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Summary
Four different trials of stratified three-layered fine paper, of sulphate pulp, were performed to investigate 
if stratified fine fraction or fibres from birch can improve the properties of a paper compared to a reference 
sheet. All trials had five different scenarios and each scenario was calendered with different linear load. 
All sheets had a grammage of 80 g/m2.

In the first trial, the paper contained birch, pine and filler of calciumcarbonate (marble), and was manu-
factured with the pilot paper machine XPM and the stratified headbox Formator at RCF (Stora Enso 
Research Center in Falun). The furnish consisted of 75% birch and 25% pine.

The second trial contained coated sheets with paper from trial one as the base paper. The coating slip 
contained calciumcarbonate and clay and the amount was approximately 10-12 g/m2. 

The third trial, also with birch and pine but without filler, was performed at STFI (Skogsindustrins  
Tekniska Forskningsinstitut in Stockholm) with the laboratory scaled paper machine StratEx and the 
stratified headbox AQ-vanes. The furnish consisted of 75% birch and 25% pine, except for one scenario 
which contained of 75% pine and 25% birch.

The last trial contained fractionated pulp of birch and pine and was performed at STFI. 50% was fine 
fraction and 50% was coarse fraction. 

This test does not show any clear benefits of making stratified sheets of birch and pine when it comes to 
properties such as bending stiffness, tensile index and surface smoothness. The retention can be improved 
with birch in the surface plies. It is possible that the formation can be improved with birch in the surface 
plies and pine in the middle ply. It is also possible that fine fraction in the surface plies and coarse frac-
tion in the middle ply can improve both surface smoothness and bending stiffness. The results in this test 
are shown with confidence intervals which points out the difficulties of analysing sheets manufactured 
with a pilot paper machine or a laboratory scaled paper machine. 
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Sammanfattning
Fyra olika försök med treskiktat finpapper av sulfatmassa har utförts för att undersöka om stratifierad 
finfraktion eller björkfibrer kan förbättra papperets egenskaper jämför med ett homogent referensark. Alla 
försöken bestod av fem olika scenarion som kalandrerades med varierande linjetryck. Ytvikten på arken 
var 80 g/m2.

Det första försöket bestod av papper som innehöll fibrer från björk- och tallmassa samt fyllmedel av 
kalcimkarbonat (marmor). Papperet tillverkades på pilotpappersmaskinen XPM och med den skiktade 
inloppslådan Formator på RCF (Stora Ensos forskningsavdelning i Falun). Alla scenarion innehöll 75 % 
björk och 25 % tall. 

Det andra försöket bestod av bestrukna ark, där papperet från första försöket var baspapperet. 
Bestrykningssmeten bestod av kalciumkarbonat och lera och bestrykningsmängden var 10-12 g/m2. 

Det tredje försöket bestod också av björk- och barrfibrer, men utan fyllmedel. Papperet tillverkades på 
STFI  (Skogsindustrins  Tekniska Forskningsinstitut in Stockholm) med laboratoriepappersmaskinen 
StratEx och den flerskiktade inloppslådan AQ-vane. Papperet bestod av 75 % björk och 25 % tall utom i 
ett försök med 75 % tall och 25 % björk.

Det fjärde försöket bestod av fraktionerad björk- och tallmassa och papperet tillverkades även det på 
STFI. 50 % av arket var finfraktion och 50 % var grovfraktion. 

De här försöken visar inte några klara fördelar med att tillverka flerskiktat finpapper med björk- och 
barrmassa när det gäller egenskaper som böjstyvhet, styrka eller ytråhet. Retentionen kan förbättras 
om det yttersta skiktet består av björk. Det är möjligt att formationen kan förbättras om ytterskikten 
består av björk och mittskiktet av tall. Det är också möjligt att finfraktion i ytterskikten och grovfraktion 
i mittskiktet kan förbättra både böjstyvhet och ytråhet. Resultaten i de här försöken visas med konfidens-
intervall vilket i sin tur visar svårigheten med att analysera papper som är tillverkat med en pilotpap-
persmaskin eller en pappersmaskin i laboratorieskala.





The nature seems to be infinite full of pheno-
mena and adventures, the remarkable thing 
is that it is, after all, comprehensible.

Stars and Apple that falls
Ulf Danielsson
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Preface
For being a graphic engineer a degree project concerning paper techno-
logy at this proportion is really a challenge. But already in my third year 
at University of Dalarna (Högskolan Dalarna) I was fascinated by the 
technology of three layered paper. Fascinated enough to take the chal-
lenge and do not only one, but two, unusual degree projects far away from 
design and printing technology. In my third year I wrote a degree report 
concerning history, technology and research about three layered paper. 
And now, in my fourth year, I have had the great opportunity to be a part 
of the EU project Eco Target and the Swedish project TESS. So after more 
than two years of reading research reports of others, I have now written 
my own based upon the research I have done. I took up the gauntlet and 
I hope you enjoy the results and find something interesting!

Except for the paper manufacturing, I have performed each step in this 
project by myself. But that could not have been possible without help from 
a lot of people who gave me advice, let me take part of their knowledge, 
helped me with the technical equipment and supported me with the paper 
tests. 

I would like to thank the following persons:

STFI
Hannes Vomhoff, Elisabeth Björk, Daniel Söderberg, och Clas 
Holmqvist for letting me take part of the paper manufacturing at STFI 
with the amazing laboratory paper machine StratEx. Special thanks to 
Elisabeth who stood up with all my questions. Anders Mähler for giving 
me both a very interesting tour and information about FEX and informa-
tion of earlier research of three-layered paper. 

RCF
Gustav Boklund, for your patience and wise conversations. Although 
this project turned in to a more complicated situation than expected, you 
were able to guide me through what seemed to be a jungle at first glance. 
Martin Dahlin, for being a "sounding board" and not at least a good 
company during my first time at RCF. Petter Kolseth, for your critical 
view of three layered paper. It helped me a lot to be careful and not to take 
anything for granted. Gunda Ermesjö, for teaching me how to handle the 
Dow Blade Coater and make a coating slip. I really enjoyed your company 
and missed you a lot when you were pensioned off. Jan Källberg, for 
making the paper to me at RCF, but also for all the interesting discus-
sions about paper making and fibres. Elisabet Dolff, for taking care 
of the chemicals during the paper manufacturing and for answering all 
the questions I had concerning chemicals. Jerker Jäder for interesting 
discussions regarding the coating process. Kerstin Renfalk-Lindén, for 
making so many electroscopic pictures of my papers and teaching me the 
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function of the tecnical equipment SEM. Olle Henningsson, for discus-
sions regarding how to determine purity of layered paper and all your help 
with microscopy of the paper. Örjan Sävborg, for teaching me the proce-
dure with OptiTopo and for your great analysis of the papers topography. 
Bosse Wigge, for learning me how to split the sheets with the lamination 
equipment but also for all interesting discussions about test methods. 
Inger Wester for the ß-formation analysis and for the information about 
the analysing method. Johan Lidberg and Mats Hiertner for guiding 
me, with great patience, along the tricky path of statistic analysis met-
hods. Alf Gustafsson for learning me to handle the calender equipment. 
And, of course, the paper lab crew at RCF, Camilla Solin, Eva Johnson, 
Lisbeth Rauino and Christina (Tina) Österberg, for teaching me how 
to test the paper and handle the equipment, and most of all for all the 
support and help you gave me with all 700 sheets that we handled in the 
ordinary paper test in this project!

Grycksbo Paper
Anna Mårtensson, for all help and service with chemicals to both paper 
manufacturing and coating.

University of Dalarna
Göran Bryntse, for supporting me and giving me courage to go ahead 
with a paper project like this, and for believing in me and my knowledge, 
notwithstanding I am a graphic engineer. I am most grateful! 

Hans Sandqvist, for teaching me the fundamentals of statistics and for 
proofreading my chapter Statistics and Reliability.

Without you, this degree project wouldn't be half as joyful and instructive 
as it has been. You have taught me a lot, for that and for all the help from 
you, I am most grateful.

A special thanks to my brother Joel Norberg who helped me with the 
proofreading. The remaining grammatical errors and misspellings I have 
myself to blame, you did a great job with this lengthy report. ♥

At last, I would like to thank 
my beloved Stefan Ljungberg, 

for everything!

Mariell Mattison. October 2006
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Introduction

Background
Today, three-layered formed fine paper made with a stratified headbox, 
is no longer a new area to research institutions. The benefits of multi-lay-
ered paper are well documented and include increased bending stiffness or 
lower grammage with maintained paper properties. The speed of the paper 
machine and economy are two important factors when it comes to producing 
paper, and both of them can be improved with simultaneous forming. Every 
coin has two sides and so has multiply paper. One drawback is the difficulty 
to make the paper with high layer purity. The other thing to solve when it 
comes to produce simultaneously formed paper is the broke. Both of these 
problems can lead to a paper with impaired paper properties.

However this report will not show any solutions for the technical problems. 
This degree project is a contribution to the research of stratified sheets. 
Stratified sheets implies more possibilities than a homogeneous sheet, but it 
is not obvious how the paper will appear with different fibres in separate lay-
ers. This report will show properties of stratified sheets with varying amount 
of birch at the surface, and pine or a mix of pine and birch in the middle 
ply. It will also show the properties of stratified sheets with fine and coarse 
fraction. And further more, it will show the properties of coated sheets with 
a stratified base paper. The sheets have a grammage of 80 g/m2 (coating 
excluded) and they are compared to a homogeneous reference sheet. 

Objective
The main objective is to see if there are benefits with stratified sheets with 
a furnish of birch and pine sulphate, both fractionated and unfractionated, 
compared to a homogeneous reference sheet. The second objective is to 
evaluate a coated sheet with a stratified base paper to see if there is any 
advantages compared to a homogeneous base paper. And the third objective 
is to determine which layer structure, i.e. fibre quality and required amount 
for the different plies, will give the greatest benefit. The theory is that a 
smoother surface will need less calendering.

Method

Paper manufacturing of four different trials 
The first trial took place at RCF (Research Center in Falun) with a pilot 
paper machine called XPM. It is a fourdrinier with a drying section online. 
The three-layered headbox, called Formator, forms the layers onto each 
other wet-in-wet on one wire. The paper contained 75 % birch and 25 % pine, 
filler (CaCO3), starch and retention aid. Paper machine speed during the 
trial was 12 m/min.
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The second trial contained coated sheet with paper from trial one as the 
base paper. The sheets were single side coated with a slip consisting of 75% 
Calcium carbonate, 25% clay and a latex binder and a thickener. A labora-
tory coater was used, Dow Blade Coater, and the sheets were coated one at 
a time.

The third trial took place at STFI-Packforsk (Skogsindustrins Tekniska 
Forskningsinstitut in Stockholm) with the paper machine StratEx. It is a 
laboratorial small-scaled paper machine, especially developed for making 
multi-ply paper with a new stratified headbox called AQ-vane. The headbox 
does not use conventional vanes. Instead the pulps are separated with a thin 
liquid layer. The paper contained 75 % birch and 25 % pine in four of the tri-
als. One trial  was made with 25 % birch and 75 % pine. No filler were added 
in the pulp. Paper machine speed during the trial was 1.5 m/min.

The fourth trial was also performed at STFI with StratEx. The furnish con-
tained fractionated pulp, made by a hydrocyclone, of 50 % birch and 50 % 
pine and no filler. Total amount in the paper was 50% fine fraction and 50 % 
coarse fraction in every scenario, except one where the paper contained 75 % 
coarse fraction and 25 % fine fraction.  

Calendering
The linear load was set to 5 kN/m, 15 kN/m and 30 kN/m for paper made 
with XPM. Paper made at STFI was calendered with a linear load of 10 
kN/m and 30 kN/m. The calendering was performed at RCF with EnfoPlan, 
EP 210. 

The structure of the report
The report is divided in four major parts:
Part One -Theory, contains information about stratified paper machines 
and headboxes, AQ-vane and XPM, fractionation, hydrocyclones and former 
research results. 
Part Two -Accomplishment, describes each step of the project, from bea-
ting of the stock, to measurement methods for the finished paper.
Part Three -Result, presents the results of the investigation. Since the 
degree project contains four different trials, the results of each trial will be 
accounted for separately. 
Part Four -Concluding words, contains conclusions, discussion and sug-
gestions for further investigations. 

Diagrams and illustration
Every diagram and graph in this report, which refers to another author, are 
not authentic to the original. They should therefore be considered as sket-
ches of the original diagram and graphs and a help to gain a better view over 
the results. The original is referred to adjacent to the diagrams and graphs. 

All illustrations are made by the author. 
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Part One 

Theory

Chapter
1 Why multi-ply paper
2 Paper machines and headboxes for multi-ply paper
3 Former research results
4 Fractionation
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Why multi-ply paper?
There are advantages with a multi-ply sheet that a homogenous mixed sheet 
can not attain. In a multi-ply paper the different layers can be given certain 
properties that lead to improved bending stiffness, surface smoothness, 
surface bonding strengths and formation. This can also lead to maintained 
properties, but with reduced grammage. [6, 14, 32, 34]

Multi-ply paper made with a stratified headbox can also lead to energy-
savings[32], higher wood utilization[40], less costly materials[7] and increased 
speed[24]. 

Some of the advantages of paper properties is so far theoretical. Stratified 
headboxes used under trials the last twenty years have had some difficul-
ties to produce multi-ply paper with sufficient layer purity. The insufficient 
purity is caused by the vortices that appears at the end of the vanes that 
keep the different layers separated in the headbox. [18, 32] 

If the layer purity in a paper is insufficient it will be difficult to attain the 
theoretical benefits for a stratified paper. But there is enough evidence to 
show that it will be possible to reach the theoretic benefits with layering if 
the manufacturing process attains higher control.[28]

1.1 Applicability for simultaneous forming

1.1.1 Different pulps and fibres
One application for simultaneously formed paper, multi-ply or stratified 
sheets made with one stratified headbox, is to use different fibres or pulps 
in separate layers. The fibres can come from different types of wood, or from 
different preparation, chemical or mechanical or a combination of both, or 
even from recycled paper. The type of fibre depends on which properties the 
paper should have. Fibres from birch are smoother than pine, fibres from 
chemical pulp are longer and lighter than fibres from mechanical pulp 
which is stragglier and gives more bulk. Recycled fibres reduce costs and 
can for example be allocated to the middle layer.[11] Stratification with 
different fibres in each layer is not possible for lower grammage, under 60 
g/m2, of printing paper if the purpose is to attain improved properties. The 
outer layer has to be at least 20 g/m2 to get enough cover over the middle 
layer. And the middle layer has to be at least 30-40 g/m2 to gain sufficient 
benefit in multi-layering.[10]  

1.1.2 Fillers and additives
Simultaneous forming can also contain stratification of fillers and additives 
like retention aid, optical brightening agents and starch. This procedure 
can be applied to light weight printing grades and does not require perfect 
layer purity.[14] Using the fillers and additives where they are appropriate 
will reduce chemical costs and improve paper properties.[5, 14, 24]

Chapter 1. 
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Filler in the middle layer is of no use if its purpose is to give the paper a 
smoother surface to improve printing properties of the paper. Fillers with 
different shape and sizes can be selected in the layers where they are most 
efficient. Small particles will improve the smoothness of the surface when 
they are allocated to the outer layer. Particles with large specific area can be 
allocated to the middle layer as they have a tendency to improve bulk.[12] 

With the proper amount and location of retention aid it is possible to con-
centrate the fines and fillers in the outer layer, a method that can be used 
for layered SC-paper with a low grammage. This does not only give the 
paper a visual difference but also improve the printability of the paper.[18] 

Starch added in the middle ply increases tensile and bond strength com-
pared with adding it to all plies. The effectiveness of both starch and size 
can be increased if they are placed in a specific ply rather than dispersing 
them across all layers.[8]

1.1.3 Fibre fraction
Fibres which are growing in the spring, early wood, have a different struc-
ture, length and density than late wood fibres which are growing during the 
summer and autumn. An early wood fibre has a bigger hollowness and thin-
ner cell wall than a late wood fibre. At the fractionation the different fibre 
qualities is separated by a screen or a hydrocyclone to a fine fraction and a 
coarse fraction. By using the fractionated fibres in separate layers the paper 
properties can be improved compared to a homogenous paper. The fine frac-
tion, with thin cell walls, will collapse in the drying part and even more when 
the paper is calendered, and therefore gives the paper a smoother surface if it 
is placed in the outer layers. The coarse fraction with thicker cell wall gives 
more bulk and could therefore be placed in the middle layer to give improved 
bending stiffness. When the fine fraction is placed in the middle ply Scott 
Bond can be improved. [11]

Possible fields of applications for multi-ply paper in the future and were it is used to day.

Fig 1.
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1.2 Improved paper properties

1.2.1 Smoothness and bulk
Smoothness and bulk are two important factors for an office copy paper. 
Today advanced digital printers with 4-colour (or more) are frequently used. 
High quality pictures with high resolution demands good surface properties 
in a paper. To gain sufficient smoothness on the surface the paper is calen-
dered. One aim of stratified sheets is to have smoother fibres in the surface 
furnish to reduce the linear load in the calendering process since the pres-
sure reduces the bulk in the sheet.[12] 

More bulk gives thicker paper, and thickness in a paper is an important 
factor for bending stiffness. Bulk also contributes to opacity. High opacity 
is especially important in paper with low grammage since it contributes 
to avoid print-through which easier occurs in thin papers.

Bulk is slightly higher for SW than for HW but the bulk depends on the 
beating process. Because of the beating process, where SW often is bea-
ten more than HW for copy paper, the difference in bulk between the two 
finished pulps is not that large. The reason for more beating of the SW is 
to gain as much strength for the paper as possible. HW is more sensitive 
to the beating process, and too much beating causes problems with dewa-
tering on the wire.[39]

Pine has slightly higher bulk than birch when both pulps is bea-
ten to the same SR. Pulp used in this project.

cm3/g

Fig 2.
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Chemical pulp made of birch is smoother than chemical pulp from pine which 
on the other hand gives more tensile strength and bulk to the paper. In a 
multi-ply paper the chemical pulp from birch can be placed in the outer 
layers, which theoretically would give the paper a smoother surface than 
the surface of a homogeneous sheet mixed of pine and birch. Unbeaten 
HW pulps are generally two times smoother, or even more,  than unbea-
ten SW pulps. After beating the difference is smaller.

1.2.2 Bending stiffness
One important mechanical property that can be improved with multi-ply 
paper is bending stiffness. In theory, the bending stiffness (S) in a homo-
genous paper depends on the paper’s elastic module (E) and the paper’s 
thickness (t) with the formula:

The paper elastic module can be improved by refining the fibre. But the 
refining process will also decrease the bulk and therefore make the paper 
thinner. This means that by refining the fibre, the elastic module (E) will 
be improved. But at the same time the paper thickness (t) will decrease 
with a factor raised to the third power, which in the end will decrease the 
bending stiffness of the paper.

With multi-ply paper both high elasticity and high thickness can be achie-
ved by having different fibres with different properties in the separated 
layers. The outer layers can contain fibres with high elasticity and the 

S =  E x t3*

12

* Since paper is not a completely    
   homogeneous material it is 

   nearer t 2,5-2,6 than t 3. [58]

Birch is smoother than pine when each pulp is tested separately 
in a laboratory. The beating process affects the smoothness for 
SW more than for HW.

Fig 3.

Form. 1
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middle layer a fibre with high bulk. Placing the fibres in that order will 
give the paper an I-beam structure, which means improved stiffness. 

The bending stiffness in a multi-ply sheet can be calculated with the 
formula: 

The bending stiffness in a multi-ply sheet is more affected by the elastic 
module in the outer layers (E1) than in the middle layer (E2). 

S = 2(          )+ (          )+ (          )    E1 x t1
3

12
E2 x t2

3

12
E1 x h1

2

12

t

Stiffness in a paper is calculated from elastic modul (E) and thickness (t). Increased 
elasticity often means redused thickness. 

h1h1

h1h1

E1 x t1E1 x t1

E1 x t1E1 x t1

}}

}}
E2 x t2E2 x t2}}

Stiffness in a paper is calculated from elastic modul (E), thickness (t) and lenght bet-
ween middle layer center and outer layer center. 

Fig 4.

Fig 5.

Form. 2
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1.3 Benefits besides paper properties

1.3.1 Wood utilization 
Multi-ply paper gives opportunity to use more mechanical pulp in different 
paper qualities. If the outer layers are thick enough to cover the middle 
ply, the middle ply can be made of chemi-mechanical pulp.[14] By using 
mechanically produced fibre more of the original wood will be used. Paper 
made of CTMP in 50 % of the paper will save four of ten trees compared to 
paper made of 100 % chemical pulp.[38] It is also possible to save forest and 
improve the wood utilization when using office waste paper. 

1.3.2 Energy
One example of decreasing the energy consumption is producing pulp 
with TMP for a multi-ply paper in a 2-step refining. It is normal to refine 
the pulp twice for a homogeneous paper. For the multi-ply paper the pulp 
from the first refining can be used for the middle layer, and only 50 % of 
the pulp has to be refined a second time. If all paper with TMP quality 
should be stratified and made with this refining process an annual natio-
nal saving (in Sweden) would be around 1,5 TWh. [32]  

Conventional 2-steps TMP

Wood chips

Refining 1

Refining 2

100%

100%

~2500 
kWh/ton

Refining 1 Refining 2

50%

50%

~2000 
kWh/ton

25% 25%

Stratified formning and 2-steps TMP

Stratified forming can reduce 20% of the energy costs in a refi-
ning process.

Fig 6.
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1.3.3 Economy
Lower energy consumption with the 2-step refining for TMP leads to 
improved economy.[32] Another way to decrease the economical costs is to 
use waste or an inexpensive fibre, e.g. CTMP, in the middle ply.[14, 24] A 
multi-ply paper can be made with lower grammage, which will decrease 
the cost of distribution for the customer.[39] A paper with higher bending 
stiffness can lead to fewer stops and decreased jams in the printing press 
which affects economy for the consumer.[46]

1.3.4 Runability
Since the simultaneous forming, with one stratified headbox and one 
wire, almost always involves a gap former, the manufacturing process 
can be increased in speed compared to a fourdrinier with two or more 
headboxes and wires.[20]

1.4 Difficulties with stratified forming
Although stratified forming leads to improved properties of the paper 
there are disadvantages that have to be solved before making industrial 
multi-ply paper. 

1.4.1 Layer purity 
It is hard to avoid mixing the layers when the pulp jet leaves the head-
box. The reason for this is due to the turbulence in the headbox and the 
vortex streams which appears when the jet streams come together were 
the vanes end. This phenomenon will appear even if the thickness of the 
vane is infinitesimal.[20, 32]

The vortices lead to mixed layers which in the end gives unwanted effects in 
the paper. It will reduce the layering effects such as bending stiffness and sur-
face properties. On the other hand the mixing itself improves the strength in 
Z-direction of the paper. Uneven distribution of fibres and flocks in the diffe-
rent layers caused by vortices, create differences in the brightness and shade 
between the middle layer and the surface plies. For low grammage paper 
even a minor difference in shades will be visualized as mottling.[20]

Vanes in a stratified headbox

Vortices at the end of vanes 

Turbulence and vortices causes the layers to mix as they meet after the vane tip.

Fig 7.
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1.4.2 Mottle
If the surface ply is not thick enough or is unevenly distributed, the fibre 
flocculation in the middle ply will shine through and make the paper 
mottled. This type of problem can occur even though the paper has high 
purity in the different layers.[20] One way to avoid this is to make sure 
that the outer layer is thick enough to cover the middle ply, which it will 
be when it is at least 20 g/m2.[12]

1.4.3 Grammage
Below 60 gram/m2 for a paper it is hard to gain advantages with the 
multi-ply technique when it comes to improve properties of the paper by 
using different fibres or pulp. The outer layers should be at least 20 g/m2 
and the middle ply 40 g/m2 to gain improved surface properties and ben-
ding stiffness. For printing paper of 40 g/m2 there is not enough space for 
a middle ply, provided that layer purity is necessary.[12]  

1.4.4 Whiteness
With a multi-ply paper the bending stiffness can be improved if using a 
mechanical pulp or CTMP. These kinds of pulps have a lower brightness 
than chemical pulp and will therefore turn slightly yellow faster. This 
will happen if the layer purity is not high enough or if the outer layer is to 
thin.[12] For fine paper mechanical pulp is not used today in homogeneous 
paper due to the yellowness. 

1.4.5 Broke
Another problem apart from paper quality is the broke. In a normal 
manufacturing process the removed broke will be returned to the process. 
But when using multi-ply paper with different pulps it is more compli-
cated to return the broke back to the process. In some way the different 
fibres has to be separated from each other before they come back into the 
process. Or the broke can be used in the middle layer, but with impaired 
results of the bending stiffness and layer purity.

1.4.6 Costs
Except the extra cost for the stratified headbox, simultaneous forming 
also includes one or two extra short circulation systems, control hardware 
and development and implementation costs.[20] 
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1.5 Simultaneous forming vs. Separate forming 
Multi-ply paper or board can be made with one or more headboxes. When 
using only one stratified headbox all layers are formed simultaneously on 
the wire. Another method for making multi-ply paper, which is frequently 
use for board, is to use separated headboxes and often more than one 
wire. This method should be called separate forming.[2, 33]

The advantages of multi-ply paper made with stratified forming are 
many. When using a paper machine with a Roll and Blade Gap Former 
the speed of the machine can be increased compared to a fourdrinier, 
which is a paper machine that can be used for separate forming.[ 20] The 
construction of the paper machine is simpler and takes less space for 
stratified formed paper. 

Stratified forming means one stratified head box and one wire part. For 
separate forming it is necessary to use at least two headboxes and often 
more than one wire part. Both ply bond and retention is higher with stra-
tified forming. For separately formed paper, starch is often used due to 
the low ply bond.[ 12, 34]

Separate forming

Simultaneous forming

Multi-ply paper can be made with different methods. Separate 
forming means more than two headboxes. 

Fig 8.
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Paper machines and headboxes for 
multi-ply paper

2.1 Multi-ply paper machines
The first paper machine for multi-ply paper was made by John Dickinson 
early in the nineteenth century. It had two cylinder mould and the layers 
was couched together by a common press felt.[2]

One hundred years later the first twin wire machine "Inverform" was 
built by Beloit and after that a lot of different types of multi-ply paper 
machines was developed and built. Common for all this type of multi-
machines is that they use a separate forming technique.[2]

When using a stratified headbox, the best results are gained when the 
paper machine is a gap former. These machines can be divided into three 
different groups; roll, blade and roll and blade gap former. Roll and blade 
gap former is the one that gives the best formation to a multi-ply paper. 
The optimal situation for formation is if two thirds of the sheet is drained 
on the roll and the rest under pulsation conditions in the blade section.[24] 

Principle sketch of the first multi-py paper 
machine developed by John Dickinson. 

Inverform from Beloit was the first twin 
wire paper machine. 

Deflector blade, 
with pulsing and 
constant pressure

Dewatering 
rolls

Headbox

Principle sketch of a roll and blade gap 
former. 

Layer purity

Poor

Good

Good

Roll Former

Blade 
Former

Roll and Blade
Former

Poor

Fo
rm

at
io

n

Roll and Blade gap former compared to 
Blad former and Roll former. 
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2.2 Stratified headboxes
During the nineteen seventies the first stratified headboxes were develo-
ped and built. 1971 the stratified headbox Converflo was built and four 
years later came Strata Flo. Both Converflo and Strata Flo were deve-
loped by Beloit. The first commercial use of a stratified headbox was in 
Obbola mill in northern Sweden.[34] The headbox of the paper machine 
was a Strata Flo with flexible vanes which was variable in length and 
number. The flexibility of the vanes helped to prevent the turbulence 
which caused mix of the layers. Strata Flo was produced until 1990, but 
even today Strata Flo is used in the tissue industry.[7, 54] 

After that several paper machine manufactures and research centres 
have come up with their own stratified headboxes. The main issue for the 
stratified headbox manufactures was to develop a headbox which gave a 
paper with high layer purity. In general the different layers are separated 
in the headbox by vanes and are combined just before the stock is dewate-
red. To prevent layer mixing the vanes have been made in different ways. 
Some of them were flexible like Converflo and Strata Flo from Beloit, and 
others were fixed. In many headboxes the length of the vanes was adjus-
table. Escher Wyss developed a three layered headbox with fixed vanes 
and the main purpose for that was to be able to have different velocities 
of the three stocks.[33] Metso has a stratified headbox with vanes made of 
glass fibre, Sym Flo, which is in use today as a headbox for tissue manu-
facturing.[52] 

Strata Flo from Beloit was the first industrial stratified headbox and 
was used in Obbola in northen Sweden for linerboard. 

Escher Wyss stratified headbox with 
three separate stock chambers. 

Fig 13.

Fig 14.
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A different kind of vanes was developed by KMW in the nineteen eighties. 
The headbox had rigid separator vanes that ended outside the slice ope-
ning to deliver multiple jets with preferred jet velocities. The individual 
jets was separated from each other all the way to the drainage zone to 
prevent mixed layers.  The vanes could be used with air wedges to sepa-
rate the different layers -Air wedge technology.[1]

This kind of headbox was used by Munkedal when they under the nine-
teen eighties produced a three-layered fine paper with mechanical fibres 
in the middle ply and sulphate fibres in the outer plies. They did not use 
the air wedges for long since it caused problems and the paper was better 
without the air jets.  Some problems with yellowness forced them to stop 
using mechanical fibres in the middle ply but the three-layered manufac-
turing continued after that for ten years.[47] 

2.2.1 Stratified headboxes used in industrial manufacturing today 
Neusiedler mill, Mondi business paper, in Austria are the only paper 
mill today using the three-layer technique for paper with a grammage 
of 80 - 90 g/m2 with a headbox from Voith Sulzer. One of their products 
is a multi-ply office paper, called Triotec, with office waste fibres in the 
middle ply and low or non-chloride bleached fibres on the outer plies.[53] 

Producing tissue with a stratified headbox is commonly used today.  Both 
softness and strength is important properties for this kind of paper. By 
placing HW on the surface and SW in the middle ply both properties are 
improved. A homogenous surface is not important for tissue since it is 
treated with a creping process. Surface flocculation is not either a pro-
blem since tissue is formed with very low consistencies.[20] 

The third area were a stratified headbox is used is in manufacturing of  
liner board in both Europe and USA. 

Air supply through the wedgeHeadbox

Air wedge technology in a stratified headbox developed by KMW and used by 
Munkedal in Sweden for multi-ply copy paper. 

Fig 15.
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2.3 Laboratory scaled StratEx and AQ-vanes

2.3.1 Paper machine
StratEx, Laboratory Stratified Forming Explorer, is a laboratory paper 
machine developed by STFI-Packforsk in the beginning of the twenty-
first century. It has a double sided vacuum dewatering system, single 
press nip and the speed is approximately 1.5 m/min. The dewatering 
system can also have a single side configuration for board. The sheets are 
dried off-line fixed to a warm cylinder.   

2.3.2 Headbox
AQ-vanes is a new technology for stratified forming headboxes. Instead 
of traditional vanes, it has a hollow channel from which a passive liquid 
layer is injected between two stock streams. Since layer mixing happens 

Headbox

Single press nip

Reel Bottom wire

Top wire

Dewatering
blocks

Suction box

Throttle valves connected

to every individual de-

watering zone makes

it possible to control

the flow out of 

each flow zone

Principle of the laboratory paper machine StratEx and the headbox AQ-vanes with vacuum dewatering. 

AQ-vanes

Vortices

Headbox
nozzle

Vortices occur between the liquid and the stock and thereby increase 
layer purity. 

Fig 16.

Fig 17.
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between layers at the point where the two stock streams are brought 
together, this phenomena will occur irrespectively of the vane model. 
When using AQ-vanes the vortices take place between the liquid and the 
stock and thereby prevent layer mixing. 

2.3.3 Trials with AQ-vanes
The AQ-vanes technology has also been tested on the pilot paper machine 
EuroFEX at STFI and compared to a conventional stratified headbox. Two 
layers were coloured with magenta and the third with cyan. Dewatering 
was through the cyan coloured layer. Layer purity was determined by cal-
culated the relative frequency of blue fibres after splitting and scanning 
the sheets. With AQ-vanes higher layer purity was achieved and further 
more the technique allowed high control of the process settings.[32] 

Laboratory paper machine StratEx and the headbox AQ-vanes. 
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Results of trials with AQ-vanes and conventional va-
nes. Both headboxes was installed on EuroFEX at STFI.
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2.4 Pilot paper machine XPM and Formator

2.4.1 Paper machine
XPM is a complete experimental paper machine from pulp to dry paper 
and was developed in the nineteen seventies by what is now Stora Enso. 
It can produce many kinds of pulp and paper grades with one, two or 
three ply paper. The grammage range is 40 - 100 g/m2. The machine 
can also be equipped with a super calender and can be run with a closed 
water circuit. It is a fourdrinier with one press nip and a drying section. 
The speed can be adjusted up to 50 m/min, it has a three-ply headbox and 
the paper width is 45 cm.  In direct connection to the paper machine is a 
super calender with 10 rolls and possibilities to use a brush calender. 

2.4.2 Headbox
Formator is a kind of multi-ply headbox. It is not stratified with vanes, and 
the different stocks does not come out on the wire at the same time. Three 
headboxes are placed immediately after each other and stock from last 
headbox is formed on the two first layers. The dewatering starts at once 
after the last headbox. The Formator system gives a uniform grammage 
profile in the cross direction with a variation under 1 %. Retention values 
is high and up to 98 %. The Formator system was built to give a paper with 
good formation and high z-strength. Under the years the headbox has been 
developed and the headbox used in trials of this project was made 1995.

PopeDrying section
Headbox

Wire

Single press nip

Laboratory paper machine XPM and the headbox Formator

The headbox Formator

Fig 20.

Fig 21.
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Former research results

Stratified forming can lead to many new possibilities for the paper manu-
factures. Today we have knowledge of how the different fibres act separate 
from each other and mixed together. We know that birch is smoother than 
pine and that CTMP is bulkier than sulphate pulp. Therefore we also know 
how to use them in a homogeneous paper, or paper made with separate 
forming. Research about stratified paper made by simultaneous forming 
has been done for the last twenty-thirty years, but still there is more to 
analyse. When making stratified copy paper there are many factors that 
have a huge impact on the final result, the beating of sulphate pulp, thick-
ness of the plies and type of fibres in the different layers among many other 
things. Some scientists do not think that stratified copy paper has a future 
and some of them think that stratified copy paper is the future. 

3.1 Bending stiffness

3.1.1 CTMP
By using 100 % CTMP of aspen in the middle layer Ulla Häggblom-Ahnger 
has shown that stiffness in CD-direction can be improved. The outer layer 
consisted of a homogenous mix of 70 % birch and 30 % pine. Compared to a 
reference sheet with 70 % birch and 30 % pine and no CTMP the bending 
stiffness was improved slightly more than 11 %. Grammage for the refe-
rence sheet was 78,2 g/m2 and for the stratified sheet 77,8 g/m2.[10] 

Every diagram and graph in this chapter, which referes to an-
other author, are not authentic to the original. They should the-
refore be considered as sketches of the original diagrams and 
graphs, and a help to gain a better view over the results. The 
originals are refered to adjacent to the diagrams and graphs.

Improved proporties with CTMP in the middle layer. 
Trials performed by Ulla Håkansson-Ahnger. 

Chapter 3. 

Fig 22.
Ref [10]

p.157
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Ole Terland and Anders Mähler have done similar trials with CTMP in the 
middle layer but with pure birch on the surface. Paper grammage was 80 
g/m2 and contained 20 % filler. Bending stiffness index was measured after 
calendering the paper to Bendtsen 250 ml/min. For stratified paper the 
bending stiffness was about 30 % higher than the reference sheet.[36, 42] 

3.1.2 BCTMP
Trials done by John W Harwood with the use of bleached CTMP in the 
middle layer shows that bending stiffness is increased compared to a refe-
rence sheet. In this case the middle ply consisted of 80 % BCTMP and 20 
% bleached SW. The outer plies had a furnish of 75 % bleached HW and 
25 % bleached SW. The outer plies had a grammage of 15 g/m2 and the 
middle ply was varied from 15 g/m2 to 70 g/m2. The reference sheet had a 
furnish consisted of 75 % HW and 25 % SW.[8]

Bending stiffness is improved when using CTMP in 
the middle ply and birch in the outer plies. 
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3.1.3 Sulphate pulp
In another trial Häggblom-Ahnger found that long flexible softwood on 
the surface and birch in the middle ply did not give the expected result 
of higher bending stiffness. On the contrary she found out that highest 
bending stiffness was achieved with softwood in the middle ply. Paper 
grammage was 80 g/m2 and surface sized. Every sheet had a furnish of 
30 % pine sulphate and 70 % birch sulphate. Sheets with SW on the outer 
contained 12 g/m2 pine and  8 g/m2 birch in both surface plies, and 40 g/m2 
birch in the middle ply. SW in the middle ply contained 24 g/m2 pine and 
16 g/m2 birch in the middle ply, and 20 g/m2 birch in each surface ply.

Uncalendered and stratified sheets did not give any benefit in bending 
stiffness compared to the reference sheet. However, in every scenario ben-
ding stiffness was higher for sheets with pine in the middle ply compared 
to sheets with birch on the surface.[13] 

With calendered sheets she found that bending stiffness was higher at a 
certain level of smoothness. Even when the sheets were calendered the 
bending stiffness was higher for stratified sheets with SW in the middle.  

Uncalendered sheets are not improved in bending stiffness compa-
red to a homogeneous sheet. Häggblom-Ahnger
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Further trials, performed by Häggblom-Ahnger, with eucalyptus in the 
furnish together with birch and pine showed improved bending stiffness. 
The best results considering bending stiffness was achieved when 40 g/m2 
eucalyptus was allocated to the middle and 5 g/m2 birch mixed with 15 
g/m2 pine in the outer plies.[13]

John Harwood's trial with HW and SW indicates that stiffness can be 
improved by using the SW in outer plies instead of HW in the outer 
plies. This is the other way around compared to the trials performed by 
Häggblom-Ahnger, shown in the previous example in this report. They 
had though the same result of bending stiffness for stratified compared 
to reference sheet; no improvement for stratified sheets.[8]
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3.1.4 Fractionated pulp

Mechanical pulp
Anna Tubek-Lindblom and Lennart Salmén have done some trials of fractiona-
ted pulp for wood containing paper of 60 g/m2. The coarse fraction was refined 
either at high concentration (HC) or low concentration (LC). The outer layer was 
16.5 g/m2 each and the middle layer 27 g/m2. The results show that three-layered 
paper has a substantially higher bending stiffness than the reference sheet.[37] 

Softwood
Ulla Häggblom-Ahnger has also done some trials with fractionated SW pulp 
in the middle ply and HW in the outer plies. Best result concerning bending 
stiffness was achieved when using fine fraction in the middle layer and a 
mix of HW and coarse fraction in the outer plies. All stratified sheets gave 
higher bending stiffness compared to the reference sheet.[11]

Trials perfomed by Tubek-Lindblom and Salmén shows improved ben-
ding stiffness with three-layered sheets of 60 gr/m2.

Fine fraction (FF) in the middle ply 
gives improved bending stiffness 
compared to coarse fraction in the 
middle ply. Häggblom-Ahnger.

Fig 29.
Ref [37]

p. 44

Fig 30.
Ref [11]

p. 203
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3.2 Smoothness

3.2.1 Chemical pulp vs. Mechanical pulp
Trials performed by Anthony Bristow and Nils Pauler shows that mecha-
nical pulp is smoother than chemical pulp when it is in the outer plies. 
The mixed sheet was roughly in the midway of chemical and mechanical 
pulp, and the stratified sheets were closer in smoothness to the pulp pre-
sent in the outer ply.[5, 6] 

One other peculiar property they found was that surface roughness is 
increased with increased grammage.[5]
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3.2.2 Fractionated pulp
In a trial with fractionated pulp of SW, birch and eucalyptus Ulla 
Häggblom-Ahnger has found that the only significant difference in stiff-
ness as a function of smoothness, is when 30 % of the surface ply contains 
fine fraction. A smaller amount of fine fraction, or even coarse fraction 
in the outer plies, gave roughly the same result as the reference sheet. 
The thickness of the middle ply was 50 % of the total basis weight. That 
means that the fine fraction in the outer plies varied between 2 and 6 
gram, and the birch varied between 14 and 16 grams. The scenario with 
coarse fraction in outer plies contained of 6 gram of coarse fraction and 
14 gram of birch.[11]

3.2.3 CTMP
Ole Terland and Anders Mähler have shown that pure birch gives a 
smoother surface than CTMP and that a stratified sheet with birch on the 
surface is smoother than pure CTMP and a stratified sheet with CTMP on 
the surface. The stratified sheets and the reference sheet consisted of 50% 
CTMP and 50% birch and the grammage of the sheets was 80 g/m2.[36]
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Fig 33.
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3.3 Formation

3.3.1 CTMP, Eucalyptus and Office Waste
Ulla Häggblom-Ahnger has found that three-ply sheets can improve for-
mation compared to a homogeneous sheet. The reference sheet contained 
70 % birch sulphate and 30 % pine sulphate. The multi-plied sheets con-
tained 20 g/m2 of the same furnish as reference in each outer layer and 
40 g/m2 of CTMP of aspen, eucalyptus or office waste (OW) in the middle 
layer. Compared to samples with CTMP in the middle the beta-formation 
value for reference sheet was twice as high.[14]

CTMP, eucalyptus and office waste gives better formation 
than a reference sheet with birch and pine. Ulla Hägg-
blom-Ahnger.
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3.3.2 CTMP
Ole Terland and Christer Fellers have done trials of stratified sheets 
of 100 g/m2, with CTMP in the middle. On the contrary to results from 
Häggblom-Ahnger the multi-ply sheets did not improve formation. The 
difference between the two trials, except grammage, was the outer layer. 
In this case, the outer layer contained SW, and in Häggblom-Ahngers 
trials the outer layer was a mix of both birch and pine.[35] 

3.3.3 Chemical Pulp
In another trial by Häggblom-Ahnger shows that multi-ply sheets with 
SW in the outer layer do not give any benefit regarding formation. But 
when SW is used in the middle layer beta-formation was improved. When 
the basis weight decreased, (i.e.. middle layer decreasing) the formation 
values increased.[13]

Multi-ply paper with SW in the outer plies do not impro-
ves formation. Terland and Fellers.

Formation is improved when using SW in the middle ply. 

Fig 36.
Ref [35]

p. 30

Fig 37.
Ref [13]

p. 163
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3.4 Survey of research: Conclusions
There are opinions both for and against multi-ply paper with a strati-
fied headbox. It is clear that this technique offers new possibilities for 
the paper makers. But at the same time it is a difficult task to solve the 
problem with mixed layers. Above this, reasons to contradictory results 
have to be inquired to see if this is due to layer mixing. Here is a short 
sum up of some of the opinions and conclusions from research of multi-
ply paper.
 
Ulla Häggblom-Ahnger (1998) has in her doctoral thesis "Three-ply office 
paper" drawn the conclusion that basis weight can be reduced from 80 
g/m2 to 70 g/m2 if CTMP is used instead of chemical pulp in the middle 
layer. Using eucalyptus either in middle ply or outer plies improves for-
mation compared to a single-layered reference sheet. Lower furnish costs 
and improved runability can be attained by using SW in the middle layer, 
since sufficient fibre network for runability can be achieved more easily. 
Fine fraction of SW in the middle ply contributes to internal strength 
simultaneously as the bulk and stiffness are maintained. This kind of 
stratification could be utilized in any gap forming where high internal 
bond and bulk is needed.[15] 

Anders Mähler and Ove Terland (1987) have with their trial 
"Flerskiktsformat finpapper" (Stratified formed fine paper) of CTMP 
shown that bending stiffness in a three-layered paper of 73 g/m2 is equal 
to a 81 g/m2 reference sheet. Furthermore is the picking resistance higher 
for stratified sheets, which is an important factor for offset printing. They 
found out that formation must be observed, both formation of the sheet 
and formation in every single layer, since this is a critical factor for the 
papers appearance, specially after printing. This is especially important 
for layered structures if long fibres, such as softwood, are concentrated to 
a single layer and formed with a high concentration. Short fibres should 
be convenient to use in multi-ply sheets because of their ability to be for-
med while keeping their smoothness and tensile stiffness.[36]   

Ari Puurtinen (2004) has in his doctoral thesis "Multilayering of fine 
paper with 3-layer headbox and roll and blade gap former" perhaps a 
more careful position. He considers that the layering technology needs 
more accurate control of the behaviour of all the factors affecting layering 
before it is possible to take a number of quality factors into account in 
order to achieve an overall quality optimum. This counts for both fibre 
and filler layering. The study consisted of methodological development 
and layering studies on both a laboratory scale and a pilot paper machine 
scale.[28]

Mike Lloyd says in "Stratified (multilayer) forming - a technology for the 
new millennium?" (1999) that it is a deceptively difficult task to form 
office grades paper using a stratified headbox. The problems of uneven 
surface coverage that stratified forming introduces has the potential to 
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significantly reduce brightness uniformity, and the extra turbulence from 
the layer separation vanes may worsen formation.[20]

Mike Odell says in his report "Multilayering -Method or Madness" that 
the costs for improving quality or lowering cost by fibre layering is fairly 
high compared to other investments possibilities such as film transfer 
coating or shoe pressing. Fibre layering of commodity paper grades is 
therefore unlikely to be adopted as a standard solution for the foreseeable 
future. On the other hand he thinks that additive layering has a realistic 
future for grades with a high filler content or for special applications such 
as starch layering, since the cost and the risks are less.[15]  
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Fractionation
One way to meet the consumers demands of increasing quality is to use 
the right fibre raw material at the right place in the paper. This can 
be done with different kind of fibres, birch or pine, sulphate pulp or 
CTMP etc in the separate layers. Another is to use fractionated pulp. 
Fractionation is a method which separates the fibres in two parts; fine 
fraction and coarse fraction. The both fractions are divided by properties 
such as size, width, length or density. Which properties each fraction has 
is due to the fractionation method. The aim is to have small flexible fibres 
in the fine fraction and long fibres with more bulk in the coarse fraction. 
Thin and flexible fibres are characteristic for early wood, i.e. fibres that 
grows in the spring, and long bulkier less flexible fibres comes from late 
wood, i.e. fibres that grows later in the summer and autumn.[27] 

4.1 Early wood fibre and late wood fibre
In the spring when the tree start growing the fibre cells are formed by a 
hormone called Auxine. This hormone makes the hollowness in the midd-
le of the fibre wide and the cell wall thin for best water transport. Fibre 
growing during this period is called early wood fibre. Later in the summer 
and during autumn when the supply of photosynthetic is plentiful the cell 
wall grows thicker and the hollowness in the middle of the fibre is decrea-
sing, which gives strength to the stem. Fibre growing during this period 
is called late wood fibre.[22, 27]

Fibres from early wood is more flexible and fibres from late wood is bul-
kier. During the manufacturing process when the fibres dries and the 
fibre cell wall collapse these properties of flexibility and bulk still remain. 
Thick-walled fibres give the paper high bulk, loose structure, poor forma-
tion, high porosity, high tear strength and low tensile strength. Thin-wal-
led fibres gives the paper low bulk, smooth surface, dense structure, good 
formation, low porosity, low tear strength and high tensile strength. Late 
wood in the middle ply and early wood in the outer plies should give the 
paper higher bending stiffness than a homogeneous sheet.[27] 

Early wood
Late wood

Difference between early and late wood fibre 
before and after the cell wall has collapsed. 

Chapter 4. 

Fig 38.
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4.1.1 Definition of early wood and late wood
In every growth ring there are fibres of early wood and of late wood with 
different properties, density and light scattering. The transition stage 
from early wood to late wood is continuous and therefore the definition of 
a limit between them is arbitrary.

Definition by fibre dimension
The most established definition is based on the relation between fibre 
cell wall and the hollow lumen in the middle. For early wood the cell wall 
of two adjacent fibre is thinner than the lumen width.[21] This definition 
was formulated by Elias Mork in 1928. STFI have another definition. For 
early wood the cell wall is six times thinner than fibre radial width.  

Definition by density
Another way to define early wood and late wood is to base the transition 
stage on wood density. A limit for early wood can be at a certain density, for 
example 500 kg/m3, or by a share of  the interval between minimum den-
sity and the maximum density of the growth ring, for example at 50 %.

Definition by light scattering and reflection 
Traditionally the limit between early wood and late wood is determined 
subjectively by a laboratory assistant looking at the growth ring in a 
microscope. But the light difference between early and late wood can also 
be determined objectively by measuring the light reflection and then use 
the same definition of limit as for density.
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4.1.2 Occurring of early wood and late wood fibres
Concerning the volume the total amount of early wood is higher than late 
wood in a tree or in chips. In a pine (Pinus sylvestris) the late wood con-
tent is 15 - 50 % with an average of 25 %. For a spruce (Picea abies) the 
content of late wood has an average around 15 %. In general the content 
of late wood in very slow growing or very fast growing pines is lower than 
in moderate growing pines.[27] 

The amount of late wood fibres also changes with the height of the tree. 
The stump contains more late wood than the top of the tree. More bulkier 
late wood is needed near the ground to bear the weight and to resist the 
twist from wind. Mature wood contains more late wood fibres than early 
wood fibres.[27] 

4.2 Fractionation equipment
Fractionation can be done with a screen or with a hydrocyclone. A screen 
separates the fibres by length and is used individually or , as more com-
monly, in a system. A hydrocyclone separates the fibres by cell wall thick-
ness and specific surface area. This signifies that a screen do not separate 
late wood fibres and early wood fibres since the different fibres roughly 
have the same length.[27]  

4.2.1 Hydrocyclone
In hydrocyclones the separation of the fibres is the result of the centrifugal 
force that moves the fibres outward and the hydrodynamic drag causing 
the fibres to move inward. A swirling motion is created by the tangential 
inlet flow which accelerates along a helical path down the conical section 
of the hydrocyclone. At the same time a substantial portion of the feed 
flow reverses its axial direction and swirls into a tighter inner spiral back 
up toward the vortex finder at the top of the hydrocyclone.[45] 

Inject

Accept

Reject

Water flow
Movement of particles
Light fraction
Heavy fraction

Design of a forward hydrocyclone with accept flow at the top and 
reject flow at the bottom of the cylinder. 

Fig 40.
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4.2.2 Industrial use of a hydrocyclone
The hydrocyclone is used in paper processing mainly to remove impurities 
but also to remove water. All impurities with a density apart from one (1) 
can be removed with hydrocyclones. 

There are four major types of hydrocyclones; forward, reversed, combined 
and through-flow. The forward rejects heavyweight particles and the 
reversed rejects lightweight particles. The combined hydrocyclone is nor-
mally operated at a higher feed pressure. The thru-flow hydrocyclone is a 
modified reverse hydrocyclone with a much lower reject rate.[45] 
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XPM

5.1 Scenarios of trial 1 and 2
At RCF in Falun two trials were performed, each with five different sce-
narios with sulphate pulp of softwood (pine) and hardwood (birch). The 
first trial consisted of uncoated sheets with a grammage of 80 g/m2 and 
the second trial coated sheets with a grammage around 90 g/m2 inclu-
ded coating. Both trials had the same base paper in each scenario. Total 
amount of birch was 75 % or 60 g/m2 in each sheet. Total amount of pine 
was 25 % or 20 g/m2 in each sheet.

The first three scenarios had various amount of birch on the surface, 
from 10 g/m2 to 30 g/m2. The fourth stratified scenario had pine on the 
surface. The reason for that was to se difference between HW and SW on 
the surface. The fifth scenario was the reference sheet, a mix of 75% birch 
and 25% pine.

30g HW

20g SW

30g HW

20g HW

20g SW /20g HW

20g HW

10g HW

20g SW/40g HW

10g HW

10g SW

60g HW

10g SW

Every scenario in both trials contains 75% Birch (HW) and 25% Birch (HW)
Pine (HW)
Reference birch/pine

60g HW-20g SW

Homogeneous mix

1.

2.

3.

4.

5.

NB! SW at 
the surface

Trial 1. Trial 2.

C1.

C2.

C3.

C4.

C5.

Trial 1. Stratified sheets of birch and pine with a weight of 80 gram/m2. 
Trial 2. Coated stratified sheets of birch and pine with a total weight of approximately 90 gram/m2.

Chapter 5. 

Fig 42.
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5.2 Beating process
The sulphate pulp was beaten at RCF and the purpose was to beat the 
hardwood pulp to 20 SR and the pine to 28-30 SR. The beating was made 
with a conical refiner Sunds Jylhävaara JC00 under following conditions:

5.2.1 Beating conditions for birch
Pulp conc.  4 %
Pulp flow   450 l/min
Number of revolution 780/min
Specific edge load 0,8 Ws/m
Garniture  FA
Cutting length  2,6 mm?
Net energy  75 kWh/ton
Dewatering resistance 25 SR

5.2.2 Beating conditions for pine
Pulp conc.  4 %
Pulp flow   208 l/min
Number of revolution 600/min
Specific edge load 1,4 Ws/m
Garniture  AA
Cutting length  1,8 mm?
Net energy  200 kWh/ton
Dewatering resistance 31 SR

5.3 Filler and additives
Hydrocarb 60, a marble calcium carbonate (CaCO3), was chosen as filler pig-
ment. This pigment is normally used as a pre-coating pigment.  But since half 
of the paper in this project is  coated and half is uncoated this pigment see-
med to be the best choice. Hydrocarb 60 contains more than 98,5 % of Calcium 
Carbonate, less than 1,5 % Magnesium Carbonate, 0,03 % Iron Oxide and 0,2 
% Acid Insoluble. 62 % of the pigment particle have a size below 2µm. 

The retention aid is a two component system of anionic micro particle and 
a cationic polyacrylamide. Hydrocol SH is an anionic bentonit with a high 
specific surface and Percol is a cationic polymer. Retention aid is use to 
increase the retention of filler and fines in the paper.

Perlbond is a natural starch derivate and it is extracted from potatoes. 
Starch is a kind of polysaccharide and similar to cellulose since it contains  
glucose unites. Starch is used to increase dry strength and retention.

5.3.1 Stock recipe
Birch (HW)  75%
Pine (SW)  25%
Filler   Hydrocarb 60, 15 %
Retention aid  Percol 292, 0,6 kg/ton
   Hydrocol SH, 1,8 kg/ton
Starch   Perlbond 930, 7,0 kg/ton

Filler, retention aid and starch was distributed evenly in each layer.
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5.4 Paper manufacturing
The paper machine was XPM with the headbox Formator. 
Machine speed during the trial was12 m/min.
Heat temperature in the drying section was increasing from 30ºC to 100ºC.

5.4.1 Stock flow
Hydrocarb and Perlbond was added in the machine chest, Percol and 
Hydrocol in a later dosage point.  The paper was made with a short closed 
water system. (FIG 44)

5.4.2 Forming concentration*

   Bottom (A) Middle (B) Top (C)
X1   0,09  0,13  0,15 %
X2   0,06  0,26  0,11 %
X3 & X4   0,03  0,39  0,05 % 
X5     0,43% 

* Filler and additives included

5.5 Test samples
From each of the five scenarios 80 sheets were selected at random and 
splitted up into two trials; trial 1 uncoated sheets and trial 2 coated 
sheets. These both trials were divided in four separate groups, each with 
10 sheets. They were divided in four because of the four different calender 
levels that would be investigated in the project.

1  2  3  4  5

Trial 1
Uncoated

Trial 2
Coated

Samples collected from paper made with XPM.

Fig 43.
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StratEx

6.1 Scenarios of trial 4 and 5

6.1.1 Stratified sheets with birch and pine sulphate pulp
Five scenarios with different amount of birch on the surface plies were 
performed at STFI in Stockholm. The trial consisted of sheets with a 
grammage of 80 g/m2 made of sulphate pulp from birch and pine. Total 
amount of birch was 75 % and 25 % was pine. One of the trials had a dif-
ferent composition and was made of 75 % pine and 25 % birch, but still 
with birch in the surface plies. 

Birch (HW)
Pine (HW)
Reference birch/pine

Each scenario contains 75% Birch and 25% Pine, except 
scenario number 4 which contains 75 % Pine and 25 % Birch.

30g HW
20g SW
30g HW

20g HW
20g SW /20g HW
20g HW

10g HW
20g SW/40g HW
10g HW

10g HW
60g SW
10g HW

60g HW + 20g SW
Homogeneous mix

A1.

A2.

A3.

A4.

A5.

NB! 75 % 
SW in middle
layer

Trial 3.

Trial 3. Scenarios of sulphate pulp of birch and pine performed at STFI.

Chapter 6. 

Fig 45.
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6.1.2 Stratified sheets with fractionated pulp
The trial with fractionated sulphate pulp of birch and pine, also perfor-
med at STFI in Stockholm, consisted of five different scenarios with vari-
ous amount of fine fraction in the surface plies and a grammage weight 
of 80 g/m2. The samples contained 50 % fine fraction and 50 % coarse 
fraction, except for one scenario where the sheet contained 75 % of coarse 
fraction and 20 % fine fraction. 

Each scenario contains 50% fine fraction and 50% coarse fraction, except 
scenario B4 which contains 75 % coarse fraction and 25 % fine fraction.

Fine fraction (FF)
Coarse fraction (CF)
Homogeneous reference sheet

20g FF + 10 g CF
20 g CF
20g FF + 10 g CF

20g FF
40 g CF
20g FF

10g FF
40 g CF + 20 g FF
10g FF

10g FF
60g CF
10g FF

60g HW + 20g SW
Homogeneous mix

B1.

B2.

B3.

B4.

B5.

NB! 75% of CF
and 25% of FF

Trial 4.

Trial 4. Scenarios of fractionated sulphate pulp performed at STFI.

Fig 46.
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6.2 Beating process
Pulp for both trials were beaten by a LC-refiner. Birch was beaten with 
net energy of 50 kWh/ton and pine with a net energy of 160 kWh/ton. The 
same pulp was used for both trials.

6.2.1 Beating conditions for birch
Pulp conc.  4 %
Pulp flow   400 l/min
Number of revolution 1000 r/min
Specific edge load 0,47 Ws/m
Garniture  FF
Cutting length  2,6 mm?
Net energy  75 kWh/ton
Dewatering resistance 25 SR

6.2.2 Beating conditions for pine
Pulp conc.  3,6 %
Pulp flow   400 l/min
Number of revolution 1000 r/min
Specific edge load 3,12 Ws/m
Garniture  LM
Cutting length  1,8 mm?
Net energy  157 kWh/ton
Dewatering resistance 27 SR

6.3 Fractionation
The fractionation was made by a 2-stage hydrocyclone with a net energy 
of 45 kWh/ton. A mix of 75 % beaten birch and 25 % pine was fractionated 

Fractionation

Pulp of 
50 % birch 
and 
50% pine. 
SR 26

Fine fraction 50 %
SR 45

Coarse fraction 50 %
SR 15

2-stage hydrocyclone

Scenarios of fractionated sulphate pulp performed at STFI.

Fig 47.
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simultaneously and the drainage resistance of the mix was 26 SR. After 
the fractionation the fine fraction had a drainage resistance of 45 SR and 
the coarse fraction had a drainage resistance of 15 SR. 

6.4 Paper manufacturing

6.4.1 Preliminary investigation
Paper made with StratEx did not contain any filler or additives although 
this was the intention when the project plan was set up. Some trials were 
done in the beginning of the project to investigate how StratEx could 
handle filler and retention aid. Problems with streaks and a mottled sur-
face occurred from the retention aid and prevented further  trials with 
filler. 

In another pre-study, paper was made with dyed fibre mix. The fine frac-
tion was dyed cyan and coarse fraction was dyed magenta. Splitting of 
the sheet and a subjective evaluation indicated high purity level with no 
coarse fibres visible on the surface.

The initial plan was to coat the paper made with StratEx. This could not 
be done since the paper at first was to porous which causes the coating 
slip to penetrate the paper to deep. A new press felt, Tyvek, was procured 
but with that the paper was to smooth to be coated.

6.4.2 Operation conditions
The paper machine was StratEx with the headbox AQ-vanes.
Speed of the paper machine during the trials was 1,5 m/min.
The dry section is off line and the paper is dried fixed with one side to a 
warm steel cylinder.

6.4.3 Forming concentration

   Bottom  Middle  Top
A1   0,1  0,03  0,1 %
A2   0,07  0,06  0,07 %
A3   0,04  0,1  0,04 %
A4   0,04  0,1  0,04 % 
A5     0,07  0,06  0,07 

   Bottom  Middle  Top
B1   0,1  0,03  0,1 %
B2   0,08  0,06  0,08 %
B3   0,04  0,09  0,04 %
B4   0,04  0,09  0,04 % 
B5     0,08  0,06  0,08 % 
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6.5 Test samples
At the time for these trials, paper rolls from StratEx unfortunately con-
tained plenty of paper that was not useful in this project due to streaks, 
cavities and marks from the wire. At least 40 % of the paper had to be 
waste, but with selective selection enough paper could be gathered for 
the most measurements that was planned.  It has to be said that StratEx 
is a laboratory paper machine under construction and during this trials, 
which contained several scenarios, improvements were made step by step 
and better paper properties were attained. StratEx has great possibility 
for development.

From each scenario 30 sheets were selected and divided into three dif-
ferent groups. Each of these groups, which contained 10 sheets, were 
calendered with different linear load. That was the procedure for both 
fractionated and unfractionated sheets.

A1 A2 A3 A4 AR

B1 B2 B3 B4 BR

Samples collected from fractionated and 
unfractionated paper made with StratEx.

Fig 48.
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Coating

7.1 Pre-study
Before coating the paper in this research project it was necessary to deter-
mine proper speed and nip pressure for the coater. Every paper machine, 
especially pilot paper machine, has its own peculiarity which affects the 
surface of the paper, and therefore it was necessary to find the right speed 
and nip pressure for the different scenarios. The amount of coating can be 
determined by changing speed or nip pressure. The purpose was to have a 
paper with approximately 10 g/m2 coating. However this was not possible 
for the paper, neither paper made with XPM nor StratEx, irrespective of 
nip pressure and speed of the coater. 

The surface of the unprepared base paper seemed to be too rough or 
porous which gave a coating amount around 15 - 17 g/m2 for paper made 
with XPM. Since none of the modifications with nip pressure and speed 
were able to give correct amount of coating, the sheets made with XPM 
had to be slightly calendered before the coating procedure with a line load 
of 5 kN/m.  After that the coating amount was measured to 10-12 g/m2. 

Samples made with StratEx gave roughly the same result as paper made 
with XPM before the press felt was changed to Tyvex. With the new press 
felt the surface was too smooth to be coated. 

7.2 Coating equipment
Dow Blade Coater is a laboratory scaled coating equipment with a rubber 
roll where one sheet at the size of a A4 can be attached. It runs automa-
tically through a chest with the coating slip and the surplus is scraped off 
by a blade of ceramic material. Nip pressure of the blade is set by a flex-
ible rubber-like roll which changes circumference pneumatically. After 

Coating slip

Blade

Pressure roll 

bar

Principle sketch of Dow Blade Coater.

Chapter 7. 
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the coating procedure the sheet is dried via an oven with a belt conveyor 
on which the sheet is placed.

7.3 Coating slip
Hydrocarb, a calcium carbonate (CaCO3) was the main coating pigment 
in the coating slip. Capim, a clay, was the other pigment. Styronal is a 
latex and Blanose is a thickening agent. 

Recipe by dry content of ingredient
Hydrocarb 90   63 %
Capim   18 %
Styronal   14 %
Blanose      5 %

Dry solids content  65,5%
Temp of coating slip 22-23ºC
pH   8,5
Brookfield  1800 ± 20 mPas

7.4 Coating condition
Speed    12 m/s
Nip pressure   1,7 bar
Drying temperature  150°C
Oven speed   7m/s
Coated at one the wire side
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Calendering

8.1 Calendering XPM-paper
Before the actual calendering of the trial papers some samples were 
calendered to determine the linear load which would be used for the 
trial. It was necessary to have a linear load that would not give the paper 
neither a too smooth nor too rough surface. Too smooth surface simultan-
eously means a spoiled bulk since the calendering process will make the 
paper thinner. Since the paper was a kind of copy paper it was unneces-
sary to calender the paper to a Bendtsen smoothness under 200 ml/min. 
It was determined in advance that the paper had to be calendered at four 
different levels, where the first level was with no linear load at all, i.e. 
uncalendered.

The calendering was done at RCF with Enfoplan EP 210, which is a calen-
der equipment were the sheets are calendered one at a time at one side.

8.1.1 Pre-calendering of coated sheets
Because of the difficulties to have proper amount of coating for the sheets 
they were pre-calendered with a linear load of 5 kN/m.
 
Linear load, pre-cal. 5 kN/m

Temperature   
Fixed cylinder, steel 110°C
Movable cylinder, polymer 70°C
Speed    20 m/min
Number of nip  1
Calendered on the wire side

8.1.2 Calendering condition
The uncoated sheets and the coated sheets after coating were calendered 
under following conditions:

 
Linear load 1.  0 kN/m
Linear load 2.  5 kN/m
Linear load 3.  15 kN/m
Linear load 4.  30 kN/m

Temperature   
Fixed cylinder, steel 110°C
Movable cylinder, polymer 70°C
Speed    20 m/min
Number of nip  1
Calendered on the wire side

Chapter 8. 
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8.2 Calendering StratEx-paper
Since the paper made with StratEx had a high surface smoothness the 
calender levels were set to three different linear loads instead of four, 
where one level was no linear load. 

Linear load 1.  0 kN/m
Linear load 2.  10 kN/m
Linear load 3.  30 kN/m

Temperature   
Fixed cylinder, steel 110°C
Movable cylinder, polymer 70°C
Speed    20 m/min
Number of nip  1
Calendered on the wire side
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Measuring of paper properties

9.1 Measuring conditions for paper properties
10 randomly selected sheets from the bundle, from each scenario, were 
measured at RCF. For Microscopy, OptiTopo, ß-formation, Ash-content, 
Sheet splitting and Fibre examination separate sheets were chosen besi-
des the 10 sheets. Before the tests the sheets were conditioned, first in 
low relative humidity below 35% for at least 24 hours and then conditio-
ned in 50% for 12 hours. Condition rooms and the laboratory had a tem-
perature of 23°C. All sheets were measured on the wire side and sheets 
made with StratEx was measured on the side that has been against the 
drying metal cylinder.

9.2 Measuring equipment for paper properties

9.2.1 STFI Thickness (SCAN P88:0)
Each paper from every scenario was measured twice at the cross direc-
tion. Speed was 20 mm/s, and measure interval 0,1 mm. Thickness aver-
age was calculated from 20 different measuring points per scenario. 

The difference between measuring with STFI thickness and the traditio-
nal thickness meter is that the former gives an average of both thickest 
and thinnest parts of a single sheet. In a way a traditional meter just 
measures the tops (thickest part) of the paper, and then gives an arithme-
tical average of a single sheets since it measures several papers at once. 

9.2.2 L&W Bendtsen tester (SCAN P84:02)
Each paper  from every scenario was measured two times at the cross 
direction. Pressured 1-step with 0,1 MPa. Surface roughness average was 
calculated from 20 different measuring points per scenario.

3 3

4

5 5

86

MD

9
7

1

Test areas
1.       Elrepho

2.       STFI Thickness

3.      Bendtsen

4.      Air permeance

5.      PPS

6-7. Bending stiffness
         MD & CD

8-9. Tensile stiffness
         MD & CD 

2

2

A4 sheet

Measurement points for different measuring equipment in a sheet.

Chapter 9. 
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9.2.3 L&W PPS tester (ISO 8791-4:92)
Each paper from every scenario was measured twice at the cross direc-
tion. Pressured with 1,0 MPa. Surface roughness average was calculated 
from 20 different measuring points per scenario.

9.2.4 L&W Air permeance tester (ISO 5636-3:92, ISO 5636-5:86)
Each paper from every scenario was measured once in the middle of the 
cross direction. Air permeance and air resistent average was calculated 
from 10 different measuring points per scenario.

9.2.5 L&W Bending Stiffness Resonance (ISO 5629:83)
Each uncoated paper was measured once at the cross direction and once 
at the machine direction. Due to too much curl it was impossible to mea-
sure stiffness in cross direction for the coated sheets. Bending Stiffness 
was calculated from 9 different measuring points per scenario and direc-
tion, since 1 test strip were used to adjust the equipment.

9.2.6 L&W Tensile Strength tester (ISO 5270:98)
Each paper from every scenario was measured once at the cross direc-
tion and once at the machine direction. Speed was 99 mm/min. Tensile 
Strength average was calculated from 10 different measuring points per 
scenario and direction.

9.2.7 L&W Elrepho
Light scattering and absorption (9416:98)
Opacity (2471:98)
Each paper from every scenario was measured once. Aperture ration was 
34 mm. Both opasity, scattering and absorption was calculated from one 
measuring point. Light scattering and light absorption average was cal-
culated from 10 different measuring points per scenario.

9.2.8 Microscope photography (Not accredited as ISO-standard.)
One sheet from two different scenarios was chosen; sheets with 30 g birch 
on the surface and sheets with 10 g pine on the surface. One picture from 
each sheet was taken. Reason for this test was to see difference between 
birch and pine surface, and if it was possible to discover any fibre from 
pine at the birch surface.

9.2.9 OptiTopo (Not accredited as ISO-standard.)
One sheet from three different scenarios, and three calender levels (0, 10 
and 20 kN/m) was chosen; sheets with 30 g birch on the surface, sheets 
with 10 g pine on the surface and the homogenous reference sheet. Five 
pictures from each sheet was taken. OptiTopo is intended both as a gene-
ral tool for surface structure characterisation and also as a tool to investi-
gate the relation between surface structure and printability. It can yield 
both topographic and reflectance information simultaneously from the 
same area. It utilises a principle called photometric stereo to characterise 
the surface structure of unprinted or printed surfaces.
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The area to be measured is illuminated from two light sources, both at 
the same angle of incidence but oriented at 180 degrees from each. The 
lights are switched on, one at a time, and the two images are recorded by 
the camera above the sample. The sum of these images is transformed to 
a reflectance image and the difference is used to characterise the gradient 
(slope) of the surface. From that result, the height can be calculated.

9.2.10 β-formation (Not accredited as ISO-standard.)
Three uncoated and uncalendered sheets from each scenario were cho-
sen. Formation was calculated from one measuring area of 86 mm2 per 
sheet.

9.2.11 SEM cross section analyse (Not accredited as ISO-standard.)
Only sheets calendered with line load 15 kN/m were chosen to be fully 
analyse. Only pictures of the others were taken. Analyse was made from 
one point of approximately 2*1 cm per sheet.  SEM is a scanning electron 
microscope with energy dispersive x-ray analysing unit. Instrumental 
data:

*Magnification range from X50 - X150 000
*Different detectors give topographic or atomic number contrast
*The x-ray detector can provide quantitative chemical information 

from selected areas 
*In VP-mode (variable pressure) uncovered samples are analysed 

without being affected

9.2.12 Ash content (ISO 1762:01, 525°C)
Two uncoated and uncalendered sheets from each scenario were chosen. 
Ash content was calculated from a double test of each sheet, which means 
that a single sheet was divided in two halves and ash content was mea-
sured in both.

Paper surface

Standard deviation of 
hight per wavelength

Relativ area under
threshold

Two different values that is possible to calculate with OptiTopo.

Fig 51.
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9.2.13 Sheet splitting (Not accredited as ISO-standard.)
One sheet from each uncalendered scenario of the paper made with XPM 
was chosen and splitted by hand after it was laminated. Speed of the 
laminator was 3,8 m/min and temperature was 150ºC. This test was eva-
luated subjectively.

9.2.14 Alexander's solution (Not accredited as ISO-standard.)
Only one paper from the uncalendered scenario with 30 g/m2 birch on the 
surface ply was chosen. Alexander Solution is a two component solution 
where the first one contains calcium nitrate and the other one is a mix of 
iodine, potassium iodide, and zinc chloride.  Fibres from birch reacts with 
a violet-blue shade and fibres from pine reacts with a brown-black shade. 
The sheet which was splitted six times was treated in layer number 2, 
3 and 4 from the wire side. This test was evaluated subjectively with a 
microscope.

9.3 Measuring of pulp properties
Measurement and analyse of pulp properties was performed at STFI.

9.3.1 FiberMaster (Not accredited as ISO-standard.)
The pulp was analysed with FiberMaster. This image analyse was done 
for pulp beaten at RCF and pulp beaten at STFI. Besides length and 
width of the fibre, the average shape factor was determined. 

The analyse with FiberMaster is based on a sample of 100 mg of the pulp 
which contains approximately 10 000 fibres. Width, length and shape 
factor is registered of each fibre. The width is an average of the whole 
length of the fibre.[17]

Shape factor
The area and perimeter of the fibre object is obtained from the image ana-
lysis system. Then the fibre is approximated by a rectangle with the same 
area and perimeter as the measured fibre. From this simplified fibre the 
length and width is obtained.[17]

y

x

L D

Shape factor  

x2 + y2

L

Fibre length and width is calculated from the area and perimeter of the projected fibre. In the figure 
both objects have the same area and perimeter. The length and fibre properties are taken from cal-
culations on the rectangular object.

Fig 52.
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9.3.2 Laboratory paper analysis
Only the pulp beaten at STFI was analysed with the following standards:
 
SR-number   ISO 5267-1:1999 
WRV    SCAN-C 62:00¹ 
WRV fibre fraction   SCAN-C 62:00 After screening in BDDJ 125P¹
Fibre- length,-width,-form  FiberMaster 2¹ 
Fine fraction BDDJ (<76µm)  Intern FP 111¹ 
Laboratory sheet   ISO 5269-1:2005 
Test of laboratory sheet  ISO 5270:1999 
Density structure   SCAN-P 88:01 
Tensile index   SCAN-P 67:93 
Roughness Bendtsen 0.1Mpa S1 SCAN-P 21:67 
Light scattering coefficient  ISO 9416:1998 
Light absorbing coefficient  ISO 9416:1998 
Opacity    ISO2471: 1998 
Scott-Bond   T 833 pm-94¹ 
Bending stiffness resonance  ISO 5629:1983 

¹ The analyse is not accredited as ISO/IEC 17025 
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Statistics and reliability
In this report the results are presented with standard deviation and con-
fidence interval besides average for the individual results. As been said 
before, every laboratory scaled paper machine has it own peculiarity, 
which often results in a paper with various properties. Even an industrial 
paper machine produces paper with variations, but the process varia-
tions is often known and controlled. At least all the variation that is not 
chance fluctuation should be controlled. It is important that the average 
and variations are statistically ensured when the results are presented. 
An average is just an average of hopefully several measurement points. 
In itself an average does not say anything about reliability nor about the 
true value of the properties that are measured. 

To have faith in a mean value, the standard variation and confidence 
interval has to be known. To compare two or more different averages and 
to be able to draw a conclusion, the difference had to be with a significant 
distinction that is statistically ensured.

10.1 Average (µ, x)
The arithmetical average is a calculated value for the random sample that 
has been observed and measured and not a true average of the properties 
for the total collection. If a whole new set of random samples is chosen 
from the collection the new average will most certainly be different from 
the first one. How big this difference can be depends on how large the 
variation is between measured values and how many measured points it 
was in the first test.[57] To draw a conclusion from the mean value it is 
important to know the variations. Therefore it is important to calculate 
the variations and also include them in the result when the arithmetical 
average is presented.

10.2 Standard deviation (, s)
If the average is used as central mean, the distribution of the variations 
should be shown as a standard deviation. When calculating the average 
deviation the absolute value is used to avoid a negative difference. 
Another way is to square the difference. Dividing the squared difference 

X X

Both graphs shows the same mean value, but they do not have the same reliabi-
lity. To have faith in an average value the variation has to be known.

Chapter 10. 

Fig 53.
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with the number of measurements gives the mean squared deviation. 
But normally the squared deviation is re-calculated with a square root, 
and the new unit is called standard variation. The standard deviation 
is the mean distance between measured points and the average value. 1 
standard deviation (1 ) includes 2 of 3 possible measured points, if the 
measuring would go on infinitely and provided that the measured points 
are normally distributed.[57] 

The Chebyshevs Difference can be used if the measured points not are 
normally distributed or not known. Chebyshevs has showed that the 
number of possible observations, within ± k number of standard varia-
tion, is at least:

For example there is always at least 1-/32 = 8/9 ≈ 89 % within 3 standard 
deviations from the average.[57]

10.3 Coefficient of Variation (CV)
Coefficient of Variation is a way of describing the ratio between the 
standard and the arithmetic average and shows the relative dispersion. 
Coefficient of Variation is often calculated as a percentage unit and can 
then be compared with other variations. 

NB! The data has to be of the same scale to be comparable. For example 
temperature analyses in Celsius and Fahrenheit would give different 
coefficient of variation since temperature is measured in an interval 
scale.[57]

= x ± t *
s
n

t  value of t-distribution depends on Degree of Freedom, which is 
 n-1. The values of Degree of Freedom is taken from a table and 
 depends  on the degree of confident.

1 includes 68.5 % of the possible observations
2 includes 95.5 % of the possible observations
3 includes 99.7 % of the possible observations

1-1/k2

= Coefficient of  Variation for the hole collection

= Coefficient of  Variation for random samples

100 * = CV as a percentage unit.

Form. 3

Form. 4
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10.4 Confidence interval (∆)
When the arithmetical average and standard deviation are known, the 
confidence of the mean value can be calculated. The confidence interval 
describes how certain it is that the true average of the whole collection is 
between the calculated interval. How large this interval will be depends 
on measured variations, number of measured points and the degree of 
confidence. The interval will be larger with larger variations and increa-
sing confidence degree, and smaller with more measurement points.[57] 

Example)
A property of a paper is measured at 20 points. The Degree of Freedom will 
then be 19. From a table the t-value 2.093 is taken, if the wanted confidence 
is 95 %. Higher confidence will give a higher t-value. The standard varia-
tion is calculated to 48.9. This will give a confidence interval of 24.3. With 
an arithmetic average of 425.5 it means that it is 95 % certain that the 
true average value is somewhere between 401.2 and 449.8. Or in another 
way; if this trial is done one hundred times the arithmetic average will 
appear inside the confidence interval 95 times of the cases.[49] 

When the confidence interval is shown, for two or more different scena-
rios in a graph, it is also possible to see whether there is any difference 
between the averages of the scenarios by looking at average and the con-
fidence interval. (fig 54)

10.5 Comparing different arithmetical averages
Analysing the confidence interval is one way to see if two or more mean 
values differ from each other. This method is in a way a subjective judge-
ment, especially if the judgement is done by looking at a graph and not 

a b c

x b

x a

x c
± 95 %

Confidence
Interval

In this  area the
 confidence interval

of a, b and c overlap 

Although it is a difference between the mean values of a, b and c, the 
confidence interval overlap which implies that all three different averages 
could come from the same scenario.  

Fig 54.
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counted out from the actually figures. Another way is to use the t-test, 
which can be used as a method to detect a difference between two arith-
metical averages.

10.5.1 T-test (∆min)
Determining if there is a significant difference between two arithmetical 
averages is a three-step procedure, which includes standard deviation 
and confidence interval.[42] 

First the standard deviation has to be set as an average of deviations for 
the two trials. 

Then the confidents interval has to be calculated for the two trials.
The last step is to calculate the smallest difference between the arithme-
tic average of the two trial.

This test indicates if the difference between two arithmetical averages is 
statistically secured. It can not tell the opposite, i.e.. this method can not 
be used to say that there is not any difference between two arithmetical 
averages. 

min = +2

1

2

2

For a significant difference:

X1 - X2  > min

s = (n1 - 1)*s1 + (n2 - 1)* s2
2 2

n1 + n2 -2

(Degrees of Freedom for two trials is n1 + n2 -2) 

(t-value is based on the Degree of Freedom: n1 + n2 -2) 

= x ± t *
s
n

The s-value 
from step 1.

Step 1.

Step 2.

Step 3.

Form. 5

Form. 6

Form. 7
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10.6 When to show more than the mean value
Hopefully all scientists calculate and analyse both standard variation 
and confidence interval, even if they are not showed in a report or article. 
Today it is not advanced to include and show those calculations in a 
diagram or a graph, and the reliability of the figures can then not be 
questioned. 

It is common that the standard deviation and even coefficient of variation 
is automatically calculated in a measuring process. It is essential that 
the importance of those figures are understood and not just a part of the 
result that can be overlooked if they are under a certain level. A diffe-
rence between two or more arithmetical averages can be presented where 
the coefficient of variation is clearly within the limit set for the measured 
equipment. But when the confidence interval is calculated or a t-test is 
done it can show that the variations of the measured values are to large 
to be statistically secured. 

When it comes to a point were a decision has to be made, a choice between 
two alternatives where an average of for example surface smoothness is 
the determining factor, it stands to reason that a test is done, e.g. t-test, 
and the difference is statistically secured.

Even though it look like it is obvious that two arithmetical average dif-
fers, the term significant difference should not be used as a subjective 
judgement. Significant difference is objective determined by a t-test. 
When it is used properly it can be used instead of figures and equations 
in a report, presentation or article. 
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Part Three 

Results 
Since this degree project contains four different trials the results are presented for each 
part separately. First the results of HW, SW and fractionated pulp are shown.

Chapter
11 HW, SW and fractionated pulp
12 80 gram/m2 of sulphate pulp of birch and pine
13 Coated sheets of sulphete birch and pine
14 StratEx - AQ-vane 80 g/m2 sulphate pulp of birch and pine
15 80 g/m2 of fractionated birch and pine
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HW, SW and fractionated pulp
The pulp was analysed at STFI. Only the final result was sent to the aut-
hor with no other information than the average or completed graphs. 

11.1 Result for HW and SW pulp

11.1.1 Result from FiberMaster
Average of fibre length was measured number-weighted and length-
weighted. Both HW- and SW-pulp from RCF had slightly longer fibres 
than the pulp beaten at STFI. The average length-weighted fibres in SW 
pulp was approximately 2.3 mm, and the fibres in HW pulp 0.9 mm. 

Average width for SW beaten at STFI differs from the other pulps and  
contained fibres with a width of 27 μm, SW from RCF, and HW from both 
RCF and STFI had approximately the same width of 17 μm. 

Pulp beaten at RCF had slightly higher Shape factor, 93 %, than pulp bea-
ten at STFI, 91.6 %. For SW the Shape factor was approximately 86.5 %.

Chapter 11. 

Average of fibre length, length-weighted. Average of fibre length, number-weighted.

Average of fibre length, length-weighted.

Diag. 1 Diag. 2

Diag. 3
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11.2 Result for Fractionated pulp Appendix E
The fractionation was done with beaten pulp of 75 %  hardwood and 25 
% softwood.

11.2.1  Result from FiberMaster
The average length, number-weighted, for fibres in the mix, coarse frac-
tion and fine fraction was between 0.7 mm and 0.9 mm, where the coarse 
fraction had the longer fibres. For the length-weighted the coarse fraction 
had a fibre length of 0.14 mm and the fine fraction had a fibre length of 
1.3 mm. 

Fibre width ranged from 21 µm to 22 µm, and the coarse fraction was the 
widest. 

The Shape factor ranged from 88.5 % to 88.9 %. 

11.3  Result from laboratory paper analysis
The laboratory paper analysis was performed by STFI. Only the pulp 
beaten at STFI was measured and analysed. 

Bending stiffness vs. Bendtsen roughness
For the beaten SW pulp the Bendtsen roughness was 210 ml/min and for 
the HW 120 ml/min. The bending stiffness was 0.194 mNm for the SW 
and 0.182 mNm for the HW.

Average of fibre length, length-weighted. Average of fibre width.

Average of Shape factor.

Diag. 4

Diag. 6

Diag. 5
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Bendtsen roughness was 390 ml/min for the coarse fraction and 79 ml/
min for the fine fraction. Bending stiffness was 0.208 mNm for the coarse 
fraction and 0.183 mNm for the fine fraction.

BDDJ (Britt dynamic drainage jar)
The BDDJ showed no difference between refined HW and SW pulp. But it 
is with this test the difference between fine and coarse fraction is showed. 
The fine fraction contained 12.2 % of fines and the coarse fraction 7.7 %. 

Bending stiffness vs Bendtsen roughness for SW, HW and frac-
tionated pulp.

BDDJ for SW, HW and fractionated pulp.

Diag. 7

Diag. 8
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Stratified sheets of birch  and pine 
-manufactured with XPM

12.1 Properties of weight and density
The result is in most cases shown with arithmetical average and 95 % 
confidence interval. 

12.1.1 Grammage
Three of the scenarios had a grammage just below 80 g/m2. Scenario 3 
with 10 g/m2 of birch on surface had a grammage of approximately 73 
g/m2 and the reference sheet, scenario 5, had a grammage of 77,5 g/m2. 

12.1.2 Density
The confidence interval makes it difficult to say something about the 
density. It is not clear that scenario 3 has the highest density for the calen-
dered sheets even though that is the case by looking at the arithmetical 
average. One thing that is clear is that all calendered scenarios had similar 
density values, and scenario 2 had a lower density than scenario 3. 

12.1.3 Ash content
Although the addition level was the same for all scenarios the ash content 
differs between them. This test was done on three sheets per scenario. 

Average of basis weight.

Chapter 12.  Result of Trial 1 
Outer Middle

5.  Reference 75% HW 25% SW

1.  30g HW 20g SW

2.  20g HW 20g SW+20 g HW

3.  10g HW 20g SW+40 g HW

4.  10 SW 60g HW

Scenarios and layer structure.

Average of density.

Average of ash content.

Diag. 9

Diag. 11

Diag. 10
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Three measured points often give an uncertain average, but in this case 
it was a clear-cut result. The ash content was highest for scenario 1, fol-
lowed by 2. and 3. Due to the confidence interval for scenario 4 and the 
reference sheet it is more difficult to determine which is higher or lower. 
Note the fact that ash content is higher by larger amount of birch on the 
surface and not by the grammage of the different scenarios.

12.2 Strength properties

12.2.1 Bending Stiffness Resonance

CD
Bending stiffness in CD was higher for scenarios 1-2, compared to the 
reference sheet, but only for the uncalendered sheets. With a calender 
load of 5 kN/m the sheet 1. had higher bending stiffness than the referen-
ce sheet. Even though the arithmetical average is higher for scenario 1. 
than for the reference sheet at calender level 15-30 kN/m, the confidence 
interval shows that those measured values are uncertain. Most of the 
confidence intervals overlap for all sheets and in all calender levels.

Index CD
For the uncalendered sheets the reference sheet 1. had lower bending 
stiffness than sheets in scenario 1-3. For scenario 4. the bending stiffness 
was higher than the reference sheet according to the arithmetical average 
of the uncalendered sheets, but considering the confidence interval those 
values are uncertain. 

MD
When it comes to the bending stiffness in MD it is even harder to be sure of 
the difference between the sheets. For uncalendered sheets the scenario 2. 
had the highest value of bending stiffness, but also the largest confidence 
interval. For calendered sheets, with a linear load from 20-30 kN/m, the 
scenario 1. had a lower bending stiffness than the reference sheet. It is 
possible that scenario 4. could have a higher bending stiffness than the 
reference for all calendered sheets according to the average and confidence 
interval for linear load 5 kN/m and 30 kN/m.

Average of bending stiffness in CD. Average of bending stiffness in MD.

Diag. 12 Diag. 13
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MD Index
Scenario 1 had the lowest bending stiffness index at the calender level 
15-30 kN/m, and scenario 2 had the highest value for the uncalendered 
sheets. The reference sheet and scenario 2-4 had roughly the same ben-
ding stiffness index at calender level 15-30 kN/m.
The bending stiffness index  could perhaps have been the only diagram to 
show the bending stiffness since it includes the grammage of the paper. 
This four diagrams above is shown to illustrate why. Further on in the 
report only the index is shown where it is possible.

12.2.2 Tensile Stiffness Index

CD
Scenario 4. and the reference sheet had the highest tensile stiffness index 
for the uncoated sheets. The large confidence interval for scenario 1. at 
calender level 15-30 kN/m is due to one divergent low value that perhaps 
can be disregarded. If so scenario 1. will get a higher arithmetical avera-
ge. The same holds for scenario 3. at calender level 30 kN/m. 
This will not change the fact that tensile stiffness index is roughly the 
same for the calendered scenarios 1. and 3-5. when considering the confi-
dence interval and not just looking at the arithmetic average. 

Average of bending stiffness in MD. Average of bending stiffness in MD.

Values causing the 
higher bend. stiffn. for 
scenario 2 in 0 kN/m.

Average of tensile stiffness index in CD.

2.67
3.43
3.47
3.47
3.53
3.58
3.59
3.60
3.70
3.78

3.48

Divergent?

Average

1.90
3.20
3.25
3.28
3.37
3.40
3.48
3.63
3.69
3.71

3.28

1.Scenario
kN/m 3015

3.

2.18
2.49
2.97
3.14
3.29
3.39
3.55
3.60
3.72
3.74

3.21

30
1.

Divergent values for scenarios 1 
and 3 that possible can be exclu-
ded.

Diag. 14 Diag. 15

Diag. 16
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MD
The reference sheet differed from stratified scenarios and had a higher 
tensile stiffness index for all calender levels in MD. Concerning the arith-
metical average the scenario 1. had the lowest value for the calendered 
sheets, but considering the confidence interval that is not obvious.

12.2.2 Tensile Index

CD
For uncalendered sheets scenario 4. and the reference sheet had the hig-
hest tensile index. The confidence interval shows a certain insecurity for 
the calendered sheets, but the trend and similarity with the arithmetical 
average could perhaps mean that the scenario 4. and the reference sheet 
had the highest tensile index in all calender level and  that scenario 2. 
had the lowest tensile strength. 

MD
The reference sheet had the highest tensile index in all calender levels. 
Although the arithmetical average differs for the other scenarios it is 
uncertain to say which one had the higher tensile index. 

For the scenarios 2. and 3. the tensile index is similar for the calendered 
sheets. 

Average of tensile stiffness index in MD.

Average of tensile index in MD.Average of tensile index in CD.

Diag. 17

Diag. 18 Diag. 19
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12.3 Surface and porosity properties

12.3.1 Bendtsen Roughness
The sheet in scenario 2. had the highest roughness for uncalendered 
sheets. For the linear load of 30 kN/m scenario 1. had the smoothest sur-
face of all scenarios. 

Figure 22 illustrates how the variation of measured points for each sce-
nario looked like. Each sheet was measured two times. That means that 
measuring points 1-2 came from the same sheet, 3-4 came from the same 
sheet and so on for all ten sheets in every scenario. 
 
By looking for example at scenario 3. and the values for number 1-2, one 
can see that it is a variation between 1000 ml/min and 1400 ml/min in a 
single sheet.   

Average of Bendtsen roughness.

Every measured value of Bendtsen roughness for uncalendered and uncoa-
ted senarios, of which the arithmetical average was calculated.

Diag. 20

Diag. 21
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12.3.2 OptiTopo
To see the difference between the surface of pine and birch respectively, 
scenario 1 and 4 and the reference sheet were chosen for this analyse. 

Variation in height for uncalendered sheets
The sheet with birch in the surface ply had larger variations in the lower 
wavelength from 0.098 up to 0.78 mm than the reference sheet and the 
sheet with pine in the surface ply. For wavelengths from 0.78 to 3.1 the 
reference sheet had the better formation. For the larger wavelength, 3.1 
- 6.2 mm, the result is uncertain due to the large confidence interval of 
the sheet with birch in the surface ply. The large interval is due to one 
divergent value which gives the scenario 1. the high unreliable value.  

Relative area under different threshold for uncalendered sheets
At every threshold value the scenario with birch in the surface plies had 
the largest area. The reference sheet and the sheet with pine in the sur-
face plies had similar area under every threshold values. 

Scenario 1, uncalendered.

Scenario 5, uncalendered.

Scenario 4, uncalendered

Photos from OptiTopo

Average of standard deviation for height. 
0 kN/m.

Average of relative area under varying thres-
holds. 0 kN/m.

Diag. 22

Diag. 23

Fig 55.

Fig 56.

Fig 57.
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Variation in height for calender level 20 kN/m
The large interval in the longest wavelength, for the reference sheet and 
scenario 4, is due to large variations both upward and downward and non 
of them can be disregarded.
 
The variation in height is larger for the scenario with pine in the surface 
plies at wavelength from 0.78 mm to 3.1 mm. The reference sheet and 
scenario 1. had similar values in every wavelength.

Relative area under different threshold for calender level 20kN/m
The result of relative area under threshold is similar through all calender 
levels and every threshold value, and it shows that the sheet with pine 
in the surface plies has a smaller area i.e. the surface is tighter or closer 
when the pine is in the surface plies. 

NB! Only a single sheet from each scenario and calender level has been 
measured. 

Average of standard deviation for height. 
20 kN/m.

Average of relative area under varying thres-
holds. 0 kN/m.

Scenario 1, 20 kN/m.

Photos from OptiTopo

Scenario 4, 20 kN/m.

Scenario 5, 20 kN/m.

Diag. 24

Diag. 25

Fig 58.

Fig 59.

Fig 60.
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12.3.3 Air Permeance
Highest air permeance had the scenario 2. followed by scenario 4. and 
the reference sheet. Scenario 1. and 3. had the lowest air permeance. The 
confidence interval for scenario 4. at calender level 5 kN/m is rather wide 
but it is not obvious that any value can be disregarded.    

12.4 Optical properties

12.4.1 Light Scattering Coefficient
The reference sheet had the lowest light scattering coefficient in all calen-
dered levels according to the arithmetical average. One uncertainty is 
that the confidence intervals for scenario 4. and reference sheet overlap 
at linear load 5 kN/m and 15 kN/m. But considering that the confidence 
interval between the reference sheet and scenario 4. separates at linear 
load 0 kN/m and 30 kN/m it is probably a most likely assumption to say 
that the reference sheet has the lowest light scattering coefficient of all 
scenarios.  

12.4.2 Light Absorption Coefficient
Scenario 3. had the highest light absorption coefficient for all calender 
level. For scenario 2. at linear load 15 kN/m all ten measured sheets had 
the same result, therefore the confidence interval is 0. For the uncalen-
dered sheets scenario 2. had a higher light absorption coefficient than 
scenario 1. and 3. and the reference sheet.

Average of air permeance.

Average of light scattering coefficient. Average of light absorption coefficient.

Diag. 26

Diag. 27 Diag. 28
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12.5 Formation

12.5.1 β-formation

Background information of measured values
ß-formation was measured on two sheets per scenario which are too few 
measured points to show a reasonable confidence interval for the arith-
metical average. A 95 % confidence interval would be larger than some of 
the bars in the diagram. That is more an effect of few measuring points 
rather than large variations of the measured values. But it also means 
that the arithmetic average is uncertain. The first four diagrams will 
explain this.

The values are shown in a diagram above and in a graph below. Together 
they illustrate why it can be difficult to draw a conclusion of an average 
if it is based on the measuring of two sheets. Scenario 2 represent mea-
suring results with fairly large variations and scenario 1 represent small 
variations. It is impossible to know if scenario 1 is more stable than 2 or 
if it is a coincidence that the two measured values for scenario 1 happens 
to be rather equal when only two sheets have been measured. 

Formation of two measurements for scenario 2. To 
be 95 % sure that the "real" average is included 
in a confidence interval, the interval is extended 
outside the bar.

Formation for all five scenarios,  from the two measurements that were done.

Formation of two measurements for scenario 1. 
Even a small variation will cause a rather large 
confidence interval when the measuring points 
are few.

Diag. 29 Diag. 30

Diag. 31 Diag. 32
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MD
Scenario 1. has the best formation in MD according to the arithmetical 
average of the large scaled sequence. NB! The interval that is presented 
in the diagram is the standard deviation and not a confidence interval. 

CD
Even in CD scenario 1. has the best formation and the measured values 
are similar to the measured values in MD. 

12.6 Layer purity
The sheets consisted of three white plies and therefore it was not possible 
to determine the layer purity by splitting the sheets, scan and calculate 
the amount of different fibres in each splitted ply, which is one way to 
determine layer purity when the fibres are coloured.

12.6.1 Test with Alexander's solution
This test is a way to decide whether a fibre comes from birch or from pine. 
Since this trial contains just those fibres it was possible to use the test to 
determine layer purity. The fibres were prepared with a chemical solution 
which coloured birch and pine differently. After the reaction the fibres, or 
in this case the splitted layers, can be analysed.

One sheet from scenario 1 was splitted six times and the layers were 
analysed. That scenario was chosen because the other ply ought to have 

Average of formation in MD.

Average of formation in CD.

Diag. 33

Diag. 34
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pure birch with a grammage of 30 g/m2, and a pure middle ply of pine 
with a grammage of 20 g/m2. It was possible to see differences between 
birch and pine visually since pine had a tendency of flocks, while the birch 
layer was more uniform and smooth. The layer that was analysed with 
Alexander's solution was layer 2, 3 and 4. 

Result of analysing the sheets prepared with Alexander's solution

Layer 1. (11.0 g/m2)
Visually without Alexander's solution:  Smooth and even.

Layer 2. (6.4 g/m2)
Visually:     Smooth and even. 
In a microscope after preparation:  Only birch.

Layer 3*. (10.2 g/m2)
Visually:     Smooth and even, but     
    with small flocks. 
In a microscope after preparation:  A majority of birch but pure    
    pine in the flocks when     
    looking  at the side to layer    
    abut on layer 4.

Layer 4. (19.3 g/m2)
Visually without Alexander's solution: A major part covered with     
    flocks. 
In a microscope after preparation:  Birch in the thin parts and a    
    majority of pine in the 
    flocks.

Layer 5. (11.3 g/m2) and 6. (11.6 g/m2)
Visually    Smooth with no flocks. 

* Layer 3 was examined at both sides.

The test with Alexander's solution did not include layer 5 and 6. It is pos-
sible that the middle layer and the top layer were mixed. But according 
to this test, there was no pine in the surface plies on the wire side, which 
was the side that was tested in all measurement in this project. It is not 
reasonable to think that pine would appear at the first layer of 11.0 g/m2 
if the second layer contained only birch.  

This test did not show if the scenarios with lower surface grammage than 
30 g/m2 had sufficient layer purity.      

1.   11.0 g/m2

2.    6.4 g/m2

3.   10.2 g/m2

4.   19.3 g/m2

5.   11.6 g/m2

6.   19.3 g/m2

Wire side

Top side

X

X

X Only birch if the layer 
had high purity.

Expected result

Most pine

X Analysed layers

Splitted sheet that was tested with Alexander's solution.

Fig 61.
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Photos of single fibres from microscopy
Birch fibres and fines had a violet-blue shade and fibres from pine had a 
brown-black shade. The arrows in pictures below are pointed at characte-
ristic properties for each fibre.

The arrow is pointing at the typical stripes at the end 
of a birch cell. 

 The arrow is pointing at the typical pores for pine. 

Fig 62.

Fig 63.
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12.6.2 Microscope photos of the surface
The surfaces of scenario 1. and 4. were examined to see if there were any 
differences between birch in the surface plies and pine in the surface 
plies. The judgement was done subjectively. It was not obvious which 
surface contained birch and which contained pine and it was not possible 
to see if there were any pine fibres at the birch surface. 

Microscope photo of a surface with birch. Scenario 1.

Microscope photo of a surface with pine. Scenario 4.

Fig 64.

Fig 65.
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12.7 SEM-analyse
SEM-analyse (Scanning Electron Microscope) generated both pictures 
of the cross-direction and a calculated amount of filler and fibres in the 
sheet. The analyse is done on a small part of the sheet, approximately 
1*2 cm, and due to a rather complicated process it is perhaps not realistic 
to do several measurements per sheet. This result is presented without 
confidence interval and standard deviation.

12.7.1 Grammage
According to SEM analyse, the grammage of the sheets differs from the 
grammage measured in the ordinary paper test. Grammage determined 
by SEM had greater variations between the five scenarios. It seems that 
SEM is a more uncertain method to calculate the grammage.

12.7.2 Filler content
According to SEM the amount of filler in the sheets was less than measu-
red ash content in the ordinary paper test. Even if the result is based on 
several hundred measuring points it is still a very small part of the paper 
that is analysed. It is unlikely that the filler content for a total sheet in 
scenario 1. was 8 %. 

Average of grammage. 

Average of filler content. 

Diag. 35

Diag. 36
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12.7.3 Filler distribution
For all scenarios except scenario 1. the filler content was highest at the 
wire side. Filler distribution was calculated of an average of 20 divisions 
in cross-direction. Division 1 is the wire side surface and division 20 is the 
top surface of the sheet. 

12.7.4 Root Mean Square (RMS)
RMS is a way to describe surface roughness. A higher value means more 
roughness. According to this test the surface smoothness increased simul-
taneously with the amount of birch on the surface. Scenario 4. with pine 
in the surface plies had the highest roughness and the reference sheet 
had approximately the same value as scenario 3.

This is an interesting result. The expected result of smoothness for this 
trial corresponds to the result of RMS. But considering the other uncer-
tain result from SEM, the absence of confidence interval, and the fact 
that the result is based on measuring on a very small area in one single 
sheet, it is wise to be careful and not draw any strong conclusion from 
this test.

Average of grammage. 

Average of RMS. 

Diag. 37

Diag. 38
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12.7.5 Pictures of the sheets in cross-direction
When the pulp was measured with FiberMaster it was clear that the 
average width of fibres from both birch and pine was approximately 
17µm. That could be one reason why it is difficult to visually judge if the 
birch is in the surface plies or if the pine is in the middle ply by looking 
at cross-direction pictures from SEM. By looking at a picture it is almost 
impossible to determine which scenario the picture represents. 

Cross-section of Scenario 1. Cross-section of Scenario 2. 

Cross-section of Scenario 3. Cross-section of Scenario 4. 

Cross-section of Scenario 5. 

Fig 66. Fig 67.

Fig 68. Fig 69.

Fig 70.
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Coated stratified sheets of birch  and 
pine -manufactured with XPM
The base paper in this trial is the same as already presented in the previous 
chapter and therefore the parts with layer purity, ß-formation and OptiTopo 
will be excluded. Neither will there be any comments on confidence inter-
val, unless there are obvious divergent values that has to be presented.  

13.1 Properties of thickness and weight

13.1.1 Grammage
Grammage was just above 90 g/m2 for C1, C2 and C4. The reference sheet 
had a grammage of 88 g/m2 and scenario C3 had a grammage of 84 g/m2. 

13.1.2 Coating amount
The amount of coating was calculated by subtracting the uncoated arithme-
tical average of grammage from coated sheet arithmetical average. The large 
interval for C3 is due to one divergent value of 5 g/m2 for a single sheet.  

13.1.3 Density
Scenario C1. had higher density than the reference sheet in every calen-
der level according to the arithmetical average. At calender level 30 kN/m 
scenario 2 differed from the other scenario with a higher density. 

Chapter 13.  Result of Trial 2
Outer Middle

C5.  Reference 75% HW 25% SW

C1.  30g HW 20g SW

C2.  20g HW 20g SW+20 g HW

C3.  10g HW 20g SW+40 g HW

C4.  10 SW 60g HW

Scenarios and layers. 

Average of grammage. Average of coat grammage. 

Average of density. 

Diag. 39 Diag. 40

Diag. 41
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13.2 Strength properties
Due to curl it was not possible to measure bending stiffness in the cross 
direction for the coated sheets.

13.2.1 Bending Stiffness Index MD
The reference sheet and scenario C1 had similar bending stiffness for the 
uncalendered sheets. At linear load 15-30 kN/m scenario C1 and C3 had 
the lowest bending stiffness.

13.2.2 Tensile Stiffness Index
Highest tensile stiffness index had the reference sheet and scenario C3. 
Lowest value for calendered sheets had scenario C1, but the confidence 
interval overlap with the confidence interval for scenario C2 and C4.

13.2.3 Tensile Index
The reference sheet had the highest tensile index in MD. It is difficult 
to determine which one of the other scenarios had the highest tensile 
strength since the confidence intervals overlap. 

Average of bending stiffness index in MD. Average of tensile stiffness index in MD. 

Average of tensile index. 

Diag. 42 Diag. 43

Diag. 44
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13.3 Surface and porosity properties

13.3.1 Bendtsen Smoothness
Scenario C2 and C4 had the highest roughness for uncalendered sheets 
and at the linear load 5 kN/m, but the confidence intervals overlapped. 
At the linear load 30 kN/m all sheets, except scenario C4, had similar 
roughness. 

13.3.2 Air Permeance
Scenario C1 had the highest air permeance for all calender levels except 
at 5 kN/m. The scenario with pine in the surface plies had the lowest air 
permeance in all calender levels.

13.4 Optical properties 

13.4.1 Light Scattering Coefficient
The scenario with pine in the surface plies had large variations in both 
standard deviation and confidence interval. This is not due to a single 
divergent value that can be disregarded. According to arithmetical avera-
ges, all stratified sheets had higher light scattering values than the refe-
rence sheet, and if scenario C3 and C4 is disregarded this is confirmed by 
the confidence interval.

Average of Bendtsen roughness. Average of air permeance.

Average of opacity. 

Diag. 45 Diag. 46

Diag. 47
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13.4.2 Light Absorption Coefficient
For the calendered sheets the scenario with pine in the surface plies had 
the lowest light absorption coefficient. Scenario C3 had the highest light 
absorption coefficient.

13.5 SEM-analyse
The results are based on a area of approximately 1*2 cm of a sheet, and 
no standard variations and confidence intervals can be shown.

13.5.1 Grammage
According to SEM the grammage for C1 was just above 100 g/m2, which 
is unlikely since the base paper had a grammage of approximately 80 
g/m2 and the coat amount 10-14 g/m2. Those figures have been verified 
under the ordinary paper test, but also in the pre-study when the amount 
of coating was evaluated. The grammage had larger variations measured 
with SEM than in the ordinary paper test.

13.5.2 Filler content
The filler content was between 15.5 g/m2 and 19 g/m2 according to SEM. 
Lowest filler content had scenario C1 and the highest filler content had 
scenario C2. 

Average of light absorption coefficient. 

Average of grammage. Average of filler content. 

Diag. 48

Diag. 49 Diag. 50
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13.5.3 Root Mean Square
RMS is a method for determining the surface roughness of both base 
paper and coated surface.

Base sheet
Scenario C2 had the lowest surface roughness and C4, with pine in the 
surface ply, had the highest roughness.

Total (Base paper and coat)
Scenario C1, with the highest amount of birch in the surface plies, had 
the smoothest surface and scenario C4 with pine in the surface plies had 
the highest roughness. 

13.5.4 Coat weight
According to the SEM analyse the coat weight for scenario C2 and C3 was 
above 15 g/m2. As been explained earlier (13.5.1 grammage) it is unlikely 
that it is the true average of a whole sheet.

13.5.5 Coat penetration
The coating had penetrated most in scenario C2. For the scenario C4, 
with pine in the surface plies, the arithmetical average of penetration 
value was the lowest. Scenario C1 and the reference sheet had similar 
penetration values.

Average of RMS in base paper. Average of RMS total. 

Average of coat weight. Average of coat penetration. 

Diag. 51 Diag. 52

Diag. 53 Diag. 54
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13.5.6 Coat coverage
The sheet with birch in the surface plies, scenario C1, had lowest coverage 
of coat according to the arithmetical average in this test. Scenario C2 had 
the highest coverage.

13.5.7 Pictures of the sheets in cross-direction

Average of coat coverage. 

Cross-section of scenario C1. Cross-section of scenario C2. 

Cross-section of scenario C3. Cross-section of scenario C4. 

Cross-section of scenario C5. 

Diag. 55

Fig 71. Fig 72.

Fig 73.
Fig 74.

Fig 75.
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Stratified sheets of pine and birch sul-
phate -manufactured with StratEx

14.1 Properties of thickness and weight

14.1.1 Grammage
The arithmetical average for grammage varied between 75 g/m2 and 95 
g/m2 for the five scenarios. The scenario with pine in the surface plies, A4, 
varied between 73 g/m2 and 81 g/m2 with no single divergent value.     

14.1.2 Density
For calender level 0-10 kN/m the reference sheet had the highest den-
sity according to the arithmetical average and the confidence interval. 
Scenario A4 had the lowest density.  

14.2 Strength properties

14.2.1 Bending Stiffness Index

MD
Even though the arithmetical average differed for each scenario the 
confidence interval makes that result uncertain. Scenario 4 had large 
variations at 10 kN/m which is due to one single low value. If that value 
is disregarded the arithmetical average of scenario 4 should have been 
higher. 

On the other hand, at 20 kN/m the large interval depends on one single 
high value, which means that the average would be even lower at that 
calender level if that value was disregarded. One cautious statement is 
that sheets with pine in the surface plies has a higher bending stiffness 
in MD to a certain calender level, than sheets with birch in the surface 
plies or a sheet with a homogeneous mix.

Average of grammage. Average of density. 

Chapter 14.  Result of Trial 3

Diag. 56 Diag. 57

Outer Middle

A5  Reference 75% HW 25% SW

A1  30g HW 20g SW

A2  20g HW 20g SW+20 g HW

A3  10g HW 20g SW+40 g HW

A4  10 HW 60g SW
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CD
The reference sheet had a higher bending stiffness in CD. The large con-
fidence interval for the calendered sheets in scenario 4 is due to one high 
divergent value, but the variation of the measured values was also larger 
than for the other scenarios.

14.2.2 Tensile Stiffness Index

MD
For the uncalendered sheets the scenario A1 had the highest tensile 
stiffness in MD according to the arithmetical average. The large interval 
for A1 at 0 kN/m is due to one single low value and it is possible that the 
average is even higher at that calender level. For the calendered sheets 
scenario A4 had the highest mean value, even though there is a divergent 
low value, which is the reason for the large confidence interval.

CD
The large confidence intervals for several of the scenarios is due to large 
variation in the measured values and not a single divergent value. Even 
though the arithmetical average differed, the large variations in the confi-
dence interval makes it difficult to determine something about the tensile 
stiffness from the measured values.  

Average of bending stiffness index in CD. 

Average of tensile stiffness index in CD. 

Average of bending stiffness index in MD. 

Average of tensile stiffness index in MD. 

Diag. 58 Diag. 59

Diag. 60 Diag. 61
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14.2.3 Tensile Index

MD
Scenario A4 appears to have a higher tensile index in CD, but the varia-
tions are at the same time rather large. The measured values of the 
calendered sheets, for scenario A4, varied between 71 Nm/g and 95 Nm/g 
and there were more than one low and one high value. However, A4 had 
the highest individual values of all measured values for all calendered 
scenarios, even though the confidence intervals overlaps. 

CD
The reference sheet had higher tensile index in CD compared to the 
stratified sheets for the uncalendered sheets and calender level 10 kN/m. 
The confidence intervals at calender level overlaps at calender level 30 
kN/m. The large confidence interval for scenario A4 at calender level 30 
kN/m is due to one single low value. The large interval for scenario A1 is 
due to large variations of the measured values. All these occasions taken 
together makes it difficult to say that the reference sheet had a higher 
tensile index at calender level 30 kN/m. 

Average of tensile index in CD. 

Average of tensile index in MD. 

Diag. 62

Diag. 63
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14.3 Surface and porosity properties

14.3.1 Bendtsen Roughness
The scenario with pine in the surface plies had the highest Bendtsen 
roughness values. The other scenarios had roughly the same value.  

14.3.2 Air Permeance
The reference sheet and the sheet with pine in the surface plies, A4, had 
the lowest average for air permeance, and at the calender level 30 kN/m 
the scenario A4 had the single lowest value. 

14.4 Optical properties

14.4.1 Light Scattering Coefficient
The large confidence interval for scenario A4 is not due to divergent 
values. There was a large distribution of the values at each calender level, 
which makes it difficult to disregard any of them. As can be seen in the 
diagram the confidence interval overlap for all scenarios which makes it 
difficult to make a statement.    

14.4.2 Light Absorption Coefficient
Scenario A4 had the highest light absorption coefficient but also the lar-
gest confidence interval. The reference sheet had the lowest light absorp-
tion coefficient. 

Average of air permeance. Average of Bendtsen roughness. 

Average of light scattering coefficient. Average of light absorption coefficient. 

Diag. 64 Diag. 65

Diag. 66 Diag. 67
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Fractionated stratified sheets of pine and 
birch sulphate -manufactured with StratEx 

15.1 Properties of thickness and weight

15.1.1 Grammage
Scenario B1 had the highest grammage with an arithmetical average of 
95 g/m2. Scenario B4 should have had a lower grammage if the one diver-
gent high value was disregarded.  

15.1.2 Density
Scenario B1 had the highest density followed by the reference sheet, and 
scenario B4 had the lowest value. At calender level 30 kN/m the confi-
dence intervals makes that statement uncertain.

15.2 Strength properties

15.2.1 Bending Stiffness Index

MD
The reference sheet had the lowest bending stiffness for the uncalende-
red sheets, for the other scenarios the confidence interval overlap. At 
calender level 30 kN/m there is no value for the reference sheet because 
there were only an average of bending stiffness, and therefore the index 
average could not be calculated properly.

CD
Scenario B2 had the highest arithmetical average of bending stiffness for 
the uncalendered sheets and that value is so high that it is divergent in 
itself. But when looking at the measured values, for all the ten sheets in 
that scenario, all are that high. In fact those values are the highest for 
all scenarios in both CD and MD, even though bending stiffness in MD 
generally had higher values in each trial in this project.

Average of grammage. Average of density. 

Chapter 15.  Result of Trial 4

Diag. 68 Diag. 69

Outer Middle

B5  Reference 75% HW 25% SW

B1   20g FF 
       10g CF

20g FF

B2   20g FF 40g CF

B3   10g FF 40g CF 
20g FF

B4   10 FF 60g CF
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15.2.2 Tensile Stiffness Index

MD
Due to large variations and confidence intervals that overlap it is difficult 
to describe the similarity or difference between the scenarios for tensile 
stiffness index in MD.

CD
One careful statement is that scenario B4 has lower tensile stiffness 
index in CD than the reference sheet. The confidence interval overlaps in 
the other scenarios.

15.2.3 Tensile Strength Index

MD
The reference sheet had higher tensile strength index than scenario B2 
and B4 according to both arithmetical average and confidence interval in 
all calender levels. 

Confidence intervals for the reference sheet and the scenarios B1 and 
B3 overlap which makes it difficult to determine the differences between 
them.

Average of tensile stiffness index CD. Average of tensile stiffness index MD. 

Average of bending stiffness index CD. Average of bending stiffness index MD. 

Diag. 70 Diag. 71

Diag. 72 Diag. 73



109

Mariell Mattison
Degree Report
30 ECTS

University of Dalarna, Graphic Technology
Influence of hardwood, softwood and 

fractionated pulp in a stratified three-layered fine paper

CD
The scenario with pine in the surface plies had the lowest tensile strength 
index in CD. Even though the reference sheet had a higher average than 
scenario 1-3 it is uncertain to establish that as a fact since the confidence 
intervals overlapped for all the three scenarios.

15.3 Surface and porosity properties

15.3.1 Bendtsen Roughness
For the uncalendered sheets scenario B4 had the highest value of rough-
ness. Scenario B2, with 20 g/m2 of fine fraction in  the surface plies, had 
lower roughness than the reference sheet at all calender levels. 

15.3.2 Air Permeance 
Scenario B4 was the most porous sheet, followed by scenario B2 and B3 
which had similar values. Scenario B1 was the most dense sheet and had 
the lowest value of air permeance.

Average of tensile strength index MD. Average of tensile strength index CD. 

Average of Bendtsen roughness. Average of air permeance. 

Diag. 74 Diag. 75

Diag. 76 Diag. 77
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15.4 Optical properties

15.4.1 Light Scattering Coefficient
Overlapping confidence intervals and unexplainable variations in the 
different calender levels makes it difficult to separate the scenarios. It 
is possible that scenario B4 had a higher light scattering coefficient than 
the reference sheet. 

15.4.2 Light Absorption Coefficient
The overlapping confidence intervals and unexplainable variations in 
the different calender levels makes it even more difficult to separate the 
scenarios when it comes to light absorption coefficient.

Average of light scattering coefficient. Average of light absorption coefficient. 

Diag. 78 Diag. 79
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Conclusion
The main question was if there are any benefits of stratified paper with a 
grammage of 80 g/m2, made of fractionated and unfractionated pine and 
birch sulphate. According to these trials the answer will be: it is not pos-
sible to make a reliable statement about that, by analysing the results of this 
project. The reason for that vague statement is the fact that there were large 
variations of the values, in almost every measurement, in all four trials with  
paper from two different paper machines. Two of the trials consisted of the 
same scenarios but manufactured at different paper machines, StratEx and 
XPM, and some of the results from the tests showed no consensus.

Due to the large variations the conclusions is preferably shown with some 
diagrams. The results of smoothness, bending stiffness and optical properties 
are shown with an arithmetical average and a confidence interval of 95 %. 

16.1 Smoothness

16.1.1 Stratified sheets with birch and pine sulphate

Considering the confidence intervals the conclusion will be that there 
is no statistically proven improvement of smoothness with stratified 
sheets compared to a homogeneous reference sheet. But by comparing a 
calendered stratified sheet with 30 g/m2 of birch in the surface plies with 
a reference sheet it is a tendency that the stratified sheet gains more 
smoothness with higher linear load. 

As can be seen in the diagram the sheets from StratEx have a lower 
roughness than sheets from XPM. That is due to differences in the press 
and drying parts of the manufacturing process and not an effect of dif-
ferences in the furnish or layer structure. 

The comparison between manufactured sheets by StratEx and XPM is not 
quite right since the XPM paper contains filler and the StratEx sheets 
don't. Scenario 4. and A4 are not comparable at all since the layer struc-
ture and furnish composition is not the same.

Chapter 16.

Bendtsen roughness. XPM uncoated. Bendtsen roughness. StratEx unfractionated. 

Diag. 80 Diag. 81
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16.1.2 Coated sheets with a stratified base paper
This test shows no improvement of smoothness for stratified sheets as a 
base paper. It is possible that a stratified sheet with pine in the surface 
plies, C4, will decrease the smoothness.

16.1.3 Stratified sheets made with fractionated pulp
According to this test it is possible that a sheet with 20 g/m2 of fine frac-
tion, B2, could improve the smoothness compared to a homogeneous 
reference sheet. That cautious statement is based on the fact that the 
confidence intervals do not overlap. But at the same time the average is 
not an exact figure which makes it impossible to speculate in how many 
per cent the improvement can be with fine fraction in the surface plies. 

16.2 Bending Stiffness

16.2.1 Stratified sheets with birch and pine sulphate

There is no improvement of bending stiffness in MD for a stratified sheet 
compared to a homogeneous reference sheet according to the result of this 
test. In both trials the sheet with 30 g/m2 of birch in the surface plies has 
a lower arithmetical average, but the confidence interval overlaps which 
makes that result uncertain. 

Scenario A4 with a total amount of 75 % of pine and 10 g/m2 of birch in 
the surface plies has a remarkably large variation of bending stiffness. 

Bendtsen roughness. XPM coated. Bendtsen roughness. StratEx fractionated.

Bending stiffness MD. XPM uncoated. Bending stiffness. StratEx unfractionated.

Diag. 82 Diag. 83

Diag. 84 Diag. 85
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Even though the trials of XPM and StratEx were performed with the 
same furnish and layer structure, except for scenario 4 and A4, the 
results are not comparable. Looking at the scenarios made with XPM it is 
clear that the sheet with 30 g/m2 of birch in the surface plies has a higher 
bending stiffness in CD than the reference sheet, but only for sheets that 
are uncalendered or calendered with a linear load of 5 kN/m. The same 
scenarios made with StratEx have an opposite result. The reference sheet 
has a higher bending stiffness than the sheet with 30 g/m2 of birch in the 
surface plies.

Earlier research has shown an improvement in bending stiffness for stra-
tified sheets with pine in the surface plies compared to a homogeneous 
reference sheet. But this trial can not confirm that result not in MD nor 
CD. It is not possible to separate the reference sheet and the sheet with 
10 g/m2 of pine in the surface plies, even though the average is higher for 
the stratified sheet, since the confidence intervals overlaps. 

16.2.2 Coated sheets with a stratified base paper

For calender levels from 5-30 kN/m the reference sheet has a higher 
bending stiffness than the stratified sheets with 20-30 g/m2 birch in the 
surface plies. It is difficult to determine whether the reference sheet, the 
sheet with 10 g/m2 of birch and the sheet with pine in the surface plies 
differs since the confidence intervals overlap. It was not possible to test 
the sheets in CD because of too much curl.

Bending stiffness CD. StratEx unfractionated.Bending stiffness CD. XPM uncoated.

Bending stiffness CD. XPM coated.

Diag. 86 Diag. 87

Diag. 88
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16.2.3 Stratified sheets made with fractionated pulp

For the calendered sheet there is no possibility to determine if there is a diffe-
rence or not in bending stiffness in MD. At the calender level 30 kN/m the result 
is missing for the reference sheet. Unfortunately it was not possible to calculate 
a bending stiffness index, with a confidence interval, for the reference sheet 
since there were no individual values for bending stiffness, only an average.

At CD the variations between the different calender levels are peculiar. 
The uncalendered scenario with fine fraction in the surface plies has an 
inexplicable high value compared to all the other scenarios, but as can be 
seen in the diagram that improved bending stiffness does not stay when 
the sheet is calendered. The measured individual values, for the uncalen-
dered scenario with fine fraction in the surface plies, was the highest in 
both MD and CD compared to all other measured values. 

16.3 Light scattering

16.3.1 Stratified sheets with birch and pine sulphate
According to the trials made with XPM all stratified sheets with birch in 
the surface plies has better light scattering than the reference sheet. Even 
though the arithmetical average of the sheet with pine in the surface plies 
is higher than for the reference sheet, it is impossible to make a reliable sta-
tement since the confidence intervals overlap. When it comes to the paper 
made with StratEx it is difficult to separate the scenarios, since no one dif-
fers according to the confidence interval. 

Bending stiffness MD. StratEx fractionated. Bending stiffness MD. StratEx fractionated.

Light scattering. XPM uncoated. Light scattering. StratEx unfractionated.

Diag. 89 Diag. 90

Diag. 91 Diag. 92
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16.3.2 Coated sheets with a stratified base paper
The sheet with 30 g/m2 of birch has better light scattering than the refe-
rence sheet. For the other scenarios the confidence intervals overlap with 
the confidence interval of the reference sheet. 

16.3.3 Stratified sheets made with fractionated pulp
According to this trial it is possible that the sheet with 75 % of coarse frac-
tion and 10 g/m2 of fine fraction in the surface plies has better light scat-
tering than the reference sheet. It is possible that a stratified sheet, with 
75 % pine, gives a better light scattering than a homogeneous reference 
sheet, since the sheet with higher amount of pine has a lower density. The 
sheet is more airy which could explain the higher light scattering. Besides 
that the confidence intervals overlap for the other scenarios which makes 
the separation of the average difficult.

16.4 Summary of conclusions
The conclusions in this part are based on results were the arithmetical 
average differs and the confidence intervals do not overlap.  An exception 
is Bendtsen roughness since that is an important property of these kinds 
of sheets, and the result from that measurement is shown regardless of 
the confidence interval. The fact that the average differs and the confi-
dence intervals do not overlap is not the same as saying those are reliable 
results since no tests, such as t-test, have been done to secure the result.     

16.4.1 Stratified sheets with birch and pine sulphate
According to the results of the two trials performed with XPM and 
StratEx, a stratified sheet with various amount of birch in the surface 
plies, can not improve the surface properties compared to a reference 
sheet. On the other hand, it is not possible to determine if the effect is 
negative, since there is a large interval for the measured values, which 
causes overlapping confidence intervals.

The bending stiffness can possibly be increased in CD but most unlikely 
in MD for a stratified sheet with 30 g/m2 of birch in the surface plies com-
pared to a reference sheet. 

Light scattering. XPM coated. Light scattering. StratEx fractionated.

Diag. 93 Diag. 94



117

Mariell Mattison
Degree Report
30 ECTS

University of Dalarna, Graphic Technology
Influence of hardwood, softwood and 

fractionated pulp in a stratified three-layered fine paper

According to trials performed with XPM the light scattering can probably 
be improved if the surface contains 20-30 g/m2 of birch compared to a 
reference sheet. For the sheets made with StratEx the light scattering is 
indeterminable for sheets with the same amount of birch and pine. 

The result of ash content measurements show that a higher amount of 
birch in the surface plies improves the retention. The increased light scat-
tering could therefore be a result of the amount of filler and not of the 
distribution of the fibres. 

A result that is hard to interpret is the formation of the sheets. For sce-
narios performed with XPM, the formation of sheets with a surface ply of 
30 g/m2 is improved compared to a reference sheet, but the same scenario 
made with StratEx shows no improvement. However, the StratEx labo-
ratory paper machine is still under development and StratEx was even 
improved under the manufacturing process. That could possibly have had 
an affect on both layer purity and formation.   

Impaired properties for a stratified sheet will possibly be tensile strength, 
tensile stiffness and stretch at break.

16.4.2 Coated sheets with a stratified base paper
According to this trial it is not clear if and how the smoothness of the 
surface differs between a stratified sheet and a reference sheet. 

Bending stiffness is most likely decreased by a stratified sheet with 20-
30 g/m2 of birch in the surface plies compared to a reference sheet. The 
comparison of 10 g/m2 of birch in the surface plies or 10 g/m2 of pine in the 
surface plies with a reference sheet is uncertain in this trial.  

Opacity and light scattering can probably be improved by using 20-30 
g/m2 of pine in the surface plies compared to a reference sheet. Birch in 
the surface plies seems to improve the retention which gives a paper with 
a higher amount of filler.  

Tensile stiffness and tensile strength can decrease with a stratified sheet 
compared to a reference sheet.

16.4.3 Stratified sheets made with fractionated pulp
For fractionated sheets it is possible that a sheet with 20 g/m2 of fine 
fraction in the surface plies can improve the smoothness compared to a 
homogeneous reference sheet. 

The bending stiffness for an uncalendered sheet with 20 g/m2 of fine frac-
tion can be remarkably higher in CD than a reference sheet, but the high 
value of bending stiffness will go down promptly as the sheet is calen-
dered. There will be no difference of bending stiffness in MD between a 
stratified sheet and a reference sheet.
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Discussion

17.1 Possible sources of errors
There are some possible source of errors that have to be considered.

• The paper machine StratEx was under development during this project 
and it is possible that the layer purity varied during the trials.

• The layer purity of the paper made with XPM was only verified for only 
one scenario.

• The variation in grammage was a problem. First, it is not certain how 
the grammage of a sheet affects the smoothness, irrespective of wheter 
the paper is stratified or not. Second, it was not determined which layer 
in the sheet that caused the higher weight. An increased weight for 
the pine pulp could give the paper different properties compared to an 
increased weight of birch. 

17.2 Further investigations
This degree project was a rather large pilot project, where many mea-
suring equipments for paper analysis were used. The large numbers of 
measured properties make it difficult to statistically secure the individual 
values. To be able to do that, further research must be concentrated to 
measure a single or just a few properties.

The most interesting result, I think, had the sheet with 20 g/m2 of fine 
fraction in the surface ply. The uncalendered sheets, with pure fine 
fraction in the surface plies and coarse fraction in the middle ply, had a 
remarkable higher bending stiffness than the other scenarios, and the 
surface was smoother than the reference sheet. But the increased ben-
ding stiffness was only achieved in CD and not in MD. Further investiga-
tion in this area should analyse bending stiffness and smoothness with 
10-30 g/m2 of fine fraction in the surface plies.

17.3 Reflections on the trials 
During the measuring of the different properties I noticed the large varia-
tions of the values. Therefore the confidence interval was calculated for 
each scenario in almost all measurements. This project includes four dif-
ferent trials, made by two completely different paper machines, and there 
were similar variations in the paper from both paper machines. One idea 
that occurred to me during the project was if these variations are due to 
the paper in this project or to the measuring techniques. Could it be pos-
sible that it is just the paper in this project that has such large variations 
that a reliable analysis is almost impossible? 

The trials in this project did not confirm the theory that paper with birch 

Chapter 17.
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in the surface ply need less calendering and therefore will obtain a higher 
bending stiffness. Furthermore it was not possible to see a clear trend 
by decreasing the amount of birch in the surface plies, not only when 
measuring the smoothness, but generally in all measurements. Neither 
did it confirm the theory that pine in the surface plies will give a higher 
bending stiffness than birch in the surface plies.  

One peculiarity was that the sheets with 30 g/m2 of birch in the surface 
plies felt smoother than the reference sheet and the sheet with 10 g/m2 of 
pine in the surface plies. That was however not confirmed by measuring 
Bendtsen Roughness and PPS, nor by analysing the sheets with OptiTopo 
or SEM.

By showing the divergent values and the confidence intervals, I hope that 
this contribution to the research of stratified sheets, will be a cautious 
remark to the difficulty of analysing the results of paper made with a 
pilot paper machine or a laboratory paper machine, and the difficulty of 
comparing the result of paper made with two different paper machines. 
As been pointed out in this report, Ulla Häggblom-Ahnger has found that 
the bending stiffness is improved with SW in the middle layer instead of 
the outer plies, and John Harwood has found the opposite.  

A scientific statement should never claim that the result is a fact. Through-
out history many ”scientific facts” have been proved wrong. A reliable 
result is a result that has been verified through several trials with high 
repeatability. As long as there are inexplicable differences between two 
trials or two results it is sensible, not vague, to say ”we don't know yet”. 

The results of the analysis of stratified fine paper with a furnish of birch 
and pine, considering both earlier results and the results of this project, 
are not ambiguous. I think that this could mean that the manufacturing 
methods and equipment have to be standardized before a reliable result of 
stratified sheets can be presented.   
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A1 Stora Enso and Research Center Falun
Stora Enso is an integrated paper, packaging, and forest products com-
pany, producing publication and fine paper, packaging board, and wood 
products.  Stora Enso  has production facilities in Europe, North and 
South America, and Asia. 

Stora Enso’s sales totalled EUR 13.2 billion in 2005. The Group has some 
46 000 employees in more than 40 countries on five continents. Stora 
Enso has an annual production capacity of 16.9 million tonnes of paper 
and board and 7.7 million cubic metres of sawn wood products, including 
3.3 million cubic metres of value-added products. Stora Enso’s shares are 
listed in Helsinki, Stockholm, and New York.
 
Stora Enso serves its mainly business-to-business customers through its 
own global sales and marketing network. A global presence provides local 
customer service. Customers include publishers, printing houses, and 
merchants, as well as the packaging, joinery, and construction industries 
– and are mainly concentrated in Europe, North America, and Asia. As 
Stora Enso moves into the future, the Group is focusing on expanding 
its operations in new growth markets in China, South America, and 
Russia. 

Stora Enso has Research Centers in Finland, Sweden, Germany and 
United States and strong technical organizations at the business units. 
The organizations co-operate with local and global R&D-providers. The 
five Research Centers have a product focus and  they are strongly inte-
grated with the business organizations. The technical organizations cover 
a wide range of disciplines and capabilities. (www.storaenso.com > The 
Gruop 020209)

APPENDIX A Business presentation
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A2 STFI
STFI-Packforsk AB is one of the world’s leading R&D companies in the 
fields of pulp, paper, graphic media, packaging and logistics. All research 
is focused on customer value.

Six companies together have 51 % direct ownership: Billerud, Holmen, 
Korsnäs, M-real, Stora Enso and Södra. The balance is owned by 
the Swedish government through IRECO Holding (29 %), The STFI 
Association of Interested Parties (10 %) and The Private Owners’ 
Association Packforsk (10 %).

STFI-Packforsk head office is situated in Stockholm, adjacent to the 
Royal Institute of Technology, KTH. The company also has offices in 
Kista, a suburb to Stockholm, and in Örnsköldsvik. STFI-Packforsk is 
represented in Trondheim, Norway by PFI AS, a research company in 
which it has majority ownership.

The turnover for the group STFI-Packforsk and PFI 2004 was SEK 274m, 
divided into three business areas, Exploratory Research (28 %), Industrial 
Research (46 %) and Consulting (26 %).
STFI-Packforsk has 250 employees of whom more than 200 work with 
research.  (www.stfi.se > Facts and Figures 020209) 
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B1.1 Air Permeance, Unfractionated & Uncoated

APPENDIX B Result from ordinary paper analyse
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B1.2 Air Permeance, Coated & Fractionated
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B2.1 Air Resistance, Uncoated & Unfractionated
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B2.2 Air Resistance, Coated & Fractionated
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B3.1 Bending stiffness CD, Uncoated, Unfractionated & Fractionated
Bending stiffness in MD for coated sheets was not possible due to curl.
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B3.2 Bending stiffness MD, Uncoated & Unfractionated
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B3.3 Bending stiffness MD, Coated & Fractionated



Mariell Mattison
Degree Report
30 ECTS

University of Dalarna, Graphic Technology
Influence of hardwood, softwood and 

fractionated pulp in a stratified three-layered fine paper

133

B4.1 Density, Uncoated & Unfractionated
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B4.2 Density, Coated & Fractionated
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B5.1 Grammage, Uncoated & Unfractionated
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B5.2 Grammage, Coated & Fractionated
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B6.1 Light abs. coeff. Uncoated & Unfractionated



University of Dalarna, Graphic Technology
Influence of hardwood, softwood and 
fractionated pulp in a stratified three-layered fine paper

Mariell Mattison
Degree Report

30 ECTS

138

B6.2 Light abs. coeff. Coated & Fractionated
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B7.1 Light scatt. coeff. Uncoated & Unfractionated
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B7.2 Light scatt. coeff. Coated & Fractionated
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B8.1 Opacity, Unocated & Unfractionated
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B8.2 Opacity, Coated & Fractionated
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B9.1 Roughness Bendtsen, average and conf. interv.
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B9.2 Roughness Bendtsen, All values                 
Uncoated & Unfractionated.



Mariell Mattison
Degree Report
30 ECTS

University of Dalarna, Graphic Technology
Influence of hardwood, softwood and 

fractionated pulp in a stratified three-layered fine paper

145

B9.3 Roughness Bendtsen, All values                  
Coated & Fractionated.
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B10.1 Roughness PPS, average and conf. interv.
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B10.2 Roughness PPS, All values                          
Uncoated & Unfractionated
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B10.3 Roughness PPS, All values                           
Coated & Fractionated
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B11.1 Stretch at Break CD, Uncoated & Unfractionated
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B11.2 Stretch at Break CD, Coated & Fractionated
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B11.3 Stretch at Break MD, Uncoated & Unfractionated
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B11.4 Stretch at Break MD, Coated & Fractionated
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B12.1 Tensile Stiffness CD, Uncoated & Unfractionated
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B12.2 Tensile Stiffness CD, Coated & Fractionated
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B12.3 Tensile Stiffness MD, Uncoated & Unfractionated
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B12.4 Tensile Stiffness MD, Coated & Fractionated
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B13.1 Tensile Strength CD, Uncoated & Unfractionated
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B13.2 Tensile Strength CD, Coated & Fractionated
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B13.3 Tensile Strength MD, Uncoated & Unfractionated
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B12.4 Tensile Strength MD, Coated & Fractionated
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B13.1 Thickness, average and confidence interval
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B14.2 Thickness, All values                                 
Uncoated & Unfractionated
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B14.3 Thickness, All values                                 
Coated & Fractionated
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C1.1 ß-formation XPM uncoated
Average of two measurements

APPENDIX C Result from ß-formation
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C1.2 ß-formation StratEx Unfractionated
Average of two measurements
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C1.3 ß-formation StratEx Fractionated
Average of two measurements
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D1  Standard deviation/wavelength

D2  Surface under threshold

APPENDIX D Result of OptiTopo
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E1  Fibre properties

APPENDIX E Result of FibreMaster
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F1  Pulp properties

F2  Sheet properties

APPENDIX F Result of laboratory sheets
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d f t
1 12,706
2 4,303
3 3,182
4 2,776
5 2,571
6 2,447
7 2,365
8 2,306
9 2,262

10 2,228
11 2,201
12 2,179
13 2,160
14 2,145
15 2,131
16 2,120
17 2,110
18 2,101
19 2,093
20 2,086

For 95% confidence interval

s
n

* t

df = measured number - 1

T-table of used t-values in this project

APPENDIX G T-table




