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Trays for food packaging are still mostly made from plastics, and by using paperboard, the 

carbon footprint can be brought down substantially. Paperboards with cellulose-based 

coating are possible renewable and biodegradable substitutes for traditional plastics. The 

goal of this thesis was to evaluate the performance of paperboards with regenerated 

cellulose-based coatings in the press forming of trays. 

Experimental materials consisted of four trial points with two different plasticizers in the 

coatings, one trial point without a plasticizer, and one trial point with a thinner coating. Every 

trial point has the same base paperboard. Those were compared to the reference material 

with a PET coating. The goal for the experimental materials was to have the same coating 

thickness as the reference material, and for the thinner coating, half of that. 

Material measurements revealed differences between materials and proved that the 

experimental materialsô properties are close to the reference material. A key result from the 

tray manufacturing trial runs was that some of the trial points handled more blank holding 

force than the reference material. One major limitation of the experimental materials was 

curling. As the trays cool down, the long side of the tray curls inward, and then the usability 

of the trays suffers. Another difference compared to the reference material was barrier 

performance after converting. 

The future of the regenerated cellulose-based coatings looks promising, as the results showed 

that the materials have the potential to be developed further. The production of trays was 

possible, and the runnability was quite good for experimental materials despite a few minor 

issues. 
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Suurin osa ruoan pakkaamiseen käytettävistä vuoista on edelleen tehty muovista. Mikäli 

muovin sijaan käytettäisiin kartonkia, hiilijalanjälkeä voitaisiin laskea merkittävästi. 

Selluloosapohjaisesti pinnoitetut kartongit ovat mahdollisia korvaajia perinteiselle muoville. 

Tämän työn tavoitteena oli arvioida regeneroiduilla selluloosapohjaisilla kalvoilla 

päällystettyjen kartonkien suorituskykyä vuokien puristusmuovausprosessissa. 

Kokeelliset materiaalit koostuivat neljästä koepisteestä. Nämä sisälsivät kahdella eri 

pehmittimellä ja ilman pehmitintä sekä yhden ohuemmalla pinnoitteella tehdyn materiaalin. 

Pohjakartonki oli jokaisessa materiaalissa sama. Kokeellisia materiaaleja verrattiin PET-

päällystettyyn referenssimateriaaliin. Pinnoitepaksuuden osalta tavoite oli tehdä yhtä paksu 

pinnoite, kun referenssimateriaalissa ja ohuempaan pinnoitteeseen puolet siitä. 

Materiaalimittauksien tuloksista huomattiin eroja materiaalien välillä ja tulokset osoittivat, 

että kokeellisten materiaalien ominaisuudet ovat lähellä referenssimateriaalia. Päätulos 

vuokakoeajoista oli, että muutama kokeellinen materiaali kesti enemmän 

kehätyökalupainetta kuin referenssimateriaali. Yksi iso rajoittava tekijä kokeellisten 

materiaalien keskuudessa oli käyristyminen. Kun vuoat jäähtyivät, niiden pitkät sivut 

käyristyivät vuoan sisälle päin, tämän takia vuokien käytettävyys kärsii. Toinen iso ero 

referenssimateriaaliin oli kokeellisten materiaalien barrier-ominaisuudet konvertoinnin 

jälkeen. 

Regeneroitujen selluloosapohjaisten pinnoitteiden tulevaisuus vaikuttaa lupaavalle, koska 

tulokset osoittivat, että materiaaleilla on potentiaalia jatkokehitykselle. Vuokien valmistus 

oli mahdollista ja materiaalien ajettavuus oli hyvällä tasolla kokeelliselle materiaalille 

muutamista pienistä ongelmista huolimatta. 
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1  Introduction 

This thesis focuses on 3D formability and packaging functionality of paperboards with 

cellulose-based coatings. Cellulose-based coatings and films are possible replacements for 

plastics in paperboard packaging (Ahokas & Mäkelä & Jaiswal & Khakalo & Harlin. 2024, 

p. 10403). A key driver for that is environmental concerns about plastic and the waste it 

generates. Trays are widely used in food packaging, and they are commonly made from 

plastic. (GVR 2024.) So, paperboard trays would be a good replacement to reduce the use of 

plastics. The thesis includes a literature review for background information and an 

experimental part that provides valuable information about material performance and 

properties. The experimental part contains a trial run with the press forming machine and 

material, and tray testing. Results are discussed in the end. 

Previous studies have shown that biopolymer coatings could be used in the press forming of 

paperboard trays. However, the quality of trays is not perfect due to the easy cracking of the 

coating layer. Cracks in the trays lead to leaking. (Tanninen & Saukkonen & Leminen & 

Lindell & Backfolk. 2015a, p. 339.) Cellulose would be a renewable and biodegradable 

substitute for petroleum-based polyolefins (Ahokas et al. 2024, p. 10403). 

1.1  Background 

The global food packaging market is growing due to urbanization, changing lifestyles, and 

of course, population growth. The people are favoring ready-to-eat meals and on-the-go 

packages. The market size was valued at 400,29 billion USD in 2024. ñThe market is 

expected to grow at a CAGR (compound annual growth rate) of 5,9% from 2025 to 2030.ò 

(GVR 2024.) Paperboard trays are perfect for ready-to-eat meals because they can be heated 

in the oven or the microwave. 

There is a significant opportunity for sustainable package and paperboard companies to 

achieve big success in this market, especially in Europe. The European Union (EU) has a 

directive on single-use plastic products (SUPs). SUPs are items that are used only once or 

for a short time before discarding. The directive aims to prevent and reduce the impact on 

the environment and human health. (European Commission 2025.) 



9 

 

Directive addresses the 10 most commonly found items on the EUôs beaches (European 

Commission 2025):  

¶ Straws, plates, cutlery, and stirrers 

¶ Food containers 

¶ Beverage containers 

¶ Cups for beverages 

¶ Plastic bags 

¶ Cotton bud sticks 

¶ Balloons and sticks for balloons 

¶ Cigarette butts 

¶ Packets and wrappers 

¶ Wet wipes and sanitary items 

 

The plastic items above can be replaced with more sustainable solutions. The directive also 

states that if more sustainable solutions are available, those should be used, and the plastic 

versions cannot be placed on the markets of EU Member States. (European Commission 

2025.) 

Trays produced from paperboard are usually coated with plastics. Plastics used are, for 

example, PET (polyethylene terephthalate) and PP (polypropylene) because those provide 

good barrier properties and the best usage range in terms of temperature. (Holmen 2024.) 

Figure 1 presents different properties between the four plastics, which are common in 

packaging applications. 
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Figure 1. Properties of plastic qualities (Holmen 2024). 

 

Barrier properties are especially important during the shelf life. Good barrier properties 

extend the shelf life of the packed food. Temperature resistance is important when 

converting and when the customer is, for example, heating the ready-made meal packed in 

the tray. By using plastic-coated paperboard trays, the carbon footprint can be brought down 

substantially when compared to using a traditional plastic tray. Even those thin plastic 

coatings are being replaced. (Holmen 2024.) 

1.2  Goals of the thesis and research questions 

This thesis aims to evaluate the performance of regenerated cellulose-based coatings in the 

press forming of trays. Trial point materials are compared to reference material, which 

provide a good understanding of differences in the material performance. Differences are 

searched in the material properties and ready-made trays. 

This thesis answers the following questions: 

¶ How does the cellulose-based coating perform in the press forming of trays? 

¶ What are the main limitations of the materials? 

¶ What are the main differences compared to the reference material? 
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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 differences between 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 each test will be identified.  
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2  Literature review 

This chapter gathers background information for the thesis with a literature review. There is 

gone through the whole process that is needed to produce ready-made trays from paperboard 

sheets. Starting from cutting and creasing and going all the way to forming of the tray. 

2.1  Paperboards 

Typical paperboard in the press forming has grammage from a range of 200 to 450 g/m2. 

Coating grammage can vary from 10 to 70 g/m2. (Leminen 2016.) When paperboards are 

used for packaging, they need specific properties depending on the use. From 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 requirements, as the lines need 

to be as efficient as possible. Materials need to be well convertable and easy enough to 

handle. One major requirement is the protection of 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 2013, p. 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 

Paperboardôs properties are closely related to its moisture content. When the paperboard is 

in high humidity, it absorbs moisture, and that lowers the strength properties. On the other 

hand, stretchability increases, and thatôs why paperboards used in press forming are stored 

in high relative humidity (RH) chambers. When paperboard is exposed to lower humidity, it 

loses moisture content, which increases strength properties and rigidity. Changes in humidity 

can cause curling of paperboard. That is not good in any converting method. (Kirwan 2013, 

p. 47.) Figure 2 below shows examples of curling.  
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Figure 2. The curling of the paperboard, due to humidity changes (Kirwan 2013, p. 47). 

 

Relative humidity and moisture content influence the friction coefficient by decreasing it 

while exposed to elevated temperature. That is due to evaporating moisture, which generates 

lubrication. As the temperature rises over 100°C, a slight increase in friction is probably due 

to the drying of the material. (Vishtal & Hauptmann & Zelm & Majschak & Retulainen. 

2013, p. 683.) Coefficient of friction trends can be seen from Figure 3. 

 

 

Figure 3. The influence of temperature on both the static and dynamic paperboard-to-metal 

friction coefficient (Vishtal et 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 with the extrusion process or the dispersion 

process. This thesis focuses on the extrusion process as the reference material is coated with 

that method. That process involves extruding molten polymer or polymer-like material onto 

a moving web. (Kuusipalo 2008, p. 108.) Figure 4 below shows an example of an extrusion 

line. 

 

 

Figure 4. Extrusion coating line (Kuusipalo 2008, p. 108). 

 

A vital part of the extrusion line is an extruder, which is an assembly of several parts. 

Extruder consists of hopper, screw, cooling system, heaters, barrel, breaker plate, and die. 

Pellets could be loaded into 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. 

Automated loading has a vacuum-based loading system that transfers pellets into a 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 molten resin. After 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 form, and in the case of coating, it is a wide film. (Kuusipalo 2008, p. 109-

110.) Figure 5 visualizes the main parts of the extruder. 

 

 

Figure 5. Main parts of the extruder (Kuusipalo 2008, p. 109). 

 

Coextrusion is another much-used method to produce 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 properties when combined as one film. That enhances the performance 

of the final product. (Kuusipalo 2008, p. 114.) 

2.3  Cellulose-based coatings and films 

Cellophane is a well-known cellulose-based material that 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, it could not compete against those. New regenerated 

cellulose-based films are a renewable and biodegradable alternative to plastic films and 

cellophane. Those are manufactured with non-toxic and safer methods than cellophane. 

(Gonzáles Carmona & Schlapp-Hackl & Nieminen & Sawada & Hummel & Sixta. 2023, p. 

11633.)  
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Manufacturing of regenerated cellulose-based films and coatings involves many phases, 

including the dissolution of pulp, film forming, washing, adding additives, and drying. VTT 

Technical Research Centre of Finland has developed a technology called Biocelsol for the 

dissolution of pulp. In that process, pulp is processed with enzymes, then dissolved using a 

cold alkali method, deaerated and precipitated by neutralisation with acid. (Kunnari & 

Kumar & Majoinen & Ahokas & Harlin. 2024.) 

Another technology by VTT is Ioncell, which has a different dissolution process than 

Biocelsol. The Ioncell process uses ionic fluids for dissolution and high temperature. The 

film is created by continuous extrusion via dry-jet spinning. The film is washed next by 

attaching it to a smooth glass surface. That is embedded into a 60°C water bath for 30 

minutes to remove dissolution chemicals. Additives can be added to increase functionality, 

and pressing can be done for the removal of surface water. The last step is drying in the 40°C 

oven for 25 minutes. (Gonzáles Carmona et al. 2023, p. 11636.) 

2.4  Die cutting & creasing 

Die cutting is a converting process that produces blanks from sheets. Machines can be a 

flatbed or a rotary die cutter. Both cutters can be in line with a reel-fed press, and the flatbed 

can also operate off-line. The Rotary die cutter has an advantage in production with high 

speeds, but has a downside of high cost. Figure 6 presents the stages of the flatbed die-cutting 

process. (Kuusipalo 2008, p. 251.)  

 

 

Figure 6. Flatbed die cutting machine (Kuusipalo 2008, p. 251). 
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Rotary die cutting differs from flatbed die cutting because cutting and creasing happen 

separately in rotary machines. Rotary machines do not need small uncut bridges of board, 

nicks, to hold the blanks together, so they avoid blanking. (Kuusipalo 2008, p. 251.) Figure 

7 shows the rotary die cutting machine. 

 

 

Figure 7. Rotary die cutting machine (Pillsbury 2019). 

 

Cutting process can be adjusted by knives, rubbering and nicks. There are different types of 

knives related to special needs. In many products there are needed, for example perforations, 

broken lines for tearing, scoring and half cuts, in addition to basic cutting. The sheet needs 

to stay in place during cutting, so the cutting knives are surrounded by rubber strips. The 

hardness of the rubber varies depending on the area of the cutting plate. The rubber cannot 

be too hard because that leaves unwanted pressing marks on the paperboard. (Kuusipalo 

2008, p. 252-253.) 

 

Creasing is an essential part of die cutting and the production of good-quality trays. When 

the creasing rule hits the paperboard, the crease is formed, and permanent deformation is 

done. That changes the paperboardôs properties within the area of the crease. (Nagasawa & 

Fukuzawa & Yamaguchi & Tsukatani & Katayama. 2003, p. 157.) Creasing eases the folding 
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of paperboard and prevents cracking (Kuusipalo 2008, p. 253). In Figure 8 can be seen the 

mentioned deformation and how creasing is done. The main dimensions of the creasing rule 

and groove are also shown in Figure 8. 

 

 

Figure 8. Creasing rule (Tanninen & Leminen & Eskelinen & Lindell & Varis. 2015b, p. 

5194). 

Creases have a significant effect on the press forming process. They are for controlling the 

blank forming process. (Tanninen 2015.) When creasing, the material is under various 

stresses, which are presented in the Figure 9.  

 

 

Figure 9. Stresses in the creasing zone (Kuusipalo 2008, p. 254). 
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To achieve the best possible crease, a paperboard needs to have the right thickness for the 

tooling used. When using thicker paperboard, the rule and groove need to be wider. 

Manufacturers have different creasing rules with different tip profiles. Also, the shape of the 

edges of the groove can have an influence. (Kuusipalo 2008, p. 254.) Figure 10 shows how 

creasing behaviour in normal folding (upper) differs from behaviour in press forming 

(below). 

 

 

Figure 10. Creasing behaviour during folding and press forming (below) (Tanninen et al. 

2015b, p. 5192). 

 

Creases have a bit different use in press forming compared to normal folding. Creases are 

sealed together during the press forming process by the paperboardôs coating. (Tanninen et 

al. 2015b, 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 tool set can be seen from Figure 11. 
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Figure 11. Press forming moulds and a rim tool (Tanninen 2017, p. 370). 

 

In press forming, creased and pre-cut blanks are placed between male and female moulds. 

The moulds are then pressed together to create a tray, as you can see from Figure 12. 

(Leminen & Tanninen & Mäkelä & Varis. 2013, p. 5707.) 

 

 

Figure 12. Press forming process (Leminen et al. 2013, p. 5707). 

 

Press forming process step by step (Leminen et al. 2013, p. 5707): 

¶ A blank is fed between a male and a female mould. 

¶ A rim tool presses the blank against the female mould, so it does not move during 

the process. 
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¶ A male mould forces the blank into the heated female mould, and the blank holding 

force controls the folding of the corners. 

¶ The male mould reaches the bottom of the female mould. 

¶ The male mould remains at the bottom for a set time, and during this time, the flange 

of the tray flattens. 

¶ The final step is removing the ready-made tray. 

 

Several forces are important in press forming. Figure 13 shows them during the forming 

phase. FP is pressing force, FBH is blank holding force, FN is supporting force for FBH and Fµ1 

and Fµ2 are friction forces. (Tanninen 2015.) 

 

 

Figure 13. Important forces in press forming (Tanninen & Matthews & Ovaska & Varis & 

Backfolk. 2015c, p. 286). 

 

Blank holding force (BHF) is applied by a rim tool, and it controls the folding of the tray 

corners. While the male mould remains at the bottom of the stroke for a set time, known as 

dwell time, the corners are sealed together, and the flange is flattened. To prevent the melting 

of the coating, the female mould is heated, and the male mould is kept at a cooler temperature 
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(max. 50°C). (Tanninen 2017, p. 372.) Elevated temperature has a significant role in the 

formation of paper-based materials because it improves plasticity and helps to freeze the 

shape after forming. High moisture content and elevated temperature together increase 

elongation and lower tensile strength and the elastic modulus. (Vishtal et al. 2013, p. 682.) 

A study by Leminen & Matthews & Pesonen & Tanninen & Varis. (2018, p. 1125) suggested 

that as high forming force as possible should be used because then the BHF range is widest, 

and the visual quality of trays does not get compromised. Figure 14 shows an example of a 

ready-made tray. 

 

 

Figure 14. A ready-made tray on top of the tray blank (Tanninen 2015). 

 

Trays have their final and best rigidity when cooled down. Ready-made trays should have a 

flat flange for good sealability, and the dimensions should be right to prevent issues in the 

sealing phase. (Tanninen 2017, p. 372.)  
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3  Materials and methods 

This chapter goes through several testing procedures used in the thesis and introduces 

materials. It describes how tests were performed and what standards were used. 

3.1  Trial run materials 

 Usually, paperboards used in press forming are multilayered. Two outer layers typically 

give the board its printing and sealability properties, and the middle layer gives the structure. 

Figure 15 shows an example of the possible structure. Commercial 350 gsm formable 

paperboard + PET 40 gsm was used as a reference material for the trial runs. Experimental 

materials have uncoated formable paperboard as a base material, and the coating was made 

by VTT in their facility. The coating is a regenerated cellulose-based film. Two different 

plasticizers, without plasticizers, and two thicknesses were used to produce trial point 

materials. The target for the first thickness was the same as the PET coating (11µm), and the 

second one was half of that (5-6µm). To achieve those thicknesses, 200µm and 100µm wet 

thicknesses were used to produce trial point coatings. Plasticizers were sorbitol 2% and 

glycerol 2%. 

 

 

Figure 15. Structure of paperboard with coating (Stora Enso 2024). 
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Materials are listed in Table 1. The coating side includes the used plasticizer for each trial 

point material and the coatingôs wet thickness. 

 

Table 1. Materials. 

Material Coating 

Reference PET  

TP 1 Unplasticized 200 µm wet thickness 

TP 2 Sorbitol 200 µm wet thickness 

TP 3 Glycerol 200 µm wet thickness 

TP 4 Sorbitol 100 µm wet thickness 

 

The coating process for the trial materials starts from pumping the dope into a casting die. 

The second step was feeding the dope through the die to the paperboardôs surface. The third 

step was a citric acid bath, which regenerates the coating film. The fourth step was washing 

with a water bath and adding plasticizers via a sorbitol or glycerol bath, and the fifth step 

was heating with five infrared heaters. The last step was cutting and rewinding the finished 

product onto a reel. Citric acid used was 38%, and its target temperature during the process 

was 38°C. The gap between the die and the paperboard was 200µm for the thicker coating 

and 100µm for the thinner coating. Figure 16 shows the coating line in VTTôs facility. 

 

 

Figure 16. Coating line in VTT's facility. 
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3.2  Material testing 

Materials were tested in several ways to see differences between each other and to make 

comparisons. Before other tests could be done, the grammage and thickness needed to be 

measured. Tensile strength, bending stiffness, grammage, thickness, and friction 

measurements were made in the constant climate room, where the conditions were 23°C and 

50 % RH. Test pieces were stored in the constant climate room for at least 24h before making 

the measurements. 

3.2.1  Moisture content 

Moisture content was measured with the Adams Equipment PMB Moisture Analyzer 

(Oxford, CT, USA), which can be seen from Figure 17. The analyzer has a scale and a heater.  

 

 

Figure 17. Moisture analyzer. 
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The moisture content was measured according to ISO 638-1 by weighing the sample before 

and after drying it at 105± 2°C. Before measuring, samples were stored at 80% RH and 23°C 

for at least 24h. That showed the moisture content in the materials before converting. The 

high humidity condition was used to improve the formability of paperboard during the 

forming process. Three samples were measured per material. 

3.2.2  Tensile strength & bending resistance 

Tensile strength tests were conducted following the ISO 1924-2 standard. The testing 

machine used was a Lorentzen and Wettre (L&W ) tensile tester (Lorentzen & Wettre, 

Sweden) (Figure 18). The distance between clamps was set at 100mm, and the pulling speed 

was 100mm/min. 

 

 

Figure 18. Tensile tester. 

 

Both fiber orientation directions, MD and CD, were tested, and 10 tests per direction were 

performed. 
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Bending resistance tests were conducted following standard ISO 5628. The testing machine 

used was a Lorentzen and Wettre (L&W ) bending tester (Lorentzen & Wettre, Sweden) 

(Figure 19). 

 

 

Figure 19. Bending tester. 

 

Tests were done for both directions MD and CD. For each direction, 10 tests were made. 

After the first five tests, the next five were done with coating facing a different direction to 

counter the effect of coating side on at least some level. 

3.2.3  Kinetic coefficient of friction & surface roughness 

Friction measurements were done with a device made by LUT Packaging Technology, 

according to the ASTM D-1894 standard. The device consists of a horizontal table with 

customizable testing plates, an electric drive motor, a load sensor (LRF400, FUTEK, 

Advanced Sensor Technology, INC., Irvine, USA) with accuracy of ±0,05%, a 200 g sled, 

and a nylon monofilament to attach the sled to the motor. The setup can be seen from Figure 

20. 
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Figure 20. Friction measurement device. 

 

The sled was pulled at a constant speed of 150 mm/min. Both directions, MD and CD, and 

both sides of the paperboard were measured. When the sled moves at a constant speed, it 

transitions to the kinetic friction phase. Six measurements per direction and side were made. 

For surface roughness, each material was measured from the coating and board side with the 

Sensofar S Neox-3D profilometer. The confocal measurement type was used to capture 

surface topography. Sq - root 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 manufacturer of the profilometer for comparing 

samples. Three samples per material were measured.  

3.3  Trial run setup 

The trial run was done with the LUT Packer 2020 press forming machine. The attached 

mould was the Berry tray, which produces trays with approximately dimensions of 94 x 142 

x 50 mm. Process parameters are shown in Table 2. The goal was to determine the BHF 

range. Other parameters remained constant. 
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Table 2. Process parameters 

Pressing force  180 kN 

BHF range 1,4-2 kN 

Female mould temperature 160 °C 

Pressing speed 90 mm/s 

Dwell time 0,6 s 

 

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 three defect-free trays, which 

was the maximum force the material could handle. Trays for testing were made with 200N 

lower BHF than the maximum to ensure defect-free trays. The goal was to produce 18 trays 

per material. The press forming machine can be seen from Figure 21. 

 

 

Figure 21. LUT Packer 2020. 
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3.4  Testing after converting 

The paperboard blank and tray undergo several tests after converting to see how they perform 

compared to each other. This chapter describes the testing methods. Tests were performed 

in the Laboratory of Packaging Technology, where conditions fluctuate. However, a good 

thing is that during each test, the conditions remained quite stable. Conditions are related to 

the time of the year. In the summer, there is more moisture than in the winter, and the 

difference can be huge, up to 50 percentage points. 

3.4.1  Pinhole testing before press forming 

Right after die cutting, the material must be checked for possible fractures and pinholes. That 

was done by visual observation for fractures and then spreading colored ethanol with a brush 

to see possible pinholes. Three blanks per material were tested. If there were pinholes, leaks 

appeared as colorful dots on the uncoated side. 

3.4.2  Tray dimensions 

Tray dimensions were measured with a quality control system with a backlit table and a 

Cognex IS5605-11 smart camera. The backlit table highlights defects and enables accurate 

measuring of dimensions. The setup can be seen from Figure 22. 
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Figure 22. Tray dimension measurement setup. 

 

If the materials perform properly in the press forming process, the deviation in the 

dimensions is rather small. Six trays per material were measured if possible. The average 

and the deviation were calculated. 

3.4.3  Leak test after press forming 

To perform leak tests, colored ethanol was poured into six ready-made trays per material, 

and it was spread with a brush to cover the whole tray. After spreading the ethanol, 1 minute 

was waited to see if any leaks occurred. Trays were washed to see the pinholes better. After 

washing, the pinhole average was calculated. Press forming can cause the coating to break 

down, so it is important to check for any pinholes and ruptures after the forming process.  

3.4.4  Torsional stiffness 

This test was performed with a torsional stiffness testing device introduced in an article by 

Tanninen & Leminen & Matthews & Niini & Varis (2021, p. 643). Tests were done in two 
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different ways: the clamps were attached to the longer and the shorter side of the tray. An 

example of that can be seen from Figure 23. Three trays per direction were measured. 

 

 

Figure 23. Clamping methods. A) clamps on the short side and B) clamps on the long side. 

 

Weights of 120g and 240g were used to achieve proper rotation. 120g were used when the 

tray was clamped on the short side and 240g when clamped on the long side. First, the 

counterclockwise rotation was measured, and then the clockwise rotation. Before 

measurement, the starting position was written down because the trays often tend to rotate 

in some way, so the starting position is other than 0°. The starting position was taken into 

account when results were analyzed. Figure 24 shows the testing device. 

 

 

Figure 24. LUT tray stiffness tester with tray and load attached. 
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3.4.5  Compression strength 

Compression tests were performed with a Shimadzu AGS-X 10kN testing device. Six trays 

were tested from reference material, and due to the limited amount of material, three trays 

from each trial point material were tested. Trays were put between the upper and lower 

compression plates upside down (convex side upwards), and plates were so close to each 

other that the tray could be fed between them. That was done due to the curling of the trial 

point materials. Due to the test arrangement, there was no pre-test, and the test started 

immediately from the position shown in Figure 25. Pressing speed was 100mm/min. Stroke 

was 20 mm. 

 

 

Figure 25. Shimadzu testing device for compression test. 

 

3.5  Scanning electron microscopy 

Scanning electron microscopy was used to capture high-magnification pictures to analyze 

the formed pinholes in different locations. Two pinholes per tray were selected from each 

trial point material from interesting locations. Also, reference and TP3 with no defects were 

captured from the coating and paperboard side to make a comparison between them. One 

blank was selected to see the crack more closely. Magnification ranged from 35x to 1000x.  
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4  Results & discussion 

Results are presented in this chapter, starting from material measurements, going through 

the trial run, and testing of ready-made trays. Results are compared with each other, and 

reasons for differences are discussed.   

4.1  Moisture content, grammage & thickness 

Table 3 shows the results of moisture content, grammage, and thickness measurements. 

Grammages of all thicker coated materials (TP 1-3) were higher than the reference. A part 

of that was probably due to the coating process, where the paperboard was submerged in a 

few different liquid baths, and the material absorbed those liquids. Also, the thicker coating 

layer in experimental materials weighs more. TP 4ôs grammage was a bit lower than the 

referenceôs due to the thinner coating. 

All trial point materials were thicker than the reference. The coating thickness goal for TP 

1-3 was the same as the PET, and that was not achieved, but the difference was reasonable. 

For TP 4, the thickness goal was half of the previous TPs, and it was still thicker than the 

reference, which was an interesting result. That was also probably due to the absorption of 

the liquids as the material went through a few different liquid baths. Another reason was the 

coating layerôs thickness, which was probably a bit thicker than it was supposed to be. 

 

Table 3. Moisture content, grammage, and thickness of materials. 

Material 
PET 

ref 

Uncoated 

board 

TP 1 

unplasticized 

TP 2 

sorbitol 

TP 3 

glycerol 

TP 4 

sorbitol 

thinner 

MC (%) 9,5 10,6 11 10,9 11,4 9,3 

Grammage 

(g/m2) 

377 342 394 393 397 363 

Thickness 

(µm) 

471 459 547 542 539 518 
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After the moisture measurement, one interesting phenomenon occurred in all trial point 

materials. The coating glazed and became very brittle. During the bending, the coating 

fractured very easily. There is an example of that in Figure 26. 

 

 

Figure 26. Example of coating's fracture of TP 3. 

 

This kind of brittleness could be a problem depending on the use. It would cause problems 

if trays made of this kind of material were heated in the oven when preparing the takeaway 

meal. 
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4.2  Bending resistance and tensile strength 

The results of the bending resistance test are shown in the Error! Reference source not 

found.. It was quite clear that the curling of the experimental materials had a big effect on 

the bending resistance results. 

 

 

Figure 27. Bending resistance of tested materials. 

 

Commercial paperboard with PET coating and without coating had a clear difference 

between different fiber directions in bending resistance. The effect of PET-coating was 

notable compared to uncoated paperboard. Trial point materials had very different results 

compared to the reference material. Results can be explained at least partially by the curling 

of the materials. The big deviation was also probably due to curling. Trial point materials 

were hard to compare to the reference because they behaved so differently. At least the trial 

point materials were weaker in MD. The CD can be argued as to whether it can be compared 

to the reference due to high curling. In this test there was not a best performing experimental 

material as the results were so even. Figure 28 shows an example of curling, which was 

probably caused by drying shrinkage.  

650 570 380 407 365 414286 228 461 478 484 406
0

100

200

300

400

500

600

700

800

B
e
n

d
in

g
 r

e
s
is

ta
n

c
e
 (

m
N

)

Bending resistance of materials

MD CD



37 

 

 

Figure 28. Curling of the test piece in the bending tester (Material: TP 2). 

 

Figure 29 shows the results of the tensile strength test. In this test no issues occurred during 

testing like in the bending test. 

 

 

Figure 29. Tensile strength of tested materials. 
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Trial points two and three were closest to the reference material, so with plasticizer, the 

coating provided the best tensile strength properties. When comparing all trial point 

materials to the reference material, we can see that there was no major difference. That was 

a good thing for runnability in the press forming process as the moulds are pressed together 

and the material is under tension. 

Another good comparison between materials can be made on the elongation amount. Figure 

30 shows the elongation during the tensile test. Again, the results were quite consistent, and 

that was a promising thing when looking towards trial runs. Sorbitol as a plasticizer with 

thinner coating provided higher elongation in both MD and CD than the reference. 

 

 

Figure 30. Elongation of materials during the tensile test. 
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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). 

 

 

Figure 31. Kinetic friction coefficient of the material surface. 

 

Friction values of all trial point materials were close to reference values, which was a good 

thing for the press forming process. Deviations were also quite small, so the materials were 

consistent, and that gave a good starting point for the trial run. During the friction 

measurement, there was a slight issue due to the curling of the material. When the test piece 

was attached to the sled, some wrinkles appeared. That can have a slight effect on the results, 
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Figure 32. Friction measurement test piece. 

 

Measuring surface roughness was very hard in the case of paperboard due to the curling. If 

the material curls, it impacts the measurement result. There is a way to conquer that, with 

surface form removal, which makes the sampleôs model flatter in the measurement, so the 

curling does not impact results as much. That weakens the reliability of the measurement, 

but it was necessary to use it in this case. Figure 33 shows an example of an optical image 

of TP 3ôs coating side. 

 

 

Figure 33. Optical image of the coating side with 5x magnification (TP 3). 



41 

 

Figure 34 presents surface roughness averages and deviations for each material. All materials 

except TP 4 had a rougher board side than the coating side. The big difference between the 

board and coating side was probably due to the wrinkling of the paperboard and the corrosion 

during the acid bath in the coating process. 

 

 

Figure 34. Surface roughness of the materials. 

 

Figure 35 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 it has a different coating process. 
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Figure 35. Wrinkle on a paperboard side. Material: TP 1. 

4.4  Die cutting and creasing 

The die cutter needed to be adjusted for the trial point materials because the coating cracked 

with the usual clearance of the cutter. Figure 36 shows the cracks with a too small clearance 

setting. The blank was colored with dyed ethanol to see the cracks better. 

 

 

Figure 36. Crack in the blank of TP 3. 
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After loosening the die cutter, it was possible to achieve blanks with unharmed coating. In 

Figure 37 there is an example of tested blanks that did not have any leaks after die cutting. 

TPs 1-3 had ethanol proof coating, and TP 4 was not tested due to a poor coating. 

 

 

Figure 37. Paperboard side of A) TP 1 and B) TP 2 after ethanol test. 

 

In the Figure 38 there is an example of inconsistencies in the coating of TP 4. That was the 

reason TP 4 was not tested with ethanol. It would have absorbed ethanol from the uncoated 

areas.  

 

 

Figure 38. Coating side of TP 4. 
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Defects in the coating were due to the difficulties that were faced during the coating process. 

Fortunately, the material was good enough to produce trays.  

4.5  Trial runs & ready-made tray testing 

Trial runs were successful, and quite promising trays were produced, except for a few issues. 

A maximum BHF was found for each material, and the trays for testing were produced with 

200N lower BHF than the maximum to ensure trays with no breakage. Trays for testing were 

produced with the following parameters in the Table 4. 

 

Table 4. Parameters of trays for testing. 

Pressing force  180 kN 

BHF range 1,4-2,0 kN 

Female mould temperature 160 °C 

Pressing speed 90 mm/s 

Dwell time 0,6 s 

 

There was a small issue with the materials during production because trial points one and 

four started to break after a while of production. The reason could be the heated blank 

holding tool. Due to the breaking, the number of trays fell a little low. Fortunately, enough 

was done to complete the tests for ready-made trays. The goal was to produce at least 18 

trays, but only with reference and TP 2, that goal was met. 

Number of produced trays: 

- Ref: 18 pcs 

- TP 1: 16 pcs 

- TP 2: 18 pcs 

- TP 3: 12 pcs 

- TP 4: 9 pcs 



45 

 

Trays had a curling defect, probably due to the drying shrinkage of the coating. The longer 

side of the tray curled inward, as you can see from Figure 39. 

 

 

Figure 39. Produced trays. A) TP 1 B) Reference C) TP 2 D) TP 3 E) TP 4. 

 

Reference material was not curling inward from the longer sides, and that was the goal. Due 

to curling, the usability of the trays was not good. For example, a lid for a Berry tray will  

not work if the dimensions are not right. Trial point four did not curl so much, and therefore 

it performed best in terms of dimensions and visual appearance. 

Due to the limited amount of materials, only the blank holding force was changed during the 

tray production, as the parameters were optimized. As the trays curled, a lower female mould 

temperature (120°C) was tried in the hope of tackling the curling problem. That helped a 

little with TP 1, but with TP 2, no improvement was noticed. Figure 40 shows an example 

of slight improvement. 
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Figure 40. TP 1 female mould temperature comparison. A) 160 °C & B) 120 °C. 

 

Different fiber orientation in the blanks were also tried to see how it affects the curling 

phenomena. So, the blanks were die cut in different direction than ñnormallyò. Normally the 

machine direction is parallel to the long edge of the blank. Now the machine direction was 

parallel to the short side. Figure 41 shows the behavior of the tray with the unusual fiber 

orientation. 

 

 

Figure 41. TP 1 with different fiber orientation. 
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Change in the fiber direction did help with the curling phenomenon, but the overall tray 

quality suffered. The mould was designed to work with specific fiber direction in the blanks, 

so because of that, the tray tends to have the wrong dimensions, and the shape of the tray 

was a bit different. However, the tray looked quite good, so maybe the different fiber 

direction could be tried on a larger scale in the future, and the moulds could be developed 

for a different fiber direction. 

Despite initial concerns about curling of the material before converting, the trays were 

surprisingly good. The experimental materials have a lot of potential. Trial points one, three, 

and four were able to withstand 300 N more BHF than the reference material. Trial point 

two was close to the reference material, with 300 N lower BHF. Results can be seen from 

the Figure 42. 

 

 

Figure 42. Achieved maximum blank holding forces during trial runs. 
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dimensions of the reference material were measured, and that shows how small the deviation 

was with properly performing material. Results are presented in Error! Reference source 

not found.. 

 

Table 5. 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 the six reference trays had pinholes but all trial point materials had pinholes. The 

upper edge is a common place to have pinholes due to the pinch effect in the pressing 

process. Bottom shape has caused some pinholes at the bottom of the trays from trial point 

3 with glycerol plasticized coating. Some occasional pinholes at the bottom occurred in other 

materials too, but in TP 3, those occurred consistently. Cracks, or pinholes, are formed 

during the converting process as the thickness of the coating is reduced during creasing, 

which generates weak spots in the coating. Figure 43 presents the pinhole spots, marked with 
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red circles. The tray was supported from the middle by a piece of paperboard due to heavy 

curling. 

 

 

Figure 43. Example of a tested tray with a few marked pinhole spots. 

 

Figure 44 shows the results of the pinhole test. The results show that when comparing the 

trial points, TP 1 has the lowest number of pinholes and the smallest deviation. 

 

 

Figure 44. Pinhole test results. 
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Trial point one is unplasticized, so according to the pinhole test results, plasticizers tend to 

increase the number of pinholes. That must be considered as the coating process is 

developed. So, barrier-wise, when comparing trial point materials, the unplasticized coating 

performed best. But still, the reference material was on a different level. 

What comes to trial point four, it had some serious issues with the coating uniformity, and 

only one tray was tested with ethanol. That was done as an example, and the result can be 

seen from Figure 45.  

 

 

Figure 45. Ethanol tested tray from material TP4, thinner coating, plasticized with sorbitol. 

 

Some of the leaks were due to the bad coating uniformity, and some were actual pinholes as 

the coating had broken down in the process. It seems that the coating process must be 

developed to produce that thin coating with an even coating layer and a working barrier. 

4.5.3  Torsional stiffness 

Results of torsional stiffness tests are presented below in the Figure 46 and Figure 48. 
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Figure 46. The torsional stiffness test results with clamps on the long side and with a 240g 

load. 

 

TP 3 had the lowest rotation amount, and when comparing that to the other clamping method, 

TP 3 was the second lowest, and TP 1 was the lowest. That was a bit strange because in this 

clamping method, TP 1 had the highest amount of rotation. This kind of variation might be 

due to the experimental material and its uneven quality or a result of the curling of the 

materials. The curling can cause some tension to the tray, which affects the results. 

After the torsional stiffness test, the edges of the trays had some warping next to the spot 

where the clamps ended. An example in the Figure 47. 
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Figure 47. Tray after torsional stiffness test (Material TP 1 unplasticized). 

 

As the trays were clamped on the short side, we can see from the Figure 48 that all the trial 

points were stiffer than the reference and therefore rotated less. Between the reference and 

TP 1 there was a remarkable difference, as TP 1 rotated almost half less.  

 

 

Figure 48. The torsional stiffness test results with clamps on the short side and with a 120g 

load. 
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When comparing the results of the different clamping methods, there was a bit of a mixed 

results between Reference and TP 1. When clamped on the long side, the reference was 

rotating less than TP 1, and when clamped on the short side, TP 1 was rotating less. The best 

in this test was the TP 3 due to the consistency. 

Curling of the trays made from experimental materials affects differently depending on the 

clamping side. When clamped on the long side, the tray was more tense as the sides tried to 

curl inward. That made the long side results more consistent. With short side clamping, the 

curling probably made the trays stiffer compared to the reference. 

4.5.4  Compression strength 

Compression test data was transformed into a chart where maximum forces between 

materials can be compared. The chart can be seen from Figure 49. 

 

 

Figure 49. Compression strengths of trays. 

 

Trial point two performed best in the compression test, even when compared to the reference 

material. The weakest was trial point four, probably due to a thinner coating. Figure 50 shows 

the shapes of the trays after the compression test. 
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Figure 50. Compressed trays. A) TP 1 B) Reference C) TP 2 D) TP 3 E) TP 4. 

 

Trays had two types of shapes; the first one was kind of oval, and the second was closer to 

the original shape. In the compression test the best performed TP 2 had this almost original 

shape which was likely due to the better compression resistance. That was probably why it 

did not turn out as an oval shape. Figure 51 shows different wrinkles in the trays after the 

compression test.  

 

 

Figure 51. Compressed trays from a side view. A) TP 1 B) Reference C) TP 2 D) TP 3 E) 

TP 4. 
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When inspecting from the side view, trial points from one to three had the same kind of 

wrinkles. Reference and TP 4 had only minor wrinkles in the corners. Reference had the 

fewest damages after compression, and in that case, it performed best in the test, even though 

TP 2 had the highest compression resistance. 

4.5.5  Scanning electron microscopy 

To ease the comparison of different damages in the coating, Figure 52 shows the defect-free 

coating sides of trial point three and the reference material. 

 

 

Figure 52. Defect-free images of A) TP 3 and B) Reference. 

 

Scanning electron microscope pictures revealed some interesting things about the materials. 

For example, reference material did not have any pinholes or visible cracks with eyes, but 

with SEM, some tiny cracks can be seen in the coating from the bottom forming area. Figure 

53 shows an example of that. 
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Figure 53. Tiny cracks in the bottom forming area in the reference material. 

 

The paperboard side had some differences between the trial points and the reference. It looks 

like the acid bath could have had a corrosive effect on the fibers. An example can be seen 

from Figure 54 and Figure 55. Fibers in the trial point material are not as flat as in the 

reference material. That is a result of the absorption of the liquids during the coating process. 
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Figure 54. Uncoated side of TP 3. 

 

 

Figure 55. Uncoated side of the PET reference. 
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Trial point oneôs pinhole seems to be outside of the creasing area, so it has probably formed 

during the forming process. The crack below the pinhole happened when preparing this 

sample, so that is not a result of press forming. An example can be seen from Figure 56. 

 

 

Figure 56. TP 1 pinhole in the wall. 

 

Blank holder creates a pinch effect to the edge of the flange and that is a critical place in 

terms of the pressing process to have pinholes. Figure 57 shows an example of a 

pinhole/crack in the pinched area.  

 

 

Figure 57. TP 1 pinhole in the pinched area. 
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Trial point two had a different-looking pinhole in the corner compared to trial point one. 

Example in the Figure 58. 

 

 

Figure 58. TP 2ôs pinhole in the corner. 

 

Figure 59 shows an example of a pinhole/crack on the edge of the flange. It was smaller than 

in the trial point one, which could be because TP 2 has a plasticizer in the coating and TP 1 

does not.  

 

 

Figure 59. TP 2 pinhole in the pinched area. 

 

Bottom forming caused tiny pinholes mainly in trial point three, but some occasional 

pinholes in the bottom area also occurred in other materials. A picture with 500x 














