑜𝑡𝑎𝑙

=

𝑚𝑜𝑖𝑙

ρ𝑜𝑖𝑙

𝑉𝑡𝑜𝑡𝑎𝑙

=
𝑚𝑜𝑖𝑙

𝑉𝑡𝑜𝑡𝑎𝑙 ⋅ ρ𝑜𝑖𝑙

=
𝑚𝑓𝑖𝑙𝑚,   𝑏𝑒𝑓𝑜𝑟𝑒 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 − 𝑚𝑓𝑖𝑙𝑚,   𝑎𝑓𝑡𝑒𝑟 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛

𝑉𝑡𝑜𝑡𝑎𝑙 ⋅ ρ𝑜𝑖𝑙

 

Only this estimate for the porosity will be calculated as no equipment for measuring porosity is 

available at location. 

The dumbbell’s total volume was approximated with the dimensions given from ISO 37. Figure 4 

shows the dimensions on the dumbbell and Figure 5 shows how the approximation is done. Table 4 

gives the values to Figure 4. 

 

Figure 4 - Dimensions for the dumbbell type 1A according to ISO 37. (18) 

 
Table 4 - Values to Figure 4 (18) 

Dimensions  Length [mm] 

A 100 
B 25 ± 1 
C 21 ±1 
D 5±0,1 
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Figure 5 - Description of the approximation of the dumbbell 

Where  

𝐺 =
2

3
⋅

𝐴 − 𝐶

2
 

and 

𝐻 =
1

3
⋅

𝐴 − 𝐶

2
. 

By assuming that the thickness will be around 0,3 mm, the approximated volume of one dumbbell will 

be 

𝑉𝑑𝑢𝑚𝑏𝑏𝑒𝑙𝑙 = 0,3 ⋅ (2 ⋅ (G ⋅ 𝐵 +
𝐻 ⋅ 𝐵

2
) + 𝐶 ⋅ 𝐷) = 0,525 𝑐𝑚3 

Pore size 

To estimate the pore size, a tabletop SEM at KTH is used. The SEM used is a TableTop Hitachi SEM 

TM-1000. The images received by the SEM will be used to observe the pores and their size. 

Crystallinity 

For determining the crystallinity, a DSC is used. The DSC used is a DSC Q200 and the methodology 

follow ASTM F2625. (19) The sample is heated from 20°C to 200°C at 10°C/min. The crystallinity is 

then calculated by  

𝑋 =
Δ𝐻𝑠

Δ𝐻𝑓

⋅ 100 

Where Δ𝐻𝑓=289,3 J/g.  
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3 Results and discussion 

With each oil, two films were prepared and from each film, five dumbbells were cut. Two additional 

pieces were cut out, with no specific form for the crystallinity measurements. The five dumbbells 

porosity is approximated, but no crystallinity measurements is done on these samples. The data with 

each oil is presented in Appendix A and summarized below. 

3.1 Oil/UHMWPE-formulation 

After preparing three films, one of each formulation (70/30, 60/40 and 50/50), the formulation 70/30 

were chosen. It displayed good dimensional stability and thickness distribution. The second reason for 

this choice was to achieve as high crystallinity as possible for the film.  
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3.3 Oil A 

The porosity of the films made with Oil A, was approximated to be  

67 ± 6 % 

with a confidence interval at 95%. The porosity of each sample is showed in Figure 5. 

 

Figure 6 - The porosity of the samples made with Oil A 

The crystallinity of the films made with Oil A, were determined to be 

73,0 %. 

The results from the DSC is presented in Appendix 6.1. Below in Figure 7, is an x1000 enhanced image 

of the film taken with SEM. 

 

Figure 7 - SEM-image of film made with Oil A 
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3.4 Oil B 

The porosity of the films made with Oil B, was approximated to be 

72 ± 5 % 

with a confidence interval at 95%. The porosity of each sample is showed in Figure 6. 

 

Figure 8 - The porosity of the samples made with Oil B 

The crystallinity of the films made with Oil B, were determined to be 

69,2 %. 

The results from the DSC is presented in Appendix 6.2. Below in Figure 9, is an x1000 enhanced image 

of the film taken with SEM. 

 

Figure 9 - SEM-image of film made with Oil B 
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3.5 Oil C 

The porosity of the films made with Oil C, was approximated to be  

73 ± 6 % 

with a confidence interval at 95%. The porosity of each sample is showed in Figure 7. 

 

Figure 10 - The porosity of the samples made with Oil C 

The crystallinity of the films made with Oil C, were determined to be 

69,5 %. 

The results from the DSC is presented in Appendix 6.3. Below in Figure 11, is an x1000 enhanced 

image of the film taken with SEM. 

 

Figure 11 - SEM-image of film made with Oil C 
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3.6 Oil D 

The porosity of the films made with Oil D, was approximated to be  

75 ± 4 % 

with a confidence interval at 95%. The porosity of each sample is showed in Figure 8. 

 

Figure 12 -The porosity of the samples made with Oil D 

The crystallinity of the films made with Oil D, were determined to be 

72,7 %. 

The results from the DSC is presented in Appendix 6.4. Below in Figure 13, is an x1000 enhanced 

image of the film taken with SEM. 

 

Figure 13 - SEM-image of film made with Oil D 
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3.7 Summary 

The crystallinity and porosity are summarized in Table 5. 

Table 5 - Summarization of the results 

Oil Oil A Oil B Oil C Oil D 

Porosity [%] 67 ± 6 72 ± 5 73 ± 6 75 ± 4 

Crystallinity [%] 73,0 69,2 69,5 72,7 

 

Unfortunately, the TableTop SEM TM-1000 could only achieve x10000 enhancement which was not 

enough to observe the pores themselves. When fully enhanced, the images got blurry and instead the 

x1000- and x250-images are chosen to be showed. The SEM-images are shown beside each other in 

Figure 13 and Figure 14. 

 

Figure 14 - SEM-images with x1000 enhancement. Films made with a) Oil A, b) Oil B, c) Oil C, d) Oil D 
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Figure 15 - SEM-images with x250 enhancement. Films made with a) Oil A, b) Oil B, c) Oil C, d) Oil D 

It’s hard to observe any significant differences between the four images in either Figure 14 or Figure 

15. To observe the any differences, I believe a greater enhancement is needed to make any statement 

about how the oil and the polymer have interacted with each other. 

Different properties of the oils were plotted against the crystallinity and the porosity of the. These plots 

are shown in Figure 16-21.  
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Figure 16 - Crystallinity and porosity plotted against aromatic content 

 
 

  

Figure 17 - Crystallinity and porosity plotted against naphthalene content 
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Figure 18 - Crystallinity and porosity plotted against paraffinic content 

 
 

  

Figure 19 - Crystallinity and porosity plotted against viscosity of the oil 
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Figure 20 - Crystallinity and porosity plotted against the aniline point of the oil 

 
 

  

Figure 21 - Crystallinity and porosity plotted against the density of the oil 
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4  Conclusion 

The only difference that sticks out of the test are observed in Figures 16-21 and Table 6. The films 

made with Oil A was the only films that achieved a higher crystallinity than porosity. It was also the 

film that achieved the highest crystallinity.  

Table 6 - Table 3 and table 5 together 

Oil Oil A Oil B Oil C Oil D 

Molecular weight 

[g/mol] 

395  401 540 

Density, 15 °C 

[kg/dm3] 

0,905 0,896 0,920 0,868 

Viscosity, 100 °C 

[mm2/s] 

8,6 8,5 11 12 

Aromatic content 

(Ca, Cn, Cp) [%] 

7, 40, 53 2, 43, 55 13, 37, 50 <1, 28, 71 

Aniline point [°C] 96 103 90 128 

Crystallinity [%] 73,0 69,2 69,5 72,7 

Porosity [%] 67 ±6 72 ± 5 73 ± 6 75 ± 4 

 

The images from the SEM were inconclusive. The enhancement of x10000 was not enough for the 

purpose of observe the pore and the pore structure. What could be observed was merely that the films 

are in fact microporous. The SEM used in this study was a tabletop SEM. To achieve a greater 

enhanced image quality of the surface, a field emission (FE)-SEM can be used in future studies. In all 

the images from the SEM, small white particles, or clusters, are present. It is possible these are PTFE-

particles. PTFE-spray was used for the film to not stick to the metal form when preparing the film. It 

can also be dirt present on the sample or accumulations of UHMWPE. 

As the porosity measurement was only an approximation, a variation between values was expected. 

However, the high variation in crystallinity was not expected to be as high as obtained. Even the 

crystallinity on the pure UHMWPE varied. The two measurements made with UHMWPE which are 

seen in Appendix 7,8. showed 59,43% and 66,16%, a difference of 6,73 units. Even with this in mind it 

is clear that the oil helped to achieve a higher crystallinity on the film than the original pure product. 

Why such a high difference has been obtained with pure product is unclear, but more tests should be 

made to eliminate possible outliers. 

The crystallinity measurements on the films made with Oil A showed the most variety of the films, 

from 69,76% to 76,49%, which is a difference of 6,73 units. Compared to this, the errors on the other 

films is acceptable and assumed to be valid. The films made with Oil A should have been remade to 

observe if the results will be different. Most likely, the thickness and UHMWPE have not been uniform 

in the film, and that have resulted in a high spread in data. As with the pure UHMWPE, more 

measurements should be done to better figure out which points are outliers and where the real value 

actually lies. However, due to time limitations, there was no time for additional tests or films. 
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No correlations could be found between the oil’s properties and the crystallinity or the porosity of the 

resulting film. The reason could be that no correlation exists between the properties looked at, or that 

the data collected was not enough to detect any correlations. Most likely would be the second 

alternative and for further studies I would recommend more data to be collected to verify that the 

methodology is reproducible. 
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6 Appendix A 

6.1 Oil A 

 

Table 7 - Substance used for each film with Oil A 

Film 1 2 

Substance used (g) 6,8 7,0 

 

Table 8 - Crystallinity and porosity for the samples from the first film with Oil A 

Sample 1 2 3 4 5 

Porosity [%] 68 54 66 60 58 

Crystallinity 

[%] 

76,49 69,76 

 

Table 9 - Crystallinity and porosity for the samples from the second film with Oil A 

Sample 6 7 8 9 10 

Porosity [%] 78 70 70 74 68 

Crystallinity 

[%] 

74,35 71,20 
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Figure 22 - Results from film made from Oil A, sample 1 

 

Figure 23 - Results from film made from Oil A, sample 2 
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Figure 24 - Results from film made from Oil A, sample 3 

 

Figure 25 - Results from film made from Oil A, sample 4 
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6.3 Oil B 
Table 10 - Substance used for each film with Oil B 

Film 1 2 

Sample used (g) 8,2 7,4 

 

Table 11 - Crystallinity and porosity for the samples from the first film with Oil B 

Sample 1 2 3 4 5 

Porosity [%] 79 68 70 72 63 

Crystallinity 

[%] 

68,18 69,38 

 

Table 12 - Crystallinity and porosity for the samples from the second film with Oil B 

Sample 6 7 8 9 10 

Porosity [%] 87 76 68 74 66 

Crystallinity 

[%] 

68,04 71,25 
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Figure 26 - Results from film made from Oil B, sample 1 

 

Figure 27 - Results from film made from Oil B, sample 2 
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Figure 28 - Results from film made from Oil B, sample 3 

 

Figure 29 - Results from film made from Oil B, sample 4 
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6.5 Oil C 
Table 13 - Substance used for each film with Oil C 

Film 1 2 

Sample used (g) 7,6 7,6 

 

Table 14 - Crystallinity and porosity for the samples from the first film with Oil C 

Sample 1 2 3 4 5 

Porosity [%] 83 74 68 89 77 

Crystallinity 

[%] 

69,81 68,80 

 

Table 15 - Crystallinity and porosity for the samples from the second film with Oil C 

Sample 6 7 8 9 10 

Porosity [%] 72 64 64 77 66 

Crystallinity 

[%] 

69,32 70,02 

 



 

31 

 

 

Figure 30 - Results from film made from Oil C, sample 1 

 

Figure 31 - Results from film made from Oil C, sample 2 
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Figure 32 - Results from film made from Oil C, sample 3 

 

Figure 33 - Results from film made from Oil C, sample 4 
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6.7 Oil D 
Table 16 - Substance used for each film with Oil D  

Film 1 2 

Sample used (g) 8,4 7,8 

 

Table 17 - Crystallinity and porosity for the samples from the first film with Oil D 

Sample 1 2 3 4 5 

Porosity [%] 66 68 77 79 77 

Crystallinity 

[%] 

71,32 71,26 

 

Table 18 - Crystallinity and porosity for the samples from the second film with Oil D 

Sample 6 7 8 9 10 

Porosity [%] 83 79 72 72 75 

Crystallinity 

[%] 

73,47 74,66 
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Figure 34 - Results from film made from Oil D, sample 1 

 

Figure 35 - Results from film made from Oil D, sample 2 



 

35 

 

 

Figure 36 - Results from film made from Oil D, sample 3 

 

Figure 37 - Results from film made from Oil D, sample 4 
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6.8 UHMWPE 

 

Figure 38 - Results from the pure UHMWPE, sample 1 

 

Figure 39 - Results from the pure UHMWPE, sample 2 


