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Abstract

Perforations are one of Tetra Pak’s oldest invastiof how to open their
carton packages. They have been a part of TetkdsBsroduct portfolio for
over 30 years and quality testing is important. Baenability, with plastic
residues covering the torn hole, is a problem leads to be addressed.

When tearing a package with perforation all peajaet differently. By using

a mechanical tearing method during testing it issiide to reduce this
variation. A method like this is developed butstnot used widely and its
results are often not satisfactory. The aim fos thork is to investigate tearing
done with this method. What to measure and how umedsresults are
changed by material parameters affecting the opkiyab

The practical part of this work is divided into tywarts. The first is qualitative
tests with the goal to increase the knowledge efrtieasuring procedure and
its resulting energy curve. How is the board bregRiWhat energies, forces
etc. should be measured to be able to extract ab nmaluable information as
possible. The second part has a quantitative apprda correlate the energy
measurements with openability results, by measugagng energy on folded
packaging material. This part also evaluates the¢hoak itself and which
measured response’s that are best to use to desieelmpenability problem.

The results show that when using the mechanicahtgaethod one uses out-
of- plane shear forces to break the perforatiore fGtal energy during tearing
is the best and most robust response to use ifwams to correlate tearing
energy with openability. Material and process paaters that affect measured
Total energy as well as the openability are thefekriype, perforation
engagement, and polymer grammage of the insidenpolylayer. The
variation in results during measurements, causttereby the equipment or
the material, needs to be lowered as the methodsspoor repeatability. It is
most likely possible to develop a new or enhaneeetkisting method to focus
on tearing energy to perform test on perforationd @redict issues with
openability.
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1 Introduction

This chapter introduces the reader to this workwasl as Tetra Pak and its
business.

1.1 Background

Over 50 years ago the story of Tetra Pak began wenompany was set up
by Dr Ruben Rausing. He had been visiting the Wdn8tates, were he saw the
first supermarkets taking shape, and he underdfuwaheed of offering milk
and other fresh beverages as an of the shelf prodaicthis time milk was
mainly distributed in glass bottles and could netkept fresh for long time.
The name Tetra Pak came from the first inventionedby Erik Wallenberg,
which was a very cost effective package formed ateteahedron, later
becoming the Tetra Classic. This shape is the nedtient regarding
minimum material and maximum volume and togetheh whe roll fed filling
procedure they had created a very cost compepteg&age solution.

1961 when the aseptic packaging technology firss$ weroduced it was a
breakthrough for beverage packaging. It gave thdugtry a whole new
dimension as packages could be sterilized and packiast and stay fresh for
a longer time period. Since then the company hawee ghrough a lot of
changes and many concepts have been developedrardes from the first
tetrahedron design but Tetra Pak continues to lee rnttarket leader in
beverages packaging in carton packages.

Tetra Pak Group is now one of three part of Tetwmal Group together with
the bottle company Sidel and De Laval who produtiesy farming equipment.

Tetra Pak Group

PACKAGING SOLUTIONS PROCESSING SOLUTIONS

Commercial Operations Development & Engineering Supply Chain Operations Processing Systems

Figure 1 — Organisation

Tetra Pak Packaging Solutions develops new paclggatforms, packaging

material, and material converting processes. Thegdgimachines are sold and
then located at the customer site, e.g. a diajyioe producer. This is where
all the packages are produced and filled beforg thach the stores and the

! Tetra Pak — Development in brief
% Tetra Pak — Development in brief



hands of us end users, the consumers. To be abla these filling machines
Tetra Pak sells packaging material that consisysrioted carton board, often
together with aluminum foil, that are laminatediwét mix of polymers.

Tetra Pak’s product portfolio consists of packagesnany different shapes
and volumes and they are divided in two main categp aseptic and
pasteurized. They differ in several ways as mdtetiacture, filling procedure
and liquid level in the packages. The benefit ef Aseptic technology is that
you are able to pack beverages so that they canfretsh for a much longer
time, up to 12 months. It is achieved by using bigiemperature and airtight
technology during the filling process, includingiainum in the material as a
light barrier, and increasing the liquid level metpackages not allowing for
headspace.

A,Wq l‘ﬂi

Figure 2 — A part of the product portfolio

Ever since the first packages where designed anduped openings have
been a critical part of their function. It does nuatter how good you protect
the liquid from the outside or how long it can last the shelf if you can not
get it out and consume it in a convenient way. perothe first tetrahedron
shaped package you had to be equipped with a paaissor if it did not come
with straws. It was not until 15 years after theneh of Tetra Brik, mid
seventies, the perforation was launched as an ogamd then you could open
the packages by hand. To open a perforation opewyingtear along the
direction of a perforated line and achieve an apgim one top corner and can
then pour the content in for example a glass.

=

4 e
Figure 3 - Tearing of Tetra Brik
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Many new openings and especially screw caps hage #e light in later

years and they are very appreciated by both TetfdsReustomers and the
consumers. Re-sealable screw caps have set a reewlasd regarding

openability of carton packages and it is an impurdevelopment for Tetra
Pak to be able to keep up with plastic-bottle caitgrs and their advantages.
Even if many of the consumers have taken the scagys to their heart and
expect it to be a standard opening at this timep#réoration is still chosen by
many diary customers due to the low cost and uab&atability to stack

packages very efficient.

1.2 Problem identifier

As long as perforations are a substantial parhefTietra Brik Aseptic product
portfolio there is a demand for quality testing amdderstanding of the
opening procedure. Tetra Pak wants to deliver &ame that does not give
problems when consumers tear along the perforatigardless of if they pre-
fold it, use right or left hand, changing tearingedtion etc. It is not hard to
understand that the “right” way to open does nasteand with this in mind

the only way to look at it from a company perspecis for Tetra Pak to say
that consumers always do the right thing and theigdeshould be good
enough to cope with these variations.

Even if there is no perfect way of opening a paek#tere is a need to do
guality measurements. These are now done by huraadshbut due to the
variations of people’s openings procedures theselte are very hard to
compare and analyze. To be able to compare diffenaterial qualities there
is a need for a mechanical method with less humé#ueince. During 2004

this problem was addressed and the package labpiatdodena, Italy, tried

to develop a test rig that tears the perforationt asuld have been done by
humans but in the same way every time. This wa®ldped after studying

hours of film from panel tests with consumers opgnperforated packages.
The result of this work is a test method which sedito measure the initial
peak load corresponding to the force a consumertdhapply to be able to
crack the first part of the board and start theinga The measurements from
the method result in more than this peak load anereergy curve of the lapse
is given. Can this curve tell us more about thenope quality than what is

known today and could it become a good way to nreaand rank packaging
material as most of the human variations duringitgacan be excluded.
When discussing this possibility the lack of untmging of the process and
its result are always mentioned and without thatright information is hard

to extract out of the collected data.



1.3 Objective

The goal of this work is firstly to increase theolwriedge about the mechanical
tearing procedure in terms of what phenomenon ithabssible to measure
and how they corresponds to the energy curve?
Secondly the work will show if tearing energy alpgmm is a possible theory
to base a test method on that correlates with thekgge performance
regarding openability. In order to fulfill the goafl this thesis certain questions
need to be answered:
* How the remaining parts of the carton board aldrgerforation are
cracked, is it by tensile or tear breakage?
* Is it possible to distinguish between different kgging materials
regarding openability by using mechanical tearing?

1.4 Research focus

This work will focus on the mechanical tearing gdare. It will describe the
tearing process regarding forces and energy curJgetable to increase the
understanding of the process. Mechanical tearinggature will be used to be
able to exclude the influence that peoples varypgning strategy have on
both the lapse and the result. Straight angledopsibn from portion packs
will be used which is one of four different perfooms. Together with my
supervisor this is chosen because there is padkagiaterial to use and
because it has a consistent distance between thie’'skrteeth. All
measurements will be made on folded packaging mataren if there at this
stage is not any proved correlation between paokagiaterial results and the
package openability.

1.5 Target group

The aim for this work is to be a broad investigatamd increase people’s
knowledge about perforation testing and openalplitblems. One looks at
the openability issue from a packaging material @naverting perspective to
see how material should be tested and optimizeeidioce plastic residues.
The future readers will be people involved in peafmn quality testing within
Packaging Technology, Carton Economy, and Cartdne/a he work can
also be interesting for people working within cortivey specifications and
converting processes.



2 Methodology

This chapter describes the importance of choosingnethodology and
explains how the work will benefit by using difféarenethodology approaches.

2.1 Different approaches

Constant evolving of our knowledge and capacitgamething that drives us
humans forward in life. This is mainly done by m®d and its importance
should not be forgotten. The research processvidadl in three main forms
that differ in aim and procedure. The lines sejragathese 3 are not very
distinctive and rather a little bit vague but g

» Exploratory research, which structures new problems.
» Constructive research,which develops solutions to known problems

* Empirical research, which evaluate the feasibility of a solution with
empirical evidence'’s.

2.1.1 Exploratory research

This kind of approach is neither a problem solver decision making todl
Instead it is used to get a significant insightiptoblems and their nature. It
is definitely the best way to start when you wanbting light to a problem
and investigate the extent of it. To do explorat@search before you come up
with the formulation of a problem is very usefuldawill make the following
work easier.

2.1.2 Constructive research

This type of research is the kind of research ttmhes up with solutions.
Compared to other methods empirical evidences @reatessary to prove the
research Instead benchmarking can be a good tool to be mbtompare the
solution with a reference. The solution should emttain too much logic and
should instead have an objective foundation.

2.1.3 Empirical research

Empirical research is used when one wants to ptheeries or visualize
phenomenon. It can contain interviews, destrudists or only observations.
The researcher has to be aware of the importanaeh@bsing samples or
respondents which can really question the restilis. hypothetico-deductive

% www.nationmaster.com/encyclopedia/Pure-researcéé@teh_methods, (2008-09-16)
* www.researchxl.com/methods/exploratory, (2008-3-0
® www.researchxl.com/methods/constructive, (20083p-
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method that was introduced by Karl Popper (19024)98ys that a hypothesis
is true until falsificatioh He stated that a theory within this method should
include what is not allowed to happen to keep tie®ty valid.

2.1.4 Choosing approach

What type of research you are doing is an imporkaoivledge to be able to
formulate your problem and find the best way toiewah the intended goals.
This master thesis will begin as an exploratoryeagsh to get a better
understanding of a process and will then termiirai@n empirical research to
evaluate the theory rather than a solution.

The problem with plastic residues needs a solutvbich would push for a

constructive research approach, with a solutiothéoplastic residues as the
goal. As the thesis only look at a limited parttlé problem which can be
valuable during further investigations and attentptsolve the plastic residues
problem a constructive approach will not be used.

2.2 Qualitative and Quantitative methods

One can use different approaches in research anch¢thodology dilemma is
often ending up in the discussion of quantitatieesus qualitative research. It
is important to understand the differences to be tbchoose the method that
suits your identified problem and contribute thesinim the desired solutién

If an unsuitable method is chosen the validityh&f tesults can be challenged.
Interviews and case studies are also possible appes that can be used.
They are very important tools if you want to fite tproblem or deal with how
it appears. Case studies are a qualitative tool iatedviews can be both
gualitative and quantitative depending on how tlaeg performed. In this
research this is information that is already knama these methods are not
necessary.

2.2.1 Qualitative research

Qualitative research is often done to achieve geleenderstanding of a
process or procedure. As a researcher you coléotnnation to support this
goal and tests are often characterized by the pcesef the researchers and
how they are allowed to adjust tests along the twagchieve as valuable and
information rich results as possifle test is seen as an information source
and adjustments along the way are important t@ekas much information as
possible from it. Even if validation of the resuiésnot the main goal this is
often questioned when a qualitative approach id.uBeis is a reason why it is
very important to always take notes of changes ndaadieg tests to be able to

® www.researchxl.com/methods/empirical (2008-10-03)
’ Forskningsmetodik (1997)
8 Forskningsmetodik (1997)



backtrack and know which circumstances each tedt Baie to the near
presence of the researcher there is a high risk hisa prior knowledge,
thoughts, or presence interfere the results inmatesirable way

2.2.2 Quantitative research

Quantitative research is known to be stricter ttienqualitative. Its main goal
is to compare and prove results and it is often difference that is most
important. To find and define interesting relatiavigh the objectives in mind
a structured research planning is used alreadyngluhe early stage. Data
analyses are done by using statistical methodslasigin of experiments is an
important phase not to forget to be succe$$f@itatistical methods are often
using numbers and when using quantitative resegochhave to be able to
describe qualitative phenomenon quantitatively bgsé number. In some
research areas this can be hard but in naturahceieesults often come in
numbers after measuring magnitudes as forces, ieserdistances etc. A
problem can be that people have too much confidémegimbers and think
that if something is measured in numbers it mustigiet'’. It is important to
keep in mind that data does not get better by ustiaistical methods and data
will not give better or more information just besauthe analysis was done
with an additional statistical tool.

2.2.3 Theory or model

Theory or model, what is the difference? Theoriessaipposed to increase the
knowledge of the reality and not describe how teality works?. It is a
simplified reflection of the reality and it is foed by many connecting
hypothesis. A model is the next step after havitigemry. A model is built on
a theory but it has to be much more detailed aedifp. In contrast with the
theory a model should describe the reality andnlbee complex model there
is the more it will emulate the real phenomenonwHitifferent parts of the
theory relate to each other becomes crucial whewdael is created to mimic
the reality as good as possible. Simplifications ecessary but it has to be
known that it will make the model less precisea linodel is on a computer it
should be possible to use it during simulation Whig not possible with a
theory.

2.3 Choosing method

When choosing a method one will often ends up ie thlemma of
methodology®. To be able to choose methodology it is importarknow the

® Forskningsmetodik (1997)
10 Forskningsmetodik (1997)
1 Forskningsmetodik (1997)
12 vetenskaplig metod (1996)
13 Forskningsmetodik (1997)



purpose of the work and if the focus should bediglior trustiness. In many
cases a combination of these methods are the dlesipa and it can help to

get a congregated picture of the problem. It i® gdessible to begin with a
mixed approach to investigate which of them ths¢ arost valid for a

specified problem but it is not without difficultylf the results are

contradicting, which can be the case with a mixgpr@ach, confusion can be
the case.

2.3.1 Authors choice

In this master thesis both quantitative and qualgaresearch methods will be
used but not as a mixed approach. My work will pootigh two different

stages with a preparing qualitative phase to bligig to the problem and try
to understand it followed by a quantitative invgation to prove the theory
from part one, evaluate which information the teah give us, and then
measure the capability of the method.

2.4 Information evaluation

Achieved results always have to be revised withicesm. Is the information
we extract from measured data valid and do we medbe things we want?
In this case, when developing a theory describirgprocedure, the question
will be if the theoretically defined variables ate measured ones correspond?
The reliability of the information often dependstbe accuracy of the test and
measurements, how good instructions we have givéimet respondents etc. In
the second phase, where no respondents are inyaveanostly the accuracy
of the test and its setup that can interfere wWithreliability.

In the end there is often a conflict between rdliitgband validity. The more
reliable you want your results the more you wi to control the tests which
will change them from being quantitative to becogualitative with a lower
validity as a result. When a lot of measurements @one the variation
between samples and within the measurement sysiarhave a huge impact
on the result. One way to monitor this is by alwagfculating the standard
deviation when average values are used. If thedatdndeviation is too large
one can not tell if the average value represemtsest group.

2.5 Working process

To be able to know what is important and not, itigasions of the procedure
and the lapse will be carried out. To say whichtpaf the resulting energy
curve that corresponds to what phenomenon is tla gti is achieved by
filming the procedure and develops a theoreticaleustanding and theory of
what is happening during tearing. The theory shdddable to cope with
different material specifications and explain tharmge of the results.

When this deeper understanding is achieved andriti@al parts of the energy
curve are known measurements should be carriedusing material with

8



known characteristics. The different material chigastics that need to be
detected by this mechanical tearing are:

Perforation strength
When the paperboard is perforated its remainingngth depends on

the relationship between bridge and cut lengthhenkinife, how deep
you engage the tool through the board, and pragsecti the board.

Adhesion
The adhesion is a value of the force that holds dviferent layers of

material together. In this case it is the adheb®mveen the aluminum
foil and the inside polymer layer that is importantl measured.

PE-strength
The strength of the inside polymer is due to btghhickness which is

measured in g/fmand the composition of the polymer mix which
decides its Young’s modulus and elongation to hreak

4 Polymer

strenath

Adhesion

>

Perforation strength

Figure 4 - Relationship discovered in earlier inveigations'*

A factorial experiment will be carried out to sekigh factor above that have a
significant influence on the measured values.

4 TEA Perforation -Tetra Pak Development report
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If differences in these characteristics can be dbenfinal part will be a
Repeatability- and Reproducibility study to see hmwuch the procedure needs
to bee improved to be able to use the results eattiidence.

2.5.1 Factorial experiments

Factorial designs are the foundation in most expemtal designs for
screening, optimization and robustness testingy Tam be used either as full
factorial experiments or reduced to fractional daietl experiments. Fractional
experiments is a tool to reduce the number of experts when the number of
factors to test increase together with the possibtaber of variants.

Full factorial experiments are commonly used wheo to four factors are
tested but with more factors the number of testd aamlculations gets to
demanding and either screening or fractional &stsa better todi.

The name factorial design is related to the nunobexperiment that has to be
carried out within a test. It is decided by the temof factors and levels of
each factor to test. Three factors with one hig ane low level of each

factor result in 2= 8 rows in the test matrix and the same numbéesis. See

Table 1.

When analyzing the result one wants to see whiattofa or factor
relationships that affect the measured responsefisantly. This is measured
by calculating the effects from each factor anddecelationship to rank them.
In a 2 factorial experiment there are three main effectd four interaction
effects between two and three factors.

!5 Design of Experiments, Principles and Applicati¢?@08)
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There are several ways to do a factorial test amalyae the data with
computational software but there is also an edsidrand method to compute
the effects. This can be used when few factorslevels are tested and the
result contains which factors and factor relatigpshhat affect the response.
When doing the “by hand” calculations the test irdr vital and for a 2test

Factor £

low

high

low

©)
igh

low

high

Factor E

Figure 5 — 3-dimentional overview of a 2factorial test

it looks like Table 1:

Table 1 - Factorial experiment test matrix

est

=
1
2
3
4
5
6
7
8

C
-1
-1
-1
1

-1

[T

AB
1
-1
-1
1

1
-1
-1
1

AC
1
-1
1
-1
-1
1
-1
1

BC
1
1

o
N N

AN

1

ABC
-1

1

1

1

-1

-1

-1

1

Response
R1

R2

R3

R4

R5

R6

R7

R8

(-1) represent the factor at its low level and ifidicates the factor at high
level. A, B & C are the main factors and the ottoerr are interaction factors.

The effect for each factor or factor relationship:

EffectA = 2. Angn = 2 Ao

n

where n is the number of samples tested.
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There are different ways to present the effectsmfemch factor and how it
affects the response. Both normal plots and patiegrams can be us&d
When several samples are tested for each combmnitis also important to
measure the variation within the samples to be &blsay if the effect is
significant compare to this variation. This candmne by using the limits of
+30e¢ Which is common within most industriés

4 2 .
Oy = NUZ = Waesﬂmate where N is the total number of samples.
O ogimate = VVAR where VAR is the variance for all tests.

2.5.2 Repeatability and Reproducibility

The Six sigma philosophy is something growing witfiietra Pak and the
company is on the way to educate several employedé®come Six Sigma
black belt coaches. All companies contain procegsegroduction, testing or
administration etc. and Six Sigma is a tool to dase the internal variation
within these processes. The outcome should be a nebable process giving
a better and more precise result. Continuous ingmants is the main goal
and one of the competencies required by a black ibstructor is an

improvement tool aiming to measure the variationthimi a measuring or
testing system. The repeatability and reprodutybildof the process is
measured and the test is from now on called R'& R

A R & R measurement is a way to give every proeegsantified number of
its internal variatiof.

Repeatability: measures the variation of the measuring gaugenbjyzng
the result of one operator measuring the same sagepkral times.

Reproducibility: measures the additional variation when the samelsais
measured with the same gauge by different operators

16 Design of Experiments for engineers and scient163)
" Kompendie, Kvalitets och underhalisstyrning (2007)
18 Six Sigma, continual improvements for busines2663)
19 Concepts for R&R studies (1991)
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Repeatahility + Reproducihility = R&R

Figure 6 - Variations within R&R

[ Total Variation

—/

Part-to-part ] [ Measuring system ]
Repeatablhty Reprodu0|b|l|t\
Measurment Equipmet Operato

Operator Interact|on
Operator- Par
Figure 7 - Variations measured by the R&R

The R&R index, which is a percentage value, shdolda measurement
system be less than 30% to be acceptable, and i€l%wto be world class. It
can be calculated in many ways but it's always eta@between the measuring
system’s variation and the total variation of tastt

One needs to know that the R&R does not addresdothé measurement
system and very important factors as calibratiaabikty and linearity are
excluded due to that their impact is seen as legsfisant. Anyhow these
factors need to be addressed and evaluated togethehe R&R study.

Because of that the method is defined to measwesdlme sample several
times sample variations will affect the result. Whhbe test is destructive and
the same sample can not be reused variations betes®ples have even
bigger impact and can be a source for a bad R&BItreSample variation is
not addressed by the method but needs to be coedide

One of the most important issues that need to hdlld to be able to classify

a testing procedure is measurement discriminatido. the equipment or
method separate good and bad samples or mateha. i often done by

13



control- and specification limits and measuremeotsapproved material
should be within these limits.

2.5.3 Multivariate analysis, SIMCA

When studying, analyzing or trying to control a qass there will always be
measurements done and data collected. 50 yearsibacke measurement
devices where expensive and the collected dataliwégted to a couple of
infrequent measurements of few variables. Todagality is much different
and both production and process industries aincdotinuous monitoring and
in line measurements ending up with huge amounti&ats. To make sure that
the most valuable information is extracted oldesadeeatment processes has
been abandon and newer multivariate tools have degaloped. SIMCA is
one of these tools developed by Umetrics and usédvletra Pak.

SIMCA can treat and analyze huge amounts of daten fmany variables
showing the result graphically which is easy toemsthnd. One can analyze
the data with either a PCA (Principal Component Ipsia) or a PLS (Partial
Least Square) approach. To find information amoragsas of process data
one is projecting it down to few scores or printipamponents describing as
much as possible of the process.

PLS, which is used in this investigation, is aneasion of multiple linear
regression. As linear regression handles one regpana time the results can
be hard to interpret and PLS has more flexibility eaddress all resulting Y-
variables at the same time. PLS modeling is alspli@tty developed to
handle situations with many correlating processédes as inputs.

Process data is divided in to five categdftes

Controlled process variables:Can be changed to affect the result
Result variables:Responses measuring the outcome of the process
Characteristics of row material: Input values, difficult to control
Intermediate result variables: Measured results within the process
Uncontrolled variables: Hard to influence, (eg air humidity, air temp).

agrwpdpE

Data is imported into SIMCA and named as either Xj¥alitative X variables
etc. The data is then used to build a model thasisimilar to reality as
possible. How good the achieved model is, is desdrby R and @ factors.
“Goodness of fit" (R) shows how well the model and reality match and
“goodness of prediction” (& is a value of the models ability to predict
responses by looking at the inputs.

Numerous plots are made by SIMCA after the datamported. In the
summary plots one can get a model overview andaees as Rand @.

20 SIMCA-P 12 User guide
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To review the fit and investigate the model thee&basic plots to look at.
Scores:Displays trend, groupings and outliers.

Loadings: Displays the important variables and variable eations. How
important the X-variables are to describe Y

Coefficient plots: Displays the coefficient of the PLS model of eae$ponse.
VIP (Variable Importance Plot): Displays the overall importance of each X-
variable to describe and correlate all Y responses.

Observed vs. Predicted:Displays the actual value versus the one predicted
by the PLS model.

15



3 Theory

This chapter explains some theory regarding cart@terial and packages as
well as the theory around perforations as openiagd how they are produced
in the converting process.

3.1 Paperboard technology

Trees in the forest consist mostly of wood fibéis.create pulp, which is used
to produce paper and paper board, as much as |gossitinese fibers needs to
be extracted from the wood. When pulp becomes péperfibers bonds
together in a structural network. To be able toarsthnd the properties of
Tetra Pak’s carton board, which holds approxima@€lyo of the strength and
stiffness in their packaging material, a study apgr and its nature have been
done.

3.1.1 Fiber network

The structure of paper can be seen as a 2-dimexisi@twork structure of
fibers formed when the paper mass is dried andible#s are connected to
each other. The strength and formation of thesrgilban be influenced by the
production process and by that affect the finalgpap board properties. Pine
wood, which has a relative easy structure, haslyn®st mm long fibers with
a width of 50pum. The alignment of these fibers in the network afected
by the production process and more fibers folloes thachine direction than
the cross direction which creates its directiogalitocally the properties of
paper can vary due to formation and flocking. Tiers have a tendency to
flock or connect to each other in groups which wilange the fiber intensity
across the material as well as the material prigzein these spcﬁ%

Lumen (cavities)

3.1.2 Fibers

Regarding mechanical properties of C-\x__,,.-ﬂ,_- Saoriny
paper it is not equivalent to treatitas a L

collection of fibers connected to each
other. It has to be seen as a structure
and this structure is often weaker than . Lx
the fibers it contains. Investigation
have also shown that a fiber dried ==,
within the network structure has lower
strength than a pulled out fiber dried
by its owrf®

Figure 8 - Fiber cell's wall structure

L Discussion with Johan Tryding, Tetra Pak Base kiite
22 paper physics (1998)
Z paper physics (1998)

16



The wood fiber cell wall structure consists of saléayers. The processing of
the fibers decides how much of the fiber structilna you are able to keep
intact and it affects the paper properties. As seefrigure 8the middle
secondary wall is the thickest one and contribtitesnost to the fiber strength.
Length is also a very important characteristic tilffuence the mechanical
properties. The longer fibers there are withinieéwvork the more bonds can
be established to other fibers with a stronger adtvas a result.

Studies of single fiber properties show a wide rifigtion of results, e.g.
tensile strength values. That the variability agigeom the biological raw
material is probably true and the non uniform papking-process does not
make it bette.

3.1.3 Bonds

The paper strength comes from the bonding withenrtetwork and there are
four types of bonds acting to hold the fibers tbgét

» Chemical bonds within cellulose molecules
» Intermolecular van der Waals bonds

* Entanglements of polymeric chains

* Inter-fiber bonds

The primary bonds between paper fibg
are the chemical hydrogen bonds as
as van der Waals bonds which also are
only two that you can quantify wit
bonding energy. Hydrogen bonds whig
are much stronger are formed when
hydrogen atom bonds with a negati
hydroxyl group between the fibef§ see
Figure 9. The number of bonds that can
formed are limited and the better aligng

the fibers are the more bonds can Fjgyre 9 - Hydrogen bonds betwee
formed. The directionality of the hydroge fibers

atom to hydroxyl group bonds together with the digiellulose molecules
make it difficult for these bonds to form in tog/graper.

When the paper is dry and contains less wateriligesf come closer to each
other and inter-fiber bonds are formed. In wet paghe water affect the
possibility for hydrogen bonds and it is the weakan der Waals bonds that

24 paper physics (1998)
% paper Physics (1998)
26 paper physics (1998)
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hold the paper together. To further increase the paper properties fillers
including polymeric mediators can be used to creatamlent bonds that are
strong and not affected by moisture.

3.1.4 Specific Tetra Pak board

Above the basics of paper have been studied anfilintdamentals are also
valid for board materials even if they are thicked contains several layers.
The board used in this investigation is a relagi@in with 80mN stiffness. It

is a duplex board containing different layers giviit stiffness. An outer

bleached layer covered with 2 thin layers of claatcgives this material

excellent printing property. By having duplex méerbuilt up by several

layers the stiffness can be increased without gakigher density or thicker

material. The I-beam structure works like a comigosind assures enough
stiffnes$’ of thin paperboards.

Figure 10 - I-bean composite structure in boartf

In terms of tensile and tearing strength the I-bestimcture is not increasing
performance and could instead result in problengarding the strength
between the layers in thickness direction. Thisicstire is also one of the

2" paperboard Technology course, Tetra Pak
28 paperboard Technology course, Tetra Pak
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reasons, together with the fiber alignment, thagates the strength and
stiffness difference between machine-and crosstitre

Moisture does affect the properties of the boary weuch. Bonds are affected
and the properties of the paper are changed dowisture variations. It is a
balance between board cracks with good fiber awtproperties, or having
difficulties to penetrate the board with the kAffeln Tetra Pak converting
process the moisture content vary between 5-7%.

Moisture .
Low High

- risk of bridge cracks z - bad cutting performance

Figure 11 - Conflicting requirements

3.1.5 Paperboard properties

There is a couple of ways to describe paperboarderats and its
characteristics. Paperboard gets its strength ttanfibers and their bonding
which makes the number of fibers crucial for anyhef mechanical properties.
By looking at a paper as a 2 dimensional structbee coverage and fiber
intensity can be described as below.

Equation 1 — Coverage (2- dimentional systerif)

c=NI,w, /A=Db/ g,

Equation 2 - Reltive bonded area (2 dimentional sysm)**
RBA= [2cA- 2A(1- exp(-c))]/2cA=1- (L-exp(-c))/c

N = number of fibers

I+ = length of fibers

w; = width of fibers

A= area

b = basic weight of paper
Br = basic weight of fibers

29 paperboard Technology course, Tetra Pak
%0 paper physics (1998)
31 paper physics (1998)
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» Tensile strength (N/m): T = F/b

« Stiffness (mN): The stiffness is described by thexmmum force
needed to bend a 38mm wide strip 15°.

» Z-tensile strength (kPa): The pressure needed ltamample apart in
Z-direction separating 2 of the several board leyer

* Roughness, Bendtsen (ml/min): Measuring of thelaufbetween a
circular measuring head and a flat paperboard sariiple air is able to
flow due to the uneven surface of the board.

3.1.6 Board breakage

There are two different ways to break paper boadlits network structure of
fibers. Depending on the bonds between fibers withe network structure a
fiber is either pulled out or broken when put untirsile load. During fiber

pull out breakage, the energy is decided by thgtlenf the fibers and the
number of linking points. The external load, applan the network, will pass
from fiber to fiber through shear forces until tbends can not hold any
longer? and the fiber is pulled out. See Figure 12

The number of linking points, and by that the bmegkenergy, can be
increased during processing of the paper. Calemglawhich compress the
board and increase the basic weight of the materallts in closer fibers and
more connections and fiber to fiber friction? Tagrienergy is increased by
calendaring to a point when the bonding energysishigh as the tensile
strength of the individual fibers which will causieem to break instead of
being pulled out.

According to Figure 18ne can see how tensile strength is increasedgbehi

RBA achieved by calendaring. One can also seeitica¢ased fiber length,

width, and bond strength are a much more effet¢tvacrease tensile strength
but harder to achieve.

Equation 3 - No fiber failure, weak bond$®

|
T =N, [RBAZ, W, &>
2

Equation 4 - Some fiber failure

F
T=N,F|1- f
2[RBAT,W, I,

32 paper physics (1998)
% paper physics (1998)
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T = Tensile strength

Ny = the number of fibers that cross a unit fracture |
Tp = breaking stress of bonds

Fr = Fiber strength
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Figure 13 - Improving tensile strength by increasedRBA*®

In the literature there are many different modelgarding tensile strength of
paper. It is not known which of them that is rigit wrong but one should
know that the variations of the models are far I the uncertainty in
deciding the microscopic parameters they use. Rgmmas bond- and fiber
strength, coverage, RBA etc. are not trivial to suea or estimate and the
achieved results by using these parameters anecastairi’.

34 paper physics (1998)
% paper physics (1998)
% paper physics (1998)
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3.2 Converting process

During the converting process, material aimed fetrd Brik Aseptic packages
goes through three main stages as seen in Figure 14

(rov ) (o) (5

Figure 14 - Converting process

1.5 meters wide paper board rolls are deliverechftioe supplier and arrive at
the printing press. This is where printing, cregsiand cutting are done and
out comes material with the final print, creasebeaable to fold the packages
as well as perforations and contingent punchedsHolestraws or screw caps.
After the printing station the material arrives ttee laminator where it is
laminated with aluminum foil, extruded polymer amdsome cases plastic
film. The material is now complete and the laspsgeslitting. At this stage the
wide roll, in this case containing seven lanes atkages, is slitted apart to
have the width of one package and to be readyhiifiling machine. From
now on a lane is called web which is the Tetra &gkession.

3.2.1 Crease tool

The perforations are made in the printer where dhdgon runs through a

creasing tool consisting of rolling cylinders equed with anvils and knives

that cut all the perforations. This is a high sppemtedure and the carton runs
in several hundreds m/min through this tool. Ong dhallenge is to assure
that all the hundreds perforations that are ma@eyesecond along the width
of the wide roll have the same quality and folloke tspecification. The

engagement of knives is set very precisely and gémnn centesimal of a

millimeter can affect the opening or integrity merhance.

3.3 Perforation Design

The aseptic technology is protecting the contertt perforation is one of
many solutions to be able to open the package aorvenient way. The
perforation is not more than a line where a knifd ds teeth have cut into the
paper board to make it weaker. Along this line,ststing of cuts and carton
bridges, consumers are able to tear an openirgipdckaging material which
can be used to pour the content of the packagep@tieration comes in many
different shapes depending on the package size shage. The relation
between tooth and gap on the knife vary both betwééferent shapes,
different board types, as well as between diffesmttions of the perforation
knife. The designs are chosen to be able to teas #asy as possible at the
same time as integrity is not conceded and comgestiays simple.
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3.3.1 Integrity vs. openability

The main focus for Tetra Pak has always
been and will continue to be integrity
which means that leakage from inside or
outside is unacceptable. With this focus,
openability has been forgotten and lately
problems to open perforated packages &
have been discovered. The more one
perforates the material the weaker the
package will become and leakage will be
the effect. But on the other hand if the
depth of the cuts are not deep enough 3
do not go through the printed board it will
be very hard to tear and the problems with
openability come up. Aluminum foil anc

increasing polymer weights are als Figure 15 - Plastic residues
affecting the openability and that is why this gesbh only occurs on aseptic
packaging solutions. Lower adhesion between th@eénpolymer and the
aluminum foil together with the higher strength tbe polymer can cause
plastic residues blocking the hole after tearinglisme, see Figure 15. An
infinite headspace is also conducing to this pmoblecause of how different
liquids affect the adhesion of the inside polymeriny storage.

3.4 Aseptic technology

Aseptic technology achieve a totally sterile pa@kggystem where no air or
bacteria comes in to the packages and they canfretsly for a much longer
time, often even without being refrigerated. Sorh¢he differences between
an aseptic and a non aseptic package will now beiomed.

3.4.1 Headspace

When filling packages the final liquid level in tlbosed packages can be
chosen. The distance between the liquid level aedtap of the package is
called headspace. Within aseptic technology nelauld be contained inside
the package together with the content and oneisolid to increase the filling
level to 100%. In some cases this is not possiig,if the content needs to be
shaken before opening, and this issue can be sblydidling the headspace
with an inert gas or sterile &if.

3.4.2 Material

If the content of an aseptic package should be @bktay fresh for a longer
time it needs a higher protection from the outsitleis is achieved by the

%" Head pace, Tetra Pak internal webpage (2008-09-26)
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different material structure used in aseptic paekad\luminum foil is added

to work as a light and oxygen barferThe packaging material aimed for
aseptic products also needs more polymers to affserategrity for a longer

time. An adhesive polymer also help the aluminunstick to the paperboard
as well as increase the adhesion between the itayde polymer and the

aluminum foil. In figure 5 one can see the matestcture and how the
different layers act to keep the beverage separdtech the outside

environment.

Maizture Miero-
of water Light organisms Cooygen  Cdours

E : H

e
e

T— e coating
T-Printing

¥ "‘Ilj'-Papar board, bleached
> ) r:| with or without clayeost

]
—i—Paparboard, bleached or
! unbleached
i ——Larmination
7— Adurninium
h ¥ T——Internal coating 1
} —5——Intemal coating 2
]
! |
[

1
Product Flaawr

B A

Figure 16 - Packaging material structuré®

3.4.3 Sterilization

Aseptic packages are filled in a sterilized envin@mt and together with
sterilized material and beverage the final packagessterile and bacteria free.
The liquid is UHT (Ultra High Temperature) treatgdior to the filling
machine and the material runs through a hydrogeoxjte bath at 70°C or is
sprayed with hydrogen peroxide getting the sameceffThe UHT treatment
process implicates a short increase of temperabuedicitate existing bacteria
and microorganisms without giving the beveragetdsée of being preheaf@d

3.5 Fracture Mechanics

To be able to understand the breakage of the btherdbasics of fracture
mechanics have been studied which are the foundaftidhow material can
resist breakage and failure.

3 packaging Material basic knowledge
% packaging Material basic knowledge
0 UHT, www.tetrapak.com 2008-10-20
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3.5.1 Modes of fracture

In fracture mechanics there are three differenctén® modus defined
depending on the applied load.

o 5 =

7 o L

Mode I opening , IMode III; out-of-plane shear
Iode [ID in—plane shear

Figure 17 - Fracture Mechanics modus

The stress intention factor in the crack tip, whighwhat forces a crack apart
and let it propagate, is different for these thresled™.

K, =]im o, (x0~v2x

X—+0 Ya

Ky =lim T,, (X,0)v 27

X—-+0

v

Ky = Ilm Tyz(X’O)Vzm —

X-+0

Figure 18 - Coordinate system

The three intensity factors depend on crack dinegrssand loading conditions
and to make a crack propagate the intensity fawteds to exceed the fracture
toughness K which is seen as a material parameter. In gemas#ds there is
often a mix mode containing all the three mode<rilesd in Figure 17 and
superposition is used to regard all three modesed™.

3.5.2 Material weakening by perforation

The perforation is done to weaken the package mhiong a line and by
that enable the package to be torn opened by hestelaid of using a pair of
scissor. The cuts in the perforation should alwgyghe whole way through
the board and it is the bridge length, separatiegcuts, which should control
the remaining strength of the board. By doing RR8l#tive Tensile Strength)

1 Formelsamling Hallfastighetslara
2 Advanced Mechanics of Materials (2003)
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measurements, for example on perforated printeddba@me can see that the
relative value of force needed to pull a 15mm ws@enple apart with and
without perforation is similar to the pitch in pent as long as the cuts goes
fully through the board. With this in mind and laog at the remaining
strength of the board one says that the fibersiénbridges are unaffected by
the perforation knife and the fibers in the cut lameken.

Fibers in MD are
[ cut of by the
It Hie Ll knife.

A
v

L

Figure 19 -Schematic picture of perforation and fikers

Example according to Figure 19
Length of sample (L): 7,5mm
Length of bridge (L): 0,9mm
Length of cut (k): 0,6mm

5 0p=—0°
L, 09+ 06

Tensile strength material (T):17 kN/m

(100=60%

Tooth Pitch (P)

Remaining strength after perforation
(Tp): T, =LOPIOT =0,007506017 [10° = 765N

When tearing a package the possibility to tear glibhe perforation is a very
important factor. When the tearing loose tracktaf perforated line it is not
controllable any longer and bad opening can cone rasult. To enable good
tearing that follows the perforated line there amere factors than the
remaining strength that contribute to good perforoga The remaining
strength of the material is decided by the tootiahpbut the relationships of
bridge and cut is not irrelevant. If each cut ie therforation is seen as an
internal crack the energy concentration at thelkctgr can be something to
consider when designing perforations. If the regtdar cut is simplified with
an elliptic shape the energy concentration at thekctip is influenced by the
length/width relation of the cratk

43 Advanced Mechanics of Materials (2003)
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One can see that the longer/thinner cuts the @ior consist of the higher
factor a/b will become as well as the energy cotraéion at the crack tip.
The higher this concentration is the more of thgliad energy during tearing
will try to break the bridge between two cuts.
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4 Mechanical tearing method and material

This chapter describes the mechanical tearing pdace and the material
used for this investigation.

4.1 The equipment

Mechanical tearing is used to be able to excludstrabthe human variations
during tearing of perforations. It also makes itsgible to do quantitative
measurements and compare the results and howgeasarffected by different
material recipes, process specifications and patitor qualities.

4.1.1 Machine

The machine used is a tensile test
Zwick/Roell Pro-line, with a vertical force
measurement system. The load-cell is valid
to 1 kN vertical force. The tearing procee
with constant speed and the vertical force
measured during the whole lapse. In Figure
one can see the clamps and how they
mounted before measuring.

Figure 21 - Instron
measurement system

Load Cel
Connectac

Link to be able tc
swing the clamp

Upper Clamp

Stiff 90
degrees angle

Lower Clamp

Figure 22 - Mounted clamps ready for measuring
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4.1.2 Clamps

The clamps are designed to as good as possiblecntirai natural tearing
procedure done by human hands but with necessHgratices. The bottom
clamp holds the specimen along the perforationiaralso a support during
tearing. It is fastened in the bottom plate of ti@chine with screws and it is
shaped to allow maximum support during tearing authinterfering with the

moving upper clamp.

The upper clamp, which clamps on the other sid¢hefperforated line, is
attached on a long arm. As little material as gmesis put in the upper
clamp’s gap to assure that as few bridges as pessibs to be torn
simultaneously when tearing begins.

Figure 23 - How clamps are attached on both sides the perforation.

4.1.3 Test program

TestXpert Il is the software, provided by Zwick, ialn controls the
measurements and one can decide what to measurboando present the
results. In this case the raw data, which comesTR® files, are used to
evaluate and do calculations of the measuremdaxdel.

4.1.4 Input values

Sample rate: 100 Hz
Test speed:400 mm/min
Tearing distance:25 mm vertically
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4.2 Specimen preparation

Specimens are cut and folded from either printecrdboor laminated
packaging material delivered in small rolls. These a&ut into sheets of
package size and then folded in the middle of #véopation to be able to tear
them. After this it is cut on both sides to a seraflize that fits the machine. A
template is used to assure that every sample dedolhe same way and with
as less variation as possible.

During the initial qualitative study sometimes oolye side of the perforation
of printed board material is used. This meansttiasample is not folded and
instead is cut in half at the middle of the perfiomm

Figure 24 - From roll to final sample

4.3 Measuring procedure

During most of the measurements 10 samples of esaerial variant and
knife setting are tested. The force is zeroed betweery test before the new
sample is mounted in the clamps in as similar wayha previous one. The
test begins and after 25 mm vertical distance ésellt is presented and the
upper clamp returns to its initial position.

4.4 The material

The material used during this master thesis isywed in Jurong, Singapore.
The converting factory is equipped with a standarel VT-Flex printer and a
laminator capable of high speed lamination.

4.4.1 Board

The board is supplied from two different supplietsich are among the most
common board types used in TBA portion packs prodaocThere are some
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differences in structure and performance of thesads e.g. tensile strength,
roughness, grammage, fiber length etc. In this vilogly are named A and B.

4.4.2 Perforation

Each roll in the converting process has seven welsthe perforation knives
are set individually. When producing this matedaé has used this possibility
to create different perforation strength on all @ba. By this it is possible to
compare how the knife type and its engagement tatfee results and if
material from a center web performs differently pame to one on the edge of
the roll. Negative engagement means that the ksifeet to push against the
anvil and by that perforate through the board. Aifpee engagement creates a
gap between the rolling knife and the anvil whielsult in that the cut is not
done entirely through the board, called partial &dth light knives with a
60% tooth pitch and standard knives with a 50% htquitch are used. In
Appendix Aone can find microscope pictures that shows tHéerdnce
between some engagements.

mE

Figure 25 - Engagement setting of perf. knives

Negative E.

4.4.3 Polymer

The polymer on the material for this test considtour layers. The two most
inner layers are called the Inside 1 & 2. See Fd6 on page 24.

To be able to create different types of polymeersgth within this test two
different grammages of the inside 2 polymer aradlu€me level is according
to specification and a 15% increase of grammagaeltrés a thicker and
stronger inside layer used as a high level accgrairTable 2 on page 32.

4.4.4 Lamination

Lamination, which is the process where polymer ahgminum foil are
laminated to the board, can be set up in manyréifteways. The complicated
process contains a lot of possibilities and fos ti@ist one has tried to create
different values of adhesion, which is the forcddhm the inside polymer
layer together with the aluminum foil, by changimg of these parameters. In
previous tests two process factors have been famhtio change adhesion
between these two layers. When producing mateoaltHis test these two
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factors are run on two different levels to try teate low and high adhesion.
The factors are Die offset, controlling if the neeltpolymer touch the material
or the chill roller first, and Line load pressurentrolling the nip force
between nip roller and chill roller at thesideextruder station.

4.45 Number of variants

In total there are 35 different variants of lamethtpackaging material
available for testing. In Table 2 one can see Hm& variants and 7 different
perforation engagements result in these 35 posbil Due to the time

consuming tests the most important material contiuina are chosen for each
test to be able to do as good evaluations as pessib

Table 2- All avaible material variants

Variant 1 2 3 4 5

Adhesion High Low High Low Low

PE-strength Low Low High High High

Board A A A A B
Knife /E

web 1. | Light 0.00
web 2: | Light -0.02
web 3. | Light -0.06
web 4. | Light -0.00
web 5. | Light +0.08
web 6: | Stnd 0.00
web 7: | Stnd -0.06
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5 Qualitative tests

This chapter describes the first qualitative teshsne to get a greater
understanding of both the mechanical tearing praredand the results it
gives.

5.1 Answers needed

In this first part of testing one needs to get &dveunderstanding of the
mechanical tearing process to be able to creatod fpundation for further

testing and data analysis of perforations torn legimanical tearing according
to 4 Mechanical tearing method and materiék this stage of the study there
is no decision of how to measure and analyze thelteeor how to compare
different materials. There will also be tests totty answer the question if we
break the bridges in the perforation by tensileakrer tearing when using the
mechanical tearing method.

5.2 Planned tests

All qualitative tests will here be described onedmge and the results will
follow in chapters.3

5.2.1 High speed filming

The purpose is to film the mechanical tearing pdoce with a high speed
camera to get an assumption of what is happenimgpglthe tearing. With
different angles and zooms one wants to achievgoad pictures as possible
that can explain how the material cracks alongpbdoration. The material
used is a laminated board with well penetratinggvation engagement and it
is folded as explained in Figure 24 on page 30.

5.2.2 Starting with cut or bridge

The next test is to see how the tearing resulte@afly the energy peak, is
affected by the fact that there can be either aocwd bridge at the material
edge. Samples used are only of one sided printeddbmaterial without
folding to get results that are as easy to intergsgossible.
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Bridge Cut

Figure 26 - Bridge & Cut samples

A 80 mN printed board of type B with +0.00 engagemis used and 5
samples each with either a bridge or a cut in thgiriming are tested. The
material was produced in an earlier test loop imdg, Singapore during
spring 2008.

5.2.3 Engagements

Test is done on one sided printed board matetiat tlone to both see the
differences of result due to different perforatemgagements and knife types
as well as to get further knowledge of how to inyerthe analysis of the data.
The 80 mN board from the latest Singapore prodoasoused and 5 samples
each from web 2-7 are tested.

5.2.4 Tear vs. Tensile breakage

An important question to answer is, “Is a perfaatopened by mechanical
tearing torn or pulled opened when looking at eviedividual bridge?” Are
the bridges cracked by fracture mechanics ModudIld

Comparison is done by using both a tensile test@utl a perforation sample
(Modus 1) as well as a tear test that should bel@se as possible to complete
tearing (Modus IlI).

The goal of this test is to estimate if mechanieating measures a Modus | or
Modus Il breakage of the perforation bridges. Tikislone by comparing the
force needed in these two tests with the averageefafter the peak in

mechanical tearing.

The tensile test is performed in an Instron mactsmeilar to the Zwick
described earlier. A 35 mm wide strip is cut outtaining perforation in the
middle. The force (F) needed to break the perforatiridges one by one
during constant speed is measured. The goal ieeiklihe bridges one by one
with a constant average force and this is achidyechounting the sample so
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that the tearing starts at one side and continuessa the sample. By doing
this one wants to obtain a Modus | crack opening.

Load cell: 10 kN
Speed: 20 mm/min

i 35mm
F ; F
= .

Figure 27 - Sample for tensile test.

Figure 28 -Tensile breakage perforation

To achieve and measure Modus lll tearing diffemaethods have been tried
out. A tear tester build on the Elmendot'principle was first tried but it did
not tear along the perforation and because ofithata dynamic method it
would be hard to compare its result with the stiatisile method.

The next method tried out is based on a measuriethad used at a
paperboard supplier Frévi in Orebro, Sweden

The sample is cut as shown in Figure 29 and mouintede machine as an
upside down Y seen in Figure 30.

Perforation Long cut

\ \

X

Figure 29 - Sample for tear test

4 http://www.astm.org/Standards/D689.htm, (2008-1).-2
5 y-peel characterization of adhesively-bonded eabtoard: an objective method.(2007)
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Figure 30 - Y tear test

A piece of tape as seen in Figure 30 is put on sl of the perforation to
prevent delaminating of the board and keep thengao the perforated line.

Load cell: 1 kN
Speed: 20 mm/min

AF 4 F2

O This point is

@) moving

L2 upwards and
decreases while

perforationis

torn. F,
—
L |
af2 1
o I
|
% |
R

Figure 31 - Y-tearing principal and forces [45]
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The force acting on the perforation and its bridges denoted F F is the
force measured by the machine and the amggechanging during the test.

_ . [ 05
a'—sm( L J 1)
F a)
E - RCO{EJ - O (2)
(a)
F, - Rsm(zj =0 3)

Combiningeq. 2 & 3

F,= Etar(zj
2 2

In this test four different materials are testedhwboth B and A boards
together with light and standard knives. The foarants are from web 3 and
7 which both have -0.06 as perforation engagentesamples of each variant
are tested and compared.

In both these tests an approximation is used. Hvére perforation bridges
are torn one by one from one side to anothermntase than one bridge at the
time affected by the applied force. One can natkhihat the force distribution
is the same in both cases seen in Figure 32 and tehsile force is used it is
definitely a more linear distribution than in thet&ar that probably has a more
exponential force distribution.

Fn

%
\
5
N
=
\
\

F/2

Figure 32 - Force distribution



5.2.5 Fiber pull out

The force needed to break the board is dependirtpeonumber of fibers that
are pulled out or cracked according to chapt&r6 Board breakagd.o see if
there is a major difference in how the board asdiliters break a microscope
investigation of cracked bridges is done on simitzaterial from both the
tensile and the tear tests.

5.2.6 Process description

To increase the knowledge about the process and ig/tmaeasured during a
lapse all parts and what force that affects thenmduearing are investigated.
The important parts that are investigated are éhiny in between the
measuring load-cell and the breaking perforatiadda. This investigation is
done looking at the process when it is standidgssimewhere in the middle
of the tearing. This instant can be seen as validife majority of the lapse
after tearing is initiated. Many parameters arevkm@nd do not change but
there are also some of them that are related tstitiieess of the board which
can vary.

5.3 Results
In this part all the results from described testslve presented one by one.

5.3.1 High speed filming

The high speed filming made it possible to watcé tharing both from a
distance as well as close up views in slow motBy.comparing the films
from different angles and the resulting energy earit has been possible to
link curve characteristics with the tearing opemati When the tearing
followed the perforation a curve as below was agdewhich can be seen as a
perfect curve without disturbances.
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Tearingn Energy Absorption

Force (N)

-5 0 5 10 15 20 25 30

Distace (mm)

Figure 33 - Typical energy curve

The filming also made it possible to extract snapgiictures from the high
speed film. In Figure 34 one of these pictureshiewsng the side of the
perforation facing down during tearing. The shinpigce between the two
breaking bridges is the polymer elongating befbeelireakage.

Figure 34 - Snapshot of breaking bridges and polyrme

5.3.2 Starting with cut or bridge

The test result contains energy curves, bar chawigng total energy, average
graphs comparing cut and bridge as well as a talile measured values for
all samples. One can see that the sample cBliede 5distinguishes from the
others and by looking at the torn sample it is fmbssto see that the board
have delaminate which affects the result and irseré¢lae tearing energy.
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TEA

——Cutl
——Cut2
—Cut3
——Cut4
——Cut5
Bridge 1
—— Bridge 2
~—— Bridge 3
Bridge 4
—— Bridge 5

Force (N)

Distance (mm)

Figure 35 - Energy curves bridge vs. cut

Total Energy
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Total Energy (Nmm)
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40,0

0,0

cutl cut2 cut3 cut4 cuts Bridge 1 Bridge 2 Bridge 3 Bridge 4 Bridge 5
Sample

Figure 36 - Total energies bridge vs. cut

When looking at the total energy for the ten measients it varies between
79 and 92 Nmm if the test “Bridge 5” is seen a®atlier.
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Cut vs. Bridge
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Figure 37 - Average curves Bridge and Cut samples

When two average curves are created, one for tligeéorand one for cut

samples, the difference is hard to notice. The Fadkis nearly the same, 5%
difference, and there is only a small rise of farcéhe end of the Bridge curve
that separates them.

5.3.3 Single side printed board

The result contains different energy curves anddbarts from measuring 6
different webs with different engagements and knifpes. Figure 38 and
Figure 39 show the average results from each wielbeSome of the samples
did delaminate and tear outside the perforatiomfeiglO and Figure 41 show
only one measurement from each web that did te#rsi®uld, i.e. along the
perforation.
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Averages web2-7

—— Web2light-0.02
—— Web3,light-0.06
Webd4,light 0.00
~—— Webs,light+0.08
— Web6,std 0.00
— Web7,std-0.06

Force

Distance
Figure 38 - Energy curves different engagements

Measurements engagement test

100,0

80,0
70,0

60,0
O Total Energy

m Peak Force

O Energy5-20mm

50,0

Energy (Nmm)

40,0

30,0

20,0

10,0

0,0

Web2 Web3 Web4 Web5 Web6 Web7
Web

Figure 39 - Bar chart measured values

In Figure 39 one can see that the total energy doeshange between web 2-
4 but increases for material from web 5. When tlamdard knife is used on
web 6 and 7 the lowest total energies are measUiee.Peak load is not
changing very much except for the standard knivesveb 6 and 7 were it
decreases a bit. The yellow bar shows a new measutethat quantifies the
energy for only one part of the curve. To reduce \thriation of the peak the
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energy between 5 and 20 mm of vertical tearindi@sen and the values have
a similar relationship to each other as the Tatergy.

TEA

——Wehb2 light,-0.02
——Web3,light-0.06
Web4,light 0.00
~— Webb5,light+0.08
——Web6,std 0.00
—— Web7,std-0.06

Force (N)

Distance (mm)

Figure 40 - "Good" samples

Studying the “good” samples in Figure 40 and Figtteshow more difference
than the average values in Figure 39. The “Enefg9 Bnm” follows the Total
energy relationships and the Peak load scores stigitaveb 3, even if it has a
deep engagement, and lowest among the standareisknsed.

Total Energy, good tearing

B Total Energy
B Peak force
O Energy5-20mm

Energy

Web2 Web3 Web4 Web5 Web6 Web7
Web

Figure 41 - Bar chart "good" samples
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In Figure 42 one can see the Average Force anénleegy/cell values for all

6 webs measured. The Average force is a measureshéhneé average force
needed after the peak and the Energy/cell intemdpécify the value needed
to break one cell, sée4.2 Following tearing

Energy/cell & Force after the peak

5,00

3,80 3,56
4,00

@ Energy/cell
O Awerage Force

©0

Q

o
|

g

[=]

o
|

Energy (Nmm) /Force (N)

L
Q
o

o

[=)

=)
|

Web2 Web3 Web4 Web5 Web6 Web7
Web

Figure 42 - Average force

5.3.4 Tensile or Tear breakage

The five upper curves F1-F5 in Figure 43 is the snead force F during the
test. By calculating the difference in angldetween the start and end of the
test and spreading it out over the 300 measurepwnts during tearing of the
perforation the force B-F,5 have been obtained and are shown below the F
curves. This is a fairly steady curve showing thed needed to break bridges
during the lapse.
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Board A Web 3

Force (N)

— Average

Measurements

Figure 43 - Y tear plot board A web 3

Average plots of the four variants show that mateproduced by the light
knives is harder to tear than material producedtagdard knives, exactly as it
should be and the difference between A and B bora®t significant but

present.

Y-tearing test

——F board AW3
——F board AW7
F board B W3
~ Fboard BW7
——Fn board AW3
——Fn board AW7
——Fn board BW3
——Fn board B W7

Force (N)

Measurements

Figure 44 - Y-tear average plot
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When looking only at the fplots in Figure 45 one can see that they vary a
litle more than seen in Figure 44. Considering thés the measurements in
the beginning of the curve that is most applicabietl the twisting of the
sample disturbs the measurement, the force iseseimugh to be considered
as constant around 4 N or just below.

Tear Force Y-tearing

RO

3

——Board AW7
Board B W3

4
U5 W |- Board B w7
. \ /\ \Y !

Force (N)

0 50 100 15;0 200 250 300 350
Measured values

Figure 45 - F, plot in Y-tear

When breaking the perforation with the tensile rodtlhe result is slightly
different. As in the Y-tearing test the measureddois stable during most of
the perforation breaking procedure which is gootie Tesults from each
variant looks like Figure 46 and by choosing a pathe middle of the curves
and calculating the average result shown in Figdres achieved.
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Figure 46 - Tensile breakage perforation
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Figure 47 - Average tensile breakage force

Once again one can see that the B board needsrHimilce to break and at
least in the A board the difference between light standard knife is

significant. The force needed significantly higiretensile breakage where the
average force for the different knives and boaaty between 35-45 N.
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5.3.5 Microscope investigation

In Figure 48 and Figure 49 one can see picturesaafked bridges that show
the remaining fibers. The most significant differeris the fiber size between
B and A boards.

Figure 48 — Broken bridges board A, tensile (leftand tear breakage (right)

One can not see any major difference between tldgds cracked by tearing
or tensile force.

Figure 49 — Broken bridges board B, tensile (leftand tear load(right).

B material has more remaining long fibers that haeen pulled out instead of
being broken.

5.3.6 Process description

Free body diagrams are made for all parts to spettie forces and
momentums that are present to get a clear pictiutieeocase. The forceAn
Figure 50 is the same as the measured force Fgtmntest.

48



-B, =0
:By:Cy:F
B,~A =0

A
A:M,-B,L,;=0

1:C,-mg-D, =0
D,=F-m,g
-:D,-C, =0

X

Mo :M, -C, O, [€0osd -

m.g ;D $in6+C, O, $3ind=0

tE,-mg-F, =0
F,=F-mg-mg
-:F,-E,=0

Me:-M. +M, —F, [L 3in6-

m.g dﬂ [Cosf - F, (L [€0SA =0
2

Figure 52 - Lower part of clamp 49
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Figure 53 - Torn perforation
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Figure 54 - Clamped part of perforation

Looking at the equation systems for all parts omesege that there are always
more unknown factors than formed equations whichmadhat the system can
not be solved in a simple way. When looking atrestant of the lapse some of
the factors are possible to decide and measure.

Measured value:

F — measured during the whole lapse.

Fixed values:

mctma— 3,4 N

ms — The mass of the torn part of the perforation
I—AB - 0,02 m

Lcp- 0,224m

Leg- 0,048m
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Board stiffness related values:

0 — The value of the angle decreases during the lapdewith lower board
stiffness.

a — The value of the angle decreases with higherdostiffness.

Lne — Depends on how far in to the test one has come.

As the stiffness of the board seemed to affecttdaing one decided to
evaluate the difference betwe@®nand a for different material stiffness’s.
Three different boards were torn and pictures wekert to analyze the angles
and shape of the torn part. Figure 55 to Figuresb@ws the same part as
described in Figure 53. One can see lhawncreases with lower board stiffness
which affects the force and momentum acting on plwént where the
perforation bridge is torn. The andgde which is between the clamp arm and
the vertical, decreases during the lapse and whiklzera.

Figure 55 - 320 mN board

Figure 56 — 80 mN board
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Figure 57 — 0 mN board

5.4 Analysis

A perfect tearing, done by the mechanical tearieghmd described in

4.3 Measuring procedurgives us a graph like Figure 33 on page 39.dtrise
with a major peak followed by a rather straightelidescribing the force
needed to break all the following bridges of thefg@tion. In good cases it is
even possible to find out the number of broken degl by counting the
number of minor peaks in the graph. The analyste@performed test is done
by going through the resulting graph’s differenttsens and phenomenon.

5.4.1 Energy peak

The height and width of the peak can vary a lot andkescribes the force
needed to initiate the tearing. There are seveesdomes for the variation and
they come from both the material and the test eqaiy.

When the material is clamped along the folded exgesral bridges has to be
torn at the same time. Later during the tearing ilmaximum 2 bridges at a
time, one on each side, to tear but in the inpiahse it is most likely more
which increases the force needed. To have as imléations as possible
between the samples one needs to clamp at theaoeeevery time.

By folding the packaging material the possibility lbuman interference
increases. When tearing a package by hand thedbtie folded edge of the
perforation probably have a major impact. If thexex perforation cut on the
folded edge there will be easier to focus the @pbpliorce to break the
following bridge. When the perforation is torn manically this influence is
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much less according t6.3.2 Starting with cut or bridgeesults. The upper

clamp that holds approximately 2 mm of materiall wélar more than one

bridge simultaneously when tearing begins and #aiseaffect compared to

human tearing. As seen in Figure 37 on page 41P#ak load difference is

less than 5 % between samples with and without avhare the tearing begins.
That can not be seen as significant and this isthevwconclusion is drawn that
we can not compare the affect of cut or bridgehalheginning the perforation

with mechanical tearing.

When looking at an open package and how it has bkeenped we can see
how it appears to have double thickness in theefibldrea, seen in Figure 58.
This makes it tougher to tear and increases the IBadkcompared to one side
tests.

Figure 58 - Picture of the folded edge showing itouble thickness

TEA
In the initial phase of the tearing the 8 reanng
material between the two clamps, _ [‘7 initialized
approximately 1mm wide as seen in =8 : Energy
Figure 23 on page 29, is stretched and it \ / e i
is within the paperboard’s elastic region. = [ [ - Pinstic
When the angle of the slope is changed (i IR ¢ tetormatonial
closer to the top of the peak the materig—*° L,
starts to deform plastically. When the tog y

is reached the material has undergore™ ™| e
both elastic and plastic deformation but /
tearing is not initialized yet. The energy
put into the system until the peak load is
reached both deforms the material andis  * |
stored within the system. This stored
—_—

energy is released as soon as tearing IS
initialized which cause a major drop of

=

53 Figure 59 - Energies within the peak



force. The higher peak there is the more storedggnis available to start the
tearing and the steeper the drop will be. The hHemhthe peak is not
proportional to the following force or TEN

energy needed to continue the tearing. _zs
The ability to store energy within the
system depends on its rigidity and | __ f\
stability. Elastic material can store
more energy than stiff material and

each joint between the load cell and the ™
perforation that does not fit perfectly
will affect the energy storing
possibility. The width of the peak isz \L\\

decided by the possibility for thef —is A S
material to deform plastically and if thet | — s
breakage is tough or brittle. The s
amount of material between the clamps
has a big impact on this result.

Here one can see how the height of the
peak change the drop of the force but
all three samples gather together
afterwards and the tearing continues
with similar forces regardless the ~= . .
variation in Peak load, ?.e. the Peak Figure 60 — Different peak heights
load does not explain the openability during trst of the tearing.
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5.4.2 Following tearing

In the perfect conditions, where the perforatiamelis followed during the

tearing, the force needed to tear the followingddges is stabilizing only

shifting up and down for every cracked bridge, #mel same average force is
needed during the rest of the tearing. If the pdhooses another direction
outside the perforated line the second part ofgtiagh will be less consistent
and the force value will increase towards the ditdls will also be the case if

the material starts to delaminate and the diffelaydrd layers are torn apart
during tearing.

To be able to get a more detailed picture of theingaorce than the total
energy, as well as exclude the varying Peak lotattifig the energy to peak,
the part of the curve after the peak has to be umedsseparately. After
analyzing result ir5.3.2 Starting with cut or bridgeas well as the high speed
video recording it is decided that between 5 andr2fl in vertical tearing
distance there is approximately 10 or 12 bridges &long the perforation
depending on knife type. To be able to get a moeeipe measurement the
energy per cell is calculated. A cell consists é dridge and one of the cuts
located next to it. The average force needed tdirnom the tearing after the
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peak is also measured. According to Figure 42 e @@ one can see that the
average force does not vary much and only chanigirithe web 5 with the
partial cut and web 6-7 perforated with standardds

As a conclusion from the initial tests there is aed to make more
measurements than Total energy, Peak load, and Em@ggeak to bring out
more information from the collected data. In foliagy tests complementing
values will be measured as described in number 1-4.

1. Energy 10-20mm:A value which is an energy measurement that is not
affected by the varying initial peak. Changed fr&@20mm when
folded packaging material is used instead of ode printed board.

2. Energy/cell: The Energy/cell is achieved by taking the “Energy 10-
20mm” and divides it by the number of cells tormidg this distance.
Light knife: 7 bridges, Standard knife: 8.5 bridges
With this measured value one can compare light staddard knife
values.

3. Average force: The average force needed during the interval ofol0 t
20 mm.

4. End average force:The average force in the end of the lapse which is
often increased due to polymer elongation if thenga is not torn
along the perforation.

Together with these measurements one can use qumbgeen the

measurements to compare samples. One used is &npéx End Force /
Average Force to see how much the force increasigeiend of the curve due
to e.g. polymer elongation.

5.4.3 Breaking Modus

The results show that the force needed to teardmgdris much less than the
force needed to crack it by tensile force. Of ceurge can question if 100%
Modus | and Ill have been achieved but somethig tonfirms the result is

the internal relationship between boards and kniviesh are the same in both
cases comparing Figure 45 and Figure 47 on pagd7#6,The difference in

force needed is approximately 10 times and whitedgeason?

Looking at the difference between the two force-appnations described in
Figure 32 on page 37 one realizes that this isairie reasons for the big
difference. A more linear force distribution in ttensile load case increase’s
the measured force. One can also see that it cabenthe only difference
when looking at the measured force in the tensigec When tearing the last
bridge one still has to apply a 30 N force accaydim Figure 46 on page 47
and then the force distribution act on only oneldei and have a nonexistent
impact. Something to have in mind is that by ddRigS test explained iB.5.2
55



Material weakening by perforatiothe force needed to pull one bridge at a
time is varying between 15-20N for this type of lwband knife set up.

The more exponential the force distribution in tharttest is estimated to be
the more of the measured force is focused on thakiong bridge. One can see
that there is a change in the measured force tiféehalf lapse and the force
distribution can be the reason. The perforatiorB3snm long and if it is
estimated that the exponential distribution streketif of the perforations
length this force reaches the un-perforated boted the half lapse. This will
increase the measured force due to the increasedg#t of un-perforated
board.

When looking at the microscope pictures there wasignificant difference
between tear and tensile breakage. One can themasthat it is not the
number of pulled out or broken fibers that creatkse force difference
according t®3.1.6 Board breakage.

When the force distribution or fiber breakage can explain the difference
the next reason to evaluate is the difference of tiee force is acting on the
material. When tensile load is used the force ily @cting within the x-y
plane which is the cross- and machine directionghef board. In these
directions the strength is varying between 7 andkR0m with the lowest
strength for board A in cross direction. If thecltness of the board is
considered the strength is calculated to 25-70 Ninifhe out-of-plane Z-
strength, in the thickness direction, is 100 tiroeger and around 0.5 N/mfm
The shear force a board is able to resist is alschnawer than MD-strength
and around 1.1 N/m?nConsidering this one can assume that the apfired
acts slightly in the out of plane Z-direction dwirY-tearing as well as
shearing the material instead of pulling it apattick cause’s the force
difference.

The goal with the test is to be able to estimatectvikind of Modus that is
used during mechanical tearing by comparing theaaeeforces. To be able to
compare the same material one has to go badk3® Single side printed
board which is the result from tearing similar material @ove by using the
mechanical tearing method. By studying Figure 3®age 42 one can see that
a force around 3 N is needed which is even sliglotlyer than the force used
in Y-tear seen in Figure 45 on page 46. By considahis one can decide that
also during mechanical tearing some part of theefas acting in the weaker
Z-direction out of the stronger X-Y —plane. Both theechanical tearing
method and Y- tearing are according to modus IlI.
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5.4.4 Process description

By investigating all forces within the system iretfree body diagram it is
easier to understand how the measured force Fnelgeith a momentum acts
on the perforation.

Looking at the equations for Figure 53 it is possilib derive some
conclusions about the forcg Ind momentum Macting to tear the bridge.

H,=F-mg-mg-mg
M, =-M; -G, [L,; [sina +

msg E—’? [tosa -G, [, [tosa

As m=0
My =-M; =G, [L, [sina -G, [L,, [cosa

As the measured force always is zeroed with theaglaanging freely one has
already compensated for the mass qfaimd m. As said earlier gtcan be seen
as 0 due to its small size.

H, =F
Hx=Gx:Fx:Ex:Dx:Cx:Bx=A<

My =-C,Lpcos6+C Leysind+F L sin+F Lg. cosf -
G, L Bina -G, [, [tosa

My = (FyLEF —CiLeo )005‘9 + (CyLCD +F Lge )sinH -
Lic (GX sina +G, cosa)

The force His not affected by the anglesand6 and by that not the board and
its stiffness. The momentum Ms affected byx as seen in Figure 55- Figure
57 on page 51. Measured valuesidbgether with calculated values®have
been a foundation of a linear relationship betwedghand the momentum M
Plots of this relationship can be seei\ppendix F

5.5 Summary Qualitative tests

When summarizing the first investigation new knadge of the process has

been established. First of all the energy peak doégell us more about the

material than what force that is needed to initidiie mechanical tearing. If
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this force correlates with the toughness a perseh tb begin the tearing is
unknown. The peak is also most affected by how $smgre mounted which
is a problem when measured values are compared.

The part of the curve after the peak is more aftebiethe material than how
the sample is mounted but there is a need to ash&vmore specific
measurement than there is today. The energy dftepeak, energy/cell, and
average force are possible measurements that wikualuated in the next
chapter.

When tearing the sample by using mechanical teavimg is very close to
tearing and not pulling. The difference in force viegn Y-tearing and
mechanical tearing is very little and distinguishténsile breakage that has a
10 times higher force. The lower force in tearinghpare to tensile breakage
is due to that the force is not only in the straniyb/CD but also in Z-
direction which has much less tensile strength.r@hare no significant
differences, which can be seen with a microscopéwden the number of
broken or pulled out fibers in either tear or tenbreakage.

When looking at the forces acting within the prageseen irb.3.6 Process
description,one can determine that the vertical force actinghe breaking
bridge, measured by the load cell, is not affedigdparameters as and 6
related to board stiffness.

58



6 Quantitative tests

This chapter contains the second and major patésts within this thesis with
a quantitative approach testing enough materiab&t a statistical approved
result.

6.1 Test description

This part of the thesis should evaluate the matégistied and correlate the
measurements done by mechanical tearing with botbegs- and material
parameters as well as the result from the opemaltdist showing the true
values of openability. There is also a need ofrigghe method itself which is
done by a Repeatability and Reproducibility tegjetber with a factorial

experiment revealing which of the material paramsetéhat affect the

measured values the most.

6.1.1 Openability test

As mentioned earlier one of the objectives for thask is to say if mechanical
tearing can be used to classify material regardjpgnability. Today’s method
of testing openability implies that 300 packages d¢ach test is filled and
opened by hand. Each package is classified in ondoof categories
depending of the amount of polymer residues cogyetie hole as in Figure 15.
As well as in mechanical tearing no pre-foldingtleé perforation is allowed
and as similar tearing procedure as possible shHmilgsed all the time and by
everyone opening. Table 3 shows the test plan fertést containing which
variants and webs that are tested.

Table 3 - Samlpes Openability test plan

Variant 1 | Variant 2 | Variant 3 | Variant 4 | Variant 5
Adhesion High Low High Low Low
PE-strength Low Low High High High
Board A A A A B
Packages
web 1: Light 0.00 X
web 2: Light -0.02
web 3: Light -0.06 | x X X X X
web 4: Light -0.00 | x X X X X
web 5: Light+0.08 | x X X X X
web 6: Stn 0.00 X
web 7: Stn-0.06 X X

This test is performed in Thailand and packages is= fwith water and
opened after 24h of storage in 23° C and 50% amitiity. The filling
machine used is a TBA/19 010V placed at a custorteepstside Bangkok.
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6.1.2 Tearing Energy Absorption test

During the main test as much as possible of theemat produced in
Singapore week 40 is tested using the mechaniaahtg procedure. The test
follows the test description according to chagt&Measuring procedurand
measurements done are the one that came out fremprévious qualitative
tests shown inb.4.2 Following tearing. Five different variants and seven
different webs are tested which means 35 vari@#ghe method specifies 15
samples of each test is prepared and the firshdaODtears well are used. As
long as the sample does not break its result id esen if the perforation is
not followed.

Table 4 — Tearing Energy Absorption test plan
Variant 1 | Variant 2 | Variant 3 | Variant 4 | Variant 5

Adhesion High Low High Low Low
PE-strength Low Low High High High
Board A A A A B
PM

web 1: Light 0.00

web 2: Light -0.02
web 3: Light -0.06
web 4: Light -0.00
web 5: Light+0.08
web 6: Stnd 0.00

web 7:  Stnd -0.06

XX XX X X X
XXX X X X X
XX XX X X X
XX XX X X X
XX XX X X X

An Excel macro is created to make the data handigngonvenient as possible
and all data is stored in a result database creatgdther as much information
as possible regarding each variant and sampleontams all measurements
from the TEA test as well as material- and processupeter, quality control
measurements of raw paperboard and results of mezasats done by the
quality assurance lab in Jurong, Singapore. Thishdese then contains all data
ready for further analysis with multivariate tools.

As a part of this test printed board material, withfoil and polymer, is also
tested by tearing. This is done for both board A &br 5 webs and 5
different engagements.

Table 5 - Test plan printed board
Board A B

Knife/ E
web 1: Light 0.00

web 2:  Light-0.02 X X
web 3:  Light -0.06 X X
web 4:  Light -0.00 X X
web 5:  Light+0.08 X X
web 6: Stnd 0.00

web 7:  Stnd -0.06 X X
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6.1.3 Laboratory tests and measurements

Four different test results from the Singaporedactre used in the database,
RTS (Relative Tensile Strength) for coated and umzbanaterial, and
Adhesion between the foil and inside as well aksdod Polyethylene. In RTS
measurements the relative strength of material atth without perforation is
measured in a tensile test pulling a 15mm wide $amp

Adhesion is the force between the different laydrgolymer and the foil. It is
measured by peeling of the polymer and pullingwag from the foil with a
180 degree angle and the average force neededcidatad. The foil-Inside
adhesion is the most important when discussing apéty and plastic
residues.

6.1.4 Factorial test

The factorial test is done to try to define whichaafr key parameters that
affect the measured values the most. Is it theopatibn strength, adhesion or
polymer strength that affects the total energy raye force etc. By using a
high and a low level of the key parameters a tétt & different materials are
planned and the tested according to Table 7.

Table 6 - Factor and level discription

Factor Hi (+1) Low (-1)
High Line load pressure, | Low Line load pressure,
A Adhesion low Die offset high Die offset
PE-
B strength 15% above specification According to specification
Perf.
C Strength Hard to open Easy to open
Table 7 - Factorial test matrix
Material Web A |B |C |AB | AC |BC | ABC
Variant 2 3 -1 (-1 (11 1 1 -1
Variant 1 3 1 (-1 ]-1(-1 |1 |1 1
Variant 4 3 -1 )1 101 |1 1)1
Variant 2 4 1|11 |1 101 |1
Variant 3 3 1 |1 |11 101 (-1
Variant 1 4 1 (-1 |1 -1 |1 10| -1
Variant 4 4 1|1 (1 (-1 (-1 |1 -1
Variant 3 4 1 /1 |1 |1 1 1 1

Each of the eight combinations with changing A-Celeus tested 10 times to
lower the impact of sample and measurement vangdtio
Four of the measured values are used as respanges factorial test:

1. Total Energy 3. Energy 10-20mm
2. Peak load 4. Energy/cell
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6.1.5 Repeatability and Reproducibility

When planning an R&R there are some steps to gaudfir to make sure that
the right decisions are taken regarding numbeaofdes, operators’ ef€.

1.

2.

3.

© N

Calibration: Calibration is done on a yearly basis and not witthie
test.

Number of operators: Two operators will be used to measure the
operator to operator variation.

Number of samples:Eight samples are used in this test

Sample selectionFour out of 35 available materials are chosen. Two
different knives within the revolution are used @hiresult in (2*4=8
samples). Selected samples are chosen due to Ithweirinternal
variation but with different characteristics coveyian as wide span of
the material range as possible.

Number of trials: Four trials for each operator

Minimize sample variation: Each sample contains perforations from
the same knife in the revolution of seven.

Measure individuals or average valuestndividual values are used.
How to analyze the results:Results are analyzed with Mini Tab,
software used within Tetra Pak as well as in an Exeadtulation
template.

One sided tolerancesHow to set tolerances are not easy due to the
fact that there are not enough historical measunésre base them on
and measured values are more to be seen as aratiodiof the
perforation’s tearing ability. Any how when lookingt earlier
measured data normal distributed one can see @®a58 Nmm could
be a good set-point. A chosen tolerance does fettaednalyzed results
which makes this less important.

10.Measurement discrimination: Measurement discrimination is very

important and it is tested this time by using samaplith different
materials to make sure that the method is abldsiinduish between
these with its measurements.

Calculations of R&R are done on all responses ¢oifsany of them showed a
significant lower value making them more suitalolédcus on.

“6 Concepts for R&R studies (1991)
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Table 8 - Sample overview R&R

Sample | Material Knife Engagem. | PE- strength | Die Offset | LLP
1 B Light (1) -0,02 High High Low
2 B Light(2) -0,02 High High Low
3 A Stand(1) 0 Low Low High
4 A Stand(2) 0 Low Low High
5 A Light(1) -0,06 Low Low High
6 A Light(2) -0,06 Low Low High
7 A Light(1) 0,08 High Low High
8 A Light(2) 0,08 High Low High |

Table 8 shows how the eight samples are choserhairdspecification. There
are 4 different material specifications and knifgg@gements. The difference
between (1) and (2) in the knife column is theatiht knifes in the revolution
in the rolling cutting process but with the samgtisgs. There should not be a
significant difference between these two but byasefing them one source of
unwanted variation is reduced.

6.1.6 Multivariate analysis

The multivariate analysis is done by using SIMCA. Tba has been used on
the database including all data from tésl.1 Openability testnd 6.1.2
Tearing Energy Absorption tesbgether with laboratory test and material
descriptions. First of all a PCA analysis includadgfactors and variables are
done to get an overview of the data. Then 14 PL& @RLS analysis is
performed, one for each measured factor (e.g Totatgy and Openability
sum), to see how good model one could achieve &rtlere are some
correlations. Most of the work within SIMCA is domg Johan Nilsson, a
former Umetrics employee working at Tetra Pak, bl analysis and
conclusions are all made by the author. The gotd see if any correlations
between measure variables and openability can tedfas well as which of
measured variables that describes the phenomersin ®@re also wants to
know which of the input factors such as engagemBgtstrength etc that
affect the results significantly

6.2 Quantitative results

In these measurements there are in most casesoa diatta stored that have
been analyzed. In this part when the results aesemted the data is left
outside the report and only extracted informatialh e presented.

6.2.1 Openability test results

When the openability test was performed in Thailtrel packages showed a
lot of plastic residues on almost all variants gedforation engagements
tested. The result shows the number of packageadh eategory after being
opened and to calculate the openability sum welgttiors for the different
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categories are used. Numbers printed in bold arsideu the methods
acceptance criteria.

Table 9 - Openability results

Sample I i1 | T IV S 1
2-4 110, 1.0, 1.0, 110, I
-7 f1.0. f1.0. f1.0. f1.0. i
4-1 f1.0. f1.0. f1.0. f1.0. 33
2-3 f1.0. f1.0. f1.0. f1.0. 52
3-4 f1.0. f1.0. f1.0. f1.0. 50
4.7 1.0, 1.0, 1.0, 1.0, a7
4-4 f1.0. f1.0. f1.0. f1.0. 72
2-5 f1.0. f1.0. f1.0. f1.0. TT
14 f1.0. f1.0. f1.0. f1.0. 84
53 1.0, 1.0, 1.0, 1.0, o4
3-3 f1.0. f1.0. f1.0. f1.0. 110
1-3 f1.0. f1.0. f1.0. f1.0. 139
1-5 f1.0. f1.0. f1.0. f1.0. 141
54 1.0, 1.0, 1.0, 1.0, 147
4-6 f1.0. f1.0. f1.0. f1.0. 185
4-3 f1.0. f1.0. f1.0. f1.0. 130
55 f1.0. f1.0. f1.0. f1.0. 233
4-5 1.0, 1.0, 1.0, 1.0, 257
3-5 f1.0. f1.0. f1.0. f1.0. 472

n.o.=Individual numbers left out, since the sum ofhem is important
for analyzing, while the individual numbers are notofficial.

One can see that there are only two accepted samptethey are web 4 and 7
from variant 2.

6.2.2 Tearing Energy Absorption test result

350 samples divided in 35 combinations of adhegenforation strength and
polymer strength are tested and the result confagifferent measured values
together with 2 quotients, calculated for each damgxplained in5.4.2
Following tearing All raw data is treated in Excel to be able tosprd
measured values together with plots of energy aubegh as single values and
averages. The measured and calculated single vaftms all 350
measurements are put into the database describédl.id Tearing Energy
Absorption testThe following result contains some of the graphg Hzes the
most information and shows the most significanfiedénces.
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Figure 61 shows the average energy curve for eactant considering all
seven webs. The five average curves for each \aisalpased on 70 tearing
measurements each with a lot of internal variatidne can see that the curves

differ from each other by board type in the begignand by variant in the end.
The B board in Variant 5 is on top until 210 mm ahd four A variants begin

to separate after the peak.

TEA - Average all variants

f\
\
= — Variant 1
— Variant 2
Variant 3
Variant 4
10 — Variant 5

Force (N)

-5 0 5 10 15 20 25 30
Distance (mm)

Figure 61 - Average all webs variant 1-5

Figure 62 shows the difference in the energy cure®veen all seven webs
within variant two. These curves are based on 50sareanents each which
one should have in mind. The peaks are shiftingeight and when looking at
the tearing 3 groups can be distinguished. Web th e highest average
force and energy, Web 2,3 and 4 which are in thedileiand Web 6 and 7

with a lower average force.
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Variant 2 - Board A

Force (N)

-5 0 5 10 15 20 25 30
Distance (mm)

Figure 62 - All webs variant 2

Figure 63 is the same type of chart as Figure &2cbuasidering variant 3
instead which has higher inside grammage. The vamiatithin this variant is
much higher and even if the differences betweenables are bigger they do
not follow the same pattern as in Figure 62. Web &ill above all others and
web 7 the lowest one but in between there is apwith only web 3 pointing
out.

Variant 3 - Board A

—Webl
——Web2

Web3
~———Web4
——Web5
——Web6
——Web7

Force (N)

-5 0 5 10 15 20 25 30
Distance (mm)

Figure 63 - All webs variant 3
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Figure 64 handles the B board which is used inaveirb. This also has a high
inside grammage but with a different result comgar€igure 63. It is still no
doubt which curve that belongs to web 5 and oneatsmsee that web 6 and 7
scores slightly lower than the other.

Variant 5 - Board B

—Webl
——Web2

Web3
~———Web4
——Web5
——Web6
——Web7

Force (N)

-5 0 5 10 15 20 25 30
Distance (mm)

Figure 64 - All webs variant 5

In Figure 65 one can see two different graphs tdkem the earlier figures.

They are not only having very different appearancetbey also have very

different standard deviation. Each of them is based0 measured samples
and material with higher energy and more elongatpalymer has an

increasing variation.

Average graph

Force (N)

—V3w3
— V5wW2

-5,0 0,0 50 10,0 15,0 20,0 25,0 30,0
Distance (mm)

Figure 65 - Different graphs with standard deviatiam
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Average of Total Energy|
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Figure 66 - Total Energy and std. deviation
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Looking at Figure 66 one can see that the totalggnéiffer a lot between web

and variant. Web 5 has higher total energy andaaa8 rise above the other in
all webs except for web 7. Each pile consists ef dverage value from ten
measurements and the standard deviation is in ngcasgs higher than the
difference between webs and variants. Similar ggafgr Energy/cell and

Average Force can be found Appendix Bshowing the same relationship
between variants and webs as for Total energy iarEig6.
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Average of Peak Load
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Figure 67 - Peak Load and std. deviation

When looking at the Peak load for all webs andards, as for Total energy in
Figure 66, one can in Figure 67 see that the oglahip is not the same as for
Total energy. No variant has a significant higheakPlwad and web 1 and 2
scores highest in all variants. It is not possiioledistinguish web 5 and the
partial cut perforation from the others which wobkldesirable.

The results from the printed board tests, FigureFesgure 69, is less dramatic
then the laminated material. Without the impactnfrahe polymer the
variations are smaller and its only web 5 and welth@t stands out
significantly.

69



Total Energy Printed Board

@Board B
@ Board A

Total Energy (Nmm)

Web2 Web3 Web4 Web5 Web7

Figure 68 - Total Energy printed board

In the total energy chart one can see that boarcbstantly needs more
energy to be torn and the standard deviation beows that the variations are

small, between 3 - 10 % of the measured energy.

TEA - Board B, Printed Board

Force (N)

30

-5 0 5 10 15 20 25

Distance (mm)
Figure 69 - A printed board
Looking at the graphs for printed board one canliiazele any difference and
the behavior is as one could suppose with only Svebing above the others.
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6.2.3 Results of laboratory tests and measurements

The adhesion and polymer weight of the inside polyam® measured by
quality assurance laboratory in Singapore. The $esmgre collected after the
lamination process. Earlier it is said that theemsilbn always is worse for the
middle webs due to the bending of the nip rolley. i&ing new nip-roller

technology one can see that this problem has bgercame and there is
higher adhesion on the center webs. One can alsotls# there is no
significant difference between the variants commparito the difference

between webs.

Table 10 - Adhesion measurements from Jurong.

Variant 1 2 3 4 5

i Foil = |1 216 | 216 | 230 | 248 | 242
Adhesion(Nm) | 1 3 2 262 | 260 | 281 |280 |271
7 218 | 222 | 241 | 243 | 252

6.2.4 Factorial experiment result

The result is presented with normal plots. In thema plot the dashed lines
represent +3« and it is only values outside these limits thateha significant
influence on the response. Results above the xvaikisncrease the response
when set on its high value and with the result Wweje-0 the response will
decrease when the high value of the factor is used.

Total Energy

4

Effects

30

10 q

Rank

Figure 70 - Normal plot of Total energy effects
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Figure 70 shows that it is only factor A, Adhesiand factor B, Polymer

strength that has a significant impact on the measTotal energy. These
factors will increase the Total energy if they @&t on a high level. The
normal plots for Energy 10-20 mm and Energy/celllaoking the same with

rising responses for factor A and B at their highel. The Peak load has
opposite relationship with the C factor signifidgnnfluencing the Peak Load.
In this case the C factor is in the bottom of tiere which tells that with

factor C at a high level the Peak load will deceeas

Peak loa

* BC

+30

*B

Rank - . S .

Figure 71 - Normal plot of Peak load effects

6.2.5 Repeatability and Reproducibility results

The tests were performed in a random order decidedVINITAB to
minimize time effects on the result. The R&R cadtigns did not show any
good results at all and the R&R index, that shobéd below 30% to be
acceptable, is for this method 47% for the Totatrgy response and even
worse for the others. As the result is such a gisapiment one tries to
investigate it closer to see why the result is igh land if there is any positive
information to extract. As the Total energy wasrbgponse that did show the
lowest R&R value it is the one further investigated

Looking at the result produced by MINITAB in Figur on page 73 it is
possible to see that there is more of a relatidwéen results than the high
R&R value show. Looking at the R-bar chart, showiimg variation between
four similar samples measured by one operatorcanesee that the difference
between similar samples is large. The X-bar chamtals the big part-to-part
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variation as well as one can see that the measasedts are paired two and
two.

Gage R&R (Nested) for Total Energy
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Figure 72 - R&R result Minitab

The average measured energy per operator is sethe llower right picture
and there is not much of a difference Appendix Cand in top left picture in
Figure 72 one can see how Reproducibility is seetm. This is often the case
when the test is destructive and it is a “nestedfjeg R&R. The top right
picture shows a tendency for that higher total gneives a higher R-value
and a more uncertain process.

6.2.6 Multivariate analysis SIMCA, result

First of all a PCA analysis was performed to gegomd overview of the
process including all variables in the databasekimy at the model overview
one can see that it takes fairly many componentactueve a satisfactory
value of R and @ are just above 0,6 when 10 principal componentisési.

73



Johan Milssons analys b1 (POAD, Al data E  rzZxicum)
W o2cum)

02

08

07

05

05

04

03

032

o1

oo

L ;

Comp(2]
Comp(3]
Comp[4]
Comp(3]
Comp[g]
Comp(7]
Comp[8]
Comp(3]
Compl10]

Comp Ro.
SIMACA P 1.6 - 2000-01-05 18:15:48

Figure 73 - Model Overview full PCA

If one would have continued with the PCA, four caments would be the
choice. In this case one chose to continue with Rb8lysis instead. The
overall PLS analysis including all components shiwedow value of both R
and @ which made us to try to model every response séggr The best
result was achieved by an OPLS analysis which rem@i variant of X that
is orthogonal to Y. By doing this one managed tbace the model's Q
value with up to 0.05 ending up with he best valimsTotal energy and
Energy/ cell at 0.44 and 0.568 respectively. Othderesting values are
Openability sum which has 0.3 and that Peak loatk @gain does not score
very well with 0.05 as &

Looking at the Total energy response it is modelediby components with
one X component orthogonal to Y. The first comporeilains most of the
model and in Figure 74 one can see how it is adfébly some input variables.
The result is similar to earlier analysis and napssing at all. The type of
board used and their characteristics has a mucérlonpact than perforation
and lamination parameters such as knife engagear@htPE-strength. Line

load pressure at high level increase the totalgsnand low level of Die offset
does the same.
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Figure 74 - First component for total energy respose

The ability to predict values of Total energy by gsthe model is not very
good. As goodness of prediction was only just abgethe predicted versus
the actual values shows more of a scatter thaneadirelationship following

the regression line as seen in Figure 75.
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Figure 75 - Actual value vs. predicted value
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In the variable importance plot in Figure 76 one sae which variables being
most important to model the total energy respomke.result does not surprise
very much and the perforation of the board is nrogiortant when measuring
Total energy. Looking at the Energy/cell responserdiselt is very similar but
with a higher importance of knife type and a bittéeability to predict. It can
be found inAppendix D.

As the openability sum can be seen as the actliad vl package performance
regarding opening it is interesting to see how viisie is affected by the input
parameters as well as if it is possible to coreetae measured responses from
mechanical tearing with this result. In Figure Tid &igure 78 it is possible to
see how openability sum and measured responsés telaach other and see

that the total energy is the most important faetih the smallest variation
with 95% confidence interval.
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Figure 77 — First component Openability sum respores

76



WPH]

Energy to
Feak Load

Ty e
v} = [T}
= 2 _ =
il = = =
E § & =
[

— z = =

AT L H

Yar D (Primary)
Figure 78 - VIP openability sum measured responses

Awerage en

If one instead uses the input values as X variablethe model and the
openability sum as Y variable there are also isténg results seen in Figure
79 and Figure 80. Comparing it with the responselatal energy seen in
Figure 74 on page 75 one can see that the engagdmmeress importance,
knife type still describes a lot of the model ahdttinside grammage now is
the most important variable to describe the opdityalsum model. Interesting
to see is also that the two different boards chdhege influence and the board
A that increases the Total energy decreases theabpiy sum. One should
keep in mind that the data analyzed includes muctenaalues from board A
which probably affect the result.
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Figure 79 - Comp 1 of openability sum regarding inpt values
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6.3 Quantitative test analysis

When looking at the results presente®if.2 Tearing Energy Absorption test
resultone can see that the Total energy is the best mezasat to distinguish
between material specifications and perforationagegents. The Peak load
did not explain any of the material differences asdthe measurements of
energy after the peak and average force did noease our knowledge the
Total energy is seen as the most reliable and rabhaasurement response. As
the factorial experiment showed the Total energgfiected the most by PE-
strength and Adhesion. To keep in mind regardingrtteasurement is that the
engagements used as high and low level was weld 2 avhich we can not
separate by the Total energy according to Figurerbfage 68. If one instead
looks at the SIMCA analysis it shows that perfamatstrength has a major
impact on Total energy by changing knife type andagement. The Total
energy difference can be seen in Figure 66 andatfeting parameters in
Figure 74 on page 75.

In Figure 81 one can see how the Total energyfecifd by the Line load
pressure as well as the inside grammage. Highenrgemge of the polymer and
higher line load pressure increase the energyatoltg mechanical tearing. As
the Die offset is changed parallel to the Line Igadssure one can not say
which of those parameters that affect the totarggnaccording to Figure 81.
The SIMCA analysis supports these results seengar&i74 and it is clear
that the combination of high Line load pressure fowd Die offset, which
should create lower adhesion, decreased the teaneqggy and openability
sum. Even if not the measured adhesion is affecethib process parameters
according to Table 10 on page 71 it is clear thdtas an impact on both
tearing energy and openability.
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Figure 81 - Total Energy with changing PE-strengthand Line Load pressure

One has showed that it is possible to see diffe®hetween our 35 samples
by measuring total energy and it increase the n#edlso finding a link
between Total energy and Openability sum. As o@mapility measurements,
achieved by opening packages, can be seen as dheoesumer’s ability to
open packages, this link has to be established.udtt then can the Total
energy tell us how engagements and polymer weigfiect the end user.
Unfortunately only 19 of 35 variants have been @aewhich affect the result.
Looking at the same picture as in Figure 81, buamdigg openability instead
of Total energy, one can see a different relatignshi

Figure 82 show how the A board with high insidengmaage and low line load
pressure scores worst in openability in contrath Wie total energy.
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Figure 82 - Openability sum with changing Line loadpressure and PE-strength

In earlier tests prior this work, most of the foduss been put into the Peak
load and in5.4.1 Energy peak is shown that this measurement is influenced
by set-up factors that are hard to control. To oagain see if there is any
relationship between Total energy, Peak load, apeén@bility sum scatter
plots are made.
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Figure 83 - Total Energy vs. Peak Load
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In Figure 83 there are four categories of opengliiased on the Openability
sum, one color each, and one can not see any isgmifgrouping but only

tendencies between the measured values and thalign The tendency of

the average values, which can also be seé&ppendix Eis that higher total

energy gives worse openability but there is nottsimgilar within Peak load.

Similar plots are made for other measured valuescare can see how Total
Energy and e.g. Energy 10-20 mm follow each othdpbling at Figure 84.
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Figure 84 - Total energy vs Energy 10-20mm

The R&R result was not satisfactory at all but itl dinyhow increase our
knowledge about the process. As the R&R value ry gensitive to the R-
values it is not hard to understand that up to 50%ternal variation is not
good enough. But if one looks at the X-bar charisitstill possible to
distinguish between the different samples. If tas be done the method can
still be used to classify material by using conttbarts with upper and lower
control limits. In this case it does not mattetwio values that should be the
same differ as long as both are inside or outdiéecbntrol limits. Of course
the bad R&R value and high internal variation caesiion the validity of the
results but this is often the case in destructdgtstwhen no sample is similar
to the other. Looking at the results in Figure 8® can see that there in most
cases are higher standard deviations for higheal Botergy values. Operators
and the two similar knifes per revolution do novéahe significant difference
as one can see between the four different materials
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Figure 85 - R&R measurements

When looking at the multivariate analysis done W8MMCA software one

could have hoped for better result. The validityhef models and their ability
to predict was in best cases just above 0.5 wiickcceptable but not more.
Something to have in mind is that this does not nmisat the mechanical
tearing method is bad but that the results usetwisgood enough to build a
model on. But when looking at the models, keepmgind that they explain

about 50% of reality, they overlap with earlierués and conclusions. It is
good to know that the models confirm earlier testdead of rejecting them.
For the energy measurements it is the knife engagemnd knife type that
matters the most. Polymer strength is also a fabtarrise the tearing energy
when it is increased. Focusing on the openability snstead, the total energy
response has the most impact on the result andastlze response with least
variation with 95% confidence interval. When oneHWs at how the input

variables affects the openability sum the knifeetyymd engagement still are
very important but according to Figure 80 on pa8ehé polymer strength is
the most important variable in the model.

6.4 Summary Quantitative tests

The aim of this part of the thesis was to analytat @af measurements with a
guantitative approach. This has been done in maffgreint ways which can
be seen as waste of time and a risk of achievimgradicting results. But in
this case, when results are overlapping, one candye convinced about that
they are true. The Total energy is the respondediscribes the process most
accurately and even if the other energies measalssdl work, they are less
robust and have a higher internal variation. AsReak load is used for now in
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an opening force method it has been important ghlight its performance

tested by both SIMCA and R&R.

When it comes to form a correlation between opditplind Total energy it is

not crystal clear. One can see that higher Totatgnincrease the risk of bad
openability but there are not enough measurementietide what levels of
Total energy that is acceptable. Looking at the lagb analyses, SIMCA and
R&R, there are much more to hope for. As the R&Rvah how inadequate
the measurement gauge is this has to be kept id miren looking at results.
The sometimes poor SIMCA model probably has its nodhe used data and
it can probably be improved by using Design of Expents when deciding

the input parameters and their levels. If one duask to Figure 4 on page 9
and the relationship mentioned, one would likesgecify it more closely and
find out where in the 3-dimentional space one shdad during converting to

minimize openability problems. In Figure 86 “Adhmsi is changed to

Lamination process due to the lack of relation betwehosen parameter
settings and adhesion measurements. Within themmlun the picture there
should be fewer problems with openability. The mogiortant thing to show

is how one can achieve a wider process window fer parameter by setting
the others at the right level. One still does nobw the root cause of
openability issues to fully understand the procesd decide optimal factors
for each variable but so far one can summarize fobows:

PE-strength: The higher grammage of polymer used the hardeillitoe to
avoid PE-residues.

Perforation strength: Current perforation process specification, notvailig
partial cut, is suitable. One should try to usend#ad knifes if the integrity
allows it and one shall not neglect differencesvieenn board types.

Lamination process: One still does not know how to address this is3iés
time the tests showed results contradicting prestest results.
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7 Conclusions

In this chapter one can find the conclusions drdmam all the tests and what
new knowledge that is achieved by this work.

¢ By using the mechanical tearing process one ackiavaodus lll tear
opening. Tear force is 10 times lower than tensed due to shear
forces and out of plane breakage.

* When trying to predict openability regarding polymesidues on final
packages the total energy during tearing is the tneféective
measurement to use.

* A method based on measuring tearing energy will dide to
distinguish the worst performing material and pssceombinations.

e To continue with mechanical tearing the process si¢@de improved
to make sure the results are more reliable. A |o0R&R value should
be achieved by changing the process and not bysaiponore suitable
material. As it is a destructive test one does thatk an index far
below 30% is achievable but to lower the internafiation will be
enough to be able to use the data with confidence.

* The process and part-to-part variations are tootdige able to find
differences among materials produced within theigjgations.

¢ One does not have enough data, covering the wholgeegs window,

to fully correlate Total energy response with ofmlityt performance.
So far one can only separate the very good andhamtysamples.
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8 Further work

Further work is where the author has the possibiidyrecommend Tetra Pak
how to continue this work and what issues to addr@simprove further
investigations regarding this tearing method anel tipenability problem.

¢ Investigate if tearing energy measured by mechateeaing is the test
method for perforations that one should continuedok with. Will an
improved version be useable to test perforatiotieeein factory or in
package material quality laboratory? If not, it qamobably be used
internally when new material specifications andq@etion designs are
evaluated.

¢ Revise the Opening Force method and make decisionwkich clamp,
speed, tearing length etc that should be usedeirfuture. Base these
decisions on tests with the purpose to minimizeitibernal sample to
sample variation and measure Total energy insté&dak load. Make
sure that the same settings are used by everyamg the method.

* Find the root cause of the openability problemitithe converting
process or the filling machine that has the largespact on
performance? If filling machine has a low impaceahould continue
to measure tearing energy on packaging material.

* If one continues with this method next big testidtiobe based on
Design of Experiments and a better SIMCA model ballachieved.

e Considering growing need for quality measuremeaitgHin materials
it would be interesting to identify problems andhdi solutions to
overcome existing issues with these measurements.
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10 Appendix
Appendix A

Appendix A contains some microscope pictures ofgpation cuts from board
A. It is two from each web, Web2-Web5. One thatvehohe cross section of
the perforation and one that shows the bottom sidbe board showing how

much one has gone through the hole.

Web 2 /-0,02 mm

Web3 /-0,06mm
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Web 4/ £ 0,00mm

Web5 / +0,08mm
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Web2 / -0,02mm

Web3 /-0,06mm
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Following pictures are from the inside of the bolgtiten from underneath to
show how much light that comes through.

Web4 / +0,00mm
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Appendix B

Appendix B shows the same charts as in Figure Géage 68 but for average
force and Energy/cell responses instead.
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Appendix C

Appendix C shows the R&R calculations from the Tetzergy, Peak load and
Energy/cell responses. The R&R values are in bolthénright column. It is
unknown why the Reproducibility has a value for lPé@ad response as it
should be zero.

R&R Total Energy

Study Var % Study Var
Source StdDev(SD) 6*SD %SV
Total gage R&R | 33,6843 202,106 47.69
Repeatability 33,6843 202,106 47,69
Reproducibility 0 0 0
Part-to-Part 62,0812 372,487 87,90
Total Variation 70,6308 423,785 100,00
R&R Peak Load

Study Var % Study Var
Source StdDev(SD) 6*SD %SV
Total gage R&R | 3,41508 20,4905 74,76
Repeatability 3,10067 18,6040 67,88
Reproducibility 1,43131 8,5879 31,33
Part-to-Part 3,03404 18,2042 66,42
Total Variation 4,56817 27,4090 100,00
R&R Energy /Cell

Study Var % Study Var
Source StdDev(SD) 6*SD %SV
Total gage R&R | 2,58440 15,5064 49,01
Repeatability 2,58440 15,5064 49,01
Reproducibility 0 0 0
Part-to-Part 4,59688 27,5813 87,17
Total Variation 5,27356 31,6414 100,00
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Appendix D

In appendix D one can see the describing plots ti@rEnergy/cell response.

First component plot of Energy/cell
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Appendix E

These are the average calculations of Total Energyaa# load for each
group of openability sum in the scatter plot indig83 on page 80.

Total Energy Vs Peak Load
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Appendix F

Relationship between angle teta and momentum Mh
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