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Brittleness is a well-known material characteristic but brittleness of paper is 

vaguely covered. The objective of this thesis was to characterize the phenomenon 

and causes around brittleness of paper and to clarify if it is a measurable property. 

 

Brittleness of paper was approached from the perspectives of paper physics and 

paper mills. Brittleness is a property of dry paper and it causes problems at the 

finishing stages of paper machine. According to paper physics, brittle materials 

fail in the elastic regime, while ductile materials can locally accumulate a plastic 

deformation prior to the fracture and they are often able to withstand higher 

stresses. Brittleness of paper is vastly affected by the surrounding conditions: 

paper as a hygroscopic material tries to get to the equilibrium. It is also affected 

by the quality of the pulp used. Measurement techniques can be divided into two 

categories: based on the viscoelastic behavior of paper and on the exposure to the 

mechanical stress of sort. 

 

The experimental part of the thesis was based on the trials with brittle and non-

brittle mill-made LWC papers. It is divided into three parts: strength testing of the 

brittle and non-brittle papers, analysis of the conditions that may contribute the 

brittleness and the experimental methods to evaluate brittle behavior. The strength 

measurements confirmed the influence of the moisture content, but only tensile 

energy absorption and the fracture toughness measurements provided modest 

differences between the brittle and non-brittle papers. Versatile analysis of the 

possible contributing factors resulted into speculation, while the brittle papers 

contained higher amount of starch, triglycerides and steryl esters. The 

experimental research proved that the formation, the sensory impression and the 

variation of local strains may contain the crucial information of paper brittleness.   
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Hauraus on hyvin tunnettu materiaaliominaisuus, mutta paperin haurauteen 

liittyviä tekijöitä ei tunneta kunnolla. Työn tavoite oli karakterisoida ilmiö ja 

siihen johtavat syyt. Lisäksi haluttiin selvittää onko paperin hauraus mitattavissa 

oleva ominaisuus. 

 

Paperin haurautta ilmiönä käsiteltiin paperifysiikan ja paperitehtaan näkökulmista. 

Hauraus on kuivan paperin ominaisuus ja aiheuttaa ongelmia paperitehtaan 

jälkikäsittelyvaiheissa. Fysiikan mukaan hauras paperi varastoi vedon aikana 

elastista energiaa, joka vapautuu räjähdysmäisesti paperin hajotessa. Haurauteen 

vaikuttaa merkittävästi ympäröivä kosteus, sillä paperi hygroskooppisena 

materiaalina pyrkii tasapainokosteuteen ympäristönsä kanssa. Paperin haurauteen 

vaikuttaa myös käytetyn massan laatu. Paperin haurauden mittausmenetelmät 

voidaan jakaa viskoelastiseen käytökseen ja mekaaniseen rasitukseen perustuviin. 

 

Työn kokeellinen osa perustui monipuoliseen hauraiden ja ei-hauraiden LWC-

tehdaspapereiden testaukseen. Kokeellinen osa on jaettu kolmeen osaan: 

hauraiden ja normaaleiden papereiden lujuusmittauksiin, paperin haurauteen 

vaikuttavien olosuhteiden analysointiin sekä paperin haurauden kokeellisiin 

mittausmenetelmiin. Mittauksissa havaittiin selvästi kosteuden vaikutus paperin 

lujuuteen. Paperin haurauden arviointiin lujuusmittauksista sopivat vetoenergian 

absorption sekä murtositkeyden mittaukset tietyin rajoituksin. Haurauteen 

vaikuttavien ominaisuuksien testauksessa havaittiin hauraiden koepapereiden 

sisältävän enemmän tärkkelystä, triglyseridiä sekä steryyliestereitä kuin normaalit 

paperit. Kokeellisista menetelmistä paperin formaatio, aistivaikutelma ja 

paikallisten venymien hajonta havaittiin käyttökelpoisimmiksi mittareiksi.   



 

 

TABLE OF CONTENTS 

LIST OF SYMBOLS AND ABBREVIATIONS 

1 INTRODUCTION .......................................................................................... 2 

2 OBJECTIVE ................................................................................................... 3 

3 PAPER DYNAMICS ...................................................................................... 3 

3.1 VISCOELASTIC BEHAVIOR OF PAPER ............................................................................ 4 

3.2 STRESS-STRAIN CURVE OF PAPER ................................................................................ 4 

3.3 EFFECT OF MOISTURE ON PAPER PROPERTIES .............................................................. 9 

4 PAPER FRACTURE .................................................................................... 16 

4.1 FRACTURE MECHANICS ............................................................................................. 17 

4.2 STRENGTH MODELS ................................................................................................... 18 

4.3 INITIATION OF THE FRACTURE OF PAPER: MACROSCOPIC FRACTURE.......................... 21 

4.4 INITIATION OF THE FRACTURE OF PAPER: MICROSCOPIC FRACTURE ........................... 22 

4.5 FRACTURE TOUGHNESS AND FRACTURE PROCESS ZONE ............................................ 23 

5 BRITTLENESS AS A PHENOMENON .................................................... 28 

5.1 BRITTLE VERSUS DUCTILE FRACTURE ....................................................................... 28 

5.2 BRITTLENESS OF METALS AND COMPOSITES .............................................................. 32 

6 BRITTLENESS OF PAPER........................................................................ 34 

6.1 FACTORS CONTRIBUTING BRITTLENESS OF PAPER ..................................................... 34 

6.2 MEASUREMENT TECHNIQUES OF PAPER BRITTLENESS ............................................... 36 

6.2.1 Germgård et al. approach ........................................................................................ 36 

6.2.2 Brittleness constant based on a stress-strain curve .................................................. 38 

6.2.3 Folding endurance.................................................................................................... 41 

6.2.4 Wedge test for brittleness ......................................................................................... 42 



 

 

6.2.5 Standard testing at controlled humidity ................................................................... 44 

7 SUMMARY ................................................................................................... 48 

EXPERIMENTAL PART ................................................................................... 49 

8 INTRODUCTION ........................................................................................ 49 

8.1 OBJECTIVE ................................................................................................................ 49 

8.2 CHARACTERIZATION OF THE BRITTLENESS OF PAPER ................................................ 50 

8.3 TRIAL PAPERS AND TESTING ...................................................................................... 50 

9 STRENGTH PROPERTIES OF MILL MADE PAPERS ....................... 51 

9.1 TESTING AT 10% AND 50% RELATIVE HUMIDITY ...................................................... 52 

9.1.1 Humidity controlling ................................................................................................ 52 

9.1.2 Tensile strength and tensile energy absorption ........................................................ 53 

9.1.3 Fracture toughness (Fracture tensile energy absorption) ........................................ 54 

9.1.4 Tear strength ............................................................................................................ 54 

9.2 C-IMPACT MEASUREMENTS AT VTT JYVÄSKYLÄ...................................................... 55 

9.2.1 Conditioning of the samples ..................................................................................... 55 

9.2.2 Humidifying of the samples with water bath and wet pressing ................................ 56 

9.2.3 C-Impact device ........................................................................................................ 56 

9.2.4 Tensile strength and fracture toughness ................................................................... 57 

9.3 RESULTS OF THE STANDARD STRENGTH MEASUREMENTS AND C-IMPACT 

MEASUREMENTS ...................................................................................................................... 57 

9.4 CONCLUSIONS OF THE STRENGTH MEASUREMENTS ................................................... 69 

10 FACTORS CONTRIBUTING THE BRITTLE BEHAVIOR OF 

PAPER 71 

10.1 EFFECT OF THE WET END CHEMISTRY ON THE BRITTLENESS OF PAPER ...................... 71 



 

 

10.1.1 Materials and methods ............................................................................................. 71 

10.1.2 Results of the wet end chemistry effect on paper brittleness .................................... 72 

10.2 ANALYSIS OF SOME PROCESS PARAMETERS ............................................................... 77 

10.2.1 Effect of the weather conditions on paper brittleness ............................................... 78 

10.2.2 Effect of the amount of starch on paper brittleness .................................................. 81 

10.2.3 Effect of the drying temperature on paper brittleness .............................................. 82 

10.3 CONCLUSIONS OF THE FACTORS CONTRIBUTING THE BRITTLE BEHAVIOR OF PAPER .. 83 

11 EXPERIMENTAL TESTING OF PAPER BRITTLENESS ....... 84 

11.1 TEARING BY HAND EXPERIMENT TO DETERMINE PAPER BRITTLENESS ....................... 84 

11.1.1 Materials and methods ............................................................................................. 85 

11.1.2 Results of the tearing by hand experiment .................................................................. 86 

11.2 LOCAL STRAIN FIELDS ............................................................................................... 89 

11.2.1 Analysis of local deformations ................................................................................. 89 

11.2.2 Measurement of paper formation ............................................................................. 93 

11.2.3 Results of the analysis of local strain fields and formation ........................................ 94 

11.3 Z-DIRECTIONAL TESTING: NIP PEELING TEST ............................................................. 96 

11.3.1 Materials and methods of nip peeling test ................................................................ 96 

11.3.2 Results of z-directional strength measurement ......................................................... 98 

11.4 FIBRE DISTRIBUTION OF TEARING AREA .................................................................... 99 

11.4.1 MATERIALS AND METHODS FOR FIBRE DISTRIBUTION OF TEARING AREA .................. 99 

11.4.2 Results of fibre distribution of tearing area ........................................................... 100 

11.5 ANALYSIS OF STRESS-STRAIN DATA ........................................................................ 101 

11.5.1 Materials and methods ........................................................................................... 101 

11.5.2 Results of the analysis of stress-strain data ............................................................ 105 



 

 

11.6 CONCLUSIONS OF THE EXPERIMENTAL TESTING OF PAPER BRITTLENESS ................. 106 

12 CONCLUSIONS OF THE THESIS .............................................. 107 

13 RECOMMENDATIONS FOR FUTURE WORK ...................... 110 

REFERENCES .................................................................................................. 111 

APPENDICES .................................................................................................... 119 

 

  



 

 

LIST OF SYMBOLS AND ABBREVIATIONS 

Latin 

A Cross-sectional area, m
2
;
 
Average area of cross-section of the fibre, 

m
2
 

b  Bond shear strength per unit bonded area, N/m
2
 

b  Average of grammage, g/m
2
 (Eq.9) 

B  Brittleness constant 

d  Number of double folds 
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E0  Elastic modulus 
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Ep  Plastic energy 
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Fmax  Maximum tension, N/m 

g  Acceleration due to gravity, m/s
2
 

Gc  Fracture energy 

Jc  Critical value of J-integral, fracture toughness 

Kc  Current length of the material, m; fibre length, m 

L  Ligament length, m; length of a strip, mm 

L
2
  Size of the plastic zone, m
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ΔL  Difference in elongation, m 

l0  Original length of the material, m 

llw  Length weighted fibre length, m 

ni  Amount of fibres 

P  Perimeter of the fibre cross section, m 

t  Thickness, m 

Tg  Glass transition temperature, ºC 

T
P
   Breaking length of the sheet, km 

W  Width of a strip, mm 

Wϵ  Essential work of fracture per unit crack area 

Wnip  Nip peeling energy, j/m
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Wtot  Total dissipated energy 



 

 

Wp  Work of plastic deformations 

Z  Zero-span tensile strength of the sheet, km 
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ε  Strain, - 

εmax  Maximum strain, - 

ρ  Density of the fibre, g/m
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σ  Stress, N/m
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σ  Standard deviation of grammage (g/m
2
), (Eq.9) 

σmax  Maximum stress, N/m
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BCC  Body-centered cubic structure 
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FCC  Face-centered cubic structure 

FPZ  Fracture process zone 

FTEA  Fracture tensile energy absorption 
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KBP  The Kallmes-Bernier-Perez model 

LEFM  Linear elastic fracture mechanics 
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MD  Machine direction 

NLFM  Non-linear fracture mechanics 
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RBA  Relative bonded area  

RPM  Rice-Paris-Merkle 
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sfi  Specific formation index 
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TEA  Tensile energy absorption 
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1 INTRODUCTION 

The ability to withstand stresses is of great importance for many materials. If the 

material breaks upon an impact it is said to be brittle, while it is said to be ductile 

if it is largely deformed before fracture. Material sciences have good knowledge 

of this behavior and there are a few ways to measure the brittleness of different 

kinds of materials. Most of the methods are based on the behavior of material in 

tensile straining. However, brittleness of paper is not a very well-known 

characteristic but it is of an intrinsic importance in many paper applications. 

Brittle paper may cause web brakes and has a negative effect on the paper 

machine runnability especially in tail feeding in the finishing stages. (Bower 

2009, Alava and Niskanen 2006.) 

Brittleness of paper is affected by many variables and the measurement techniques 

are quite complicated and non-reliable. It is influenced by factors such as the 

network geometry of paper, the properties of fibres used in the paper making 

process or the surrounding climate conditions. Also, the oxidation, aging and 

temperature increases may cause paper to become brittle. (Germgård et al. 1980, 

Vaaler et al. 2003, Zou et al. 1994.) 

The structural mechanisms leading to paper embrittlement are not well 

understood. Usually papers containing a large amount of mechanical pulp are 

considered to become brittle over time. Paper can be weak already in the early 

stages of paper making process but the brittleness is a phenomenon that occurs 

during the drying section. Paper’s moisture content plays a large role in the brittle 

behavior of paper but also the acidity of paper is crucial. Basically brittleness is a 

measure of how easily a material can be fractured, crushed or broken. Brittleness 

of a material can be determined by impacting the material with a controlled load. 

Practically, brittleness of paper can be determined by comparing two papers that 

are on the same basis weight scale. The paper sample that is easier to crush or 

break compared to the other sample is considered to be more brittle. (Alava and 

Niskanen 2006, Niskanen 1998.) 
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The literature part discusses about the factors that contribute to the behavior of 

paper under different stress stages. Also, a brief presentation about fracture 

mechanics is given. Lastly, brittleness as a phenomenon and different ways to 

quantify the amount and nature of paper brittleness is discussed. 

The experimental part presents a series of trials to determine the strength 

properties of papers that are claimed to be brittle and as a comparison also the 

papers of normal strength. Also, the development of measurement techniques to 

characterize brittle papers are presented and analyzed. 

2 OBJECTIVE 

The objective of the literature part of this thesis was to characterize the 

phenomenon and causes around brittleness of paper. The objective of the 

experimental part was to clarify if the paper brittleness is a measurable property.  

3 PAPER DYNAMICS 

The strength of paper under arbitrary loading is an important property in many 

industrial applications. It is a complex function of factors like basis weight, 

formation, fibre furnish, moisture content etc. Tensile and tear strength are 

commonly used properties but they do not describe all the strength properties of 

paper quite accurately. They do not directly explain the practical runnability of 

paper. Web breaks exists even though the web tension is only one tenth of the 

maximum tensile strength. (Alava and Niskanen 2006, Salminen 2003.) 

The strength properties of paper can be examined by getting acquainted with the 

paper dynamics. Paper has viscoelastic characteristics that are derived from the 

properties of the fibre material used and also from the paper making process itself. 

The relative humidity of the surrounding atmosphere has a significant effect on 

paper’s mechanical properties while paper as a hygroscopic material tries to get to 

equilibrium moisture content. (Niskanen and Kärenlampi 1998) 
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3.1 Viscoelastic behavior of paper 

Rheology is a field of science that covers processes where the macroscopic 

response couples with the flow of the material. It studies the material behavior 

when placed under a stress. The rheological behavior of paper can be divided into 

three parts: the rate-dependence of the load-elongation, the stress relaxation and 

the creep phenomenon. Paper is classified as a viscoelastic-plastic material. The 

behavior of paper under stress is thus governed both by time-dependent 

(viscoelastic) and irreversible (plastic) effects. (Alava and Niskanen 2006) 

The in-plane mechanical properties of paper are similar to the axial mechanical 

properties of the fibre. This means that both the fibres and paper have similar 

viscoelastic characteristics. A perfectly elastic material stores all of the energy 

supplied by external force so that on removal of the force it can return to its 

original dimensions. In a perfectly viscous fluid, on the other hand, the stress 

created by external forces relaxes instantaneously to zero because of flow. 

Viscoelastic materials, like paper, response to an applied stress is partially elastic 

and partially viscous. (Alava and Niskanen 2006) 

The rheological behavior of paper can be characterized almost as linearly 

viscoelastic only when the total strain of paper is small. Linearly viscoelastic 

materials obey the superposition principle. There, the strain response at any time 

is directly proportional to the stress and the total strain results by adding up the 

strains caused by each stress increment. However, in many cases the stress-strain 

behavior is not as unambiguous. (Findley et al. 1989, Findley et al. 1950, Ketoja 

2008.)  

3.2 Stress-strain curve of paper 

An object has a tendency to maintain its shape when subjected to external forces. 

These forces cause stresses inside an object. The term stress is defined as a force 

per cross-sectional area. The stress is called tensile stress when it is oriented away 

from the plane and compression stress when its direction is towards the plane. The 

stress can be calculated from Equation 1. (Hibbeler 2005, Bower 2009.) 



5 

 

  
 

 
          (1) 

where  σ stress, N/m
2
 

  F load applied, N 

  A cross-sectional area, m
2
. 

In the paper literature, in-plane forces are often divided by the width of the 

specimen instead of the cross-sectional area. This is not a stress but a force per 

unit length even though the measure is normally referred as stress. Even if it does 

not describe the term stress in its strictest sense it still is used due the difficulties 

associated with reliably measuring the thickness of paper. Tensile strength 

measurement is used to describe the general strength of any material. For paper, it 

is the maximum force per unit width that a paper strip can resist before breaking 

when applying the load in a direction parallel to the length of the strip. The unit of 

paper’s tensile strength is N/m. (Bronckhorst and Bennett 2002, Levlin 1999.)  

Strain is the geometrical expression of deformation caused by the action of stress 

on a physical body. Normal strain is described as the change in the length 

compared to the original length and it can be evaluated with Equation 2.  

  
    

  
         (2) 

where  ε strain, - 

  l0 original length of the material, m 

  l current length of the material, m.   

The stress-strain relation is one of the most important properties of material and 

the strength of paper is often described using it. (Hibbeler 2005, Bower 2009.)  

The behavior of paper in the tensile strength test can be visualized by drawing a 

stress-strain curve which demonstrates its viscoelastic-plastic behavior. The 

examples of a stress-strain curve are presented in Figures 1 and 2. (VTT, 

Niskanen 1998.) 
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Figure 1 Typical load-extension curves for paper showing the key points on the curve 

(Salminen 2003) 

The properties of different types of papers can be seen on a stress-strain curve. 

The difference between machine direction (MD) and cross direction (CD) papers 

can be explained by fibre orientation. The majority of fibres are aligned in the 

machine direction during the paper making process and thus the machine 

directional strength is remarkably higher than the cross directional. Figure 1a 

shows that the stress-strain curve can be determined by three variables: elastic 

modulus, strain at break and tensile strength. Elastic modulus, E0, is defined as the 

initial slope of the stress-strain curve as shown in Figure 1b. Tensile strength, 

σmax, is defined by the maximum load and the strain at break, εmax, as 

corresponding strain. Figures 1b and 2 show the cyclic behavior of stress-strain 

curve. (Salminen 2003, Alava and Niskanen 2006.) 
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Figure 2 Example of cyclic stress-strain curve of a copy paper in MD and CD. Stress is 

divided by elastic modulus to obtain the elastic strain. (Niskanen and 

Kärenlampi 1998) 

Figure 2 shows the typical behavior of paper in load-extension. In machine 

direction, the curve is relatively short and linear. However, the cross direction 

shows large strains and is significantly nonlinear. The nonlinear part of the stress-

strain curve corresponds to an irreversible elongation, which is a truly plastic 

response. If a paper specimen is stretched beyond the yield point and then 

released, it becomes permanently longer than the original sample. The behavior is 

due to the paper’s property to exhibit both ideally elastic and plastic 

characteristics. The property is called delayed recovery. The remaining strain at 

zero stress is described as plastic strain while it is permanent. (Niskanen and 

Kärenlampi 1998, Alava and Niskanen 2006.) 

The strength properties, such as tensile strength, of a viscoelastic material depend 

on the applied strain rate. The behavior of material when it shows a reversible 

linear deformation under load is shown in Figure 3.     
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Figure 3  Load-extension behavior of linear-elastic (a) and elastic-plastic material (b). 

(Wanigaratne 2004: Lambros 2002) 

When a material shows a reversible linear deformation under load then the 

material behaves as a linear-elastic or brittle material as shown in Figure 3a. A 

brittle response can be seen at high strain rates compared to a ductile response at 

low strain rates, which is illustrated in Figure 3b. Catastrophic crack propagation 

occurs often when paper is brittle. Brittle and mostly elastic behavior may also 

produce different fracture lines than ductile and very plastic deformation. This is a 

consequence of elastic energy stored in the network during straining. The elastic 

energy is then released when the crack propagates. Most of the stress is 

concentrated on the crack tip when the crack propagation is fast and this leads to 

less winding fracture line. (Ketoja 2008, Salminen 2003.) 

Viscoelasticity of paper can also be controlled by the softening of hemicelluloses 

and lignin which are the amorphous components of the fibre wall. Softening of 

material stands for the area where the stress-strain curve turns downwards. In 

general, the strain hardening is shown in Figure 3. It stands for the area of the 

stress-strain curve where the curve starts to bend. Once the yield stress occurs, the 

stress needs to be continually increased in order to drive the plastic deformation. 

If the stress is held constant, the plastic deformation occurs only due creep 

effect. (Ketoja 2008) 

Purely crystalline materials are generally elastic whereas amorphous materials 

have a glass transition temperature, Tg, below which they are glasslike rigid, stiff 
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and brittle. Above the glass transition temperature they soften and become 

increasingly fluid-like. In the amorphous parts of wood fibres the glass transition 

temperature is relatively low and the softening behavior is strongly influenced by 

paper’s moisture content. (Kelly 2011, Ketoja 2008.) 

Borodulina et al. (2012) studied the phenomena which take place in a network of 

fibres along the stress-strain curve. They investigated how plasticity on the fibre 

level affects the stress-strain curve and micromechanical processes during 

straining. They discovered that the paper network with elastic fibres showed 

softening close to a break point; the stress-strain curve of paper made of elastic 

fibres followed almost a straight line up until the failure. They concluded that the 

nucleation of damages developed already during the hardening region. This 

confirmed that the non-linear response of the network has its origin in the fibres. 

Plasticity on the fibre level reduced the strain variations of the specimens since the 

energy dissipated through plastic deformations in the areas of high strain.  

3.3 Effect of moisture on paper properties 

Wood fibres are hygroscopic and the amount of water they contain depends on the 

ambient relative humidity (RH) and also the temperature of the surrounding 

atmosphere. Water content increases the plasticity in paper. Compared to the 

effect of humidity on the paper’s tensile strength, the influences of temperature 

and strain rate are rather small. (Alava and Niskanen 2006, Salminen 2003.) 

Paper’s moisture content dependence on the relative humidity 

The relative humidity (RH) gives the amount of water vapor in air relative to the 

amount in saturation. The terms "dryness" and "wetness," applied to air are purely 

relative and indicate the proportion of water vapor actually present in comparison 

with what the air could contain at the same temperature. At the Dew Point the air 

is saturated and the water is deposited as dew, mist, or even rain. It holds all the 

water it can. 

The thermodynamic equilibrium is never achieved within the climatic system. 

Apart from the system of heating and ventilation the amount of moisture varies 
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inside the buildings and factories during the course of the day and the year. The 

maximum moisture content occurs in the summer at the day time and the 

minimum at the night time. This is due to the ascending currents of air which 

carry the moisture upwards. The moisture content of paper is highest in humid and 

cold conditions. (Kettle 2008, Kiely 1927) 

The chemical composition of pulp affects the moisture content of paper. This 

relates in part to the chemical interactions of water with the cellulosic fiber wall 

structure and in part to the internal and external fibrillation and fines content of 

the pulp. The fiber wall structure changes when water is removed. Depending on 

the pulp type, these changes may be partially irreversible during paper drying. The 

hemicelluloses promote water absorption in pulp, and lignin inhibits it while 

hemicelluloses contain three hydroxyl groups (-OH) that attach swelling water 

and lignin only one hydroxyl group. (Kettle 2008) 

Sorption of water 

Sorption is described as a physical and chemical process by which one substance 

becomes attached to another. Paper mechanical properties are significantly 

affected by the moisture content. The most important physical factors that have an 

effect on the amount and the speed of water sorption are the surrounding 

temperature and the pressure of the gas phase. Figure 4 gives an example of the 

adsorption speed at variable relative humidity when the paper’s moisture content 

is approximated to be 0% at the beginning. (Ketoja 2008) 
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Figure 4 Water adsoprtion of 80g/m

2
 photocopier paper as a function of exposure time at 

variable relative humidity. Moisture content was measured with microwave 

based device. (redrawn from Anderson 1992) 

Figure 4 shows that the amount of adsorbed water per time unit is dependent on 

the prevailing difference between the paper’s moisture content and the 

surrounding relative humidity. The regaining rate of paper is highest at the 

beginning of the exposure and decelerates with time. Paper’s moisture content 

decreases as the relative humidity decreases or when the temperature increases 

while desorption is an endothermic reaction. (Ketoja 2008, Nurmiainen 1996, 

VTT) 

Paper pulp fibres normally have a water content of 5 – 10%. Water as a strongly 

polarized compound can penetrate into the fibre and break the hydrogen bonds 
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between the chain molecules in the fibre's amorphous parts. This makes both the 

fibres and paper more plastic, but also weakens the interfibre bond strength and 

the strength of the paper as a whole. Thus, the tensile strength is compromised and 

also the tensile strain increases. Figure 5 presents the stress-strain curves of 

paperboard when the relative humidity of the ambient air is varied. (VTT, Alava 

and Niskanen 2006, Ketoja 2008.) 

 
Figure 5 Stress-strain curves of paperboard in machine direction (MD) and cross direction 

(CD) at varying relative humidity. (redrawn from Niskanen 1998) 

Figure 5 shows that the relative humidity has a significant effect on the stress-

strain behavior of paper.  The corresponding moisture contents of paperboard in 

Figure 4 are 6.6%, 9.7% and 20%. Paper is stiff and brittle when the moisture 

content is low – it fails at the low strain values. At higher moisture content, the 

elastic modulus and stress levels are lower and the breaking strain increases. The 
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effect is due to the softening of the amorphous parts on the fibre, mainly by the 

hemicellulose. (Wanigaratne 2004, Niskanen 1998.) 

Nurmiainen (1996) examined the factors to control the moisture content in 

finished coated paper. He found that the relative humidity of the hall air has a 

notable impact on a paper’s dryness at the supercalander. The difference between 

a paper’s moisture content and the absolute moisture content of the surrounding 

air is largest at the supercalandering phase even if the exposure time is short.  

Nurmiainen (1996) found that the temperature variation is rather low inside the 

paper mill, especially within the reeling and winding sections. But even if the 

temperature stays almost constant, the relative humidity may vary a lot. The 

absolute moisture content inside the paper mill is dependent both on the prevailing 

weather conditions and fluctuation caused by the papermaking process itself. The 

papermaking process adds moisture to the hall air. For example, the steam from 

the supercalandering phase humidifies the finishing area. According to the Mollier 

chart, the total amount of water remains the same when the air is conveyed from 

outside but the relative humidity varies due to the heating. During the test period, 

the differences between relative humidity levels of 25 and 55% caused a moisture 

difference of 0.5% to the produced supercalandered paper. (Nurmiainen 1996) 

Elastic modulus vs. water sorption 

The modulus of elasticity, or elastic modulus, is an important strength property of 

paper. It describes the materials ability to resist the deformation when the force is 

applied to it. It represents the relative stiffness of the material within the elastic 

range and can be defined as the slope of its stress-strain curve in the elastic 

deformation region. Elastic modulus is particularly relevant for two reasons. The 

web tension is controlled by paper’s elastic modulus. The elastic modulus also 

controls the bending stiffness and structural rigidity of paper. (Niskanen and 

Kärenlampi 1998) 

The elastic modulus can also be useful as an indicator of other strength properties 

and dimensional stability while it is easily measurable with ultrasonic methods. 

Salmén (1982) has studied experimentally and theoretically how moisture 



14 

 

influences the elastic modulus of the fibres and paper. He proposes that the fibre 

wall is built up as a laminate where cellulose microfibrils act as the 

reinforcements in a matrix of the hemicelluloses. The laminate model suggests 

that the softening effect due to water immersion results from a softening of the 

disordered zones between the cellulose crystallites in the microfibril. Figure 6 

presents the behavior of elastic modulus at the different moisture contents. 

(Salmén 1982) 

 
Figure 6  The relative modulus and the moisture content of paper. (Salmen et al. 1984) 

The elastic modulus is independent at the low moisture contents. A decrease in the 

modulus with increasing moisture content agrees with the predictions of a 

laminate model for the fiber wall. The cell wall can be described as a laminate 

consisting of different layers. The layers have different orientations and therefore 

different characteristics. The yield strength stands for the end point of the linear 

section in stress-strain curve. In general, the plastic deformation will increase and 

yield strength decrease as the moisture content increases. (Salmén 1982, Niskanen 

1998.) 

Hysteresis phenomenon 

The moisture content that paper reaches is also related to the moisture and 

temperature history of the sample. This means that the equilibrium moisture 
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content of the paper at a given relative humidity is different in absorption, when 

coming from dry conditions, and desorption, when coming from wet conditions as 

presented in Figure 7. (Niskanen 1998) 

 
Figure 7 Moisture content vs. relative humidity in a paper at different temperatures. The 

isotherms are different for absorption (a) and desorption (b). (Prahl 1968) 

Figure 7 shows that the moisture content of the paper depends on the relative 

humidity when in equilibrium and the equilibrium temperature can be formulated 

via the thermodynamic relationships. The difference between adsorption and 

desorption isotherms is called hysteresis. It is a common phenomenon among 

cellulose based substances. The moisture content is always higher when material 

desorbs water than with absorbing. (Prahl 1968, Alava and Niskanen 2006.) 

A few mechanisms have been claimed to explain the hysteresis curve. The domain 

theory (Everett 1967) states that hysteresis arises from independent microscopic 

domains that can be in two states: sorbing and nonsorbing. The domain state 

switches depending on the water absorption or desorption. Another explanation 

(Yamazaki and Munakata 1993) is the bottleneck theory which states that it is the 

shape of the different sizes microscopic domains that causes hysteresis. Capillary 

pressure is said to be the reason for small domains to absorb water more readily 

than large domains.  Another point of view may lie within the hydroxyl groups. 

Urquhart and Williams (1924) stated that during absorption of water some of the 
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cellulose molecules hydroxyl groups become free to associate with more water. 

The opposite occurs during the desorption phase. Barkas (1951) offered an 

explanation where hysteresis is caused by swelling stresses and the irreversible 

plastic deformation they cause. 

4 PAPER FRACTURE 

Defining the failure of paper is not a simple subject. The fracture of paper can be 

triggered either by fracture of bonds or alternatively from fibre failure. It may 

occur in a sudden catastrophic event or develop slowly over time. 

Characterization of paper’s strength for every stress state by experiments has 

proven to be very difficult and these difficulties have led to the development of 

theoretical approaches. Fracture mechanics is a field of science that studies the 

propagation of cracks in materials. It uses the methods of analytical solid 

mechanics to calculate the driving force of a crack and characterization of the 

material’s resistance to fracture. (Alava and Niskanen 2006, Wanigaratne 2004.)  

Many attempts have been made to derive closed-form algebraic expressions for 

the tensile strength of paper in terms of its microstructure. The difficulty in 

modeling the tensile strength of paper is that paper has a complex structure and 

the component fibres have properties with certain statistical distributions. 

(Niskanen and Kärenlampi 1998) 

Web breaks are an issue in paper machines and printing houses even though the 

web tension is only about one tenth of the maximum tensile strength. This 

concludes that the traditional tensile and tear strength measurements are not the 

only strength criteria when judging the practical runnability. The runnability is 

linked to the local strength variations. The mechanical properties of paper are 

largely affected by the non-uniformity of its structure. Formation affects paper’s 

rupture process at the millimetre scale. Light-weight areas of paper generally 

elongate more than heavy-weight areas during strain. Local strain fields vary 

normally as much as basis weight varies, but sometimes the variation can be much 

larger. (Salminen 2003, Korteoja et. al 1996.) 
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The ability to resist crack initiation from existing flaws is called fracture 

toughness. It is said to correlate well with practical runnability. Microscopic 

damage arises when a crack propagates through paper during straining. A few 

methods have been developed to quantify the amount of fracture energy 

consumption during straining. The majority of the deformations and the actual 

failure occur in the fracture process zone (FPZ).  (Salminen 2003, Niskanen and 

Kärenlampi 1998, Wathén et al. 2005.) 

4.1 Fracture mechanics 

The fracture of a paper web is controlled by a local minimum value rather than by 

the average of strength. Application of fracture mechanics to predict and 

characterize sheet failure has been a long term research subject. Analysis of linear 

elastic fracture mechanics (LEFM) has produced a few applications for the 

measurement of specific fracture energy. They have been proven to be accurate 

only for brittle papers such as newsprint. Most papers are not linearly elastic up to 

the failure. Non-linear fracture mechanics (NLFM) also takes into account the 

region where the fracture occurs. (Niskanen and Kärenlampi 1998) 

Linear elastic fracture mechanics (LEFM) is a widespread engineering science 

tool and a few attempts were made to use this technique to characterize paper web 

failures. Because of their simplicity, LEFM models have been adapted with paper, 

although paper is not linearly elastic. The LEFM assumes that material behaves as 

a pure linear-elastic object. A linear-elastic material can be strained reversibly as 

shown in Figure 2a. The first linear elastic fracture mechanics models are based 

on Griffith’s (1920) work. Griffith’s theory is based on a thermodynamic energy 

balance approach. He proposed that crack extension occurs if the energy available 

for crack growth is sufficient to overcome the surface energy of material 

consumed to create new crack surfaces. (Niskanen and Kärenlampi 1998, Griffith 

1920, Mäkelä 2002.)  

Another approach of LEFM is based on the mathematical analysis of the stress 

concentrations at a crack tip. It characterizes the stress intensity factor which 

evaluates the amplitude of crack tip stresses. The application of LEFM techniques 
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on various types of papers is not a simple task. It has been confirmed that the use 

of laboratory sized specimens to measure the strain energy release rate or intrinsic 

fracture toughness is successful only for brittle papers such as newsprint or bond 

paper. (Seth and Page 1974) 

The major problem with the application of LEFM for paper is that the most papers 

are not linearly elastic but are instead elastic-plastic materials showing significant 

plastic deformation. Therefore, attention is focused on the application of non-

linear fracture mechanics to characterize fracture toughness. (Niskanen and 

Kärenlampi 1998, Mäkelä 2002, Wanigaratne 2004.) 

Non-linear fracture mechanics (NLFM) theory was invented in late 1960’s. It is 

based on the J-integral as a crack tip characterization parameter. It is of great 

importance to assimilate the qualities of the region where the fracture processes 

occur. The J-integral method by STFI and the essential work of fracture (EWF) 

are the most commonly used non-linear techniques. These methods however do 

not give comparable results with each other. They both reflect the fibre length and 

the proportion of chemical pulp in the pulp furnish quite similarly and the results 

are also proportional to each other for brittle papers. Differences occur on ductile 

papers where the J-integral method produces much lower fracture energy values. 

This might be due to the differences in measurements. The J-integral method 

estimates the critical value of the total energy release rate, whereas the EWF 

method measures the energy release rate reaching the inner fracture process zone. 

(Cichkoracki 1996, Wanigaratne 2004, Kärenlampi et al. 1998.) 

4.2 Strength models 

Modelling of the elastic or tensile strength properties of paper has been a long-

term interest in the field of paper physics. A large number of attempts have been 

made using either analytical methods or computer simulations to develop models 

for tensile strength. Numerous models for tensile strength have been developed in 

previous studies. Only the most often cited models are given a brief review. 

The analytical models can be divided into two groups, according to the 

assumptions they make. One group is based on the assumption that the tensile 
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strength of the paper is dominated by the strength of the component fibres. 

Theoretical models like the Cox model (1952), the Kallmes-Bernier-Perez model 

(1977), the famous Page equation (1969) and the Allan-Neogi model (1974) 

belong to this group. The other group of models assumes that a structure of paper 

can be treated as a fibre reinforced composite. The most often reviewed models of 

this group are the Kane model (1959a, 1959b) and the Shallhorn and Karnis 

model (1979). (Niskanen and Kärenlampi 1998) 

Cox (1952) did the pioneering research in the area of elasticity and the strength of 

paper. He developed a strength model that considers paper as an ideal and 

perfectly homogenous plane consisting of long straight thin fibres that are oriented 

in a random way. In an ideal paper there is no stress transfer between fibres and 

the strain in every fibre is equal to the local strain of the sheet in the fibre 

direction. Another assumption for ideal paper sheet is that the fibres exhibit linear 

elastic behavior. Page and Seth (1980) tested the Cox model with paper and found 

it predicting the modulus correctly only in the case of strongly bonded hand sheets 

of long and straight fibres. Kane (1959a, 1959b) did fundamental research in the 

field of tensile strength. The Kane model considers paper to be a thin, randomly 

oriented, fibre-reinforced web whose tensile failure load is obtained by summing 

the force required to either break or pull out the fibres that cross a line of 

separation. In other words, he combined the interaction between fibre strength and 

bonding strength with the change in fibre length distribution during the beating 

process. The Cox model and the Kane model were the foundation of the more 

advanced network models and fibre-reinforced composite materials that were 

developed later on. (Cox 1952, Kane 1959a, Kane 1959b, Jayaraman & Kortchot 

1998.) 

The Kallmes-Bernier-Perez model (KBP) (Kallmes et al. 1977, Kallmes et al. 

1978) utilizes the Cox model’s concept of an ideal paper sheet. They developed 

the idea to establish the whole load-elongation curve of paper. They focused on to 

the behavior of inter-fibre bonds and the definitions of critical events in the sheet. 

Kallmes et al. (1977) suggested that the distance between two bonds in paper can 

be divided into two groups: inactive or active segments. The active segments were 

considered as load-bearing elements i.e. they take the load when the sheet is 
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strained. The inactive segments on the other hand take no load and thus do not 

affect the tensile strength of the paper. Kallmes et al. (1977) proposed that the 

plastic deformation of the paper is caused entirely by the failure of inter-fibre 

bonds which is the non-linear portion of the load-elongation curve. The KBP 

model also suggests that the strongly bonded sheets fail when the sheet strain 

reaches the failure strain of the fibres. However, Seth and Page (1983) did a series 

of tests showing that the non-linearity of the load-elongation curve arises 

essentially from the plasticity in the fibres and that the effect of bond breakage 

during straining on the load-elongation curve of paper is usually small. 

Borodulina et al. (2012) also concluded this when they investigated the relation 

between micromechanical processes and the stress-strain curve of a dry fibre 

network during tensile loading. They discovered that the large local strains are the 

precursors of bond failures and not the other way around. (Kallmes et al. 1977 & 

1978, Seth and Page 1983.) 

Page’s theory (Page 1969) can be presented by his famous equation (Eq.3): 
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        (3) 

where  T
P
  breaking length of the sheet, (km) 

Z zero-span tensile strength of the sheet, (km) 

A average area of cross-section of the fibre, (m
2
) 

ρ density of the fibre (g/m
3
) 

g acceleration due to gravity (m/s
2
) 

b bond shear strength per unit bonded area, (N/m
2
) 

P perimeter of the fibre cross section, (m) 

l fibre length, (m) 

RBA relative bonded area of the sheet. 

The Page equation (Eq.3) is based on two basic assumptions. The first assumption 

is that during the tensile strain the load is focused on the portion of fibres crossing 

the rupture line. Fibres that are aligned in the direction of loading reach their 

maximum strain and paper is broken catastrophically. Page implies that due to this 

behavior the fibres can be divided into two fractions. The first fraction contains 
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fibres that take the load at failure and then break. The second fraction is composed 

of fibres that are pulled out intact due the breakage of bonds and thus do not carry 

any load at paper failure. From this assumption the breaking length of the sheet 

can be expressed. (Page 1969) 

The second assumption assumes that the ratio between broken and untouched 

fibres during tensile strain is only dependent on the ratio of fibre strength and 

bond strength. Page’s theory has some limitations and drawbacks while being so 

straightforward. That said, it is still widely tested and proved to be useful while 

being a simple estimation of paper’s tensile properties. (Page 1969) 

Shallhorn and Karnis (1979) presented their pull-out model where paper is 

assumed to be a continuum. Properties of all fibres are considered to be identical 

and they all are aligned in the direction of the applied load. The tensile strength of 

paper is a sum of the forces required to pull out fibres totally or to break and pull 

out fibres across the failure line of the sheet. 

4.3 Initiation of the fracture of paper: macroscopic fracture 

Paper’s mechanical properties are highly affected by the non-uniformity of its 

structure. On the fibre level this dissimilarity is defined by the structure of the 

fibrous network. Once the rupture has been initiated, it proceeds rapidly. Various 

strength models offer reasons for the fracture initiation at the tensile strength 

testing. These reasons can be divided into two categories: the fibre-fracture 

triggered viewpoint and the bond-fracture triggered viewpoint. (Korteoja 1996) 

For example, according to Page (1969) and Kallmes et al. (1977) the fracture of 

paper is initiated by the failure of the fibres oriented in the direction of the applied 

load. On the other hand, Cox (1952), Van Den Akker (1958) and Niskanen (1993) 

believed that fibre bonds control the tensile strength of paper. All in all, there is 

still no sufficient evidence showing that the macroscopic fracture of paper is 

triggered by the rupture of fibre segments or bonds in the paper.  
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4.4 Initiation of the fracture of paper: microscopic fracture 

Local microscopic ruptures give rise to plastic deformation when a paper 

specimen is strained. During the straining, before macroscopic fracture takes 

place, fibre segments become permanently elongated and the fibre-fibre bonds 

rupture. The breakage of bonds occurs in small steps. The partial bond ruptures 

and the related yielding of fibre segments relax the local stresses, and this will 

increase the stresses in neighboring elements. (Giertz and Roedland 1979, 

Korteoja et al. 1996.) 

Giertz and Roedland (1979) studied the local strains as a function of the external 

elongation of a paper sheet. They discovered that bonds between fibres and fibre 

segments behaved differently according to the amount of the strain. The bonds 

that yielded at the small strain often did not deform further at higher strain. When 

the external load was removed, permanent elongation was found to have taken 

place primarily in the bonded areas of the fibres. 

Local variation of the grammage, formation, mainly defines the disorder in the 

structure at mesoscopic millimetre length scales. Light-weight areas of paper 

generally elongate more than heavy-weight areas during straining. Korteoja et al. 

(1996) studied these microscopic deformations by impregnating silicone in paper. 

They found that plastic deformations of strains are non-uniform both on the 

microscopic and macroscopic scale. Large fractions of a typical paper specimen 

do not enter the plastic region before rupture, even though the macroscopic 

behavior may be very plastic.  

Another study of Korteoja et al. (1998a, 1998b) researched the rupture process at 

the millimeter scale. Results of the study indicated that the local material laws of 

the papers studied were determined primarily by the drying shrinkage. They found 

that the non-uniform structure leads to an effective concentration of strain and 

damage in low-grammage areas so that high-grammage areas are left almost 

intact. As a result the average external elongation of the sample at the point of 

final rupture is much smaller than the local strain in the rupture zone. In other 

words, low-grammage areas shrink less than high-grammage areas. Hence, the 

local breaking strain is smaller in low-grammage areas. More uniform papers 
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showed a small difference in local strain behavior between light-weight and 

heavy-weight areas while the amount of external strain was higher. 

Borodulina et al. (2012) investigated the relation between micromechanical 

processes and the stress-strain curve of a dry fibre network during tensile loading. 

They used a three-dimensional fibre network model and simulation tools to 

describe the particle-level properties of the fibres and bonding parameters. By 

comparing networks with weak and unbreakable bonds they found that increased 

local strains developed already during the hardening region of the stress-strain 

curve. This means that large local strains can be considered as the precursors of 

bond failures.  

4.5 Fracture toughness and fracture process zone 

The use of the terms fracture toughness and fracture energy is relatively 

fluctuating in the literature. The most of the times they are used nearly as 

synonyms and the separation was not done in this literature review either. 

Fracture toughness was introduced to the paper industry in 1970’s and it is a 

widely used property in material characterization in other fields of engineering. 

Fracture toughness describes the ability of paper to resist the growth of small 

incipient cracks. Tear strength had been the traditional method for this purpose, 

but it does not reliably relate to web runnability. Estimation of the fracture 

toughness is complex and there is no commonly approved standard method for 

measuring it. (Cichoracki 1996, Levlin 1999.) 

The failure of a running web is usually due to the defects in the paper or a 

transient peak in the web tension. Elastic strain energy stored in a running web is 

released when the crack propagates. This is due to the stress relaxation at the 

crack edges. Griffith’s criterion (1920) states that in order for the crack to grow, 

the released energy must exceed the fracture toughness, the energy demand of 

fracture in crack tip. Fracture toughness is a better measure for practical 

runnability than any of the standard strength tests, such as tensile strength and tear 

strength. (Salminen 2003, Niskanen and Kärenlampi 1998.) 
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An accurate estimation of fracture toughness is complex. Fracture toughness can 

be calculated from the fracture energy with Equation 4. 

   √            (4) 

where  Kc fracture toughness, 

  Gc fracture energy, 

  E elastic constant.  

Analysis of linear elastic fracture mechanics (LEFM) has produced a few 

applications for the measurement of specific fracture energy. They have been 

proven to be accurate only for brittle papers such as newsprint. Most papers are 

not linearly elastic up to the failure point. The J-integral method and the essential 

work of fracture (EWF) are commonly used non-linear techniques. The J-integral 

method estimates the critical value of the total energy release rate, whereas the 

EWF method measures the energy release rate reaching the inner fracture process 

zone. In the method developed by STFI (Swedish Pulp and Paper Research 

Institute), the J-integral is numerically determined for a center-notched specimen 

as a function of displacement. This requires preliminary measurements be done 

with ordinary flawless tensile specimens. The critical displacement at maximum 

load is then measured for the notched specimen, and the corresponding critical 

value, Jc, is calculated from the numerical model for the J-integral. In the EWF 

method the fracture energy is determined with a double edge notched specimen. 

At first, the total dissipated energy, Wtot, is calculated. This energy is consumed 

by rupture at the crack and by plastic yielding in an elliptic zone outside the crack 

as Figure 8 shows. (Niskanen and Kärenlampi 1998, Cichoracki 1996.)  
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Figure 8 Regions of energy dissipation in the measurement of essential work of fracture 

(EWF) (Niskanen and Kärenlampi 1998) 

The first energy contribution is proportional to the ligament length, L, of the 

specimen and the second to the size of the plastic zone or L
2
. The total energy 

dissipation is calculated with Equation 5. (Niskanen and Kärenlampi 1998, 

Cichoracki 1996.) 

     (       
 )        (5) 

where  Wtot total dissipated energy, 

  Wϵ essential work of fracture per unit crack area, 

  Wp the work of plastic deformations, 

  L ligament length, 

  L
2
 size of the plastic zone, 

  t thickness. 

Essential work of fracture can be calculated using linear extrapolation. 

J-integral and EWF methods however do not give comparable results with each 

other. They both reflect the fibre length and the proportion of chemical pulp in the 

pulp furnish quite similarly and the results are also proportional to each other for 

brittle papers. Differences occur on ductile papers where the J-integral method 

produces much lower fracture energy values. This might be due to the 



26 

 

dissimilarities in measurements. (Niskanen and Kärenlampi 1998, Wanigaratne 

2004, Kärenlampi et al. 1998.) 

Fracture toughness and tear strength measurements are mainly used to evaluate 

the efficiency of reinforcement pulps in improving the runnability of printing 

papers made of mechanical pulp. Although the results may not properly rank 

different pulps and their beating levels, they reveal some general trends that 

should be valid regardless of the measurement method. Figure 9 presents the 

reinforcement effect when softwood kraft pulp was added to pressure groundwood 

(PGW). The critical value of the J-integral and the in-plane and out-of-plane tear 

energy all increase when replacing the mechanical pulp with kraft pulp. The in-

plane tear test measures the energy dissipated when a crack is forced to propagate 

through a paper specimen. In-plane tearing is representative of the tearing failure 

that may occur during the transport of a paper web through a printing press. The 

out-of-plane tearing mode is commonly used in the Elmendorf test machines and 

it describes the internal tearing resistance of paper. (Niskanen and Kärenlampi 

1998) 

 
Figure 9 Critical value of the J-integral, Jc, indexed with basis weight (black diamonds), 

in-plane tear index (white squares), and out-of-plane tear index (asterisks) vs. 

kraft pulp content added to PGW handsheets. (Niskanen and Kärenlampi 1998) 

When a specimen with a crack is subjected to in-plane stress, microscopic failure 

occurs in a region just ahead of the crack tip. This localized failure area is called 
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the fracture process zone (FPZ). The irreversible work done in this zone per unit 

crack area is defined as the specific work of fracture or fracture toughness of 

material. (Cichoracki 1996, Wanigaratne 2004) 

Kettunen (2000) examined the use of in-plane-tear to describe the fracture process 

of paper. Figure 10 illustrates his findings when in-plane tear was compared to 

damage width.  

 
Figure 10 In-plane tear index versus damage width. (Kettunen 2000) 

The in-plane tear (IPT) work is almost directly related to the damage width in well 

bonded papers. This means that the fracture energy varies almost linearly in 

relation to average fibre length when pulps are mixed together. However, there is 

no correlation between fracture work and damage width with fibres of poor 

bonding ability. Slightly refined chemical pulp and viscose fibres differ from the 

correlation line. According to Kettunen (2000), the increased number of fibre 

failures also decreased the fracture energy. 
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5 BRITTLENESS AS A PHENOMENON 

Basic physics research and material science applications give a great interest in 

understanding and characterizing the complexity of the material failure. It is 

important to be able to predict the conditions necessary to cause failure. Materials 

and structures can fail in many different ways, including by buckling, excessive 

plastic flow, fatigue and fracture, wear, or corrosion. The stress calculation of 

structures and components is a useful design aid against the failures but is usually 

not sufficient. It is also necessary to understand and to be able to predict the 

effects of stress. The objective of fracture mechanics is to predict the critical loads 

that will cause catastrophic failure in a material. Materials like composites are 

difficult to classify as entirely brittle or entirely ductile as they have such a 

complex microstructure. (Bower 2009) 

5.1 Brittle versus ductile fracture 

Examples of brittle materials include ceramics and intermetallics, ice and glass, as 

well as body-centered cubic structure (BCC) metals at low temperatures. Body-

centered cubic structure stands for an atomic packing structure that contains 

fractions taken from nine atoms. There is one atom on each corner of a cube and 

one atom in the center. Metals which have a BCC structure are usually harder and 

less malleable than close-packed metals such as gold. When the metal is 

deformed, the planes of atoms must slip over each other, and this is more difficult 

in the BCC structure. Brittle materials are mostly used in applications where they 

are subjected primarily to compressive stress as they can resist compression very 

well. Most common characteristics of a brittle fracture are: 

 Small amount of plastic flow in the specimen prior to failure 

 The two sides of the fracture surface fit together very well after failure 

 The fracture surface appear to be faceted: individual grains and atomic 

planes can be spotted 

 In many materials, fracture occurs along certain crystallographic planes. In 

other materials, fracture occurs along grain boundaries. 
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Examples of ductile materials include FCC (face-centered cubic structure) metals 

at all temperatures and BCC metals or polymers at high temperatures. The face 

centered cubic structure has atoms located at each of the corners and the centers of 

all the cubic faces. In the FCC structure the atoms can pack closer together than 

they can in the BCC structure. Basic characteristics of ductile fracture are: 

 Extensive plastic flow occurs in the material prior to fracture 

 There is typically evidence of extensive necking in the specimen 

 Fracture surfaces do not fit together 

 The fracture surface has a dimpled appearance. 

Basically brittle materials fail in the elastic regime, while ductile materials can 

locally accumulate a plastic deformation prior to the fracture and they are often 

able to withstand higher stresses before reaching the fracture. Paper can be 

compared to composite materials for its elastic and viscoelastic properties and 

behavior. The stress-strain behavior of brittle and ductile materials is presented in 

Figure 11. (Bower 2009, Picallo et al. 2010, Alava and Niskanen 2006.) 
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Figure 11 Stress-strain curves of brittle and ductile material. (Zhigilei 2010) 

As Figure 11 shows there is only a small amount of plastic flow in the specimen 

prior to failure when the material is brittle. Brittle fracture can occur as a result of 

a single crack propagating through the specimen. Some materials contain pre-

existing cracks, in which case the fracture is initiated when one of these cracks, in 

a region of high tensile stress, starts to grow. In other materials, the origin of the 

fracture is less clear. Various mechanisms for nucleating a crack have been 

suggested, for example dislocation pile-up at grain boundaries or intersections of 

dislocations. (Bower 2009) 

Ductile fracture on the other hand occurs as a result of the nucleation, growth and 

coalescence of voids in the material. Failure is controlled by the rate of nucleation 

of the voids; their rate of growth, and the mechanism of coalescence. High tensile 

hydrostatic stress promotes rapid void nucleation and growth, but void growth 

generally also requires significant bulk plastic strain. The hydrostatic tensile stress 

stands for the condition in which there are equal tensile stresses in all directions, 

and no shear stresses on any plane. The plastic strain stands for the type of 

deformation in which the distorted body does not return to its original size and 
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shape after the deforming force is removed. A ductile material may also fail as a 

result of plastic instability or the formation of a shear band. This is analogous to 

buckling at a critical strain, the component no longer deforms uniformly, and the 

deformation is localized to a small region of the solid. This is normally 

accompanied by a loss of load bearing capacity and a large increase in plastic 

strain rate in the localized region, which eventually causes failure. (Bower 2009, 

Alava & Niskanen 2006) 

Finally, some materials, especially brittle materials such as glass, and oxide based 

ceramics, suffer from a form of time-delayed failure under steady loading known 

as static fatigue. Static fatigue in brittle materials is a consequence of corrosion 

crack growth. The highly stressed material near a crack tip is particularly 

susceptible to chemical attack while the stress increases the rate of chemical 

reaction. Material near the crack tip may be dissolved altogether, or it may form a 

reaction product with very low strength. In either event, the crack slowly 

propagates through the solid, until it becomes long enough to trigger brittle 

fracture. Glass and oxide based ceramics are particularly susceptible to attack by 

water-vapor. (Bower 2009, Alava & Niskanen 2006) 

Pollock (2010) reviewed the energy aspects of the acoustic emission phenomenon 

and its relationship to material properties especially brittleness. Acoustic 

emissions are transient elastic waves generated by the rapid release of energy 

from localized sources within a material. The phenomenon is largely studied and 

observed for example with structural endurance of buildings during earthquakes.  

Pollock (2010) suggests that when the acoustic emission event takes place in a 

closed system, there is a reduction in the elastic energy stored in the system. This 

small energy drawn from the stress-strain field can be divided in to several forms: 

surface energy, energy of plastic deformation and the energy of acoustic emission 

wave. He found that the brittleness of material is closely related to the difference 

between the strain energy release rate at which a crack starts to move and the 

energy required to deform material in the plastic zone as it advances during crack 

moving conditions. Ductile material transforms most of the energy to plastic 

deformation and surface energy while within the brittle material the majority of 

energy is transformed to the energy of acoustic emission wave. Pollock concluded 
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that the acoustic emission deals with exactly the same things as brittleness while 

they both are dependent on the mechanical stresses, stability and dynamic 

response to unbalanced forces. 

5.2 Brittleness of metals and composites 

Brittleness of paper is not an explicit concept, thus brittleness of metals and 

composite materials are given a brief review in order to gain an understanding of 

the subject. 

Failure in metallic materials can be divided into two main categories: ductile 

fracture and brittle fracture. Ductile fracture can be detected beforehand as it 

involves a large amount of plastic deformation. Brittle fracture on the other hand 

is rapid and has more catastrophic consequences. Brittle fracture has long been 

studied to gain understanding and overcome failures. Table I presents the factors 

affecting ductile and brittle behavior of metals. (Udomphol 2007, Zhigilei 2010.) 

Table I  Factors affecting ductile and brittle behavior of metals. (Aromaa 1998)  

 Ductile Brittle 

Temperature High Low 

Strength of metal Low High 

Size Small, thin Large, thick 

Geometry No stress raisers Notches, etc. 

Loading rate Low High 

Loading type Torsion Tension or compression 

The strength of the metals can be explained as a factor of cohesive forces between 

atoms. The attractive and repulsive forces between the two atoms lead to a 

cohesive force which varies in relation to the separation between these atoms. 

Sohncke’s law states that fracture occurs when the resolved normal stress reach a 

critical value. The brittle fracture of single crystals is related to the resolved 

normal stress on the cleavage plane. Griffith (1920) explained the discrepancy 

between the fracture strength and theoretical cohesive strength using the concept 

of energy balance. (Udomphol 2007) 
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Griffith (1920) states that the observed fracture strength is always lower than the 

theoretical cohesive strength. The discrepancy is due to the inherent defects in 

brittle materials leading to stress concentration. He brought in a crack propagation 

criterion. Crack propagation occurs when the released elastic strain energy is at 

least equal to the energy required to generate a new crack surface.  

Experiments show that brittle solids, such as ceramics, glass, and fibre-reinforced 

composites, tend to fail when the stress in the solid reaches a critical 

magnitude. Materials such as ceramics and glass can be idealized using an 

isotropic failure criterion. Composite materials, when loaded, are stronger in some 

directions than others, and must be modeled using an anisotropic failure 

criterion. Isotropic brittle failure criterion states that fracture is initiated when the 

greatest tensile principal stress in the solid reaches a critical magnitude. The 

tensile strength can be measured by conducting a large number of tests. For 

anisotropic materials there are more sophisticated criteria. The criteria must take 

into account the fact that the material is stronger in some directions than others. 

For example, a fibre-reinforced composite is usually much stronger when loaded 

parallel to the fibre direction than when loaded transverse to the fibres. There are 

many different ways to account for this anisotropy, for example the orientation 

dependent fracture strength. The basic fracture criterion is too crude for many 

applications. The tensile strength of a brittle solid usually shows considerable 

statistical scatter, because the likelihood of failure is determined by the probability 

of finding a large flaw in a highly stressed region of the material. (Bower 2009) 
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6 BRITTLENESS OF PAPER 

Brittleness of paper is difficult to measure and thus a challenging area to deal 

with. Even though it affects many paper mills there is not much previous literature 

about the issue. This chapter discusses the factors that may contribute to the 

brittleness of paper, such as fibre structure, chemical composition of the paper and 

external factors such as atmosphere.  

Measurement techniques of paper brittleness are versatile but few in numbers. 

Many of the techniques are based on paper’s viscoelastic behavior. Brittle papers 

are considered to behave linearly elastic during tensile straining. Another way to 

assess the brittleness of paper is to expose it to mechanical stress of a sort. 

Measurement techniques of paper brittleness found from literature are reviewed in 

the following chapters. 

6.1 Factors contributing brittleness of paper  

According to Salesin et al. (2009) brittleness of paper can be characterized as 

micro or macro brittleness. The micro brittleness covers the small and fine cracks 

that appear on the coating of some types of papers (e.g. photographic papers) due 

to the environmental factors or when subjected to the flexing stresses. The macro 

brittleness means buckling or a complete tearing of the paper when subjected to a 

severe bending stress. Structural features, such as the orientation of paper, have a 

significant effect on its tendency to become brittle. The brittle behavior is also 

largely affected by the relative humidity. 

Germgård et al. (1980) investigated the effect of pulp yield, lignin content and 

moisture content on the brittleness of paper. They used different types of kraft and 

sulphite pulps while producing hand sheet specimens. Brittleness of paper was 

evaluated by using four different theories: the elastic modulus of paper, the tensile 

stretch of a paper, the concept of the critical length and the folding endurance of a 

paper. The critical length concept is based on the idea that an initial crack in a 

material will spread spontaneously through the material as long as the released 

energy that was stored elastically in the material exceeds the increase of surface 

free energy due to formation of new surfaces. In case of paper a certain minimum 
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length is necessary to satisfy the above specified condition for spontaneous spread 

of a crack.  

According to Germgård et al. 1980 the chemical pulping process removes most of 

the lignin from wood and it results in a decreased pulping yield. However, the 

fibres become more flexible when the lignin is removed and this results in a more 

flexible paper. In their studies, the moisture content of different papers was 

controlled by alternating the relative humidity. The relationship between the 

actual moisture content and relative humidity was found to be linear in the region 

of 15 to 65% relative humidity giving a moisture content of 5 – 10% in the paper. 

It was discovered that the brittleness is well determined by the pulping yield and 

the moisture content while the effect of lignin content varied with different kind of 

pulps. High pulping yield was found to result in higher brittleness while increased 

humidity caused the brittleness to decrease. Germgård et al. (1980) concluded that 

the brittleness is actually a function of water content and the sum of lignin and 

hemicellulose content of the paper sheet. The techniques of Germgård et al. 

(1980) investigations are presented in the chapter 5.2.1. 

Vaaler et al. (2003) studied the difference in pulp properties for never-dried and 

once-dried kraft pulps with varying pulping yield. They discovered that the higher 

pulping yield and the hemicellulose content make the paper more brittle. 

However, it was concluded that the degree of brittleness may be sufficient for 

most paper grades.  

Zou et al. (1994) studied the relationship between cellulose degradation and paper 

aging and their effect on paper brittleness. Brittleness of paper due to aging is of 

great concern among librarians and archivists. The effect of aging on the recycling 

potential of paper is also an important issue as the use of the secondary fibres 

increases. Zou et al. (1994) based their experiment on the studies that have shown 

that newsprint loses some of its tensile strength properties when being stored for 

long periods of time. The mechanisms leading to paper embrittlement are not well 

understood. 

Studies of accelerated aging have shown that the moisture and the acidity of paper 

are important factors. Also the effects of acid-catalysed hydrolysis, oxidation, 
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crosslinking and thermal degradation that occur upon aging may cause strength 

losses in paper. All of these reactions are competing with each other and the true 

effects or relative rates are unidentified. The contribution of lignin, hemicelluloses 

and all the additives that commercial papers contain are difficult to assess. In the 

study of Zou et al. (1994), pure cellulose was used to determine the basic 

mechanism of paper brittleness and strength loss due to accelerated aging. It was 

discovered that the loss of the tensile strength and brittleness during accelerated 

aging are due to a decrease in the fibre strength. The main reason for the strength 

loss of fibre is the depolymerisation of the cellulose caused by acid-catalysed 

hydrolysis. Molecular weight distributions showed that the depolymerisation of 

cellulose proceeds randomly and follows the first order reaction kinetics. 

6.2 Measurement techniques of paper brittleness 

6.2.1 Germgård et al. approach 

Germgård et al. (1980) investigated four different theories to describe the brittle 

behavior of different types of papers. To evaluate the brittleness, the modulus of 

elasticity, the tensile stretch, the concept of a critical length and the folding 

endurance of the paper were used. It was hypothesized that a brittle material has a 

high modulus of elasticity, E. The elastic modulus was defined by Hooke’s law 

for elastic materials and for viscoelastic materials it can be defined as the initial 

slope of the stress-strain curve. However, there are two problems when utilizing 

the elastic modulus for evaluating the brittleness. The relation between the elastic 

modulus and brittleness is somewhat questionable while the method only 

considers the elastic part of the stretch but disregards all reversible and 

irreversible flow. Furthermore, evaluating the modulus from a graphically made 

diagram is not very accurate. 

Germgård et al. (1980) second hypothesis was that tensile stretch at rupture 

indicates the paper brittleness. The hypothesis was based upon the fact that the 

stretch due to irreversible flow takes place to a lesser extent in brittle paper and in 

such a paper the stretch at rupture primarily includes the elastic stretch and some 

stretch from reversible flow. This concludes that increasing brittleness leads to 
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less irreversible stress and, consequently, to a lower total stretch value at rupture. 

The drawback of this method is that the reduced irreversible flow is assumed to be 

observable through reduced tensile stretch. All the different contributions to the 

total tensile stretch should be measured separately to gain a reliable and 

explanatory answer for evaluating the brittleness.   

The third hypothesis of Germgård et al. (1980) investigation was based on the 

concept of the critical length. They used the concept to define a modulus of 

brittleness. This theory is based on the idea that an initial crack in a material will 

expand spontaneously through the material as long as the released energy that was 

stored elastically in the material exceeds the increase of surface free energy due to 

the formation of new surfaces. In order to satisfy this condition for spontaneous 

spread of a crack, the paper specimen has to have a certain minimum length. If the 

length of the specimen is not sufficient, the elastically stored energy is not 

adequate to widen the crack to total rupture. In order to spread the crack further 

additional stretch is needed. This type of crack formation is defined as quasistatic 

since the crack will be in a quasistatic equilibrium with the stretch. The minimum 

length of a paper sample where the elastic energy stored by stretching is high 

enough for a crack to spread spontaneously to the total rupture is called the critical 

length. If the length of the paper strip is shorter than the critical length, the crack 

will just proceed gradually upon stretching and the rupture will not occur 

instantaneously. A small value of critical length indicates that the material is 

brittle. The modulus of brittleness is defined as the reciprocal value of the critical 

length. However, Germgård et al. (1980) did not use this method in their study as 

it was found to be very difficult to distinguish a spontaneous rupture from a 

quasistatic one. Reproducibility of the test is poor if the evaluation of the two 

different types of rupture is difficult.  

The fourth evaluation of paper brittleness in the study of Germgård et al. (1980) 

was the folding endurance of a paper. In the folding endurance test a paper strip is 

subjected to a large number of consecutive foldings while simultaneously being 

stretched by the force of a constant weight hanging from the strip. The folding 

endurance test gives an indication of the flexibility of the paper structure and this 

can be characterized as an indication of brittleness. This method has its drawbacks 
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on the large variation between specimens. It makes the folding test of this type un-

reliable. However, the folding endurance is easy to perform and by taking the 

common logarithm of the median value in a test series reasonably reproducible 

values can be obtained. 

6.2.2 Brittleness constant based on a stress-strain curve 

The brittle behavior of paper during straining is said to be linearly elastic. Zhang 

et al. (1993) and Zou et al. (1994) have approached the brittle behavior of paper 

through a stress-strain curve. They both have introduced a constant that describes 

the brittleness of paper. 

Zhang et al. approach 

Zhang et al. (1993) executed a test series where they introduced the brittleness 

constant B. They based the study on fracture mechanics concepts. Griffith’s theory 

(Griffith 1920) explains the failure of brittle materials but Zhang et al. stated that 

it is suitable only for a fully brittle material, not for a semi-brittle material, as 

paper. Orowan’s theory (Orowan 1949), however, describes the failure behavior 

of semi-brittle material. It concludes that when material has cracks, it needs some 

external energy to expand the cracks that finally lead to a break. The amount of 

external energy needed is smaller if the material is less plastic, thus it can be 

described as being brittle. The specimen that Zhang et al. (1993) designed for 

tensile strength measurements was single edge notched (SEN). Its length was 

100mm and width 63mm. Figure 12 presents the stress-strain curve that was 

created from the tensile strength testing.  



39 

 

 
Figure 12 The stress-strain curve from tensile strength testing. Brittleness constant B can 

be calculated using following variables: 

Ep the area under a parallel dot line and rising curve, indicates the plastic 

energy of the material at the beginning 

Ea  the external energy needed for breaking the material 

Ee the stored elastic energy of the material (Zhang et al. 1993) 

The brittleness constant can be calculated according Equation 6: 

  
  

(     )
         (6) 

where  B the brittleness constant, 

Ep the plastic energy, 

  Ea the external energy, 

  Ee the stored elastic energy. 
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Zhang et al. (1993) tested different types of papers such as newsprint, wheat straw 

papers and cotton papers. They found that the brittleness constant B was a good 

indicator of the brittleness of paper and it also satisfied the theoretical 

explanations behind the phenomenon. 

Zou et al. approach 

Traditionally a paper’s brittleness has been determined by the folding endurance 

test. Zou et al. (1994) concluded that the physical meaning of the folding 

endurance testing and its relation to paper embrittlement is not well understood. It 

was also stated that the strong dependence of folding endurance on tensile 

strength makes it difficult to evaluate weak and severely aged papers. In the study 

of Zou et al. (1994) a new parameter called brittleness index, BI, was determined 

from a stress-strain curve as shown in Figure 13 section (a). They measured dry 

tensile properties according to TAPPI test method T494. 

 
Figure 13 (a) Determination of brittleness index from the stress-strain curve. (b) Stress-

strain curve of brittle paper. (c) Stress-strain curve of ductile paper. (Zou et al. 

1994) 

The brittleness index, BI, is defined as the ratio of the shaded area (AE) to the 

area under the whole stress-strain curve (TEA). The area AE (approximately) 

represents the energy stored in the paper as elastic strain energy at the time of 
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failure. This is the energy used for propagation of cracks if they exist. Therefore, 

if the paper is very brittle, the existence of any stress concentration sources 

including cracks and defects in stretching of the paper triggers catastrophic failure 

since most of the external work done is transformed to the elastic strain energy. 

On the other hand, if the paper is ductile, most of the external work done to the 

paper is used for plastic deformation so that the energy available for the crack 

propagation is small. Typical stress-strain curves for brittle and ductile papers are 

shown in Figures 13(b) and 13(c), respectively. The brittleness index does not 

represent either stiffness or toughness, but simply the sensitivity of cracks and 

defects to propagate at failure. (Zou et al. 1994) 

6.2.3 Folding endurance 

A very important property of paper is folding endurance, which is improved by 

the paper being flexible. In paper testing, folding endurance is defined as the 

logarithm of the number of double folds that are required to make a test piece 

break under standardized conditions. Double fold means a process where a paper 

sample is first folded backwards and then forwards on the same line. The 

following equation (Eq. 7) describes the folding endurance according to standard 

ISO 5626. 

                 (7) 

where  F folding endurance, 

  d number of double folds. 

Franklin (1988) investigated how paper stock influences cracking. He used the 

burst test to determinate the strength after folding. According to the results, the 

major influence on the fold cracking tendency is the proportion of the softwood 

chemical pulp component and its degree of refining. Higher the softwood 

chemical pulp proportions of the pulp mixture, higher the amount of fold 

cracking. Also when the pulp was highly beaten, the mechanical strength of paper 

was improved, but the fold cracking was severe.  
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Lantto (1987) and Lindström (1991) also noticed that a higher proportion of 

chemical pulp decreases the cracking tendency. According to Suontausta the 

portion of chemical pulp has the most effect on the strength of the folded base 

paper. (Franklin 1988, Colley 1982, Suontausta 1991.) 

The way to affect the moisture level of printed paper is in the drying section 

where the printing color is dried. According to Franklin (1988) 120°C is the 

critical temperature. If the temperature in drying is greater it may lead to cracking 

at the fold much easier. The drying section of a printing machine is composed of 

multiple parts and it is possible to control the temperatures of those parts 

separately. Hard drying at the beginning and low drying at the end with a short 

delay time give better strength after folding compared to the reversed drying 

profile. (Franklin 1988, Suontausta 1991.) 

6.2.4 Wedge test for brittleness 

Photographic films and papers are laminates of two or more different materials. 

Usually the laminate is composed of a plastic or a paper as a support and firmly 

bonded layers of gelatin that contains specific substances. Brittleness is an 

undesirable property since satisfactory performance in equipment or in handling 

requires sufficient flexibility to ensure good tolerances to bending stresses under 

the atmospheric conditions likely to be encountered in practice. Under low 

relative humidity and low temperature conditions, the gelatin layers and support 

tend to become brittle. This can cause the formation of cracks and breaks when 

the laminate is stressed beyond its diminished capacity to withstand bending and 

flexing. The wedge test for brittleness, specified in the International Standard 

18907:2000, subjects the photographic material to a high rate of strain in a simple 

folding action. Brittleness is described here as a property of materials that causes 

them to break or crack when deformed by bending. (ISO 18907:2000E) 

The wedge test for brittleness is an accepted method of rating brittleness for many 

years and it correlates with product behavior under many practical applications. It 

is a widely accepted method in the photographic industry. The method is 

applicable to films with or without a gelatin backing and to fibre-based or resin-
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coated photographic papers. The principle of the wedge test is to measure the 

opening of a wedge at which a specimen loop fails when subjected to high strains. 

The wedge tester for brittleness consists of two non-parallel metal plates or jaws, 

which form a wedge or V as shown in Figure 13. A clamp is attached to one jaw 

at the narrow end of the wedge to hold one end of the specimen. A scale is 

provided which gives the wedge separation between the two jaws at any point. 

(ISO 18907:2000E) 

 
Figure 14 Wedge test for brittleness apparatus with a clamped sample and leader. (Salesin 

et al. 2009) 

The wedge test procedure for brittleness is straightforward. One end of a specimen 

is fastened in the clamp at the narrow end of the wedge. The specimen is looped 

within the wedge with a sufficient length at the free end extending through the 

narrow opening. The clamped end of the specimen is marked at the point where 

the narrow end of the wedge starts. The specimen is then pulled by the free end 

completely through the narrow opening of the wedge using a smooth, rapid 

motion completed within one second. The specimen is then removed from the 

clamp and laid on the scale. The largest wedge separation (i.e. diameter) at which 

the paper shows buckling is read from the scale and it is the measure of 

brittleness. The wedge separation is read to the nearest 0.5mm. (ISO 

18907:2000E, Salesin et al. 2009.) 
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6.2.5 Standard testing at controlled humidity 

The objective of the preliminary study was to determine if the standard testing at 

controlled humidity is sufficient to evaluate the brittle behavior of paper. Another 

objective was to evaluate the effects of different kinds of fibre furnishes on the 

mechanical properties of paper at different levels of relative humidity. Four 

different fibre furnishes were used for making laboratory sheets. Testing was 

carried out at a controlled relative humidity between 3–10% and reference tests 

were executed at relative humidity of 50%. The standard methods used were 

chosen so that they would describe both the in-plane and out-of-plane properties 

of paper. Standard measurements included tensile strength, tensile energy 

absorption, bonding strength and fracture toughness measurements. (Muhonen 

2012) 

All of the measurements were quite time consuming as the humidity control of the 

test facility was quite challenging. The difference in the tensile properties of paper 

between a relative humidity of 50% and 10% was quite substantial. Whereas a 

relative humidity range between 10 – 3% seems to have only a marginal effect. 

Figure 15 shows the results of the tensile strength and the tensile energy 

absorption measurements.  
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Figure 15 Tensile index (Nm/g) and TEA index (J/kg) at different trial points (TP1 (PGW 

80:20 Kraft pulp 685ml), TP2 (PGW 50:50 Kraft pulp 685ml), TP3 (PGW 80:20 

Kraft pulp 345ml) and TP4 (PGW 50:50 Kraft pulp 345ml) and at four levels of 

relative humidity (REF RH 50 – RH 10  – RH 6 – RH 3). 

As Figure 15 suggests, the fibre furnishes and especially the amount of kraft pulp 

had quite a large significance on both the tensile strength and the tensile energy 

absorption. The highest tensile index values were obtained when the fibre furnish 

consisted of half mechanical pulp and half heavily beaten kraft pulp. Trial points 

consisting of lightly beaten kraft pulp and a high amount of mechanical pulp were 

fairly at the same level. (Muhonen 2012) 

TP1 TP2 TP3 TP4

50 42.58 47.45 45.73 62.79

10 46.47 51.07 53.56 66.69

6 45.84 51.45 50.98 66.79

3 46.86 54.67 51.92 67.43
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The tensile energy absorption values had much greater variation. Fibre furnishes 

including half and half mechanical and kraft pulp had a far larger elongation at all 

the relative humidities than those consisting of 80:20 mechanical and kraft pulp. 

This could be seen when comparing the values of the tensile index and the tensile 

energy absorption and also the actual stretch at break values. The tensile index 

values were relatively close with each other at all trial points whereas the tensile 

energy absorption values were almost doubled at trial points 2 and 4 compared to 

trial points 1 and 3. In terms of the relative humidity, there was a marginal trend 

to be seen with tensile index and TEA index values. The difference between the 

relative humidity of 50 and 10% was obvious. On the other hand, the stretch at 

break measurement showed an interesting phenomenon. Beating of the kraft pulp 

seemed to have some sort of inert effect on the values of stretch at break at 

different relative humidities. The lower the level of beating, the more linearly the 

values of stretch at break decreased along the relative humidity. This concluded 

that the tensile strength testing might not be the optimal solution for evaluating 

the brittle behavior of paper while the differences between relative humidities 

were not entirely consistent. (Muhonen 2012) 

The bonding strength measurement was not affected much at all by the variation 

of relative humidity. The fibre furnish on the other hand had some effect. At trial 

points 1, 2 and 3 the bonding strength was almost the same. Trial point 2 gave the 

lowest values with a fibre furnish of half mechanical pulp and half lightly beaten 

kraft pulp. The highest value of the bonding strength was achieved at trial point 4 

where there was a high amount of heavily beaten kraft pulp. This proved that the 

beating of kraft pulp most certainly has a positive effect on the bonding ability of 

fibres. In conclusion, bonding strength measurement was not suitable for 

determining the level of the brittleness of paper. (Muhonen 2012) 

The fracture TEA measurement showed differences regarding both the fibre 

furnish and the relative humidity. Figure 16 shows the results of the fracture TEA 

measurements.  
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Figure 16 Fracture TEA (J/kg) at different trial points (TP1 (PGW 80:20 Kraft pulp 

685ml), TP2 (PGW 50:50 Kraft pulp 685ml), TP3 (PGW 80:20 Kraft pulp 

345ml) and TP4 (PGW 50:50 Kraft pulp 345ml) and at four levels of relative 

humidity (REF RH 50 – RH 10  – RH 6 – RH 3). 

All in all, the highest fracture TEA values were obtained at the highest relative 

humidity, RH 50%. When comparing the measurements done below the relative 

humidity of 10%, the values of fracture TEA measurement were relatively high at 

trial points 2 and 4 as compared to trial points 1 and 3. The highest values were 

obtained at trial point 2 where there is half and half PGW and lightly beaten kraft 

pulp. Tensile strength and bonding strength tests proved that heavily beaten kraft 

pulp has a higher bonding ability than the lightly beaten one. If the bonding ability 

has an effect on the fracture TEA, the values of trial point 3 should be higher than 

at the trial point 1. Also the same should occur between the trial points 4 and 2. In 

this case, there is no obvious trend. Thus, the bonding ability of the pulp does not 

have much of an effect on the fracture TEA. 

In terms of the relative humidity, there was a quite clear trend showing except for 

the trial point 2. When the relative humidity decreases, also the fracture TEA 

drops. Trial point 2 had the higher fracture TEA value at the relative humidity of 6 

% than at the RH 3% or RH 10%. There was no clear explanation for this 

behavior. All in all, the fracture TEA is not influenced much by the bonding 

ability of the fibres and it follows the drop of the relative humidity level quite 

accurately. In conclusion, fracture TEA might be suitable for evaluating the 
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brittleness of paper. Further testing with the different relative humidities and the 

fibre furnishes is advised to confirm this deduction. (Muhonen 2012) 

7 SUMMARY 

The fracture of paper is a complex term to describe. Even though many attempts 

have been made to gain the ultimate understanding of fibre web behavior under 

stress, there are still some unanswered questions that need to be thoroughly 

examined. For example, brittleness of paper is a common phenomenon in paper 

mills but it lacks a valid determination method.  

Previously used methods to describe paper brittleness were thoroughly examined 

before the experimental part of this thesis was designed. The standard testing of 

paper strength at the laboratory conditions does not describe the term “paper 

brittleness” quite accurately. The fracture toughness measurement is said to be the 

closest alternative but the preliminary trials proved that a more reliable method is 

needed. The effect of the moisture content of paper was found to have a great 

impact on the strength properties of paper and thus it was chosen to be one of the 

main parameters. Brittle behavior of paper during straining was said to be linearly 

elastic, so the examination of the stress-strain curve was thought to deliver the 

most accurate results.  
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Experimental part 

8 INTRODUCTION 

Some mill papers have been found to behave mechanically in a more brittle way 

than the others. Also the subjective assessment by human touch has verified the 

same observation. However, earlier standard in-plane strength measurements have 

not shown a clear difference between similar brittle and normal papers. The 

experimental part of the thesis focuses on the various aspects that may have an 

effect on the brittle behavior of paper.  

8.1 Objective 

The objective of this trial was to characterize the phenomenon and causes behind 

the brittle behavior of paper. Characterization of paper brittleness is a complex 

dilemma. Even though the basic physics have a straightforward approach on 

brittleness, it still is a very subjective assessment inside the paper industry. 

Operator opinions vary and no good test methods have been found to quantify the 

degree or the frequency of brittle paper.  

Another objective was to analyze if brittleness of paper is a measurable 

characteristic. Six different coated and base papers were collected from different 

paper mills to represent the normal and brittle situations. Variable testing was 

executed in order to determine if there were any sorts of differences between the 

normal and brittle papers. 

The structure of the experimental part of the thesis is divided into three parts. The 

first part covers the strength testing of the normal and the brittle paper samples. 

The second part is the analysis of the conditions that may have contribution to the 

brittle behavior of paper. The third part covers the experimental methods to 

describe the difference between the normal and the brittle papers. 
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8.2 Characterization of the brittleness of paper 

Characterization of paper brittleness is difficult while there are no particular 

reasons for its appearance. At times it seems to be worse than other times, but 

both the operator and the supervision opinions about the brittleness are varied. A 

proper tool for analyzing the brittle situations in paper mills would be useful. 

When analyzing brittle situations one should be able to determine if there were 

any abnormalities or changes in the running parameters of the paper machine. 

Possible explanations may be found by getting acquainted with the data from the 

short circulation, the drying section or from the machine draws e.g. from the 

pressing section. Brittle situations may occur with some paper grades more often 

than with the other. This may be a consequence of the amount of broke used in the 

pulp furnish. An explanation may also lie within the additives or the filler content 

and the filler distribution.  

In most of the cases the brittleness occurs at the dry end of the paper machine. 

Reeling and finishing stages are the most common locations since the moisture 

content of paper is at its lowest.  

8.3 Trial papers and testing 

An inquiry was made to paper mills to collect and send representative samples of 

both the brittle and the non-brittle situations. The inquiry was made for the mills 

producing lightweight coated (LWC) paper because the brittleness has often been 

observed during the tail feeding or within the threading phase at the coating 

machines.  

Two paper mills answered the request and delivered the samples from both the 

normal and the brittle situations. The samples were gathered from four different 

paper grades. The nomination and the grammage of the samples are presented in 

Table II. 
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Table II  Mill made LWC papers that were used in the trials. 

Paper grade  Sample name Grammage, g/m
2
 

1 1. Base 45.4 

2 2. Base 55.9 

2 2. Coated 100.0 

3 3. Base 49.8 

3 3. Coated 90.0 

4 4. Coated 47.4 

The paper samples were divided by the grade. The samples 1, 2 and 3 were 

gathered from one mill and the sample 4 from another. From paper grade 1 only a 

base paper sample was provided, paper grades 2 and 3 offered a corresponding 

base and coated paper pairs and the grade 4 was a coated paper sample. 

The brittle samples 1, 2, and 3 were gathered within a three day period. The brittle 

sequence occurred during the harshest winter time. The brittle sample of paper 

grade 4 was collected during an unusual situation at the paper mill. There was an 

especially high amount of hardwood mechanical pulp in the fibre furnish due the 

lack of softwood mechanical pulp.  

The reference samples were collected when there were no observations of 

anything abnormal. All of the paper samples were tested with multiple methods. A 

few of the samples were chosen to more specific inspection and these tests were 

done in cooperation with VTT Technology Research Centre of Finland in 

Jyväskylä and Espoo. The following chapters present the test methods used and 

the main results. The conclusive results are presented in the appendices. 

9 STRENGTH PROPERTIES OF MILL MADE PAPERS 

The strength properties of the brittle and the non-brittle samples were tested with 

multiple separate methods. The objective was to find a suitable method to assess 

the variables influencing the brittleness of dry LWC paper (lightweight coated). 

The measurements were carried out both at UPM Research Centre in 

Lappeenranta and at VTT Technology Research Centre of Finland in Jyväskylä.  

The standard testing at the variable relative humidity was conducted. The 

variables obtained from the standard tests were the tensile strength, the tensile 
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energy absorption, the fracture toughness and the tear strength. Tests were done at 

the controlled relative humidity. The standard laboratory conditions were RH 50% 

and temperature 23 ºC. The humidity chamber was conditioned to RH 10% and 

the target temperature was 23 ºC. 

A test series using the C-Impact device at VTT Jyväskylä was performed. The 

measurements included the machine directional tensile strength, tensile stiffness, 

tensile strain, tensile energy absorption and the fracture toughness. The 

measurements were carried out in four dry matter contents.  

9.1 Testing at 10% and 50% relative humidity 

The information that standard testing of the basic properties and the mechanical 

properties of paper provides is crucial for the process of the paper manufacturing 

and also for the conversion processes. Paper web has to withstand many types of 

stresses until the end use. The mechanical response of paper to the external 

tension is described by the load-elongation behavior. With standard testing one 

may control the quality of paper. 

The study was done in laboratory scale. The variables obtained from the standard 

tests were the tensile strength, the tensile strain, the tensile energy absorption, the 

tear strength and the fracture tensile energy absorption. Testing was carried out at 

10% and 50% relative humidity and the tests were done both the machine 

direction and the cross direction. 

9.1.1 Humidity controlling 

Relative humidity of the test facility was controlled by a combination of a 

generator supplying heated dry air (Recusorb DR-020C) and an air source heat 

pump connected to a thermostat. The target was to reach the relative humidity of 

10%. The relative humidity was constantly measured with a thermo-hygrometer 

and a handheld gauge. The sample strips were let to equilibrate overnight in the 

humidity chamber before the measurements. The testing facility was a relatively 

small room and preserving the humidity at the desired level was found to be quite 

challenging. Humidity gauge responded immediately to any changes and 
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consequently the relative humidity climbed several units for example due to the 

effect of breathing during measurements. Precautions were made to prevent the 

specimens to gain any moisture. The measurements were done at small partitions 

and samples were let to reach the desired level of humidity. Another test series 

was done in the laboratory conditions, the relative humidity being 50%. 

Temperature was held at 23 °C with both the relative humidities. 

9.1.2 Tensile strength and tensile energy absorption 

Tensile strength is a very useful property to describe the general strength of any 

material and it is probably the most common strength test for paper. Value of 

tensile strength describes the maximum load per unit width that a material can 

stand without fracture when being stretched. The measurements were done 

according the standard ISO 1924-3:2005. (Levlin 1999, VTT.) 

Tensile strength is expressed in the unit kN/m but tensile index is often used when 

comparing the papers of varying grammage. It is defined as the maximum load 

per unit width divided by the grammage of the paper, the unit being Nm/g. The 

tensile index value relates the strength to the amount of material being loaded. 

(Levlin 1999) 

Tensile energy absorption (TEA) determines the work required to break a tensile 

specimen under tension. TEA is the integral of the load-elongation curve. It grows 

with increasing tensile strength and breaking strain and depends on the shape of 

the load-elongation curve. (Levlin 1999) 

The tensile strength, strain and the tensile energy absorption were measured with 

an L&W Alwetron TH1 tensile strength test machine according to the internal 

laboratory instructions except for the relative humidity and temperature. The 

specimen was stretched to the point where the rupture occurs. The maximum 

tensile force the test piece can withstand before breaking and the corresponding 

elongation of the strip were measured and recorded. 20 specimens were tested 

from the trial papers 1. Base, 2. Coated, 3. Coated and 4. Coated both the machine 

and cross direction. 
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9.1.3 Fracture toughness (Fracture tensile energy absorption) 

The modern computerized tensile testing machines like L&W Tensile Tester with 

Fracture Toughness (Lorentzen&Wettre 2011) use the J-integral method 

originally developed by STFI. This kind of test rig was not available for the study 

thus the method used in the experiments was called fracture TEA (tensile energy 

absorption) and it is based on the EWF (essential work of fracture) method. The 

fracture TEA measurement is not in use in laboratory due the modernized 

measurement devices. However, it is still useful as it generates comparable 

results. The basics of the EWF method are presented in Appendix I. 

Cichoracki (1996) suggested that fracture toughness could be estimated as the 

work done up to maximum load for an EWF specimen. Basically it is considered 

as the crack initiation energy, as crack growth occurs close to the maximum load. 

Cichoracki (1996) found the fracture TEA method to be as sensitive as the EWF 

method but also much less time consuming using only one specimen size. It was 

also found by Cichoracki (1996) that the fracture TEA method reduces the 

confidence interval; the range was similar as with the J-integral method used by 

Lorentzen&Wettre.  

The fracture TEA was measured with an L&W Alwetron TH1 tensile strength test 

machine according the internal laboratory instructions except for the relative 

humidity and temperature. Specimens were cut from hand sheets and the double 

edge notches were done using a template and a razorblade. The specimen used in 

the fracture TEA testing is presented in Appendix II. The program for the fracture 

TEA measurement differed from the standard tensile strength program. The major 

difference lies within the drawing speed. The tensile strength measurement was 

conducted at the drawing speed of 99 mm/min whereas the fracture TEA testing 

was done at 2 mm/min. 20 specimens were tested from each of the trial papers 

both the machine and cross direction. 

9.1.4 Tear strength 

Tear strength of paper describes the amount of work needed to tear the standard 

size paper sample out-of-plane direction. The most commonly used tearing test, 
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the Elmendorf tear test, measures the internal tearing resistance of paper. The 

internal tearing resistance is a measure of the force perpendicular to the plane of 

the paper necessary to tear a single sheet through a specified distance after the 

tearing is already started. The tear strength measurement was done according 

standard (ISO 1974:1990) and the results are presented as tear index (mNm2/g). 

(Levlin 1999) 

20 specimens were tested from trial papers 1. Base, 2. Coated, 3. Coated and 4. 

Coated both the machine and cross direction. 

9.2 C-Impact measurements at VTT Jyväskylä 

Strength testing of the paper samples was done with the C-Impact device in VTT 

Technical Research Centre in Jyväskylä. The C-Impact device is a vertically 

aligned tensile strength tester that can perform versatile testing. 

9.2.1 Conditioning of the samples 

Conditioning of the dry samples was done either in the laboratory conditions (23 

°C and RH 50%) or in the humidity chamber where the relative humidity was 

adjustable between 10–90% temperatures being at constant 23 °C. The air flow to 

the humidity chamber was controlled with the humidity generator (Technequip 

Enterprises Pty Ltd). The generator produces desired relative humidity by mixing 

completely saturated air with dry air. The air flow produced with the generator 

was approximately 20 l/min. The dry matter contents of the paper samples 

conditioned in the humidity chamber varied according the paper type. The base 

papers and the coated papers are in different dry matter contents at the same 

relative humidity due the coating. The dry matter contents of the papers varied in 

range of 87–96% during tests. 

All of the samples were let to equilibrate at least for 16 hours before any testing 

was conducted. The paper samples were placed in airtight plastic bags inside the 

humidity chamber and removed individually right before testing. The specimen 

was exposed to the laboratory conditions (23 °C and RH 50%) approximately 5 

seconds prior testing. The dry matter content of the paper sample was measured 
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with the Mettler Toledo Halogen moisture analyzer right after the C-Impact 

testing. 

9.2.2 Humidifying of the samples with water bath and wet pressing 

Some of the dry paper samples were moistened in the water bath and wet pressed 

to the desired dry matter content. The sample sheet was held under water for 

approximately 30 seconds after which it was wet pressed between the blotter 

boards for 30 seconds. The wet pressing time used was determined by the 

experiments. The sample sheets were piled between the plastic films and placed in 

the airtight plastic bag prior die-cutting the samples. The sheet was die-cut to the 

samples so that the moisture content was not affected. The sample was exposed to 

the laboratory conditions (23 °C and RH 50%) approximately 5 seconds prior 

testing. The dry matter content of the paper sample was measured with Mettler 

Toledo Halogen moisture analyzer right after C-Impact testing. 

9.2.3 C-Impact device 

The C-Impact device is a vertically aligned tensile strength tester. The force 

sensor is positioned over the upper sample holder and the motion actuator below 

the lower clamp. The tensile strain is measured with a laser distance sensor. 

Figure 17 presents the configuration of the C-Impact device. The drawing speed 

can be adjusted between 0.1–100 mm/s and the sample length between 5–350 

mm. The maximum frequency for the measurement is 5 kHz. 
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Figure 17 Configuration of C-Impact device. (Kouko et al. 2012) 

9.2.4 Tensile strength and fracture toughness 

The determination and the calculation of the tensile strength, the tensile strain, the 

tensile stiffness and the tensile energy absorption were done according to the 

standard (ISO 1924-2:1994) except for the drawing speed. The length of the 

unnotched sample was 180 mm and the width 15 mm. The drawing speed used 

was 10mm/s which is equal to 5.6%/s.  

Several methods exist for the fracture toughness measurement. It can be done 

using variable samples. The size of the sample, the amount of the notches or the 

notch size can vary. The fracture toughness measurements were done using a 

sample that was 20 mm wide and had two 4 mm cross-directional notches at the 

edges (DEN, double edge notched). The notching was done with a surgical knife 

using a slotted template over the sample. The J-integral (the fracture toughness) 

was calculated using the simplified RPM method (Rice-Paris-Merkle). The RPM 

method is presented in Appendix III.   

9.3 Results of the standard strength measurements and C-Impact 

measurements 

The comprehensive results of the standard testing and the C-impact trial are 

presented in Appendix IV. The results of the tensile index, the stretch at break and 

the tensile energy absorption are presented as an average of all measurements 

while they were measured both from the notched and the unnotched samples.  
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Figure 18 presents the results of the tear index measurements for brittle and 

normal trial papers. The Elmendorf tear test was done with normal and brittle trial 

papers 1. Base, 2. Coated, 3. Coated and 4. Coated. The tear index was measured 

both the machine and the cross direction at the relative humidity of 10 and 50%. 

 
Figure 18 Machine directional and cross machine directional tear index for the brittle and 

the normal paper samples.  

The dry matter content has an obvious effect on the tearing strength of paper. Dry 

paper samples have lower values than the samples of high moisture content. There 

is also quite large variation between the different samples. The sample 1. Base 

being a base paper carries more water than the coated samples. It has the highest 

values both in the MD and the CD directions while the results are presented as 

tear index. The sample 4. Coated has the lowest grammage base paper and also 

the lowest values of the tear index. There is no obvious difference between the 

brittle and normal samples when paper is coated regardless the dry matter content. 

The samples 2. Coated, 3. Coated and 4. Coated gives almost identical results 

both machine and cross direction. On the other hand, with sample 1. Base the 

brittle sample has clearly lower values of tearing strength than the reference paper. 

Even though the differences fit in the confidence interval of 95%, one can suggest 

that there is an obvious trend.  

Figures 19 and 20 show the average results of machine directional tensile index 

for all unnotched and notched samples as a function of dry matter content. The 

tensile index values were calculated as an average from the measurements of all 

trial papers. The size of the notched sample differed significantly with UPM and 

1

2

3

4

5

6

7

8

91 92 93 94 95 96 97 98 99

T
ea

r 
in

d
ex

 C
D

, 
m

N
m

2
/g

Dry matter content, % 1. Base normal

1. Base brittle

2. Coated normal

2. Coated brittle

1

2

3

4

5

6

7

8

91 92 93 94 95 96 97 98 99

T
ea

r 
in

d
ex

 M
D

, 
m

N
m

2
/g

Dry matter content, %3. Coated normal

3. Coated brittle

4. Coated normal

4. Coated brittle



59 

 

VTT measurement methods and therefore the calculation of average values was 

done separately. The calculation of the standard deviation was done according the 

Equation 1 presented in Appendix IV. 

 
Figure 19 The average machine directional tensile indexes for all unnotched paper 

samples. 
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Figure 20 The average machine directional tensile indexes for all notched paper samples. 

The percentual difference between the brittle and the normal values is presented in 

Table III. 

Table III The difference (%) between the tensile indexes of brittle and normal specimens. 

The unnotched averages were calculated from both UPM and VTT 

measurements. The notched averages were calculated separately due the 

specimen size variation. 

Relative humidity, % Unnotched Notched 

 UPM & VTT VTT UPM 

10 -4.8 1.2 -1.1 

50 -0.3 -7.3 1.0 

90 0.0 -9.2  

DMC 70 -33.9 -18.4  

The tensile index was measured both with unnotched and notched samples. The 

highest value is gained when the dry matter content is a bit over 90%. The tensile 

index gets lower when the moisture content of paper is closer to zero. On the other 

hand, the moister the paper gets, the lower the tensile index is. As Table III shows, 

there is not much difference between the normal and brittle papers with notched 

paper samples. The curves cross between the relative humidities of 10 and 50%. 

On the other hand, the unnotched brittle samples have generally lower values than 

the normal. The brittle curve stays below the normal curve with all dry matter 

0

20

40

60

80

70 75 80 85 90 95 100

T
en

si
le

 i
n

d
ex

 M
D

, 
N

m
/g

Dry matter content, %

UPM normal

UPM brittle

VTT normal

VTT brittle

Notched



61 

 

contents, even though the difference is small. The confidence interval of 95% gets 

smaller when the dry matter content is higher. 

The average stretch at break values for unnotched and notched, normal and brittle 

paper samples are presented at the Figures 21 and 22. 

 
Figure 21 The average stretch at break values for all unnotched paper samples. 
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Figure 22 The average stretch at break values for all notched paper samples. 

The percentual difference between the brittle and the normal values is presented in 

Table IV. 

Table IV The difference (%) between the stretch at break of brittle and normal specimens. 

The unnotched averages were calculated from both UPM and VTT 

measurements. The notched averages were calculated separately due the 

specimen size variation. 

Relative humidity, % Unnotched Notched 

 UPM & VTT VTT UPM 

10 -2.6 -1.0 -5.6 

50 -4.0 -8.8 -4.4 

90 -8.2 3.1  

DMC 70 -16.5 -6.3  

The Figures 21 and 22 show that the stretch at break is highly dependent on the 

dry matter content of the paper. The values of unnotched samples have an unusual 

behavior: the results at the dry matter content of ~70% are the same or lower than 

the results at the dry matter content of ~85%. The stretch at break should be 

higher when there is more moisture in paper. This behavior is probably due to the 

moistening technique. The samples were moistened with a water bath and wet 

pressed between the blotter boards. 
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The results also show that the brittle paper samples have smaller stretch at break 

values than the samples of normal paper. The difference is significant with 

unnotched samples but with the notched samples there is only a minor variation. 

The confidence interval of 95% gets smaller when the paper’s dry matter content 

is higher both with the unnotched and notched samples.  

The average TEA index values for unnotched and notched, normal and brittle 

paper samples are presented in Figures 23 and 24. 

 
Figure 23 The average machine directional TEA indexes for all unnotched paper samples. 
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Figure 24 The average machine directional TEA indexes for all notched paper samples. 

The percentual difference between the brittle and the normal values is presented in 

Table V. 

Table V The difference (%) between the TEA index of brittle and normal specimens. The 

unnotched averages were calculated from both UPM and VTT measurements. 

The notched averages were calculated separately due the specimen size 

variation. 

Relative humidity, % Unnotched Notched 

 UPM & VTT VTT UPM 

10 -9.5 0.3 -8.6 

50 -4.7 -15.0 -4.0 

90 -10.3 -7.8  

DMC 70 -59.5 -24.3  

As Figures 23 and 24 show, the maximum value of tensile energy absorption is 

obtained when the dry matter content is 90–95%. As Table V shows, there is an 

obvious difference between the unnotched normal and brittle samples. The normal 

samples have higher values of TEA index than the brittle ones. The same trend 

can be seen with the notched samples but there the curves cross at the dry end. 

Figure 25 and Table VI presents the results and the percentual differences in the 

machine directional fracture tensile energy absorption measurements for notched 
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samples. The measurements were done in the UPM facilities at the relative 

humidity of 10 and 50%. 

 
Figure 25 The machine directional fracture TEA indexes (J/kg) for different trial papers. 

The measurements were done at the relative humidity of 10 and 50%. 

 

Table VI  The difference (%) between the fracture TEA of brittle and normal specimens. 

Relative humidity, % Sample 

 1. Base 2. Base 2. Coated 3. Base 3. Coated 4. Coated 

10 -6.9 -8.3 -14.3 -6.0 -1.7 -6.2 

50 0.0 0.8 -21.3 12.4 -12.0 -3.7 

Figure 25 shows that the difference between the fracture TEA measurements 

made in the 10 and 50% relative humidity is significant. The value of fracture 

TEA decreased along with the drop of the relative humidity at all of the trial 

points. As Table VI suggests, all the brittle samples gain lower value of fracture 

TEA at lower moisture contents. When there is more moisture in the air, the 

results also vary more. 

In the machine direction measurements the general trend is that the normal sample 

has a higher fracture tensile energy absorption value than the brittle sample. The 

largest difference in the fracture tensile energy absorption between the normal and 

the brittle sample is in the trial paper 2. Coated. At the relative humidity of 10% 
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the brittle sample is 14.3% smaller and at the relative humidity of 50% the value 

of brittle sample is 21.3% lower than in the normal one. Figure 26 and Table VII 

the results and the percentual differences in cross directional fracture tensile 

energy absorption measurements for notched samples. The measurements were 

done in the UPM facilities at relative humidity of 10 and 50%. 

 
Figure 26 The cross directional fracture TEA indexes (J/kg) of different trial papers. The 

measurements were done at the relative humidity of 10 and 50%. 

 

Table VII  The difference (%) between the TEA index of brittle and normal specimens. 

Relative humidity, % Sample 

 1. Base 2. Base 2. Coated 3. Base 3. Coated 4. Coated 

10 -20.8 16.3 5.1 -7.2 1.3 2.7 

50 -24.5 2.6 -4.6 9.0 -0.9 2.2 

The cross directional measurements have much more variation and there is no 

clear trend except for the effect of the moisture content. Only the sample 1. Base 

shows a clear difference between the normal and brittle papers.  

Figures 25 and 26 show that the machine directional samples obtain higher values 

with all trial papers and also the confidence interval is smaller in the machine 

directional measurements. 
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Fracture toughness was measured with the C-Impact device presented in chapter 

9.2.3. The samples for the C-Impact measurements were 1. Base, 2. Base, 2. 

Coated and 4. Coated. The measurements were restricted due the resources, thus 

the samples were chosen so that the differences between base paper and coated 

paper could be seen. The results of the fracture toughness measurement for the 

samples 1. Base and 4. Coated is presented in Figure 27 and the percentual 

differences in Table VIII. 

 
Figure 27 The fracture toughness (Jc) of the samples 1. Base and 4. Coated. The 

measurements were done with the C-Impact machine.  

 

Table VIII The difference (%) between the fracture toughness of brittle and normal 

specimens of 1. Base and 4. Coated. Relative humidity of 10% is equivalent to 

dry matter content of ~95%, RH 50% equivalents to 90% DMC and RH 90% to 

~85% DMC. 

Relative humidity, % Sample  

 1. Base 4. Coated 

10 -7.0 -7.9 

50 -16.6 -26.5 

90 -6.5 -7.3 

DMC 70 -48.5 -25.3 
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to Table VIII, brittle papers have significantly lower fracture toughness values 

when comparing to normal.  

The results of the fracture toughness measurement for the samples 2. Base and 2. 

Coated is presented in Figure 28 and the percentual differences in Table IX. 

 

 
Figure 28 The fracture toughness (Jc) of the samples 2. Base and 2. Coated. The 

measurements were done with the C-Impact device. 

 

Table IX The difference (%) between the fracture toughness of brittle and normal 

specimens of 2. Base and 2. Coated. Relative humidity of 10% is equivalent to 

dry matter content of ~95%, RH 50% equivalents to 90% DMC and RH 90% to 

~85% DMC. 

Relative humidity, % Sample  

 1. Base 4. Coated 

10 8.6 -7.1 

50 -25.0 -7.9 

90 -11.9 -3.5 

DMC 70 -22.1 -20.6 

Figure 28 shows the same phenomenon than Figure 27, the brittle samples have 

lower fracture toughness values than the normal samples. Even though the 

difference fits in the confidence interval of 95%, there still is an obvious trend. 

The both base papers show a bit more obvious difference between the brittle and 

normal sample than the coated ones. 
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9.4 Conclusions of the strength measurements 

The objective of this part of the study was to determine if the standard testing at 

the controlled humidity is sufficient method to evaluate the difference in the 

behavior of brittle and reference papers. Standard measurements used were chosen 

so that they would describe both the in-plane and the out-of-plane properties of 

paper. 

The difference in the tensile properties of paper between the relative humidity of 

50% and 10% was substantial. Relative humidity of 50% is equivalent to dry 

matter content of approximately 90% and relative humidity of 10% is equivalent 

to DMC ~95%. It seems that the dry matter content of the paper has an effect on 

the results and the peak value often occurs when the DMC is between 90–95%.  

There was a quite clear trend showing within the fracture TEA measurement: 

when the relative humidity decreases, also the fracture TEA drops. The machine 

directional fracture TEA measurements also show that at the low moisture 

contents the brittle papers have smaller values than the normal papers. 

The fracture toughness measurements showed that the brittle papers have lower 

values than the normal ones, though the difference fits in the confidence interval 

of the measurement.  

The strength measurements are specified in Table X where there is a short 

analysis of the results and the suitability for evaluating the paper brittleness. The 

suitability is categorized with colors: red stands for no go, yellow stands for a 

possible method and green something that shows promise and needs more 

analysis. 
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Table X The conclusions of the strength measurements in the controlled relative 

humidity. 

Test Analysis Suitability 

for 

evaluating 

brittleness 

Tensile strength Notched samples show no difference between the 

reference and brittle. Unnotched samples a bit larger 

difference, but not significant. 

 

Tear strength Base papers show some difference between the reference 

and brittle sample. With coated samples there is no 

difference at all.  

 

Stretch at break On average, the brittle samples show a bit lower strain 

values than the normal samples. 

 

Tensile energy 

absorption 

Unnotched reference sample gives higher TEA value in 

75% of the cases when compared to the brittle sample.  

 

Fracture TEA In general, the normal machine directional samples have 

higher FTEA values than the brittle samples. The cross 

directional samples show no difference.  

 

Fracture toughness The brittle samples have lower fracture toughness values 

than the reference samples, especially when the dry 

matter content of the samples is 90–95%, which means 

the standard laboratory conditions. 
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10 FACTORS CONTRIBUTING THE BRITTLE BEHAVIOR OF 

PAPER 

Brittleness of paper may be affected by multiple variables. The effect of the 

chemical composition of the trial papers was examined by multiple tests.  

10.1 Effect of the wet end chemistry on the brittleness of paper 

The brittle and the normal paper samples were tested by multiple methods to 

determine if the answer to the brittle behavior lies within the chemical 

composition of paper. The ash content, the distribution of fibre length, the 

analysis of fibre furnish, the analysis of extractives and the analysis of the starch 

content were done at the Fibre laboratory and at the Chemistry laboratory at UPM 

Research Centre in Lappeenranta. 

10.1.1 Materials and methods 

The determination of the ignition residue of the trial papers was tested according 

the standard ISO 1762. The ignition was done at the temperature of 525 ºC.  

The effects of the fibre furnish and the paper making processes were tested by 

repulping the trial papers and remaking the hand sheets with circulation water. 

The temperature in the wet disintegration was 40 ºC, the amount of the 

revolutions was 30 000 and the amount of the dry paper 50 g in 2500 ml of water, 

according the standard ISO 5263-1:2004. The fibre properties of the pulp were 

tested with Metso FiberLab™ fibre analyzer. The fibre furnish analysis was done 

according to the standards ISO 9184-1 and ISO 9184-4. The starch content was 

measured according to the modified standard Tappi T 419. The analysis of 

extractives was done according the modified standard SCAN-CM 49.  

The laboratory sheets were formed using circulating water (SCAN-C 26:76) and 

the wet pressing was done according to the laboratory instructions. The target 

basis weight was 60 g/m
2
. The hand sheets were dried under a strain at a 

controlled relative humidity and temperature, RH 50% and 23 °C. The density 

was measured according to the standard ISO 534. The tensile strength, the tensile 
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strain, the tensile energy absorption and the tensile stiffness were measured 

according the standard ISO 1924-3. The tearing strength was measured according 

to the standard ISO 1974. The light scattering coefficient was done according to 

the standard ISO 9416.  

10.1.2 Results of the wet end chemistry effect on paper brittleness 

The comprehensive results of the fibre analysis are presented in Appendix V. The 

fractional composition of the fibre furnishes of different trial papers is presented 

in Figure 29.  

 
Figure 29 The fibre fractions of different trial points. The fibre fractions are length 

weighted. 

Figure 29 shows that there are only small differences between the brittle and 

normal samples. The normal paper samples seem to have a bit higher proportion 

of long fibres at trial points 1. Base, 2. Base and 3. Base while the 4. Coated is 

another way around. 

Length weighted fibre length was calculated according Eq. 8 as the sum of 

individual fiber lengths squared divided by the sum of the individual fibre lengths. 
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where  llw length weighted fibre length, mm 

  ni amount of fibres 

  li length of fibre. 

Figure 30 shows the length weighted fiber lengths measured on each paper sample 

by the Metso FiberLab™. The resolution of the fibre length measurement is 10 

µm.   

 
Figure 30 The length weighted fibre length (mm) of trial papers. 

Figure 30 shows that the length weighted fibre length shows a clear trend with the 

first three trial papers. The reference paper has higher fibre length than the brittle 

one. The result for the sample 4. Coated is another way around, the brittle sample 

has higher fibre length than the normal. One can presume that the difference is 

derived from the amount of kraft pulp in the fibre furnish. Figure 31 presents the 

fibre furnish or in other words, the amounts of softwood kraft pulp, softwood 

mechanical pulp and hardwood mechanical pulp of paper samples. 
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Figure 31 The fibre furnish of different trial points. 

As Figure 31 illustrates, the difference between the fibre lengths of brittle and 

normal sample papers is explained by the amount of softwood chemical pulp. 

Brittle papers seem to contain a bit less chemical pulp than the normal samples. 

Sample 4. Coated differs the most by the fibre furnish. The amount of softwood 

chemical pulp and hardwood mechanical pulp is higher with the brittle sample 

than with the normal one.  

The ash content of the trial papers is presented in Figure 32. 
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Figure 32 The residual ash content of the trial papers. 

There is almost no difference and no obvious trend when comparing the ash 

contents of the trial papers. The coated samples have naturally higher ash content 

than the base papers. Figure 33 presents the results of the starch content 

measurements. 

 
Figure 33 The amount of starch in trial papers. 

As Figure 33 shows, there is a clear trend within the starch amount of trial papers. 

The brittle samples contain more starch than the normal ones except for the 

sample 4. Coated. The same phenomenon recurs with the corresponding base and 

coated papers. The largest difference between the normal and brittle sample is 
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with trial paper 1. Base. The total amount of extractives at different sample papers 

is presented in Figure 34. 

 
Figure 34 Total amount of extractives at different trial papers.  

Figure 34 shows that there is variation between the brittle and normal paper 

samples. Brittle sample has higher amount of extractives at trial points 1. Base, 2. 

Base, 2. Coated, 3. Base and 4. Coated. Only the sample 3. Coated behaves the 

other way around. However, in most cases the difference is insignificant. The 

sample 1. Base has the difference that can be considered as significant. Figure 35 

shows the detailed analysis of different extractives in trial papers. The resolution 

of the determination of extractives was 0.01-0.02 mg/g. 
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Figure 35 The amount of various extractives in trial papers. 

As Figure 35 suggests, some extractives show a clear difference between the 

brittle and normal samples. The brittle samples contain significantly higher 

amounts of triglycerides and steryl esters than the normal samples. The largest 

difference can be seen within the samples 1. Base and 2. Coated. On the other 

hand, the normal samples have a higher amount of acetone extractive and resin 

acids at five out of six samples. However, the differences are not as crucial as with 

the triglycerides and steryl esters. The amounts of fatty acids and sterols alternate 

within the trial papers and there is no clear trend.  

10.2 Analysis of some process parameters 

Brittleness of paper being is often linked to the prevailing weather conditions. The 

current weather affects the humidity inside the paper mill and thus may cause 

alternation in the relative humidity. Some of the process related reasons for paper 

brittleness were examined. 
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10.2.1 Effect of the weather conditions on paper brittleness 

The common assumption is that the brittleness of paper often occurs when the 

relative humidity of the surrounding air is at its lowest. This is usually an 

occurrence that happens in the winter time when the temperature is well below 

0ºC. As air gets colder, it loses its ability to hold moisture. 

The weather conditions of the manufacturing time of the trial papers 1. Base, 2. 

Base and 3. Base were examined merely for the information if there was any 

abnormalities within the temperature and the relative humidity during the 

observation period. The weather data is a property of Finnish Meteorological 

Institute. The temperature and the relative humidity data was gathered from the 

weather observation station that is located approximately 1.5 km from the paper 

mill. The weather data was examined both from the reference and the brittle paper 

samples. Figure 36 presents the weather data from the occurrence of the brittle 

paper samples. Brittle situations occurred three times during the February 2012 

and all brittle samples were gathered within 3 days’ time period.    

 
Figure 36 The weather conditions of the brittle paper occurrence. 

As Figure 36 suggests, the temperature of the brittle occurrences varied between -

12…-15 ºC and the relative humidity at the time was around 90%. The conditions 

were relatively dry. However, one can clearly declare that the brittleness did not 

exist when the weather conditions were the harshest. There were multiple 
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occasions during the observation period when the temperature was far below -20 

ºC and the relative humidity below 90%, yet there were no brittle occurrences 

during these times. There was no consistent fluctuation within the relative 

humidity when the brittle samples were gathered. The temperatures on the other 

hand seem to be rising whenever the brittle paper was observed.  

The reference sample for the trial paper 1. Base was collected from the time 

period when the quality was not compromised (Fig. 37). 

 
Figure 37 Weather conditions of the reference paper 1. Base. 

The reference paper 1. Base was collected during the autumn of 2011 for the 

quality control purposes. Figure 38 show the weather conditions that prevailed 

when the reference samples for papers 2. Base and 3. Base were collected. 
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Figure 38 Weather conditions of the reference papers 2. Base and 3. Base. 

The samples for 2. Base and 3. Base were collected during the summer of 2012 

and the quality of the paper during the period was in the target. Table XI presents 

the average conditions that prevailed during collection of the brittle and reference 

samples. The absolute humidity of air (g/m
3
) was interpolated from the table of air 

temperature versus relative humidity. The relative humidity table is presented in 

Appendix VI. 

Table XI Temperature, relative humidity and the absolute amount of humidity of brittle 

and normal trial points. 

Trial point Unit 1. Base 2. Base 3. Base 

  Normal Brittle Normal Brittle Normal Brittle 

Temperature  ºC 7.8 -13.4 18.8 -15.5 18.5 -12.8 

Relative humidity % 86.3 90.5 69.9 86.4 68.7 90.8 

The abs. humidity of air g/m
3
 7.1 1.8 11.3 1.4 11.0 1.9 

As Table XI suggests, the absolute humidity of air was lowest with the brittle 

papers while it was the winter time when the samples were collected. The 

difference of the weather conditions is largest with the samples 2. Base and 3. 

Base. However, when looking into data (Fig. 36), there is no evidence that the 

brittleness occurs when the absolute humidity of outside air is the lowest. 
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10.2.2 Effect of the amount of starch on paper brittleness 

Starch is the third most prevalent raw material component in paper, only 

surpassed by the cellulose fibre and the mineral filler. The starch content in the 

final product depends on the type of paper produced. Starch used in paper 

manufacture is generally found in three application areas which are wet end 

internal sizing, surface sizing and coating. 

The amount of starch in paper was considered a possible explanation for causing 

the brittleness of paper in dry conditions. The effect of starch amount was tested 

by forming laboratory hand sheets from repulped reference paper, 1. Base and 

adding four different amounts of starch to the mixture. The repulping of the 1. 

Base was done according the standard ISO 5263-1:2004. The amount of starch at 

the trial was 0, 1, 2 and 3%. Due the misunderstanding, instead of internal sizing 

starch, the coating starch was used. The starch used was C*Film™ 07319 made 

by Cargill, Inc.  

The strength of the laboratory sheets was tested at the controlled relative 

humidities of 10 and 50%. The tests made were the tensile strength, the tensile 

strain, the tensile energy absorption, the tearing resistance and fracture tensile 

energy absorption.  

All the tests were done according the laboratory instructions that are based on the 

ISO standards. In addition, the starch analysis was done to confirm the retention 

of the starch added. Unfortunately, the starch analysis confirmed that the retention 

of the starch was not sufficient with the test methods used. The explanation lies on 

the wrong type of starch in the pulp mixture. Nevertheless, the tearing by hand 

experiment (the method presented in paragraph 11.1) for the starch experiment 

samples suggests that the trial points where the starch was added felt more brittle 

than the trial point where there was no added starch. The results of the starch 

experiment are presented in Appendix VII. 
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10.2.3 Effect of the drying temperature on paper brittleness 

The temperature of the paper web effects on the evaporation of the water and thus 

is essential when considering paper brittleness. The temperature of the paper web 

may rise over 100 °C at the drying section of the paper machine. That causes 

physical changes. The term “hornification” refers to the stiffening of the polymer 

structure upon water removal or drying. When fibres are dried, the internal fibre 

volume shrinks and large pores are reduced in number.  

The effect of the drying temperature on the paper properties was tested by forming 

laboratory hand sheets from repulped reference paper, 1. Base and drying the hand 

sheets at two temperatures. The repulping of the 1. Base was done according the 

standard ISO 5263-1:2004. The drying was done at 60 °C and 120 °C and the 

hand sheets were still attached to the drying plates in order to prevent the drying 

shrinkage. The target dry matter contents were 94% and 98% for both of the 

drying temperatures. The testing of the dried hand sheets were done at the 

laboratory conditions (RH 50%, 23 °C) for the DMC 94% and at the humidity 

chamber conditions (RH 10%, 23 °C) for the DMC 98%. The drying times were 

estimated by trial. The drying graph and the results are presented in Appendix 

VIII. The correct drying time (Table XII) was interpolated from the graph. 

Table XII  Drying times for the drying temperature experiment. 

Dry matter 

content, % 

94 98 

Drying 

temperature, ºC 

60 120 60 120 

Drying time, 

min 

45 8.65 95 24.75 

The hand sheets were put to various strength tests. The strength of the laboratory 

hand sheets made from repulped reference paper was tested at the controlled 

relative humidities of 50 and 10%, which are equivalent to the dry matter contents 

of 94 and 98% respectively. The tests made were the tensile strength, the tensile 

strain, the tensile energy absorption, the tearing resistance and fracture tensile 

energy absorption. The papers were also put to experimental tearing test. The 

hand sheets were torn by hand to see if they differ but the laboratory technician 
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did not notice any difference at all. The results of strength measurements are 

presented in Figure 39. 

 
Figure 39 The results of strength measurements of the drying temperature experiment. The 

hand sheets were dried at two temperatures to two dry matter contents. 

As Figure 39 illustrates the difference between the 60 ºC and 120 ºC drying 

temperatures can be seen at strain results. The tensile strength measurement shows 

no sign of variation due the drying temperature. The stretch at break shows a clear 

trend: the strain is higher when the drying temperature is lower. The same trend 

can be seen with the fracture TEA measurement, where the notched samples are in 

use. The drying temperature seems to have some effect on the tearing resistance. 

Higher temperature gives higher tear index values. 

10.3 Conclusions of the factors contributing the brittle behavior of paper 

The length weighted fibre length analysis shows that three out of four trial papers 

have higher fibre length with the normal than the brittle sample. This is due the 
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variation in the amount of kraft pulp in the fibre furnishes. Starch content on the 

other hand has a clear trend: brittle papers contain more starch than the normal 

ones. The same phenomenon can be seen when looking the amount of 

triglycerides and steryl esters. The correlation between the starch content and the 

extractives seem to be interesting and needs further investigation. 

The analysis of the weather conditions was done in order to study if brittleness of 

paper is linked to the surrounding weather. However, it did not provide much 

crucial information. No abnormalities were discovered during the observation 

period and when the brittle papers were collected. The brittle samples were 

collected within the period when the temperature was well below -10 ºC but the 

conditions were not exceptionally rigorous. One can suggest, that the brittleness 

of paper cannot entirely be explained by the harshness of the winter, though it 

may contribute it by causing some fluctuation of relative humidity inside the 

paper mill. 

The effect of the starch amount in the fibre furnish was suspected to be a part of 

the reason for brittleness of paper. However, the trial was not a success, so the 

comprehensive conclusions cannot be drawn. The variation of drying temperature 

seemed to cause some differences in the tearing resistance and the tensile strain 

measurements.  

11 EXPERIMENTAL TESTING OF PAPER BRITTLENESS 

Experimental testing of paper brittleness was conducted. The trials were based on 

the literature and on the observations during the own previous measurements. The 

experimental testing includes the tearing experiment, the analysis of local strains, 

the z-directional strength of trial papers, the fibre distribution measurement of the 

tearing area and the analysis of stress-strain data. 

11.1 Tearing by hand experiment to determine paper brittleness 

The tearing by hand experiment was designed since the laboratory technician 

noticed that the brittle sample could be identified from the normal sample while 
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tearing paper by hand. The blind test was organized in order to confirm that the 

laboratory technicians’ hunch was not merely a creation of imagination. 

11.1.1 Materials and methods 

Five laboratory technicians were chosen to perform the trial. All six trial papers, 

both brittle and normal, were cut into strips that were 15 mm wide and 141 mm 

long. The order of the sample strips was randomized so that each tester had a 

unique table in front of them. The samples were named with letters from A to F 

and the strips were divided into stacks of 4, 6 and 8 samples. The configuration of 

the experiment is illustrated in Figure 40. 

 

 
Figure 40 The configuration of the tearing by hand experiment. 

The table in front of each tester had six A4 papers, each carrying the stacks of one 

brittle and normal paper sample. The tearing itself was advised to perform in the 

same manner that previously had shown the difference between the brittle and the 

normal sample. The grip prior to the tearing is shown in Figure 41.   
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Figure 41 The correct grip for the tearing by hand experiment. 

Each laboratory technician had sufficient time to tear the samples and determine if 

there are any differences. The question the each technician had to answer was 

simple: which one of the samples is brittle or do they feel even. The experiment 

was done both with machine and cross directional samples. 

11.1.2 Results of the tearing by hand experiment 

Could the brittle paper be identified as ‘brittle’ when the options were ‘brittle’, 

‘even’ and ‘normal’. The table of results is presented in Appendix IX. The 

machine directional recognition shows differences between the paper grades (Fig. 

42).  
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Figure 42 Recognition of brittle paper samples from different paper grades in the tearing 

by hand experiment in the machine direction, MD. The answering options were 

“brittle”, “even” and “normal”.  For example, for the sample 1. Base, the brittle 

paper was identified correctly in accuracy of 53%.  

Figure 42 shows that the brittle paper recognition alternates within the trial papers 

substantially. The samples 1. Base, 2. Base and 2. Coated give almost 60% 

recognition rate of brittle paper while samples 3. Base and 4. Coated are only on 

the level of 20–30%. The samples 2. Base and 2. Coated have identical results and 

they are both well identified as brittle. With sample 4. Coated almost half of the 

laboratory technicians considered brittle paper being normal which is just the 

opposite that it was expected to be. Trial papers 3. Base and 3. Coated give 

inconsistent results with each other. With the sample 3. Base ‘even’ is the most 

popular option while with 3. Coated almost 50% identifies the brittle paper 

correctly.  

The cross directional brittle paper recognition showed also differences between 

the trial papers (Fig. 43). 
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Figure 43 Recognition of brittle paper samples from different paper grades in the tearing 

by hand experiment in the cross machine direction, CD. The answering options 

were “brittle”, “even” and “normal”. For example, for the sample 1. Base, the 

brittle paper was identified correctly in accuracy of 47%. 

The cross directional samples give somewhat different results than the machine 

directional samples. The highest recognition rates, 60%, were with the samples 2. 

Coated and 3. Base. The lowest identification of the brittle paper was with the 

sample 3. Coated with 13% rate. Over half of the testers did not notice any 

difference between the brittle and normal sample of trial point 3. Coated. The 

sample 4. Coated also continued the same trend as with the machine directional 

samples, only 27% recognized the brittle sample correctly.  

The average results of all measurements both MD and CD are presented in Figure 

44. 
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Figure 44 Average recognition of brittle paper in the tearing by hand experiment. The 

answering options were “brittle”, “even” and “normal”. 

As Figure 44 suggests, the brittle paper recognition was over 40% both with 

machine and cross directional samples. When considering the variation between 

the samples, the result can be seen as significant. Some of the sample papers 

showed a clear distinction between the brittle and normal sample.  

11.2 Local strain fields 

The C-impact device was also used to determine the local deformations that 

appear when the dry paper is strained. The correlation between the formation of 

paper and the local deformations was analyzed. The trial points that were analyzed 

were 1. Base and 4. Coated.   

11.2.1 Analysis of local deformations 

Local deformations were analyzed using a halftoned test sample. The sample was 

15mm wide and its total length was 115 mm (drawing length 100 mm). The 

drawing speed was 10 mm/s which is equal to 10 %/s. A high-speed camera was 

used to capture the fracture of a paper sample being strained. 
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Halftoning was done with an inkjet printer Apollo II control unit & XY-MDS2.0 

(Fig. 45) which is based on the industrial scale piezoelectric printheads. The 

printheads are manufactured by Fujifilm Dimatix Inc.  

 
Figure 45 The inkjet equipment at VTT Technical Research Centre of Finland Jyväskylä. 

The equipment consists of XY-MDS2.0 inkjet material deposition system (left) 

and Apollo II control unit and industrial scale printing heads (right).  

Printing conditions that were used: 

 Printhead with 8.0*10
-11 

dm
3
 drop size (Fujifilm Dimatix SL-128) 

 Resolution of 300 dpi, 

 Printing speed 100 mm/s, droplet frequency 1.18 kHz, 

 Distance of the printhead from substrate: 2 mm, 

 EFI Jetrion WFK2101/DOD2101 Black Ink, 

 Temperature of the printhead 40 °C. 

Figure 46 presents the halftoned samples. The diameter of the halftone dot was 1 

mm and the distance between the centre of the dots was 4.5 mm from each other 

both the machine and the cross direction. The distance from the edge to the centre 

of the nearest dot was 3 mm. The length of the halftoned area was 80 mm.  
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Figure 46 The halftoned paper samples used for the analysis of local strains. 

Breakage of the dry paper samples was captured with a high-speed camera using a 

clock frequency of 4 kHz. The resolution of the captions was 1280*256 pixels. 

Figure 47 presents the basic features of the MotionPro Y3 high-speed camera. 

Optics used was Nikon f50 mm. The triggering of the high-speed camera was 

done using the signal from force sensor. 

 

 
Figure 47 The basic features of MotionPro Y3 high-speed camera used for capturing the 

breaking of dry paper samples. 

Analysis of the high-speed camera captions was done using a WIN Analyze 

program. The trajectories of the halftone dots can be analyzed by sub pixel 

accuracy. The WIN Analyze program uses a computation method that can achieve 

an accuracy of 2 µm. One sample strip contains 57 halftone dots and all were 

marked individually (Fig. 48) with numbers between 0–56. 
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Figure 48 The halftone dots are marked individually with numbers between 0-56. 

Test samples were drawn in the machine direction. Figure 49 presents the machine 

directional local deformations that were analyzed. The distance between the 

markers 0 and 1 was labeled as dx1 whereas dx54 describes the distance between 

the markers 55 and 56. The equivalent local strains were labeled as εdx1 and εdx54. 

The distances between the markers were calculated in the Euclidean coordinate 

system. The respective cross directional calculation regions are presented in 

Figure 50. 

 
Figure 49 The distances (dx1-dx54) between the halftone dots describe the deformation of 

paper sample during machine directional strain (elongation). 

 

 
Figure 50 The distances (dy1-dy38) between the halftone dots describe the deformation of 

paper sample during cross directional strain (shrinkage). 

The data from the local deformation analysis was used to estimate the point of the 

fracture. The length of a paper strip was divided to 18 parts. Local strains εdx1, 

εdx19, εdx37 were defined being in the position 1 whereas εdx18, εdx36, εdx54 were in 

the position 18. The probability for fracture at any given position was therefore 

1/18 (5.6%). Lappalainen and Kouko (2011) suggest that the fracture of a wet 

paper in a single-phase tensile strength test occurs at the position where the 

difference between the local strains at the edges of paper strip is highest. This 

means that if the fracture occurs at the position 1, the difference between the local 
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strains abs(εdx1- εdx37) should be higher than the corresponding difference in any 

other position, for example abs(εdx2- εdx38) or abs(εdx3- εdx39).  

11.2.2 Measurement of paper formation 

The local grammage variation in paper is called formation and it was measured 

using a beta-radiation-based equipment (Fig. 51). The grammage variation was 

measured by exposing a test piece to a beta ray source (carbon-14 isotope) and 

recording the attenuation of radiation transmitted through the test piece with a 

storage phosphor screen (SPS). The screen was scanned with a Fuji BAS-1800 

Bioimaging Analyzer System (pixel size 100 µm) to define the absorption map of 

the radiation. The absorption map was transformed to actual grammage values 

through a calibration procedure. The formation of a sample was presented with a 

specific formation index, sfi (Eq. 9): 

                  (9) 

where  sfi specific formation index, √g/m2 

σ standard deviation of grammage (g/m
2
), 

b average of grammage (g/m
2
). 

 
Figure 51 Beta-radiation -based formation measurement device. Equipment is composed of 

a computer, a scanner and a storage screen (left) and also an aluminum cassette 

(right). 

The variance of the grammage was measured for normal and brittle samples of 

paper grade 1. Base. The distribution of the wavelength was analyzed by choosing 

eight random beta radiograms. The spectrum was calculated on the length 

direction of the sample strip. The average wavelength distribution was calculated.  
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11.2.3 Results of the analysis of local strain fields and formation 

The local dimension changes dx1–dx18 and the local shrinkages dy1–dy19 during 

the tensile strain for paper sample 1. Base are presented in Appendix X. The local 

strains and shrinkages were defined by fitting a curve with least square method 

and by calculating the local strain with the start and end point of the curve. The 

alternation that shows in Figures 1 and 2 in Appendix X is due the equipment that 

was used. 

Table XIII presents the elemental factors of local strains that were measured with 

high speed camera. The factor 1 (f1) is an average of local strains εdx1–εdx54. The 

factor 2 (f2) is the standard deviation of the local strains εdx1–εdx54. The factor 3 

(f3) stands for the largest local strain [εdx1, εdx54]. The factor 4 (f4) means f3/f1, 

the ratio of the largest local strain to the average of local strains. 

Table XIII The elemental factors of the local strain measurement for sample 1. 

Base. 

Relative 

humidity, 

(%) 

Sample 

type 

f1 = Average f2 = St.dev, (%) f3 = Max. (%) f4 = f3/f1 

(max/mean) 

10 Normal 1.25 0.16 1.67 1.34 

Brittle 1.09 0.25 1.60 1.48 

50 Normal 1.03 0.17 1.46 1.42 

Brittle 0.93 0.14 1.30 1.38 

90 Normal 1.28 0.24 1.75 1.39 

Brittle 1.44 0.26 2.14 1.49 

Table XIII shows that the average local strain is higher within the normal samples 

conditioned at the relative humidity of 10 and 50% than the brittle samples. The 

sample conditioned at the RH 90% the result is opposite: brittle sample has higher 

local strain than the normal sample. All the normal samples have the average local 

strain within the range of 1.03–1.28 whereas the range of brittle samples is 0.93–

1.44. 

The factor f3 shows that the samples have large local strains already before the 

fracture. There is a large variation within the brittle samples when looking the 

factor f3. For normal sample the factor f3 fluctuates between 1.46–1.75 depending 

on the equilibrium moisture. For brittle sample the range is 1.30–2.14. 
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In conclusion, the data shows that the variation of the moisture content causes 

larger effect on the mechanical properties of the brittle samples than on the normal 

ones.   

Lappalainen and Kouko (2011) suggested that during the tensile straining the wet 

paper strip breaks on the position where the difference in local strains is the 

largest. The possibility for breakage in one position is 1/18 (5.6%) while there are 

18 positions on the length direction of the paper sample. In this thesis, the fracture 

was observed to happen in 7/28 (25%) cases at the position where the difference 

between the local strains of the strip edges obtained its highest values. The 

position of the fracture could be estimated even better by recognizing the area 

where the local strain before fracture gained its highest value (9/28 cases, 32%). 

In addition, the fracture was observed to happen in 15/28 cases (54%) in the area 

where the local strain obtained either the highest or the second highest value. In 

conclusion, the point of fracture could be estimated basing on the local 

deformations that occur inside the sample strip during the straining. The point of 

fracture correlated with the maximum local strain. 

Figure 52 presents the formation measurement of the sample 1. Base. 

 
Figure 52 The variance of grammage of sample 1. Base by wavelength distribution. 

Specific formation index, sfi, of brittle sample was 0.83 √g/m
2
 and of normal 

0.80√g/m
2
. 

As Figure 52 suggests, the profile of the curve is similar with the normal and the 

brittle samples. The curve for normal sample is at the lower level than the brittle 

curve which means that the brittle sample has poorer formation than the normal 

sample. However, the difference in specific formation index was only 4%. 
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11.3 Z-directional testing: Nip peeling test 

The out-of-plane strength behavior of the brittle and normal paper samples was 

tested by analyzing the delamination energies in the nip peeling test. The 

delamination energy describes the actual z-directional energy more accurately 

than the traditional methods, such as Scott bond measurement. The main 

advantage with peeling paper in a nip is that there is no need for adhesive tape in 

the region where the sample is delaminated. In this method, reliable results can be 

obtained also for thinner paper grades. The method also enables other post-

delamination properties of paper to be measured. The measurements were done 

with cooperation of VTT Technical Research Center in Espoo. 

11.3.1 Materials and methods of nip peeling test 

Paper samples were conditioned at the relative humidity levels of 10%, 50% and 

90% temperature being constant 23 °C. The measurement was carried out at 

standard conditions (23±1 °C, 50±2 RH). However, due to the need of reference 

measurement without peeling, the moisture content of the sample had time to 

change before the measurement was completed. The dry matter contents of the 

paper samples were measured after testing. 

The trial was conducted with a Dennis device (Fig. 53). Two synchronized rolls, 

25 mm in radius are attached to an ordinary tensile testing machine which rotates 

the upper roll at 20 mm/m. Springs at the ends of the rolls apply a compressive 

linear load of circa 2.5 kN/m on the paper specimen. Adhesive tape is used only at 

the beginning of the specimen to adhere the first 10 mm to the rolls. After the 

beginning, peeling proceeds without the tape.  
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Figure 53 The Dennis device that was used for the measurement of the z-directional 

strength. (Internal report)  

The delamination work per unit crack surface, the so called nip peeling energy 

Wnip (J/m
2
), was obtained as the difference in the total work of feeding paper 

through the nip with and without delamination.  

The setting of the sample took about one minute and the measuring the reference 

energy another minute. Thus, the measured values were obtained about 2 minutes 

after the sample has been taken out of the plastic bag at 50% RH environment. 

During that time, the low moisture content samples absorb quite a lot of moisture 

approaching the moisture content at 50% RH. Also the moistened samples dry 

substantially. Still, clear differences between the moisture contents remain and 

affect the results. 

In general, there was no problem to delaminate the normal and brittle samples for 

paper grades 1. Base, 2. Base, 2. Coated, 3 Base and 3. Coated. On the other hand, 

the normal sample for 4. Coated was weaker but could still be tested. Only the 

brittle sample of 4. Coated was too weak for nip-peeling. Only one peeling 

measurement was successfully made for this sample. In the peeling test, local 

micro cracks were seen all over the sample. 
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11.3.2 Results of z-directional strength measurement 

The peeling energies are represented in the Fig. 54.  

 
Figure 54 Measured peeling energy for all samples. The error bars indicate the standard 

deviation of 5 parallel tests. 

In the average peeling energy, it is rather difficult to see the differences between 

normal and corresponding brittle samples. Clear differences are found for the 

samples 1. Base and 4. Coated but a bit surprisingly, the brittle sample for paper 

grade 1. Base has a higher peeling energy than the corresponding normal one.  

When observing the force fluctuations in peeling, no major differences between 

the brittle and the normal samples were found. According to the researcher, these 

fluctuations remained on a quite normal level when compared to previous 

experience on the peeling test. However, the standard deviation of parallel 

measurements is quite systematically larger for the brittle samples especially at 

50% RH. At this relative humidity, the deviations should not come from the 

variation in the moisture content. Thus, the deviations come from real variation 

between the z-directional strength properties of the samples.  

It is possible that micro cracks actually increase the peeling force and make it 

larger in the samples 1. Base brittle and 4. Coated brittle compared to the 
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respective normal samples. Effectively micro cracks introduce local tear 

deformations in the structure. Thus, the uniformity of tear strength becomes 

important. According to the researcher, in the samples 4. Coated normal and 

brittle, which are adequately thin enough to show the subtle differences, the role 

of micro cracks is visible: much more micro cracks are visible in the peeled strips 

of the sample 4. Coated brittle than in the normal sample.  

The analysis shows differences between normal and corresponding brittle papers. 

As to z-directional strength, a key mechanism appears to be the formation of local 

micro cracks affecting the delamination energy.  

11.4 Fibre distribution of tearing area 

The objective of the measurement was to define if there are any differences 

between the breakages of fibres during tearing. Fibre distribution of tearing area 

was measured for both normal and brittle paper samples and the paper grade used 

was 1. Base. 

11.4.1 Materials and methods for fibre distribution of tearing area 

Weighted fibre length of the both untouched sample papers was measured with 

Metso FiberLab™ fibre analyzer. The papers were disintegrated according to 

laboratory instructions prior the FiberLab™ measurement. Also the tear strength 

of the sample papers was measured both in the machine and cross direction. The 

weighted and the arithmetic fibre length of the tearing area were analyzed using 

Metso FibreLab™. The differentiation of the chemical and the mechanical pulps 

along with the distribution of the broken and the untouched fibres was done using 

Graff-C staining and the manual counting of fibres.  

The fracture line of the tearing resistance sample was moistened with water. Then 

the area of 3–4 mm from the fracture line of the sample was detached so that the 

fibres were removed intact. The samples were measured for the fibre length 

distribution with Metso FiberLab™. The number of parallel samples was quite 

high because FiberLab™ requires the amount of 1 g for the measurement. 
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Differentiation of the samples was done using Graff-C stain. Graff-C stain is the 

most common stain used for the analysis of fibre samples and trouble-shooting 

samples. It consists of various salts and preparation of the solution was done 

according the standard (ISO 9184-4:1990 (E)). Graff-C stains the fibres from 

mechanical pulp and chemical pulp differently. Mechanical pulp dyes yellow and 

chemical pulp as blue. The amount of intact and broken fibres was counted using 

light microscopy. A table on Graff-C staining of fibres is found in ISO 9184-

4:1990 (E).  

11.4.2 Results of fibre distribution of tearing area 

Table XIV presents the results of the fibre length and tearing resistance 

measurements.  

Table XIV Fibre length and tearing resistance of sample 1. Base normal and brittle. 

Description   Normal Brittle Tear, 

normal 

MD 

Tear, 

normal 

CD 

Tear, 

brittle 

MD 

Tear, 

brittle 

CD 

Arithmetic fibre length L(n) mm 0,54 0,54 0,56 0,54 0,52 0,54 

Length weighted fiber length 

L(l) 

mm 1,30 1,26 1,35 1,30 1,25 1,26 

Tearing resistance MD mN 269 254         

Tearing resistance CD mN 406 360         

As Table XIV suggests, the tearing strength for brittle paper is lower than normal 

sample. The fibre length distribution is almost alike with both normal and brittle 

samples. The amounts of intact and broken fibres differ with normal and brittle 

samples are presented in Table XV. It also shows the percentual share of fibres 

compared to total number of fibres.  
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Table XV The amount of intact and broken fibres in the tearing area of trial paper 1. Base. 

Description   Tear, 

normal 

MD 

Tear, 

normal 

CD 

Tear, 

brittle MD 

Tear, 

brittle CD 

Intact kraft pulp fibres amount 130 147 74 139 

Intact PGW fibres " 73 99 44 76 

Broken kraft pulp fibres " 160 139 135 191 

Broken PGW fibres " 217 101 117 116 

      

Intact kraft pulp fibres % 22 30 20 27 

Intact PGW fibres % 13 20 12 15 

Broken kraft pulp fibres % 28 29 36 37 

Broken PGW fibres % 37 21 32 22 

As Table XV shows, the amount of broken kraft pulp fibres is significantly larger 

with the brittle sample than with the normal one. The difference between the 

machine and cross direction samples is also quite large, especially with the broken 

pressure groundwood (PGW) fibres.  

11.5 Analysis of stress-strain data 

The literature review demonstrated a few methods that utilized the properties of 

load-elongation curve to calculate the brittleness of paper. The analysis of stress-

strain data was done in order to see if brittleness can be calculated from it. The 

stress-strain data was obtained from the C-Impact measurements. 

11.5.1 Materials and methods 

The calculation of brittleness index (BI) is based on the knowledge of paper’s 

behavior during tensile straining. Energy is stored in the paper as elastic strain 

energy at the time of failure. If paper is brittle, the existence of any stress 

concentrations results in catastrophic failure since most of the external work done 

is transformed to the elastic strain energy. On the other hand, when the paper is 

ductile, most of the external work done to the paper is used for plastic deformation 

so that the energy available for the crack propagation is small. This results in 
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different shapes of stress-strain curves for different materials. The paper grades 

that were used in this trial were 1. Base, 2. Base, 2. Coated and 4. Coated. The 

conclusive method with examples is presented in Appendix XI. 

Figure 55 illustrates the stress-strain curve for normal paper sample. The sample 

in this case is an unnotched specimen of the trial paper 1. Base and the tensile test 

occurred at the relative humidity of 10%. Figure 55 also demonstrates the 

parameters that were used when calculating the brittleness index. 

 
Figure 55 The stress-strain curve of the normal paper sample of grade 1. Base. The tensile 

straining was done at the relative humidity of 10%. The area of triangle 

describes the elastic work and the white area under a curve the plastic work done 

during the tensile straining. 

Figure 56 shows the typical stress-strain curves for normal and brittle paper 

sample. The sample is an unnotched specimen of trial paper 1. Base and the 

tensile straining occurred at the relative humidity of 10%. 
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Figure 56 The stress-strain curve of the normal and brittle paper samples of grade 1. Base.  

The tensile straining was done at the relative humidity of 10%. The area of 

triangle describes the elastic work. The area between the triangle and a curve 

stands for the plastic work done during the tensile straining. Tensile stiffness is 

defined as a slope of a curve. 

As Figures 55 and 56 shows, there is an obvious difference between the stress-

strain curves of normal and brittle samples. The ratio between the area of triangle 

and the area under the curve is significantly larger with the brittle sample.  

Brittleness index was calculated using Equation 10. 

   
                

                  
       (10) 

where  BI brittleness index 

Area of triangle amount of elastic energy 

Area under a curve amount of elastic and plastic energy. 

If the brittleness index is close to value 1, the paper is considered being brittle. On 

the other hand, if the BI is clearly lower than value 1, the paper is considered as 

ductile. 
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The area of triangle is calculated using Equation 11 and the calculation follows 

the predictions of Hooke’s law. The details of the calculation are presented in 

Appendix XI. 

                 
         

 
      (11) 

where  ΔL difference in elongation, m 

  Fmax maximum tension, N/m 

  W width of a strip, mm. 

The difference in elongation, ΔL, is calculated according Equation 12. 

     
    

  
         (12) 

where  ΔL difference in elongation, m 

  L length of a strip, mm 

  TS tensile stiffness, N/m. 

The area under the curve stands for the work done under tension and it is 

calculated using Equation 13. The details and an example of the calculation are 

presented in Appendix XI.  

                    ∑      
  

   
        (13) 

where  Fi tension, N/m 

  W width of a strip, mm 

  ε
i
 elongation, % 

  L length of a strip, mm. 

Two types of brittleness indexes were calculated from the stress-strain curves 

according the Equation 10. Brittleness indexes 1 and 2 differ by the calculation of 

the area under a curve. For some samples, the stress-strain curve tends to form 
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sort of a tail after the largest tension. This occurs especially with the samples of 

high moisture content. Brittleness index 1 includes the tail of the stress-strain 

curve and the amount of work is calculated as a sum of the tension values per 

strain unit. With brittleness index 2, the area under a curve is calculated by using 

the value of maximum tension from the C-impact machine where the calculation 

ends at the maximum elongation. The calculation of brittleness indexes was done 

this way in order to see the differences caused by the moisture content. An 

example of the stress-strain curves that has a tail is presented in Figure 2 in 

Appendix XI. 

11.5.2 Results of the analysis of stress-strain data 

The comprehensive results of the stress-strain data analysis is presented in 

Appendix XI. Figure 57 presents the average values of brittleness index 1 for all 

unnotched samples and Figure 58 the same values for the notched samples. 

 
Figure 57 The average values of brittleness index 1 for unnotched samples. 
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Figure 58 The average values of brittleness index 1 for notched samples. 

As Figures 57 and 58 suggest, the effect of moisture content on the brittleness 

index is significant. The samples seem to get more brittle when the dry matter 

content is higher. However, the brittleness indexes of the normal and brittle 

samples overlap each other with both the unnotched and the notched samples. The 

percentual differences of different trial papers are shown in Tables IV – VII in 

Appendix XI. Tables IV and V in Appendix XI shows that the unnotched samples 

of brittle base papers seem to have higher brittleness index values at the dry 

matter content of ~98% (RH 10%) whereas the behavior of the coated paper 

samples is opposite. When looking the Tables VI and VII in Appendix XI, the 

notched samples seem not to show the differences as obvious as the unnotched 

samples. The difference between the brittleness index 1 and 2 is largest when the 

moisture content is high. This was well predicted before the testing and the trials 

confirmed that the shape of stress-strain curve varies significantly with the 

moisture content. 

11.6 Conclusions of the experimental testing of paper brittleness 

The tearing by hand experiment confirmed that the sensory impression can be 

considered as an effective tool when defining brittleness of paper. The rate of 

brittle paper recognition was almost 60% with some of the trial papers. On the 
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other hand, the difference with the machine and the cross directional samples was 

significant. This suggests that the tearing by hand is sensible for the changes in 

the tensile properties of paper. The experiment itself requires a lot of preparation 

and is very time consuming. The repeatability of the measurement was not tested. 

Therefore, the tearing by hand experiment in this form is not suitable for 

determining the brittleness of paper.  

The analysis of local strain fields shows that the moisture content seems to cause a 

larger variation to the values of brittle samples than to the normal samples. The 

maximum local strain was also found to correlate well with the stretch at break 

and the breaking point of the samples. 

The analysis of z-directional strength with nip-peeling experiment showed no 

major differences between the brittle and normal samples. However, the standard 

deviation of parallel measurements was quite systematically larger for the brittle 

samples especially at the relative humidity of 50%. As to z-directional strength, a 

key mechanism appeared to be the formation of local micro cracks affecting the 

delamination energy. 

The fibre distribution of the tearing area experiment showed interesting difference 

between the brittle and normal sample. The amount of broken kraft pulp fibres 

was significantly larger with the brittle samples than with the normal one. The 

result may explain the observations done during the tearing experiment. 

The analysis of stress-strain data shows also the vast effect of moisture content on 

the paper brittleness. Even though the shapes of the stress-strain curves were 

rather different with the brittle and the normal samples, the calculation of the 

brittleness indexes did not show much variation. 

12 CONCLUSIONS OF THE THESIS 

Brittleness is considered being a complicated issue within the paper industry. 

Even though brittleness itself is a very well-known material characteristic, the 

concept of paper brittleness is vaguely covered in the literature. The objective of 

this thesis was to characterize the brittleness and the reasons leading to it. The 
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experimental part of the thesis was based on the identification of the differences 

between the trial papers that were considered either brittle or normal.  

The inspection of the paper brittleness was done from two aspects: from the 

knowledge of paper physics and from the perspective of the paper industry. The 

measurement techniques of paper brittleness can also be divided into two 

categories: the examination of the paper’s viscoelastic-plastic behavior during 

straining and the exposure to the mechanical stress of sort.  

The common assumption within the paper industry is that the brittleness often 

occurs when the relative humidity of the surrounding air is at its lowest. The 

literature (Alava and Niskanen 2006, Ketoja 2008, Germqård et al. 1980) 

validates the theory that the moisture content has a significant effect on the tensile 

properties of paper. The theory was confirmed by analyzing the test results of the 

strength and the viscoelastic properties of brittle and non-brittle papers at various 

moisture contents. In the humid conditions the external work done to the paper 

was used for plastic deformation and the trial papers behaved as ductile. In the dry 

conditions the strain energy was stored as elastic energy and the rupture occurred 

catastrophically – as brittle manner.  

While the surrounding humidity conditions were confirmed to have a significant 

impact on the paper brittleness, one can suggest more accurate humidity 

measurement and control inside the paper mill, especially at the finishing stages of 

the paper machine. The moisture content of the paper could be adjusted more 

accurately if the online measurements were done at the multiple phases during the 

process. 

However, suitability of the strength measurements to characterize the paper 

brittleness was controversial. The tensile strength and the tear strength 

measurements show no reliable differences. Within the tensile strain, the tensile 

energy absorption and the fracture toughness measurements the values of brittle 

samples were systematically on a lower level than the values of normal papers. 

Though, almost all the results fit in the confidence interval of 95%. 
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The experimental part of the thesis was based on the brittle and the non-brittle 

mill-made LWC papers assumed to be well bonded. Kettunen (2000) concluded 

that when papers are well bonded, the fracture energy depends on the fibre length. 

Lehto (2011), on the other hand, concluded that the fibre strength of the 

mechanical pulp is significantly weaker than of the chemical pulp. The analysis in 

this thesis shows that three out of four times the length weighted fibre length was 

higher with the normal than with the brittle samples. The fibre length distribution 

of the trial papers was found to correlate well with the amount of kraft pulp in the 

fibre furnishes. 

The fibre distribution of the tearing area and the tearing by hand experiment 

indicated the same: the amount of broken kraft pulp fibres was significantly larger 

with the brittle samples than with the normal one. The initiation of the fracture is a 

complex phenomenon. The literature review concluded that there is no sufficient 

evidence showing that the macroscopic fracture of paper is triggered by the 

rupture of fibre segments or bonds in the paper. Nevertheless, the tearing by hand 

experiment confirmed that the sensory impression can be considered as an 

effective tool when describing brittleness of paper.  

The amount of starch was found being a separating factor between the brittle and 

the normal trial papers. The brittle samples contained more starch than normal 

ones. The same phenomenon occurred with the amount of triglycerides and steryl 

esters. Further analysis is needed to confirm the connection between the amount 

of starch and the extractives. In the paper mill perspective, the operator reports 

should be taken into observation in order to gain understanding if the process 

parameters were altered prior the brittle occurrences. The parameters one should 

concentrate would be for example the refining conditions, both the chemical and 

mechanical pulp and the dosage of starch. 

Korteoja et al. (1998a, 1998b) found that the non-uniform structure of the paper 

leads to an effective concentration of strain and damage in low-grammage areas 

so that high-grammage areas are left almost intact. The formation measurement 

confirmed that the brittle sample has worse formation than the normal sample 

though the difference was small.  
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Seth and Page (1983) concluded that the non-linearity of the stress-strain curve 

arises essentially from the plasticity in the fibres and that the effect of bond 

breakage during straining on the stress-strain curve is usually small. However, the 

evaluation of the stress-strain data of the brittle and the normal samples proved 

that the differences are small or non-existent. As a result of the inspection a 

simple and easy-to-use method, the calculation of brittleness index, was 

developed for the evaluation of stress-strain data. 

There were many possibilities for errors and misinterpretations during the trials. 

For example, sampling was found to be challenging. There was no guarantee that 

the particular small section of a large sample sheet would represent the brittleness 

that was observed at the paper mill accurately. The comprehensive examination 

requires a massive amount of parallel measurements covering the different 

positions of the sample. The results of the experimental part prove that there is no 

simple way to measure or even describe the degree of paper brittleness. However, 

now that it has been proven which methods indicate the differences between the 

brittle and normal papers, it is more straightforward to plan the experiments for 

large sample quantities. 

13 RECOMMENDATIONS FOR FUTURE WORK 

Brittleness of paper was examined with multiple methods. Some of the methods 

left more questions unanswered than offered distinct explanations. It is obvious 

that in order to gain further understanding, the representative samples of brittle 

papers as well as their corresponding counterparts are required. 

In measurement-wise, the analysis of the fracture line of the tearing resistance 

sample was found to be interesting. The fibres of chemical pulp were found 

broken more often in the brittle paper than in the normal one. The phenomenon 

requires more specific approach with more samples. 

The connection between the amounts of starch, triglycerides and steryl esters was 

found exciting. The influence of one to another was left unresolved and further 

examinations are necessary. The effect of these components on the tensile 

properties would also be an interesting subject to study.  
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Appendix I         1(3) 

The basics of the EWF method      

Source: Tanaka, A., Yamauchi, T. Examination of the essential work of fracture 

method for paper, In: Proceedings of the 1999 International Paper Physics 

Conference, San Diego, California, September, 1999. 

 

The "Essential Work of Fracture (EWF)" method to estimate fracture toughness 

was examined by means of infrared thermography and video-microscopy. Plastic 

deformation zone appears in three ways when deep double edge notched tension 

(DENT) specimens are strained under in-plane stress as follows: 1.type(i) - 

appearing whole through the ligament in a vague and scattering manner, and 

developing into a circular (or oval) zone even before or at the maximum load 

point; 2.type(ii) - appearing from the notch tips and amalgamating into a circular 

(or oval) zone after the maximum load point; 3.type(iii) - appearing from the 

notch tips and not amalgamating into a circular (or oval) zone until the sheet 

failure. Specimens with small ligament are likely to belong to type(i), while those 

with large ligament to type(ii)&(iii). The analysis using video-microscopy showed 

that crack propagation starts at the maximum load point for the specimens with 

small ligament length, while it starts earlier before the point with an increase of 

the ligament length. And it turned out that type(i) specimens belong to the former. 

According to the original prerequisite, the EWF method is valid if there is a 

complete yielding of the ligament before the crack propagation. Therefore only 

type(i) specimens are concluded to be valid for the EWF method. 

Fracture toughness refers to resistance of the materials with cracks to stable or 

unstable crack growth. Recently Seth et al [1,2] introduced the concept of the 

"Essential Work of Fracture (EWF)" to measure fracture toughness into paper 

material. The concept had been originally developed for characterizing ductile 

fracture by Cotterell and Reddel as follows [3,4].  

When a deep double edge notched tension (DENT) specimen yields completely 

before crack propagation and the plastic deformation zone is almost circular on  



 

 

          2(3) 

the ligament (between double notches) as shown in Fig.1, the work performed to 

fracture such a specimen (Wf) can be separated into two components: 

(1) The essential work performed in the fracture process zone (We). 

(2) The non essential work performed in the plastic deformation zone (Wp) 

The essential work is proportional to the ligament length (L) if it is assumed that 

the specific essential work of fracture (we) remains constant. And the non-

essential work in the rest of the plastic deformation zone is proportional to L2 if it 

is assumed that the specific non-essential work of fracture (wp) remains constant. 

After all, the model is represented in the simple equation as 

Wf = We + Wp         (1) 

 



 

 

          3(3) 

is obtained. According to this equation, a linear relationship is expected between 

L and wf. And we can be obtained by extrapolating to L=0, considered as fracture 

toughness.  

However, the appearance of circular plastic deformation zone has not been 

mentioned in detail. Only Seth et al. discussed it in terms of increasing opacity 

[1]. But the change of opacity is too insensitive to follow the development of 

plastic deformation zone successively. 

REFERENCES 
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Appendix II         1(1) 

The test specimen for the fracture TEA measurement 

 
Figure 1 The test specimen for the fracture TEA measurement. 
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Appendix III         1(2) 

Simplified RPM (Rice-Paris-Merkle) method 

 

Source: Translated from the internal report. 

There are many methods to define J-integral (fracture toughness). In certain cases 

when the dimensions and the notches of the sample are defined, the simplified 

RPM (Rice-Paris-Merkle) method is usable. 

  
  

 
 
  

 
          (1) 

 

Where K is the intensity factor of tension, E elastic modulus, S work of plastic 

deformation and b the width of the unnotched area. In the case of double edge 

notching, the width of the unnotched area can be calculated with Eq.2. 

                (2) 

Where a is the length of the notch (now 4 mm) and W the width of the specimen 

(now 20 mm). The intensity factor of tension is calculated with Eq. 3. 

       ( )        (3) 

Where σ is net tension and F(ξ) the correction coefficient of the form factor that 

depends on the notch length (a) and the width of the specimen (W) 

                (4) 

 

In this case ξ is 0.4. In case of double edge notching the correction coefficient of 

form factor is calculated with Eq.5. 
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The critical value of J-integral Jc equals to fracture toughness. 

   
  
 

 
 
  

 
         (6) 

If the starting point of the fracture can be identified from the stress-strain curve, 

Kc and S can be calculated. In other cases the value of maximum tension is used 

for simplicity. The work of plastic deformation (S) is defined from stress-strain 

curve (in case of double edge notching) according to the principle presented in 

Figure 1. 

 
Figure 1 The calculation of the work of plastic deformation (S). 
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Results of the strength measurements of mill made papers 

The results for strength measurements done at UPM Research Centre in Lappeenranta and at VTT Technical Research Centre of Finland in 

Jyväskylä are presented. 

Tables I-III present the results of the strength measurements done by the Fibre Laboratory at UPM RC. 

Tables IV-XX present the results of strength measurements for unnotched and notched samples. Measurements were done at variable relative 

humidity. The measurements took place at UPM RC and VTT Jyväskylä. 

Standard deviation of averages was calculated using equation (1). 

  
  

(    )  
  (    )  

    (    )  
 

           
        (1) 

where    s
2
 variance 

    s standard deviation 

    n sample size 

    k trial points   



 

                  2(29) 
 

Table I  The strength properties of the trial papers 1. Base and 4. Coated 

Trial point Unit 1. Base  4. Coated  

  Normal Brittle Normal Brittle 

      

Grammage g/m² 60.4 59.7 60.8 60.1 

Bulking 

thickness 

µm 97 97 91 93 

Apparent 

bulk density 

kg/m³ 625 613 665 649 

Tensile index Nm/g 48.1 49.4 34.7 33.9 

Stretch at 

break 

% 2.22 2.34 1.64 1.58 

TEA index J/kg 734.14 787.15 388.29 364.03 

Tensile 

stiffness 

index 

MNm/kg 5.78 5.6 5.03 4.93 

Breaking 

length 

m 4904 5039 3542 3458 
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Table II  The strength properties of the trial papers 2. Base and 2. Coated 

Trial point Unit 2. Base  2. Coated  

  Normal Brittle Normal Brittle 

      

Grammage g/m² 59.2 59.3 60.4 59 

Bulking 

thickness 

µm 97 98 84 85 

Apparent 

bulk density 

kg/m³ 610 603 718 698 

Tensile 

index 

Nm/g 50.2 49 28.4 28.2 

Stretch at 

break 

% 2.30 2.31 1.76 1.77 

TEA index J/kg 788.87 781.71 338.98 340.18 

Tensile 

stiffness 

index 

MNm/kg 5.65 5.62 3.99 3.93 

Breaking 

length 

m 

 

5124 4997 2896 2874 

Tear index mNm
2
/g 7.9 8.0 5.4 5.2 

  



  

4(29) 
 

 

Table III  The strength properties of the trial papers 3. Base and 3. Coated. 
 

Trial point Unit 3. Base  3. Coated  

  Normal Brittle Normal Brittle 

      

Grammage g/m² 59.3 59.4 59.4 58.2 

Bulking 

thickness 

µm 97 98 84 85 

Apparent 

bulk density 

kg/m³ 612 607 705 685 

Tensile 

index 

Nm/g 52.6 48.8 32.4 30.0 

Stretch at 

break 

% 2.27 2.07 1.78 1.79 

TEA index J/kg 814.67 692.54 389.58 366.07 

Tensile 

stiffness 

index 

MNm/kg 5.87 5.77 4.37 4.13 

Breaking 

length 

m 

 

5368 4981 3302 3061 

Tear index mNm
2
/g 8.2 8.1 5.5 5.7 
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Table IV          Results of the tensile strength testing of the unnotched sample 1. Base. 

ID 
1. Base Unnotched 

Basis weight 45.4 45.4 45.4 45.4 

Sample Normal Brittle Normal Brittle Normal Brittle Normal Brittle 

Relative humidity, % 10 50 90 DMC 70 (wetting) 

Dry matter content, % 95.49 96.14 92.35 92.20 84.74 84.64 71.07 67.87 

  VTT UPM VTT UPM VTT UPM VTT UPM VTT VTT 

Measurement 1 2 1 2 1 2 1 2 1 1 

AVERAGE                         

Tensile index MD, Nm/g 84.56 86.71 79.37 91.83 82.75 83.83 78.91 89.11 57.34 61.99 19.56 12.40 

Stretch at break MD, % 1.23 1.10 1.08 1.04 1.27 1.20 1.15 1.15 1.61 1.43 1.80 1.36 

TEA index MD, J/kg 601.27 552.98 487.79 542.79 636.27 610.07 552.46 615.18 572.73 547.78 213.68 102.29 

    

 

    

  

  

 

    

 

  

STDEV                         

Tensile index, Nm/g 5.48 6.83 3.87 7.23 3.62 4.62 5.96 6.76 2.54 3.44 1.65 1.48 

Stretch at break, % 0.14 0.08 0.07 0.08 0.07 0.11 0.11 0.14 0.10 0.15 0.19 0.14 

TEA index, J/kg 105.95 86.12 62.58 86.91 70.81 92.40 90.34 124.45 56.21 82.75 37.81 14.66 

    

 

    

  

  

 

    

 

  

    

 

    

  

  

 

    

 

  

CONFIDENCE 95%                         

Tensile index, Nm/g 4.80 2.99 3.39 3.17 3.17 2.02 5.22 2.96 2.22 3.01 1.02 0.92 

Stretch at break, % 0.12 0.04 0.06 0.04 0.06 0.05 0.10 0.06 0.09 0.13 0.12 0.09 

TEA index, J/kg 92.86 37.74 54.85 38.09 62.07 40.49 79.19 54.54 49.27 72.53 23.44 9.08 
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Table V          Results of the tensile strength testing of the unnotched sample 2. Base. 

ID 
2. Base Unnotched 

Basis weight 55.9 55.9 55.9 55.9 

Sample Normal Brittle Normal Brittle Normal Brittle Normal Brittle 

Relative humidity, % 10 50 90 DMC 70 (wetting) 

Dry matter content, % 95.98 96.02 92.26 92.35 82.70 79.92 77.80 75.80 

  VTT UPM VTT UPM VTT UPM VTT UPM VTT VTT 

Measurement 1 2 1 2 1 2 1 2 1 1 

AVERAGE                         

Tensile index MD, Nm/g 79.83   64.39   76.01 

 

74.02   37.40 35.91 36.01 23.31 

Stretch at break MD, % 1.27   1.21   1.39 

 

1.22   1.95 1.56 2.20 1.85 

TEA index MD, J/kg 616.74   451.94   622.49 

 

537.19   455.75 357.35 473.98 262.76 

            

 

    

  

    

STDEV                         

Tensile index, Nm/g 3.42   6.06   4.84 

 

1.92   1.80 5.59 6.16 2.35 

Stretch at break, % 0.11   0.14   0.08 

 

0.10   0.09 0.26 0.26 0.14 

TEA index, J/kg 86.90   86.04   88.08 

 

59.39   36.96 120.56 121.11 41.17 

            

 

    

  

    

            

 

    

  

    

CONFIDENCE 95%                         

Tensile index, Nm/g 2.74   4.85   3.87 

 

1.54   1.44 4.47 3.82 1.88 

Stretch at break, % 0.09   0.11   0.07 

 

0.08   0.07 0.21 0.16 0.11 

TEA index, J/kg 69.53   68.85   70.48   47.52   29.57 96.47 75.06 32.95 
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Table VI             Results of the tensile strength testing of the unnotched sample 2. Coated.  

ID 
2. Coated Unnotched 

Basis weight 100.00 100.00 100.00 100.00 

Sample Normal Brittle Normal Brittle Normal Brittle Normal Brittle 

Relative humidity, % 10 50 90 DMC 70 (wetting) 

Dry matter content, % 98.10 97.92 95.25 95.04 87.20 85.96 76.69 74.35 

  VTT UPM VTT UPM VTT UPM VTT UPM VTT VTT 

Measurement 1 2 1 2 1 2 1 2 1 1 

AVERAGE                         

Tensile index, Nm/g 47.40 56.47 47.44 57.44 52.61 54.19 53.00 54.80 22.75 22.07 12.27 9.98 

Stretch at break, % 1.15 1.13 1.25 1.12 1.23 1.37 1.30 1.30 1.67 1.85 1.71 1.59 

TEA index, J/kg 328.81 371.77 363.40 374.74 380.10 457.79 408.18 438.90 242.74 261.54 132.62 100.61 

  

  

    

  

        

 

  

STDEV                         

Tensile index, Nm/g 3.28 2.03 3.91 3.84 0.90 2.00 0.79 2.85 2.98 2.65 0.78 1.02 

Stretch at break, % 0.09 0.06 0.18 0.11 0.15 0.08 0.07 0.14 0.17 0.21 0.06 0.14 

TEA index, J/kg 81.26 32.08 87.31 63.41 43.09 43.09 28.72 73.68 54.15 61.27 11.79 16.91 

  

  

    

  

        

 

  

  

  

    

  

        

 

  

CONFIDENCE 95%                         

Tensile index, Nm/g 2.63 0.89 3.13 1.68 0.72 0.88 0.63 1.25 2.39 2.12 0.63 0.82 

Stretch at break, % 0.07 0.03 0.14 0.05 0.12 0.03 0.06 0.06 0.13 0.17 0.05 0.11 

TEA index, J/kg 65.02 14.06 69.86 27.79 34.48 18.88 22.98 32.29 43.32 49.03 9.43 13.53 
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Table VII          Results of the tensile strength testing of the unnotched sample 3. Coated.  

Trial point 3. Coated unnotched 

Sample type Normal Brittle 

Relative humidity, % 10 50 10 50 

Direction MD CD MD CD MD CD MD CD 

AVERAGE                 

Tensile index, Nm/g 60.10 20.32 56.74 18.16 60.34 20.96 59.42 18.85 

Stretch at break, % 1.13 1.21 1.33 1.82 1.12 1.22 1.33 1.76 

TEA index, J/kg 395.52 169.24 468.38 249.18 392.33 173.91 485.78 246.29 

Tear index, mNm
2
/g 2.60 4.14 3.34 4.65 2.56 3.54 4.67 3.45 

STDEV                 

Tensile index, Nm/g 2.97 0.79 2.92 0.70 3.12 0.63 2.07 0.68 

Stretch at break, % 0.09 0.16 0.13 0.29 0.09 0.13 0.09 0.23 

TEA index, J/kg 52.24 34.08 73.20 52.85 50.48 26.74 50.92 42.37 

Tear index, mNm
2
/g 0.14 0.36 0.28 0.33 0.20 0.21 0.25 0.59 

CONFIDENCE, 95%                 

Tensile index, Nm/g 1.30 0.34 1.28 0.31 1.34 0.28 0.91 0.30 

Stretch at break, % 0.04 0.07 0.06 0.13 0.04 0.06 0.04 0.10 

TEA index, J/kg 22.89 14.94 32.08 23.16 22.12 11.72 22.32 18.57 

Tear index, mNm
2
/g 0.09 0.22 0.17 0.20 0.12 0.13 0.16 0.36 
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Table VIII          Results of the tensile strength testing of the unnotched sample 4. Coated. 

ID 4. Coated Unnotched 

Basis weight 47.36 47.36 47.36 47.36 

Sample Normal Brittle Normal Brittle Normal Brittle Normal Brittle 

Relative humidity, % 10 50 90 DMC 70 (wetting) 

Dry matter content, % 96.43 96.13 92.76 93.40 88.62 89.33 73.57 75.77 

  VTT UPM VTT UPM VTT UPM VTT UPM VTT VTT 

Measurement 1 2 1 2 1 2 1 2 1 1 

AVERAGE                         

Tensile index, Nm/g 60.96 65.31 53.63 64.95 59.59 64.24 59.36 62.39 47.07 44.55 12.31 14.18 

Stretch at break, % 1.03 1.00 0.99 1.03 1.08 1.11 1.12 1.07 1.71 1.59 1.47 1.38 

TEA index, J/kg 348.58 380.25 313.73 388.18 380.48 437.92 407.83 406.44 505.61 443.96 112.21 119.08 

    

 

    

  

  

 

    

 

  

STDEV                         

Tensile index, Nm/g 2.60 2.78 6.25 2.44 1.86 2.60 3.20 3.62 2.94 2.51 2.96 2.54 

Stretch at break, % 0.07 0.06 0.11 0.06 0.08 0.08 0.07 0.11 0.15 0.12 0.23 0.12 

TEA index, J/kg 38.71 42.50 72.77 37.04 44.82 52.40 47.33 69.94 70.56 56.76 41.42 30.31 

    

 

    

  

  

 

    

 

  

CONFIDENCE 95%   

 

    

  

  

 

    

 

  

Tensile index, Nm/g 2.28 1.22 5.47 1.07 1.63 1.14 2.80 1.59 2.58 2.20 2.60 2.23 

Stretch at break, % 0.06 0.03 0.10 0.03 0.07 0.04 0.06 0.05 0.13 0.10 0.21 0.10 

TEA index, J/kg 33.93 18.63 63.78 16.24 39.29 22.97 41.48 30.65 61.85 49.75 36.31 26.57 
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Table IX          Average results of the tensile strength testing of the unnotched samples. 

ID 
AVERAGE UNNOTCHED 

Sample Normal Brittle Normal Brittle Normal Brittle Normal Brittle 

Relative humidity, % 10 50 90 DMC 70 (wetting) 

Dry matter content, % 96.50 96.55 93.15 93.25 85.82 84.96 74.78 73.45 

AVERAGE                 

Tensile index MD, Nm/g 68.75 65.58 67.60 67.37 41.14 41.13 20.04 14.97 

Stretch at break MD, % 1.13 1.10 1.24 1.19 1.74 1.61 1.80 1.54 

TEA index MD, J/kg 457.20 417.51 503.59 480.88 444.21 402.66 233.12 146.19 

    

      

  

STDEV                 

Tensile index, Nm/g 4.24 4.95 3.20 4.42 2.65 3.64 3.84 1.89 

Stretch at break, % 0.08 0.10 0.09 0.12 0.13 0.19 0.21 0.13 

TEA index, J/kg 63.91 68.42 64.90 85.26 56.59 81.79 74.20 28.84 

    

      

  

CONFIDENCE 95%                 

Tensile index, Nm/g 0.92 1.07 0.69 0.96 1.11 1.52 1.33 0.66 

Stretch at break, % 0.02 0.02 0.02 0.03 0.06 0.08 0.07 0.05 

TEA index, J/kg 13.83 14.81 14.05 18.45 23.65 34.18 25.71 9.99 
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Table X          Results of the tensile strength testing of the notched sample 1. Base. 

ID 
1. Base Notched 

Basis weight 45.4 45.4 45.4 45.4 

Sample Normal Brittle Normal Brittle Normal Brittle Normal Brittle 

Relative humidity, % 10 50 90 DMC 70 (wetting) 

Dry matter content, % 95.49 96.14 92.35 92.20 84.74 84.64 71.07 67.87 

  VTT UPM VTT UPM VTT UPM VTT UPM VTT VTT 

Measurement 1 2 1 2 1 2 1 2 1 1 

AVERAGE                         

Tensile index MD, Nm/g 30.17 71.09 29.96 74.47 38.86 79.28 36.21 84.93 26.67 25.76 9.04 7.29 

Stretch at break MD, % 0.42 0.60 0.39 0.54 0.50 0.63 0.44 0.62 0.58 0.53 0.84 0.73 

TEA index MD, J/kg 65.85 232.39 58.51 216.63 102.64 293.19 80.16 292.73 89.29 78.19 42.15 31.02 

    

 

    

  

  

 

    

 

  

STDEV                         

Tensile index, Nm/g 1.98 3.47 2.78 4.74 3.82 5.62 3.74 6.50 1.62 2.35 0.78 0.74 

Stretch at break, % 0.04 0.03 0.03 0.02 0.04 0.04 0.04 0.03 0.05 0.06 0.08 0.10 

TEA index, J/kg 11.56 19.38 13.10 18.15 15.70 26.90 16.76 26.66 12.99 17.03 5.97 5.91 

    

 

    

  

  

 

    

 

  

CONFIDENCE 95%                         

Tensile index, Nm/g 1.74 1.52 2.44 2.08 3.35 2.46 3.28 2.85 1.42 2.06 0.48 0.46 

Stretch at break, % 0.03 0.01 0.03 0.01 0.03 0.02 0.04 0.01 0.05 0.05 0.05 0.06 

TEA index, J/kg 10.14 8.50 11.48 7.96 13.76 11.79 14.69 11.69 11.39 14.93 3.70 3.66 
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Table XI          Results of the tensile strength testing of the notched sample 2. Base. 

ID 2. Base Notched 

Basis weight 55.9 55.9 55.9 55.9 

Sample Normal Brittle Normal Brittle Normal Brittle Normal Brittle 

Relative humidity, % 10 50 90 DMC 70 (wetting) 

Dry matter content, % 95.98 96.02 92.26 92.35 82.70 79.92 77.80 75.80 

  VTT UPM VTT UPM VTT UPM VTT UPM VTT VTT 

Measurement 1 2 1 2 1 2 1 2 1 1 

AVERAGE                         

Tensile index MD, Nm/g 31.32 68.00 34.16 66.72 35.95 68.92 33.82 70.30 22.12 19.19 15.19 12.14 

Stretch at break MD, % 0.46 0.60 0.51 0.57 0.61 0.67 0.54 0.66 0.79 0.86 1.01 1.04 

TEA index MD, J/kg 75.45 209.36 88.67 193.39 116.09 255.76 104.23 257.82 106.05 102.13 92.75 74.92 

  

  

  

 

      

   

    

STDEV 

 

                      

Tensile index, Nm/g 4.36 4.08 3.29 4.08 2.57 4.07 2.72 3.38 1.51 1.74 0.88 0.88 

Stretch at break, % 0.04 0.04 0.05 0.02 0.06 0.03 0.08 0.03 0.08 0.11 0.09 0.08 

TEA index, J/kg 16.81 24.34 16.53 18.03 18.98 27.15 22.08 25.69 16.41 18.56 12.93 10.74 

  

  

  

 

      

   

    

CONFIDENCE 95% 

 

                      

Tensile index, Nm/g 3.49 1.79 2.63 1.79 2.06 1.78 2.18 1.48 1.21 1.39 0.54 0.71 

Stretch at break, % 0.03 0.02 0.04 0.01 0.05 0.02 0.07 0.01 0.06 0.09 0.05 0.07 

TEA index, J/kg 13.45 10.67 13.23 7.90 15.18 11.90 17.66 11.26 13.13 14.85 8.01 8.59 
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Table XII          Results of the tensile strength testing of the notched sample 2. Coated. 

ID 
2. Coated Notched 

Basis weight 100.00 100.00 100.00 100.00 

Sample Normal Brittle Normal Brittle Normal Brittle Normal Brittle 

Relative humidity, % 10 50 90 DMC 70 (wetting) 

Dry matter content, % 98.10 97.92 95.25 95.04 87.20 85.96 76.69 74.35 

  VTT UPM VTT UPM VTT UPM VTT UPM VTT VTT 

Measurement 1 2 1 2 1 2 1 2 1 1 

AVERAGE                         

Tensile index, Nm/g 20.56 44.18 20.96 40.43 22.20 46.55 20.92 42.82 15.07 12.35 5.88 4.70 

Stretch at break, % 0.46 0.54 0.47 0.52 0.49 0.66 0.47 0.59 0.78 0.87 0.79 0.78 

TEA index, J/kg 45.52 119.82 52.18 104.56 60.17 170.60 55.71 141.19 70.29 66.44 27.45 20.93 

  

  

    

  

        

 

  

STDEV                         

Tensile index, Nm/g 2.61 2.53 1.77 3.23 1.60 4.01 1.34 1.99 1.88 0.94 0.73 0.22 

Stretch at break, % 0.07 0.03 0.07 0.02 0.08 0.03 0.05 0.02 0.13 0.11 0.10 0.07 

TEA index, J/kg 13.04 12.48 13.14 11.17 13.90 22.91 9.96 11.76 10.23 11.11 7.33 2.76 

  

  

    

  

        

 

  

CONFIDENCE 95%                         

Tensile index, Nm/g 2.09 1.11 1.41 1.42 1.28 1.76 1.07 0.87 1.51 0.75 0.58 0.18 

Stretch at break, % 0.06 0.01 0.05 0.01 0.06 0.01 0.04 0.01 0.10 0.08 0.08 0.06 

TEA index, J/kg 10.44 5.47 10.51 4.90 11.12 10.04 7.97 5.16 8.19 8.89 5.87 2.20 
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Table XIII Results of the fracture TEA measurement of samples 3. Coated and 3. Base. 

Trial point 3. Coated 3. Base 

Sample type Normal Brittle Normal Brittle 

Relative humidity, % 10 50 10 50 10 50 10 50 

Direction MD CD MD CD MD CD MD CD MD CD MD CD MD CD MD CD 

AVERAGE                                 

Tensile index, Nm/g 44.22 21.38 46.84 20.39 44.71 22.51 44.18 21.52 69.09 31.86 69.94 28.99 69.23 33.21 79.48 32.22 

Stretch at break, % 0.52 0.58 0.60 0.79 0.51 0.57 0.57 0.76 0.58 0.83 0.65 1.02 0.57 0.75 0.66 1.02 

TEA index, J/kg 117 75 159 112 115 76 142 111 212 163 261 201 200 152 298 221 

STDEV                                 

Tensile index, Nm/g 3.61 1.60 3.32 1.65 3.85 1.25 2.81 1.21 4.57 3.14 3.38 3.56 3.90 2.58 6.43 4.34 

Stretch at break, % 0.02 0.05 0.03 0.08 0.02 0.04 0.02 0.08 0.03 0.01 0.03 0.17 0.03 0.11 0.05 0.19 

TEA index, J/kg 13.29 12.60 16.46 20.47 13.70 8.92 12.72 19.02 21.65 21.69 24.33 47.71 19.39 30.04 43.34 58.11 

CONFIDENCE, 95%                                 

Tensile index, Nm/g 1.58 0.70 1.45 0.72 1.69 0.55 1.23 0.53 2.00 1.38 1.48 1.56 1.71 1.13 2.82 1.90 

Stretch at break, % 0.01 0.02 0.01 0.03 0.01 0.02 0.01 0.03 0.01 0.04 0.02 0.08 0.01 0.05 0.02 0.09 

TEA index, J/kg 5.82 5.52 7.21 8.97 6.00 3.91 5.57 8.34 9.49 9.51 10.66 20.91 8.50 13.17 19.00 25.47 
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Table XIV          Results of the tensile strength testing of the notched sample 4. Coated. 

ID 
4. Coated Notched 

Basis weight 47.36 47.36 47.36 47.36 

Sample Normal Brittle Normal Brittle Normal Brittle Normal Brittle 

Relative humidity, % 10 50 90 DMC 70 (wetting) 

Dry matter content, % 96.43 96.13 92.76 93.40 88.62 89.33 73.57 75.77 

  VTT UPM VTT UPM VTT UPM VTT UPM VTT VTT 

Measurement 1 2 1 2 1 2 1 2 1 1 

AVERAGE                         

Tensile index, Nm/g 19.68 48.63 19.55 47.85 25.66 51.11 21.86 50.41 18.84 18.46 7.86 7.95 

Stretch at break, % 0.33 0.43 0.32 0.42 0.40 0.47 0.35 0.46 0.53 0.51 0.95 0.82 

TEA index, J/kg 33.19 119.89 32.40 112.88 51.77 140.24 38.14 134.75 57.32 52.94 40.39 36.16 

    

 

    

  

  

 

    

 

  

STDEV                         

Tensile index, Nm/g 2.51 2.26 1.23 1.88 1.71 2.47 2.07 2.63 0.70 1.21 1.30 1.35 

Stretch at break, % 0.04 0.01 0.02 0.01 0.04 0.01 0.03 0.02 0.05 0.04 0.07 0.08 

TEA index, J/kg 8.38 8.62 4.36 7.83 8.63 9.44 7.14 11.43 7.60 8.00 9.49 7.24 

    

 

    

  

  

 

    

 

  

CONFIDENCE 95%   

 

    

  

  

 

    

 

  

Tensile index, Nm/g 2.20 0.99 1.08 0.82 1.50 1.08 1.81 1.15 0.62 1.06 1.14 1.19 

Stretch at break, % 0.04 0.01 0.02 0.01 0.03 0.01 0.03 0.01 0.04 0.04 0.07 0.07 

TEA index, J/kg 7.35 3.78 3.82 3.43 7.57 4.14 6.26 5.01 6.66 7.01 8.32 6.34 
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Table XV          Average results of the tensile strength testing of the notched samples. 

ID 
AVERAGE NOTCHED 

Sample Normal Brittle Normal Brittle Normal Brittle Normal Brittle 

Relative humidity, % 10 50 90 DMC 70 (wetting) 

Dry matter content, % 96.50 96.55 93.15 93.25 85.82 84.96 74.78 73.45 

  VTT UPM VTT UPM VTT UPM VTT UPM VTT VTT 

Measurement 1 2 1 2 1 2 1 2 1 1 

Average                         

Tensile index, Nm/g 25.84 57.97 26.15 57.37 30.26 61.46 28.21 62.11 20.67 18.94 9.49 8.02 

Stretch at break, % 0.43 0.54 0.42 0.51 0.49 0.61 0.45 0.58 0.67 0.69 0.90 0.85 

TEA index, J/kg 58.66 170.37 58.82 156.86 79.01 214.95 68.68 206.62 80.73 74.92 50.68 40.76 

    

 

    

  

    

  

    

STDEV                         

Tensile index, Nm/g 0.50 0.36 0.40 0.42 0.43 0.48 0.44 0.46 0.25 0.28 0.16 0.15 

Stretch at break, % 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.01 

TEA index, J/kg 2.14 1.99 2.10 1.66 2.46 2.61 2.53 2.32 2.04 2.39 1.55 1.21 

    

 

    

  

    

  

    

CONFIDENCE 95%   

 

    

  

    

  

    

Tensile index, Nm/g 0.16 0.08 0.12 0.09 0.13 0.11 0.14 0.10 0.08 0.06 0.05 0.03 

Stretch at break, % 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

TEA index, J/kg 0.66 0.44 0.65 0.36 0.76 0.57 0.78 0.51 0.63 0.52 0.48 0.26 
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Table XVI          Average results of the tensile strength testing of the notched and the unnotched samples. 

ID 
AVERAGE UNNOTCHED AND NOTCHED 

Basis weight 62.17 62.17 62.17 62.17 

Sample Normal Brittle Normal Brittle Normal Brittle Normal Brittle 

Relative humidity, % 10 50 90 DMC 70 (wetting) 

Dry matter content, % 96.50 96.55 93.15 93.25 85.82 84.96 74.78 73.45 

        

 
Measurement       

 
AVERAGE                 

Tensile index MD, Nm/g 54.32 52.88 56.12 55.52 30.91 30.03 14.77 8.02 

Stretch at break MD, % 0.78 0.76 0.87 0.83 1.20 1.15 1.35 1.19 

TEA index MD, J/kg 273.46 252.12 314.37 298.06 262.47 238.79 141.90 93.47 

    

      

  

STDEV                 

Tensile index, Nm/g 3.62 4.06 3.27 3.98 1.96 2.50 2.64 1.42 

Stretch at break, % 0.07 0.08 0.06 0.08 0.10 0.13 0.15 0.11 

TEA index, J/kg 42.47 44.81 42.75 56.26 34.17 48.65 49.57 19.24 

    

      

  

CONFIDENCE 95%                 

Tensile index, Nm/g 0.50 0.56 0.45 0.55 0.49 0.62 0.61 0.33 

Stretch at break, % 0.01 0.01 0.01 0.01 0.03 0.03 0.04 0.02 

TEA index, J/kg 5.86 6.18 5.90 7.76 8.51 12.11 11.45 4.44 
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Figures 1-12 present the results of the tensile index, the stretch at break and the tensile energy absorption (TEA) measurements of the unnotched 

and the notched samples. 

  

  
Figure 1 Tensile index (MD) of the unnotched (left) and the notched (right) samples of the trial paper 1. Base. 
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Figure 2  Tensile index (MD) of the unnotched (left) and the notched (right) samples of the trial paper 2. Base.  
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Figure 3  Tensile index (MD) of the unnotched (left) and the notched (right) samples of the trial paper 2. Coated. 
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Figure 4  Tensile index (MD) of the unnotched (left) and the notched (right) samples of the trial paper 4. Coated. 
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Figure 5  Stretch at break (MD) of the unnotched (left) and the notched (right) samples of the trial paper 1. Base. 
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Figure 6  Stretch at break of the unnotched (left) and notched (right) samples of the trial paper 2. Base. 
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Figure 7  Stretch at break of the unnotched (left) and notched (right) samples of the trial paper 2. Coated. 
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Figure 8  Stretch at break of the unnotched (left) and notched (right) samples of the trial paper 4. Coated.  
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Figure 9  TEA index of the unnotched (left) and notched (right) samples of the trial paper 1. Base. 
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Figure 10 TEA index of the unnotched (left) and notched (right) samples of the trial paper 2. Base. 
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Figure 11 TEA index of the unnotched (left) and notched (right) samples of the trial paper 2. Coated. 
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Figure 12 TEA index of the unnotched (left) and notched (right) samples of the trial paper 4. Coated. 
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Appendix V                 1(6) 

Results of the fibre properties measurements  

 

The results of the fibre properties measurements done at UPM Research Centre in Lappeenranta are presented in the following tables. 
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Table I          Results of the fibre properties measurements. 

Trial point     1. Base 2. Base 2. Coated 3. Base 3. Coated 4. Coated 

      Normal Brittle Normal Brittle Normal Brittle Normal Brittle Normal Brittle Normal Brittle 

Parent id                             

Ash 525°C (pulp) % ISO 1762 10.07 10.99 12.7 12.2 42.4 42.0 12.9 11.8 43.0 41.9 25.01 25.75 

FiberLab Arithmetic 

fibre length L(n) 

mm Internal 0.53 0.51 0.53 0.53     0.56 0.54     0.54 0.56 

FiberLab Length 

weighted fiber length 

L(l) 

mm  Tappi T 271 

om-07 

1.31 1.24 1.37 1.28     1.42 1.29     1.15 1.20 

FiberLab Fiber fractions 

(l) 0.00-0.20 mm 

% Internal 6.90 6.91 7.19 6.82     6.81 6.38     5.43 4.98 

FiberLab Fiber fraction 

(l) 0.20-0.50 mm 

% Internal 25.73 27.81 25.21 25.67     23.12 25.32     27.59 26.41 

FiberLab Fiber fractions 

(l) 0.50-1.20 mm 

% Internal 28.24 29.28 27.49 29.87     27.08 30.20     33.85 35.15 

FiberLab Fiber fractions 

(l) 1.20-2.00 mm 

% Internal 13.68 13.08 13.34 13.76     13.97 14.36     14.37 12.29 

FiberLab Fiber fractions 

(l) 2.00-3.20 mm 

% Internal 16.16 14.47 14.86 14.84     17.11 14.91     12.77 13.83 

FiberLab Fiber Fractions 

(l) 3.20-7.60 mm 

% Internal 9.28 8.44 11.91 9.04     11.91 8.82     5.99 7.26 

FiberLab Fines L(l) % Internal 6.90 6.91 7.19 6.82     6.81 6.38     5.43 4.98 
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Table II          Results of the fibre properties measurements. 

Trial point     1. Base 2. Base 2. Coated 3. Base 3. Coated 4. Coated 

      Normal Brittle Normal Brittle Normal Brittle Normal Brittle Normal Brittle Normal Brittle 

FiberLab Fiber width (n) µm Internal 20.0 20.1 19.8 19.6     20.4 19.7     21.4 21.9 

FiberLab Fiber width (l) µm Internal 23.6 23.5 23.3 23.0     23.9 23.0     23.6 24.3 

FiberLab Coarseness mg/m mod.ISO 

23713 

0.130 0.132 0.137 0.134     0.124 0.127     0.167 0.163 

FiberLab Fiber CWT (n) µm Internal 5.8 5.8 5.7 5.6     5.9 5.6     6.3 6.6 

FiberLab Fiber CWT (l) µm Internal 7.3 7.2 7.3 7.0     7.4 6.9     7.2 7.5 

FiberLab Fiber Curl (n) % Internal 14.8 14.0 15.9 15.7     16.2 15.9     15.8 15.6 

FiberLab Fiber Curl (l) % Internal 16.5 15.8 17.4 17.3     17.3 17.4     18.0 18.4 

FiberLab Fiber CSA (n) µm² Internal 295.2 295.6 297.8 290.4     310.5 287.5     328.6 329.5 

FiberLab Kink index (l) 1/m Internal 384.67 362.94 325.07 319.29     334.27 334.24     462.62 272.00 

FiberLab Vessels 1/1000 

fibres 

pcs/1

000 

Internal 71 75 37 47     44 45     123 149 

FiberLab Fibrillation % Internal 8.6 8.5 8.2 8.1     7.8 8.0     9.6 9.0 
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Table III          Results of the fibre properties measurements. 

Trial point     1. Base 2. Base 2. Coated 3. Base 3. Coated 4. Coated 

      Normal Brittle Normal Brittle Normal Brittle Normal Brittle Normal Brittle Normal Brittle 

Parent id                             

Grammage g/m² ISO 

536 

60.4 59.7 59.2 59.3 60.4 59.0 59.3 59.4 59.4 58.2 60.8 60.1 

Bulking 

thickness 

µm ISO 

534 

97 97 97 98 84 85 97 98 84 85 91 93 

Apparent 

bulk density 

kg/m³ ISO 

534 

625 613 610 603 718 698 612 607 705 685 665 649 

Tensile 

strength 

kN/m ISO  

1924-3 

2.90 2.95 2.97 2.91 1.72 1.66 3.12 2.90 1.92 1.75 2.11 2.04 

Tensile 

index 

Nm/g ISO  

1924-3 

48.1 49.4 50.2 49.0 28.4 28.2 52.6 48.8 32.4 30.0 34.7 33.9 

Stretch at 

break 

% ISO  

1924-3 

2.22 2.34 2.30 2.31 1.76 1.77 2.27 2.07 1.78 1.79 1.64 1.58 

TEA J/m² ISO  

1924-3 

44 47 47 46 20 20 48 41 23 21 24 22 

TEA index J/kg ISO  

1924-3 

734.14 787.15 788.87 781.71 338.98 340.18 814.67 692.54 389.58 366.07 388.29 364.03 

Tensile 

stiffness 

kN/m ISO 

1924-3 

349 334 334 333 241 232 348 342 260 240 306 297 

Tensile 

stiffness 

index 

MNm/kg ISO  

1924-3 

5.78 5.60 5.65 5.62 3.99 3.93 5.87 5.77 4.37 4.13 5.03 4.93 

Breaking 

length 

m T 494 

om-01 

4904 5039 5124 4997 2896 2874 5368 4981 3302 3061 3542 3458 

Tearing 

resistance 

mN ISO 

1974 

    467 475 329 306 487 482 330 330     

Tear index mNm²/g ISO 

1974 

    7.9 8.0 5.4 5.2 8.2 8.1 5.5 5.7     
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Table IV          Results of the fibre properties measurements. 

Trial point     1. Base 2. Base 2. Coated 3. Base 3. Coated 4. Coated 

      Normal Brittle Normal Brittle Normal Brittle Normal Brittle Normal Brittle Normal Brittle 

Parent id                             

Starch content 

(paper) 

% mod. T 419  0.9 1.3 2.3 2.5 2.5 2.7 2.0 2.2 2.6 2.7 2.3 2.3 

Acetone 

extractive 

% SCAN-CM 

49 

0.38 0.33 0.42 0.30 0.58 0.48 0.32 0.29 0.53 0.44 0.72 0.81 

Fatty acids, 

SOX+GC 

mg/g mod.SCAN-

CM 49 

0.12 0.17 0.14 0.09 0.39 0.3 0.14 0.08 0.39 0.27 1.04 1.06 

Resin acids, 

SOX+GC 

mg/g mod.SCAN-

CM 49 

0.09 0.09 0.15 0.13 0.12 0.08 0.15 0.13 0.1 0.08 0.07 0.04 

Sterols, 

SOX+GC 

mg/g mod.SCAN-

CM 49 

0.06 0.07 0.06 0.05 0.04 0.04 0.05 0.04 0.04 0.04 0.12 0.12 

Betulinol, 

SOX+GC 

mg/g mod.SCAN-

CM 49 

<0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Steryl esters, 

SOX+GC 

mg/g mod.SCAN-

CM 49 

0.03 0.13 0.11 0.2 0.14 0.23 0.09 0.17 0.15 0.21 0.18 0.24 

Triglycerides, 

SOX+GC 

mg/g mod.SCAN-

CM 49 

0.03 0.1 0.05 0.11 0.07 0.15 0.06 0.08 0.08 0.13 0.06 0.06 

Extractives, 

total, 

SOX+GC 

mg/g mod.SCAN-

CM 49 

0.33 0.56 0.51 0.58 0.76 0.80 0.49 0.50 0.76 0.73 1.47 1.52 

Lignans, 

SOX+GC 

mg/g mod.SCAN-

CM 49 

0.05 0.06 0.04 0.04 0.05 0.04 0.04 0.07 0.04   0.11 0.11 
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Table V          Results of the fibre properties measurements. 

Trial point     1. Base 2. Base 2. Coated 3. Base 3. Coated 4. Coated 

      Normal Brittle Normal Brittle Normal Brittle Normal Brittle Normal Brittle Normal Brittle 

Parent id                             

Brightness ISO % ISO 2470 79.4 78.0 78.1 79.2 83.4 83.8 79.3 78.7 84.3 84.0 70.3 69.2 

Opacity % ISO 2471 91.8 92.2 93.1 92.3 94.0 93.1 91.9 92.0 93.4 93.0 96.7 96.6 

Y-value (C/2°) % ISO 5631 80.5 79.5 79.1 80.2 82.5 82.9 80.5 79.7 82.5 83.0 74.5 74.0 

Light scattering 

coeff. 

m²/kg ISO 9416 60.7 60.8 64.0 62.9 76.7 74.3 61.8 60.6 74.2 74.8 72.8 71.1 

Absorption 

coefficient 

m²/kg ISO 9416 1.43 1.60 1.78 1.55 1.42 1.31 1.46 1.57 1.38 1.30 3.16 3.26 

Air permeance 

Bendtsen 

ml/min ISO 5636-3     183 198     244 198         

Ash 525 °C (from 

sheet) 

% ISO 1762 9.04 9.65 10.98 10.51 34.03 33.39 10.86 8.99 32.57 30.24 21.42 20.17 

Mechanical pulp m-% ISO 9184-

1, ISO 

9184-4 

59 64 68 67     62 73     72 67 

Softwood mechanical 

pulp 

m-% “ 59 64 68 67     62 73     64 40 

Hardwood 

mechanical pulp 

m-% “ 0 0 0 0     0 0     8 27 

Chemical pulp m-% “ 41 36 32 33     38 27     28 33 

Softwood chemical 

pulp 

m-% “ 41 36 32 33     38 27     28 33 

Hardwood chemical 

pulp 

m-% “ 0 0 0 0     0 0     0 0 
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Table of the relative humidity versus the air temperature 

 

The table shows the "absolute humidity" in g/m
3
 (upper line) and the "dew point temperature" of the air in °C (lower line) for certain air 

temperatures as a function of relative humidity.  

 

Example: At an air temperature of 50°C and a relative humidity of 70%, the absolute humidity is 58.1 g/m
3
 and the dew point temperature is 

43°C. 

 

 

Reference: http://www.tis-gdv.de/tis_e/misc/klima.htm Last accessed: 31.8.2013. 

  

http://www.tis-gdv.de/tis_e/misc/klima.htm
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Table I  Table of relative humidity vs. air temperature part 1. 

Relative humidity, % 10 % 20 % 30 % 40 % 50 % 60 % 70 % 80 % 90 % 100 % 

Air temperature [°C]                     

50 8.3 16.6 24.9 33.2 41.5 49.8 58.1 66.4 74.7 83 

8 19 26 32 36 40 43 45 48 50 

45 6.5 13.1 19.6 26.2 32.7 39.3 45.8 52.4 58.9 65.4 

4 15 22 27 32 36 38 41 43 45 

40 5.1 10.2 15.3 20.5 25.6 30.7 35.8 40.9 46 51.1 

1 11 18 23 27 30 33 36 38 40 

35 4 7.9 11.9 15.8 19.8 23.8 27.7 31.7 35.6 39.6 

-2 8 14 18 21 25 28 31 33 35 

30 3 6.1 9.1 12.1 15.2 18.2 21.3 24.3 27.3 30.4 

-6 3 10 14 18 21 24 26 28 30 

25 2.3 4.6 6.9 9.2 11.5 13.8 16.1 18.4 20.7 23 

-8 0 5 10 13 16 19 21 23 25 

20 1.7 3.5 5.2 6.9 8.7 10.4 12.1 13.8 15.6 17.3 

-12 -4 1 5 9 12 14 16 18 20 

15 1.3 2.6 3.9 5.1 6.4 7.7 9 10.3 11.5 12.8 

-16 -7 -3 1 4 7 9 11 13 15 

10 0.9 1.9 2.8 3.8 4.7 5.6 6.6 7.5 8.5 9.4 

-19 -11 -7 -3 0 1 4 6 8 10 
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Table II  Table of relative humidity vs. air temperature part 2. 

Relative humidity, % 10 % 20 % 30 % 40 % 50 % 60 % 70 % 80 % 90 % 100 % 

Air temperature [°C]                     

15 1.3 2.6 3.9 5.1 6.4 7.7 9 10.3 11.5 12.8 

-16 -7 -3 1 4 7 9 11 13 15 

10 0.9 1.9 2.8 3.8 4.7 5.6 6.6 7.5 8.5 9.4 

-19 -11 -7 -3 0 1 4 6 8 10 

5 0.7 1.4 2 2.7 3.4 4.1 4.8 5.4 6.1 6.8 

-23 -15 -11 -7 -5 -2 0 2 3 5 

0 0.5 1 1.5 1.9 2.4 2.9 3.4 3.9 4.4 4.8 

-26 -19 -14 -11 -8 -6 -4 -3 -2 0 

-5 0.3 0.7 1 1.4 1.7 2.1 2.4 2.7 3.1 3.4 

-29 -22 -18 -15 -13 -11 -8 -7 -6 -5 

-10 0.2 0.5 0.7 0.9 1.2 1.4 1.6 1.9 2.1 2.3 

-34 -26 -22 -19 -17 -15 -13 -11 -11 -10 

-15 0.2 0.3 0.5 0.6 0.8 1 1.1 1.3 1.5 1.6 

-37 -30 -26 -23 -21 -19 -17 -16 -15 -15 

-20 0.1 0.2 0.3 0.4 0.4 0.5 0.6 0.7 0.8 0.9 

-42 -35 -32 -29 -27 -25 -24 -22 -21 -20 

-25 0.1 0.1 0.2 0.2 0.3 0.3 0.4 0.4 0.5 0.6 

-45 -40 -36 -34 -32 -30 -29 -27 -26 -25 
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Results of the starch experiment 

Table I          Results of the starch experiment 

Trial point 1 2 3 4 

Amount of starch, % 0 1 2 3 

Grammage, g/m2 62.40 61.30 63.20 60.20 

Bulking thickness, μm 99.72 97.54 99.54 97.82 

Apparent bulking 

density, kg/m3 

625.78 628.43 634.92 615.44 

Light scattering 

coefficient, m2/kg 

59.67 58.10 59.80 58.01 

Light absorption 

coefficient, m2/kg 

1.56 1.43 1.71 1.48 

Relative humidity, % 10 50 10 50 10 50 10 50 

Average values                 

Tensile index, Nm/g 57.33 51.55 58.63 53.48 56.81 52.90 59.32 54.36 

Stretch at break, % 1.87 2.20 1.93 2.28 1.82 2.37 1.88 2.32 

TEA index, J/kg 700.49 782.80 747.29 836.21 685.73 873.60 732.10 878.31 

Tear index, mNm2/g 6.25 8.35 6.59 8.35 7.14 9.01 6.46 8.42 

Standard deviation                 

Tensile index, Nm/g 3.35 3.40 2.68 2.74 3.14 1.70 2.10 1.69 

Stretch at break, % 0.12 0.18 0.12 0.18 0.22 0.13 0.14 0.15 

TEA index, J/kg 88.55 110.42 85.75 110.66 118.84 75.04 85.41 79.47 

Tear index, mNm2/g 0.32 0.35 0.15 0.29 0.21 0.48 0.50 0.26 

Coefficient of 

variation, % 

                

Tensile index, Nm/g 5.84 6.60 4.56 5.11 5.53 3.22 3.54 3.10 

Stretch at break, % 6.29 8.07 6.25 7.80 12.29 5.54 7.19 6.44 

TEA index, J/kg 12.64 14.11 11.47 13.23 17.33 8.59 11.67 9.05 

Tear index, mNm2/g 5.09 4.14 2.31 3.42 2.93 5.38 7.67 3.09 

Confidence interval, 

95% 

                

Tensile index, Nm/g 2.07 2.11 1.66 1.70 1.95 1.06 1.30 1.04 

Stretch at break, % 0.07 0.11 0.07 0.11 0.14 0.08 0.08 0.09 

TEA index, J/kg 54.88 68.44 53.15 68.59 73.66 46.51 52.94 49.26 

Tear index, mNm2/g 0.20 0.21 0.09 0.18 0.13 0.30 0.31 0.16 
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Figure 1  The tensile index at different trial points in starch experiment.  

 

 
Figure 2  The stretch of break at different trial points in starch experiment. 
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Figure 3  The TEA index at different trial points in starch experiment. 
 

 

 

 
Figure 4  The tear index at different trial points in starch experiment. 
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Figure 5  The Fracture TEA at different trial points in starch experiment. 
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Results of the drying temperature experiment 

Table I  The results of the drying temperature experiment 

Trial point Dry matter content 

DMC 94% 98% 

Relative humidity of 

measurement, % 
50 50 10 10 

Drying temperature, °C 60 120 60 120 

                  

Average values                 

Tensile index, Nm/g 43.46 43.25 47.50 47.83 

Stretch at break, % 2.85 2.68 1.99 1.72 

TEA index, J/kg 920.35 863.12 657.79 559.71 

Fracture TEA index, J/kg 309.49 298.43 232.36 221.28 

Tear index, mNm
2
/g 12.02 12.77 8.72 9.04 

          

Standard deviation         

Tensile index, Nm/g 1.56 1.47 2.14 2.25 

Stretch at break, % 0.20 0.23 0.19 0.24 

TEA index, J/kg 86.03 95.22 101.73 117.34 

Fracture TEA index, J/kg 34.35 25.52 19.42 18.41 

Tear index, mNm
2
/g 0.63 0.63 0.60 0.53 

          

Coefficient of variation, %         

Tensile index, Nm/g 3.60 3.40 4.51 4.70 

Stretch at break, % 6.98 8.62 9.29 14.06 

TEA index, J/kg 9.35 11.03 15.47 20.96 

Fracture TEA index, J/kg 11.10 8.55 8.36 8.32 

Tear index, mNm
2
/g 5.22 4.96 6.87 5.84 

          

Confidence interval, 95%         

Tensile index, Nm/g 0.969 0.911 1.327 1.392 

Stretch at break, % 0.123 0.143 0.115 0.150 

TEA index, J/kg 53.319 59.019 63.055 72.728 

Fracture TEA index, J/kg 21.292 15.819 12.037 11.412 

Tear index, mNm
2
/g 0.389 0.393 0.371 0.327 
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Figure 1  The drying curve to determine the correct drying times.  
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Appendix IX                 1(3) 

Results of the tearing by hand experiment 

 

Tables I and II present the results of machine directional and cross machine directional tearing by hand experiment.  
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Table I           Results of the machine directional tearing by hand experiment. 

 Grade 
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1. Base 2. Base 2. Coated 3. Base 3. Coated 4. Coated 
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1 4  x      x     x   x     x     x   

6 x       x     x     x     x   x   

8 x       x     x     x     x x     

2 4   x     x     x     x   x     x   

6  x  x         x x     x     x     

8   x     x     x     x     x x     

3 4   x   x       x   x     x     x   

6   x     x     x   x       x x     

8   x x       x     x       x x     

4 4   x x         x     x     x x     

6 x   x     x     x         x x     

8 x     x   x     x     x         x 

5 4  x      x   x     x   x       x   

6   x     x x       x   x         x 

8   x     x x       x   x         x 

  4 3 8 4 2 9 4 2 9 3 7 5 5 3 7 7 5 3 
 

 

  



 

3(3) 
Table II           Results of the cross machine directional (CD) tearing by hand experiment. 

 Paper grade 
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1. Base 2. Base 2. Coated 3. Base 3. Coated 4. Coated 

N
o

rm
al

 

E
v

en
 

B
ri

tt
le

 

N
o

rm
al

 

E
v

en
 

B
ri

tt
le

 

N
o

rm
al

 

E
v

en
 

B
ri

tt
le

 

N
o

rm
al

 

E
v

en
 

B
ri

tt
le

 

N
o

rm
al

 

E
v

en
 

B
ri

tt
le

 

N
o

rm
al

 

E
v

en
 

B
ri

tt
le

 

1 4     x   x     x       x   x     x   

6     x x         x x       x     x   

8     x x         x x       x     x   

2 4     x   x       x     x   x   x     

6     x   x       x     x x     x     

8     x     x     x     x   x     x   

3 4   x       x     x     x   x     x   

6   x       x     x     x   x       x 

8   x       x     x   x   x         x 

4 4 x     x         x     x x     x     

6 x         x   x       x x     x     

8     x     x x         x     x x     

5 4 x     x       x   x       x     x   

6 x     x     x     x         x     x 

8 x     x     x     x     x         x 

  5 3 7 6 3 6 3 3 9 5 1 9 5 8 2 5 6 4 
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Local strain analysis 

 

Figures 1 and 2 present the local strain and the local shrinkage during the straining.  
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Figure 1 The local strains during the straining dx1-dx18. Every partial figure presents the blue curve that demonstrates the distance between markers during the 

tensile strain. The green curve calculated with a least square method and fitted in the measurement data.  The time between each picture is 250 µs. 
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Figure 2 The local shrinkage during the straining dy1-dy18. Every partial figure presents the blue curve that demonstrates the distance between markers during the 

tensile strain. The green curve calculated with a least square method and fitted in the measurement data.  The time between each picture is 250 µs. 
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Calculation of the brittleness index and the results of the stress-strain analysis 

An example of the brittleness index calculation is presented. The example shows the parameters and the calculation of one parallel sample for an 

unnotched sample of trial paper 1. Base. The C-Impact machine produces versatile data for each sample that is put to tensile straining. It 

calculates the tension and the strain in very small increments; approximately one data point per 1/1000 second is formed. In this example there 

were 735 values for normal and 559 values for brittle sample. Values stands for the tensile strength and the corresponding tensile strain at each 

moment. Table I presents the values that were obtained from the C-Impact measurement and used for calculation of brittleness indexes. 

Table I  Parameters obtained from C-Impact and are used for an example of brittleness index calculation. 

Parameters\Trial point 1. Base Normal 1. Base Brittle 

Maximum tension, N/m 3998.9 3352.2 

Stretch at break, % 

 

1.278 0.980 

Tensile stiffness, kN/m 489.912 462.268 

Work done during straining, mJ 79.59 47.92 

 

Figure 1 presents the key factors for brittleness index calculation.  
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Figure 1 The stress-strain curve of the normal and brittle paper samples of grade 1. Base. The tensile straining was done at the relative humidity of 10%. The area of 

triangle describes the elastic work. The area between the triangle and a curve stands for the plastic work done during the tensile straining. Tensile stiffness is 

defined as a slope of a curve. 
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The area of triangle was calculated using Equation 1 and the calculation follows the predictions of Hooke’s law.  

                 
         

 
          (1) 

where  ΔL difference in elongation, m 

  Fmax maximum tension, N/m 

  W width of a strip, 15 mm. 

The difference in elongation, ΔL, is calculated according Equation 2. 

     
    

  
             (2) 

where  ΔL difference in elongation, m 

  L length of a strip, 180 mm 

  TS tensile stiffness, N/m. 

The calculation of Area of triangle for the samples 1. Base normal and 1. Base brittle: 
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The area under the curve stands for the work done under tension and it is calculated using Equation 3.  

                    ∑      
  

   
            (3) 

where  Fi tension, N/m 

  W width of a strip, mm 

  ε
i
 elongation, % 

  L length of a strip, mm. 
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For the normal sample there were 735 successive intervals and for the brittle sample 559 intervals from which the summation was calculated as a 

function of each increment in stretch and in tension. In other words, for the normal sample a total of 735 various size areas were calculated and 

for the brittle sample 559 areas. The results were: 

                   (             )   ∑      
  

   
     ∑          

  

   
                            

                   (              )   ∑      
  

   
     ∑          

  

   
                            

 

Two types of brittleness indexes were calculated from the stress-strain curves. Brittleness indexes 1 and 2 differ by the calculation of the area 

under a curve. For some samples, the stress-strain curve tends to form sort of a tail after the largest tension. This occurs especially with the 

samples of high moisture content. Brittleness index 1 includes the tail of the stress-strain curve and the amount of work is calculated as a sum of 

the tension values per strain unit. With brittleness index 2, the area under a curve is calculated by using the value of maximum tension from the 

C-impact machine where the calculation ends at the maximum elongation. The calculation of brittleness indexes was done this way in order to 

see the differences caused by the moisture content. An example of the stress-strain curves that has a tail is presented in Figure 2. 
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Figure 2 An example of stress-strain curves that has “a tail” can be seen with the brittle samples. The samples are from trial paper 1. Base and were measured in the 

dry matter content of 70%. 
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The calculation of the brittleness index was done according Equation 4.  

   
                

                  
         (4) 

where  BI   brittleness index 

Area of triangle amount of elastic energy 

Area under a curve amount of elastic and plastic energy. 

The calculation of the brittleness indexes of one tensile straining sample for normal and brittle trial paper 1. Base: 
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Table II          The average brittleness indexes of the unnotched samples.  

ID BRITTLENESS INDEX AVERAGE UNNOTCHED 

Sample Normal Brittle Normal Brittle Normal Brittle Normal Brittle 

Relative humidity, % 10 50 90 DMC 70 (wetting) 

Dry matter content, % 96.50 96.55 93.15 93.25 85.82 84.96 74.78 73.45 

         

Measurement        

AVERAGE                 

Brittleness index 1 0.546 0.544 0.523 0.496 0.369 0.374 0.436 0.424 

Brittleness index 2 0.549 0.549 0.526 0.504 0.372 0.378 0.460 0.451 

                

STDEV                 

Brittleness index 1 0.0542 0.0721 0.0368 0.0362 0.0517 0.0468 0.0790 0.0963 

Brittleness index 2 0.0550 0.0724 0.0369 0.0243 0.0524 0.0492 0.0752 0.0977 

                

STDEV/AVG*100                 

Brittleness index 1 9.93 13.25 7.04 7.29 13.99 12.52 18.11 22.70 

Brittleness index 2 10.01 13.20 7.02 4.82 14.08 13.02 16.33 21.67 

                

CONFIDENCE 95%                 

Brittleness index 1 0.0227 0.0301 0.0154 0.0151 0.0216 0.0195 0.0258 0.0334 

Brittleness index 2 0.0230 0.0303 0.0154 0.0101 0.0219 0.0205 0.0246 0.0338 
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Table III          The average brittleness indexes of the notched samples.  

ID BRITTLENESS INDEX AVERAGE NOTCHED 

Sample Normal Brittle Normal Brittle Normal Brittle Normal Brittle 

Relative humidity, % 10 50 90 DMC 70 (wetting) 

Dry matter content, % 96.50 96.55 93.15 93.25 85.82 84.96 74.78 73.45 

         

Measurement        

AVERAGE                 

Brittleness index 1 0.601 0.572 0.564 0.586 0.390 0.400 0.421 0.394 

Brittleness index 2 0.631 0.598 0.587 0.612 0.441 0.451 0.523 0.489 

                

STDEV                 

Brittleness index 1 0.0646 0.0482 0.0569 0.0646 0.0589 0.0588 0.0673 0.0592 

Brittleness index 2 0.0794 0.0449 0.0573 0.0630 0.0618 0.0655 0.0693 0.0687 

               

STDEV/AVG*100                 

Brittleness index 1 10.74 8.43 10.08 11.02 15.11 14.69 16.00 15.02 

Brittleness index 2 12.58 7.50 9.76 10.29 13.99 14.51 13.25 14.04 

                

CONFIDENCE 95%                 

Brittleness index 1 0.0200 0.0149 0.0176 0.0200 0.0182 0.0184 0.0209 0.0183 

Brittleness index 2 0.0246 0.0139 0.0178 0.0195 0.0191 0.0205 0.0215 0.0213 
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Table IV Brittleness index 1 of unnotched papers. The difference is color-coded in order 

to visualize the differences better. Blue stands for a good prediction of 

brittleness, e.g. the brittle paper has higher brittleness index than the normal 

paper. Green stands for a minor difference. Orange stands for a poor prediction. 

 Relative humidity, % 10 50 90 DMC70 

1. Base Normal 0.560±0.031 0.495±0.024 0.425±0.041 0.454±0.074 

Brittle 0.590±0.054 0.488±0.060 0.428±0.020 0.459±0.120 

Difference, % 5.0 -1.5 0.6 1.2 

      

2. Base Normal 0.506±0.037 0.542±0.052 0.372±0.071 0.464±0.072 

Brittle 0.569±0.068 0.523±0.026 0.374±0.043 0.415±0.087 

Difference, % 11.1 -3.6 0.5 -12.0 

      

2. Coated Normal 0.503±0.091 0.537±0.036 0.336±0.053 0.340±0.072 

Brittle 0.484±0.107 0.514±0.012 0.320±0.061 0.340±0.067 

Difference, % -3.8 -4.5 -5.1 0.1 

      

4. Coated Normal 0.615±0.011 0.517±0.024 0.344±0.024 0.486±0.093 

Brittle 0.534±0.023 0.458±0.036 0.372±0.050 0.482±0.088 

Difference, % -15.3 -13.0 7.6 -0.8 

 

 

Table V Brittleness index 2 of unnotched papers. The difference is color-coded in order 

to visualize the differences better. Blue stands for a good prediction of 

brittleness, e.g. the brittle paper has higher brittleness index than the normal 

paper. Green stands for a minor difference. Orange stands for a poor prediction. 

 Relative humidity, % 10 50 90 DMC70 

1. Base Normal 0.564±0.031 0.498±0.024 0.427±0.041 0.491±0.077 

Brittle 0.599±0.051 0.512±0.019 0.430±0.019 0.519±0.124 

Difference, % 5.9 2.6 0.7 5.3 

      

2. Base Normal 0.508±0.037 0.545±0.051 0.377±0.071 0.478±0.067 

Brittle 0.572±0.068 0.526±0.026 0.383±0.050 0.435±0.085 

Difference, % 11.2 -3.5 1.7 -9.9 

      

2. Coated Normal 0.506±0.093 0.539±0.036 0.339±0.055 0.353±0.066 

Brittle 0.487±0.108 0.516±0.013 0.323±0.063 0.352±0.064 

Difference, % -4.0 -4.5 -5.0 -0.1 

      

4. Coated Normal 0.620±0.012 0.520±0.025 0.345±0.024 0.520±0.085 

Brittle 0.536±0.025 0.460±0.035 0.374±0.050 0.497±0.089 

Difference, % -15.5 -13.0 7.6 -4.5 
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Table VI Brittleness index 1 of notched papers. The difference is color-coded in order to 

visualize the differences better. Blue stands for a good prediction of brittleness, 

e.g. the brittle paper has higher brittleness index than the normal paper. Green 

stands for a minor difference. Orange stands for a poor prediction. 

 Relative humidity 10 50 90 DMC70 

1. Base Normal 0.711±0.056 0.705±0.064 0.537±0.046 0.542±0.085 

Brittle 0.722±0.073 0.781±0.056 0.566±0.076 0.494±0.088 

Difference, % 1.5 9.8 5.1 -9.6 

      

2. Base Normal 0.453±0.052 0.420±0.034 0.253±0.035 0.237±0.014 

Brittle 0.451±0.032 0.374±0.062 0.246±0.038 0.240±0.029 

Difference, % -0.4 -12.1 -2.7 1.2 

      

2. Coated Normal 0.516±0.045 0.365±0.033 0.237±0.039 0.271±0.062 

Brittle 0.412±0.046 0.356±0.030 0.246±0.043 0.280±0.054 

Difference, % -25.3 -2.4 3.5 3.2 

      

4. Coated Normal 0.725±0.095 0.767±0.081 0.532±0.095 0.633±0.083 

Brittle 0.703±0.028 0.835±0.094 0.543±0.067 0.562±0.051 

Difference, % -3.1 8.1 1.9 -12.6 

 

 

Table VII Brittleness index 2 of notched papers. The difference is color-coded in order to 

visualize the differences better. Blue stands for a good prediction of brittleness, 

e.g. the brittle paper has higher brittleness index than the normal paper. Green 

stands for a minor difference. Orange stands for a poor prediction. 

Relative humidity 10 50 90 DMC70 

1. Base Normal 0.749±0.047 0.743±0.058 0.604±0.051 0.684±0.080 

Brittle 0.778±0.058 0.815±0.059 0.650±0.096 0.616±0.098 

Difference, % 3.7 8.8 7.1 -11.0 

      

2. Base Normal 0.476±0.068 0.428±0.035 0.301±0.035 0.291±0.027 

Brittle 0.464±0.032 0.388±0.060 0.283±0.036 0.299±0.021 

Difference, % -2.5 -10.3 -6.5 2.4 

      

2. Coated Normal 0.534±0.044 0.382±0.036 0.281±0.042 0.342±0.090 

Brittle 0.422±0.049 0.368±0.029 0.274±0.049 0.347±0.060 

Difference, % -26.6 -3.7 -2.6 1.4 

      

4. Coated Normal 0.765±0.128 0.794±0.086 0.580±0.098 0.773±0.063 

Brittle 0.729±0.037 0.875±0.089 0.598±0.063 0.697±0.072 

Difference, % -4.9 9.2 3.0 -11.0 

 


