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Simulation of the cutting process within a laboratoy

by
Mario Penaso

The work outlined in this thesis presents a neweltggment of a device to cut wood free
coated papers in a laboratory scale. The aim offtbgis was to develop in the lab a method
which reproduces the cutting mechanisms from tleetgln. The main target is to be able to
study the paper influences on cutting in the future

The Zwick® material testing machine, in combinatisith the optional creasability module,
has been used to construct a cutting device whecfopns a guillotine cutting action. The
main part of the work was to design a knife holbgether with a knife based on the knife
geometries / materials used at the sheeter. Onieedfirst tasks was to determine adequate
settings of the machine and to test the reliabditghe results. To check the applicability of
the method, a test was carried out to compareutieng quality obtained at the sheeter with
the cutting quality obtained at the Zwick®.

To implement the cutting device, the influence dfedent paper properties on the cutting
parameters was studied. The cutting parametersdaahot only the measurements from the
Zwick® (cutting force, energy ...) but also thetmg quality evaluated with the microscope.
An evaluation of the cutting quality gives the pbaiy to predict to some extent whether the
printing quality might be disturbed in the surroimgarea of a cutting edge.

Consequently, the impact of new raw materials wistobuld be used in the paper process can

be tested.

Keywords:

Simulation of cutting, paper finishing, sheeterillgtine, wood free coated papers, long cut,
cross cut, cutting quality, cracks in the coatiagel, raggedness of the cutting edge, fibre
pull, cutting force



Simulation des Schneideprozesses im Labormalfistab
von
Mario Penaso

Die vorliegende Arbeit beschaftigt sich mit der \Eigcklung einer neuen Methode den
Schneideprozess von holzfrei gestrichenen Papierdrabor zu simulieren. Ziel der Arbeit
war es ein Geréat zu entwickeln, welches den Sckpeidess eines Formatquerschneiders
reproduziert. Mit Hilfe dieses Gerates soll es wkiznft mdglich sein, den papierseitigen
Einfluss auf den Schneideprozess zu untersuchen.

Die Zwick® Materialprifmaschine mit dem dazugehéngRillwerkzeug wurde genutzt, um
ein Schneidegerat zu entwickeln, das einen Gukegchnitt ausfuhrt. Die Hauptaufgabe lag
darin, einen Messerhalter samt Messer (basierend dem Messermaterialien bzw.
Messergeometrien des Querschneiders) zu konstnuier®anach wurden die
Grundeinstellungen der Maschine bestimmt und diealesnen Messwerte der ersten
Testreihnen wurden auf ihre Relevanz geprift. Um Arevendbarkeit des Gerates zu
Uberprufen, wurde ein Test durchgefuhrt, bei dene dirzielte Schnittqualitat am
Querschneider mit der erzielten Schnittqualitatldgsorschneidegerates verglichen wurde.
Um das Gerat in der Praxis anwenden zu konnen, evaer Einfluss verschiedener
Papierparameter auf die Schneideparameter get&stetSchneideparameter enthalten die
Messwerte des Laborschneidegeréates (Schnittkrafteissaufnahme ...) sowie die Qualitat
der geschnittenen Proben, welche unter Anwendureseévikroskops untersucht wurden.
Eine Untersuchung der Schnittqualitat ermdglichedeilweise Vorhersage der Druckqualitat
im Bereich der Schnittkante der getesteten Probe.

Zukunftig soll mit dieser Methode der Einfluss neueRohstoffe auf die

Schneideeigenschaften des Papiers Uberprift werden.

Schlagwaorter:
Simulation des Schneideprozesses, Ausristung vopierfea, Formatquerschneider,
Guillotine, holzfrei gestrichene Papiere, Langs#thnQuerschnitt, Schnittqualitat,

Strichbrechen, unregelmalliige Schnittkante, Fasemugchnittkraft
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Introduction

1 Introduction

Finishing is an important step in the productiorhfh quality wood free papers. One of the
aspects is to ensure a perfect cutting qualitytierend customers. Bad cutting quality can
cause runnability problems on the printing presshsas edges sticking together and dust
formation. Moreover, a poorly adjusted cutting @& can be at the origin of an important
amount of dust at the sheeter. Therefore, comigpléind improving the cutting process will
have a positive impact on the environment at tleetdr.

Evaluating the cutting quality is a complex proaedand a lot of efforts have been spent in
the past to find an adequate method. No appropeeastuation method was available to
adequately classify the cutting quality of woodefreoated papers, therefore the “Cutting
quality project” was started within Sappi Fine Papgeirope to conduct research on this
subject.

By now, a test method has been developed. Théiléljeof this method was proven by print
trials to study the effect of the edge quality be printing process.

It is known that the machine parameters as welhagaper properties have an influence on
the cutting quality. To study the influence of thachine parameters, an on-site inspection at
the sheeter has been carried out. Analyzing thedanpf the paper itself is a more complex
procedure. For every trial at the sheeter, the ppammeters have to be changed and this is
unrealistic due to the very high costs involvederBfore, a cutting device which can be used
in the lab is mandatory.

1.1 Motivation

The costs required to finance the development ofiting device in collaboration with an
external institute are very high. Therefore, it waecided to find / develop internally a
laboratory cutting system which reproduces the ggses of the sheeter adequately.

The main advantage of a laboratory system is thailliallow making research without being
dependent from the paper production. Secondlyt aflpaper properties such as the impact of
raw materials can be studied in an easier way aodwse, it is the cheapest solution.
Moreover, it is intended by Sappi Fine Paper Eurtpspend a lot of effort to tackle the
cutting issue. Therefore, a suitable lab methodcidting would advance the fundamental

research regarding this issue.
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Introduction

In the beginning of the work the prior art regagdicutting was studied. In the case that no
suitable system should exist, a new method to siteuthe cutting process has to be
developed. In the start-up phase the necessaryineagarts had to be manufactured, in order
to perform test series in the second phase of tirk.\inally, the correlation between the lab
method and the cutting at the sheeter should bedfmut to allow the comparison of the

different papers manufactured in Sappi Fine Papeofte on a lab scale.
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Introduction

1.2 Conceptual formulation

Task of the project work is to find a cutting desjito reproduce the shear cutting process of
coated papers in the lab. In the following, themtted operating sequence is shown:

__| Literature research whether there is an existin@aegius to simulate

yes the cutting process
no

A 4

Find an adequate test apparatus and find an ideaddy it in a way
that shear cutting is performed. DI T

A 4

Manufacturing the necessary parts to reconstrectest apparatus intg
a cutting device
\ 4
Tests with the preliminary model <--,

Necessary adjustments

g g gy

A
A 4 i no
Checking the reliability of the data
yes
A
Reproducibility
A 4
no

.-/ Find a link between the cutting quality parametdgrshe sheeters and
the results from the laboratory system

A 4

Analysis of different papers regarding cuttingy

Figure 1.2-1: Conceptual formulation of the thesis
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Cutting of paper

2 Cutting of paper

In this chapter the results of the literature redeaelated to cutting of paper are outlined. At
the beginning, the theory of both cutting techn@egslitting and cross cutting, is covered.
Furthermore, the paper influence on cutting in gaines described. Problems which are
emerging due to cutting issues are also present#ais chapter. As a last step, the existing

laboratory cutting methods and the evaluation nugthad cutting edges are presented.

2.1 Theory of cutting

During the cutting process, the substrate is expasethree different mechanisms. The so
called ‘three steps of cuttirigare explained in more detail in the following par

o Deformation- or compression-phaséhe compression-phase starts when the knife
comes in contact with the paper surface. Due tgssure forces, the paper structure
will be damaged and this leads to decrease thagilreproperties in the area of
deformation.

o Pre-shearing-phasefurther forces applied by the knife on the pageuse a shear
stress which results in elastic / plastic distar$ioThe resulting forces around the tip
of the blade enable the penetration in z-direction.

o Shear-off-phaseThe complicated state of stress and the high cesspyn forces lead

to a final separation of the substrate.

2.1.1 Theory of slitting

Most of the information contained in this sectioasacollected from the PAPIERBUCH [1],
from the homepage of CAROLINA KNIFE COMPANY [2] arficom an article dealing with
finishing defects [3] .

According to the PAPIERBUCH [1], slitting is thepseation of paper in machine direction
done by rotating circular knives (sEmgure 2.1-1).

To ensure that shear cutting is performed, thektofe has to rotate at the same or marginally
higher speed than the path speed [2]. In most efctses, the top knife is driven by the
bottom knife. Due to the fact that the top knifedecelerated during the cutting action, the
bottom knife has to run with a certain over speehgared to the top knife. Usually 3 to 5%
over speed is applied. A top knife velocity belom@hronous speed results in cockling of the

edges.
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Cutting of paper

Rotating top knife

Web running direction

50%

Cut point

Rotating bottom knife

Figure 2.1-1: Configuration of a slitting unit

Field of application for slitters:
0 producing paper reels at the winder station,
o finishing of format papers,

o trimming the paper web on paper / coating machines.

As outlined in the PAPIERBUCH [1] the cutting presecan be divided in three phases (see
Figure 2.1-2):
a) Paper web is compressed before the real cuttingnestarts.
b) Web is laterally displaced by the knife.
c) Knives are getting in contact in the cut point ane web is pushed away by
the shear stresses. At the same time the contassyme between the blades

increases, this leads to an extended wearing dbfiteand bottom knife.

In order to achieve an adequate edge quality, dnepositions of the substrate and also the

machine parameters have to be optimized.

Due to the distinctive rubbing action between paget knife during slitting, the components

of the paper influence dusting to a large exteihie Tevel of dust creation depends on the
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amount of fines, elastic fibres, brittle materialddfillers in the paper. Using raw materials

such as pigments or starch results in a brittlet@r@ and many fine particles are released [1].

Next to the paper, the machine parameters playjarmale in slitting. The most important

systems and settings for slitting units are disedss the following part.

Rotating top
knife

R [/ —

Cut point

Rotating
bottom knife

Figure 2.1-2: Steps of the slitting process - Redwan according to [1]

As presented in [2], there are two main shearirglittystems to separate paper in machine
direction, thetangent slittingand the so calledrap slitting (seeFigure 2.1-3). In tangent
slitting the web is passed directly to the cut paewhile in wrap slitting the substrate touches

the bottom blade over a larger area before itiisgoeut.

Tangent slit

Wrap Slit

Figure 2.1-3: Tangent vs. wrap slitting - Redrawn acording to [2]
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The results of FRYE [3] showed a negative impacttiom cutting quality, if the resulting
strains during the cutting action are too high. ©higins of these strains and how to handle
them are discussed in the following part.

Bevel angle
Using smallbevel anglegseeFigure 2.1-4) leads
to lower displacement of the web and for this
reason the friction action decreases. A drawback

of this configuration is that the knives are thinne

and therefore they have to be changed sooner.

Figure 2.1-4: Possible configurations of the
bevel angle

A second possibility for reducing strains is toreat thetoe-in angle or cant anglésee
Figure 2.1-5). According to [2], the toe-in is very impamt for the optimal cut point. To find
the perfect setting is a complex procedure. Theeetiie adjustment is usually kept constant
when the desired result is achieved. It is of utmmecessity, that the toe-in is accurately
adjusted after installing new blades, incorrectlesdead to irregularities. The toe-in angle
can run on three different types. The angle eitla@r be positive, zero or negative. A positive
angle favours the cutting result, but the knife igezut faster. Setting a negative toe-in means
that there is no defined cut point anymore andatble isn’t cut properly.

Similar to the toe-in angle, three possibilities fop knife’s rake angleexist (seeFigure
2.1-5). The negative, zero or positive angle ismfbuilt into the top knife. In order to reduce

the cross machine strain a zero rake angle isdbguate setting for the top knife, because the

N

deflection of the web is lowest in this case.

— < ’7
Negative rake Zero rake
ﬁ Positive rake
[ | Positive toe-in
<

Negative toe-in

| | Zero toe-in

Figure 2.1-5: Toe-in and rake angle for slitting uits - Redrawn according to [3]
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Cutting of paper

The rate ofpenetration or overlapping of the bladésee
Figure 2.1-6) is defined by the substrate properties and
the type of slitters used (tangent or wrap) [2]. aW¥h
using tangent slitting, the paper and the knivegeha
: . : : g Web path
come in contact in a single point. Only one cutnpas SN
available for this system, in fact the tangenthaf highest overlapping
point of the bottom blade. The use of wrap slitthygtem

allows different settings.

Figure 2.1-6: Overlap of top and bottom knife

According to [2], the contact force in the overlagparea is adjustable. Tlede loading
pressures just the force which acts on the surface betweprand bottom knive§.he ideal
setting is the minimum pressure needed to achieymod cutting quality. A too high contact
pressure leads to faster blade wear. Also, adaptiegside load does not increase the
functionality of worn blades.

It is mentioned that sometimes more side loaddsired. This is an indication that one of the

parts in the machine is not working in a proper \@aymore.

2.1.2 Theory of cross cutting

WITTENBERG [4] defined, cross cutting as a separatf paper perpendicular to the main
fibre orientation. The cross cutter acts like a phiscissors. The full width of the web is not
cut in one moment, the cutting stroke moves from ténder to the drive side. Would the
paper be cut at once, the cutting force would reasfaximum and cause negative impacts on
the cutting quality as well as on the stabilitytbé system. There are two basic concepts
which can be applied:

1) Cross cutters with a rotating top drum cylinder,vamch the knife is installed in an
angle to the drum axis (s€ggure 2.1-7). The bottom knife is stationary. To achiave
square cut, the stationary bottom knife has to banted in a way that it compensates
the inclination of the top knife.

When using anon synchronous cuttécircumferential speed of the top drum cylinder
is notequal to the path speed during the moment ofrg)itit is essential to adapt the
position of the cutting machinery in a way, thanatches with the favoured format.

By contrast,synchronous cutter are synchronizing to the format to be cut. The

circumferential speed of the top drum is equalh® path velocity in the moment of
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cutting. Between the cutting actions, the drum kreaées or decelerates depending on

the format length.

Knife (set
in a helix
angle)

Drum cylinder

Tender side Drive side

Figure 2.1-7: Configuration with a rotating top knife and a static bottom knife - Redrawn according td4]

2) Cutters with two rotating drums are so caltexdible rotary cuttergseeFigure 2.1-8).
Both, top and bottom drum cylinder are rotatinge Knives are set in a helix angle on
the drums and furthermore the axis of the drunseisat an angle to the running path.
The tangential deviation of the knives is compesdty the displacement of the

drums. Due to this setting, it is possible to aghia straight cutting line.

Top drum cylinder

Top knife

Cut line

2

Bottom

o/
Bottom knife

Figure 2.1-8: Double rotary cutter
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In accordance with the PAPIERBUCH [5], thexee two different drivingmechanisms for
rotary-synchronous cutter.
1) Mechanical drive Both drum cylinders are driven by a single engiBg adjusting a
continuous gear box, the machine can be set tfieaatit format.
2) Direct drive Each rotating component is directly driven by a&n engine. The

adjustment to the desired format is done electedhyic

Figure 2.1-9 shows the interdependence between rotgbieadsof the drums and the time

in between the cutting actions fosmglerotation. The surface areas of the figures have
the same size. The path speed is equal for evesls. ddoe corresponding rotation speed
for the drum cylinders is varying related to themat. The blue-shaded area represents

the moment of cutting.

T T

| /

?
/
spee spee( / spee /
|| | % || %
time —» time —» time —»
a) short format b) synchronic format c) long format

Figure 2.1-9: Acceleration and deceleration of thdrums at different formats - Redrawn according to p]

In case (a) the drums have to accelerate betweetutting actions, while synchronic formats
(b) allow constant rotation speeds. For cutting/\eng formats (c), the circumferential speed

reaches a minimum.

2.1.3 Industrial cutting of paper

As mentioned in chapter 2.1.1, there are sevegdicgbions for slitting and cutting operations
in the paper industry.

In the production process, the trims of the papel wn paper and coating machines are cut

away continuously. On the reel slitters, at the efhtthe production line, the mother reel is cut
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Cutting of paper

into several smaller reels. These reels can berettinectly delivered to the customer or they
are cut to format sheets in the last step in ampaglée the finishing. These different fields of

cutting applications are discussed in this chapter.

2.1.3.1 Trimming of the edges

To cut away the trims on paper or coating machimeasger jet cutters (sdéigure 2.1-10) are
installed at the border of the machines, in moshefcases.

The functional principle is based on a high pressuater jet which separates the edge trim
from the paper web [7]. The pressure of the jeinis range between 600 to 1500 bar,
depending on the machine speed and the basis wditjie paper to be cut. To get rid of the
trim after it is being cut, a suction system leadsto the broke handling system of the paper

machine.

Figure 2.1-10: Water jet cutter [7]

The benefits of a water jet cutter are:
o the higher lifetime of nozzles compared to slittbigdes,
o lower dust generation of water jet cutters compaoeal slitting knife,

o and the possibility to apply the system also invile¢ end of a paper machine.

Even if it is mentioned in literature [7] that a tejet cutter provides an adequate cutting
quality, several investigations in Sappi Fine Pdperope presented opposite results. When
checking the edge quality of papers which werebgutvater jet cutter, a bad cutting quality
was observed. It seems that the water jet is mohgtenough to cut single fibres, only the

bondings in the fibre matrix are released.
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2.1.3.2 Reel slitters

The paper which is wound on the mother reel atethé of the production line has to be
converted, either in marketable reels iar reels which are workable for the finishing

department.

This is done at reel slitters by using the prireipf slitting with rotating circular knives. That

means that the paper is cut in long direction, agiep web speeds up to 2500 m/min. This
“overspeed” of the reel slitters compared to th@epamachine ensures that there is no
bottleneck at the end of the production chain.

There are two main types of reel slitters [9]:

o Two-drum winders: Just after the paper is unwoundhfthe mother reel, the web is
cut by the rotating knives. After this cutting actj the paper reels are built up on two
bearer drums. In most of the cases, the bearerdauenequipped with grooves to get
rid of the air boundary layer which is transportetb the nip by the web. The roll
hardness is controlled by the dead weight of thel. réhe disadvantage of this
configuration is that the progressing reel weightirtg winding can cause failures in
the finished product, like over expansions or bargas in the external areas of the
reels.

o Single-drum winders: For this type of machines, fireduced reels are pressed
laterally against a supporting roll. Compared te tfwo-drum winders, the roll
hardness can be controlled independently from th&ddwveight of the reels. The
contact pressure between the reels and the supgadll is adjustable. Therefore,

constant roll hardness across the full diameterbeaachieved.

2.1.3.3 Cutting the paper to format sheets

For the production of printing and writing papene paper reels, produced at the reel slitters,
are cut into sheets. This operation is carriedatwgheeters (seeigure 2.1-11), where in a
first step the paper is cut in long direction tdiage the desired width of the sheet. In a
second step, the paper is separated in crossidirgotset the correct length of the sheet.

An important difference with the cutting processentioned before is that several layers can
be cut simultaneously at the sheeter.

Sheeters for wood free coated papers can handle spven reels at the same time. That
means that it is possible to cut up to seven slsgeigltaneously. Before the webs are getting

in contact with each other to form a compound, euder presses against the single webs to
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eliminate the tendency to curl. After the decurtbe webs are brought together and led into
the slitting unit. The slitting unit can be arradde two different ways:

o Single slitting unit The paper compound is cut in one slitting unibor Rhis
application, slitting knives with a low bevel angiee used to reduce the rubbing
action between the knife and the substrate to ndtadso to reduce the penetration
forces.

o Twin slitting unit The twin slitting unit consists of two parallditisng units which are
on top of each other. The paper compound is segghmatfront of the slitting units in
two parts. After the cut the webs are led togettyztin.

Sometimes the slitting units are equipped with at daxtractor system to remove the dust
generated during the cutting action.

After the webs were cut in long direction, the srost follows as the next step. In contrast to
the slitting unit, the entire paper compound iswithout separation before the cross cutting
unit. Sole exception is the Duplex-sheeter whese @he cross cutting unit is split in two
parts. The advantages of this configuration isféloe that two different format lengths can be
produced simultaneously [5] and a separation optpeer compound at the cross cut leads to
a better cutting quality due to the reduced ovehatkness of the compound.

Subsequently, the cut sheets are transported it&tbethe stack preparation. The number of
sheets to cut is counted by an automatic system.

Figure 2.1-11: Sheeter for fine papers [8]
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In the case of irregularities of the cutting edtgm® (ragged edge, format errors ...) the paper
stack has to be reworked. This is done at the ajui# cutters. Due to the downward
movement of the upper knife the paper stack whiclocated below the knife is cut. The
upper knife is set in a certain angle to avoidhagh cutting forces when the knife reaches on
the paper surface. This angle causes a sheargattiion, the cut point moves from the left

side to the right side of the paper stack. After¢ht is completed the knife moves upwards to
its initial state.

2.1.4 Material influence on cutting

The theory in this chapter is based on researcEHNSTRA [10].
2.1.4.1 Influence of the fibre length

The fibre length has a big influence on the cuttjoglity. If we assume that paper is single

layered and only composed by fibres, two diffei@ges regarding fibre length are possible:
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Figure 2.1-12: Simulated fibre length distributionof two papers - a) with long fibres b) with short fibres
Redrawn according to [10]

The total fibre length of paper a) is equal to tbtl fibre length of paper b) (sdéegure
2.1-12). The outcome of a cutting action perpendrcto fibre’s principal direction is a cut
line with sufficient quality, in both cases.

On the other hand, a cutting action not perpendrca the main fibre direction will result for
paper a) in a bad cutting quality. Fibres which ao¢ ideally oriented to the main fibre
direction bend away if the knife pushes againamth&fter the cut is completed, the fibres are
moving to their initial state. These fibres arelgtig out from the cutting edge and decrease
the quality of the cut. The negative impact oningtiquality is increasing with the average
fibre length. This would mean that a decreasecfiength leads to a better cutting edge, but
on the other hand long fibres are requested torerggod strength properties.
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2.1.4.2 Paper humidity

According to VEENSTRA [10], the paper’s absolutaridity influences its strength. As a
consequence of this, the ability to cut is alstugriced by humidity.

The cutting forces increase with decreasing humidihe higher stability of the fibre matrix
at lower moisture content leads to a more reguiting edge.

Recently, an investigation of the impact of papemidity on the cutting quality was carried
in Sappi Fine Paper Europe [11]. It was intendethtestigate the influence of the natural
aging process of papers on the cutting quality. Sdrae paper was cut at the same sheeter in
certain time intervals within two weeks and the eedgiality was analyzed. The outcome of
this test was, that the cutting quality was sliglttecreasing for the long cut. Regarding the
cross cut, no real changing in the cutting quakigs observable. The negative development
of the cutting quality in long direction was mairdgused by the faster blade wearing of the
knives of the long cutting unit. The lifetime ofee blades is limited to approximately five
weeks whilst a cross knife can stay over one y€haus, the wearing of the cross knife is
negligible for the mentioned period and we can tade that there is only a minor influence
from the humidity on the cutting quality. But, iif1to be mentioned that the natural ageing of
the paper only caused an increase in humidity mirzat 3 %.

2.1.4.3 Specific volume

Using the same kind of fibres, papers with a higgparcific volume are more critical to cut.
Especially bulky papers are subjected to a highpression during a cutting action. The
lower breaking elongation for voluminous paper® @gure 2.1-13) causes that some fibres
to be torn out of the paper when the knife penesraito the fibre matrix. This fact results in a

decreasing quality of the cutting edge for papath & higher specific volume.

o

—

stretch at break [%]
OFRLNWPHOGLO

15 16 1,7 18 19 2 2,1
specific volume [cm3/g]

Figure 2.1-13: Relationship between the spec. volrand the breaking elongation - Redrawn accordingot
[10]
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2.1.4.4 Material thickness

Figure 2.1-14 describes the influence of the materiatkimess. It is clearly visible that a
thicker paper or a compound of several sheets besanore deformed by the knife. This
results in:

o larger areas of friction associated with increashest creation,

o higher strains,

o higher deformation of the cutting edges.

Figure 2.1-14: Behavior of thick respectively thirpapers during cutting - Redrawn according to [10]

VEENSTRA [10] calculated the paper stresses unberkiade in the elastistate, as a
function of the distance to the paper surface diregetion. He assumed that paper is an elastic
material which is supported on bottom side.

In case A (se€igure 2.1-15), the substrate presents a high potemiatdmpression. Before
the bottom knife starts to act as a support, the@é&per thickness will be compressed.

In case B, part of the substrate has already bateMlerefore, the “compression potential” of
the substrate is lower. After a penetration of 308, a new state of elastic deformation
appears and the tensions were calculated againtehkmns of case B are lower compared to
case A, the effect of the support from the bottamfiekis much more distinctive.

This difference in stress condition will have arportant impact on the cutting quality of the
substrate. The top layers, subjected to high s{ezs®e A), present in general a worse cutting
quality than the bottom layers which are subjettetthe lower stress (case B).
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Figure 2.1-15: Calculated stress distributions releed to different distances of the knife to the pape
surface - Redrawn according to [10]

2.2 Evaluation of the cutting quality

Evaluating the cutting quality is a difficult pragse The problem related to this topic is that
there is no correct definition for the term “cugtiquality”. The most prevalent method is to
measure just the raggedness of a cutting edge.

According to the ISO 22414 test method [6], thepghaf the raggedness of the edges is
measured at a magnification of 42 times. The teteplased to determine the results, are
parallel lines of varying gaps between 1 and 6 mhe template is put on top of the cutting
edge. The number of the template (which corresptmdse gap), at which the amplitude of
the raggedness fits in between the lines, is usdédearesult (seigure 2.2-1)

N M\ _

Figure 2.2-1: Evaluation of a cutting edge - Redraw according to [6]

P NWSN OO
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An image analysis tool was introduced in Sappi FHaper Europe to measure the raggedness
of a cutting edge and the amount of fibres pullatiad the cutting edge. A series of pictures
of a cutting edge is read into the program and kgorighm calculates the maximum

raggednessas well as the averaged raggedness of the edge.

Image Analysis of: test1

500 500

100 200 300 400 500 600 70O 100 200 300 400 500 600 70O

Statistic Data: 20f---Fees
E! std.dev: 10.0pum 10 |
] max-min: 43.7 ym - u
g Ra: 8.1pm 2 0feeqiee-
2 Fiber: 0.0 Areain % = ﬂ
g IR .
S |
.
20 _{

200 &00 200 testl

Distance [um]
Figure 2.2-2: Image Analysis Tool developed withithe cutting quality project in SFPE
Figure 2.2-2 shows the principle of the Image AnalysiolTd-or the calculation of the
results, the pictures are turned into black andevimages to detect the shape of the cutting
edge. The mean max-min distance determines thdinerto calculate the average roughness
of the cutting edge (R A peak greater than 100 um above the mean valille,a certain
vertical alignment, is detected as a fibre. A bt s used to interpret the distribution of the
calculated values. 50 % of the total values aratkxt in the box and due to the separation at

the median the spread of the values around theameain be determined.

The introduced methods are suitable to measurerapgedness of the cutting edges for
uncoated papers. Limitations come up when detenmitine cutting quality of wood free
coated papers by means of these methods, becansasmo parameter to estimate the shape

of the coating layer around the cutting edge.

! Distance between the highest and the lowest piatcutting edge
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Therefore, a new test method is being developedinmwiSappi Fine Paper Europe
(Confidential test method in development). Besittesraggednesgthe maximum distance
between the lowest valley and the highest pealedsrded), thdibres pulled out at the

cutting edgeand thecracks in the coating layeare considered.

The term fibre pull represents the amount of fibigs

which have_notbeen cut and were pulled out at t
edge during a cutting action. For the fibre pulcale
has been set up to evaluate visually the amanuat
size of the fibres, from 1 (very good) to 5 (bad(.
evaluate the lengtbf the fibres, a “0,5” is set to thg

value if there is at least one fibre which is longe

equal than 100 unkigure 2.2-3 represents a result or
3,5. Figure 2.2-3: Fibre pull

Cracks in the coating layer are created during diiéing process and represent particles
which are only partly linked to the cutting edge.

The quantity of the cracks in the coating layer |§

evaluated. For this reason, the number of crack$ p
cm is recorded. By definition, a crack has to fiée t
following criteria:
o the minimum length of a crack amounts to
pm,

o the minimum width of a crack is at leag

10pm.
) _ Figure 2.2-4: Cracks in the coating layer
In Figure 2.2-4, six cracks are apparent.

2.3 Influence of cutting on paper quality

The cutting quality impacts the value of the fimdhproduct to a great extent. Some issues
related to this topic are specified in the follog/ipart:
o Poor cuttingis one issue which often leads to complaints. distomers criticize the
disturbed visual impression of the cutting edggo®r cutting edge is often caused by
worn knives or bad machinery settingSgure 2.3-1 shows an example of a bad

cutting edge.
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o

Figure 2.3-1: Poor cutting edge

0 Sometimes the cuttingdges are sticking togethéeeFigure 2.3-2). In this case the
cutting edges of the webs are folded by the impddhe knives during a cutting
action. This results in an overlapping of the edddwrefore, the sheet separation at
the beginning of the printing process is disturbHus problem is often related to bad

machinery settings.

Figure 2.3-2: Edges sticking together

o Cutting also has a big influence on the qualitythe#f printed samples. The cracks in
the coating layer, in combination with the surfdost which is generated during a cut
are affecting occasionally the quality of the peohtsamples. A theory to explain this
printing disturbance is that coating particles aculate on the rubber blanket and
furthermore on the plate cylinder. Thereby, thdaeragransfer from the ink rollers to

the plate cylinder is disturbed to some extentti€las which are sticking on the plate
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cylinder saturate with black iAkThis fault in turn is transferred again to thébar
blanket and furthermore to the sheets. The restilésprinting quality for a bad and a
good cutting edge after 8000 copies is presemt&thure 2.3-3, in which the printing
error appears as black dots. After a certain nurobeppies, the print quality is not
acceptable anymore and the printer has to cleablt#mket, which leads to a loss of

productivity of the printing press.

Figure 2.3-3: Printed sample nearby the cutting edg- a)
represents a bad quality - b) represents a good dirig
quality

2.4 Existing methods to simulate the cutting process

A lot of efforts have been taken in the past toaligy methods which reproduce the paper
cutting process.
The attempted approaches can be divided in two graups:
o finite element method® simulate the cutting operations in a mathembtiay by
using an adequate software,
0 devicedo executevarious cutting processes with paper.
In the following, some types of both species, whielve been found during my literature

research, are presented.

2.4.1 Finite element method

A research work regarding finite element method wasgied out by HOFER [12]. The

following part is an abstract of his work.

2 assumption: black ink used in the first printingtu
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The finite element method (FEM) is a tool to assmsaplex stress — strain interactions. This
method is used in several manufacturing industassn aircraft- and vehicle construction.
For this method, the model is divided in many eletse Each element is defined by

equations, whose solution describes the stressteaid behaviour of materials.

By characterizing a punching operatighe finite element method can be explained more i
detail.

A punching operation can be divided in three steps:
1. compression phase,

2. separation phase,

3. interpenetrate, respectively pressing the kniferejahe support table.

Figure 2.4-1 is the result of an experimental deieation:

Substrat:
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Figure 2.4-1: Progression of the cutting force withincreasing penetration [12]
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In a first step, the substrate is compacted up mwaximum force (1). The substrate is
compressed up to its minimal void volume. Aftervgrithe substrate is separated with a lower
force (2). At the end of the penetration phase, khde interpenetrates the substrate
completely (3). The contact between knife and stuptable leads to a slightly increased

force.

The different knife — substrate interaction withire three steps has an impact on the finite
element method. A separate modeling of the thragestis necessary. With the help of the
compression phase, the approach regarding modslsigppwn:
1. FEM-Model: Usually, knife and substrate assumed to be synwaktThus, it is
possible to calculate only half of the phenomermwretiuce the computing time.

2. Material constantdn the case of punching, the E-modulus in z-diogcts increasing

with advancing penetration (sEgure 2.4-1). In generally, FEM — software offers the
possibility to calculate with changing E-modulus.
3. Boundary conditionsin order to set a limit between compression- aepagation

phase, boundary conditions have to be definedtisggpoint of the punching action

is, when the knife comes in contact with the swefatthe substrate. The end point of
the compression phase is determined by the elgsbehaviour of the substrate, in
fact the highest peak of the curve Kgure 2.4-1, the changeover from the
compression phase to the punching (cutting) phase.

4. Calculation and interpretation of the results oumerical simulationTo calculate the

results, the material is separated in a finite neimtf equations. Each element is
defined by such an equation and these elementbn&esl with each other. Solving

this system of equations yields the result of thieef element method.

Results for deformations and stresses in horizagakell as in vertical direction can
be obtained. To visualize the obtained valuesaplgis created in which the different

states of stresses or deformations are separatedns of color.

In fact, the finite element method is a suitablel to calculate the stress distribution during
deformation processes. A drawback of this methoth@t paper is often considered as a
homogenous material and this is not the case iityreAnother disadvantage is that arbitrary
actions, such as the separation phase in the pievask, are very difficult to simulate by

means of software.

Page | 23



Cutting of paper

In addition, no conclusion can be made regardingnguquality or dust evolution during the

cutting process and those are the aspects whichaiwdy want to study.

2.4.2 Devices for simulating cutting

It is known that machine suppliers for sheetersetiged in-house cutting devices for test
purposes. These devices are often used to testkné@e materials / geometries or to
investigate problems regarding cutting which alateel to the substrate to be cut (dusting,
abrasive materials ...). One idea was to use ttientdogy of these machines but the suppliers
keep the information confidential. Therefore, it m®t possible to get the necessary
information to copy such a machine.

Some systems developed for material testing offier gossibility to change / adapt the
measuring head in order to record the materialfab®ur during cutting.

In addition to that, purpose-made devices to siteuthe shear cutting process have been
introduced in several research works.

In the subsequent part, one device of the two abwemioned categories is introduced.

2.4.2.1 UST® - Universal Surface Tester

The Universal Surface Tester®, developed by ACCTR{AR], is used to investigate
characteristics of many materials. By fixing dif#fat tools on the sensor, properties such as

abrasion and the cutting resistance can be measured

The test method uses the patented MISTAN®-pro@gepography measurement where a
defined surface area is scanned mechanically ttinees by a stylus. In a first step the
topography of the present material surface is mEmbby the stylus under minimal load. After
that, the stylus scans again the material surfatie avhigher load. Finally, a further scan of
the surface records the remaining deformation uhi minimal load. By means of the
obtained values, the elastic and plastic deformataf the material can be determined.
Concerning the determination of the cutting resistaof paper, the following sequence is
carried out:

1) a special stylus in the shape of a scalpel scansutface with minimal load,

2) the scalpel cuts the surface with a defined load,

3) the resulting cutting depth [um], which is deteradnin a third scanning process,

represents the cutting resistance of a paper.
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Figure 2.4-2 shows the basic structure of the UniversalaSe Tester®:

Replaceable
measuring hea

Figure 2.4-2: Universal Surface Tester® [13]

The use of the Universal Surface Tester® was ossipitity for carrying out tests regarding
the cutting behavior of papers. The forces needenit as well as the friction forces between
the knife and the substrate can be measured.

Unfortunately, the cutting tool was still in devpfoent stage when | started with my thesis.
Therefore, it was not possible to try out the fiorwlity of the device. However, for further

investigations regarding cutting, the UST is dedlyi an interesting option.

2.4.2.2 Shear testing apparatus

DOWNEY [14] constructed a module to determine theeds induced in shear cutting. The
module was installed in a material testing mack(instron 1026), to execute a guillotine
cutting action. This material testing machine ikedab record the required cutting load related
to the covered distance of the crossh&aglre 2.4-3 shows the mounting of the device. The
bottom blade is fixed to an anvil, which is mountedhe holder of the Instron 1026. Next to
the bottom blade there is a clamp to fix the papa@ps to be cut. The upper blade is designed
as a movable arm, which is linked via a cable sodiosshead. The moving of the crosshead
results in a cutting action between top and botbtedes.

For the tests, different knife geometries and kmifaterials were used. Even a transparent
knife, made of acrylic glass was constructed. Hetice possibility to observe the paper

during cutting is given.
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Figure 2.4-3: Instron 1026 with shear cutting modug [14]

Instrom 1026

DOWNEY [14] mentions also some disadvantages afglistem:
o the friction in between the bottom knife and thevatde top knife influences the
necessary cutting force,
0 measurements are sensitive to the variations doguwluring the adjustments,

o minor damages on the tip of the blade cause demsin results.

Using a material testing machine would be an appatgpoption, because it is the only type
from the methods named above where shear cuttipgriermed.

Of course, measuring the cutting force is an irstang aspect to compare different papers.
However, this parameter might not be sufficientmiake conclusions about how papers
behave during a cutting action. It is desired teedwrine the cutting quality of the cut samples

and due to this, a method with similarities to ¢befiguration at the sheeter is desired.
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3 Development of a new method to simulate cutting

As discussed in chapter 2.4, no suitable laboratatiing machine exists to investigate the
behaviour of wood free coated papers during theingutprocess. The basic idea from
DOWNEY [14] is adopted: use a material testing ni@ehvith a compatible cutting device.
The first step was to choose an applicable devicelwis versatile, accurate and of course,
available in Sappi Fine Paper Europe. Hence, thekvmaterial testing machine seemed to
be the best solution, because this system allostaliimg different modules for determining
parameters such as compression behaviour, strergpierties or creasabilityof papers.
Modifying one of these modules in a way that a sleedting action is executed was the

approach to get a reliable testing apparatus atrde

3.1 Characteristics and technical specifications of th@wick® material
testing machine

Information regarding the Zwick® material testingchine was

collected from the operating instructions manuab][1The

Zwick® material testing machine (séegure 3.1-1) which is
located in SFPE, Gratkorn mill, is of the type TG
FR2.5TN.D09. The basic unit consists of the loaanie and the
control unit. The load frame includes a stationloytom cross
head and a moveable top cross head. Inside then,ape
electromechanic driving mechanism is located. Tstalh an
experimental mould, the cross heads are equippedfiing

parts. The load cell of the different modules igedito the
control unit. Based on the principle of a strairugg, the

measured load is converted into a voltage. Theevalthe

voltage is proportional to the force applied. A teaire

(testXpert®) offers a wide range of settings tofguen a testing |

=,

sequence as desired. Figure 3.1-1: Zwick® material
testing machine [16]

% State of the paper sample, after the sample vemsed by a knife. A groove with a certain depthaiutth is
applied to the sample.
* Testing bridge which consists of electrical resist A deformation of them results in a changehefrtvalues.
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3.2 Modification and construction of the necessary pag

Decision was made to use the Zwick® material tgstirachine and the optional creasability
module as a basic system. The creasability modwrieists of a stationary lower part which is
linked via two guiding pins to a moveable upper poment. When carrying out a
measurement, the moveable upper component is méangtop to bottom.

During standard operation, a creasing knife is niedimto the movable upper part to perform
a creasing action on the paper sample. The deviEases the sheets by penetrating in a
channel below the paper (déigure 3.2-1).

An idea could be to use this creasing module taksita a cutting action.

Creasin z Cutting z
knife knife

, Pape , Pape

channe channe

Figure 3.2-1: Mode of operation: creasing knife vscutting knife

3.2.1 Manufacturing the blade holder

To use the creasing device to execute a cuttingraca knife holder and the corresponding
knife which can be fixed into the creasing deviesédnto be manufactured. Because of the
fact that the knife has to be sharpened from timetime, these parts were produced
separately. It is intended to use the existing okhas a bottom knifdzigure 3.2-2 shows the
basic composition of knife holder, knife and peagbn channel. It is known from the sheeter,
that insufficient knife holder stability for a giitg unit often reduces the cutting quality and
also the machine stability. Thus, a stable knifelé&iofor our system is of utmost importance.
Therefore, the focus was set on using minimal éolees when manufacturing the knife
holder.
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Figure 3.2-2: Basic concept of the
cutting unit

Main part of the knife holder (sdagure 3.2-3) is

the base plate where all other components

mounted (grey part). The piece for clamping tl
knife is laterally movable by sliding on twc
guiding pins. Three independent, adjustable scre
are responsible for the stability of the system a
for the alignment of the blade along the chann
The knife itself is fixed by two clamping screw

(yellow screws) into the moveable part (blue pary.

Figure 3.2-3: Knife holder

A design drawing of the knife is available appendix
A — Drawing 001 / 002.

3.2.2 Manufacturing the blade

The intention was to produce a knife with suffi¢iéxardness to perform several test series
over a long period without the necessity of regrigd Regrinding the knife would mean a
manipulation of the tip of the blade, which dowrdga the reproducibility of the
measurement. To avoid a sharpening in between aureraent series, the knife was
manufactured out of the same material as the ngtaitting knives in a sheeter. ASP28 a

usual material grade of the slitting knives use®appi Fine Paper Europe, Gratkorn mill.

® ASP23 is the term used for the material S790PMiwiBohler Miller Messer und Sagen
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The knife is subject to a primary grinding, to et desired geometry. In a second phase, the

tip of the blade is polished by a diamond grindiingr, to reach the desired smoothness.

Next to the material, the angles applied to theofiphe knife

(seeFigure 3.2-4) have a huge impact on the results. A too Secondary

high bevel angf® (0) would increase the loading during a grind angle

cutting action to a maximum, which leads to indiaés and
Bevel

in the worst case to damages of the system. Oathez hand, angle

blades with low bevel angles are endangered tokbrkea

irregularities occur while a cutting action is edtsd. The

slitting units in SFPE, Gratkorn mill, run with bl@s using

\4

bevel angles between 15° and 60°. Bevel anglesfosenoss

knives can reach to 85°. A compromise was madevtida Figure 3.2-4: Tip angles of a
too high loading forces and to reduce the dangemefanted blade

blade damages. Therefore, a bevel angle of 27%elasted. Adjacent to the bevel angle, the
secondary grind angle is located. The purpose efsdtondary grind angle is to reduce the
thickness of the blade. Therefore the friction @attdecreases when cutting several sheets
simultaneously. The secondary grind angle is aégusd 15°, which is a standard secondary
angle for a 27° knife. A design drawing of the kni§ available irappendix A — Drawing

003.

According to WISSELINK [17] the knife has to ackdi a pair of scissors to avoid that a
punching action instead of a guillotining actiorperformed (se&igure 3.3-1). The cutting
stroke has to move from side to side. Hence, thie kras to be set in an anghg petween
0,5° and 3° [17]. The helix angle, on which thessr&knife is set on the rotating drum
corresponds to 1,65° (sé&gure 2.1-7). For this reason the decision was madeddyzce a
knife with a cutting angle of 1,65° to keep simiias between the cutting device and the

configuration at the sheeter.

3.3 Test conditions

Before performing the first tests, a lot of paraangt potentially influencing the results of the
measurement, have to be defined. The testing dongditare based on the idea to keep

similarities to the configuration at the sheetett an the information found in some literature.

® Outermost surface of the blade; treated surfaganwite knife is regrind
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Guillotining Punching
Upper knife z Upper knife
Y
\ . | !
Pape —
to cut i =
Upper knife RRECRE

Figure 3.3-1: Guillotining vs. punching

3.3.1 Penetration speed of the knife

As mentioned above, it is intended to reproduce sbtings from the sheeter as well as
possible.

Regarding the cross cut, things are getting monepticated. At first an assumption has to be
established to define the penetration speed imectibn for cross cuttingzigure 3.3-2 shows

a side view of a cross cutting action of three &heet simultaneously.

Web running
direction

The thickness of the paper and the time
needed to cover this distance define the
penetration speed

Figure 3.3-2: Cutting velocity in cross direction
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The red line indicates the rotating drum cylindke blue line (L) the length which is covered
by the tip of the blade. In the case of using abyonous cutter, the circumferential speed of
the tip of the blade is equal to the path speedhénmoment of cutting. During the knife
penetration into the layers, the movement of thpepaorresponds to the distance y. The
penetration in z-direction can be defined by theepathickness (d) divided by the time

needed to cover the distance y.

The distance y is just the chord length of theleisector L:

y=+2%xdxR—d?

By using the path speedyfvthe time needed for cutting)(tan be determined:

An average machine speed of a sheeter is abounibth and the rotating drum cylinder has
a radius of 0,2m. Typical thickness of the substrahen cutting three sheets simultaneously

is 0,3 mm. For this practical approach the penetratpeed represents 4,1 m/min.

The cutting speed of a slitting unit can be detagdiin a similar way. As outlined in chapter
2.1.1, the bottom knife should run with a certamerospeed compared to the web speed and to
the top knife. If we assume that the machine isimgon optimized mechanical settings, the
top knife velocity on its outermost point is eqt@althe path speed. By replacing the cross
knife with a rotating circular knife ifrigure 3.3-2 it becomes visible that the penetration
process is still the same in case of cross cu#timslitting.

The outermost point of a rotating slitting knifedemparable with the tip of a rotating cross

knife. When using a circular knife with a diamed¢0,2 m and the parameters from the speed
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calculation for the cross knife, the penetratioeesp for the slitting knife amounts to 5,8
m/min.

The penetration speed in z-direction of the Zwiak@terial testing machine is variable from
1 mm/min to 800 mm/min. To reconstruct the hightiingtspeeds at the sheeter, a penetration
speed of 800 mm/min was chosen at the Zwick. Wighdalculated penetration speed for the

cross cut of 4,1 m/min and 5,8 m/min for the long the following ratios can be defined:

UCTOSS cut
—_  ~

~

=] Ul

Vzwick

vlong cut

=1

Vzwick

3.3.2 Width of the channel

The penetration channels which belong to the cleltyadevice are used as a bottom knife.
The width of the channel is variable from 0,9 t@ finm and the result of the measurement is
influenced by this width.

By taking a channel with a small width, the bendafighe paper, when the knife touches the
surface until the cutting starts, is limited. Awteack of this configuration is that the edges of
the cut paper move between the knife and the sitlefvehe channel. This kind of jamming
would falsify the measurement.

On the other hand, when using a broader chanreelpdper is bending into the channel to a
larger extent. The bending of the paper happensgithie compression phase of the substrate
before the real cutting action starts. This bendihthe paper can cause a decrease in cutting
quality of the sample piece to the right of thef&nbut the force needed to perform the cut is

not influenced by jamming the paper ($egure 3.3-3).

Cutting ‘ z
knife

ﬁ\/—l Paper

channel

Figure 3.3-3: Jamming of the paper when using a haow channel
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Primarily it is desired to have an accurate measard system, for this reason the selected
width of the channel is 1,7 mm. The decrease itingujuality, of the sample piece to the
right side of the knife, is accepted. This is doe fact that the cutting quality of this part of
the sample is not subject to a further investigatibhe importance of the cutting quality of

the cut sample is outlined in the chapters 4.24a8d

3.3.3 Distance between top and bottom knife

WISSELINK [17] proposes to keep a certain distabeéwveen top and bottom knife (see
Figure 3.3-4). A gap of 1 % to 25 % of the substrate khéss is suggested. To keep a
constant setting, we assume that a common thicknes®ated papers is around 90 um. It is
intended to perform a multi layer éiif a measurement series is elaborated. This mieans

cutting three sheets together, that every gap widim 2,7 pm to 67,5 pm is possible.
Initially we decided to keep a gap of 30 um betwenenblades.

By dint of a feeler gauge, the favoured clearanas adjusted.

Tip of the
top knife

> »
l >

Djstance

Bottom knife

Figure 3.3-4: Distance between top and bottom knife

The first trials with this configuration did notibg the desired results. Even though the
loading forces needed to cut samples of similae tygere constant, the cutting quality
observed was definitely not good enough. Due todlearance between top and bottom
knives, the friction between both blades, whicliy@cal of a shearing action, is missing. It
leads to a tearing of the paper and therefore naestigation of the cutting edge of the cut
samples is impossible.

Thus, the knives have to be in contact when thenguaction is performed. To ensure that the
cutting is carried out in an exact manner, the atnforce between the blades has to be
constant over the full length. Therefore, the ittease strain gauges was coming up to assure

a perfect blade alignment.

" cut a certain number of sheets at the same time
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3.3.3.1 Principle action of strain gauges

The basic function of strain gauges was outlinedaRIMM et al. [18]. Strain gauges are

used to determine the static or dynamic stresséshvatt on a component. The strain gauges
are fixed on the component by gluing. The effectass of a strain gauge is based on
changing its electrical resistance if the gaugeoimpressed or elongated. This change in size

is caused by elongation or compression of the compiorespectively of the strain gauge.

The elongationd) of a gauge in um/m is defined as the changesolieitgth relating to its

initial length:

The change of the electrical resistantB) based on its initial value (R) is explained bg t

formula:

AR_k><
R = €

The factor k specifies the variation of the eleatfiresistance caused by elongation. By

reforming the equation above, the elongatigrig determined by:

Several methods to connect the strain gauges telectric circuit for determining a
deformation of a component exist. For this appiocathe full bridge circuit is implemented.

With a full bridge circuit, two of the gauges atergated and two of them are compressed.

w
apISIu0I4

Bending
moment

Figure 3.3-5: Arrangement of the strain gauges in &ll bridge circuit
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Strain
gauges

Vi

Figure 3.3-6: Connection of the strain gauges infall bridge circuit - Redrawn according to [18]

The supplying voltage (¥ energizes the full bridge circuit. In the passstate a full bridge
circuit (seeFigure 3.3-6) is compensated and the measurement valtagerepresents zero.

A bending of the component (séggure 3.3-5), where the full bridge circuit is applied,
causes a stretching of gauge no. 1 and no. 3 andhpression of gauge no. 2 and no. 4. Due
to this, the full bridge circuit leaves its passstate and a measurement voltage according to

the following equation can be recorded.

V=Vs X k X &

3.3.3.2 Knife adjustment

The adjustment of the top knife along the bottoniekis carried out by an external institute.
The necessary equipment to analyze the measuremksge of the full circuit bridge is not
available in Sappi Fine Paper Europe.
The equipment used to adjust the top knife isdistethe following:

0 Measurement amplifierThe measurement amplifier MGCplus from the supplie

Hottinger Baldwin Messtechnik Gmhbslused to analyse the test signal.

o Software: Software of the type Beam 3.15a1l8 communicatek thié measurement
amplifier for recording the test signal.

o Strain gaugeThe implemented strain gauges are of the typB0EJ 11 supplied by
the Hottinger Baldwin Messtechnik GmbMhe nominal resistance of the strain gauge

amounts to 35@ and the gauge factor represents 2,05.
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By “pressing” the upper knife against the sidews

of the channel, the upper knife is subjected tdg
marginal bending action. As discussed in chap
3.3.3.1, the application of strain gauges onto
top knife enables the determination of the resgilti
bending action. The implementation of two fu

bridge circuits, one on the left side and one ef t A A Y
Figure 3.3-7: Knife with applied strain
gauges
force on both sides are equal. The first step & dbjustment procedure is that the knife

right side of the blade, ensures that the load

penetrates completely into the channel. By turtiregadjustment screws of the knife holder,
the parallel alignment of the blade along the clearmset. The aim is to reach same values of
elongation on left side and right sides of the blad/hen the knife is set parallel to the

channel, the adjustment curve ($égure 3.3-8) can be recorded:

12 173
. 10 r A
s e
S —— Full circuit |
s \ \F_ lr-q bridge 1 ]
‘g r{ r '| J ——Full circuit
s 2 Vi ]u bridge 2 |
o 0 *.n.uu.l!l ! M

-2 | 5 :

time

Figure 3.3-8: Adjustment curve

Figure 3.3-8 presents the curve for adjusting the upfaetebalong the lower blade:

1. The blade starts to penetrate into the channelaisx of the inclination of the upper
blade (sed-igure 3.3-1), one side of the blade penetrates at frgy the full bridge
circuit 1 is strained. The reason for the high pesathat the complete loading acts on
the foremost tip.

The ongoing penetration induces also the full kridgcuit 2.

2. After completed penetration, the loading is evehbfributed between both bridges.

3. The blade is moving upwards and the reverse atdistep 1 is carried out.

To ensure that the contact force between the blagesins constant, this procedure is

executed three times.
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3.3.3.3 Calcul of the contact force for the bending conditins

The aim is to calculate the loading force (F), ihacts between the blades on the basis of the
measured value of the bending.
For the configuration presentedkigure 3.3-9, the operands have to be defined:

o Effective length | = 20mm

o Material thickness h =2 mm

0 Width of the knife b =50 mm Movable upper part of the knife

holder for adjusting the contact
force

Material

Effective length | thickness

_-N

Resulting Force F

Young modulus
(E) for ASP23:
210000 N/mm2

Figure 3.3-9: Arrangement to calculate the contactorce

The basic formulas used to explain the mechanmaicach are listed in the following:

The bending stressy) is calculated on the basis of the obtained elbogd5 pm/m) when
the loading is evenly distributed between both liwitige circuits (seEigure 3.3-8):

N
op = E X & = 210000 — X 5 X 107 = 1,05 —
mm mm

Moment of inertia ¢):
3 23mm3

= X — = = 4
I,=>b 17 50mm X B 33,33mm
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Bending moment (l):

N
_ o X1y x2 1,053 X 33,33mm* x 2 35N
b h 2mm
Force (F):
P M, 35Nmm _ 175N
1 20mm

The resulting contact force between the tip ofupper blade and the top edge of the lower
blade amounts to 1,75 N.

3.3.4 Initial position of the upper knife

For the first tests the bottommost knife pointhe tnitial position was adjusted 1,5 mm above
the upper edge of the channel (5&gure 3.3-10). Primary trials pointed out the limitatifox

this configuration. For every measurement the fithe blade has to pass the upper edge of
the channel. By cutting a substrate with a highakness, the alignment of the blade during
the downward movement can be changed marginalbaritresult that the tip of the blade hit
on the surface of the channel which lead to damaf#s knife.

Because of that, an initial knife position has o ddjusted at which the lowest part of the
knife is already penetrated when the cutting acstarts. Due to the frictions between the

blades, the upper knife is “guided” by the bottonifé&c and the danger of damages is limited.

b)

Figure 3.3-10: Initial position of the knife
a) primary
b) current
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For the current initial position the bottommostmiadf the blade penetrates 0,5 mm into the

channel (se€igure 3.3-10).

3.3.5 Sample preparation

In the beginning it was intended to use a sample ai 90 x 45 mm, to fully use the available
area for cutting the sample. As discussed in cha&®4 it is not possible to set an initial
knife position where the tip of the blade is nonhgteated partly in the channel. Thus, the

sample size has to be adapted

according to the current initial knife

position. The length of 90 mm ST oT—
remains constant while the width has y 0.5
to be decreased to 20 mm ($egure Figure 3.3-11: Reduced sample size

3.3-11). The samples to cut have to

be prepared in a way to perform a cutting actiomiachine direction as well as in cross
direction. As already discussed in chapter 2.1g loatting means a separation of the paper
parallel to the main fibre direction and crossiogtta separation of the paper perpendicular to
the main fibre direction (sd&gure 3.3-12).

T A
Clamping part 1

Figure 3.3-12: a) Cutting action in machine directhn; b) Cutting action cross direction
The sample is put tautly in the fixture and is gbexth on both sides.

3.4 Implementation of the test Method

After installing the knife properly and specifyitige basic settings, first measurements were

carried out.
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3.4.1 First results

The aim of the first trials was to see a geneeidrin a typical force / path diagram which
results from a cutting of three sheets of a stahided paper (IGT 404.009.025 Ka APCO
2005). The basis weight of this paper is 145 ghu?for three sheets cut simultaneously the

overall basis weight of the substrate to cut is ¢36.

force [N]
120

100

/ h
80 -
60 SPm—
40 / \

2011/ 2 3 K
0

0,0 0,5 1,0 1,5 2,0
knife penetration [mm]

Figure 3.4-1: Shape of a force / path diagram

Based on the results shown kigure 3.4-1 the processes during a cutting action can be
explained. By considering the curve, several phbsesme visible:

1. Due to the short distance between the knife ando#iper surface, the knife touches
the surface of the paper immediately and the quftince starts to increase.

2. The second phase is a combination of compressiagptper layers up to their
minimum void volumes and the bending of the papgels into the channel because
of the knife load. The maximum peak representsfahee which is necessary to cut
the sheets. At this point the real cutting actitamts.

3. After the compression phase, the force reachesistanat state while cutting the paper
stack with a uniform thickness.

4. If the cut is almost completed, the knife passesobuhe paper stack. Therefore, the

force decreases with decreasing thickness of thaireng substrate.

3.4.2 Methods to analyze the results

To allow a clear statement about the processesigiuhe cutting action the results are
analyzed using several methods. By means of MATLAB®&oftware tool was designed to
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determine the most important parameters of therdecbforce / path diagram. Besides that,

the cutting quality of the cut samples is invesegawith a microscope.

3.4.2.1 MATLAB analysis tool

The corresponding software to the Zwick® materggting machine offers the possibilty to

export the recorded data for a further analysie @hata are read into a Matlab programm,

where an algorithm calculates the results:

a)

b)

Maximum force [N] needed to

perform the cutting action (see

Figure 3.4-2): Variations in force

are expected when cutting substrat

with different compositions

regarding raw materials. In addition
differences are expected whe
different

cutting the paper in

directions (long vs. cross cut).

Specific Work [mJ] (seeFigure
3.4-3): The specific work needed tg

cut a substrate is defined as the ar

below the curve. The mathematicg
approach for the specific work is thg
integral of the curve with the

limitations s1 and s2:

s2

force [N]
A\ 4
knife penetration [mm]
Figure 3.4-2: Maximum force
force [N]
$1 S

knife penetration [mm]

W= J- F(s)ds

s1

Figure 3.4-3: Specific work (energy)

Slope of the tangent during the compression phigarh] (seeFigure 3.4-4): The

slope of the curve, before the real cutting acstarts, is an important parameter to

determine the resistance of the paper against lpefeetration. To avoid that the

bending of the paper, caused by the width of trenokl, influences the result, the

calculation starts when a maximum force of 25 Bdkieved.
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force [N]

N
Ul

knife penetration [mm)]

Figure 3.4-4: Slope of the tangent during the comm@ssion phase

3.4.2.2 Quality of the cut sample

The parameters mentioned above are important tpamrseveral papers cut by the Zwick®
material testing machine. An additional aspecttalis the relationship between the cutting
quality at the sheeter and the resulting edge yuatitained with the Zwick®.

For the first trials different paper samples weune at the Zwick®, to investigate the cutting
guality by means of a microscope. These testseleliygood results for the raggedness of the
edges for all samples without appreciable diffeesndt was not possible to obtain the same
raggedness at the Zwick® than at the sheeterTabke 3.4-1). The same phenomenon was
obtained regarding the fibre pull issue. An exptenmafor this phenomenon is that the cutting
process at the Zwick® is more stable compared eoctliting process at the sheeter. At the
Zwick® the substrate to cut is static and fixedbath sides by clamping parts. An additional
aspect is the perfect knife quality at the Zwick®ieh in fact also increases the cutting
quality.

However, variations in the number of cracks weréced between the samples cut at the

Zwick®. Therefore, the number of cracks is usedaaparameter to draw comparisons

between the cutting quality from the sheeter whih ¢utting quality from the Zwick®.
Cutting edge obtained at the sheeter Cutting edtgrned at the Zwick®

Table 3.4-1: Comparison of the obtained cutting quiities of both systems
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3.4.3 Reproducibility

The term reproducibility stands for the accordan€esingle measurements, when all the
parameters which influence the measurement arecksstant.

To check the reliability of the system, a measumnseries was performed to ensure that the
single measurements do not differ too much froniedlcer when cutting the same paper. For
this reason a standardized paper (APCO Il / IDhvatbasis weight of 145 g/ng usedto
execute a statistical analysis regarding the maxinfarce needed, the specific work and the
slope of the tangent during the compression phéke.test series, which consists of ten
measurements, is subject to an analysis regardmgtandard deviation and coefficient
variation.

Paper is subjected to a higher elongation in cdagsction than in machine direction. This
fact influences also the behavior of the papermiugdutting. During a cutting action in the
machine direction (long cut), the paper is sepdrgi@rallel to the main fibre direction, in
contrast a cross cutting action happens perperatitaithe main fibre direction. To avoid that
the stretchability of the paper in cross directleads to an increased variation in cutting
force, specific work and slope, the paper is justic cross direction for this application.

For a visual assessment the curves of the singésunement are put on top of each other (see
Figure 3.4-5):

force [N]

=0 ] N + + : 4 M + 4 : 1 + s ' 4 L path [mm]

Figure 3.4-5: Reproducibility of the system
An investigation of the visual assessment of theesiin more detail indicates an important

fact. Curves with a higher peak at the end of tbmmression phase show a continuous
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decrease when the knife passes out of the paps. €a the other hand, curves with a lower

maximum force show a break in the off-peak pathefcurve (se€igure 3.4-6):
100 —— ---------------------
a0

60

force [N]

40

20

_ggi::::i::::i::::ipath[mm]

Figure 3.4-6: Different shape of the curves in termof reproducibility

An explanation for this phenomenon is that the loalll of the Zwick® transmits a different
amount of value pairs (X, y) for each curve.

In addition, there is an adjustable parameteraZthick®, the averaging time which defines
the resolution of the curve. The single measuresnetithin this time interval are added up
and the average is calculated. The possible settorghe averaging time are in the range of 2
to 500 ms. To ensure an optimal resolution theairg time is set to 2 ms. The red frame in
Figure 3.4-7 presents the averaging time and the singlasarements are indicated by blue
bars. The frame is shifted continuously along tkexis, for every position of the frame the
average is calculated.

A Y

Figure 3.4-7: Averaging time

Due to the combination of the facts that the nundberalue pairs (x,y) is varying and that the
time interval for the averaging time is still comst the curves can appear in different shapes,

although the substrates to cut have identical ptigse
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The results of the measurements are listékchinle 3.4-2:

Crosscut
measurement Fmax spec, work gain
[N] [mJ] [N/mm]
1 98,351 504,3372 | 316,1667
2 96,5346 488,502 323,5201
3 97,9337 516,1504 |309,1876
4 93,3326 498,5422 [319,8197
5 94,7233 495,7715 [273,5356
6 93,3224 494,0423 [319,0816
7 95,7058 509,5702 | 302,4847
8 92,6341 492,3048 [284,6752
9 97,3458 483,5345 [296,7407
10 91,5431 484,2127 | 284,3802
95,14 496,70 302,96
s 2,39 10,69 17,53
Y 2,51 2,15 5,78

Table 3.4-2: Reproducibility

The statistical analysis regarding standard desnatind coefficient variation shows good

results for the cutting force and the specific wddkeater deviations can be observed for the
slope of the tangent during the compression phéke. deviation is caused by the same
phenomenon as mentioned above. An eventual bredileicurve in the compression phase
has a greater influence on the slope of the curae bn the maximum force and the specific

work.

3.4.4 Influencing paper parameters when cutting with theZwick®

Next to the test conditions, the paper paramet&ag @ major role regarding cutting. As
already mentioned in the last topics, the directobreutting (long cut vs. cross cut) has a
significant influence on the results. Therefordest series has been carried out to show the
effect of the fibre orientation on cutting.

The impact of the overall basis weight on cuttis@lso discussed in the following part.

3.4.4.1 Cutting direction

To investigate the impact of the fibre orientatmncutting, samples of the APCO 11/ Il paper
are prepared in a way, that cutting actions aréopeed in different directions to the main
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fibre orientation. Identically to th80° methof| the angle of the samples increases in 30°
steps starting from the main fibre direction (Begure 3.4-8).
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Figure 3.4-8: Sample preparation for determining
the impact of the fibre orientation on cutting

Figure 3.4-9 represents the results obtained regardmgutting force:

120,00

100,00

80,00

60,00

Force [N]

40,00

20,00

0,00

0° 30° 60° 90° 120°150°180°210°240°270°300°330°360°

Figure 3.4-9: Force progression when cutting in dferent directions

The angles 0°, 180° and 360° represent a long tetreas 90° and 270° are cross cuts. It
becomes obvious that cross cutting requires highting forces than long cutting. In cross
cutting, every fibre which is coming in contact kwthe tip of the blade, is cut. Whilst at long
cutting the knife penetrates primarily in betweér tffibres. Additionally, the fibres are

8 Mechanical method to determine the mean fibrentaion by using a tensile testing device
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bending away if the contact surface between thdebland the fibre is not big enough.
Therefore the fibre network is torn apart instedeang cut.

The increased force when cutting in cross directimo affects the amount of specific work
required (sed-igure 3.4-10). The width of the curve in the force /tpdiagram is still the
same for the long and the cross cut. The only mwiffee is the rate of the force required,
which has an impact on the size of the area bdbevctirve.

600,00

500,00

400,00
300,00

200,00

specific work [mlJ]

100,00

0,00

Figure 3.4-10: Progression of the specific work

As already seen in chapter 3.4.3, the resultsHerslope in the compression phase are not
well defined. Similar observations can be made wheting in different directions. The slope
of the tangent follows only partly the orientatioiithe fibres (se€igure 3.4-11).

350,00
300,00
250,00

200,00
150,00
100,00

slope [N/mm)]

50,00
0,00

Figure 3.4-11: Slope of the curve when cutting initferent directions

3.4.4.2 Basis weight

To determine the influence of the basis weight loa parameters maximum force, specific
work and slope of the tangent during the comprespimase, APCO Il / Il paper is cut by
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putting a different amount of layers on top of eather. By cutting a single layer, two and
three layers at the same time, different basis higigare simulated. The investigation
regarding the basis weight is carried out for lamgl for cross cutting. The maximum force,
specific work and the slope of the tangent in tbengression phase are discussed in the
following part.

For this investigation, the slope of the tangenthi@ compression phase has to be discussed
first. The reason for this is that the resultstfer maximum force and the specific work can be

derived from the observations made with the slggeKigure 3.4-12).

350
300 W
250 ./.—
g 200 y = 0,0455x + 227,04
> @ slope cross cut
g 150 B slope long cut
® 100 ——Linear (slope cross cut)
50 —— Linear (slope long cut)
0 T . . T )
0 100 200 300 400 500
basis weight g/m?

Figure 3.4-12: Slope of the tangent of the compress phase for long and cross
cutting for different basis weights

The slope is calculated at a force > 25N. The marinfiorce for the long cut at 145 g/m? is
24,89 N. Therefore, it is not possible to calcukatgain for this measurement.

Both lines are tending upwards when increasing libhsis weights. By considering the
equations for the linear regression for both limewe in detail, a difference in the slopes is
present. The incline for the cross cut is much nasgnctive than the incline for the long cut.
The run of the lines is explained by the differemecethe expansion behavior in machine
direction and cross direction.

The distinctive elongation behavior of paper inssralirection enables the knife to penetrate
much easier into the paper when cutting in long@dion. Indeed, the resistance for knife
penetration into the paper raises when increasiadgasis weight for both directions, but the

increase is greater when cutting in cross direction

Figure 3.4-13 shows the result for the cutting force reked
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Figure 3.4-13: Force progression for long and crosautting for different basis
weights

Force increase and basis weight increase showearlioorrelation. If the basis weight is
doubled also the force is doubled.

Similar to the observations made with the slopéheftangent during the compression phase,
the slopes of the lines are different, even ifdtiterence is not present in that large extent.

As outlined above, the impact on the resistancenagknife penetration, when increasing the
basis weight, is higher for cross cutting. Thug thaximum force required increases to a
larger extent for cross cutting than for long agti

The same is true for the specific work which isessary to perform the cutting action. For
the sake of completeness, the evolution of theipe@wrk, when increasing the basis weight

is shown inFigure 3.4-14.
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Figure 3.4-14: Progression of the specific work folong and cross cutting for
different basis weights
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Conclusion regarding the influencing paper paramete

In chapter 3.4.4.1 it was shown that the fibre m@agon has a huge impact on the cutting
parameters.

When cutting a single sheet in several directidres development of the force follows the
orientation of the fibres. A cut perpendicular b tmain fibre direction requires the highest
force because the fibres cannot bend away frontiphef the blade. Therefore, it is obvious
that the amount of single fibres to cut is onedaethich determines the force required.

On the other hand the fibre orientation correlditesarly with the elongation behavior of the
papers. A distinctive elongation behavior of paperables the knife to penetrate easier into
the fibre matrix. At cross cutting, the knife haspenetrate at right angles to the main fibre
direction. Hence, the elongation in machine dimcttivhich is normally lower compared to
cross direction becomes important. This results gneater exertion of force.

In chapter 3.4.4.2 it is shown that an increaséhefbasis weight (in combination with the
fibre orientation) influences the cutting parametés a great extent. Next to the higher
amount of fibres to cut, the rubbing between thdekand the paper increases due to the

bigger cross section surface of the cutting edgeeases.
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4 Comparison of the cutting quality at the sheeter ad at the
ZWick®

In this chapter the relationship between the cgtgpality at the sheeter and the cutting
quality achieved with the Zwick® cutting devicestudied. As mentioned in chapter 3.4.2.2
only a comparison of the cracks in the coating lageoossible. In a previous work within
Sappi Fine Paper Europe, the negative impact ottaeks in the coating layer around the
cutting edge was proven. The observations madengluai print trial are outlined in the

following chapter.

4.1 Impact of the cracks in the coating layer on the d§et printing process

The importance of the cracks in the coating laysrame already visible in chapter 2.3, where
the quality of the printed samples is presentedati@g particles are generated during the
cutting process, some of them are released anghlithe paper surface and some will stay
partly linked to the paper (cracks). Sappi FinedPdfurope has run commercial printing tests
with several pallets presenting different cuttingality to validate this theory. IRigure 4.1-1
the printing quality and the number of cracks hlagen plotted.

Correlation: Dust on printed samples vs. Number of cracks

<

y=0,0831x - 0,1417
R®=0,9585

¢ Without dust extractor system

® With dust extractor system

— Linear (Without dust extractor
system)

— Linear (With dust extractor

1
system
L] /{ ’;-:0,0Sllx -0,9426 4 )

R*=0,7795

% of dust measured on the printed sample
N

10 20 30 40 50 60

Number of cracks

Figure 4.1-1: Correlation between the number of creks and the printing quality

The efficiency of the dust extractor system ongheet cutter also becomes visible. During

the cutting process, a lot of dust is removed ftbm substrate and settle down on the paper
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surface again. The dust can either be removed dhysa extractor system or remain on the
paper surface. Remaining dust particles on therpaiiedisturb, in addition to the cracks, the

printing process.

During cutting at the sheeter, many parametersenite the creation of cracks in the coating
layer. Of course, the paper properties play a magte regarding cutting quality, but the
machine parameters and the quality of the knivesimportant factors, too. A poor knife
quality leads to irregularities during the cut, ahileads to a mechanical destruction of the
cutting edge.

A perfect knife quality limits the mechanical destion of the cutting edge. In this case the
cracks are mainly created by the folding actionolwhis acting on the cutting edge during a
cut. WILDBERGER [19] states that the magnitudet® tompression stress is larger on the
internal side as on the external side of the fDlde to this fact, a link between the cracks of

both systems which are mainly created by foldingvestigated.

4.2 Relationship between long cutting at the sheeter @long cutting at the
Zwick®

The configuration of the slitting unit at the shezes similar to the construction of the cutting

unit of the Zwick®. By means dfigure 4.2-1, the comparison between both mechanisms is

explained in more detalil.

a) Blade: penetration b) Rotating top
in z-directior knife
D)
D) (O]
3 g 1 T 2
) (7] (7] o
D) ©
© ©
= 3 S o
o0 m M o0
Web 3 | I | I I | web 3
Web 2 | I | | I | web 2
Web 1 | I | I I | web1

Figure 4.2-1: Long cut - Comparison between the ctihg mechanisms - a) configuration at the Zwick® b)
configuration at the slitting unit
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Cutting in parallel to the main fibre orientation case a) is achieved by the downward
movement of the blade. Due to the cutting anglegkbhe tip of the blade, the web is not cut
in one moment. The progressive penetration of thie knto the paper, caused by the cutting
angle, simulates the running web in a slitting .unit

On the blade side the sheets are free to deflecharfolding action is performed. This is true

for both systems, for the sheeter and for the Z@ickor this reason the blade side is not
taken into account for a comparison of the twoedédht cutting mechanisms.

In both cases, the web is slightly folded on thedoside during the cut and the internal fold is
marked by blue bars. Sheet number 3 is exposdtethighest folding action and presents the
highest amount of cracks at the inner fold. Sheshber 2 is folded to a smaller extent.

Therefore, it presents a better cutting qualityntisaeet number 3. Sheet number 1 is not
folded anymore and shows no irregularities in teofsracking. For the relationship between

the number of cracks created by the slitting und sghe number of cracks caused by the

Zwick®, the results for the internal fold are comgzh

4.3 Relationship between cross cutting at the sheetend cross cutting at
the Zwick®

Although the similarities between the configuratainthe cross cutter and the cutting unit at
the Zwick® are not obvious at first view, therestsl an approach to compare them.

Because of the fact that the bevel angle for coangng knives amounts to 85°, the cross
knife provides a surface where the paper is supdattiring the cut. The same configuration,
where one side of the paper is supported by theetige of the channel, is given at the
Zwick®. Due to the helix angle at the cross knifel dhe cutting angle at the Zwick®, the
cutting stroke is moving from side to side.

The basic concept to match the sheeter with thecl&®viand the comparable edges of the
paper are presentedhingure 4.3-1.

In contrast to the slitting unit where a maximumtlomfee sheets is cut simultaneously (twin
slitting system), the cross knife at the sheetsrtbaut up to seven sheets in one moment. For
the comparison between both systems, the threayeps at the sheeter (Web 6, Web 5 and
Web 4) are not taken into consideration.

Regarding the cutting quality, the same aspectsrhedamportant for the cross cut than for
the long cut. The trailing edge is not consideregdose there is no supporting area to

perform a folding action. The sheets are free ftedeand no folding is obtained.
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The leading edge is supported during the cut irh leytstems, therefore, cracks are only
created at the inner fold of the sheets. For a ewis@n of both mechanisms the numbers of

cracks at the inner fold of the leading edges arepared.

_ Rotating
a) Blade: penetration b) top knife
in z-direction
(]
(@] (O]
& /s ]
(] © H -
> o Leading edge Trailing edge
S £ I | | | web6
3 ® I | | | web5s
= I | | | web 4
Web 3 I | | — | | web3
Web 2 ] /| | | | Web 2
Web 1 [ I | | p— | web1
Support area

Rotating
bottom
knife

Figure 4.3-1: Cross cut - Comparison between the ting mechanisms - a) configuration at the
Zwick® - b) configuration at the cross cutter

4.4 Correlation of the number of cracks between the steter and the
Zwick®

To check whether there is a correlation betweenctieks created at the sheeter and the
cracks generated at the Zwick®, four different papeith a basis weight of 130 / 135 g/m?
were cut at the sheeter. The number of cracks per was investigated, for both, the long cut
and the cross cut. To cover the range of papemupeal within SFPE, two different gloss
grades and two different matt grades were usedhfsrtest. Paper A and paper B represent
the gloss grades, paper C and paper D the matgrad

At the sheeter, based on the test method devebpkoh Sappi, the number of cracks per 5
cm was investigated on the long cut and the crassTo avoid the influence from the knife
wearing, the papers were cut within one day.

At the Zwick®, the same papers were cut, also ith lwbrections. Because of the reduced
sample size for the Zwick®, only an area of 20 nanthe crack analysis is available. As
observed imable4.4-1, more cracks are developed per unit areaa@@wick®:

(cracks/ 2 cm)*2,5 = cracks/ 5 cm.
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In Table 4.4-1 the results are presented for the crackatexleat the sheeter and the cracks

generated when cutting with the Zwick®.

Zwick® Sheeter
Cracks Long Cracks Long
cut/2cm Cracks Crosscut/2cm cut/5cm Cracks Crosscut/5cm
Paper | sheet] Band Blade Leading edge Trailing edge Band Blade Leading edge Trailing edge
3 45 33 31 25 65 11 30 57
2 28 64 14 57 34 22 5 6
1 0 60 0 41 2 17 0 0
3 48 28 26 17 70 21 47 55
2 24 61 18 61 42 13 10 10
1 0 52 0 36 0 28 0 0
3 37 37 29 9 106 9 20 70
2 21 85 11 45 39 24 3 14
1 0 58 0 33 0 63 0 0
Paper 3 45 38 23 15 74 12 23 23
D 2 25 87 13 39 55 19 5 8
(mat) 1 0 56 0 41 0 77 0 0

Table 4.4-1: Results of the crack analysis for theheeter and for the Zwick®

The interdependence of the columns which are pteden the same color is shownFkigure
4.4-1.

120
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g Paper B
_ 100 aper
2
g 80 R2=0,8196
o <>0
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% 40 OCrosscut leading edge
5 12/’. o
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L 20 [
© / B R2-0,6992
c -\
0 ﬁf ﬂ T T 1
0 20 40 60
-20
Cracks created at the Zwick®

Figure 4.4-1: Correlation between the number of creks generated at the
sheeter and the number of cracks generated by thendck®

The resulting R(0,8196) for the comparison between the long ofitsoth systems presents a
relatively significant correlation. It can be obs=dt that the amount of cracks is highly
dependent of the position of the sheet during thieng process.

The difference in cutting quality can be explaitgdthe fact that sheet number 3 is the first

one to be cut. This is true for both systems, lier sheeter and for the Zwick® (for the cross
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cut as well as for the long cut). Therefore, sieehber 3 is subjected to the highest folding
action. Thus, this layer presents the highest amafucracks in the coating layer. The folding
action decreases, with decreasing distance todtierb knife. Thus, the inner fold of layer
number 1 is not subjected to a folding anymore@medents a better quality.

Similar observations can be made regarding thesaots The grouping of the cutting quality
obtained with the different sheets can also bergbsgefor the cross cut, but only to a smaller
extent.

The results of this correlation prove that the ingttmechanisms (sheeter and Zwick®) are
comparable for the long cut and for the cross &udiad cutting quality for the external web is
obtained at the sheeter as well as at the Zwick@®eSnumber 2 present an average quality
for both cases. Sheet number 1 presents no irmngggesaagain, for both systems.

For the papers used, no conclusion can be dravtbaper which is critical to at the sheeter
is also critical to cut at the Zwick®. The paper which was used for this test was produced
within one mill and therefore the paper propertigsy not present the necessary differences
to reach significant difference in cutting qualifijo prove that papers with a good cutting
quality at the sheeter present a good cutting tyuati the Zwick®, a test with completely
different papers in terms of cutting quality has&carried out. To organize a test in such a
dimension is very time and cost intensive, becdniseach paper at least six reels have to be
ordered to be able to cut it at the sheeter. Thegeft was decided that such a test should not
be carried out during this thesis work. So the tjaesregarding the correlation of cracks
created on the sheet cutters to cracks created whitimg with the Zwick® device still

remains open.
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5 Analysis of papers produced within Sappi Fine PapeEurope

In this chapter an analysis regarding the crackbercoating layer which are created during a
cutting action at the Zwick® is carried out.

The Zwick® is also ready to use for a statisticahlgsis to study the impact on the force
which is required to perform a cutting action. Titlea is to find out which mechanical paper
properties are influencing the cutting force. Salemechanical paper properties were
measured in the lab to see whether they correldtetive cutting force. The measured data
were put in a data base for a further analysis.

To check also the stability of the measurement dirae, 44 papers were cut with the

Zwick®.

5.1 Papers used for the analysis

In total, 44 different papers were collected frogweral mills within Sappi Fine Paper Europe.
The basis weight of the papers is varying betweeh d4nd 150 g/m2. Approximately 15
papers per basis weight are measured. Because dffterent manufacturing process of matt
and gloss papers and their different behavior dutiire cutting process, the data base is split
in two parts for the analysis.

Every paper was cut with the Zwick® to determine ttumber of cracks with the microscope.
To present the results, an average of the cracksuned on sheets 3, 2 and 1 is calculated.
Additionally, the maximum force which is necessaoy perform the cutting actions is
recorded.

The specific work is not taken into account foisthivestigation, because a clear correlation
between the results of the force needed and thafispeork is noticed. In Figure 5.1-1 the

results for the force and the specific work of plager set to investigate, are plotted.
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Figure 5.1-1: Correlation between the cutting forceand the specific work
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Regarding the slope of the tangent in the compragshase, it is decided, to leave it out for
this analysis. The reason for this action is thghhvariation of the results for the slope
obtained during the reproducibility test. Due testhiariation, no reliable interpretation of

possible correlations between the slope and thergapperties is acceptable.

5.2 Mechanical paper properties

To complete the data bank, the mechanical progesfighese papers were measured. The aim
is, to find out the parameters which are mainlypoesible for the results of the obtained
cutting forces. Therefore, the following paper paeters are determined:
o0 the tear resistance in machine and in cross doe¢t50O 1974:1990: Determination of
tearing resistance - EImendorf method),
o the thickness (ISO 534 / EN 20.534: Determinatibthickness, density and specific
volume),
o0 the breaking force in machine and in cross directiS8O 1924-2: Paper and board —
Determination of tensile properties — Constant cditelongation method),
o the elongation in machine and in cross directi®@([L924-2: Paper and board —
Determination of tensile properties — Constant aditelongation method),
o the Young modulus in machine and in cross diredtiS@ 1924-2: Paper and board —
Determination of tensile properties — Constant chtelongation method) and
o the stiffness in machine and cross direction (15@85 Determination of bending

stiffness by static methods — general principles)

The obtained values for the mechanical paper ptiegesre available in thegppendix B
(gloss papers) arappendix Qmatt papers).
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5.3 Analysis of the cracks in the coating layer

The following graphs present the cracks in theingatbtained for the gloss and the matt papers.pEpers were cut in long direction and in cross

direction to find out the influence of the fibraemtation on the cracks.
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According to the obtained results the following cloisions can be drawn:

1. More cracks are obtained for the long cut thanter cross cut. This applies for the
gloss and for the matt papers. A theory to expthis phenomenon is the higher
stiffness of the paper in machine direction. Thi#éfngtss in machine direction is
effective when cutting in cross direction. Due ke thigher stiffness the paper is
bending to a lower extent for cross cutting thanlémg cutting. A high resistance of
the paper against bending means less folding ofctlietng edges. Therefore the
number of cracks obtained for the cross cut is favenpared to the long cut.

2. The papers 1 and 15 from the gloss grades andairerp 2 and 14 for the matt papers
are triple coated papers. Especially these papeysept an increased amount of
cracks. It seems that a higher ratio of coat weightase paper weight decreases the
cutting quality, although an application of coatingreases the stiffness of a paper.

3. In general, slightly better results are achievedtie matt papers. This observation can
be explained by two theories:

0 Because of the calendaring, the paper bulk is estlu& loss in volume and a
loss in volume means a reduced resistance againdiriy. As discussed under
1) a reduced bending stiffness leads to an incdeagmber of cracks.

o Due to calendering the flexibility of the coatirayér is reduced. Therefore the
coating becomes more brittle and the results ansem@d. An uncalendered
paper, with a flexible coating layer, is less spsibde for cracking. The ratio
of elastic deformations to plastic deformations thulding is higher for matt

papers than for gloss papers.
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5.4 Analysis regarding the necessary cutting force

The following graphs present the maximum forcesasary to perform a cut:
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According to the obtained results the following cloisions can be drawn:

1. The results obtained regarding the necessary gufitirce confirm the importance of
the fibre orientation. The cutting force is alwdygher for the cross cut than for the
long cut. In cross cutting, the fibres are cut padcular to the main fibre direction
which means that every fibre that contacts thetifhe blade is cut. Whereas for long
cutting the knife penetrates mainly in betweenfthees. A too small angle between
the fibre and blade causes that the fibre is begnaimay instead of it is being cut.

The impact of the stiffness becomes also importéfiten cutting in cross direction
the stiffness in machine direction is effective eTaper does not bend too much into
the channel when the paper is compressed by ttHie knithe beginning of the cut.
Therefore, the resistance against knife penetraidmgher which leads to a higher
force maximum.

2. In general, higher forces are obtained for the rpagiers than for the gloss papers.
This is an indication that the importance of thigkhess outweighs the influence of
the basis weight. The amount of material to cutdotalendered paper and for an
uncalendered paper, with the same basis weightillishe same. The difference is the
higher thickness / higher deformation for the ngatides which leads to a higher
friction action between the blade and the paper.

The decrease in stiffness due to calendering ssatsimportant aspect. The impact of
the stiffness is outlined in 1.

3. It is noticeable that cutting forces of the differgpapers from one paper machine
follow the same trends for every basis weight. timeo words, a paper with a higher
cutting force in the 115 g/m? range, presents al$ugher cutting force in the 130 /
135 g/m2 range and in the 150 g/m2 range.

If we assume that the papers from one paper madfane a similar architecture, the
difference observed in the cutting force might cdmen the raw material used.

A second aspect is the similar fibre orientatiorthuw paper grades which are
produced on the same paper machine. In chaptet.B.#.has been proven that the

cutting force is highly dependent on the fibre otation.
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5.5 Statistical analysis for the cutting force

In the beginning it was intended to carry out atmpld linear regression to analyze the
influence of the mechanical paper properties orcttieng force. Due to the fact that the data
base has to be split up to treat the gloss andnidie papers separately, the amount of the
predictor variables is too high compared to thesoletions made with the different papers.
Therefore it was decided to construct a correlatn@atrix, to analyze the noticed correlations.
To allow a correlation independent from the infloenof the basis weight, for some
measurements the indices were calculated. The valti¢ghe Elmendorf measurements are
converted to the tear index and from the tensgeresults the tensile index is calculated.

The correlation matrix uses the Pearson correlataoefficient (r) to show the
interdependence of two parameters. That meansgdioulating the linear connection®\(r
between the parameters, the values presented mdtrex have to be squared.

To interpret the correlation matrix, a color codes tbeen set up in which the green color
represents a good correlation and red colorednoetins that there is no correlation between
the parameters. In this case, correlations great@/3 are discussed in the conclusion. A
second requirement is that the correlation hasttre for the gloss and for the matt grades.
The abbreviations used in the matrix stands for:

MD — machine direction,

CD - cross direction,

LC —long cut,

o O O O

CC- cross cut.
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Correlation matrices for the gloss and for the npers:

Basis Tearing Tearing . Tensile Tensile . .
ForceLC ForceCC Weight Index MD Index CD thickness Index MD Index CD Elongation | Elongation | Emodulus | Emodulus

[g/m?] [mN*m?/g] | [mN*m?/g]

[mm] MD [%] CD [%] MD [Gpa] CD [Gpa]

[Nm/g] [Nm/g]

ForcelLC
ForceCC
Basis Weight [g/m?]
Tearing Index MD [mN*m?/g]
Tearing Index CD [mMN*m?/g]
thickness [mm)]
Tensile Index MD [Nm/g]
Tensile Index CD [Nm/g]
Elongation MD [%]
Elongation CD [%]
Emodulus MD [Gpa]
Emodulus CD [Gpa]

Table 5.5-1: Correlation matrix for the gloss papes

Basis Tearing Tearing . Tensile Tensile . .
. thickness Elongation | Elongation | Emodulus | Emodulus CD
ForcelC ForceCC Weight Index MD Index CD Index MD Index CD MD [%] CD (%] MD [Gpal (Gpal

[g/m?] [mN*m?/g] | [mN*m?/g] [mm] [Nm/g] [Nm/g]

ForcelLC
ForceCC
Basis Weight [g/m?]
Tearing Index MD [mN*m?/g]
Tearing Index CD [mN*m?/g]
thickness [mm)]
Tensile Index MD [Nm/g]
Tensile Index CD [Nm/g]
Elongation MD [%]
Elongation CD [%]
Emodulus MD [Gpa]
Emodulus CD [Gpa]

Table 5.5-2: Correlation matrix for the matt papers
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Regarding the force which is necessary to perforoutahe following conclusions can be

drawn:

(0]

The importance of thickness and basis weight beocasilgle again. These parameters

were already discussed in chapter 5.4.

A correlation between thiearing indexand the maximum force needed is noticeable.
A better correlation is obtained for the gloss papbhan for the matt papers. The

reason behind this could be that there is a diffeeen the number of measurements
for the gloss and for the matt papers. The numbeneasured points for the gloss

papers is only half of the measured points fomtiadt papers.

For a comparison between the maximum force foldhg cut and the tear index, the
tear index in machine direction is used. The redsoriaking this action is that for
long cutting and tearing in machine direction, gaper is separated along the fibre
direction. For the cross cut the tearing in crog®ction is used to show up
similarities. A theory to explain this correlatiathat the paper is torn in front of the
cut point. Due to the certain thickness of thedipghe blade (especially when using
higher bevel angles) the external sheets of thek st@nnot resist the stresses which are
induced by the knife and the paper is torn befoeckhife arrives at the cut point.

The slightly negative correlation between the agttiorce for the cross cut and the
tensile index in machine direction is explainedtihy theory that the tensile index is
partly determined by the fibre orientation and kivedl of fibres used. The influence of
the fibre orientation is discussed in chapter 314.%Fhe influence of the fibre material
used is explained by the theory that softwood fibpresent a lower hardness
compared to the hardwood fibres. A harder fibred¢edo an increased cutting
resistance. On the other hand, papers which coofsgiftwood fibres usually present
higher strength properties (the production proadshe pulp — sulfate or sulfite - is

not considered). From this it follows that papeilthva higher tensile index require
lower cutting forces. No correlation between th#iog force for the long cut and the
tensile index in cross direction is observable.sTis due the fact that the knife
penetrates mainly in between the fibres when ayitinlong direction. The influence

of the fibre hardness does not become importatttisncase.

Another aspect is that the amount of fibres pet area of a sheet is much higher
when using hardwood fibres instead of softwoodefbrAgain, papers made with
softwood fibres usually present higher strengthpprtes. But due to the less amount
of fibres to cut, the required cutting force is Ew
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o According to the obtained results the elongatioasdoot influence the cutting force.
This is a contradiction to the constructed thearychapter 3.4.4.1 that a distinctive
elongation behavior of papers eases the knife netpate into the fibre matrix.

o0 The E-modulus is a sign of the elasticity of a mateWhen performing a cutting test
with the Zwick® device, the material is compresseda first step. During this
compression phase the force increases in a linagr an elastic material (small E-
modulus) will be able to deform to a greater extBah a non elastic material (high E-

modulus). Therefore, an elastic material requirbsyher forces to be cut.

5.6 Stability of the system over time

First trials with Zwick® showed the necessity operfect blade alignment. Small deviations
in the blade alignment caused high deviations m ¢htting force needed. To check the
stability of the system over time, paper 1, whichswhe first paper to test in the test series,
was cut again at the end of the series. The aitn see whether there is a deviation in the
cross cutting forces in the beginning of the testes and at the end of the test series. Five

measurements in the beginning and five measurenantise end of the test series were
carried out:

70

50 -

40 -

B Beginning of the test
30 -

Force [N]

M End of the test
20 -

Figure 5.6-1: Evolution of the stability of the syeem over time

The results irFigure 5.6-1 prove that there is no big deviation in thting forces for both
cases. Slightly higher results regarding the f@meeobtained for the cutting forces at the end

of the test series. This could be due the facttti@blade is already worn to a small extent.
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Conclusion of this chapter

The investigations done in this chapter presergaeable results. It has been proved that the
Zwick® is a reliable device to simulate the cuttprgcess in the lab and helps to understand
the influences of the paper properties on the rytfarameters (cutting quality and cutting
force).

The stability of the measurement over time is gisen. The system allowed to perform the
complete measurement series without irregularitigerms of instabilities of the knifeholder

or blade damages.
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6 Outlook

The developed cutting device in the laboratory esadfers a wide range of studies in the
future. An investigation regarding the raw materiased for wood free coated papers is
possible now:

o The influence of the base paper architecture (&#$, fibre orientation) is discussed in
the thesis. Further research regarding this aspéght be necessary to utilize the
properties of different paper parameters to impitbeecutting quality.

o On one hand, there is the difference in the avi@lfibres which has to be studied.
The impact of hardwood and softwood on the cuttjoglity is one important aspect
which has to be pointed out.

o In the composition of the coating layer it is ofmaist importance that the coating is
robust against rupturing. The impact of differemynpents on the cutting could be
determined by means of the new method (if the chsingduce are high enough to

influence significantly the measurement).

A research work, which includes the aspects meatiabove, is presently carried out within
Sappi Fine Paper Europe. At the end, it is intentdefthd out what can be done to facilitate
the cutting process (better cutting quality, highexductivity ...).

So far, the developed cutting device is availablehie laboratory. To further optimize this
device and improve similarities with the sheetbe tollowing modifications could be made
in the future:

o One possibility to improve the functioning of thevite is, to install a bottom knife
instead of the penetration channel. The sharpeotoknife should intensify the
similarities to the sheeter.

o The adjustment of the knife with the strain gaugea time intensive procedure. For
this operation the support of an external institigenecessary. Simplifying this

procedure would make the system more user-friendly.

We know that it is possible with the Zwick® devite create cracks in the coating layer
which are caused by folding. Therefore, a testappsed to check whether a paper with a bad

cutting quality on the sheeter also presents acbi#ithg quality at the Zwick®. To carry out
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such a test, papers with large differences in terhtaitting quality must be used to be sure to

obtain reliable results at the end.
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Appendix A

Drawing 001- Base plate
Drawing 002— Moveable part
Drawing 003- Knife

Drawing 004— Assembly drawing
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2 Bolt nut 1SO 4032, 24017 -M6 - 6 8

2 Screw 1SO 4017, 24017 -M3 x10-5.6 7

1 Screw 1S0 4017, 24017 - M6 x 30 - 5.6 6

2 Spring DIN 2098 - 1 x 8 x 20 5

2 Bolt M5/ M6 4

1 Knife 3

1 Moveable part 2

1 Base plate 1
Amount Part Part Nr. Remarks
OBJECT

Knife holder

Assembly drawing

NAME SCALE DRAWING-NR. DATE
Mario Penaso - 004 05.04.2011
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Appendix B:
NR CracksLCBand | CracksCCBand | ForcelC [N] ForceCC [N] Basis Weight [g/m?] Elmendorf MD [mN] Tea[rrlrr]ﬁlr:;;)é]MD Elmendorf CD [mN] TeeE:rl]n'\lg*l:g/eg]CD
la 15,3 11 51,96 61,22 115 355 3,09 488 4,24
1b 24,3 15 56,27 71,32 135 408 3,02 563 4,17
1c 31,3 13 61,45 81,81 150 551 3,67 729 4,86
5a 10 8,3 64,92 74,98 115 511 4,44 556 4,83
5b 12 9,3 69,69 84,05 130 512,5 3,94 632 4,86
5¢c 14,3 7,7 70,11 85,56 150 638 4,25 788 5,25
8a 15 10,3 52,2 62,25 115 462 4,02 534 4,64
8b 15,3 8,7 59,03 71,65 135 514 3,81 596 4,41
8c 11,3 8,7 70,11 85,56 150 618 4,12 748 4,99
10a 16 9 51,3 58,41 115 440 3,83 509 4,43
10b 12,3 10,3 58,98 70,71 135 490 3,63 565 4,19
11c 13,3 13 68,01 83,22 150 559 3,73 659,5 4,40
15b 24 14,7 53,85 73,01 130 412 3,17 532 4,09
17a 15 11,3 61,22 67,35 115 405 3,52 548 4,77
17b 20,7 12 66,46 82,3 135 537 3,98 668 4,95
17c 20,3 11,3 78,48 98,55 150 653,5 4,36 810,5 5,40

Table 5.6-1: Results for the gloss papers
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NR thickness Firfcaekll\;gD In.l;jeenxs:l;laD E::::Igg IISZ)?I?D Elongation | Elongation | Emodulus | Emodulus | Stiffness Stiffness
[mm] IN] [Nm/g] N] [Nm/g] MD [%] CD [%] MD [Gpa] | CD[Gpa] | MD [mN] CD [mN]
1a 0,0804 84,29 48,86 25,1 14,55 1,37 4,73 11,19 4,45 44,12 29,7
1b 0,0924 90,22 44,55 34,74 17,16 1,28 3,17 11,42 5,82 74,88 57,98
1c 0,105 97,58 43,37 35,46 15,76 1,32 4,36 10,23 4,55 101,83 71,23
5a 0,0881 88,3 51,19 38,95 22,58 1,53 4,92 9,38 3,89 55,03 31,55
5b 0,0988 89,53 45,91 39,46 20,24 1,54 5,22 9,2 3,8 78,93 47,77
5c 0,1165 104,63 46,50 45,29 20,13 1,57 4,36 8,8 4,16 126,08 74,77
8a 0,0857 79,92 46,33 37,07 21,49 1,77 6,35 8,31 3,95 50,58 31,87
8b 0,095 86,24 42,59 41,92 20,70 2,02 5,7 8,69 4,08 70,87 45,68
8c 0,11 88,53 39,35 42,64 18,95 1,9 5,19 7,42 3,69 97,02 64,87
10a 0,0833 79,5 46,09 36,58 21,21 1,73 5,98 8,58 3,77 48,72 29,98
10b 0,0965 86,23 42,58 44,64 22,04 1,83 5,84 7,96 5,49 70,63 45,97
11c 0,1106 90,63 40,28 42,83 19,04 1,89 6,22 7,57 3,78 103,2 63,95
15b 0,0885 85,4 43,79 31,11 15,95 1,18 2,94 12,24 6,47 72,22 53,22
17a 0,0896 80,39 46,60 28,61 16,59 1,71 5,65 8,3 3,36 50,88 34,82
17b 0,105 91,94 45,40 32,73 16,16 1,8 5,55 7,88 3,03 82,33 52,27
17c 0,1141 95,23 42,32 36,03 16,01 1,86 5,68 7,67 3,13 110,48 69,68

Table 5.6-2: Results for the gloss papers
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Appendix C:

Paper NR CracksLCBand | CracksCCBand ForcelLC [N] ForceCC [N] Bas[lz/\:\lnezzllght Elmendorf MD [mN] Tea[rgﬁirrfze/)g(]MD Elmendorf CD [mN] Te?;n’\lg*lrr;?/e;(]CD
2a 12,7 9 63,98 68,14 115 492,5 4,28 498 4,33
2b 19,3 13,3 64,67 83,09 135 497 3,68 646,5 4,79
2c 15 15 71,98 97,28 150 552 3,68 741 4,94
3a 12,3 8,3 69,26 73,12 115 499 4,34 583 5,07
3b 15,7 10,3 73,38 88,38 135 527 3,90 624 4,62
3c 12,3 10 84,95 102,38 150 667,5 4,45 777 5,18
4a 14,7 9,7 67 69,19 115 478 4,16 498 4,33
4b 12,7 9 74,11 86,32 135 524 3,88 566 4,19
4c 9,7 9 88,23 103,72 150 621 4,14 700 4,67
6a 7 11 55,79 64,21 115 459 3,99 520 4,52
6b 13,3 7,3 64,48 75,69 135 534 3,96 642 4,76
6c 13,3 7 76,65 96,06 150 610 4,07 763 5,09
7a 8,7 5,7 58,22 62,57 115 464 4,03 523 4,55
7b 12,7 6,7 62,78 77,27 135 551 4,08 614,5 4,55
7c 9,7 7,7 74,96 95,2 150 642 4,28 755,5 5,04
9a 9,3 7 73,07 80,05 115 511 4,44 601 5,23
9b 9,7 5,3 81,75 97,74 135 662 4,90 793 5,87
9¢ 12,7 5,3 86,15 107,5 150 699,5 4,66 829 5,53
12a 12,3 9,7 67,35 71,58 115 433 3,77 473 4,11
12b 17,7 12,7 65,58 82,49 130 446 3,43 497 3,82
12c 14 9 83,29 102,18 150 583 3,89 706,5 4,71
13a 10,3 7,3 69,34 70,13 115 431 3,75 487 4,23
13b 16,3 8 68,42 77,3 135 474 3,51 547 4,05
13c 16,3 8,7 78,52 95,69 150 542 3,61 656,5 4,38
14b 23,3 12 57,89 78,11 130 417 3,21 579 4,45
16a 15 7,3 59,63 70,99 115 453 3,94 543 4,72
16b 15,3 8,7 66,46 90,32 135 615 4,56 823 6,10
16¢ 15,3 10,3 81,81 107,78 150 665,5 4,44 828 5,52

Table 5.6-3: Results for the matt papers
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NR thickness Breaking | TensileIndex | Breaking | Tensile Index | Elongation | Elongation | Emodulus | Emodulus | Stiffness Stiffness
[mm] Force MD [N] | MD [Nm/g] | Force CD[N] | CD [Nm/g] MD [%] CD [%] MD [Gpa] | CD [Gpa] | MD [mN] | CD [mN]
2a 0,0929 66,03 38,28 34,46 19,98 1,36 5,56 8,85 4,85 64,82 51,62
2b 0,1101 90,5 44,69 34,73 17,15 1,17 2,71 9,6 4,55 108,68 76,47
2c 0,1194 91,18 40,52 31,82 14,14 1,35 5 8,47 3,48 130 90,23
3a 0,0944 73,49 42,60 30,3 17,57 1,76 7,28 7,88 3,68 59,95 38,12
3b 0,1074 77,25 38,15 38,55 19,04 1,59 5,46 7,72 4,24 94,12 67,52
3c 0,1245 84,76 37,67 41,16 18,29 1,55 5,27 6,97 3,54 129,72 89,12
4a 0,0945 59,45 34,46 29,83 17,29 1,43 7,42 6,48 3,18 48,95 31
4b 0,1121 67,23 33,20 33,27 16,43 1,38 5,21 6,72 4,24 80,95 55,87
4c 0,1301 79,01 35,12 42,75 19,00 1,62 4,76 5,89 3,52 120,13 80,5
6a 0,0961 72,1 41,80 35,77 20,74 2,04 6,87 6,69 3,18 53,5 33,67
6b 0,1116 83,53 41,25 39,68 19,60 2,21 6,81 7 3,59 91,43 62,63
6¢c 0,128 89,82 39,92 41,59 18,48 2 6,44 6,57 3,29 133,52 85,47
7a 0,0965 69,46 40,27 29,45 17,07 1,88 8,8 7,61 3,14 58,97 38,93
7b 0,1117 84,57 41,76 37,73 18,63 1,95 6,26 7,01 3,61 97,73 62,77
7c 0,1285 91,02 40,45 40,78 18,12 2,19 7,5 6,63 3,43 128,77 84,12
9a 0,1034 72,3 41,91 34,7 20,12 1,49 5,35 7,44 3,82 69,92 48,08
9b 0,121 79,66 39,34 36,67 18,11 1,48 6,11 7,05 3,53 120,1 72,1
9c 0,1306 82,57 36,70 34,53 15,35 1,43 6,38 7,2 3,35 165,7 108,22
12a 0,0917 68,97 39,98 30,49 17,68 1,26 5,12 8,46 3,92 61,2 41,73
12b 0,1036 74,18 38,04 26,68 13,68 1,26 3,37 8,29 4,14 91,98 66,77
12¢ 0,121 76,35 33,93 34,52 15,34 1,38 4,75 7,57 4,05 140,98 106,3
13a 0,0956 71,88 41,67 33,8 19,59 1,59 6,23 7,5 3,6 50 33,5
13b 0,1066 67,67 33,42 29,76 14,70 1,47 5,15 7,04 3,52 73,17 50,28
13c 0,1231 75,83 33,70 33,31 14,80 1,41 4,83 6,83 3,36 114,43 78,53
14b 0,1005 83,08 42,61 30,07 15,42 1,13 3,46 10,34 5,03 91,32 70,62
16a 0,0981 76,59 44,40 27,96 16,21 1,68 4,76 7,2 3,33 60,78 38,35
16b 0,1175 91,11 44,99 31,15 15,38 1,79 6 7,1 2,71 102,72 61,47
16c 0,133 88,75 39,44 34,78 15,46 1,89 5,84 6,28 2,73 145,27 88,88

Table 5.6-4: Results for the matt papers
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