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Abstract 
 
Fibres become curled during high consistency treatments in the pulp mill. This changes 
the properties of paper, for instance it is belived that the shrinkage during drying is 
increased. The drying shrinkage is an important factor to control, one reason is that it can 
lead to misprint in multi colour printing. 
In this thesis the influence of fibre curl on the shrinkage and mechanical properties of 
paper is studied. One chemical and two mechanical methods are used to introduce 
different degrees of fibre curl. The papers are dried in a biaxial dryer, which allows the 
paper to shrink or to be stretched in two directions while the stresses and strains are 
measured. The drying stresses occuring in the paper are used to determine the shrinkage 
potential of the paper. Both in-plane and out-of-plane properties are evaluated. 
It was found that the influence of fibre curl on the shrinkage potential and tensile 
properties depended on the beating. Shrinkage potential and tensile strength, for unbeaten 
pulps, were increased with increasing fibre curl while they were decreased for beaten 
pulps. The z-strength increased with increasing fibre curl.  
It was also found that wet strain is the determining parameter for tensile properties, which 
means that the tensile properties in cross direction can be changed without affecting 
tensile properties in the machine direction. 
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1 Introduction 
 
Fibres become curled during high consistency (HC) treatments. This is often a 
disadvantage as it changes the properties of paper, for instance the tensile strength is 
reduced. In a mechanical pulp the fibre curl is known as latency and it is removed by 
latency treatment. In a chemical pulp the fibres become curled during HC-treatments in 
the fibre line for example mixing and plug screw feeding. The curl in a chemical pulp is 
harder to remove than in a mechanical pulp. Sometimes fibre curl can be beneficial, for 
instance it produces a paper with higher stretch. This is used for sack paper where high 
stretch is needed. 
 
When paper is dried it shrinks and upon rewetting it swells. The ability to resist swelling, 
when the moisture content of the paper is changed, is called dimensional stability. This is 
of importance in for instance multi colour printing presses where the swelling can cause 
register problems i.e. mismatch of colours. High shrinkage during drying usually leads to 
high swelling when the paper is rewetted. In the dryer section of a paper machine the 
paper extends in machine direction and shrinks in cross direction. The shrinkage is bigger 
at the edges than in the middle of the paper web. This causes a cross directional shrinkage 
profile, which leads to a paper with different mechanical properties at different positions. 
The shrinkage depends on many different factors. One factor that is assumed to be of 
importance is the fibre curl. 
 
In this study the influence of fibre curl on the shrinkage as well as other mechanical 
properties of paper sheets are discussed. Different drying strategies, where the paper is 
stretched or allowed to shrink are studied. The pulp studied is a bleached and dried kraft 
pulp. 
 
The objectives of this study are as follows: 
 
- To make a literature survey of mechanical and chemical methods to obtain fibre 

curl and test these methods in the laboratory.  
-  To examine the influence of fibre shape on the shrink and stretch properties of 

paper. 
-  To study the influence of fibre curl on the mechanical properties of paper. 
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2 Theory 
  
2.1 Fibre curl 
 
Fibre deformations are of importance when discussing properties of finished paper. The 
term fiber curl is often used for these deformations. The deformations can be of different 
type, for example smooth and sharp bends (kinks). There exists several ways of 
expressing these fibre deformations. In this report the curl index proposed by Jordan and 
Page is used [1]. It is defined as 
 

 







−= 1

L(p)
L(c)index Curl , 

 
where L(c) = center line length, [mm], and L(p) = projected length, [mm], see figure 2.1. 
 

  
Figure 2.1. A curled fibre. 
 
Common instruments for fiber curl measurements are the Metso FiberLab and the STFI 
FiberMaster. In both these instruments the fibers are in slurry and several thousands of 
fibers are measured using image analysis. A drawback with the curl index is that it cannot 
distinguish between smooth and sharp bends. Both of these will give a higher curl index. 
This is unfortunate since it is possible that they have somewhat different influences on 
paper properties. Fiber kink can be expressed according to the Kibblewhite kink index 
[2].  
 
Cellulosic fibers become curled when subjected to mechanical shear fields at high 
consistency (15-30 %) [3], for example during screw pressing, plug-screw feeding, high 
consistency pumping and mixing, operations which are commonly used in a pulp mill [1]. 
Thus, the fiber curl is expected to increase along a fibre line. This is seen when 
comparing a fully bleached kraft pulp, which has a relatively high curl index, with an 
unbleached liner kraft pulp, which has a relatively low curl index. For some paper grades 
fibre curl is beneficial, for instance in sack paper where the fibers are refined at high 
consistency, but generally the curl is kept at a minimum. The curl in a low yield chemical 
pulp is generally harder to remove than in a mechanical pulp, but the fibres can be 
straightened to some extent by low consistency refining [1]. On the other hand it has been 
reported that cold integration can reduce fibre curl in a low yield chemical pulp [4]. In a 
mechanical pulp the curl is removed by hot disintegration, latency treatment [3].  
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Kibblewhite et al. showed that high consistency treatment with ammonia vapor induces 
fiber curl. The effect was greater the more the pulp had been beaten prior to ammonia 
treatment [5], [6]. This has later been confirmed by Tigerström [7]. A kitchen mixer fitted 
with a dough hook has also been used to create fiber curl [8], [9]. 
Page et al. [1] made some attempts to explain why the fiber curl is permanent in a 
chemical pulp and not in a mechanical pulp. They suggested that the cellulose fibrils in 
their native form are crystalline with para-crystalline regions. This causes the fibers to be 
elastic. In a kraft pulp the para-crystalline regions are transformed to regions of lower 
order, mainly due to thermal treatment and possibly the presence of pulping chemicals. 
When the fibers become curled there are no stresses tending to straighten the fibres, as it 
would be in a mechanical pulp [1].  
 
The effect of fiber curl on tensile properties of paper sheets has been investigated in 
various studies. It is well known that curled fibers (in beaten pulps) produce a paper 
having lower tensile strength and tensile stiffness but higher strain at break and tear index 
[5], [6]. The zero-span tensile strength is also expected to decrease with increasing fiber 
curl [10]. The wet web strength is increased with increasing fiber curl [2], [11]. Thus, 
some degree of fiber curl is necessary to get good runnability on the paper machine if wet 
web strength limits the machine speed. It has also been shown that increased fiber curl 
results in higher shrinkage potential. For freely dried sheets this leads to higher 
hygroexpansivity [12].  
 
2.2 Shrinkage during drying 
 
When a paper is dried it shrinks, if it is not restricted from doing so. This is due to the 
shrinkage of the individual cellulose fibers. The shrinkage of the fibers depends on the 
degree of fiber wall swelling. A more swollen fiber will shrink more during drying. 
Beating of the fibers will increase fiber wall swelling and hence increase drying 
shrinkage. Fiber curl is also assumed to increase shrinkage [12]. Furthermore, lignin 
reduces and hemicellulose increase fiber wall swelling [13]. In the case of free shrinkage 
the paper will have its largest shrinkage when the dry content changes from 60 to 80% 
[14]. The shrinkage in axial direction is small, about 1-2 %, but in transverse direction the 
fibers can shrink up to 30 % [15]. One would expect that the small axial shrinkage of the 
fibers would lead to small shrinkage of the paper. However, this is not the case. Paper can 
shrink by up to 40 % of its original area [15]. Page explained this fact in the following 
way. In the crossing point between two fibers the transverse shrinkage of one fiber will 
lead to deformation of the other fiber, micro compression, and cause the fibre to 
compress in its axial direction. This process occurs in every fiber-fiber crossing point in 
the paper and explains the large paper shrinkage [15], see figure 2.2.  
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Figure 2.2. Free shrinkage. a) swollen fibres before drying. b) transverse fibre shrinkage 
has introduced micro compressions, which leads to axial fibre shrinkage [14]. 
 
Uesaka suggested that the impact of transverse shrinkage depended on the bond structure. 
In fibres bonded as in figure 2.3a, the stress transfer coefficient is low and shrinkage 
depends to a greater extent on the axial shrinkage of fibres. In fibres bonded in a “wrap-
around” configuration, see figure 2.3b, the stress transfer coefficient is high and the 
shrinkage depends more on transverse fibre shrinkage [16]. 
 

 
Figure 2.3. Bond structures, a) in-plane orientation, b) wrap-around configuration [16]. 
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If no shrinkage is allowed during drying, restrained drying, the fiber segments between 
crossing points will be straightened, see figure 2.4. This leads to drying stresses in the 
paper. Paper having higher shrinkage potential will have higher drying stresses [14]. This 
fact can be used when examining shrinking properties of paper by measuring the stresses 
using load cells. 
 

 
Figure 2.4. Fibre during restrained drying. a) before drying. b) after drying where the 
transverse shrinkage has caused micro compressions which straightens the fiber 
segments between crossing points [14]. 
 
The strategy used when the paper is dried has a great influence on the properties of the 
paper. By letting the paper shrink or stretch during drying, the tensile properties can be 
changed in a wide range. Htun et al. showed that by changing drying strategy the tensile 
stiffness index could be increased by 162 % compared to freely dried sheets [14]. In 
general restrained drying or wet stretch will give a paper with higher tensile strength and 
stiffness but lower strain at break and tensile energy absorption compared to freely dried 
sheets [17].  
Wahlström found that the out-of-plane properties were controlled by the total change in 
area during drying. An area decrease resulted in a linear increase in z-strength [18].  
It is also expected that increased wet stretch will give increased air permeability. If the air 
permeance is too low, the water evaporated during drying in a printing press cannot be 
removed fast enough and the paper will burst. On the other hand, if the air permeance is 
too high the z-strength will be decreased and the paper will be delaminated in the printing 
press. 
When a dried paper is rewetted it swells. The ability to resist swelling is called dimension 
stability. This is an important property to control, for instance in multi colour printing 
presses where the colours are printed one at the time. If the paper changes dimension 
during the process the result will be mismatch of colours. The swelling can also cause 
buckling and curling (not to be confused with fibre curl) of paper [13].  
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Drying conditions are important for controlling dimension stability. Higher drying 
shrinkage gives higher hygroexpansivity [14]. Thus for a freely dried sheet the 
hygroexpansivity increases with beating and a restrained dried sheet will have smaller 
hygroexpansivity than a freely dried sheet. 
It has been shown that the wet strain in one direction can be changed without changing 
the tensile properties of the other direction [14], [18]. This means that the tensile 
properties in one direction will only be affected by the strain imposed in the same 
direction. This fact could be very useful if the cross directional shrinkage in the paper 
machine could be hindered, see below. 
 
In the free draws in the dryer section of a paper machine the paper web is hindered from 
shrinkage in the machine direction (MD) by the web tension. In the cross direction (CD) 
though the paper shrinks. The shrinkage can be reduced to some extent by restraining the 
web against the dryer cylinders but in the free draws there are no forces restricting the 
shrinkage. As shown in figure 2.5, the paper shrinks more at the edges, where the 
shrinkage is almost free, than in the middle and a shrinkage profile arises [14], [19]. 
 

 
Figure 2.5. Cross directional shrinkage profile [14]. 
 
This uneven shrinkage will lead to differences in CD tensile properties at different 
positions of the paper web. The CD tensile stiffness and tensile strength will be lower and 
the strain at break and hygroexpansivity will be higher towards the edges of the web. One 
way to minimize the shrinkage profile is to restrain the web from CD shrinkage but this is 
not possible in a conventional dryer section. If it was possible though, according to 
Wahlström, the CD tensile properties could be improved without any negative effects on 
the MD properties [18]. 
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If the CD shrinkage varies in time on the paper machine it will lead to problems for 
instance in the sheet cutting. If the wet web width is set to be exact enough for a certain 
number of sheets and the web shrinks below that width, a significant part of the web has 
to be rejected. 
 
2.3 Zero- and short-span measurement 
 
The zero/short-span tensile test has been used as a measurement of fibre strength. 
Generally, the zero-span tensile strength increases when a pulp is beaten or refined. 
Cowan explained this by the increased inter fibre bonding. He suggested that the 
influence of bonding could be eliminated by rewetting the sheets [20]. On the other hand, 
Seth et al. suggested that the increase in zero-span tensile strength was due to the 
straightening of the fibres caused by beating. They concluded that fibres have to be 
straight, otherwise the zero-span test will not measure the fibre strength [21]. 
To correct for the fact that paper slips under the clamps both a zero-span test (as short 
span as possible) and a short-span test (400 µm span) are done. It is assumed that the 
slippage is independent of span length [22]. 
This was questioned by Hägglund et al. They showed that the slippage was not 
independent of span length. It was also shown that a non-uniform stress field arose in the 
sample [23]. Still, it is believed that the zero/short-span test can be used for qualitative 
comparison of the effective fibre strength. 
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3 Experimental 
 
In this study, fibres with different fibre curl are produced and paper sheets are made. The 
fibres are characterized for fibre geometry, length, width, elasticity and strength. The 
sheets are dried in a biaxial dryer, which allows the sheet to be stretched in two 
directions, while the stresses and strains are measured. Paper properties are measured on 
the dried sheets. Both in-plane and out-of-plane strength properties are evaluated.  
 
3.1 Pulp 
 
The pulp used in this study was a fully bleached and dried softwood kraft pulp from SCA 
Östrand pulp mill, quality A 12. 
 
3.2 Pulp treatment 
 
Three different methods were used to create fiber curl: ammonia treatment, dispersion 
and kitchen mixer treatment, see table 3.1. 
 
Table 3.1. Pulp treatment methods. 

Treatment Time Pulp consistency Pressure Temperature 
Ammonia 45 min 15 % 7.5 bar 25°C 

Kitchen mixer 4 h 15 % - 25°C 
Disperser 5 min 30 % - 100°C 

 
For sheet making unbeaten pulp, pulp beaten before treatment and pulp beaten after 
treatment was used. The pulp was beaten in a PFI beater at 10 % pulp consistency under 
1000 revolutions. The samples are named and numbered according to table 3.2. 
 
Table 3.2. Beating of pulps. 
Number Name Beating before 

treatment 
HC-treatment Beating after 

treatment 
1 Reference - - - 
2 Ref+PFI 1000 revs - - 
3 NH3 - NH3 - 
4 NH3+PFI - NH3 1000 revs 
5 PFI+NH3 1000 revs NH3 - 
6 Kitchen - Kitchen mixer - 
7 Kitchen+PFI - Kitchen mixer 1000 revs 
8 PFI+Kitchen 1000 revs Kitchen mixer - 
9 Disperser - Disperser - 
10 Disperser+PFI - Disperser 1000 revs 
11 PFI+dispserser 1000 revs Disperser - 
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Ammonia treatment 
 
The pulp was treated in an autoclave for 45 minutes under 750 kPa with gaseous 
ammonia. The pulp consistency was 15 % and the temperature was approximately 25°C. 
In each batch 40g dry pulp was treated. After the ammonia treatment the pulp was 
washed until all traces of ammonia were removed. The pulp was then dewatered and 
fluffed.  
 
Dispersion 
 
The disperser is a high intensity mixer fitted with four rotating blades, see figure 3.1. The 
gap between the blades and the wall is about 1 cm. The disperser is jacketed and oil is 
used as heating medium.  
The pulp was dispersed for 5 minutes and 750 rpm. Before the treatment the pulp was 
kept in the disperser under 20 minutes for pre-heating. The pulp consistency was 30 % 
and the temperature was 110°C. In each batch 200g dry pulp was treated. 
 

 
Figure 3.1. The disperser. 
 
Kitchen mixer treatment 
 
The pulp was treated in a kitchen mixer fitted with a dough hook for 4 hours. The pulp 
consistency was 15 % and the temperature was approximately 25°C. In each batch 200g 
dry pulp was treated. 
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3.3 Fiber geometry 
 
The fiber geometry in the pulps was determined in a Metso FiberLab. Samples for this 
measurement were prepared by disintegrating (SCAN-C 18:65) the dewatered pulp. The 
pulp was then diluted to approximately 2 g/l and the sample for the measurement was 
taken by pipette. Double tests are done on all samples. In each sample about 3000 fibers 
were measured. All fibres shorter than 0.20 mm (fines) are excluded when the curl index 
is calculated. 
 
3.4 Sheet preparation 
 
Isotropic hand sheets, with grammage 60 g/m2, were prepared in a square 220 mm sheet 
former according to SCAN-C 26:76. The sheets were pressed for 4 minutes and 4,8 kPa 
according to SCAN-C 26:76. This procedure gives a lower density than normal when 
testing chemical pulps. This leads to some problems for the paper strength evaluation (the 
sheets are relatively weak, especially the unbeaten pulps) of the sheets but it is necessary 
to keep the solids content low to give good conditions for the drying process. If the solids 
content is to high when the drying starts there is a risk that drying stresses are built in the 
sheet before drying starts and the final drying stress will be lower. To make sure that this 
is avoided the sheets were pressed to a dry solids content below 50 %. After pressing the 
sheets were put in a plastic bag in which they remained until drying. This was done to 
avoid pre-drying of the sheets. The solids content of the sheets were 42-50% after 
pressing, the beaten pulps had lower solids content than the unbeaten pulps.  
 
3.5 Drying 
 
The sheets were dried in a biaxial dryer [18], see figure 3.2. This is an apparatus that 
makes it possible to stretch or let the sheet shrink in two directions while the forces and 
strains are measured simultaneously. The sheet is fastened into clamp packages, which 
are moveable sideways. Two of the clamp packages are movable perpendicular to sheet 
sides by stepper motors. Load cells record the stresses that occur in the paper while the 
strains are measured by strain sensors equipped with needles. 20 mm below the sheet a 
heating plate is placed, so the sheet is dried without contact. The temperature of the 
heating plate was 100 °C. The moisture content in the sheet was measured with a Fibro 
MCA 1410. It measures the reflection of light in the near infra red region. Some 
wavelengths in this region are absorbed by water and the reflection of these wavelengths 
can be related to the moisture content. 
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Figure 3.2. The biaxial dryer [18]. 
 
In these experiments the sheets are dried under strain control. This means that the sheets 
are stretched or allowed to shrink to a given value of strain, after which the sheets are 
dried under restrain. Three cases of strain were used in the experiments, see table 3.3. 
Since the sheets are isotropic no machine or cross directions exists. Therefore the terms 
x- and y-directions are used.  
 
Table 3.3. Drying strategies. 

Case X – directional strain [%] Y – directional strain [%] 
A 0 0 
B 1 0 
C 1 -2 

 
For each case six sheets were dried in the biaxial dryer. From the measured force the 
drying stress index, σw, is calculated as  
 

 
wb

Fσw

⋅
= , 

 
where F = force [N], b = width of test piece before straining [m] and  

w = basis weight [kg/m2]. 
 
A mean value curve for each drying case, where the dry solids content is plotted against 
drying stress index, is then constructed by interpolating drying stresses at known dry 
solids content and mean values are calculated. All curves are started at 60 % dry solids 
content since no information of interest can be detected below that point. 
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3.6 Sheet testing 
 
The methods used for sheet testing are given in table 3.4. Tensile strength and zero-span 
were tested both in x and y directions.  
The zero/short-span tensile test is done with as small gap between clamps as possible 
(zero-span) and a gap of 400 µm (short-span). The load and displacement between 
clamps are measured continuously and displacement-load curves can be constructed. The 
short-span displacement-load curve is then subtracted from the zero-span displacement-
load curve and the displacement-load curve for the free span is obtained [22].  
24 measurements are done to construct one displacement-load curve. 
 
Table 3.4. Methods for sheet testing. 
Property Method 
Grammage ISO 5270:1998 
Thickness ISO 5270:1998 
Air permeance ISO 5279:1998 
Tensile strength* SCAN-P 67:93 
z-toughness SCA-F M 1550 
z-strength** SCAN-P 80:98 
Zero and short span ISO-DIS 15361 
* 9 test pieces were used. ** 4 test pieces were used. 
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4 Results and discussion 
 
In figures presented in this section the indexes A, B and C refer to the drying strategies 
according to table 3.3. Raw data and standard deviations can be found in the appendices. 
 
4.1 Fiber curl 
 
Figure 4.1 below shows the fiber curl values for all pulps produced. Obviously the 
disperser and the kitchen mixer were the methods that induced most fiber curl. 
The ammonia treatment gave almost no rise in curl index. It is possible though that the 
ammonia treatment introduces other fiber deformations such as small kinks and micro 
compressions, which not necessarily give a higher curl index. When the HC-treated pulps 
were beaten in a PFI beater the fibers were straightened out to almost identical curl 
values. This gives a very small span in curl index, which leads to difficulties when 
examining these pulps. The pulps that where beaten prior to HC-treatment reached curl 
values some units lower than the unbeaten pulps. If a high curl value is wanted the 
beating should take place before HC-treatment. In an industrial application though, it 
would be natural for the beating to take place after HC-treatment.  
The fibre length was more or less unaffected by ammonia and kitchen mixer treatment 
but the disperser treatment shortened the fibres by about 5 %, see appendix 1. 
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Figure 4.1. Curl values for the produced pulps. 
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4.2 Shrinkage 
 
The shrinkage potential is evaluated by examining the drying stresses in the sheets.  
As an example of the drying process the drying stresses measured by the biaxial dryer for 
restrained drying of the ammonia treated pulps are shown in figure 4.2.  
The drying curves for all other pulps look similar to this. As expected, beaten pulps give 
a larger final stress than the unbeaten pulp. The pulps beaten before and after HC-
treatment behave in a similar way. This means that beaten pulps have higher shrinkage 
potential than unbeaten pulps.  
Due to background reflectance from the heated plate in the biaxial dryer the measured dry 
solids content at the end of the drying process is somewhat lower than the true dry solids 
content. The dry solids content at the end of the drying process should be at least 95 %. 
From the figure it can be seen that the stresses in the sheet starts to build up at around 70 
% dry solids. Over 70 % solids, the stiffness of the fibers develops fast, which results in 
growing drying stress index [14]. The figure also shows that the shrinkage for the beaten 
pulps starts at a lower solids content than the unbeaten pulps. One explanation for this is 
that beaten fibers are more swollen and more water are bonded in the fibers rather than 
between fibers at the same solids content. This leads to shrinkage at a lower dry solids 
content and an earlier build up of drying stresses. Note that when the drying was started 
the dry solids content was between 42 and 50 % for all sheets but in the figure only the 
part over 60 % solids is shown.  
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Figure 4.2. Drying stress index curves for ammonia treated pulps. Sheets dried under 
restrain. 
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Figure 4.3 shows that the final drying stress index (i.e. shrinkage potential) for unbeaten 
pulps increases with increasing fiber curl index. For the pulps beaten before HC-
treatment the relationship is reversed. The reason for this is probably that the bonding 
potential of the unbeaten pulp is so low that the network strength is enhanced when the 
curled fibers hook on to each other and create mechanical interlocking. If the sheets were 
pressed to a higher density (i.e. normal case) the bonding potential would be higher and it 
is possible that a more curled fibre would give a lower drying stress index. As stated in 
chapter 3.4 the sheets are pressed to a low density to give good conditions for the biaxial 
dryer.  
When the pulp is beaten the bond strength rises and an increase in fiber curl gives a lower 
drying stress because a curled fiber needs first to be straightened before high drying 
stresses can develop. 
From the figure it can be seen that the drying stress in the x-direction is affected by the 
strain in y-direction. For example the x-directional drying stress for the sheets strained 
1% in x-direction and –2% in y-direction (case C) is lower than the x-directional drying 
stress for the restrained dried sheets (case A).  
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Figure 4.3. Final drying stresses for unbeaten and beaten before treatment pulps.  
A, B and C refers to the drying strategies given in table 3.3. 
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The span in curl index for the pulps beaten after treatment is too small for any trends to 
be recognized, see figure 4.4. If the span was bigger the relationship would probably be 
similar to that for the pulps beaten before treatment. 
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Figure 4.4. Final drying stresses for pulps beaten after treatment. 
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4.3 Tensile properties 
 
The tensile strength index for the unbeaten pulps increases with increasing curl index, 
while the tensile strength index for the pulps beaten before HC-treatment decreases, see 
figure 4.5. The explanation for this is the same as for the drying stress index above. 
The figure also shows that a  –2 % strain in y-direction gives no negative effects in 
tensile index in x-direction. From this follows that the strain in y-direction can be 
changed without changing the tensile strength in the x-direction. This means that if the 
cross directional shrinkage on a paper machine can be reduced there will not be any 
negative effects on the machine directional tensile strength. This has earlier been shown 
by Wahlström [18]. The variation in drying stress index does not affect the tensile 
strength index. It seems like strain is the determining parameter for tensile strength index.  
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Figure 4.5. Tensile strength index in x-direction vs. curl index for unbeaten and beaten 
before treatment pulps. 
 
The tensile stiffness index increases with increased curl index for unbeaten pulps while it 
decreases for pulps beaten before treatment, see figure 4.6. The explanation for this is 
again the same as above. As expected the tensile stiffness index increases with higher wet 
stretch. For sheets strained 1% in x-direction and –2% in y-direction (case C) the tensile 
stiffness index in x-direction is at the same level as sheet strained 1% in x-direction and 0 
% in y-direction (case B). This gives further support for the theory that properties in CD 
can be changed without affecting properties in MD. 
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Figure 4.6. Tensile stiffness index in x-direction vs. curl index for unbeaten and beaten 
before treatment pulps. 
 
Earlier studies have shown that strain at break increases by increasing curl index. As seen 
in figure 4.7 this holds only for unbeaten pulps. The beaten pulps seem to be more or less 
unaffected by fiber curl. As expected the strain at break is higher for beaten pulps than 
unbeaten pulps. Also, the sheets that were allowed to shrink 2 % have higher strain at 
break than the restrained dried sheets. It can also bee seen that the strain at break in y-
direction is not affected by a change in x-directional wet strain. 
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Figure 4.7. Strain at break in y-direction vs. curl index for unbeaten and beaten before 
treatment pulps. 
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4.4 Out-of-plane properties 
 
The z-strength is increased with increased curl value, figure 4.8. This holds for both 
unbeaten and pulps beaten before treatment. For the pulps beaten after treatment no 
general trend can be seen. As already stated the reason for this is probably the small span 
in curl index. The z-strength increases and tensile strength decreases (for beaten pulps) 
with increased curl index. This means that if the out of plane properties are to be 
improved by making the fibres curlier the in plane properties will be reduced. 
Nevertheless this is an alternative when surface strength is limiting, which may be the 
case in printing presses. 
Restrained drying also gives somewhat higher z-strengths than both of the other drying 
strategies. This is not in accordance with the theory proposed by Wahlström who 
suggested a linear decrease in z-strength with increasing change in total area. As seen in 
the figure both a +1 % (case B) and –1 % (case C) change in area gives lower z-strengths 
than the 0 % (case A) area change [18].  
The z-toughness was also measured but the sheets were too weak for this test. Most of the 
sheets were delaminated when the samples were prepared. The reason for this is probably 
that the sheets were pressed to a low density.  
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Figure 4.8. Z-strength vs. curl index for unbeaten and beaten before treatment pulps. 
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4.5 Air permeance 
 
Table 4.1 shows the air permeance for restrained dried sheets and sheets that have been 
wet strained 1 % in x-direction. It can be seen that in general the restrained dried sheets 
have lower air permeance, so the air permeance increases with increasing wet stretch. 
This means that by increasing wet stretch the air permeance can be increased but at the 
same time the z-strength will be reduced.  
 
Table 4.1. Air permeance for sheets dried under restrain, A, stretched 1 % in x-direction, 
B, and difference between the two cases. 

 Air pemeance A 
[um/Pas] 

Air permeance 
B [um/Pas] 

Change  
[%] 

reference 451,8 512,0 13,3 
PFI 247,7 295,4 19,2 
NH3 426,7 548,6 28,6 

NH3+PFI 307,2 320,0 4,2 
PFI+NH3 307,2 320,0 4,2 
kitchen 533,3 512,0 -4,0 

kitchen+PFI 232,7 256,0 10,0 
PFI+kitchen 240,0 304,8 27,0 

disperser 480,0 512,0 6,7 
disp+PFI 219,4 274,3 25,0 
PFI+disp 295,4 384,0 30,0 
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4.6 Zero/short-span tensile test 
 
As mentioned before there are some questions regarding the zero/short-span 
measurements and one should be careful when discussing the results.  
Figure 4.9 shows the x-directional subtracted span curve for the pulps beaten before 
treatment and dried under restrain. It can be seen that when fibre curl increases the strain 
increases while the effective fibre strength decreases. The relationship for all pulps 
beaten prior to HC-treatment looks similar to this. 
 

 
Figure 4.9. X-directional zero span stress-strain curve for pulps beaten before treatment 
and dried under restrain. 
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Figure 4.10 shows that the zero-span tensile strength index for both unbeaten and beaten 
before treatment pulps decreases with increasing curl index. The zero-span tensile 
strength index is generally higher for beaten pulps. This is probably due to the fact that 
these fibers are straighter. The effective fibre strength decreases with increasing curl 
index. 
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Figure 4.10. Zero-span tensile strength index in x-direction vs. curl index for unbeaten 
and beaten before treatment pulps. 
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5 Conclusions 
 
The most effective methods for inducing fibre curl were the disperser and the kitchen 
mixer treatments. PFI beating made fibres straighter. 
 
Beaten pulps have higher shrinkage potential than unbeaten pulps. Shrinkage starts at a 
lower solids content for beaten than unbeaten pulps. 
 
For unbeaten pulps the shrinkage potential increases with increasing curl index and for 
pulps beaten before treatment the shrinkage potential decreases with increasing curl 
index. One possible reason for this is that the sheets were pressed to a relatively low 
density. 
 
For unbeaten pulps the tensile properties increase and for pulps beaten before treatment 
the tensile properties decrease with increasing fibre curl. Z-strength increases with 
increasing curl index. This means that in applications where z-strength is limiting, as it 
could be in for instance printing presses, one way to increase z-strength could be to make 
fibres curlier, at the cost of decreasing tensile strength. 
 
The tensile properties in cross direction can be changed without affecting tensile 
properties in the machine direction. Strain is the determining parameter for tensile 
properties.  
 
Air permeance increases with increasing wet strain. 
 
The effective fibre strength decreases with increasing curl index. 
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Appendix 1. Page 1 of 1 

Fibre geometry data.         
 
Fibre lengths are length weighted. Data for fibre length, fines and curl index are 
discriminated so that fibres < 0,20 mm are excluded. 
 

Sample Fibre Fines Curl Width Cell wall 
 length  index  thickness 
 [mm] [%] [%] [um] [um] 
      

Reference 2,34±0,03 1,04±0,11 24,4±1,0 23,2±0,6 7,1±0,2 

Ref+PFI 2,33±0,04 0,99±0,08 22,6±0,1 22,8±0,1 6,8±0,0 

NH3 2,31±0,02 1,02±0,03 25,3±0,6 22,2±0,5 6,7±0,1 

NH3+PFI 2,36±0,01 0,81±0,04 24,3±0,3 23,6±0,1 7,1±0,0 

PFI+NH3 2,33±0,04 0,90±0,01 23,2±1,1 23,1±0,6 6,9±0,1 

Kitchen 2,31±0,01 1,16±0,03 28,9±0,0 22,5±0,4 6,9±0,1 

Kitchen+PFI 2,32±0,04 1,07±0,08 24,2±0,1 24,2±0,1 7,2±0,0 

PFI+kitchen 2,32±0,00 1,04±0,08 27,7±0,6 24,8±0,3 7,5±0,1 

Disperser 2,23±0,06 1,21±0,15 30,1±0,0 24,0±0,7 7,7±0,3 

Disp+PFI 2,28±0,00 1,23±0,08 24,4±0,4 23,2±0,2 7,1±0,0 

PFI+disp 2,22±0,04 1,09±0,12 27,5±0,6 23,8±0,1 7,5±0,0 
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Paper properties.  
 
Drying case A 

Sample Test Tensile Strain  Tensile  Tensile Final drying 
Density direction strength at  energy  stiffness stress 

  Index break absorption index index index 
kg/m3  kNm/kg % J/kg MNm/kg Nm/kg 

       
Reference x 16±1,1 2±0,4 253±65 2,8±0,2 3198±59 

403 y 17±1,2 1,8±0,4 229±67 3,2±0,4 2786±96 
       

Ref+PFI x 43±1 2,8±0,3 877±86 5,5±0,2 5414±200 
493 y 45±3,2 2,9±0,3 952±143 5,7±0,3 5034±198 

       
NH3 x 16±1,5 1,8±0,3 227±62 2,9±0,2 3058±89 
384 y 16±1 1,6±0,4 195±59 2,8±0,1 2855±90 

       
NH3+PFI x 37±2 2,7±0,4 724±136 5,1±0,3 4993±210 

477 y 33±2 2,7±0,6 666±187 4,7±0,2 4610±208 
       

PFI+NH3 x 38±2,3 3,2±0,4 935±153 4,9±0,2 5154±127 
477 y 36±3 3±0,7 837±264 4,9±0,3 4760±159 

       
Kitchen  x 19±0,8 2,7±0,3 417±60 3±0,2 3586±144 

433 y 19±0,9 2,4±0,4 344±80 2,9±0,1 3146±92 
       

Kitchen+PFI x 42±1,4 3,2±0,3 986±104 5,4±0,3 5439±232 
507 y 39±1,8 3,3±0,3 985±127 5,1±0,2 4878±269 

       
PFI+kitchen x 33±1,8 3,2±0,4 - 4,7±0,4 4671±289 

514 y 33±1,3 3,3±0,4 830±122 4,5±0,2 4307±231 
       

Disperser x 23±0,8 2,6±0,5 - 3,5±0,5 3869±170 
432 y 20±0,9 2,5±0,4 375±86 3,1±0,2 3686±104 

       
Disp+PFI x 45±2,3 3,7±0,4 - 5,3±0,2 6032±334 

535 y 46±1,9 3,4±0,5 1139±188 5,6±0,2 5700±259 
       

PFI+disp x 31±1,7 3,6±0,5 - 4,2±0,3 4831±53 
492 y 31±2,3 3,4±0,9 835±264 4,1±0,1 4494±135 
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Drying case A, continued 
Sample Grammage Z-strength Air 
Density Thickness Z-toughness permeance 

 g/m2 kN/m2  
kg/m3 µm J/m2 um/Pas 

    
Reference 59,2± 1,2 116±4,3 452 

403 146,8± 0,9 -  
    

Ref+PFI 59,2± 0,6 281±5,8 248 
493 120,2± 1,4 39±2,6  

    
NH3 59,7± 1,4 113±4,1 427 
384 155,6± 1,7 -  

    
NH3+PFI 59,4± 0,7 259±11,6 307 

477 124,4± 2,9 40±6,8  
    

PFI+NH3 59,5± 1,3 256±10,2 307 
477 124,8± 0,9 -  

    
Kitchen 57,1± 0,6 216±11,8 533 

433 131,9± 1,4 -  
    

Kitchen+PFI 59,9± 0,4 320±11,1 233 
507 118± 1,1 73±9,9  

    
PFI+kitchen 58,2± 0,5 325±14,3 240 

514 113,2± 1,5 71±16,7  
    

Disperser 60,6± 1,1 254±9,8 480 
432 140,2± 1,8 53±4,8  

    
Disp+PFI 58,9± 0,3 381±8,1 219 

535 110,2± 0,9 68±9,1  
    

PFI+disp 59,6± 0,6 339±11,6 295 
492 121± 2 50±2,8  
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Drying case B 
Sample Test Tensile Strain  Tensile  Tensile Final drying 
Density direction strength at  energy  stiffness stress 

  Index break absorption index index index 
kg/m3  kNm/kg % J/kg MNm/kg Nm/kg 

       
Reference x 16±0,6 1,5±0,2 186±34 3,1±0,2 3533±131 

402 y 17±1,4 1,7±0,3 226±66 3,3±0,4 3091±63 
       

Ref+PFI x 48±1 2,4±0,1 845±70 6,3±0,1 5862±210 
485 y 43±1,9 3,1±0,5 996±181 5,5±0,2 5120±142 

       
NH3 x 18±1,1 1,6±0,3 216±51 3,4±0,3 3179±141 
369 y 14±0,8 1,5±0,3 150±40 2,6±0,2 2880±86 

       
NH3+PFI x 37±1,1 2,3±0,3 630±111 5,4±0,3 5212±96 

473 y 37±2,5 2,6±0,4 738±149 5,1±0,4 4504±105 
       

PFI+NH3 x 40±1,1 2,7±0,2 802±80 5,6±0,3 5481±292 
463 y 36±2 2,9±0,5 795±173 4,7±0,2 5017±131 

       
Kitchen x 21±0,7 2,3±0,2 384±46 3,4±0,1 3681±176 

414 y 18±1,2 2,3±0,5 325±73 2,9±0,2 3425±229 
       

Kitchen+PFI x 44±1,4 2,6±0,3 830±138 6±0,3 5595±314 
495 y 37±1,8 2,9±0,5 794±161 4,9±0,1 5298±155 

       
PFI+kitchen x 33±1,8 2,3±0,3 564±99 4,8±0,2 4868±204 

469 y 30±1,2 3,2±0,6 731±155 4,2±0,3 4426±255 
       

Disperser x 23±1 2,3±0,2 391±49 3,6±0,3 3911±110 
429 y 20±1,4 2,4±0,6 374±128 3,1±0,3 3667±173 

       
Disp+PFI x 47±2,4 2,7±0,3 929±140 6,1±0,3 5909±111 

509 y 41±1,4 3,5±0,7 1072±229 5±0,3 5145±273 
       

PFI+disp x 31±1,5 2,7±0,3 639±96 4,5±0,2 5010±200 
477 y 32±2,6 3±0,6 733±157 4,3±0,3 4698±215 
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Drying case B, continued 
Sample Grammage Z-strength Air  
Density Thickness Z-toughness permeance 

 g/m2 kN/m2  
kg/m3 µm J/m2 um/Pas 

    
Reference 61,5± 1,7 106±7,2 512 

402 153± 1,8 -  
    

Ref+PFI 59,2± 0,7 233±8,3 295 
485 122± 1,2 37±2,8  

    
NH3 59± 1,1 87±2,6 549 
369 160,1± 1,5 -  

    
NH3+PFI 59± 1,9 232±5,7 320 

473 124,8± 1,9 37±3,1  
    

PFI+NH3 58,4± 2,2 215±10,9 320 
463 126,3± 0,9 50±16,2  

    
Kitchen 54,6± 1,7 193±11 512 

414 132± 1,5 -  
    

Kitchen+PFI 58,2± 1,2 284±6,8 256 
495 117,7± 1,8 43±3,6  

    
PFI+kitchen 57,8± 0,8 276±4,7 305 

469 123,2± 1,5 40±1,5  
    

Disperser 58,8± 2,1 223±13,1 512 
429 137,1± 1,5 63±3,3  

    
Disp+PFI 58,3± 1,2 341±4,1 274 

509 114,7± 1,3 53±7,5  
    

PFI+disp 58,1± 0,9 312±10,4 384 
477 121,9± 1,4 73±12,2  
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Drying case C 
Sample Test Tensile Strain  Tensile  Tensile Final drying 
Density direction strength at  energy  stiffness stress 

  Index break absorption index index index 
kg/m3  kNm/kg % J/kg MNm/kg Nm/kg 

       
Reference x 17±0,7 1,8±0,2 245±42 3±0,1 2991±114 

405 y 15±1 2,9±0,5 340±80 2,3±0,2 1739±61 
       

Ref+PFI x 41±2,5 2,6±0,4 777±150 5,6±0,2 4720±204 
492 y 39±2,2 4,3±0,4 1180±120 4,2±0,4 2906±122 

       
NH3 x 16±1 1,6±0,2 199±41 3,1±0,2 2639±154 
365 y 14±1 2,6±0,6 291±81 2,1±0,1 1480±160 

       
NH3+PFI x 35±2,1 2,6±0,3 670±130 4,8±0,1 4474±113 

466 y 33±2,4 3,5±0,5 870±179 4±0,3 2795±164 
       

PFI+NH3 x 40±3,5 2,3±0,3 671±149 5,6±0,2 4597±159 
469 y 34±1,6 4,1±0,6 1046±175 3,9±0,3 2875±98 

       
Kitchen x 21±1,7 2,3±0,4 384±94 3,3±0,2 3363±115 

423 y 19±0,6 3,5±0,7 530±132 2,6±0,2 2291±35 
       

Kitchen+PFI x 43±1,5 2,8±0,3 907±117 5,6±0,1 4937±244 
507 y 34±1,4 4,7±0,9 1226±269 4±0,2 3576±249 

       
PFI+kitchen x 31±1,6 3±0,2 716±80 4,5±0,4 4506±102 

475 y 27±1,5 3,8±0,8 791±167 3,4±0,2 3251±129 
       

Disperser x 23±1,3 2,4±0,3 434±84 3,5±0,2 3589±107 
432 y 19±1,3 3,5±0,8 536±152 2,6±0,2 2531±72 

       
Disp+PFI x 48±2,3 3,4±0,3 1229±148 5,7±0,2 5344±205 

521 y 39±1,5 5±0,8 1458±277 4,1±0,2 3892±114 
       

PFI+disp x 31±1,2 3,3±0,2 785±72 4,3±0,4 4368±134 
477 y 25±0,8 4±0,6 795±145 3,1±0,2 3274±125 
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Drying case C, continued 
Sample Grammage Z-strength Air  
Density Thickness Z-toughness permeance 

 g/m2 kN/m2  
kg/m3 µm J/m2 um/Pas 

    
Reference 59,3± 2,3 111±5,4 427 

405 146,4± 3,5 -  
    

Ref+PFI 59,4± 1 235±8,4 265 
492 120,8± 2,2 37±2,6  

    
NH3 59,3± 0,9 94±7,9 549 
365 162,2± 3,5 -  

    
NH3+PFI 58,3± 2,6 233±10 320 

466 125,2± 2 37±2,2  
    

PFI+NH3 61,8± 0,8 221±11,2 307 
469 131,9± 0,9 34±1,7  

    
Kitchen 57,6± 1,5 195±8,9 452 

423 136,1± 2,1 38±1,5  
    

Kitchen+PFI 60± 0,8 302±10,2 256 
507 118,4± 1,5 42±3,3  

    
PFI+kitchen 59,1± 1,6 273±7,5 307 

475 124,4± 0,6 42±2,7  
    

Disperser 61,6± 0,6 239±13,8 512 
432 142,7± 1,7 51±3,3  

    
Disp+PFI 60,1± 0,6 353±11,2 248 

521 115,4± 1,7 52±2,6  
    

PFI+disp 59,8± 2,1 316±15,2 384 
477 125,3± 1,9 51±2,5  

 



Appendix 3. Page 1 of 6 

Zero- and Short-span data 
 
Zero-span, Drying case A 

Sample Test Zero-span Zero-span Zero-span Zero-span 
 direction tensile tensile energy displacement tensile 
  stiffness absorption at break strength index 
  N/cmum N um kgNm/kg 

      
Reference x 2,5±0,2 0,23±0,02 48,3±3 111±3,6 

 y 2,3±0,2 0,24±0,02 51,5±3,8 109±4,6 
      

Ref+PFI x 3,2±0,6 0,25±0,03 46,3±4,3 128±5,8 
 y 3±0,2 0,25±0,02 46,6±3,2 128±4,3 
      

NH3 x 2,5±0,3 0,24±0,02 50,6±3,9 112±4,2 
 y 2,3±0,2 0,23±0,02 51,2±2,7 107±5,1 
      

NH3+PFI x 2,7±0,4 0,25±0,03 49,2±4,1 119±5,9 
 y 2,8±0,2 0,24±0,02 48,6±2,9 119±4,5 
      

PFI+NH3 x 3,1±0,7 0,23±0,03 45,4±6 122±6,2 
 y 2,6±0,3 0,22±0,02 47,5±3,1 113±5,2 
      

Kitchen x 2,1±0,3 0,24±0,03 55,7±6,2 101±5,1 
 y - - - - 
      

Kithcen+PFI x 2,8±0,5 0,27±0,03 51,5±4,5 125±4,8 
 y 2,6±0,3 0,28±0,03 53,1±4 123±6,8 
      

PFI+kitchen x 2,4±0,2 0,25±0,02 51,8±3,6 112±4,5 
 y 2,4±0,2 0,26±0,03 53,3±3,7 115±6,7 
      

Disperser x 2,3±0,3 0,25±0,02 54,3±4 109±5,1 
 y 2,2±0,2 0,23±0,03 53±4,4 104±4,5 
      

Disp+PFI x 2,7±0,5 0,26±0,03 51,1±5,1 121±5,9 
 y 2,7±0,3 0,27±0,03 51,9±4,7 123±5,4 
      

PFI+disp x 2,4±0,4 0,25±0,03 53,9±6,3 111±6,9 
 y 2,3±0,3 0,26±0,02 55,5±3,8 110±4,9 
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Short-span, Drying case A  
Sample Test Short-span Short-span Short-span Short-span 

 direction tensile tensile energy displacement tensile 
  stiffness absorption at break strength index 
  N/cmum N um kgNm/kg 
      

Reference x 1,1±0,14 0,25±0,03 80,9±8,2 72,7±3,9 
 y 1,1±0,13 0,24±0,03 79,1±7,1 69,7±4,1 
      

Ref+PFI x 1,6±0,25 0,34±0,04 75,7±5,6 107,7±6,9 
 y 1,5±0,18 0,34±0,03 78,9±5,7 104,5±3,2 
      

NH3 x 1,2±0,13 0,25±0,03 79,7±5,7 73,5±4,1 
 y 1,1±0,15 0,24±0,02 81±7,8 68,7±3,5 
      

NH3+PFI x 1,4±0,2 0,3±0,03 76,2±5,8 94,3±4,7 
 y 1,4±0,15 0,29±0,03 74,2±5,9 94,2±5,8 
      

PFI+NH3 x 1,4±0,18 0,31±0,03 78,7±6 93,7±4,5 
 y 1,4±0,17 0,3±0,02 78,6±4,9 92,9±4,2 
      

Kitchen x 1±0,13 0,22±0,03 82,4±8,6 63,1±3,9 
 y - - - - 
      

Kithcen+PFI x 1,5±0,17 0,33±0,04 77,8±6,9 103±6,2 
 y 1,3±0,16 0,34±0,03 83±6,4 97,9±5,2 
      

PFI+kitchen x 1,3±0,23 0,27±0,03 80,2±7,8 81,7±5,2 
 y 1,3±0,15 0,28±0,04 77,9±9,4 85,2±4,4 
      

Disperser x 1,1±0,17 0,24±0,03 81,4±9,4 69,7±4 
 y 1±0,13 0,23±0,02 81,1±7,9 65,7±3,9 
      

Disp+PFI x 1,4±0,18 0,33±0,03 80,4±7,3 98,1±3,8 
 y 1,4±0,15 0,33±0,04 82,8±6,8 97,5±5,4 
      

PFI+disp x 1,1±0,13 0,26±0,03 81,1±7,3 77±4 
 y 1,2±0,17 0,26±0,04 80,3±7,9 78,6±4,9 

 
 



Appendix 3. Page 3 of 6 

Zero-span, Drying case B 
Sample Test Zero-span Zero-span Zero-span Zero-span 

 direction tensile tensile energy displacement tensile 
  stiffness absorption at break strength index 
  N/cmum N um kgNm/kg 
      

Reference x 2,6±0,3 0,26±0,03 51,4±4,1 117±4,7 
 y 2,4±0,1 0,26±0,03 52,5±3,3 116±4 
      

Ref+PFI x 3,4±0,4 0,24±0,03 44,7±4,4 130±7 
 y 3±0,3 0,24±0,02 46,6±3,2 124±5,4 
      

NH3 x 2,5±0,2 0,22±0,02 47,4±2,1 110±3,9 
 y 2,4±0,2 0,22±0,02 49,1±3,5 106±5,4 
      

NH3+PFI x 3,2±0,3 0,24±0,02 45,4±2,9 127±6,9 
 y 2,8±0,3 0,25±0,03 48,5±2,8 123±6,2 
      

PFI+NH3 x 2,8±0,4 0,2±0,02 43,6±3,4 111±6 
 y 2,9±0,4 0,23±0,02 46,5±3,3 119±6,1 
      

Kitchen x 2,3±0,2 0,23±0,03 51,3±4,5 104±3,3 
 y 2±0,2 0,23±0,02 55,4±3,6 96±4,3 
      

Kitchen+PFI x 3,1±0,5 0,26±0,03 47,4±3,9 128±5,1 
 y 2,6±0,2 0,25±0,02 50±2,6 117±5,3 
      

PFI+kitchen x 2,6±0,4 0,25±0,03 50,8±3,9 116±5 
 y - - - - 
      

Disperser x 2,3±0,3 0,24±0,03 52,3±4,5 107±3,6 
 y 2,2±0,2 0,21±0,02 51±3,3 99±5,7 
      

Disp+PFI x 3±0,4 0,25±0,02 47,7±3,8 122±3,9 
 y 2,8±0,2 0,26±0,02 49,8±2,9 125±4,6 
      

PFI+disp x 2,7±0,5 0,23±0,02 48,5±4,2 113±6,6 
 y 2,4±0,2 0,22±0,02 48,6±2,8 108±3,9 
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Short-span, Drying case B 
Sample Test Short-span Short-span Short-span Short-span 

 direction tensile tensile energy displacement tensile 
  stiffness absorption at break strength index 
  N/cmum N um kgNm/kg 
      

Reference x 1,2±0,09 0,27±0,03 82±6,9 77,1±3,4 
 y 1,2±0,14 0,28±0,03 82,3±8 78,7±3,9 
      

Ref+PFI x 1,8±0,19 0,32±0,03 72,8±4,9 106,7±5,5 
 y 1,5±0,16 0,35±0,04 78,9±6,2 107±5,3 
      

NH3 x 1,2±0,15 0,23±0,02 79,8±6,9 70,7±4,6 
 y 1,1±0,09 0,24±0,03 80,8±8 67,2±4,4 
      

NH3+PFI x 1,6±0,17 0,3±0,02 73,6±4,6 100,3±4,3 
 y 1,4±0,12 0,32±0,04 79,2±6,5 98,2±5,1 
      

PFI+NH3 x 1,4±0,22 0,27±0,03 73±6,2 90,4±6,5 
 y 1,4±0,16 0,29±0,04 76,5±5,6 92,1±8,2 
      

Kitchen x 1±0,13 0,22±0,03 80,4±9,7 63±2,7 
 y 0,9±0,12 0,21±0,03 85,8±9,8 57,6±4,3 
      

Kitchen+PFI x 1,5±0,21 0,32±0,03 77,6±5 100,8±5,5 
 y 1,4±0,14 0,3±0,03 77,8±4,1 94,7±5,9 
      

PFI+kitchen x 1,3±0,2 0,28±0,03 79,9±9,2 85,2±4,9 
 y - - - - 
      

Disperser x 1,1±0,17 0,22±0,03 75,9±8,3 67,3±3,4 
 y 1,1±0,1 0,2±0,03 78±8,7 60,7±3,8 
      

Disp+PFI x 1,5±0,17 0,32±0,03 76,4±6,8 102±4,6 
 y 1,4±0,16 0,37±0,04 85,6±7,6 102,3±5,1 
      

PFI+disp x 1,3±0,22 0,24±0,03 76,3±8,9 76,2±4,8 
 y 1,2±0,16 0,25±0,02 76,2±5,6 76,8±2,5 
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Zero-span, Drying case C 
Sample Test Zero-span Zero-span Zero-span Zero-span 

 direction tensile tensile energy displacement tensile 
  stiffness absorption at break strength index 
  N/cmum N um kgNm/kg 
      

Reference x 2,6±0,2 0,24±0,02 50,7±3,3 114±4,1 
 y 2,2±0,2 0,26±0,03 56,7±4 107±3,7 
      

Ref+PFI x 3,3±0,5 0,26±0,02 47±3,3 131±7,3 
 y 2,5±0,2 0,27±0,02 53,1±3,6 120±4,6 
      

NH3 x 2,4±0,2 0,22±0,03 50±3,8 107±6,7 
 y 2±0,2 0,23±0,02 55,4±2,6 100±4,8 
      

NH3+PFI x 2,9±0,3 0,24±0,02 47,4±2,2 121±4,9 
 y 2,2±0,2 0,23±0,03 51,9±4,3 103±4,6 
      

PFI+NH3 x 3,1±0,4 0,24±0,02 45,6±3,3 124±7,5 
 y 2,4±0,2 0,27±0,03 55,1±3,1 116±5,4 
      

Kitchen x 2,1±0,2 0,23±0,03 53,3±4,8 101±3,2 
 y 1,8±0,2 0,27±0,02 62,7±4,6 99±3,3 
      

Kitchen+PFI x 3,1±0,4 0,24±0,03 46±3,7 122±6,4 
 y 2,3±0,2 0,29±0,03 57,7±5 118±5,2 
      

PFI+kitchen x 2,7±0,4 0,24±0,02 49,2±3,6 115±4,6 
 y 2,1±0,2 0,26±0,02 58,4±3,1 106±5,3 
      

Disperser x 2,2±0,3 0,25±0,02 54,8±4,7 105±5,6 
 y 2±0,3 0,27±0,03 61,2±6,2 102±3,7 
      

Disp+PFI x 3±0,3 0,25±0,02 48,1±2,8 125±5 
 y 2,3±0,2 0,29±0,03 58,3±5,4 118±4,8 
      

PFI+disp x 2,7±0,4 0,27±0,03 52,7±3,8 119±6,1 
 y 2,2±0,2 0,25±0,03 54,4±5,3 108±3,6 
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Short-span, Drying case C 
Sample Test Short-span Short-span Short-span Short-span 

 direction tensile tensile energy displacement tensile 
  stiffness absorption at break strength index 
  N/cmum N um kgNm/kg 
      

Reference x 1,1±0,12 0,26±0,04 80,9±7,4 75,3±3,9 
 y 0,9±0,11 0,28±0,04 93,3±8,9 70,6±5,4 
      

Ref+PFI x 1,7±0,3 0,32±0,03 74±6,1 105,2±5,1 
 y 1,3±0,16 0,38±0,04 90,1±7,5 100,2±4,7 
      

NH3 x 1,1±0,12 0,25±0,03 80,3±7,7 71±4 
 y 1±0,13 0,25±0,03 88,4±8,2 66,7±4,5 
      

NH3+PFI x 1,5±0,17 0,28±0,03 72,9±5 94,2±4,8 
 y 1,1±0,14 0,3±0,02 88,5±6,1 82,7±4,2 
      

PFI+NH3 x 1,5±0,2 0,29±0,02 73,6±5,7 95,8±4,4 
 y 1,2±0,14 0,36±0,03 88,9±7,4 96,3±5,3 
      

Kitchen x 1,1±0,14 0,2±0,03 76,6±6,1 60,3±2,8 
 y 0,8±0,12 0,27±0,04 99,7±10,9 63,2±2,9 
      

Kitchen+PFI x 1,3±0,18 0,32±0,03 81,2±6,6 94,2±5,8 
 y 1,1±0,14 0,39±0,03 99,9±6,6 92,8±4 
      

PFI+kitchen x 1,3±0,12 0,26±0,03 76,9±6,5 80,8±3,1 
 y 1±0,14 0,31±0,03 93,4±9,7 79,4±3,8 
      

Disperser x 1,1±0,13 0,23±0,03 80,6±6,6 67,6±4,8 
 y 0,9±0,11 0,23±0,02 86,2±6,6 62,4±4,2 
      

Disp+PFI x 1,4±0,25 0,32±0,04 80,9±7,9 96,1±5,9 
 y 1,2±0,13 0,37±0,04 90,6±7,3 96,3±4,3 
      

PFI+disp x 1,3±0,17 0,27±0,03 77,7±7,6 82,9±3,3 
 y 0,9±0,11 0,27±0,03 92,4±8,2 69,5±4 

 
 




