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ABSTRACT 
Oil-impregnated paper and pressboard made from kraft pulp are used as 

electrical insulation in high-voltage transformers, capacitors and cables. The 

electrical performance and reliability are highly dependent on the design and choice 

of the insulation material. Present trends with increasing material prices and higher 

operating voltages emphasize the importance of more extensive research on 

electrical insulation materials. The use of kraft paper and pressboard, together with 

oil as electrical insulation is advantageous because the system is well-characterized, 

and the paper/pressboard is cheap and environment-friendly. The recent urge for 

sustainable materials with properties competitive with those of petroleum-based 

plastics together with decreasing profits for traditional forest industry have over the 

past years led to a large increase, and a fast development in wood fibre research. 

New discoveries could make it possible to achieve improvements also in the 

cellulose-based insulation materials. To be able to tailor the material, it is important 

to understand how different material properties and processing parameters influence 

the final properties of the paper product. The kraft paper consists of three main 

components; cellulose, hemicellulose and lignin and these have different structural 

and chemical functionalities and are therefore expected to have different dielectric 

properties, and it is essential to clarify how this affects the insulating properties of 

papers made from unbleached chemical pulps. 

In the first part of this thesis, spectroscopic ellipsometry was used to measure the 

optical properties in the IR-UV range in order to evaluate the dielectric properties of 

glucomannan (a hemicellulose species), lignin and cellulose. The similarity in the 

molecular structures of glucomannan and cellulose was reflected in the values of 

the absorption frequency and dielectric function. The more complex structure of 

lignin, with its conjugated bonds, means a higher polarizability and lower energy 

for absorption and electronic transitions. This study also provides information about 

the dispersive interactions (i.e. Hamaker constants) between the wood fibre 

components and between these components and filler materials.  

In the second part of the thesis, the influence of the character of kraft paper on 

the dielectric properties was investigated, focusing on how pulp and paper 

processing leads to different chemistries and morphologies and on how this will 

influence the dielectric response of the papers. The density strongly influences the 

dielectric response, but the response is not affected by the way in which the density 

has been achieved; by pressing the paper during drying or by a mechanical 

treatment of the fibres before sheet preparation. The results clearly demonstrate that 

a lower paper density would be beneficial to decrease the over-all losses of the 

insulation system, but the poor mechanical properties of these low-density papers 

require reinforcement by efficient additives or modifications of the fibres that 

significantly strengthen the paper. The results also show that the chemical 



composition of the pulp influences the polarization, dielectric loss and charge 

transport in the paper It was demonstrated that, in order to achieve low dielectric 

losses, the lignin content should be low. Since the results shows that the raw 

material and the chemical composition and processing parameters affect the final 

dielectric properties of paper and pressboard, this emphasizes the need to have 

control over the entire pulp and papermaking process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



SAMMANFATTNING 

Oljeimpregnerat papper och pressboard tillverkat av sulfatmassa används som 

elektrisk isolering i högspänningstransformatorer, kondensatorer och kablar. Den 

elektriska prestandan och tillförlitligheten påverkas i hög grad av utformningen och 

valet av isoleringsmaterialet. Nuvarande trender, med ökande materialpriser och 

högre driftspänningar betonar vikten av en mer omfattande forskning kring 

elektriska isolationsmaterial. Användningen av kraftpapper och pressboard, 

tillsammans med olja, som elektrisk isolering är fördelaktigt på grund av att 

systemet är väl karakteriserat, och att papper/pressboard är billigt och miljövänligt. 

Den senaste tidens strävan efter hållbara material som kan konkurrera med 

egenskaperna hos oljebaserade plaster, tillsammans med minskade vinster för den 

traditionella skogsindustrin har under de senaste åren lett till en stor ökning, och en 

snabb utveckling av nya produkter baserade på träfibrer. Dessa nya 

utvecklingstrender skulle kunna innebära nya möjligheter för att åstadkomma 

förbättringar även för cellulosabaserade isoleringsmaterial. För att kunna skräddarsy 

materialet är det viktigt att kunna separera hur olika materialegenskaper och 

processparametrar påverkar de slutliga egenskaperna hos pappersprodukten. Till att 

börja med består kraftpapper av tre huvudkomponenter, cellulosa, hemicellulosa 

och lignin och dessa har olika struktur och kemisk funktionalitet och förväntas 

därför ha olika dielektriska egenskaper. Det är viktigt att klargöra hur detta påverkar 

de isolerande egenskaperna hos papper tillverkade av oblekt kemisk massa. 

I den första delen av denna avhandling användes spektroskopisk ellipsometri för 

att mäta optiska egenskaper i IR - UV-området och med hjälp av dessa utvärdera de 

dielektriska egenskaperna hos glukomannan (en hemicellulosa), lignin och 

cellulosa. Likheten i de molekylära strukturerna hos glukomannan och cellulosa 

återspeglades i resultaten (i värdena för frekvens absorption och den dielektriska 

funktionen). Den mer komplexa strukturen hos lignin, med konjugerade bindningar, 

innebär en högre polariserbarhet och en lägre energi för absorption och elektroniska 

övergångar. Denna studie ger också information om de dispersiva interaktionerna 

(de s.k. Hamaker konstanterna) mellan vedfiber komponenter och mellan dessa 

komponenter och fyllmedel. 

I den andra delen av avhandlingen, undersöktes de dielektriska egenskaper hos 

olika typer av kraftpapper, med fokus på hur massa-och papperstillverkningen 

resulterar i olika kemi och morfologi och hur detta kommer att påverka den 

dielektriska responsen hos pappret. Medan de uppmätta dielektriska egenskaperna 

påverkars starkt av densiteten verkar de vara opåverkad av hur densiteten uppnåtts, 

genom att pressa papperet under torkning eller genom en mekanisk behandling av 

fibrerna före tillverkning av ark. Resultaten visar tydligt att en lägre pappersdensitet 

skulle vara fördelaktigt för att minska de totala dielektriska förlusterna hos 



isoleringen men de bristfälliga mekaniska egenskaper hos dessa låg-densitets 

papper gör att det krävs effektiva tillsatser eller modifieringar av fibrer, som medför 

en avsevärd förstärkning av papper. Resultaten visar också att den kemiska 

sammansättningen av massan påverkar polarisationen, den dielektriska förlusten 

och laddningstransporten i papper. Det framgår också att ligninhalten bör vara låg 

för att uppnå låga dielektriska förluster. Eftersom resultaten visar att både råvaran 

och processparametrarna påverkar de slutliga dielektriska egenskaperna hos papper 

och pressboard understryks behovet av att ha kontroll över hela massa- och 

papperstillverkningen, för att kunna optimera papperegenskaperna hos t.ex. 

pressboard. 
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1. OBJECTIVES 
 

The goal of this project is a deeper understanding of how to control and improve 

the electrical insulation capacity of the cellulose-based insulation materials used in 

high voltage transformers, which are key components of power transmission 

systems. The vision is to increase the reliability and capacity of the wood-fibre- 

based component. A material with higher electrical resistance capabilities would 

also lead to new design conditions with smaller dimensions needed of the fibre-

based components and this would mean a reduced cost to the industry and is sought 

after for enabling the manufacturing of components rated for higher voltage levels. 

This will be achieved through (1) evaluation of the relations between the chemical, 

physical and dielectric properties of the material and (2) by using novel 

modification technologies for wood-based materials.  

2. OUTLINE  
 

This thesis consists of two parts based on work presented in two different papers 

(Paper I and Paper II). In the first part (Paper I), the dielectric properties of lignin 

and hemicellulose have been determined with the aid of spectroscopic ellipsometry, 

in order to characterize the pure components that constitute the wood fibres. In the 

second part (Paper II), model experiments have been performed with papers made 

from chemically liberated fibres, with different chemical composition, that have 

been mechanically beaten and/or pressed to different degrees. These papers were 

characterised regarding their physical properties and subjected to dielectric 

spectroscopy in order to form a knowledge-base for how different fundamental 

paper properties affect the dielectric properties. This will be used to select different 

fibre modifications in future experiments. 

Some readers might, due the interdisciplinary nature of the presented work, find 

the theoretical parts too simple in their field of expertise. However, I have strived, 

with this thesis, to make the background (chapter 3) digestible for colleagues with 

background in chemistry or in electrical engineering and am thereby hoping that 

both can acquire some new understanding or even discover an interest into a, for 

them, new field. The manuscripts on the other hand are more focused towards the 

readers interested in either wood fibre properties (Paper I) or in dielectric materials 

(Paper II). 
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3. BACKGROUND 
 

Reliable electrical insulation with low energy loss is essential for a credible 

power system and efficient energy transmission. The development of a more 

sustainable power transmission system poses several challenges, such as the 

integration of renewable resources and the building of large intra- and 

transcontinental networks with high DC voltages. This development also places 

new requirements on the components and materials used in existing transmission 

systems. The physical and dielectric properties of cellulose based insulation can be 

altered by chemical and physical modification, striving to meet these requirements. 

Sound choices of modifications are based on that the dielectric properties of wood 

fibre components relevant for electrical insulation applications are well understood.  

The long history of the use of oil-paper electrical insulation, dating back to the 

19
th

 century [1], explains the large variety of early research on the dielectric 

properties of cellulose and on the oil-cellulose system [2-9]. These papers cover the 

influence of both moisture and density on the dielectric response as well as the 

circuit representations of the heterogeneous mixture. More recent papers have 

further illustrated the influence of moisture, temperature and ageing and on the 

dielectric response methods for the diagnosis of oil, paper and pressboard [10-17]. 

It is, however, difficult to separate the effects of individual parameters because they 

are seldom independently changed. The influence of moisture and the fact that the 

papers and pressboards are oil-impregnated also complicates the situation. In this 

study the aim has been to carefully map these effects with controlled experimental 

conditions and a characterisation of the materials.  

 

3.1 Material 
Paper and pressboard are made from a 3D-structured network of wood fibres. 

The material used in electrical grade paper is made from softwood fibres liberated 

through the kraft pulping process. Wood fibres from softwood consist of three main 

components; cellulose, hemicellulose and lignin.  

3.1.1 Cellulose 

Cellulose is a linear unbranched polymer (Figure 3.1) and the degree of 

polymerization is often very high. In naturally occurring cellulose, the degree of 

polymerization is over 12000 whereas after isolation (depending on method) it is 

lowered to an average degree of polymerization in the range from 800 to 3000 [18].  
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Figure 3.1 Structure of a cellulose chain fragment. [18] 

3.1.2 Hemicellulose 

Hemicelluloses are often combinations of different monosaccharaides. They have a 

linear backbone composed of linked glucose, mannose, xylose or galactose units.  

Additionally they often have short side chains that may include xylose, glucose, 

arabinose or glucuronic acid. For example galactoglucomannan contains galactose, 

mannose and glucose while xylan contains xylose units. The structure is more 

branched than cellulose and the chains are normally much shorter. 

Galactoglucomannans and arabinoglycuronoxylan are the principal hemicelluloses 

(~20 % and 5-10 % respectively) in softwood species, such as spruce and pine. 

Other polysaccharides, consisting mainly of arabinose, galactose, glucuronic and 

galacturonic acids, including pectin and starch, are present in minor quantities [19]. 

3.1.3 Lignin 

Unlike cellulose and hemicellulose lignin does not have a well-defined repeating 

unit. Lignin has a more complex 3D network structure (Figure 3.2) and it contains 

both aromatic and aliphatic units.  
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Figure 3.2 Suggested structure of lignin. [20] 

 

Lignin is an amorphous polymer and has a lower density than cellulose, ~1.3 

g/cm
3
 and ~1.5 g/cm

3
 respectively, due to its supramolecular structure. 

3.1.4 Wood fibre structure  

The cellulose in the wood fibre contains both highly ordered crystalline regions 

and less ordered semi-crystalline and not ordered structures. In the crystalline 

regions cellulose chains form sheets, with strong intermolecular hydrogen bonds, 

which are stacked and form organized nano-fibrils. The nano-fibril aggregates are 

held together by an amorphous matrix of hemicelluloses and lignin and arranged 

into several layers, illustrated in Figure 3.3, making up the fibre wall. Each layer 

can be distinguished by the orientation of the fibrils. The three main layers are 
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called the primary wall (P), the secondary wall (S) and the middle lamella (M). The 

secondary wall is divided into three sub-layers; the outer layer (S1), the middle layer 

(S2) and the inner layer (S3). The middle lamella which keeps the fibres together in 

wood contains mainly lignin and pectin. During chemical pulping, in the 

delignification process, the middle lamella is removed and the wood fibres 

liberated.  

 

 
Figure 3.3. Schematic representation of the wood fibre structure showing the 

primary wall (P), the secondary wall (S) and the middle lamella (M). The secondary 

wall is divided into three sub-layers; the outer layer (S1), the middle layer (S2) and 

the inner layer (S3). [21] 

3.1.5 Kraft pulp 

During kraft pulping, hemicellulose and lignin are removed to optimize the 

mechanical properties of the paper product and to maximize the yield of the original 

fibres. The degree of delignification of the fibres is most frequently quantified by 

the kappa number of the pulp which is mainly a measure of the amount of residual 

lignin, but also includes the hexenuronic acid in the pulp. The relation between 

kappa number and lignin content can be described as [22]: 

 

               
           

    
 (1)   

 

where the ratio is dependent on pulp and pulping process. 

The kraft pulp used in electrical grade pulp has a kappa number of 20-28, 

equivalent to a lignin content of 3-4 %. [23-25].  
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The removal of hemicellulose and lignin creates open pores, but eventually the 

fibres collapse and the pores become smaller and fewer and the surface area 

accessible to the surrounding media decreases. Large pores in the wet fibre 

structure improve the consolidation between fibres and lead to a higher density in 

the final product. At the same time the open porous structure of the fibre wall 

makes it possible to modify the fibre wall, provided that the modification chemicals 

can penetrate into the fibre wall.  

Drying of a wood pulp leads to hornification, which means that the original 

porous structure of the fibre is not completely regained after wetting [26, 27]. 

Hence the consolidation and the mechanical properties of a dried pulp are impaired 

compared to those of a similar never-dried pulp and the accessibility for water 

sorption is also low. Dried commercial pulps are commonly beaten to improve the 

conformability and thereby achieve a high density and strong papers made from the 

treated fibres. As a result of beating, the amount of fines and fibre fibrillation 

increase, and this increases the strength of the final paper and decreases the 

dewatering ability of the paper both in the forming and drying section of the paper 

machine.  

The interaction between paper and moist air is a very important property of the 

dry paper in electrical insulating materials. At relative humidities lower than 50-60 

% moisture absorption in cellulose predominantly takes place by interaction with 

accessible hydroxyls in less ordered regions of the surfaces [18] and in order to 

decrease this sensitivity the number of free hydroxyls has to be decreased. 

The kraft pulp fibres are also negatively charged, the charge originating both 

from the hemicelluloses, with a major contribution from the uronic acid residues in 

xylan, and from oxidised lignin structures. These charges are frequently used for 

physical modification of the fibres via polyelectrolyte adsorption [28]. 

3.1.6 Pressboard and paper used as electrical insulation 

High-density pressboards (up to 1.2 g/cm
3
) for the production of transformer 

insulation pressboard (Figure 3.4) are made by pressing paper sheets together and 

drying them under heat, in a specially designed hydraulic press, to full dryness. 

Structural parts are made from several sheets of pre-compressed mechanically 

tough pressboard that are glued together. For more complex geometries, such as 

angle collars and snouts, a softer pressboard is soaked and dried under compression 

on moulding mandrels or between metal tools.  

After years of service, the moisture level of a transformer increases due to 

imperfections in the sealing or ageing of the cellulose material. If the moisture 

content of wood increases, the specific resistance becomes lower and the 

conductivity increases [25]. 
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Figure 3.4 L-shaped pressboard for use as electrical insulation in transformer. 

  

In the electrical insulation application, the paper product is impregnated with oil 

(usually a mineral oil). In transformers, (Figure 3.5) the pressboard and paper 

elements are inserted and then impregnated in the oil-filled transformer tank.  

 

 
 

Figure 3.5 A 800 kV UHVDC (Ultra High Voltage DC) power transformer 

(ABB). 
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3.2 Dielectric dispersion 
An ideal dielectric has no free charges, only bound charges that can rearrange in 

an electric field. Under the influence of a time-dependent electric field, the 

polarization processes and charge transportation that take place in and between 

molecules in the paper and its surrounding media determine the dielectric response. 

When an applied electric field is released, dipoles relax back into random 

orientation. This process of re-disordering is characterized by a relaxation time due 

to e.g. frictional resistance experienced by side chains or groups. The movement 

due to polarization results in a dissipation of energy to the material as heat. The 

dielectric constant or permittivity, ε, can be resolved into a real part, storage, ε´, and 

an imaginary component, the loss, ε´´. The dielectric loss tangent, tan δ = ε´´/ ε´, is 

a measure of the ratio between the imaginary and real part of the dielectric function 

at a particular frequency [25]. 

The origin and nature of the polarizability depend on the frequency, the higher 

the frequency the shorter is the length scale of polarization. The frequency 

dependence of the dielectric response is known as the dielectric dispersion, shown 

in Figure 3.6. At high frequencies (in the UV-visible region) the only polarization 

that is sufficiently fast to move with electric field is the electronic polarization. At 

lower frequencies, larger moieties have time to orient with the electric field. 

Maxima called “loss peaks” sometimes occur in the imaginary part (ε´´) of the 

dielectric dispersion, representing losses due to e.g. the presence of water or 

polarizable interfaces. 

 

Figure 3.6 A diagram of the dielectric dispersion; the frequency dependence of 

ε’ and ε’’. The origin of the polarization is written above the curves at the 

characteristic frequency. [29]  



9 

 

3.2.1 Electronic polarization 

Polarizable electrons are mainly located at the covalent bonds and the electronic 

polarizability of a molecule can be obtained by summarizing the characteristic 

polarizabilities,    , of these covalent bonds [30, 31]. Values for the polarizability 

of bonds and molecular groups found in the molecular structures of e.g. lignin, 

hemicellulose and cellulose are available in the literature [30, 32]. Hemicellulose 

and cellulose structures contain aliphatic C-C bonds, C-H bonds, C-O-C bonds and 

C-O-H bonds, with electronic polarizabilities between 0.48 and 1.28 (with the unit 

4πε0·10
-30 

m
3
). Hemicellulose and cellulose also contain a small amount of 

carboxylic groups, which contribute to greater polarizability, α0(C=O) is 1.36 

(4πε0·10
-30 

m
3
). Lignin contains aromatic C-C bonds, conjugated C=C bonds, C-O-

C, C-H bonds and C-O-H bonds. The conjugated C=C bonds have a high electronic 

polarizability, 1.65 (4πε0·10
-30 

m
3
), and this contributes to the dielectric function in 

the high frequency range. 

3.2.2 Atomic polarization 

Atoms bound to each other in molecules do not always share their electrons 

symmetrically. When an electric field is applied to such atoms or molecules the 

dipole moment will change, this is called atomic polarization.  

3.2.3 Dipole polarization 

In an electrical field, dipole moments are also introduced in non-polar molecules 

or in segments due to dislocation of the charge centres, when the positive charge is 

attracted to the negative electrode and vice versa. The polarizability, the tendency 

for an electron cloud to be distorted from its normal shape, depend on how diffuse 

(spread out) the electron cloud is [29]. The macromolecules (cellulose, 

hemicellulose and lignin), which make up the cell wall in wood fibres, are all 

subject to dipole polarization. The loss features of dry cellulose are attributed to the 

movement of hydroxyl and methyl groups [33].  

3.2.4 Interfacial polarization 

Polarizable interfaces contributing to the dielectric losses are present in 

heterogeneous dielectrics such as the oil-impregnated paper and pressboard, and 

they may also be introduced by adding fillers. Charges that accumulate at the 

interfaces due to the mismatch in permittivity and resistivity function as dipoles, the 

polarization of which affect the response at frequencies in the power frequency (50 

Hz) range and lower [11]. 

3.2.5 Hopping charges 

Insulating materials are characterized by a wide band gap, i.e. high energy 

between valence and conduction band. This means that there are no holes or 
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electrons free to move and provide conduction. Hopping charges, a class of species 

intermediate between dipoles and charge carriers, spend most of their time in 

localized states, only experiencing small thermal vibrations. A hop to another 

localized state does however occur occasionally, when sufficient energy is available 

due to thermal fluctuation or illumination, providing diffusive charge transport. The 

probability for a hopping transition to take place is determined by the distance 

between the traps and the energy barrier that has to be overcome. The existence of 

traps in solids is related to “disorder”, both structural and compositional [34]. If the 

localized states form a connected network and the charges gain energy it can give 

rise to direct current (DC) conduction. DC conductivity is indicated by a rise with 

decreasing frequency in the imaginary part of the dielectric response (a slope of -1 

can be seen in the ε’’ curve) [35]. This conduction is characterized by a lower 

mobility than free band conduction.  

3.2.6 Low frequency dispersion 

In many dielectrics, no loss peak is visible down to the lowest measured 

frequencies, although the response rises steeply towards low frequencies. This may 

be due to a DC conductivity which should give a contribution to the imaginary part 

of the dielectric response. With low frequency dispersions (LFD), which are 

characteristic of a dielectric such as kraft paper, both the imaginary and real parts 

rise steadily towards low frequencies. 

3.3 Dielectric mixtures 
Polymer-based composites are commonly used in electrical insulation 

applications, and methods of calculating the combined response of material 

combinations have therefore been developed. Useful summaries of the different 

methods are provided by Raju [29], Shivola [36] and Morgan [15]. Morgan showed 

how compression of the paper in air affects the dielectric response. Under 

compression, the fraction of cellulosic material increases, increasing the over-all 

permittivity of the system. According to Morgan, good agreement was obtained 

with the measured values of the permittivity and loss tangent for kraft paper using 

the Wiener equation for laminar mixtures (Equation 2)  and assuming a series 

equivalent [15]. 

  

 

    
 

  

    
 

  

    
   (2) 

    

where Vp and Vm are the volume fractions of the kraft paper and surrounding 

medium respectively. u is a numeric variable with a value between zero and 

infinity. For u = 0, the equation for dielectrics in series is obtained and u = ∞ gives 
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the equation for dielectric in parallel. The dielectric constant of kraft paper is 

denoted εp and εm is the dielectric constant of the surrounding media, which in 

transformer applications is in most cases mineral oil. For dielectrics in series, the 

loss tangent is given by: 

 

     
                   

         
 (3) 

 

In vacuum, this expression can be simplified to: 

 

     
         

         
  (4) 

 

4. METHODS AND MATERIALS 

4.1 Spectroscopic ellipsometry (Paper I) 
Spectroscopic ellipsometry is an optical technique based on an analysis of 

polarization changes occurring as a result of the reflection of a polarized plane 

wave from a sample surface from which the complex refractive index and dielectric 

dispersion can be obtained [37]. The complex index of refraction N is a 

combination of the refractive index, n, and the extinction coefficient k:  

 

 ̃                (5) 

 

where k is a measure of the absorption. In transparent, insulating materials, the 

value of k = 0. The extinction coefficient has a maximum at the absorption 

wavelength corresponding to electronic or inter-band transitions in the material. 

Absorption spectroscopy in the UV-visible range is used to study transitions 

between atomic and molecular electronic levels in atoms and molecules. The 

absorption is related to the energy associated with the transition, corresponding to 

an excitation of an electron from an occupied orbital to an unoccupied or partially 

unoccupied orbital.  

It is well established [38-40] how the spectroscopic parameters such as the 

characteristic frequency, ωUV, and the absorption strength CUV, can be obtained 

from the dielectric data in the UV-visible and IR-ranges. An important material 

parameter, the Hamaker constant, can be calculated with the aid of these few 

parameters representing the dielectric response of a material.  

The vdW interaction free energy per unit area, VvdW, between two semi-infinite 

planar solids separated by a distance, D, can then be expressed with the aid of the 

Hamaker constant as: 
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        (6) 

 

This shows the direct proportionality between the Hamaker constant, AH, and the 

van der Waal forces. The non-retarded Hamaker constant A132 for two materials 1 

and 2 interacting over medium 3 is given by [41]: 
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where kB is Boltzmann’s constant, T is the absolute temperature and 

 

    
               

               
   (8) 

 

The prime after the first summation in Equation 7 indicates that the contribution 

of the static term (m = 0) is halved. The dielectric response functions εk(iξm) and 

εl(iξm) of materials k and l are defined as: 

 

         ∑
  

        
 

 
      (9) 

 

where Ci is the absorbance strength associated with the absorption band at the 

characteristic absorption frequency ωi and N is the number of absorption bands. 

These equations are based on the work of Lifshitz [41] which has been further 

elaborated by Ninham and Parsegian [38, 42]. The calculations need to be evaluated 

only for the discrete, imaginary frequencies, iξm, where  

 

    (
      

 
)    (10) 

 

where T is the absolute temperature and h is Planck’s constant. Since m is an 

integer; m = 0, 1, 2, 3, 4, iξm will be imaginary frequencies of multiples of 2.4·10
14 

rad/s at room temperature. This corresponds to one static term, only a few terms in 

the infrared and many in the UV-visible range. Hence the dielectric response in the 

UV-visible range dominates the van der Waals interaction. The determination and 

accuracy of the spectral parameters in this range are therefore very important.  

All the calculations are valid at room temperature (298 K) in the present work. 

The summation in equation (7) was stopped at mmax=3000 and smax = 4, after 

checking the convergence.  

Measurements on model materials of lignin and glucomannan, in the ultraviolet-

visible-near infrared (UV-VIS-NIR) region 245-1690 nm, were performed using a 
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variable-angle ellipsometer with dual rotating compensators (RC2, J. A. Woollam 

Co., Inc.). The measurements were made at 23 ºC and 48 % RH.  

 

4.1.1 Model materials of lignin and glucomannan for spectroscopic 

ellipsometry measurements 

Model materials of purified lignin and glucomannan were investigated by 

spectroscopic ellipsometry and the results were compared with previous data 

measured for cellulose [43]. Commercially available softwood kraft lignin from 

cooking liquor, Indulin AT (MeadWestvaco, Richmond, VA) was purified 

according to procedures previously described [44]. To remove carbohydrates, the 

lignin was dissolved in an acetone:water mixture (8:2 by volume) and stirred for 2 h 

at room temperature. The mixture was centrifuged and the residue containing 

undissolved carbohydrates was removed. The acetone was removed from the 

suspension through rotor evaporation, water being repetitively added until all the 

acetone had evaporated. The remaining lignin was freeze-dried and the freeze-dried 

lignin was finally extracted with pentane for 8 h to remove extractives.  

Purified glucomannan from spruce (Picea abies) wood chips was obtained 

according to Zhang et al [45]. The purified glucomannan consisted of galactose, 

glucose and mannose in the ratio 0.03:1:3.4, with a molecular weight, Mw, of 10 

kDa. 

Pure lignin and glucomannan films were obtained by spin-coating. The solutions 

for spin-coating were prepared according to Gustafsson et al. [46].  

 

Surface characterization (AFM and XPS) 

The surface morphology and surface roughness were investigated by Atomic 

Force Microscopy (AFM). The root mean square surface roughness (Rq) was 

obtained averaged over three 1 µm
2
 areas. AFM tapping mode images of the spin-

coated films of glucomannan and lignin are shown in figures 4.1a and b, 

respectively. The measurements showed that the spin-coated films were smooth, 

with a roughness in the sub-nanometer range (Table 1). The glucomannan films 

were homogeneous and had a roughness, Rq, of 0.29 nm. The lignin model surface 

had greater surface roughness of 0.74 nm.  

The surface chemical composition of the lignin and glucomannan films was 

analyzed with X-ray photoelectron spectroscopy. The measurements were 

performed at Umeå University, Sweden. The results of the XPS analysis of the 

spin-coated films are given in table 2. The theoretical O/C values for hemicellulose 

and lignin are 0.80 and 0.33 respectively [47]. The measured O/C values, 0.74 and 

0.41 for glucomannan and lignin respectively, indicate the presence of small 

amounts of carbohydrate in the lignin sample and extractives and/or lignin in the 

glucomannan sample [48, 49].  
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Table 1 Film thickness from ellipsometry measurements and root mean square 

surface roughness, Rq, from AFM measurements. 

 

 

 

 

 

 

Figure 4.1 1x1 μm AFM tapping mode images of a glucomannan and b lignin 

spin-coated films on silicon substrates. The scale bars on the right in the figures 

indicate the z-range in the images. 

 

Table 2 XPS data for the atomic surface concentrations of the model films.  

Material Surface concentration [atomic %] Atomic ratio 

 
C O N Na S O/C 

Glucomannan 57.2 42.3 
 

0.9 
 

0.74 

Lignin 70.8 29.2 1.8 0.2 0.3 0.41 

 

4.2 Dielectric spectroscopy (Paper II) 
Dielectric spectroscopy is a non-destructive test technique based on 

measurements of the dependence of resistivity, capacitance and losses on the 

frequency of an applied alternating current (AC) voltage. The most commonly used 

method for measuring the losses and capacitance is with a Schering Bridge [50]. 

The bridge measures the loss angle, δ, i.e. tan δ and complex capacitance of a 

Material Film thickness [nm] Rq [nm] 

Glucomannan  25.5 ± 0.5  0.29 ± 0.01 

Lignin  40.4 ± 0.4  0.74 ± 0.05 
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sample by comparing it to a gas-filled standard capacitor. The sample-electrode 

geometry is a planar capacitor with the complex capacitance: 

 

 ̃                   ̃   (12) 

 

With parallel plate electrodes of area A separated by a distance d, the geometrical 

capacitance, C0, can be approximated by: 

 

   
   

 
    (13) 

 

The measurement is normally performed over a range of frequencies. As 

described in 3.2, frequency dependence of a material’s dielectric response (real and 

imaginary parts) is called the dielectric dispersion, and losses due to polarization 

phenomena give rise to loss peaks in the imaginary part of the response at 

characteristic frequencies.  

The dielectric response is highly influenced by temperature and moisture, 

making it important to control these parameters.  

 

4.2.1 Test cells 

Dielectric spectroscopy was performed in vacuum and in oil. A diagram of the 

test cell used in vacuum is shown in Figure 4.2. The electrodes were made of 

stainless steel. The ground electrode, with a diameter of 50 mm, is separated by a 

1mm gap from the guard ring. The ground electrode is placed on a metal spring in 

order to ensure an equal pressure and good contact between the electrodes and the 

paper. Three paper circles with a thickness of 100 to 150 µm were cut to a diameter 

of 85 mm and placed between the two electrodes. The cell was then inserted into a 

vacuum oven for consecutive drying and measuring. The complex capacitance 

(C´(ω) and C´´( ω)) was measured at 70 ˚C using an IDA 200 dielectric 

spectroscopy analyzer.  The frequency sweep was from 1 mHz to 1 kHz at 200 V 

RMS. Prior to dielectric spectroscopy the paper samples were carefully dried in a 

vacuum oven (~5 mbar) at 110 ˚C, for 24 h in the test cell. The dielectric response 

was measured during drying and the dryness of the paper sheets was controlled by 

repeating the frequency sweep until the values of the loss tangent were unchanged. 

 

 

 

 

Figure 4.2  Test cell for dielectric spectroscopy measurements in vacuum. 
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The cell used for dielectric measurements in oil is shown in Figure 4.3. The 

diameter of the ground electrode was 90 mm. The paper samples were cut into 

circles with a diameter of 90 mm. Three papers with a thickness of approximately 

100 µm each were placed between the electrodes. A force of 500 N was applied, 

controlled by a screw, spring and force sensor at the top of the cell, and the samples 

were dried in vacuum at 110 ˚C. The impregnation with Nytro 10XN (mineral oil) 

took place under vacuum at 60 ˚C, after which the temperature was increased to 110 

˚C. The dielectric losses and permittivity at 100 Hz were monitored during drying 

and impregnation to ensure that the dielectric response of the system was stabilized 

before spectra were measured at various frequencies. The applied voltage was 3 V 

RMS and the frequency was swept from 1 kHz to 1 mHz at 70 ˚C. The electrodes 

were connected to a Novocontrol impedance analyser (Novocontrol Technologies 

GmbH & Co. KG, Hundsangen, Germany). 

 

 

 

 

 

 

 

Figure 4.3  Test cell for dielectric spectroscopy measurements in oil. 

 

4.2.2 Paper samples for dielectric response measurements 

The pulps investigated were three laboratory-prepared never-dried unbleached 

softwood kraft pulps supplied by SCA Research AB in Sundsvall, Sweden, with 

kappa numbers 26, 75 and 107 (hereafter referred to as SCA 26, SCA 75 and SCA 

107), one unbleached dried electrical grade kraft pulp from Munksjö Aspa Bruk 

AB, Askersund, Sweden, with kappa number 25 (Munksjö 25), and one dissolving 

pulp from the Domsjö mill, Aditiya Birla, Örnsköldsvik, Sweden. The chemical 

compositions of the samples are given in Table 3. For the unbleached kraft pulps, 

the lignin content decerase from 15.1 wt % for the pulp with kappa 107 to 2.8 wt% 

and 3.3 wt% for the pulps with kappa 25 and 26 respectively.  
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Table 3 Composition of the pulps in papers measured by dielectric spectroscopy  

Material SCA 26 SCA 75 SCA 107 Munksjö 25 Domsjö 

Description Softwood unbleached kraft pulp Dissolving p. 

Composition  wt% wt% wt% wt% wt% 

Cellulose 74.1 68.4 66.3 74.3 95.2 

Hemicellulose 14.5 16.4 16.9 15.5 4.9 

Lignin 3.3 10.0 15.1 2.8 - 

 

The composition was determined by carbohydrate analysis (SCAN 71:09) and 

Klason lignin analysis (TAPPI 222) at MoRe Research, Örnsköldsvik, Sweden. 

The SCA pulps were washed and converted to the sodium form by two washing 

steps: (1) The pH was adjusted to 2 with HCl, and then left for 30 minutes and then 

washed with deionized water until the conductivity of the filtrate was below 5 

µS/m. (2) The pH was then adjusted to 9 with NaCO3 and NaOH, and the pulp was 

left for 30 minutes and washed with deionized water until the conductivity of the 

filtrate was below 5 µS/m.  

The electrical grade pulp, Munksjö 25, was beaten for 0, 2000, 4000 and 6000 

revolutions in a PFI-mill.  

Papers were prepared using a Rapid Köthen sheet former (Paper Testing 

Instruments (PTI), Pettenbach) and dried under a pressure of 100 kPa in the driers 

of the Rapid Köthen. Samples of the electrical grade pulp beaten for 4000 

revolutions were also dried under three different conditions; 1) without any applied 

pressure, 2) at 100 kPa in the driers of the Rapid Köthen and 3) in a high pressure 

press at 450 kPa. By altering the degree of beating and the pressure, the density was 

altered by two different procedures, where beating leads to a more disintegrated 

pulp and a larger available surface area at least in the wet state (Figure 4.4). The 

never dried SCA pulps were unbeaten and dried under a pressure of 100 kPa in the 

driers of the Rapid Köthen.  

For mechanical testing, the sheets were conditioned at 23 ˚C and 50 % relative 

humidity prior to testing according to SCAN P:67:93. A horizontal tensile tester 

(PTI Vorchdorf Austria) was used. 

The dielectric response measurements were performed in the vacuum oven, at 70 

˚C, without releasing the vacuum after drying or impregnation of the sample to 

ensure continued dryness.  

The mineral oil used for impregnation was Nytro 10XN, from Nynäs AB, 

Nynäshamn, Sweden. The oil was degassed and heated to 60 ˚C prior to the 

impregnation. 
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Figure 4.4 Scanning electron micrographs of electrical grade pulp, Munksjö 25, 

a unbeaten and b the same pulp beaten for 4000 revolutions in a PFI mill. 

5. EXPERIMENTAL RESULTS AND DISCUSSION 

5.1 Spectroscopic ellipsometry (Paper I) 

5.1.1 Refractive index, dielectric function and spectral parameters 

Figures 5.1a shows the wavelength dependence of the refractive index, n, and the 

extinction coefficient, k, and Figure 5.1c shows the dielectric dispersion for 

glucomannan and lignin in the 300-1700 nm spectral region. The refractive index 

and dielectric dispersion display the typical behaviour in this region, the values 

decreasing values with increasing wavelength. At wavelengths above 700 nm, the 

extinction coefficient is close to zero (0.015 < k < 0.02), while n decreases slightly, 

which is expected for electrically insulating materials. Below 700 nm, the 

extinction coefficient increases due to an absorption in the lower UV-region. Figure 

5.1 b shows the Cauchy plot based on data from spectroscopic ellipsometry in the 

700-1700 nm range. The dielectric constant of lignin is higher than that of 

glucomannan and cellulose [43] in this range. The spectral parameters obtained 

from the measurements are given in table 3. The UV-vis absorption strengths, CUV, 

obtained were 1.36 for lignin and 0.97 for glucomannan. The absorption frequency, 

ωUV, was calculated from the slope to be 0.95·10
16

 rad/s for lignin and 1.14·10
16

 

rad/s for glucomannan, which correspond to wavelengths of approximately 200 nm 

and 165 nm, respectively. Hence, although the Cauchy plots were performed for 

data in the visible and near-infrared range, the method gives a characteristic 

frequency in the ultraviolet range.  

 

 

( a )   (b) 

  



19 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 Data obtained from spectroscopic ellipsometry of lignin (solid line) 

and glucomannan (dashed line) films. a the refractive index and the extinction 

coefficient versus wavelength, b the Cauchy plot of n
2
 -1 versus (n

2
 -1)ω

2
,
 
c the 

dielectric function, ε versus wavelength. 
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Table 4 Spectral parameters in the UV-range for lignin, glucomannan and 

cellulose. 

 

 

 

 

 

 

 

 

* Bergström et al[43] 

5.1.2 Excitation energies 

In the UV-range, it is also common to discuss the energy Ep, for photon 

absorption, corresponding to the excitation of an electron from an occupied orbital 

to an unoccupied or partially unoccupied orbital. The absorption energy can be 

approximated from the absorption maximum ωUV, as Ep ≈ ħωUV, where ħ is the 

reduced Planck constant. The energies of the characteristic absorption frequencies 

of lignin, glucomannan and cellulose have been approximated on the basis of this 

relationship and are shown in table 5. According to this approximation, cellulose 

has the highest energy for the main electronic transitions, 9.1 eV, whereas 

glucomannan has a value of 8.0 eV and lignin has a value as low as 6.5 eV. The 

high energy for absorption of cellulose is related to its good performance as an 

electrical insulation material which is utilized in several applications [51]. Although 

lignin is electrically insulating it has interesting electro-chemical properties [52, 

53], enhanced by the presence of quinone structures, that have recently been 

recognized for the potential use in energy storage applications [54]. 

 

Table 5 Frequencies, wavelengths and approximated energies associated with 

absorption maxima  

 

 

 

 

 

 

*Bergström et al[43] 

Material CUV 
ω UV 

(rad/s)·1016 

Lignin 1.36 0.95 

Glucomannan 0.97 1.14 

Cellulose* 1.24 1.29 

Material 
ω UV 

(rad/s)·1016 

λ 

(nm) 

Photon 

energy (eV) 

Lignin 0.95 200 6.5 

Glucomannan 1.14 165 8.0 

Cellulose* 1.29 146 9.1 
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5.1.3 Hamaker constants 

The spectral data can be used to estimate the interactions of lignin, cellulose and 

hemicellulose with for example inorganic or organic fillers. For the material 

combinations of cellulose, glucomannan and lignin interacting with each other in 

dry conditions, the Hamaker constants (Table 6) are similar in magnitude (between 

35 and 58 zJ) and highest for cellulose interacting with itself (Acvc). The dispersive 

interactions between the different wood components in wet conditions are also 

similar in magnitude (Hamaker constants: 12-17 zJ) with a somewhat higher value 

for the combinations including lignin.  

The Hamaker constant for combinations of lignin, cellulose and glucomannan 

with the inorganic fillers TiO2 and CaCO3 are higher than the interactions with 

themselves in vacuum. This indicates that any losses in dry strength due to the 

addition of these fillers are due to a less well consolidated sheet in the presence of 

filler and not to a reduction in vdW forces. Under wet conditions, however, the 

interactions between the wood components and fillers are in the same range as or 

lower than those between the wood components. 

 

Table 6 Hamaker constants for material combinations in water and vacuum. 

  Hamaker constant [zJ] 

Material 1  Material 2  
Medium 

Water Vacuum Hexane 

Lignin Lignin 17 46 7 

 Glucomannan 15 40 5 

 Cellulose 15 52 6 

 CaCO3 6 64 2 

 TiO2 (rutile) 15 83 11 

Glucomannan Glucomannan 15 35 5 

 Cellulose 12 45 4 

 CaCO3 3 72 -1 

 TiO2 (rutile) 7 56 3 

Cellulose Cellulose 14 58 6 

 CaCO3 9 93 6 

 TiO2 (rutile) 19 74 16 
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5.2 Dielectric response of kraft paper (Paper II) 

5.2.1 Physical properties of paper samples for dielectric response 

measurements 

The mechanical properties of fibrous networks can be improved by increasing the 

molecular contact between fibres and by increasing the effective number of 

fibre/fibre contacts within the sheet. This can be achieved by chemical additives or 

by mechanical treatment of the fibres. In the present work, beating of the pulp 

and/or pressing of the sheets at elevated temperatures was used to improve the 

strength of the sheets. Figure 5.2a shows how the density is increased by beating 

and pressing of the electrical grade pulp and Figure 5.2b shows how the density 

differs for the pulps with different kappa numbers.  

Due to hornification of the electrical grade pulp upon drying, it had to be beaten 

to reach the same density as the unbeaten never dried SCA pulp with kappa 75. 

SCA 75 is the unbeaten pulp with the highest density and this type of pulp is known 

to have a high swelling due to a rather high charge of the pulp in combination with 

an opening up of the fibre wall due to the delignification by the pulping process 

[55].  
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Figure 5.2 a  Density of paper sheets made from electrical grade pulp. The pulps 

were beaten for () 0, 2000, 4000 and 6000 revolutions pressed at 100 kPa. The 

pulp beaten for 4000 revolutions were also pressed () at 0, 100 and 450 kPa. b 

Densities of the never-dried, unbeaten SCA pulps and the dissolving pulp pressed at 

100 kPa (). 

 

As shown in Figure 5.3a and Figure 5.3b, the mechanical properties of the paper 

sheets produced were improved by beating the pulp and pressing the sheets to 

higher densities. The never-dried SCA pulps with kappa 26 and 75 had a higher 

stiffness without beating due to the absence of hornification in these never-dried 

samples. The dissolving pulp needed to be beaten to improve the mechanical 

properties.  
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Figure 5.3 a Strain at break and b Elastic modulus of the paper sheets from 

electrical grade pulp with different degree of beating () or pressing () and from 

pulps with different kappa numbers (). 

 

An overview of the materials tested, the processing conditions, and the physical 

properties measured are given in Table 7. 
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Table 7 Processing conditions and physical properties and of the materials 

evaluated in the dielectric spectroscopy measurements. The slopes of Δε’ and ε’’ 

from log-log curves from dielectric measurements in vacuum are also shown. 

 

5.2.2 Dielectric response  

The dielectric response measurements, Figure 5.4, show typical low-frequency 

dispersion (LFD) behaviour with both permittivity and dielectric losses increasing 

towards low frequencies (<0.1 Hz). The permittivities are plotted with the logarithm 

of the frequency on the x-axis but the dielectric losses are plotted in log-log scales. 

To aid the interpretation of the events, registered in the response measurements, 

shown in these curves it is useful to plot also Δε’ in a log-log scale, Δε’ =ε’(ω) – 

ε’(ω0) and ω0 is a chosen frequency at the beginning (i.e. the highest frequency) of 

the frequency range of interest  (see Table 7 and figures in appendix). In this region, 

<0.1 Hz in Figure 5.4, the sum of the slopes of ε’’ and Δε’, in the log-log diagram, 

is close to minus one which is characteristic of diffusive charge transport and 

hopping charges [29].  

In Figure 5.4, the dielectric response and its density dependence are shown - 

comparing samples with increasing density (increased fraction of fibres) achieved 

either by beating or by pressing. The permittivity increased, as expected, with 

increasing density. The dielectric response is similar for the two series, indicating 

that the consolidation achieved by beating or by pressing are equivalent with regard 

to the dielectric properties of the papers. This means that the final density is the 

decisive parameter, not the way of achieving it. 

The dielectric loss shows a density dependence, with higher losses for samples 

with higher densities. In addition to the LFD dispersion, a slight increase in the 

losses could be seen >10 Hz. This could indicate that a loss peak might be observed 

at higher frequencies.  
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Figure 5.4 a  Permittivity and b Dielectric loss of papers made of the electrical 

grade pulp with different densities achieved by different degrees of beating () or 

by pressing ()  

 

The permittivity and dielectric losses of the SCA pulps with different kappa 

numbers and the dissolving pulp, with equal processing conditions (unbeaten, 

pressed during drying at 100 kPa), are shown in Figure 5.5a and Figure 5.5b.  

The densities of the pulps are different and, as seen in the case of the electrical 

grade pulp, the fibres/vacuum ratio strongly influences the values of the permittivity 

and dielectric losses. For this reason, the densities need to be considered before 

conclusions are drawn from this data regarding the relation between kappa number 

and permittivity or dielectric losses.  

At lower frequencies, the permittivity of the pulps with higher lignin content 

(SCA 75 and SCA 107) increased more rapidly than the permittivity of the pulps 

(a) 

(b) 
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with lower lignin content. In the case of SCA 26 and SCA 75, the dielectric losses 

had similar low frequency dispersion behaviour. The increase in the dielectric 

losses with decreased frequency for the SCA 107 was, however, more rapid but 

ended with a small plateau. This appearance could indicate the presence of a loss 

peak. 

The dissolving pulp, containing no lignin, showed a frequency dependence of the 

permittivity similar to that of the lignin-containing pulps.  

 

 

 

Figure 5.5 a  Permittivity and b  Dielectric loss of papers made from pulps with 

different kappa numbers. 

 

The permittivity increases more rapidly at lower frequencies in oil than in 

vacuum (for figures showing the dielectric response in oil see appendix). The slopes 

of the dielectric losses are steeper in oil than in vacuum over the whole frequency 
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range. This could be explained by the predominant role that oil has compared to 

vacuum in carrying charges across the dielectric and at the surface of the electrodes 

5.2.3 Dielectric mixing theory for the measurements of papers in vacuum 

and oil 

As mentioned in the previous section, it is necessary to consider the density 

differences when comparing the values for the pulps with different kappa numbers. 

For this purpose, tan δ and permittivity are plotted versus the volume fraction of 

paper in Figure 5.6. 

In Figure 5.6a data for the permittivity in both vacuum and oil of the kraft pulp 

with kappa number 25 (Munksjö 25) with different densities at 50 Hz and 70 ˚C are 

included. The experimental data are fitted to curves corresponding to a series -

equivalent circuit (Equation 2 with u = 0) with permittivity approximated to 5.3 and 

7.0 at a volume fraction of fibres of 1.0 (100 %). As concluded earlier, whether the 

samples are beaten or pressed to a given density does not seem to affect the 

permittivity. At low volume fractions, the difference in the permittivity of the paper 

has a low influence on the combined permittivity. i.e. with 50 % fibres paper 

permittivity of 5.3 and 7.0 (~30 %) give combined permittivity values of 1.71 and 

1.78 respectively (a difference of only 4 %) in vacuum. This means that using 

values of low volume fractions to estimate the permittivity of the paper itself from 

equation 2 (combined permittivity) will give only a rough estimate (i.e. 5-7). It is 

instead necessary to include data from measurements on papers with higher 

densities (higher volume fraction of fibres).  

With the data from measurements in oil for paper with higher density (calculated 

using a permittivity of pure oil of 2.2) the experimental data fit a series 

representation with a permittivity of the kappa 25 kraft paper of approximately 5.3. 

This value falls in the range (~ 5-7) of reported values for the permittivity of 

cellulose and kraft paper [7, 15, 51, 56]. 

Using equations (3) and (4), tan δ can be plotted as a function of the volume 

fraction of fibres. The series representation with tan δ = 0.01 for 100 % paper is 

consistent with the experimental values in vacuum. In oil, the experimental values 

correspond to curves with tan δ equal to 0.01-0.02 for 100 % fibres (Figure 5.6d), 

calculated using a loss tangent value for pure oil of 0.001). 

In Figure 5.6c and Figure 5.6d, data for the permittivity and tan δ of the pulps 

with different kappa numbers are inserted. Increasing the lignin content (SCA 75 

and SCA 107) did not affect the permittivity significantly at 50 Hz. For the volume 

fractions measured, the data correspond well to the values estimated from the curve 

for a permittivity of 5.3. The dissolving pulp seems, however, to have a lower 

permittivity in oil. The pulps with higher lignin content (higher kappa number) had 

a higher tan δ both in vacuum and in oil, whereas the dissolving pulp, containing no 
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lignin, had a slightly lower tan δ than was predicted from the curve corresponding 

to a tan δ of 0.01. This difference is suggested to be due the chemical structure of 

lignin which contributes to the polarizability and dielectric losses of a paper. 

 

 

Figure 5.6 a   Permittivity and b  Loss tangent as a function of volume fraction 

of fibres with different densities made from the electrical grade pulp Munksjö 25 

and  c and d with different lignin contents at 50 Hz. 
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6. CONCLUSIONS 
In this thesis, it has been shown how the composition of the raw material 

influences the dielectric properties of kraft paper. Cellulose and hemicellulose have 

similar chemical structures and they are therefore assumed to have similar dielectric 

properties. This is supported by the spectroscopic ellipsometry measurements 

performed. It was also shown how increasing the lignin content increases the 

dielectric losses. In addition, the absorption energy at high frequencies indicates 

that lignin also exhibits a different behaviour when subjected to high energies as in 

connection with discharge mechanisms and streamer propagation.  

The mechanical properties of the insulation system are critical in many parts of a 

transformer. The inferior mechanical properties of papers made from dried pulp or 

lignin-free pulp, compared to those made from the never-dried kraft pulps, imply 

that, if the former are to be used they must be subjected to a more extensive 

mechanical treatment. To increase the strength of the papers, the pulp can e.g. be 

beaten and/or pressed to high densities. Since kraft paper is the high-loss and high 

dielectric constant component in the oil-paper system, the overall losses and 

permittivity will increase with increasing paper density (i.e. total amount of paper in 

the insulating system). The morphological changes caused by the beating process 

have not been shown to have any measurable effect on the dielectric properties.  

In addition, to low dielectric losses, high mechanical strength and high dielectric 

strength being desirable, it is also known that the mismatch between dielectric 

constant of oil and paper causes interfacial polarization and localized fields. By 

understanding how the processing parameters and the raw material quality influence 

the final properties of the product, it is possible to alter these parameters and 

thereby tailor the material properties to suit the criteria for special applications.  

7. FUTURE WORK 
It is of importance to fully understand the influence of the complex material used 

today, i.e. low-yield kraft paper, to understand the effects future modifications. To 

this end, the following matters should be considered: 

1. The dielectric response study was made on papers with a relatively low 

density, and fitting with a series representation could possibly be improved with 

more data from high-density papers.  

2. Conducting dielectric response measurements at higher temperatures would 

provide more information regarding the low frequency behaviour; possible loss 

peaks and conduction characteristics. 

3. While high mechanical strength and low dielectric losses are desired, the 

breakdown strength and resistance to streamer propagation should not be 
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compromised. The effect of lignin content and density on these properties should 

therefore be considered.  

The focus of the present work has been to clarify how the raw material and 

processing can be changed to modify the mechanical and dielectric properties of 

papers from different pulps. The present-day tool box today, is however, much 

richer than that. Chemical and physical modifications can be used to tailor the 

mechanical as well as the dielectric properties of papers used in insulating 

applications; e.g. polyelectrolytes and/or charged inorganic nanoparticles can be 

adsorbed onto the and inside the fibre wall, taking advantage of the wood fibre 

charges.  
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8. APPENDIX 
 

Dielectric response in oil: 
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Dielectric loss, ε’’, in vacuum, of papers made of electrical grade pulp with different densities achieved 

by different degree of beating () or pressing (). Δε’, the change in permittivity, is plotted with 

unfilled symbols: 
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Dielectric loss, ε’’, and Δε’ of papers, in vacuum, made from pulps having different kappa numbers as a 

function of frequency: 
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Dielectric loss, ε’’and Δε’, measured in oil.  the slope of the permittivity, is plotted with unfilled 

symbols: 
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