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Traysfor food packaging are still mostly made from plastics, and by yspegrboard, the
carbon footprint can be brought doveubstantially Paperboards with cellulosmsed
coatingare possiblerenewable and biodegradatdabstitutedor traditional plasticsThe

goal of this thesiswvas to evaluatethe performance opaperboards witlregenerated
cellulosebased coatings itihe press forming of trays.

Experimental materialsonsised of four trial points withtwo different plasticizersn the
coatingsone trial poinwithoutaplasticizerand ondrial point withathinner coatingEvery
trial point has the same bagaperboardThose were compared the referencematerial
with a PET coatingThe goalfor the experimentamaterialswas tohave the same coating
thickness as the reference mate@aald for the thinner coating, half of that.

Material measuresnts revealed differences between materiaBnd proved that the
experimental materiads p r o p eloseto teesrefeaence materia key result fromthe
tray manufacturing trial rungvas thatsome of therial pointshandled more blank holding
force than the referenaeaterial One major limitation of the experimental materials was
curling. As the traysooldown the long side of the tray cuiilsward and then the usability
of the trayssuffers Another difference comparedto the referencematerial was barrier
performance after converting

The futureof the regenerated cellulo®ased coatingsokspromising, as the resulsfowed
that the materialbavethe potentialto be developedurther. The production of trays was
possible and the runnability was quite good for experimental materials desfate minor
issues.
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Avainsanatkartonki, kartonkivuokapuristusmuovauselluloosapakkaustekniikka

Suurin osa ruoan pakkaamesekaytettavistd vuoistan edelleen tehty muovistdikali
muovin sijaan kaytettaisiin kartonkia, hiilijalanjalked voitaisiin laskea merkittavasti.
Selluloosapohjaisesti pinnoitetuditongit ovat mahdollisia korvaajia perinteiselle muoville.
Taman tyon tavoitteena olarvioida regenerduilla selluloosapohjaia kalvailla
paallystettyjen kartonkiesuorituskykyauokien puristusmuovausprosessissa.

Kokeellisst materiaali koostuvat neljasta koepisteestaNama sisakivat kahdella eri
pehmitimellajailman pehmitintésekd yhdemhuemmalla pinnoitteelieehdynmateriaalin
Pohjakartonki oli jokaisessa materiaalissa saukeellisia materiaaleja verrattiRET-
paallystettyyn referenssimateriaaliPinnoitepaksuuden osalta tavoite telndayhtéa paksu
pinnoite,kun referenssnateriaalissa ja ohuempaan pinnoitteeseen puolet siita.

Materiaalimittaulsientuloksista huomiin eroja materiaalien vélillga tuloksetosoittivat,
etta kokeellisten materiaalien ominaisuudeiat lahellareferenssimateriaaliaPaatulos
vuokakoeajoista qli ettd muutama kokeellinen materiaali kesti enemman
kehatyOkalupainetta kuin referenssimateriaadksi iso rajoittava tekija kokeellisten
materiaalien keskuudessa oli kayristyminéun vuoat jadhtyivatniiden pitkat sivut
kayristyivat vuoansisélle paintdman takia vuokien kaytettavyys karsiioinen iso ero
referenssimateriaaliin oli kokeellisten materiaali barrierominaisuudetkonvertoinnin
jalkeen

Regeneroitujen selluloosapohjaisten pinnoitteiden tulevaisuus vaikuttaa lupakoake
tuloksetosoittivat ettéd materiaaleilla on potentiaajatkokehitykselle Vuokien valmistus

oli mahdollista jamateriaalien ajettavuus oli hyvélla tasolla kokeelliselle materiaalille
muutamista pienisténgelmista huolimatta
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1 Introduction

This thesisfocuses on 3D formability angackaging functionality of paperboards with
cellulosebasedcoatings.Cellulosebasedcoatingsand filmsarepossiblereplacements for
plastics in paperboard packagiffghokas& Méakela & Jaiswal & Khakalo & Harlin2024

p. 10403. A key driver for that is environmentaloncernsaboutplasticand the waste it
generags. Trays are widely used in food packaging, dhey are commonly made from
plastic.(GVR 2024) So,paperboard traysould be a good replacementreduce the use of
plastics. The thesis includes literature reviewfor background informatiorand an
experimentalpart that provides valuable information about material performance and
properties.The experimentgbart contains trial run withthe press forming machine and

material and tray testingResults are dcussed in the end.

Previous studies have shown that biopolyowatingscould be used ithe press forming of
paperboard tray$lowever the quality of trayss not perfect due ttheeasy cracking of the
coating layerCracks in theraysleadto leaking (Tanninen& Saukkonen & Leminen &
Lindell & Backfolk. 2015, p. 339) Cellulose would be aenewable and biodegradable
substitute for petroleurhasedoolyolefins(Ahokaset al.2024 p. 10403.

1.1 Background

The globalfood packaging market growing due tairbanizationchanging lifestylesand
of course population growthThe people arefavoring readyto-eat meals anon-the-go
packagesThe nmarket size was valued at 400 billion USD in 2024.fiThe market is
expected to grow at a CAGRompound annual growth ratef) 5,9%from 2025 to 203@
(GVR 2024) Paperboard trays are perfect for resohgat mealbecause they can be heated

in the oven othe microwave

There is asignificant opportunity forsustainablgpackage and paperboard companies to
achievebig successn this market,especially inEurope The EuropeatJnion (EU) hasa
directiveon singleuseplastic products(SUPs). SUPs aratems that are used onbnce or
for a shorttime before discardingThe directiveaims to prevent and redutiee impact on

the environmenand human healtlffEuropearCommissior2025)



Directive addresseshe 10 most commonlyfound itemsontheE U 0 s

Commissior2025:

T
T

Straws plates cutlery, andstirrers
Food containers

Beverage containers

Cups for beverages

Plasticbags

Cottonbud sticks

Balloonsand sticks for balloons
Cigarette butts

Packets and wrappers

Wet wipes and sanitary items

b wrapéae s

The plastidtemsabovecan bereplaced with more sustainable solutiohise directivealso

states that if more sustainable solutionsaaalable those should based,andthe plastic

versiors cannot be placed on the markets of EU Member StéEesopeanCommission

2025)

Trays produced from paperboard are usually coated with plaBl&stics used aydor

example PET (olyethyleneterephthalateand PP (polypropylenelpecause those provide

good barriemproperties andhe best usage range in terms of temperat{iielmen 2024.)

Figure 1 presents different propertidsetweenthe four plastics which are common in

packaging applications.
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Properties of plastic qualities

Excellent 10 |

Very good 8

Goud 6

Acceptable 4

Limited 2 |
None O |
Heat Muoisture Grease Oxygen Temp. Release
sealability barrier barrier barrier resistance properties
Bl PE Bl BicE PP Bl PET

Figurel. Properties of plastic qualities (Holmen 2024)

Barrier properties arespecially important during thshelf life. Good barrier properties
extend the shelf life of the packed food Temperature resistance is importamhen
converting andvhenthe customeis, for example heating theeadymade meapackedin
the tray By usingplasticcoatedpaperboardrays,thecarbon footprint can be brought down
substatially when compared to using #&raditional plastic tray Even thosethin plastic

coatings ardeingreplaced(Holmen 20249

1.2 Goak of the thesiandresearch questions

This thesis aim$o evaluatehe performance ofegeneratedellulosebasedcoating in the
press forming of traysTrial point materials are compared to reference matesiaich
provide a good understandig of differences inthe material performanceDifferences are

searchedn thematerial properties and readyade trays.

This thesisanswers théollowing questions:
1 How doesthecellulosebasedcoating perform in the press forming of trays
1 What are thenain limitations of the materis?

1 What are the main differences comparethtreference mizrial?
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1.3 Methodology

The methodology includes a literature review, material testing, and trial runs. The literature
review provides background information, while trial runs allow for the evaluation of
different materials. Material testing and trial runs help identify diffexenoetween the
materials, and there should be a correlation between the results of these two methods. This
correlation facilitates the evaluation process. Although ranking experimental materials can

be challenging, the best material or materials for essthwiill be identified.



12

2 Literature review

This chaptegathers background information for the thesith aliterature reviewThere is
gone through the whole procdhat is needetb produceeadymadetrays from paperboard

sheetsStarting from cutting and creasing and going all the way to forwiitige tray.

2.1 Paperboards

Typical paperboard in the press forming has grammage from a ra@§® od 450 g/rh

Coating grammage can vary from 10 to 70 g/theminen 2016 When paperboards are

used for packaging, theyeedspecific properties depending on the.la®m the marketing
perspective, the package needs to look good, and it should have good printing properties.
That usually increases sales. Production lines also have their requireasehtslines need

to be as efficient as possible. Materials need to be well convertable and easy enough to
handle. One majaequirements the protectiorof packed products. The paperboard needs

to provide the required barrier properties for the package so that the product is safe for the
entire shelf life. (Kirwan 2013p. 33-43) Widely used PET coating provides good

sealability, excellent oxygen and grease barrier (Holmen 2024)

2.1.1 Effect of moisture content and relative humidity

Paper boar doé sloselyraaped to itsimeistureaconteent. Whire paperboard is

in high humidity it absorbs moistureandthatlowers the strength properties. On the other
hand, stretchability increasesnd t hat 6 s why paperboards us
in high relative humidity (RH) chambers. When paperboard is exposed to lower hummidity
loses moisture contenthichincreases strength properties and rigidity. Changes in humidity
can cause curlingf paperboard. That is not goaudany convertingnethod (Kirwan 2013,

p.47.)Figure2 below shows examples of cundg.
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Humid climate conditions

Dry climate conditions

Figure2. The curling ofthe paperboard, due to humidity changes (Kirwan 20147).

Relative humidity and moisture contanfluencethe friction coefficient by decreasing it

while exposed to elevated temperature. That is due to evaporating mewictegenerates

lubrication. As the temperature rises over 1Q@€light increase in friction is probably due
to the drying of the materia{Vishtal & Hauptmann & Zelm & Majschak & Retulainen.
2013 p. 683) Coefficient of friction trends can be seen fréigure3.

040 7
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[&]
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Figure3. The influence of temperature on both the static and dynamic papetbeaastal
friction coefficient (Vishtalet al.2013 p. 683).
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Study by Vishtal et al(2013 p. 684) concluded that the temperature is optimal when the
paperboard softens, and friction is reduced while at the same time excessive drying is

avoided.

2.2 Extrusion coating process

Paperboards with coating are usually coated wighextrusion process dhe dispersion
process. This thesis focuses on the extrusion process as the reference material is coated with
that method. That process involves extruding molten polymeolgmerlike material onto
amoving web. (Kuusipalo 200®. 108) Figure4 below shows an example ai extrusion

line.

Figure4. Extrusion coating line (Kuusipalo 2008 108).

A vital part of the extrusion line is an extrudexhich is an assembly of several parts.
Extruder consists of hopper, screw, cooling system, heaters, barrel, breaker plate, and die.
Pellets could be loadedto the hopper manually or automatically. Manual loading can cause
waste of raw material, and it is not as efficient as automatic loading in terms of manpower
and floor space. Manual loading can cause contamination of the coating due to open hoppers.
Automate loading has vacuurbasedoading systenthattransfers pllets intoa closed

hopper. As the pellets move forward in the process they pass the cooled feeding zone of the
screw. Cooling ensures that pellets move freely into next section of the screw. Compression
section of the screw is heated, and pellets turn into moltem. i&fier leaving the screw

resin enters the breaker plate which produces smooth and laminar flow for the die. The die
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gives the final formand in the case of coating is a wide film. (Kuusipalo 200&. 109

110) Figure5 visualizesthemain parts of the extruder

Hopper
Polyethylene
Breaker plate granules
and screen pack Hopper \g oo o0
cooling

Adapter section / Heatars zona \

)'_r__'tl__ﬂl__ﬁl —
ol

Pressure
control

AN
valve

Scraw
Barral
0000 l.
/‘ | L, 1
Die ‘_\

Figure5. Main parts of the extruder (Kuusipalo 2098109).

E [ ‘I = i ‘ua f D Transmission

—— —

Coextrusion is another muafsed method tproduce coatings and films in the packaging
industry. It differs from basic extrusion only in the number of extruders. Coextrusion
machinery combines two or more extruders to produce products with different layers. Every
layer brings different propertiesh@n combined as one film. That enhances the performance
of the final product. (Kuusipalo 2008.114)

2.3 Cellulosebased coatingand films

Cellophane is a weknown cellulosébased materiathat is made from cotton or wood
cellulose, making it an attractive film. It is a more sustainable alternative when compared to
plastic films, but it contains harmful chemicals due to its manufacturing process. After
modern plastic films were discovered, iutt not compete against those. Neagenerated
cellulosebased films are a renewable and biodegradable alterrtatipkastic films and
cellophane. Those are manufactured with-teoic and safer methods than cellophane.
(Gonzales Carmon& SchlappHackl & Nieminen & Sawada & Hummel & Sixt2023 p.

11633)
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Manufacturingof regeneratedcellulosebased films and coatingavolves many phases,
includingthedissolution of pulp, film forming, washing, adding additives, and drying. VTT
Technical Research Centre of Finland has developed a technology called Bifacelsel
dissoltion of pulp In that process, pulp is processed with enzythes dissolved using a
cold alkali method deaeraed and precipitated byneutralisation withacid (Kunnari &
Kumar & Majoinen & Ahokas & Harlin2024.)

Another technology by VTT is loncellvhich has a different dissolution process than
Biocelsol. The loncell process uses ionic fluids for dissolution and high temperature. The
film is created by continuous extrusion via ey spinning. The film is washed next by
attaching it toa smooth glass surface. That is embedded i6®°C water bath for 30
minutes to remove dissolution chemicals. Additives can be added to increase functionality
and pressing can be done floeremoval of surface water. The last step is drying in the 40°C

oven for 25 minutes. (Gonzales Carmona et al. 20231636)

2.4 Die cutting& creasing

Die cutting is aconverting procesthat producesblanks fromsheetsMachinescan bea

flatbed orarotarydie cutterBoth cutters anbein line with a reelfed pressandtheflatbed

can also operate ofine. The Rotary die cutter has an advantagginduction with high
speedsbut has alownsideof high costFigure6 presents the stagestbéflatbeddie-cutting

process(Kuusipalo 2008p. 251)

Cutting and
creasing

Stripping

Blanking Feeder

Feed
table

Delivery

—

Figure6. Flatbed die cutting machirfguusipalo 2008p. 251).

=
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Rotary diecutting differs from flatbed die cuttingecausecutting and creasingappen
separately in rotary nchines Rotary machineslo not needgmall uncutbridges of board,
nicks, tohold the blanks togethesotheyavoid blanking(Kuusipalo 2008p. 251) Figure

7 shows the rotardie cutting machine.

Gap Acroas 1VE specing belwaen labals (fpmesl|

Cap Across 1) gpacing bavaaan labals fypcsll

Figure7. Rotary diecutting machineRillsbury2019.

Cutting process can be adjustydknives, rubbering and nick$herearedifferent types of
knivesrelated taspecial needsn many products there aneededfor example perforations,
broken lines for tearingscoring and half cufsn addition tobasic cuttingThe sheet needs
to stay in place during cuttingo the cutting knives are surroundedrbipber stripsThe
hardness of the rubber varidgpending on the ared the cutting plate The ubber cannot
be too hard because that leaves unwanted pressing oratke paperboard(Kuusipalo
2008 p. 252253)

Creasing is an essential partdx cutting andhe production ofgoodquality trays.When
the creasing rule hits the paperboatite crease igormed,andpermanent deformation is
done. That changdbke paperboart properties within the area thfe crease(Nagasawa

Fukuzawa & Yamaguchi & Tsukatani & Katayarg@03 p. 157.) Creasing eases the folding
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of paperboarénd prevents crackingluusipalo 2008p. 253). In Figure8 can be seen the
mentioned deformation drhow creasing is don&he maindimensiors of thecreasing rule

and groovearealso shown irFigure8.

- Wer=Width of the creasing rule

Rep~Radius of the
S creasing rule tip
Trp=Thickness of

l_ paperboard

Wee=Width of the creasing groove

Deg=Depth of the creasing groove

Figure8. Creasing rule (Tanninefa Leminen & Eskelinen & Lindell & Varis201%, p.
5194).

Creases havesgnificanteffecton the press forming procesbhey arefor controlling the
blank forming process(Tanninen2015) When creasingthe materialis under various

stresseswhich are presented ithe Figure9.

t = tensile; ¢ = compression; s = shear.

Figure9. Stresses in the creasing zone (Kuusipalo 20084).
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To achieve the best possible creaspaperboardeeds tdhavethe rightthickness for the
tooling used.When using thickempaperboard, the reland grooveneedto be wider.
Manufacturerdavedifferent creasing rulesith differenttip profiles Also, the shape of the
edges of the groovean have an influencéuusipalo 2008p. 254.) Figure10 shows how
creasingbehaviourin normal folding (upper)differs from behaviourin press forming

(below).

Figurel0. Creasindgbehaviourduring folding and press formirigelow) (Tannineret al.
2019, p.5192.

Creases have lait differentuse in press formingompared to normal folding. Creasa®
sealed togéter during the press forming procdssthe paperboafd coating (Tanninen et
al. 201%, p.5192.)

2.5 Press forming

Press forming of paperboard materials is utilized to produce various types of trays. This is
achieved using a tool set that includes a male mould, a female mould, and a rim tool to hold
blanks.(Tanninen 2015 The bol set can be seen frdagurell.
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Flange flattening
Flange flattening
farce

Blank holding force

Blank holding force

ressing force

P

:l: Male mould P' ! -—---0

)

Female mould

Figurell Press forming moulds and a rim tool (Tanninen 201370).

In press forming, creased and qo# blanks are placed between male and female moulds.
The moulds are then pressed together to create aasayou can see fromigure 12.
(Leminen & Tanninen & Makela & Varis. 2018,5707)

e | | o

Figurel2. Press forming process (Lemineinal 2013 p. 5707).

Press forming process step by sfiepminen et al. 2013. 5707)
1 A blank is fed between a male and a female mould

1 A rim tool presses the blank agairike femalemould, so it does not moveduring
the process
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1 A malemouldforces the blank into theeatedemale mouldandthe blank holding
force controls the folding of the corners.

I The malenouldreaches the bottom of the female mould.

1 The male mould remains at the bottom for a set time, and dhisigme the flange
of the tray flattens.

1 The finalstep isremoving the readynade tray

Several forces are important in press formiRigure 13 showsthem duringthe forming
phaseFris pressing forceksn is blank holding forcgFn is supporting force fdfsn andFy.
andFy. are friction forces(Tanninen 2015

Figure13. Important forces in press formii@anninen& Matthews & Ovaska & Varis &
Backfolk.201%, p. 286).

Blank holding force (BHF)s appliedby arim tool, and itcontrolsthe folding of the tray
corners While the male mouldemainsat the bottonof the strokeor asettime, known as
dwell time thecorners are sealédgetherand the flange is flattene@io preventhemelting
of thecoating thefemale mould i©ieatedand the male mould is keptatooler temperature
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(max 50°C). (Tanninen 2017p. 372) Elevated temperatureas a significant role ithe
formation of paperbased materialbecauseat improves plasticityand helps to freeze the
shape afteforming. High moisturecontentand elevated temperature tdgat increase

elongation and lowetensile strengtlandthe elastic modulus(Vishtal et al.2013 p. 682)

A studyby Leminen& Matthews & Pesonen & Tanninen & Var{2018 p.1125)suggested
thatas highforming force as possibhould be used becaubsen the BHRangeis widest,
andthe visual quality of trays does nge&t compromised=igure14 shows an example of a
readymadetray.

Figurel4. A readymade tray on top dhetray blank (Tanninen 2015)

Trays have their finadnd best rigidity when cooled dowReadymade trays should haee
flat flange forgoodsealability,and the dimensions should bght to prevent issues ithe

sealingphase(Tanninen 201,/p. 372)
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3 Materials and methods

This chapter goes througteveral testing procedures usedthe thesis and introduces

materialslt describe how tests were performed amthat standards were used.

3.1 Trial run materials

Usually, paperboards used press forming are multilayered. Two outer layers typically
givethe boardts printing andsealabilitypropertiesandthe middldayer gives the structure.
Figure 15 shows an example of thgossiblestructure.Commercial350 gsmformable
paperboard- PET 40 gsmwasused as a reference material for the trial riaxgperimental
materials have uncoatédrmable paperboarasa basematerial,andthe coatingvasmade

by VTT in their facility. The ®matingis a regeneratedellulosebasedfiim. Two different
plasticizers without plasticizers and two thicknesses were used to produce tpaint
materialsThe target fothefirst thicknessvasthe same as the PET coat{ddum), andthe
secondnewashalf of that(5-6um). To achieve those thicknesses, 200um and 100um wet
thicknesses were used to produce trial point coatiRtgsticizers wereorbitol 2% and
glycerol 2%.

Chemical pulp
Chemical pulp + CTMP
Chemical pulp

PET coating

Figurel5. Structure of paperboard with coati(ftora Enso 2024)
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Materials are listed ifable1. The coatingside includes the used plasticizer for each trial

point material and the coatingds wet thick

Tablel. Materials.

Material Coating
Reference PET
TP 1 Unplasticized 200 pm wet thickness
TP 2 Sorbitol 200 um wet thickness
TP 3 Glycerol 200 um wet thickness
TP 4 Sorbitol 100 um wet thickness

The coatingorocess for the trial materials starts from pumpingdibigeinto a castingdie.

The secondtepwasfeeding thedope through the dietbep aper bo ar. théthirds ur f e
stepwasa citricacid bathwhich regenerates the coating filithe fourthstepwaswashing

with a water bath an@ddingplasticizersvia a sorbitol orglycerol bath and the fifth step
washeating with five infrared heaterfhe laststepwascutting and ewindingthe finished
productontoareel.Citric acid used was 38%and its target temperature duritige process

was 38°C.The gapbetween the die and the paperboard 2@3um for the thicker coating

and 100um for the thinner coatirfgigurel6showst he coating | ine in \

Figurel6. Coating line in VTT's facility.
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3.2 Material testing

Materialsweretested inseveralwaysto see differences between each other and to make
comparisonsBefore other testsould be donethe grammage anthicknessneededo be
measured Tensile strength bending stfness grammage, thicknessand friction
measurements weneadein theconstant climateoom, where the conditions were 23°C and
50 % RH Test pieces were stored in tt@nstant climate rooffior at least 24h before making

the measurements.
3.2.1 Moisture content

Moisture content was measuredth the Adams EquipmentPMB Moisture Analyzer

(Oxford, CT, USA) which can be seen froRigurel?. The analyzehas a scale araheater

Figurel7. Moistureanalyzer
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The moisture contentasmeasuredccording to ISO 638 by weighingthe sample before
and aftedryingit at 105t 2°C. Before measuringsamples were stored at 80% RH and 23°C
for at least 24hThat showed the moistumntent in the materialsefore convertingThe
high humidity condition was used tamprove the formability ofpaperboardduring the
forming processThree samples were measupsa material

3.2.2 Tensilestrength& bendingresistance

Tensile strength tests wereonductedfollowing the ISO 19242 standard The testing
machineusedwas a Lorentzen and WettréL&W ) tensile testeflLorentzen & Wettre,
Sweden)Figurel8). The distancéetween clamps wa®t atLt00nm, and the pulling speed

was 100mm/min.

L&W TENSILE TESTER . O Lt Weire

==

Figurel8. Tensile tester.

Both fiber orientationdirections,MD and CD were testedand10 tests pedirection were
performed.
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Bendingresistanceestswereconductedollowing standard ISO 5628 he testingnachine
usedwasa Lorentzen and Wettre&W ) bending testefLorentzen & Wettre Sweden)
(Figurel9).

Figure19. Bending tester.

Tests were done fdroth directiondVID and CD For each directionlO tests werenade.
After the firstfive tess, the nextfive were done with coatinfacingadifferent direction to

counter the effect of coating sida at least some level.

3.2.3 Kinetic coefficient of friction& surface roughness

Friction measuremestwere done with a device made byLUT Packaging Technology
according to the ASTM E1894 standardThe cevice consistsof a horizontal table with
customizabletesting platesan electric drive motor,a load senso(LRF400, FUTEK,
AdvancedSensor TechnologyNC., Irvine, USA)with accuracy of +0,0%, a200 g sled
and a nylormonofilament to attach the sledtteemotor. The setugan be seefiom Figure
20.



28

I IIIIIIIIIN,

Figure20. Friction measurement device.

The sledwaspulled at a constant speed of Ién/min.Both directionsMD and CDQ and
both sides of the paperboanstre measuredWhen the sleanoves at a constant speéd

transitions tahekinetic friction phaseSix measurements per direatiand sideveremade

For surface roughnessach material was measured frémecoating and board side with the
Sensofar Neox3D profilometer. The confocalmeasurement type was used to capture
surface topography. Sgroot mean square height was selected as a comparison parameter
for surface roughness. It means the standard deviation of the height distribution. That
parameter was recommended by the manufectof the profilometer for comparing
samples. Three samples per material were measured.

3.3 Trial run setup

The trialrun was done with the LUT Packer 2020 press forming machime.attached
mould wagheBerry tray, which produces trays with approximately dimensions of 94 x 142
x 50 mm. Process parameters are showhalble 2. The goal was to determine the BHF
range Other parameters remained constant.



29

Table2. Process parameters

Pressing force 180 kN
BHF range 1,42 kN
Female mould temperature 160 °C
Pressing speed 90 mm/s
Dwell time 0,6s

To determine the maximum blank holding force, the force was increased until the breaking
point was found. Then the force was decreased to have at least thredrdefeatyswhich

was the maximum force the matertaluld handle. Trays for testing were made with 200N
lower BHF than the maximum to ensure defieee trays. The goal was to produce 18 trays
per material. The press forming machine can be seenFigune21.

Figure2l. LUT Packer 2020.
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3.4 Testing after converting

The mperboardlank andrayundergaseveral testafter convertingo see how thegerform
compared to each othéeFhis chaptedescribes the testing methodess were performed
in the Laboratory ofPackaging Technologyvhere conditiondluctuate However,a good
thing is thaduring each testhe conditions remaineglite stableConditionsare relatedo
the time of the yearnn the summerthere is more moisture than in thenter, and the

difference can be huge, up to 50 percentage points

3.4.1 Pinhole testindpefore press forming

Right after die cuttinghematerialmustbe checked for possible fractures and pinholes. That
wasdone byisual observatiofor fractures and then spreadicgoredethanolwith abrush
to see possiblpinholes.Three blanks per material were testétherewerepinholes, leaks

appeaedascolorful dots on the uncoated side.

3.4.2 Tray dimensions

Tray dimensionavere measured witha quality control systemwith a backlit table anc
Cognex 5560511 smart camera. The backlit talblighlights defects andnablesaccurate

measuring of dimension$¥he setugan be seen froigure22.
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Figure22. Tray dimension measurement setup.

If the materialsperform properly in the press forming procefise deviation in the
dimensiongs rather smallSix trays pematerialwere measuredf possible The average

andthedeviationwerecalculated

3.4.3 Leak testafter press forming

To perform leak testsoloredethanolwaspoured intosix readymadetrays per material
andit wasspread withabrush tocover the whole trayAfter spreading the ethandl minute
was waited tsee if anyleaksoccurred Trays weravashed to see the pinholes better. After
washing the pinhole averagewascalculated Press forming can cause the coating to break

down,so it is important teheck for anypinholes anduptures after théorming process.

3.4.4 Torsionalstiffness

This test waperformedwith atorsionalstiffness testing devicatroducedin an articleby
Tanninen& Leminen & Matthews & Niini & Varis(2021, p. 643) Tests were donia two
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different waysthe clampsvereattached to the longer amige shorter side of the trajin

example of that can be seen fréigure23. Three traygerdirection were measured.

Figure23. Clamping methods\) clamps ortheshort sideandB) clamps orthelong side.

Weights of 120g and 240g were used to achieve proper rotd2@g were used whethe
tray was clampedn the short side and 240g whelamped on the long sid€&irst, the
counterclockwiserotation was measuredand then the clockwiseotation Before
measurementhe starting position wasritten down because the trays often tend to rotate
in someway, so the starting position ther than 0°. The starting position wageninto
accountwhen results were analyzdelgure24 shows the testing device.

Figure24. LUT tray stiffness tester with tray and load attached
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3.4.5 Compression strength

Compression tests were performeith a Shimadzu AGSX 10kN testingdevice.Six trays
weretestedfrom referencematerial and due tdhelimited amount of material, three trays
from eachtrial point materialwere tested Trays were put between the upper and lower
compressiorplates upside dowrcgnvex sideupwards) and plateswere so close to each
otherthat the tray couldhe fed between them. That was dodee tothe curling ofthe trial
point materials Due to the test arrangemethere wasno pretest, and the tesstarted
immediatelyfrom the positiorshown inFigure25. Pressing speed was 100mm/nfroke

was20 mm.

Figure25. Shimadzu testing device for compression test.

3.5 Scanning electron micraspy

Scanningelectron microscopy was useddapturehigh-magnificationpictures to analyze
the formed pinholes idifferentlocations.Two pinholesper traywere selected from each
trial point materiafrom interesting loations Also, reference and TP3 with no defects were
captured fronthe coating and paperboard side to maksomparison between thei®ne

blank was selectei seethe crackmore closelyMagnification ranged from35x to1000x.
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4 Results& discussion

Results are presented in this chapsgarting from material measurements, going through
the trial run, and testing of readgnade traysResultsare comparedvith each otherand

reasons for differences are discussed

4.1 Moisture contentgrammage & thickness

Table 3 shows the results ahoisture contentgrammageand thickness measurements
Grammags of all thicker coated materia(3P 1-3) werehigher than the referenca part
of thatwasprobably due to the coating proceafere the paperboakdassubmergedn a
few different liquid bathsand the materiadbsorbedhose liquidsAlso, thethicker coating
layer in experimentainaterialsweighsmore. TP 46 s g r awas@aabilewer thanthe

r e f e r dueto thedtsnner coating.

All trial point materials were thickéhan the reference. Tlo®ating thickness go&br TP

1-3was the same as the PERNd that was not achievidout the differencevas reasonable
For TP 4 the thickness goal was half of the previdi®s,andit wasstill thicker than the
referencewhich wasaninteresting result. Thatias also probably due to the absorptain
the liquidsas the materiakentthrougha fewdifferent liquid bathsAnotherreasorwas the
coating layed s t h,iwkidhwas grabablya bit thicker thant was supposed to be.

Table3. Moisture content, grammage, and thickness of materials

TP 4
_ PET | Uncoated TP 1 TP 2 TP 3 _
Material o _ sorbitol
ref board | unplagicized| sorbitol | glycerol|
thinner
MC (%) 9,5 10,6 11 10,9 11,4 9,3
Grammage 377 342 394 393 397 363
(g/n?)
Thickness | 471 459 547 542 539 518
(um)
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After the moisturemeasurementyne interestingphenomenoroccurred in all trial point
materials. The coatinglazed andoecame very brittleDuring the bending the coating
fractured very easilyThere isanexample of thain Figure26.

Figure26. Example of coating's fracture of TP 3.

This kind of brittlenessould bea problemdepending on the usk# would cause problems
if trays made ofthis kind of materialvere heated in the ovevhen preparing theakeaway
meal.
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4.2 Bendingresistancend tensile strength

The resultsof the bending resistancestare shown in thé&rror! Reference source not
found.. It was quite clear that theurling of theexperimental materialsad a big effect on

thebendingresistanceesults.

Bending resistance of materials
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Figure27. Bending resistancef tested materials.
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Bending resistance (mN)

sMD uCD

Commercial paperboard with PET coating and without coathmgl a cleardifference
between differenfiber directionsin bending resistanc& he effect ofPET-coatingwas
notable compared to uncoated paperbo@ril point materialdhadvery differentresults
compared tahereference materiaResults can bexplainedat least partiallypy the curling
of the materialsThe bigdeviationwasalso probablydue tocurling. Trial point materials
werehard to compare tthereference becauskdybehavedo differently.At least the trial
point materialsvereweaker inMD. The CDcan be argueds to whetheit can becompaed
to thereference due to high curling this test there wasot a besperforming experimental
material as the results were seen.Figure 28 shows an example aurling, which was
probably caused by drying shrinkage
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Figure28. Curling of the test piece thebending testefMaterial: TP 2)

Figure29 shows the results difie tensilestrength testn this test nassues occurred during
testing like in the bending test.

Tensile strength (kN/m)

Tensile strength of materials
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Figure29. Tensile strengtlof tested materials.
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Trial points two andthreewere closest tothe reference materiako with plasticizer the
coating providal the best tensile strength properties.When comparing all trial point
materials to the reference material, we can see thatwhaesmo major difference. Thawas

a good thindor runnabilityin the press forming proceas the moulds are pressed together

and the material is under tension

Another good comparison between materials camdgeon the elongation amoungigure
30shows the elongation durirtige tensilgest Again, the resultsverequite consistenand
that was a promisingthing whenlooking towards trial runsSorbitol as a plasticizer with

thinner coating providihigher elongation in both MD and Gban the refance

Elongation during tensile test

sMD =CD

Figure30. Elongation of materials durirthetensile test.

4.3 Kinetic coefficient of fiction & surface roughness

Results othe frictiontest can be seen Figure31 below.For all other materials except TP

3, six measurements per direction and side of the paperboard were made (24 total). Due to
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the low amount of material, 3 measurements per direction and side of the paperboard were
measured for TP 3 (12 total).

Kinetic friction coefficient of materials

0,300
0,250
0,200 1 i i 1 T =
0,150

0,100

Friction coefficient (u)

0,050

O'OOO _— _—_— _— L _—

®MD coating ®CD coating =MD board = CD board

Figure31. Kinetic friction coefficientof the materiakurface

Friction valuesof all trial point materialsvereclose toreferencevalues whichwasa good
thing for the press forming procesBeviationswerealso quitesmall,so the materialwere
consistent and that qave a good starting point for the trialun. During the friction
measurementherewas a slight issue due to the curling of the matéidlen the test piece
was attached to the sled, some wrinkles appeared. That candtighe effect on the results,
but that same thingccurredwith all the trialpoints,sothe resultsare stillcomparableTP
3 and TP 4 performed best in this t&3gure32 shows an example of the wrinkles.
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Figure32. Friction measurement test piece.

Measuring surface roughnesasvery hard inthe case of paperboard due to the curling. If
the material curlsit impact the measurement result. There is a way to conquentitht,
surfaceform removal which makes the sampemodelflatter in themeasurementso the
curling does not impacgesultsas much Thatweakens the reliability of the measurement
but it was necessary to use it in this c&sgure 33 shows an example of an optical image

ofTP®s coating side.

Figure33. Optical image othecoating side with 5x magnification (TP.3)
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Figure34 presents surface roughness averages and desitti@ach material. All materials
except TP 4 hdarougher board side than the coating side. The big difference betineeen
board and coating siadeasprobably due to the wrinkling of the paperboard and the corrosion

duringtheacid bath in the coating process.

Surface roughness

9,00
8,00
7,00
6,00
€
E 5,00
Z 4,00
3,00
2,00
1,00 3,03 6,48 5,21
0,00 == == == —
Commercial+PET TP 1 unplast. TP 2 sorb. TP 3 glyc. TP 4 sorb. Thin

mboard ®coating

Figure34. Surface roughnesd thematerials

Figure35 presents the wrinkling of the paperboard. Trial point materials tend to have these
wrinkles even if the material was bent slightly. Reference does not have that problem

because ihasa different coating process.
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Figure35. Wrinkle on a paperboard side. Material: TP 1.

4.4 Die cutting and creasing

The diecutter needed to kadjusted for the trial point materials becausectiaingcracked
with the usuaklearancef the cutterFigure36 shows therackswith atoo small clearance

setting.The blank wagoloredwith dyed ethandlo see the cracksetter.

Figure36. Crack in the blank of P 3
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After loosening the die cuttert was possible to achiev#anks withunharmedcoating.In
Figure37 there is an example of tested blanks that did not have any leaks after die cutting.
TPs1-3 had ethanol proof coatingndTP 4was not tested due &gpoorcoating.

Figure37. Paperboard side &) TP 1 andB) TP 2 after ethandkst.

In the Figure38thereis an exampl®f inconsistencies the coating of TP 4Thatwasthe
reason TP 4 was not tested wattnanol. It would havabsorbed ethanol from thecoated

areas.

Figure38. Coating side of TP 4.
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Defects in the coatingeredue to thelifficulties that werefaced during the coating process.

Fortunately the materialwas good enough f@roduce trag.

4.5 Trial runs & readymade tray testing

Trial runs weresuccessfuland quitgpromisingtrays wergroducedexcept for dew issues
A maximumBHF was found for each materiahd the trays falesting were producedith
200N lowerBHF thanthemaximumto ensure trays with no breakagdeays for testing were

produced witithefollowing parameters in th€able4.

Table4. Parameters of trays for testing.

Pressing force 180 kN
BHF range 1,42,0 kN
Female mould temperature 160 °C
Pressing speed 90 mm/s
Dwell time 0,6s

There was amall issue with the materials duripgoduction becaustial points one and
four started to break after while of production The reason could be the heatbthnk

holding tool Due to the breakinghe numbenf traysfell a little low. Fortunately enough

wasdoneto complete the tests for readyade traysThe goal was to produce at leds

trays butonly with reference and@P 2, that goal was met.

Number of produced trays:
- Ref 18 pcs
- TP 1:16pcs
- TP 2:18pcs
- TP 3:12pcs

- TP 4:9pcs
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Trayshada curlingdefect probably due to the dryinghrinkageof the coating The longer

side of the tray cueldinward as you can see froffigure39.

Figure39. Produced tray®?\) TP 1 B) Reference C)P 2 D) TP 3 E) TP 4.

Referencematerialwasnot curling irwardfrom the longer sidesnd thatvasthe goal Due
to curling the usability of the traysvasnot good. Foexamplea lid for a Berry traywill
notwork if thedimensions are not rightrial point fourdid not curl so muchand therefore

it performedbestin terms ofdimensions anglisual appearance.

Due to thdimited amount of material®only the blank holding force wahanged during the
tray productionas the parameters were optimizAd the trays curledalower female mould
temperaturg120°C)was tried inthe hopeof tackling the curlingproblem.That helped a
little with TP 1, but with TP 2 no improvement was noticeBigure40 showsan example
of slight improvement
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Figure40. TP 1female mouldemperature comparisoA) 160°C & B) 120°C.

Different fiber orientation in the blanks were also trtedsee how itaffectsthe curling
phenomenaSo,the blanks were die cut different directiorthani n o r m Aldrnhally dhe
machine directions parallel tothe long edge of the blanklow themachine directionvas

parallel to the short sidé&igure41 shows thebehavior ofthe traywith the unusualfiber

orientation

Figure41l TP 1 with different fiber orientation.
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Change in the fiber direction did help with tberling phenomenonbut the overall tray
quality suffeed The mouldvas designed to work with speciffder direction in the blanks
so because of thahe traytends to havéhe wrong dimensionsand theshapeof the tray
was a bit different However, the trayljooked quite good, sanaybe the different fiber
direction could beried on a larger scala the future and the moulds could mkevelogd

for adifferentfiber direction

Despite initial concerns abowgurling of thematerial before conveng, the trays were
surprisingly goodTheexperimentamaterialshave a lot of potentialrial points one, three
and four were able to withstar®@0 N more BHF than the reference material. Trial point

two wascloseto the reference materjakith 300 Nlower BHF. Results can be seen from

theFigure42.
Blank holding force during press forming
2,5
2,2 2,2
2,0

BHF (kN)

0,5

0,0
Commercial+PET TP 1 unplast. TP 2 sorb. TP 3 glyc. TP 4 sorb. Thin

u MAX BHF

Figure42. Achieved maximumblank holdingforces during trial runs

4.5.1 Tray dimensior

During tray production, one challengecurreddue to the curling of the materidlrays that
were produced curled $adlythat the dimension measuremeatild not be donédowever
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dimensions of the reference material were measaretithat showsow smallthe deviation
waswith properlyperforming materialResults are presentedHmror! Reference source

not found..

Table5. Dimensions of the reference material

Dimensions REF
Height Width
average 147,98 mm 90,05 mm
deviation 0,68 mm 0,49 mm

4.5.2 Leak test

None of thesix referencedrays hadpinholesbut all trial point materials had pinhole$he
upperedge isa common place to havpinholesdue to the pinch effect in the pressing
processBottomshape has caused some pinhalghe bottom othetrays from trial point

3 with glycerol plasticized coatin@gome occasional pinholasthebottom occurred in o#r
materials topbut in TP 3 those occurredconsiseéntly. Cracks,or pinholes, are formed
during theconvertingprocessas thethickness of the coating reduced during creasing
whichgenerates weak spoatsthecoating Figure43presents the pinhole spots, marked with
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redcircles.The traywas supporteffom the middleby a piece of paperboard due to heavy

curling.

Figure43. Example ofatested trayith afew marked pinhole spaots

Figure44 shows the results d@he pinholetest The results show thathen comparing the

trial points TP 1hasthelowest number of pinholeendthe smallest deviation.

Pinhole average
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o 16
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S

Number of pinhol

0
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Commercial+PET TP 1 unplast. TP 2 sorb. TP 3 glyc.

Figure44. Pinhole test results.
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Trial point one is unplasticizedo according to the pinhole test resuttigsticizers tend to
increase thenumber of pinholes. That must be considered as the coating process is
developedSo,barrierwise when comparingdrial point materialsthe unplasticized coating

performedbest But still, the referencenaterialwas on a different level.

What comes to trial point four, it had soserous issues with the coating uniformignd
only one tray was tested with ethanbhat was done as @axample,andthe result can be

seen fronFigure4bs.

Figure45. Ethanol tested tray from material T,Rdinnercoating, plasticized witkorbitol

Some of théeaksweredue to the bad coating uniformjignd somevereactual pinholegs
the coatinghad broken down in the procesk. seems thathe coating processust be

developedo produce that thin coating wiinevencoatinglayerandaworking barrier

4 5.3 Torsionalstiffness

Results of torsional stiffness test®presentedbelowin theFigure46 andFigure48.
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Amount of rotation when clamped on long side
with 240g load
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Figure46. The torsionaktiffness testesultswith clamps orthe longsideand witha 240g

load.

TP 3 halthe lowest rotation amourgnd when comparing that to the other clamping method
TP 3wasthesecondowest,and TP Iwasthe lowestThatwasa bit strange because in this
clamping methodTP 1 hal the highesamount of rotationThis kind of variation might be
due to theexperimental material and its uneven qualityaaesult ofthe curling of the

materials The curling can caussmme tension to the trayhich affects the results.

After the torsional stiffness teghe edges of th#ays had some warpingext to the spot
where the clamps endefin example in thé&igure47.
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Figure47. Tray after torsional stiffness tg8flaterial TP 1 unplasticizéd

As the trays were clampexh the short side, we can see from Figure48 that all the trial
points were stiffethan the reference and therefore rotated Betveenthereference and

TP 1 thee wasa remarkabl@lifference asTP 1 rotated almost half less

Amount of rotation when clamped on short side

with 120g load

Commercial+PET TP 1 unplast. TP 2 sorb. TP 3 glyc. TP 4 sorb. Thin

12,00
10,00
8,00

6,00

Rotation ()

4,00

2,00

0,00

m counter-clockwise ® clockwise

Figure48. The torsionaktiffness test results with clamps on the short side andatifiog

load.
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When comparing theesults of thalifferentclamping methodsherewas a bit of amixed
resultsbetween Reference and TPWhen clamped on the long side, the referemes
rotating less than TP, &nd when clamped on the short sifle 1wasrotating lessThe keg

in this testwas the TP 3 due the consistency

Curling of the traysnade fromexperimental materiaffectsdifferently depending on the
clamping sideWhen clamped on the long sjdbe traywas more tense as the side®d to
curl inward That malethe long side results more consistéfith short side clampinghe
curling probablymadethe traysstiffer compared tahereference

4.5.4 Compression strength

Compression testlata was transformed inta chart where maximum forces between

materials can be compareékhe chartcan be seen frofigure49.

Compression test
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Figure49. Compressiomstrengtls of trays

Trial point twoperformed best in the compression tesenwhen compared tinereference
material Theweakest wagrial point four, probably due tathinner coatingFigure50shows
the shapes of the trays afthecompression test.
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Figure50. Compressed trays) TP 1 B) Reference C) TP 2 D) TP 3 E) TP 4.

Trays ha two types ofshapesthe firstonewas kind of oval, and the secondascloser to
the original shapdn the compression test thedi perfomed TP 2had this almost original
shape whiclwaslikely due to thebetter compression resistanddatwas probablywhy it
did not turn out aan oval shape Figure51 shows differentvrinklesin the trays aftethe
compession test.

Figure51. Compressed trays froaside view.A) TP 1 B) Reference Q)P 2 D) TP 3 E)
TP 4.
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Wheninspectingfrom the side view, trial points from one to three Hahe samekind of
wrinkles. Reference antlP 4 had only minorwrinklesin the cornersReferexce hal the
fewest damages after compressenmd in thatasejt performedoest in the teseven though

TP 2 had the highest compression resistance.

4.5.5 Scanning electron microscopy

To ease the comparison of different damages in the co&imge52 shows thalefectfree

coating sides of trial point three atit reference material.

LUT 5.00kV X100 SE 500um LUT 5.00kV X100 SE 500pm

Figure52. Defectfreeimages ofA) TP 3andB) Reference.

Scanning electron rmioscope pictures revealed some interesting trabgstthe materials.
For example reference material did not have gonholesor visible cracks with eyedut

with SEM, some tiny cracks can be seen in¢batingfrom the bottonforming areaFigure

53 showsanexample of that.
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LUT 5.00kV X1.00k SE

Figure53. Tiny cracks irthebottom forming are&n the referencenaterial

The paperboarside had somdifferences between the trial points ahdreferencelt looks
like theacid bath could havieada corrosive effect on the fibersAn example can be seen
from Figure 54 and Figure 55. Fibersin the trial point material are not as flat as in the

referencematerial. That is a result of the absorption of the liquids during the coating process.
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LUT 5.VOOkV X500 SE

Figure55. Uncoated sidef thePET reference

57
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Tri al poi nt o0 n e oussidgolf thelcredsimyease iehawssprobably farraed
during the formingprocess The crack below the pinholeappened when preparing this
sampleso that is not a result of press formiAg example can be seen frdfigure56.

Figure56. TP 1 pinhole in the wall

Blank holdercreates a pinch effect to tleelge of the flange and that is a critical plate
terms of the pressing process to have pinhogure 57 shows an example o&

pinholecrack in the pinched area.

Figure57. TP 1 pinhole in the pinched area.
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Trial point two hal a differentlooking pinholein thecornercompared tdrial point one.

Examplein theFigure58.

Figure58. TP 2 pinholein the corner.

Figure59shows an examplaf a pinhole/crackon the edge of the flangkk was smaller than
in the trial point ongwhich could bebecause TP 2 has a plasticizer in the coating and TP 1

does nat

Figure59. TP 2 pinhole in the pinedarea.

Bottom forming causediny pinholes mainly in trial point thredout some occasional

pinholes in the bottom arealso occurredin other materials. A picture with 500x





















