
 

 

 

 

 

 

 

IDENTIFYING THE CAUSES FOR GELS AND VOIDS AS WEB DEFECTS, AND 

REDUCING THEM IN THE EXTRUSION COATING PROCESS  

 

 

 

 

Lappeenranta–Lahti University of Technology LUT 

Master’s Programme in LUT School of Engineering Science, Master’s Thesis 

Master’s Programme in Biorefining 

2025  

Vilma Mikkola 

Examiner: Associate Professor Rama Layek  

Supervisor: Kati Syväoja M.Sc. (Tech.)   



ABSTRACT 

Lappeenranta–Lahti University of Technology LUT 

LUT School of Engineering Sciences 

Chemical Engineering 

 

Vilma Mikkola 

 

Identifying the causes for gels and voids as web defects, and reducing them in the 

extrusion coating process 

 

Master’s thesis 

2025 

102 pages, 45 figures, 20 tables and 3 appendices 

Examiner: Associate Professor Rama Layek 

Supervisor: Kati Syväoja M.Sc. (Tech) 

Keywords: extrusion coating, web defect, gel, void, extruder purging  

 

Extrusion coating enables a wider use of board as a packaging material. Various polymers 

are used in the process. Nowadays, biopolymers are studied and utilized increasingly to offer 

more sustainable options. An extrusion-coated product has many requirements like barrier 

properties, appearance, etc. Imperfections, including web defects, can occur in the process, 

causing faults in the polymer web and degrading the barrier. Gels and voids are web defects, 

which can be created by various factors, like high temperatures and improper working 

methods.  

The aim of this thesis is to find and identify the causes for gel and void formation and come 

up with correcting actions to reduce them. The plausible factors causing web defects, from 

the polymer manufacturing to the extrusion coating process, are studied in the literature part. 

In the experimental part, data analysis is done based on the literature and current operating 

instructions. The data is collected from different process steps and analysed with Minitab to 

find the statistically significant factors. Laboratory analyses are also conducted to figure out 

the chemical structure of the defects.  

Extruder purging stood out from the data analysis. 10 different extruder purging sequences 

were designed and tested with various polymer types and extruders. The sequences 

decreased the material loss caused by gels and voids by up to 77,6%. The laboratory analyses 

showed that the defects had similar chemical structure than the reference samples. The 

results revealed that extruder purging has a significant effect on reducing the gels and voids 

when purging is done correctly. The tested sequences show potential and three of the 

sequences can be adapted to the process. 
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Ekstruusiopäällystys mahdollistaa kartongin monipuolisemman käytön 

pakkausmateriaalina. Prosessissa käytetään useita erilaisia polymeerejä. Uusiutuvien 

polymeerien käyttöä tutkitaan sekä hyödynnetään enenevissä määrin. 

Ekstruusiopäällystetyllä tuotteella on useita vaatimuksia, kuten tuotteen suojaaminen. 

Päällystysvirheitä voi esiintyä prosessissa ja ne voivat huonontaa päällystyksen 

suojausominaisuuksia. Muoviohentumat ovat päällystysvirheitä, jotka voivat syntyä useiden 

tekijöiden seurauksena, kuten korkeiden lämpötilojen tai väärien toimintatapojen takia. 

Tutkimuksen tavoitteena on löytää syitä muoviohentumille ja etsiä keinoja niiden 

vähentämiseen. Kirjallisuusosassa kartoitettiin syitä muoviohentumille.  Kokeellisessa 

osassa suoritettiin data-analyysi, jossa analysoitavat tekijät kerättiin kirjallisuusosasta, sekä 

toimintaohjeista. Tarkastelu tehtiin eri prosessivaiheille. Data analysoitiin Minitab-

ohjelmistolla, joka etsi tilastollisesti merkittävät tekijät. Myös laboratorioanalyyseja tehtiin, 

jotta muoviohentumien kemiallinen koostumus saatiin selvitettyä. 

Analyysit osoittivat merkittävien tekijöiden liittyvän ekstruuderin puhdistamiseen. Tämän 

perusteella laadittiin 10 puhdistussekvenssiä lajinvaihtoihin. Oikeanlainen puhdistus 

osoittautui merkittäväksi keinoksi muoviohentumien vähentämisessä. Muoviohentumia 

saatiin vähennettyä jopa 77,6 %. Sekvenssit vaikuttavat lupaavilta ja kolme erilaista 

sekvenssiä lisätään prosessiin.  
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ATR Attenuated Total Reflectance 

ATR-FTIR Attenuated Total Reflectance-Fourier Transform Infrared spectroscopy 

BDO 1,4-butanediol 

CED Copper Ethylenediamine 

CTMP Chemi-thermomechanical pulp 

DSC Differential Scanning Electrometry 

EVA Poly(ethylene-co-vinyl-acetate) 

EVOH Poly(ethylene vinyl alcohol) 

FBB Folding boxboard 

GLM General Linear Model 

HD-PE High-density polyethylene 

LA Lactic acid 

LD-PE Low-density polyethylene 

LLD-PE Linear low-density polyethylene 

LPB Liquid packaging board 

MWD Molecular weight distribution 

PBAT Polybutylene adipate-co-terephthalate 

PBT Polybutylene terephthalate 

PCL Polycaprolactone 

PE Polyethylene 

PET Polyethylene terephthalate  

PHA Polyhydroxyalkanoates 



PHB Poly(3-hydroxybutyrate) 

PHBV Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 

PHDD Poly(3-hydroxydodecanoate) 

PHO Poly(3-hydroxyoctanoate) 

PHV Poly(3-hydroxyvalerate)  

PLA Polylactic acid 

PP Polypropylene 

PTT Polytrimethylene terephthalate 

P4HB Poly(4-hydroxybutyrate) 

SBB Solid bleached board 

SUB Solid unbleached board 

TMP Thermomechanical pulp 

WLC White lined chipboard 
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1  Introduction 

Nowadays, more sustainable packages and packaging applications have gained interest due 

to the changes in consumers’ behaviour and the environmental concerns. The packages must 

also fulfil many requirements such as protecting the product from contamination and 

spoilage as well as providing a good visual presentation. (Robertson 2012; Cruz et al. 2022.) 

Paper and paperboard as packaging materials are produced from renewable resources and 

have an important and growing part in the packaging industry (Kirwan 2013). According to 

statistics, the global market size of paperboard packaging industry is expected to increase 

from 398.65 billion USD in 2024 to 501.08 billion USD in 2029 (Statista 2024; Mordor 

Intelligence 2024).  

Many companies in Finland are manufacturing paperboard for packaging solutions. Stora 

Enso Imatra Mills are producing 1 200 000 tons of consumer packaging board annually 

(Stora Enso 2025). Consumer packaging boards are used for food products, beverages, and 

personal care. To utilize the paperboard for these applications, they need to be treated to 

enhance the barrier, grease, and moisture resistance properties. These properties can be 

achieved with extrusion coating. Extrusion coating mostly uses fossil-based polymers like 

polyethylene (PE) and polypropylene (PP), but sustainable alternatives are also used, such 

as polylactic acid (PLA). (Kirwan 2013; Helanto et al. 2019.) In the extrusion coating 

process, different malfunctions and web defects can occur. There can be issues, for example, 

with adhesion or uneven film. Some critical web defects are gels and voids, which can be 

caused by multiple factors. If there are voids or gels in the coating, the product can’t be used 

for food packaging. Damaged coating increases the risk for moisture absorption, and grease 

and odour leakages increase. (Qenos 2015.) The damaged product can’t be sold to the 

customer, which causes material and financial loss. 

The aim of this thesis is to find the root causes for void and gel formation and come up with 

practical solutions for reducing them using the literature and data analysis. The findings from 

literature are reflected to the extrusion coating process. These defects are a common problem 

in the process and are one of the biggest causes for material loss. The issue has been studied 

before at this specific coating line, but corrective solutions and actions haven’t been found, 

thus further research is needed. The existing literature about the gels and voids is mainly 
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found from polymer manufacturers, and the traditional academical research is not as 

common as with other extrusion coating factors, like adhesion (Qenos 2015; Borealis 2001; 

Durling 2017). The findings about web defects are important because they decrease the 

material loss and make the process more efficient. First, the literature review is done to study 

the extrusion coating process, different coating polymers and their properties. In the final 

chapter, the factors affecting the formation of voids and gels are studied, and the 

recommended actions from literature are presented to reduce these defects. 

Then, in the experimental part, data from the process is collected from the year 2023 to the 

year 2025. The data is from different process circumstances: start-up, shutdown, breaks, and 

production. The goal of the data collection is to eliminate the improbable factors and focus 

on fewer factors. The factors are chosen based on the literature and the existing instructions. 

These factors include extruder cleaning methods, process times and temperatures, hopper 

cleaning, etc. The data is analysed in a statistical analysis software (Minitab) with General 

Linear Model to find the statistically important factors. Trial runs are planned based on the 

findings from the data. Also, gel and void samples are collected from the production and 

analysed with different methods to determine the source of the gel or void. Finally, the results 

are discussed, and conclusions are made. 

The thesis aims to find solutions for the research questions presented below: 

• What causes gels and voids and why? 

o Are the reasons in the process parameters, polymer properties, working 

methods, or in the manufacturer’s processes and transportation?  

• What problems gels and voids cause to the product? 

• What process step creates most of the gels and voids: start-up, shutdown, breaks or 

production? 

o Are there specific process parameters that have a significant impact on gel 

and void formation? 

• What could be done to minimize gels and voids?  

• How much is it possible to decrease the number of gels and voids?  



12 

 

2  Extrusion coating 

In extrusion coating, a thermoplastic material is extruded onto a substrate, such as paper or 

paperboard (Kirwan 2013; Kuusipalo 2008). Common thermoplastic materials are different 

types of polymers. The most used polymer is low-density polyethylene (LD-PE). Other 

common polymers are high-density polyethylene (HD-PE), polyethylene terephthalate 

(PET) and various biopolymers. (Kuusipalo 2008.) Extrusion coating process enables wider 

end-use possibilities to paper or paperboard, due to polymer layer enhancing moisture and 

aromatic barrier properties (Kirwan 2013). Coextrusion enables even wider applications. 

This process produces products which have a multilayer coating where different layers are 

combined before coating. (Durling 2017; Kuusipalo 2008.) The possible extrusion coated 

products can be e.g. liquid packaging and flexible packaging. The packages need to fulfil 

various requirements and have certain properties to protect the product. (Kirwan 2013.)  

2.1  Paperboard grades in extrusion coating 

The most used packaging materials are different grades of paper and paperboards. 

Paperboards are usually classified as carton boards, container boards, and special boards. 

Different grades of carton boards are solid bleached board (SBB), solid unbleached board 

(SUB), folding boxboard (FBB), liquid packaging board (LPB), and white lined chipboard 

(WLC). (Emblem 2012; Paulapuro 2000.) These types of carton boards are commonly used 

for consumer product packaging, like milk, food, and pharmaceutical packages. These 

packages have strict demands to protect the product, and for food packages, the packaging 

material has to be food product safe. The general requirements are purity, cleanliness, 

visuality, and functional and mechanical characteristics, such as, mechanical strength and 

runnability. (Paulapuro 2000.) Next, a more specific review is done about FBB, LPB, and 

SBB. 

Folding box board is produced for cosmetic, pharmaceutical, and food products. FBB is also 

used in cigarette and confectionery packages. The structure of FBB consists of different plies 

and the weight of FBB varies between 160-450 g/m2. (Paulapuro 2000.) The structure of 

FBB is presented in Figure 1.   
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Figure 1. A structure of FBB (Adapted from: Paulapuro 2000; Emblem 2012). 

The middle ply consists of virgin mechanical pulp, which can be groundwood, 

thermomechanical pulp (TMP), chemi-thermomechanical pulp (CTMP), or pressure 

groundwood and broke. The main purpose of the middle ply is to give a high bulk for the 

board. The bottom and top plies are bleached or unbleached virgin chemical pulp. To achieve 

lower material costs and higher bulk, the thickness of the plies is minimized. FBB is possible 

to coat with different amount of coating. It can be uncoated, single-coated on the top and 

bottom sides, and double-coated on the top. (Paulapuro 2000: Emblem 2012.)  

Liquid packaging board is usually used for juice and milk packaging, but as well for water 

and sauces. Because of the food and beverage applications, the package meets several 

requirements. The package has to be clean, so the LPB is made from virgin, not recycled, 

fibre. Also, the stiffness requirements are high, and this can be modified with plies. To make 

the board stiffer, two or three plies are used in LPB. (Paulapuro 2000.) The structure of two-

ply and three-ply LPB is presented in Figure 2. 

 

 

Figure 2. Two- and three-ply structures of liquid packaging board (Adapted from Paulapuro 

2000 & Emblem 2012). 
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In Figure 2, the top and back plies of liquid packaging board are unbleached or bleached 

pulp from softwood or hardwood. This pulp will give elasticity to the product. Z-directional 

strength is also an important factor because the board can’t leak. The middle ply is usually 

unbleached hardwood or softwood pulp. Bulky pulp is used in the middle ply to increase the 

stiffness. The pulp in this ply is chemi-thermomechanical pulp or broke. (Paulapuro 2000; 

Häggblom-Ahnger & Komulainen 2005.) After the LPB is formed, it can be transferred for 

further converting, like extrusion coating, where the board is coated with a polymer. LPB 

can be coated from both sides, from only one side or just left it uncoated. (Paulapuro 2000.) 

Solid bleached board is produced from bleached chemical pulp. As in the LPB, the pulp is 

virgin because of the food and beverage usage (Emblem 2012). SBB is used for frozen, 

reheatable and chilled products, tea, liquid and chocolate packaging. This board is suitable 

for such applications due to its purity and surface characteristics, and it lacks odour and taint-

related problems. (Kirwan 2013; Paulapuro 2000.) The structure of SBB with different 

numbers of plies is presented in Figure 3.  

 

 

Figure 3. Solid bleached board single ply and three-ply structures (Adapted from Emblem 

2012 & Paulapuro 2000). 

The main raw material for SBB is bleached hardwood sulphate pulp, but additionally, the 

pulp made from softwood is used depending on the desired properties. SBB can be a single-

ply or a three-ply, and at least the top is coated. (Paulapuro 2000.) 
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2.2  Extrusion coating process 

Extrusion coating process is a well-known process, and it has been used for decades. The 

most commonly used polymer is LD-PE, but more sustainable alternatives are tested and 

used nowadays. (Chatterjee & Spalding 2017.) The main parts of the process are unwinding, 

pretreatment, laminating and extruding, post-treatment, defect detection, and rewinding 

(Lankinen 2022). The basic structure of extrusion coating process line is presented in Figure 

4.  

 

 

Figure 4. A layout of extrusion coating process line, where 1. (Unwinder), 2. (Pretreatment), 

3. (First laminator), 4. (Second laminator), 5. (Post-treatment), 6. (Defect detection), and 7. 

(Winder). (Adapted from Lankinen 2022). 

The first process step is unwinding, where the paperboard rolls are unwounded to the 

process. Different unwinders are developed to enable the continuous and optimized 

extrusion process. These unwinders are capable to add new rolls to the process continuously 

and this is often called splicing. There are two different unwinders that are used in continuous 

winding: a zero-speed butt splicer and a full process speed splicer. The principal of the zero-

speed butt splicer is based on a dual-position unwinds. Expiring web and the new web are 

spliced together in a stationary stage. This stage is possible due to a festoon. The festoon is 

a web storage unit consisting of multiple fixed and moving rollers. These are supported on 

a moving carriage. The carriage moves vertically or horizontally based on the process. The 

festoon enables the continuous process with the production speed. After the new roll is 

changed, it is sped back to the production rate. With the full process speed splicer, the splices 

can be done in the same process speed as the whole extrusion coating process. The machine 

automatically goes to the splice position after the new roll is changed, and the leading edge 

is done. Then, the roll speeds up to the machine speed so the splice can be made. The cutting 

off system cuts the expiring web. (Durling 2017.) 

Extrusion 
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The second step is pretreatment. The goal of pretreatment is to increase the boards surface 

energy, enhance adhesion between the paperboard and the polymer, remove moisture from 

the web and burn fibres to prevent pinholes. Adhesion is one of the most important properties 

of the extrusion-coated material, because it keeps the polymer and board together, and affects 

to printability (Durling 2017; Lankinen 2022; Kuusipalo & Savolainen 1997.) Many surface 

pretreatment methods exist. These are corona, flame, plasma, and priming treatments. 

(Kuusipalo & Savolainen 1997.) Ozone treatment is also a pretreatment method, and it can 

be utilized to enhance the oxidation, reduce air gap and increase bond strength. The ozone 

treatment happens at the extruder nip. The ozone is produced in an ozone generator and 

compressed air, power and cooling water are needed. The compressed air is exposed to a 

corona discharge, and it produces ozone. The ozone is then led to the extruder nip through a 

pipe. (Durling 2017; Seppälä 2000.)  

After the pretreatment, the extrusion takes place. This part of the process equipment utilizes 

of number of equipment, like hopper, extruder, adapter, coating die, and laminator. The 

hopper feeds the polymers to the extruder. The extruder includes barrel, screw and heaters. 

(Kuusipalo 2008.) The screw moves the polymer granules and melts them with compression, 

shear, and heat. Screw mixes the components and creates the desired pressure, temperature 

and flowrate. (Durling 2017.) Heaters are around the barrel because the resins need to be 

melted in the extruder. Also, a water-cooling system exists in the system to control the raise 

of melt temperature. From the extruder, the melted polymer transfers through a breaker plate, 

that is a steel plate with small parallel holes. Before the breaker plate, there is a screen pack 

which filters impurities and gels. It also increases the backpressure to homogenize the 

polymer web. After the breaker plate, an adapter controls the backpressure on the screw. 

From this, the next is a coating die where the melted polymer is forced to go into a wide 

film. The die lip is adjustable and helps to control the melt temperature and thickness profile. 

(Kuusipalo 2008.) The goal is to get an even film, and the temperature monitoring plays an 

important role because the flow characteristics of polymer are temperature-dependent 

(Seppälä 2000). The dies are usually coat hanger or T-shaped to avoid degradation and 

stagnation. (Kuusipalo 2008.)  Before the coating die, it is possible to have a feedblock in 

the extrusion. Feedblock is used in a coextrusion, and it combines the extruders and a die, 

and arranges the different melted layers to desired order. (Durling 2017.) 
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From the die, the melted web is laminated in a laminator. The laminator creates adhesion 

between the board and the melted polymer and solidifies the polymer. The distance between 

a die lip and a laminating nip is called an air gap. This gap creates the optimized time for 

surface oxidation of polymer melt and enhances the adhesion and decreases the temperature 

of melted polymer. (Kuusipalo 2008.) The polymer web is drawn to a nip that consists of a 

chill roll and a press roll. The rolls press the board and the melted polymer web together. 

(Seppälä 2000.) The principle of the extrusion and coating step is presented in Figure 5.  

 

Figure 5. A closer look for extrusion coating. The blue line presents the polymer film, and 

the black line presents the paper/paperboard. (Adapted from Rastogi & Samyn 2015). 

The polymer film is pressed against the paperboard in a nip of two rolls. The appearance of 

the coating can be affected by the chill roll pattern. If the desired coating appearance is matt, 

the matt shot blasted roll is used in the process (Seppälä 2000). 

Post-treatment methods are used after laminating. In post-treatment, the same treatment 

methods are used as in the pretreatment (Durling 2017). The post-treatment is done in order 

to improve the surface properties and adhesion to ensure good printing quality. One common 

post-treatment method is the corona treatment. (Qenos 2015.) After coating and required 

treatment methods, a defect detector is used to spot and locate the defects in the board or the 

coating. Detectors have developed during the years and nowadays, various methods are 

utilized (Durling 2017). Defects are shown in a fault map and can be deleted from the product 

in a slitter-winder (Lankinen 2022). Properties that are affected by process parameters and 

product requirements can also be detected with detectors, for example, the coating weight 

and thickness can be measured by IR backscatter (Durling 2017).    
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The final product is then winded. The winder winds the product to a big reel to right tightness 

and same speed as the whole extrusion process is operated. After the roll is winded to the 

desired size, the switch is done in this same speed. The common winders are pope-reeler and 

centre-driven reeler. In a pope-reeler, the web comes over a large diameter pope-roll. The 

loading arms are pressing the core to the pope-roll. Roll tightness can be optimized by 

controlling the amount of pressing. In a centre-driven reeler, the axle is rolled so the web 

can be winded in a big roll. The winded roll is then trimmed to smaller rolls according to 

customer demands in a slitter-winder and then packed and shipped forward. (Seppälä 2000.) 

2.3  Polymers used in extrusion coating 

A variety of polymers are used in extrusion coating process. It is possible to widen the 

product catalogue and achieve the desired properties by changing the polymers in the 

process. Many factors need to be considered to find the best polymer for extrusion coating. 

Few of these factors are good draw-down, great heat sealability and melt film appearance, 

and low neck-in. (Kuusipalo 2008.) The most common polymers are polyolefins, polyesters 

and poly (ethylene vinyl alcohol) (EVOH). Especially from polyolefins, the most common 

ones are PE and PP because they have great barrier, strength, and chemical resistance 

properties. The growing concerns and knowledge about fossil-based polymers have gained 

interest to utilize more sustainable polymers. (Katiyar 2020.) The concerns have shaped the 

polymer markets, and the demand for bio-based polymers is increasing. The market share is 

small at the moment, approximately 0.5% of 414 million tonnes annual plastic production 

but it is estimated to increase steadily (European bioplastics 2024). Bioplastics used in the 

extrusion coating include bio-PE, polylactic acid (PLA), polyhydroxyalkanoates (PHA). 

2.3.1  Polyethylene  

Polyethylene is a widely manufactured and utilized polymer in different applications because 

of its great properties. It is not only used for packaging, but also for medical devices and 

construction materials. It is resistant to chemicals and corrosion, as well as durable and 

flexible. The manufacturing of PE is cost-effective compared to other polymers. Despite of 

these great qualities, PE has environmental issues with production and disposal because of 
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the fossil-based raw materials and non-biodegradable nature. PE is made of many units of 

ethylene by a polymerization reaction. Different types of polyethylene can be produced due 

to wide molecular weight distribution, addition of comonomers and variances in chain 

branching (Tuteja & Sand 2024.) The chemical structure of ethylene and a segment of a 

polyethylene chain is presented in Figure 6. 

 

Figure 6. Chemical structure of ethylene (a) and a polyethylene chain (b) (Adapted from 

Muralisrinivasan 2017; Bonten 2019). 

An ethylene molecule and a polyethylene chain are presented in Figure 6. Ethylene bond 

opens in certain conditions and ethylene molecule can attach to other ethylene molecules to 

form a chain (Borealis 2002). In extrusion coating, especially LD-PE is used, but HD-PE 

and linear low-density polyethylene (LLD-PE) are also used to a lesser extend (Martin 

2020). The different characteristics of these polyethylene types make it possible to produce 

more versatile products. This chapter will focus on these three common coating polyethylene 

polymers, their characteristics and functionalities. The structures of these polymers are 

presented in Figure 7 to understand the structural differences.  

 

Figure 7. Molecular structures of LD-PE, HD-PE and LLD-PE (Adapted from Durling 

2017). 
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As seen from Figure 7, LD-PE is a branched polyethylene, and has good flexibility, 

transparency, moisture resistance and heat sealability. These characteristics make it suitable 

to use as a packaging material. Flexibility is achieved with the manufacturing method, where 

ethylene is polymerized in a high pressure. (Tuteja & Sand 2024; Selke et al. 2021.) An 

important factor of LD-PE is a molecular weight distribution (MWD). MWD consists of 

polymer molecules with different lengths. A wide MWD and highly branched PE is 

favourable for extrusion coating. (Kuusipalo 2000; Selke et al. 2021.) Broad MWD increases 

melt strength and shear thinning, it also decreases physical properties, extruder backpressure 

and melt extension (Frey 2022). Another factor affecting the polymer properties is the 

morphology and the crystal structure of the polymer.  Polyethylene with high crystallinity 

doesn’t have much space between the molecular chains. This decreases the ability of 

moisture and gas molecules to permeate through the polymer matrix. High crystallinity also 

causes higher tensile strength and melting points. Generally, crystallinity of LD-PE varies 

between 40-60%, and such low crystallinity results in lower density. (Kuusipalo 2000; Selke 

et al. 2021.)  

Melt index is an important factor of the polymer. It is a quantity of polymer flow and the 

determination of it is done by a standard test method ISO 1133-1. The test method determines 

the rate of extrusion of molten thermoplastic resins from a plastometer’s cylinder through a 

die with specified measures, temperature and load. The measurement units are grams of 

material/10 minutes (g/10 min). (SFS-EN ISO 1133-1:2022.) For polyethylene, the 

temperature is 190 ℃ and the standard weight places on the piston is 2.160 kg. It is important 

to acknowledge the different processability and flow behaviour of different polymers. This 

may lead to a situation, where melt index can’t be measured in the same temperature as 

polyethylene. (van Krevelen & te Nijenhuis 2009.) The illustration of the measurement 

equipment is presented in Figure 8.  
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Figure 8. Melt flow index measuring equipment (Adapted from: Frey 2022 & SFS-EN ISO 

1133-1:2022). 

This measurement gives only partial information on the polymer melt flow properties. Melt 

index values don’t take into account the polymers with non-Newtonian nature, so with 

different polymers, it is important to use other shear rheology measurement equipment, like 

capillary rheometer.  (Durling 2017.) From the extrusion point of view, the lower melt index 

means that the molecular weight is higher, and the polymer has a low neck-in. Higher melt 

index results in good drawability and lower head pressure and power requirements. (Frey 

2022.)  LD-PE is a great extrusion coating raw material because of its high melt strength, 

allowing lower neck-in, and line speed can be high in the process (Spalding & Chatterjee 

2017). Durling (2017) also states that LD-PE is the easiest to operate, but problems can occur 

in high extrusion temperatures. LD-PE with different melt indexes is used for extrusion 

coating. The viscosity decreases with higher melt index and higher molecular weight results 

in lower melt index.  The selection of the polymer and its melt index depends on the end use 

of the extruded product. The polymer with higher melt index will heat-seal easier because 

of the low viscosity, and these polymers with higher melt index are used in lower coating 

weights. (Durling 2017; Frey 2022.) Usually, LD-PE melt index values are in the range of 

4-15 but the value can increase to even higher depending on the use of the polymer. 

Extrusion coating markets favour melt indexes 4-5, 7-8.5 and 12-15. (Kuusipalo 2000; 

Wypych 2022.) 

HD-PE is a polyethylene with quite different properties than LD-PE. It has higher 

crystallinity and density (Selke et al. 2021). The structure of HD-PE is less branched; it has 

longer molecular chains and high tensile strength. HD-PE has a good barrier to moisture; it 
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is non-transparent and resists water-based products, alcohols, bases, etc. The third common 

polyethylene, LLD-PE, is made from ethylene monomers and it has a linear structure with 

short branches. It has low density and is flexible like LD-PE. (Tuteja & Sand 2024.) HD-PE 

and LLD-PE are produced in a polymerization reaction at low pressure. LLD-PE has a 

narrow MWD, greater stiffness and tear properties, and higher tensile strength than LD-PE. 

LLD-PE and LD-PE are usually blended to achieve better properties and benefits, such as 

strength from LLD-PE and processability from LD-PE. (Selke et al. 2021.)  

When coating with LLD-PE, it is recommended to change the operating conditions, for 

example, increase the power of the screw due to the higher viscosity at extrusion shear rates. 

Also, LLD-PE resins melt at higher temperatures than LD-PE, so longer transition time 

might be necessary in the screw. The coating process with HD-PE differs from LD-PE 

processing. Build-up residues can occur on the chill roll, and cause adhesion and curling 

issues. With elevated temperatures and pre-treatment, it is possible to improve the process 

because HD-PE has a higher neck-in and more backpressure is generated than in LD-PE 

coating. (Durling 2017.) A summary of different polyethylene types and their properties are 

presented in Table 1. 

Table 1. Physical and mechanical properties of different polyethylene types. Values are 

from Wypych (2022) and important properties from Durling (2017). 

Variable LD-PE HD-PE LLD-PE 

Density at 20 ℃ [g/cm3] 0,915-0,929 0,94-0,965 0,905-0,942 

Melting temperature [℃] 105-115 125-135 120-136 

Crystallinity [%] 28,8-60 60-90 30-53 

Water absorption [%] 0,005-0,015 0,005-0,01 0,005-0,01 

Melt index [g/10 min] 0,25-55 (230 ℃/3,8 

kg) 

10-100 (low MW); 0,6-10 

(medium MW); 0,06-0,15 

(high MW) (190 ℃/2,16 

kg)  

0,2-2000 

Tensile strength [MPa] 10-20 13-51 25-45 

Important physical 

properties 

Flexible 

Good heat sealability 

Less moisture barrier 

than HD-PE 

Poor toughness 

Stiff 

Poor heat sealability 

Good chemical 

resistance 

Good moisture barrier 

Poor toughness 

Good heat sealability 

Barrier and stiffness 

depend on density 

Good toughness 

 

As can be seen from Table 1, the properties differ from each other, and every polymer has 

its advantages and disadvantages. The differences offer various possibilities to utilize the 

polymers.  
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2.3.2  Ethylene vinyl alcohol copolymer 

Sometimes, a package requires enhanced oxygen barrier. To enhance the barrier, ethylene 

vinyl alcohol copolymer (EVOH) is used in the extrusion coating process. EVOH is a 

copolymer that has a semi-crystalline structure, and it consists of ethylene and vinyl alcohol 

monomer units. EVOH has drawn attention due to its great barrier properties against oxygen, 

carbon dioxide, and nitrogen. Because it is a good oxygen barrier, EVOH is used in 

multilayer food packages and in pharmaceutical applications. (Maes et al. 2018.) EVOH has 

high mechanical strength, surface hardness, and elasticity (Durling 2017). The physical and 

chemical properties of EVOH are presented in Table 2.  

Table 2. Chemical and mechanical properties of EVOH (Wypych 2022). Picture adapted 

from Mokwena & Tand (2012). 

Variable EVOH 

Density at 20 ℃ [g/cm3] 1,12-1,2 

Melting temperature [℃] 155-205 

Melt index, 230℃/3,8 kg [g/10 min] 1,6-5,5 (190℃); 1,8-13,0 (210℃); 6,2-22 (230℃) 

Crystallinity [%] 35-67 

Tear strength [N mm-1] 41 

Tensile strength [MPa] 50-70 

Structure 

 

 

The properties are achieved with copolymer composition, in other words, with different 

ethylene and vinyl alcohol quantities. Higher ethylene content leads to properties similar to 

PE. With lower ethylene content, it is possible to achieve better gas barrier than with higher 

content. Water absorption also increases with lower ethylene content. (Mokwena & Tang 

2012.) Vinyl alcohol affects the gas barrier properties, and ethylene affects the water 

resistance. By combining these two monomers, excellent barrier properties can be achieved. 

Different contents suit for different applications. For example, lower ethylene content is 

suitable for flexible and high-barrier applications, whereas high content is adequate for 

shrink and thermoform applications. EVOH synthesis occurs in two steps. First happens the 

copolymerization of ethylene and vinyl acetate, where copolymer ethylene vinyl acetate is 

formed. Then the polyethylene vinyl acetate converts into EVOH by transesterification with 

methanol. (Maes et al. 2018.)  The hydroxyl group (-OH) makes the EVOH hydrophilic, so 
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it absorbs moisture and water easily. Water absorption also decreases the oxygen barrier 

property. To avoid moisture absorption, EVOH is used as a copolymer, where it is extruded 

into the inner layer and the outer layers are polyolefins or polymers with good water and 

vapor barrier properties. (Selke et al. 2021.) The common polymers for multilayer packages 

are PE, PP and polyethylene terephthalate (PET) because they offer good mechanical 

properties and printability. Adhesives are needed in order to seal EVOH to PP, PET or PE 

together. These adhesives can be polyesters, polyurethanes, acrylics, and copolymers of 

ethylene. (Mokwena & Tang 2012.) When using EVOH in the extrusion coating process, it 

is important to dry the resin and keep it dry because of the EVOH hydrophilic nature. 

Moisturized EVOH can cause defects to the web, like gels and voids. The temperature must 

be controlled in the extrusion process because EVOH is prone to thermal degradation under 

extremely high temperatures. (Durling 2017.) The multilayer structure of the extrusion 

coated product is presented in Figure 9. 

 

Figure 9. The multilayer structure of the EVOH extrusion coating. (Adapted from Mokwena 

& Tang 2012). 

This multilayer structure can be modified into many combinations based on the wanted 

characteristics of the barrier.  

2.3.3  Polyethylene terephthalate  

PET is used in extrusion coating when the packaging needs to tolerate high temperatures, 

like oven heating. PET also provides a good oxygen and CO2 barrier properties. (Kuusipalo 

2000; Selke et al. 2021). PET-coated paperboard is also used for trays that tolerate the 
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transition from cold to hot and heating in a microwave (Durling 2017). PET is produced by 

a condensation reaction. The starting materials to PET production are para-xylene and 

ethylene, which go through reactions to form PET. Para-xylene goes through a conversion 

into terephthalic acid or dimethyl terephthalate, and ethylene is converted into ethylene 

glycol. These are polymerized by condensation reaction to PET. The common PET is made 

from fossil-based raw materials, but partially and fully biobased resources have been used 

in PET production. In bio-PET production, the production steps are the same as in fossil-

based PET, but the used ethylene glycol is originated from bio-based originated resources. 

This transition makes PET 30% bio-based. Coca-Cola has conducted research and 

development to replace fossil-based terephthalic acid with bio-based terephthalic acid 

resulting in 100% bio-based PET. (Selke et al. 2021.) PET polymer has oxygen molecules 

in its polymer chain, which gives it a polar nature. Due to its high melting point and 

crystallinity, PET solidifies quickly and develops a high modulus (Durling 2017). The 

crystalline PET is strong, heat sealable and forms a stiff film (Morris 2022). The properties 

of PET are presented in more detail in Table 3. 

Table 3. Chemical and mechanical properties of PET (Wypych 2022). Picture adapted 

from Selke et al. 2021. 

Variable PET 

Density at 20 ℃ [g/cm3] 1,3-1,4 

Melting temperature [℃] 245-265 

Melt index, 230℃/3,8 kg [g/10 min] 7 

Glass transition temperature [℃] 76-88 

Crystallinity [%] 20-50 

Tensile strength [MPa] 24-41,4 

Shear strength [MPa] 79-86,5 

Structure 

 

 

In extrusion coating process, the temperature of PET is around 300℃, which is way more 

than its glass transition temperature (76-88 ℃). Amorphous PET can be thermoformed, and 

its appearance is clear (Kuusipalo 2000). Before coating, PET needs to be dried because of 

its tendency to absorb moisture. PET esterification reaction produces water as a by-product, 

so it is reversed by water when PET is melted. Bonded water causes process degradation, 

like changes in melt flow properties. Temperature and neck-in handling are important factors 

to optimize in PET coating. Properties, such as high melting point and heat and shear 
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sensitivity, create a narrow operating temperature range. Temperatures significantly higher 

than the optimized temperature range can cause degradation. Friction heat at high extruder 

screw speed will also increase the temperature, which in turn increases the risk of 

degradation. (Peltovuori 2007.) PET creates three times more neck-in than LD-PE because 

of the narrow MWD. To reduce this, the air gap needs to be minimized. PET doesn’t oxidize 

much in the air gap and this limits the chemical bonding between the paperboard and 

polymer. (Durling 2017.) 

2.3.4  Biopolymers 

Polymers from renewable raw materials have gained interest in the consumer markets as 

well as among companies and researchers. The drivers for these phenomena are the 

environmental concerns of the fossil-based polymers, greenhouse gases, and the increased 

consumption. (Siracusa & Blanco 2020; Khwaldia et al. 2010.) The production capacity of 

biopolymers has increased during the recent years and is estimated to continue this path. The 

estimation is presented in Figure 10.   

 

Figure 10. An illustration of the current capacity and forecast for years 2024-2029 of global 

production of bioplastics. (*) describes the forecast. (Data adapted from European 

bioplastics 2024). 
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Figure 10 covers the global bioplastics production. An older estimation of this subject exists, 

and the estimations have changed a little. The estimations made in 2022, estimated that 

bioplastics production capacity in 2023 was 1047 tonnes for biodegradable and 1136 tonnes 

for non-biodegradable. As seen from Figure 10, the actual production capacity was a bit 

lower. The older estimations from 2022 estimated that the production capacities in 2024 

would be 1095 tonnes of bio-based/biodegradable and 1575 tonnes of bio-based/non-

biodegradable plastics. The estimation presented in Figure 10, forecasts a lower production 

capacity for 2024. Overall, the newest updates estimated a decreased global production 

capacity compared to the older estimation. (European bioplastics 2023.)  

Plastics can be divided differently based on their biodegradability and used raw material.  

Renewable and biodegradable biopolymers are cellulose polymers, PLA, PHA, and starch 

blends. Bio-based and non-biodegradable polymers are bio-PE, bio-PP, and bio-PET. 

Petroleum-based and biodegradable polymers are polybutylene adipate-co-terephthalate 

(PBAT), polyvinyl alcohol (PVOH) and polycaprolactone (PCL). Polymers made from both 

petroleum and biological resources are polybutylene terephthalate (PBT) and 

polytrimethylene terephthalate (PTT). (Siracusa & Blanco 2020; Helanto et al. 2019; Ashter 

2016.) Figure 11 presents the classification of biopolymers.  

 

Figure 11. Polymers classified based on the raw material source and biodegradability 

(Adapted from Philp et al. 2013; Siracusa & Blanco 2013; Helanto et al. 2019). 
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The terms around biopolymers can easily be mixed up. The term “biopolymer” covers many 

different variations, for example, a biopolymer can be fossil-based and biodegradable, or it 

can be made from natural origins but not be biodegradable. (Song et al. 2009.) The term 

‘bio-based’ refers to a polymer that is produced from biomass, like animals, plants, and 

microorganisms and is renewable. Bio-based polymers are produced directly from biomass, 

by synthesis from renewable monomers or by micro-organisms. Bio-based polymer has a 

renewable carbon, and the ability to compost and biodegradability depends on the chemical 

structure of the polymer. (Helanto et al. 2019; Ashter 2016.) 

For extrusion coating applications, the common biopolymers are PLA, PBAT, as well as 

bio-based and starch-based polymers (Durling 2017; Kuusipalo 2000; Johansson et al. 2012). 

PLA is a synthetic biopolymer, which is produced from lactide. Lactide is manufactured by 

oligomerization of lactic acid followed by cyclization. Lactic acid (LA) has two optical 

monomers, and they consist of L-lactic acid and D-lactic acid. These create stereo forms LL-

lactide, DD-lactide and DL-lactide. PLA has a rigid thermoplastic structure, and it is made 

from renewable raw materials such as sugar and starch. To synthetize PLA, LA is first 

produced by microbial fermentation, then it is purified followed by lactide preparation, and 

in the final step, lactides are reacting via polycondensation into PLA. (Naser et al. 2021.) 

PLA’s chemical, physical and mechanical properties make it an interesting polymer for 

packaging applications. It has a high molecular weight, low water and gas permeabilities, as 

well as high transparency. PLA’s tensile strength is comparable with PET and thermoplastic 

properties are similar compared to various synthetic polymers such as LDPE, HDPE, and 

PET. (Zhang et al. 2022.) PLA has a low melt index, a long elongational viscosity and a high 

neck-in, thus the process modifications and optimization for extrusion coating are important. 

One option is to add additives, like gelatine, to improve the adhesion and melt flow rheology. 

It’s important to keep PLA resins dry since moisture can cause hydrolysis of the polymer in 

melt processing. The dried PLA should be used as soon as possible. (Total Corbion 2020; 

Cheng et al. 2015.) 

PBAT is synthesized from fossil-based raw materials, but it is biodegradable (Ferreira et al. 

2019). It is synthetized from adipic acid, 1,4-butanediol (BDO) and purified terephthalic 

acid. The reaction takes place in two steps. First, oligomers are formed by esterification or 

transesterification with a catalyst, and final the step includes polycondensation at a high 

temperature. (Itabana et al. 2024.) PBAT has gained interest because its mechanical 
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properties are quite similar to LD-PE (Threepopnatkul et al. 2020). The mechanical 

properties are improved by the aromatic unit in the molecule chain. PBAT is more flexible 

than PLA. The mechanical properties are affected by molecular weight and composition of 

monomers. (Jian et al. 2020.) Herrera et al. (2002) studied the effect of different ratios 

between adipic and terephthalic units to polymer characteristics. Young’s modulus increased 

with higher terephthalate content and elongation at break decreased. Low molecular weight 

of polymer can cause poor properties. Molecular weight can be tailored to modify polymer 

properties by reactor pressure and temperature. Some studies have shown that the content of 

purified terephthalic acid affects the biodegradation rate, degradation rate decreases when 

the amount of terephthalic acid is increased. (Jian et al. 2020.) In food packaging 

applications, PBAT has shown a good thermal stability, but quite weak barrier properties. 

This has been improved by adding filler or other polymers, like PLA/PBAT or PBAT/Talc. 

(Itabana et al. 2024.) The use of PBAT also suffers from its high production costs (Ferreira 

et al. 2019). 

PHAs are biodegradable polymers, and they are created by bacterial fermentation of glucose, 

vegetable feedstocks, municipal waste, and sugar. The bacteria accumulate PHAs 

aerobically and anaerobically. The bacteria can be either Gram negative or positive, as well 

as photosynthetic bacteria. (Zhang et al. 2022; Luzi et al. 2019; Sharma et al. 2021.) PHAs 

are linear polyesters composing of 3-hydroxy fatty acid monomers. They are classified based 

on the amount of carbon atoms in the side chains. A short-chain consists of 3-5 carbon atoms, 

a medium-chain from 6-14 carbon atoms and a long-chain from 15 or more. (Atarés et al. 

2024.) Over 100 monomer units are studied and PHAs offer wide end use possibilities 

because of this (Mangaraj et al. 2019). The polymer properties differ due to the monomer 

composition, microorganism, and the source of the carbon (Luzi et al. 2019).  Poly-(3-

hydroxybutyrate) (PHB) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) are 

PHA derivatives and are commercially available (Jahangiri et al. 2024). Other PHA 

derivatives are poly(4-hydroxybutyrate) (P4HB), poly(3-hydroxyoctanoate) (PHO), and 

poly(3-hydroxydodecanoate) (PHDD). PHAs with medium chain lengths are elastomers and 

they have a low melting point and low degree of crystallinity. PHB is highly crystalline, has 

high melting and glass transition temperature, which limit the use of PHB. PHB is usually 

copolymerized with other PHAs. Usually, poly(3-hydroxy valerate) (PHV) is added to PHB. 

With this polymerization reaction, PHBV is created. PHBV is proven to have great oxygen 

barrier properties, improved flexibility, lower melt temperature, and it can be used to replace 
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PET or PVC. (Zhang et al. 2022; Naser et al. 2021.) The addition of other polymers or fillers 

can decrease the high production costs and improve the characteristics of the polymer 

(Helanto et al. 2019).  

PHAs are great alternatives for food packaging, since they have low water vapor 

permeability, and they are biodegradable (Pawar & Purwar 2013: Naser et al. 2021). PHA is 

water insoluble, highly hydrophobic, UV resistant, and creates a good oxygen barrier 

(Rastogi & Samyn 2015). In extrusion coating, PHAs have some drawbacks. They are prone 

to thermal degradation above the melting temperatures and has poor melt stabilities. To 

tackle these problems, other polymers and additives are used. (Rastogi & Samyn 2015.)  

Bio-PE has been created to be a more sustainable alternative to fossil-based PE. The common 

raw materials for bio-based PE are sugarcane, starch crops, sugar beet, and lignocellulosic 

raw material. (ifBB 2023; Siracusa & Blanco 2020.) The raw materials, such as corn, have 

faced some criticism because of the competition with food sector. Second-generation raw 

materials, such as lignocellulose and agricultural side streams, should be utilized more. 

(Andreßeen & Steinbüchel 2018.) These above-mentioned raw materials are used because 

they contain glucose which is used for bio-ethanol production by anaerobic fermentation. 

After the fermentation, bio-ethanol is distilled to separate water from it. Distillation creates 

azeotropic mixture containing hydrous ethanol and vinasse. The mixture is then dehydrated 

in a high temperature and with the presence of catalyst, forming bio-ethylene and water. The 

product is then polymerized yielding bio-polyethylene. (Siracusa & Blanco 2020.) 

Bio-PE’s mechanical, physical and chemical properties are similar to fossil-based PE. Bio-

PE is not biodegradable, and it needs to be disposed in the same way as fossil-based LD-PE. 

(ifBB 2023; Siracusa & Blanco 2020; Soo et al. 2024). Lev et al. (2025) studied extrusion 

coating with bio-PE to have more insight about the material convertibility and barrier 

properties. Studies about these bio-based polymers exist, but more research is needed. Bio-

PE is starting to gain more interest because of the similarity to fossil-based LD-PE making 

it possible to change the LD-PE to bio-PE more easily for the extrusion coating process. It 

is reported that bio-PE has showed good water vapour resistance and surprisingly high 

oxygen resistance probably because of measurement variation. The variation was partly 

caused by inconsistent thickness of the film. Bio-PE coating transmitted oil and grease after 

a certain time. Overall, the performance of the bio-PE showed a good insight into bio-based 

polymers and their ability to handle conversion without losing their properties. More 
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research is needed to decrease the variations with coating thickness. (Lev et al. 2025). The 

properties of different biopolymers covered in this chapter are summarized in Table 4 below. 

Table 4. Properties of biopolymers. (PLA (Wypych 2022), PBAT (Jian et al. 2020 & Durling 

2017), PHB (Wypych 2022), PHBV (Wypych 2022; Naser & Darras 2021)). 

Variable PLA PBAT PHB PHBV 

Origin of the 

polymer 

Bio-based Fossil-based Bio-based Bio-based 

Density 

[g/cm3] 

1,21-1,29 1,26 1,17-1,25 1,25 

Crystallinity 

[%] 

20-47 60 30-80 59 

Melting 

temperature 

[℃] 

164-178 115-125 166-186 165-179 

Melt index 

[g/10 min] 

10 

(400℃/6,6kg) 

4  

(190℃/2,16kg) 

5-100  

(230℃/3,8kg) 

16,3 

 (190℃/10 kg) 

Tensile 

strength 

[MPa] 

52-72 21 40-62 31,3-37,8 

Structure 

    

 

Bio-PE from Table 4 was left out because its properties are similar to fossil-based PE. These 

properties are presented previously in Table 1. The different bio-based polymers are 

becoming more important now and in the future. They have the potential to be utilized more 

widely and replace the conventional polymers. More research is needed to modify their 

properties and polymer blends. 
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3  Web defects in extrusion coating process 

In extrusion coating process, different malfunctions, impurities, and faults can be caused by 

raw material or process disturbances. It is important to notice the defects and make 

improvements to process to avoid material loss. Defects can lead to decreased barrier 

properties, bad appearance, and cause serious risks for product safety. The product can be 

spoiled, which leads to product waste. (Kirwan 2013.) This chapter will discuss the defects, 

and the focus will be on gels and voids. Gels and voids are imperfections in the polymer 

layer. These are harmful to the coating appearance, as well as can damage mechanical and 

barrier properties. (Qenos 2015.) Gels and voids are presented in Figure 12. 

 

Figure 12. Fault map pictures of gels and voids. 

Gels are imperfections in the web, and different sources identify gels a bit differently, so it 

is important to evaluate and observe the formed gels. Gels are usually clear or have a 

yellowish colour from the cross-linked or degraded polymer. (Durling 2017.) Lehtinen 

(2017) defines a gel as a small defect that distorts the product. Gels can be classified into 

four categories: cross-linked/oxidized, un-mixed/non-homogeneous, cross-contamination 

and fibres /contamination gels (Lourens 2015). Gels and voids are sometimes linked together 

when these defects are discussed, because voids can be created because of gels (Durling 

2017). Other factors for void formation have been recognized, and they will be discussed 

later. Voids are determined as small holes in the web, but some sources determine that voids 

can cause pinholes or holes in the coating (Borealis 2002; Qenos 2015). 
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3.1  Polymer manufacturing and transportation  

To tackle the formation of gels and to understand the reasons for gel formation, it is 

necessary to go to the beginning and observe the polymer manufacturer’s polymerization 

process. From the extrusion process point of view, it is hard to affect to the manufacturer’s 

processing methods and quality, but these factors are important to know when gels or voids 

appear in the coating.  

Gels are formed in polymer manufacturing and granulation process. A clear, colourless gel 

forms when polymer particles are accumulated, and grown in the reactor creating a higher 

molecular weight than usual. (Qenos 2025.) The type and conditions of the polymerization 

process as well as used catalysts and product cycle, can cause gel formation. Barbosa et al. 

(2018) studied the effect of reaction temperature on the gel formation in poly(ethylene-co-

vinyl-acetate) (EVA) production. The process was conducted in a tubular reactor, and the 

temperature was modified to reduce gel formation and fouling. The fouling occurred in the 

polymerization reaction because two phases containing polyethylene and ethylene were 

formed. This phase separation occurred due to too low temperature, and the polymer-rich 

phase deposited on the reactor wall. The gels were classified based on their dimensions, and 

it could be seen that gels smaller than 0.5 mm were influenced by the fouling because the 

residence time increased. A small increase of the reaction temperature lowered the number 

of gels and decreased the residence time in the reactor due to the viscosity reduction. 

(Barbosa et al. 2018.) 

In the granulation process, extruder design, molecular weight distribution, particle size 

distribution of polymer, catalyst residues, moisture, and oxygen can cause gels (Lehtinen 

2017). The granulation process is not ideal, so different granular sizes and shapes can be 

formed affecting the sufficient melting of the polymer in the extrusion coating process. Dust, 

fibres, streamers, and angel hair can also be formed in the granulation (Laiho 2017). Bad 

masterbatch concentrates are caused by base resin compatibility and quality of mixing 

different batches, that causes agglomerates and differences between batch properties, like 

melt index. The heterogeneity can affect the processability and cause gels and then voids, 

because there will be polymer blends with different melting rates. (Piffer & Standard 2022.) 

The polymer manufacturers try to detect the gels before sending them to the customer, but it 

is not possible to spot them all.  
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Transportation methods have a great impact on the gel and void formation. Transportation 

issues include contamination, moisture, and dust. Some polymers absorb moisture faster than 

others, so it is important to maintain the right conditions in transportation and storage. The 

transportation in process lines is one possible reason for gels and voids. Polymer fines are 

created when pellets are transported at high velocities on rough surfaces. Rough surfaces 

break the structure of the pellet, because the pellets are bouncing on an uneven wall causing 

dust. Streamers are long strands that will form by friction creating heat. Angel hair is yarn-

like, and frictional heat causes it in smooth surfaces. Frictional heat melts the resins and then 

they solidify again. The conveying temperature has a particular influence because the higher 

temperature softens the pellet surface making it easier to generate angel hair. (Piffer & 

Standard 2022; Borealis 2016.) To reduce the streamers, angel hair, dust, and fines, it is 

important to observe and find the best pipe surfaces. The rough wall surfaces cause more 

dust, but the amount of angel hair is decreased. Pipelines should not be too angular, and 

joints need to be installed correctly to avoid uneven surface. The pellet lot must be 

transported to the silos in a decent time. Too rapid transportation will cause fines, and these 

will be resulting as voids or gels. To minimize the amount of dust, it is necessary to clean 

the pipelines and hoppers at regular times. (Laiho 2017; Borealis 2016.) 

3.2  Process parameters, parts of the process equipment, and polymer properties  

The most known reason for gel formation is the polymer degradation according to different 

literature sources (Borealis 2002; Qenos 2015; Piffer & Standard 2022; Durling 2017). 

Polymer degradation is important, because the polymer needs to be oxidized to improve the 

adhesion (Durling 2017). Polymer degradation is usually thermal degradation, and it occurs 

due to too high melt temperature, bulk temperature, or hot spots in the machinery. Also, the 

extruder residence time, too low screw speed in the extruder causes excessive degradation. 

(Durling 2017.) Piffer and Standard (2022) state that polymers will degrade as a function of 

temperature, shear conditions, and time. Other degradation type is chain scission, which 

occurs under high stress fields. This can lead to cross-linking and oxidation, where high 

temperatures are in the presence of oxygen. Chain scission breaks the chemical bond by 

energy generated from heat, shear, or light. (Barbosa et al. 2018.) Cross-linking is a 

phenomenon where molecules attach to each other increasing the molecular weight of the 

polymer. Gels are identified as highly cross-linked. (Lyondell Basell, 2025.) Cross-linking 
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occurs because too much heat is provided to the polymer. The high temperatures can take 

place due to hot spots or re-heating the material in a startup. The heat then causes shear. 

Oxidized gels form quickly, and oxidized resins are usually results of incorrect shut down 

or start up methods. It is also possible that gels are forming because of unmelted pellets, 

adhesive’s poor dispersion or incompatible resin blends. (Durling 2017.) The melt index has 

an impact for angel hair formation. Polymers with higher melt index are more prone to form 

angel hair but the amount of dust is expected to be a bit higher with lower melt indexes. 

(Borealis 2016.) 

The parts of the process equipment can be a reason for gels. Bad streamlining, inaccurate 

purging, and shutdown or start-up protocol can cause oxidized polymers. There is a 

possibility of dead-spots in the extruder, die or adapter, where polymers have remained. 

Temperatures can be high in the dead-spots, and the increased residence time causes 

degradation. These polymers will eventually come out from the extruder and cause gels to 

the molten web. Also, the hopper’s inlet section can be hot. In the copolymerization process, 

copolymers can stick behind the deckles because they are more prone to adhere to the metal 

surfaces. Gels can be resulting from poor mixing in the extruder. Insufficient purging of the 

die or extruder can cause build-ups and contamination with other polymers causing gels. 

(Durling 2017; Lyondell Basell 2025.) The reasons for gel formation are presented in Figure 

13 as a fishbone diagram. 
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Figure 13. Factors causing gel formation presented in a fishbone diagram (Qenos 2025; 

Barbosa et al. 2018; Lehtinen 2017; Piffer & Standard 2022; Borealis 2016; Laiho 2017; 

Borealis 2002; Durling 2017; Lyondell Basell 2025). 

The factors presented in Figure 13 are collected from the sources cited in the text. There are 

various reasons for gel formation, and some of these reasons are similar in case of void 

formation. The general cause for voids is the volatile compounds in the melted polymer or 

in the substrate. Voids are also created from gels and degraded polymers. (Durling 2017.) 

The volatiles are created when too high temperatures, compared to the resin supplier 

recommendations, are used in the extruder. The temperature will break down the polymer 

into a volatile. These volatiles can vaporize and cause bubbling and voids. (Lyondell Basell 

2025). Sollogoub et al. (2011) defines voids as entrained moisture, outgases, which can be 

formed due to improper flow or too fast cooling. The entrained moisture can be from resin 

handling or rapid temperature changes in the process environment. Moisture can condense 

on the pellets, and with too much moisture, it is not possible to vent it out of the hopper. This 

excessive moisture evaporates and causes voids. (Lyondell Basell 2025.) 

Dirty die or screw is also a reason for voids because the polymers can’t flow steadily through 

the dirty die. The polymers will build up and oxidize to the die due to increased exposure 

temperature and time. (Lyondell Basell 2025.) Polymer thickness has an impact to formation 

of voids. Low coating weights cause tear-offs and voids. By increasing the polymer layer, it 
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is possible to decrease the number of voids. (Sollogoub et al. 2011; Lyondell Basell 2025.) 

The reasons for void formation are presented in Figure 14 as a fishbone diagram. 

 

Figure 14. Factors affecting to void formation (Durling 2017; Lyondell Basell 2025; 

Sollogoub et al. 2011). 

The reasons for void formation in Figure 14 are collected from the sources used in the text 

and presented in a fishbone diagram. Quite similar reasons exist with gel formation, but 

voids don’t form in polymerization and pelletizing part. To reduce gels and voids, some 

guidance exists that can be applied to the process.  

3.3  Common instructions to decrease the formation of gels and voids 

Voids and gels are defects, which can be caused by various identified reasons. Because of 

this, it is important to begin to identify the problem in a rational way. Wagner (2012) states 

that usually, the problems are thought to be like previous issues, and often solving the root 

of the problem is left out. To find the reasons behind void and gel formation, manufacturers 

and extrusion coating professionals have done their proposals for the troubleshooting 

methods. The basic principle is to first state the problem and collect the information. Then 

possible solutions are created, in other words, the hypothesis is made and tested. Finally, the 

results are evaluated and repeated. (Wagner 2012; Durling 2017.) In the case of gels, it is 

important to identify the source of the gel, when the problem started to emerge, and find the 

source. The appearance and location of the gel are important knowledge. It is beneficial to 
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notice if the problem occurs in a monolayer or co-extrusion process. To reduce gels, the 

changes in the process parameters, working methods or raw materials need to be identified. 

(Lehtinen 2017.) 

Potential solutions for gel and void formation depend on the identified gel or void. If voids 

are formed, and moisture is the suspected reason, it is necessary to check the resin and 

paperboard moisture, storage conditions, and search for the possible leaks in the resin 

handling. If the used resins are easily absorbing moisture, the proper storing facilities in situ. 

Polymer degradation is a one reason behind voids. Ensuring that the melt temperature is not 

too high could be one solution to the problem. Another way to tackle the degraded polymers 

is to check the temperature zones to see if they work properly. If it is seen that there is a void 

caused by a gel, silo or hopper needs to be checked in the case of cross contamination. 

Cleaning the feedblock and die will decrease the voids if there are resins collected in the die. 

To reduce voids, and the reason for them seems to be unmelted gels, one way is to increase 

screw speed or coating weight, temperature or backpressure. (Durling 2017; Qenos 2015). 

The gels can be examined, and by different methods, it is possible to identify the size, shape, 

and colour of the gel. The possible measurements are hot-stage optical microscope, size 

exclusion chromatography (SEC), differential scanning calorimeter (DSC), Fourier 

transform infrared spectrometer (FTIR) with microscope and scanning electron microscope 

(SEM). These methods help to identify the gel, and corrective actions are easier to make. 

From the before mentioned methods, hot-stage microscopy is mentioned the most in the 

literature.  Hot-stage microscopy is quick and simple to use. It is used to observe if the gel 

is unmelted, crosslinked, or if there are contaminants present. The material is examined 

under the scope at room temperature. After that, it is heated to proper melting temperature 

and is then cooled back to room temperature. (Durling 2017; Lehtinen 2017; Padman 2022). 

Gels are usually tried to be minimized with similar methods than voids. The amount of 

degraded and cross-linked polymers can be decreased by lowering the temperature, 

increasing the screw speed, reducing the residence time, and checking the possible hot spots 

in the extruder. Dirty die is a result of a poor purging, and it is important to check the right 

purging techniques and materials. If the extruder doesn’t mix the resins properly, the back 

pressure has to be increased, and the resin blends would be good to check. The long-term 

solution would be to increase the number or density of the screen packs. The right process 

start-up and shutdown procedures are also important to follow, so there won’t be wrong 
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materials in the process, too high temperatures, wrong warming and cleaning methods 

causing contamination, as well as web defects. (Durling 2017; Qenos 2015).  

In process start-ups and shutdowns, the extruder purging is important to avoid quality issues, 

switch the polymer efficiently, and reduce material loss. Numerous purging methods exists, 

because every process is different, and the polymers used in the process vary. The commonly 

used methods are; extruder running at normal speed or high speed, ‘disco purge’ where 

extruder speed is varied systematically, water is added to resin, commercial purging 

compounds are used, and the extruder parts are manually cleaned. Water and commercial 

purging compounds will need a specific guidance, because these can cause harm when used 

in a wrong way. As discussed in previous chapters, gels and voids can be created in start-

ups and shutdowns, so purging techniques are important to utilize. The right purging 

technique will push out degraded polymers from challenging regions inside the extruder, 

like breaker plates and valve adaptors. These challenging regions will create dead spots and 

flow disturbances with high throughput, which can increase the residence time and polymer 

degradation. On the other hand, lower throughput decreases the flow, making it insufficient 

to force the polymer away from the hotspots. The extrusion line is important to shut down 

on PE, because polymer with poor thermal stability can lead to gels and degradation when 

the line is started again. The polymer flow is important in purging. Different polymers have 

different flow properties, so the ideal extruder speed for purging varies and it is difficult to 

optimize. (Durling 2017.)  

When changing a polymer to another, it is important to understand the differences between 

viscosities. If the viscosities differ a lot, the polymer transition will take longer, for example, 

if a higher viscosity polymer is switched to lower viscosity polymer, a low shear zone near 

the wall will be created. This makes the purging of the higher viscosity polymer harder. 

When purging polymers with large difference in melt flow index, the polymer switch will 

take more time because the viscosities differ. Temperature has also an impact on viscosity; 

increased temperature decreases the viscosity. The viscosity can change differently with 

different polymers. This is important to remember when planning a purging method. In the 

case of purging out an ionomer with LD-PE, LD-PE has higher viscosity and is aiding the 

transition, because ionomer viscosity decreases faster. Purging and resin switch can also be 

thought in the point of adhesion. Purging polymer’s adhesion has to be greater than the 

incumbent resin’s adhesion to the channel wall, so the incumbent is pushed away. Gels are 
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not possible to be removed without adhesion. Low screw speed intervals should be done, so 

the purge polymer will attach to the gel. (Durling 2017.) 

If the extruder is over-heated or over-sheared, the melt temperature can be higher than 

downstream and extruder setpoints. This can be fixed by decreasing the melt pressure and 

temperature, and letting the extruder stabilize for a while. If the number of gels start to 

decrease with the decrease of temperature and pressure, it indicates that the polymer flow is 

too hot and degraded. Process needs to be slowed down, or the extruder barrel zone 

temperatures must be lowered. A situation can happen, where the melt temperature is lower 

than the temperatures set for feedblock, downstream or die. The temperature of these needs 

to be decreased to see if the gels stop forming. Hang-ups in polymer melt, die, downstream 

or feedblock can be reduced by cleaning the system, examining the parts and re-running the 

materials and purging the system to avoid gels and hang-up spots. If the polymer starts to 

build up to the die lip and falls to the web, the lips need to be cleaned, preferably in scheduled 

times or at least after changing the product. The gels can even occur because of the chill roll. 

If the roll is damaged or dirty, gels are appearing in a repeated pattern with equal length as 

the chill roll. The problem normally disappears with cleaning. (Durling 2017.) To summarize 

the common instructions given above, they are presented in Table 5. 
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Table 5. Common instructions for decreasing gels and voids (Wagner 2012; Durling 2017; 

Lehtinen 2017; Qenos 2015; Padman 2022). 

Issue Reason for the issue Possible solutions 

 

 

 

 

 

 

 

 

 

 

 

 

Gels and 

voids 

Moisture - Check resin and paperboard moisture 

- Check storage moisture 

- Store resins properly 

Contamination - Check if there are foreign material in 

resin 

- Clean the transfer lines 

Bad mixing - Increase back pressure 

- Increase the number/density of the 

screen packs 

Dirty die - Check the shutdown and startup 

methods 

- Clean the die and feedblock 

Polymer degradation - Decrease the melt temperature 

- Check the temperature zones 

- Decrease the residence time 

- Increase the screw speed 

- Check the possible hot spots 

Bad lot - Check the lot and change it 

Gels/Unmelted gels - Check hopper or silo to see if there is 

cross contamination 

- Increase the screw speed 

- Increase the coating weight 

- Increase the temperature and back 

pressure 

Resin hang-ups  - Clean the die and lips 

Constant gel pattern - Check and clean the chill roll 

 

Finding the right solutions might not be easy but with a great process and material 

knowledge, it is possible. The imperfections in web must be taken care of because the quality 

suffers, and the product doesn’t meet the quality standards.  

3.4  Effect to the final product – material loss and product safety 

Different issues along the process cause material loss, and this will affect the process and 

business financially. The biggest material losses come from startup and shutdown. In startup, 

the process conditions are optimized and in process shutdown, the purging is done, to prevent 

polymer degradation, which later can cause gels and voids. The process optimization is an 

important step, where the right temperatures, pressures, and speed is achieved with the help 

of control systems and operators. When faults, like gels and voids, are detected in the 
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process, the material is rejected and can’t be sent to a customer. For example, the material is 

not suitable to be used in liquid packaging because the barrier properties are compromised. 

This damaged product could be sold for another purposes. Also, different gel and void 

reducing procedures, such as cleaning, optimization of process parameters, etc. are causing 

material loss because the polymer usage continues due to the polymer web is drained to a 

tray. To enhance the material efficiency, quality, and process, it is important to continuously 

monitor different parameters. (Donahue 2024.)  

Preventing material loss is crucial from the sustainability aspect, but also from the customers 

point of view. With optimized process, customers get the products on time and the products 

are high-quality. Standards and regulations make sure that the food package manufacturing 

companies follow the quality requirements and right working methods. Common regulations 

are FSSC 22000 and Food Act 297/2021 in Finland.  

FSSC 22000 Food Safety Management System Certification includes the requirements of 

international standard ISO 22000, technical specifications for Pre-Requisite Programs and 

Scheme Requirements, like Additional Requirements and BoS Decision List and Scheme 

Interpretation Articles. All these requirements must be fulfilled to have the certificate. (FSSC 

2025.) ISO 22000 is a standard of food safety management system and companies that work 

in the food chain must follow this. The standard covers operations in organization, planning, 

operation, support, performance evaluation, and improvements. The standard is made to 

control and ensure the efforts of all the parties in the food chain to prevent food safety 

hazards. (SFS-EN ISO 22000:2018.) Finland Food Act 297/2021 is applied in food 

production, food business, food contact materials, and food control at all stages. The scope 

of the Act is to protect consumers by ensuring safety food and food contact materials, as well 

as good quality. It is also used to promote the operating conditions of contact material and 

food business operators. (Elintarvikelaki 2021/297.) With standards, laws, and regulations, 

the equal quality, product safety, and processing is ensured, and the companies can prove to 

work along the regulations. 
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Experimental part 

In this part of the thesis, the factors causing the gel and void formation in the process are 

collected and evaluated. First, a larger data sampling is done to exclude some factors from 

the data analysis. The data is collected from different process situations from the previous 

two years: start-ups, shutdowns, breaks, and production. The data is analysed with Minitab, 

and the analysing methods are presented later in more detail. The findings from the data are 

used to plan and execute trial runs to minimize the gel and void formation.  

Also, analytical analyses are done for the gel and void samples from the production line. 

This is done to figure out the chemical structure and nature of the gel. The findings can be 

used to improve the gel detection during production. This is done to make the correlating 

actions easier and faster. The analytical methods and equipment are presented in chapter 4.3. 

4  Materials and methods 

During the research, several polymers were used in extrusion coating process. The polymers 

were made from different raw materials, had different melt indexes and required different 

process conditions. The polymers were numbered from 1 to 7 based on the raw materials, 

melt indexes, and whether they were used for one- or two-sided coatings. The effect of 

material quality couldn’t be considered as much as was desired because it wasn’t possible to 

affect the material that was delivered to the process. There could be differences between the 

batches. The aim of the research was to find reasons behind web defects and come up with 

methods to reduce the gels and voids in this specific extrusion coating line.  

4.1  Measurement data 

Data collection was made from the process data between May 2023 and April 2025. The 

goal was to evaluate the circumstances leading to gel and void formation with polymers 1-

7. First, the days and the amount of material loss were collected, then sorted to process start-

ups, shutdowns, breaks, and production. A study of shutdown procedures was also made, 
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even though it is hard to evaluate if the gels and voids are formed during shutdowns or start-

ups. As mentioned in chapter 3.2, improper shutdown and start-up methods will increase the 

number of gels and voids. The amount of material loss caused by gels and voids during the 

years in different process circumstances is presented in Figure 15. 

  

Figure 15. Material loss in the extrusion coating line in 2023-2025. 

Process start-ups and production will cause the largest amount of material loss. It should be 

noted that gels and voids will occur more frequently during production than in process start-

ups but with smaller amounts of material loss. This frequently occurring material loss will 

cumulatively increase the whole number. The average material loss from start-ups is 70% 

greater than during the production. Next, the material loss with specific polymers in these 

different situations is presented in Figure 16. 
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Figure 16. Material losses based on the polymer type in start-ups (a), breaks (b) 

and during production (c). 
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Figures 15 and 16 give a reason to collect and study the data because every year, there will 

be material loss caused by gels and voids. The differences in material losses are affected by 

the amount of product produced, unexpected process malfunctions, and processing methods. 

Data was collected from the process measurement database. The collected factors were based 

on the literature, process instructions for start-ups and shutdowns, as well as an old study 

about the subject. The previously made study was done, but corrective actions weren’t made 

(Stora Enso 2023). This thesis handled data from a longer period, and more factors were 

collected. The factors are presented in Figure 17, and all the measurements are gathered for 

all the parts of the process equipment: barrel zones, feed pipes, breaker plate, adapter, screen 

pack, feed blocks, and die zones. 

a b 

c 
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Figure 17. Process factors collected from the data. 

From the factors in Figure 17, several of the factors had to be removed, since Minitab 

couldn’t process that many factors. For example, parts of the process equipment will heat up 

and cool down at different times, and they have different process temperatures. Every 

process equipment was first collected for the analysis. All the equipment were not used in 

Minitab because it couldn’t handle the large number of factors. The used parts of the process 

equipment were selected based on their position, criticality for gel and void formation, and 

findings from the previous study. These were, for example, a feed block and a die. Overall, 

the evaluated parts of the process equipment were decreased by half to enhance the use of 

Minitab. The selected factors are presented in Figure 18.  

 

Figure 18. Factors sorted and selected for the data analysis. 
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After selecting the critical factors, Minitab was utilized to conduct the data analysis with 

different methods to find out the statistically significant factors and draw different plots to 

study the effect on gel and void formation. The data analysis is presented in chapter 4.2. 

4.2  Data analysis 

The data was analysed with Minitab that is a statistical software. It has many features, 

including regression, graphical features, basic statistics like correlation and t-tests, analysis 

of variance, design of experiments, quality tools, etc. (Minitab 2025a). The chosen data 

analysis methods were time series plot, scatter plot, boxplot, control chart, general linear 

model (GLM), and Pareto chart.    

4.2.1  Different ways to express the data with plots 

A time series plot was used to evaluate the amount of material loss created during the studied 

time. Then the scatter plot and boxplot were utilized to observe the effect of different factors 

on material loss. A time series plot shows the changes and trends over time. The important 

subjects to look out for are upwards or downwards trends, changes in variation, possible 

patterns or cycles in the data, and differences between short- and long-term. (Brook 2006.) 

In this study, time series plots were utilized to observe if there were patterns or big 

differences between the amount of material loss created because of gels and voids. With 

these plots, it was possible to investigate the possible differences in more detail.  

A scatter plot is used to study the relationship between two factors. In this study, the amount 

of material loss was investigated with scatter plots to see the possible impact of these factors. 

Box plots are plots that summarise the data into a box and whiskers format. The box in the 

plot represents 50 percent of the data at Quartile 1 and finishing at Quartile 3. The whiskers 

express the data range from minimum to maximum. The big differences in the data are 

represented as outliers, because the whiskers can be 1,5 times the length of the box; the 

values longer than these are seen as outliers. (Brook 2006.) The sample size for boxplots is 

better to be larger than 20, since smaller sizes will cause variation in the size of the box and 

whiskers (Minitab 2025b). The alternative plot in this situation can be an individual value 
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plot. In this graph, the plots are shown individually, and it will help to spot the outliers in a 

smaller sample size. (Brook 2006.)  

4.2.2  Control charts 

Control charts were used in situations where material loss was created during production to 

see if the polymer melt temperature was between the allowed control limits. Control charts 

were used to evaluate the level of variation in the process and define the control limits based 

on the variation. In Minitab, different control charts are available and can be used for 

different types of data. The common charts for data containing subgroups are Xbar-R and 

Xbar-S. The control charts for individual observations are I-MR, Z-MR, and Individuals. I-

MR is used for monitoring the mean and variation of the continuous data for individual 

observations, whereas Z-MR is used in short-run processes. In this experimental part, 

Individuals-chart was used, because it monitors the mean of the process with individual data 

observations. It is commonly utilized to evaluate the process stability. (Minitab 2025c.) The 

monitoring was done for the melt temperatures of polymers 1-7 to find out if the melt 

temperature was too high and could cause gels and voids during production. It was possible 

to add a reference line for the chart based on the appointed melt temperature for the used 

polymer. 

4.2.3  General linear model and Pareto chart 

General linear model (GLM) is used for data with continuous response, optional covariates, 

and categorical factors. It allows the use of polynomial terms, crossed factors, as well as 

fixed and random factors. (Minitab 2025d.) The traditional GLMs are regression, analysis 

of variance (ANOVA), and analysis of covariance (ANCOVA). In the case of GLM, 

regression will explain the data by independent factors and residual components. ANOVA 

uses experimental conditions and error, whereas ANCOVA combines regression and 

ANOVA. (Rutherford 2011.) When conducting a GLM analysis, the goal is to analyse and 

stratify the data (Y) in relation to X as a whole. The data is collected from the process output 

(Y) and many inputs (X). With GLM, it is desired to see how the process has behaved during 

the data collection and figure out what factors will explain the variation in the process. (EDA 
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2025.) GLM was used in this work because the material loss in the process was the process 

output, and the factors presented in Figure 18 were the inputs (X). GLM was used, and the 

results from the analysis of variance were studied in more detail with Pareto charts as well 

as graphical methods. The use of couple of different methods is beneficial, since the factors 

could be interdependent, have a proximity effect, or the amount of change could not pre-

managed (QKK2025).  

A Pareto chart is a bar chart that identifies the common categories in the data. The x-axis 

shows the categories, and the bars are the counts. The chart inspects the situations where 20 

percent of the categories represent 80 percent of the issue. This helps to isolate the important 

factors and reject the factors with smaller impact. (Blackburn 2022.) In this study, the results 

from GLM were fitted into a Pareto chart to sort out the most important factors. For Pareto, 

results of GLM’s contribution were used. Pareto also presented the effect of error. This 

informed about the factors that didn’t explain the variation of the data.  

4.3  Analytical equipment and sample preparation 

To examine the samples from the production line, a couple of analytical equipment were 

used. Cross-sections were taken from the samples and a reference sample. The samples were 

prepared with a razor blade or microtome depending on the size of the microscope pictures. 

Optical microscopy was used to examine the cross-sections. After this, Attenuated Total 

Reflectance-Fourier Transform Infrared (ATR-FTIR) spectroscopy was used for defects and 

references to see the possible differences in the chemical structure. Polymer crystallinity was 

studied with D-ATR using the ratios of certain signal intensities. (Hagemann et al. 1989.) 

The crystallinity was studied more to support the findings from D-ATR. The measurements 

were made with Differential Scanning Calorimetry (DSC) Mettler Toledo DSC1 (Mettler 

Toledo 2025). For DSC analysis, the samples were prepared by isolating the samples with 

copper ethylenediamine (CED) solution.  The aim was to remove the fibres from the sample 

to have only polymer in the analysis. DSC analysis was done with a nitrogen gas flow of 50 

mL/min. Sample was heated twice. First heating was done from -20℃ to 280℃ with heating 

rate of 10℃/min. Then the sample was cooled from 280℃ to -20℃ with heating rate of -

10℃/min. The second heating was repeated with same parameters as the first one.   
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5  Data analysis and laboratory measurement results and discussion 

The results of data and laboratory analyses are presented in this chapter. The discussion of 

the results is also had, so it is more justified to conduct trial runs to decrease the gel and void 

formation.  

5.1  Laboratory analysis results and discussion 

Extrusion-coated board samples from the production line with defects were studied with an 

optical microscope. The figures present microscope pictures of the samples with 50x, 100x, 

and 200x magnifications. The pictures were taken from the defect and the reference samples. 

The sample and the microscope figures are presented in Figure 19. 

 

Figure 19. The optical microscope pictures of the defect (a), the reference (b), and the sample 

(c). 

In the sample, there was an oval-shaped print that caused the void. Results show that the 

coating is thicker where the defect was. Other differing properties weren’t found from the 

optical microscope pictures. The next analysis was made to find out if the defect in the 

sample and the reference part is made of the same material. The analysis was done with 
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ATR-FTIR spectroscopy to investigate the molecular composition of the samples. 

Differences in chemical structure weren’t found in this analysis. It seemed that the defect 

was the same material as used in the coating. Because differences in chemical structure 

weren’t found, the crystallinity of the defect and the reference samples were studied with 

Diamond ATR (D-ATR) by using the ratios of certain signal intensities based on the study 

of Hagemann et al. (1989). The results are presented in Figure 20. 

 

Figure 20. D-ATR measurement results of the crystallinity of defect and reference samples. 

The results from the measurement show that the defect is a bit more amorphous compared 

to the reference sample, but the difference is quite small. To support this statement, a DSC 

analysis was made. The samples were heated two times. After the first heating, the 

crystallinity was 41% (including thermal history), and after the second heating, the 

crystallinity was 47-49%. The results from DSC analysis are presented in more detail in 

Appendix 1. Comparing the results, it seemed that there isn’t a significant difference in 

crystallinity, even though the D-ATR method spotted the small difference. The DSC method 

proved that the crystallinity was similar in both samples. If there would have been 

differences in crystallinity and in chemical structure, Raman or Py-GC-MS determinations 

would have been conducted. These chemical and thermal analyses of the samples didn’t give 

the definitive answer about the chemical structure and possible root cause for the defect. It 

is clearly seen that the cause of the defect is being started from the oval-shaped particle, 

which may be the possible gel or macromolecule. The material of the defect consists of 

chemically similar material to the reference material with studied samples.  

Conclusions can’t be made about the nature of the gel with these analyses. The previously 

mentioned hot-stage microscopy would have been one possible analysis method, but the 
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equipment wasn’t available for this study. It is possible to investigate the chemical structure 

more in the future, since alternative methods exist. According to a personal interview with 

Erola (2025), one method could be hot-stage microscopy. Other alternatives include 

dissolving the polymer in a suitable solvent and using high-temperature gel permeation 

chromatography with triple detection. To prove the statement of a macromolecule, it would 

be beneficial to study the molar masses. The number of samples must also be higher to have 

a broader analysis. When dissolving the polymer, a suitable solvent is first refluxed, then the 

mixture of polymer and solvent is filtered. The gel then sticks to the filter and is left behind. 

There are some issues in dissolving the polymers. For example, the mass of the sample needs 

to be larger, and it is hard to remove the polymer coating from the board without having 

fibres in the coating. Multiple pretreatment steps would create measurement uncertainty. To 

make the analysis more advanced, different polymer types could be analysed with high-

temperature gel permeation chromatography. Also, it should be pointed out that the polymer 

will react differently in the extrusion coating process. The polymer molecule can change 

during extrusion and appear a bit different in the coating. (Erola 2025; Agilent 2013.)  

5.1.1  Identifying the gel and void during production 

It is not possible to conduct laboratory analyses when the defects appear in the production 

line, and the problem needs to be tackled in the moment. Fault maps help the operators to 

detect the faults and make corrective actions. The appearance of a gel or a void can vary 

because of the root cause of the formation. Sometimes, the defect can be caused by a particle 

that creates a change to the coating. According to laboratory analysis presented in the 

previous chapter, the particle can be thicker than the coating. So, it would be possible that 

the root cause could be an unmelted pellet or a gel. If these appear continuously, the process 

temperatures should be checked. If the gels do not disappear, the extruder should be purged 

by varying the extruder screw speed, or in the worst cases, cleaned with water or purging 

chemicals. Voids can be caused by polymer deposits, which will indicate that the polymer 

residence time in the extruder is too long, or the polymer is degraded. These deposits should 

be removed by purging or increasing the extruder screw speed. The defect with no clear 

beginning, i.e., a particle, wasn’t possible to analyse in the laboratory. These defects are very 

light, and the polymer coating is not missing. The root causes for these are hard to estimate, 

but they can be dust or impurities from the process pipelines.  
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The particles and deposits are common in process start-ups; thus, the procedures performed 

the start-up should be improved. It is important to consider what the previously used polymer 

in the process was. Also, the differences between polymer properties and flow behaviour 

should be noted. The instructions and common guidance to identify the polymer by its 

appearance and correcting actions are presented in Figure 21. 

 

Figure 21. Guidelines to solve the process malfunctions based on the appearance of the 

defects. 

The solutions presented in Figure 21 can help the operator to tackle the problem and give 

confidence in taking corrective actions. In a process environment, it is sometimes hard to 

properly identify the root causes and make the decision of when to start cleaning the process. 

The gels and voids can appear frequently or occasionally, so the decision to start the 

correcting actions may be hard to do. 

5.2  Process start-up 

Process start-up is critical when it comes to gel and void formation. The amount of material 

loss created by this is the greatest compared to breaks or production. Especially with 

Polymers 2, 5, and 7, the material loss is the greatest compared to Polymers 1, 3, 4, and 6. 

Data analysis was first conducted by time series plots to see if there were outliers or a certain 

pattern. The results are presented in Figure 22. 
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Figure 22. Time series plot for all polymer types. 

The red line represents the average material loss from the start-ups. The points above this 

line should be studied in more detail to see what will explain the high amount of material 

loss. When comparing time series plots, there was more material loss in start-ups with 

Polymers 2, 5, and 7. The difference could be explained with the differences in utilization 

degrees between the extruders. Four of the largest observation points were selected for 

further investigation. Before evaluating these specific measurement points, the significant 

process factors were measured with GLM. GLM was done for five different extruders with 

the selected factors. The goal for the data analysis was to find statistically significant factors. 

P-values smaller than 0,05 are statistically significant, but values between 0,05-0,1 are kept 

in the observation. GLM results are presented in Table 6. 
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Table 6. GLM results from the start-up data. (*) describes a situation, where Minitab left 

out the factor from the model. This requires a more specific observation. 

Factor P-value 

(Extruder 

1) 

P-value 

(Extruder 

2) 

P-value 

(Extruder 

3) 

P-value 

(Extruder 

4) 

P-value 

(Extruder 

5) 

Duration of the start-up [min] 0,03 0,031 0,146 0,244 0,264 

Last time when hoppers were 

cleaned [d] 

0,345 0,578 0,499 0,734 0,397 

Number of purging cycles 0,001 0,442 0,705 0,682 0,165 

Last purging before start-up [min] 0,199 0,771 0,328 0,314 0,114 

Purging temperature [℃] 0,053 0,342 0,144 * 0,151 

Zone x at the process temperature 

before start-up [min] 

0,232 

 

0,511 

 

0,903 

 

0,179 

 

0,643 

 

Zone y at the process temperature 

before start-up [min] 

- 0,779 

 

0,735 

 

- 0,383 

 

Zone z at the process temperature 

before start-up [min] 

0,064 0,761 

 

0,699 

 

0,940 

 

0,197 

 

Adapter at the process temperature 

before start-up [min] 

0,024 0,760 

 

0,353 

 

0,151 

 

0,525 

 

Feedblock z at the process 

temperature before start-up [min] 

0,176 

 

- - 0,835 

 

- 

Pipe x at the process temperature 

before start-up [min] 

- 0,703 

 

0,293 

 

- 0,832 

 

Pipe y at the process temperature 

before start-up [min] 

- 0,801 

 

0,048 

 

- 0,964 

 

Pipe z at the process temperature 

before start-up [min] 

- 0,579 0,008 - 0,575 

Die x at the process temperature 

before start-up [min] 

0,133 

 

- - 0,077 

 

- 

Die y at the process temperature 

before start-up [min] 

0,111 

 

- - 0,208 

 

- 

Die z at the process temperature 

before start-up [min] 

0,038 - - 0,063 - 

Purging technique 0,054 0,311 0,279 0,159 * 

Maximum extruder screw speed 

[rpm] 

0,011 0,922 0,356 0,158 0,899 

 

From a statistical point of view, the factors that were significant varied among different 

extruders. For extruder 1, the factors were the duration of the start-up, the number of purging, 

how long some of the parts of the process equipment were at the process temperature, and 

the maximum extruder screw speed. The factors above 0,05 were the extruder purging 

technique and purging temperature. For extruder 2, the statistically significant factor was the 

duration of the start-up. In the case of extruder 3, there were two parts of the process 

equipment that had an effect. For extruder 4, there was only one explanatory factor, and for 

extruder 5, there were none. Even though the similar factors are not contributing factors, 
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these should still be studied with every extruder, because the extruders are sometimes used 

at the same time and will affect the whole process. Also, the process is operated by a human, 

and there is a possibility for imperfections in the resin lots, thus the risk for error exists, 

which also affects the results. The parts of the process equipment have a combined effect on 

the process and quality, which should also be considered.  

Next, a Pareto chart was done to study the results in more detail. The chart was done with 

contribution values created from GLM. The effect of error was also included in Pareto. For 

all the data that was analysed with GLM, Pareto charts are presented in Appendix 2 in more 

detail. The highest contribution (28,6 %), in the case of extruders 1-3, was with the duration 

of the start-up. Error presented a small percentage (2,4 %) of the results, and the factor 

‘other’ summed up the factors with small contribution. It is difficult to affect the duration of 

start-up because it is dependent on many factors, such as the amount of personnel, 

maintenance work, etc. The second largest contribution (19,5 %) for extruders 1-3 was with 

extruder purging temperature and how long the parts of the process equipment were at the 

process temperature before start-up (15,7-28,6 %). This indicates that there is an effect of 

heating up the parts of the process equipment and how long they are at higher temperatures 

before production. The contribution of error was the highest with extruder 2 (16 %), and this 

was important to consider when interpreting the results.  

With extruders 4 and 5, the contribution of error was the highest (30-34 %). This is important 

to consider, because in a process environment, there can be numerous factors outside of the 

collected data that can affect the formation of gels and voids. These could be, for example, 

process malfunctions and variance in polymer quality. Even though there was a contribution 

for error with extruders 4 and 5, the other factors were studied, because the instructions for 

trial runs should be repeated for all the extruders based on their capacities. The studied 

factors were duration of the start-up, purging techniques, number of purging cycles, purging 

temperature, and parts of the process equipment at the process temperature.  

5.2.1  Graphical results for extruders 1-3 

First, the duration of the start-up was studied. It is sometimes challenging to keep the start-

up short, because it is dependent on many factors. The duration of the start-up is presented 

in Figure 23. 
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Figure 23. The effect of the duration of the start-up to material loss for extruders 1-3, and 

the time of parts of the process equipment being at the process temperature before start-up. 

The highest material losses were created when the start-up started to prolong. Also, in the 

case of the parts of the process equipment being at the process temperature, the material loss 

usually increased with time advancing. The scatter plot of the duration of the start-up didn’t 

have a clear pattern, and some variation existed, which was explained by the different 

polymers that were switched to the process and the tasks required for different product 

qualities. In start-ups, the extruders are rotating at minimum speed, which will increase the 

polymer residence time in the extruder. Minimum speed won’t efficiently purge out the 

deposits, gels, and impurities. When the extruders are sped to the process speed, these start 

to come out from the extruder more efficiently and be in the product, causing material loss.  

The parts of the process equipment will also be at the process temperature longer if the start-

up is prolonged. Most of the time, the parts of the process equipment were at the process 

temperature for less than 20 time index units before start-up. There wasn’t a clear pattern in 

the data, but the highest amount of material loss was created when the time at the process 

temperature exceeded 20 time index units. It is also seen from Figure 23, that zone x was the 

longest at the process temperature compared to a feedblock or a die. It would be important 

to optimize and program the process so the different parts of the process equipment will be 

at the process temperature for the same period of time. Next, the extruder purging 

temperatures were studied, and the results are presented in Figure 24. 
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Figure 24. Extruder purging temperatures and their effect on material loss. 

The definitions for different temperatures are “process”, “waiting”, and “hold”. The 

“process” is the process temperature, “waiting” is a bit lower than the process temperature 

and can be used when doing the start-up tasks. “Hold” is lower than the “waiting” and is 

used occasionally. The boxplots indicated that purging at the process temperature was used 

the most and would sometimes cause more material loss. However, when the extruder wasn’t 

purged, it caused the largest material loss individually. The purging should be done in every 

start-up to decrease the gel and void formation. The probable reason why extruders 1-3 are 

usually purged at the process temperature is because these extruders aren’t started up from 

room temperature often. The process pressures will increase when purging at lower 

temperatures, because the polymer melt will be stiffer. Sometimes the extruders are purged 

at different temperatures, for example at hold and process temperatures. Overall, extruder 

purging is important and should always be done. The purging temperature should be decided 

based on the polymers being switched, such as a polymer having a lower melt temperature 

being switched to a polymer with higher melt temperature. This should be done with the 

lower melt temperature polymer, so it won’t degrade. The polymers with higher melting 

temperature will be in stiffer form, and can help to purge out the deposits, gels, and the 
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previous polymer. Next, the purging techniques were studied, and the results are presented 

in Figure 25. 

 

Figure 25. Material loss created from the start-ups and the purging technique used. 

It is possible to see that the purging technique used in a start-up can affect the gel and void 

formation. The purging techniques were divided into six categories based on the used 

extruder screw speed. “Single peak” is a one high-rpm peak that is used once. “Even” is a 

situation where extruder screw speed is increased at regular intervals, and ‘uneven’ is the 

opposite of it. “Cluster” is a way which extruder screw speed is varied multiple times in a 

short period of time. “Progressively” describes the situation where the extruder screw speed 

increase and decrease regularly, as steps, and “small rpm” is when there isn’t proper purging 

and the screw speed is low, almost at minimum. Methods “single peak” and ”low rpm’s” 

created the largest amount of material loss. This supports the statement made from the 

purging temperatures, where “no purging” had the biggest single material loss amount. The 

most favourable techniques would be “progressively” and “cluster”. Maximum extruder 

screw speed and purging times given in purging stood up from GLM results. The number of 

purging cycles is presented in Figure 26. 
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Figure 26. Number of times when extruder is purged by variating the extruder screw speed. 

The number of purging cycles, i.e. how many times extruder screw speed is varied, is used 

in many ways. Zero times had the highest one-time material loss, and 5 times or more also 

had a high amount of material loss. Maybe the numerous extruder screw speed variance 

wasn’t always the best option, because with high screw speed the purging might have been 

too rough for the polymer. There was also a huge variance in the used extruder screw speed, 

because there wasn’t a specific purging program. The maximum screw speed won’t tell the 

straight answer to reduce gels and voids. As Durling (2017) mentioned, for each polymer, it 

is difficult to optimize the ideal extruder screw speed zone. The used speed zone will also 

require the purging technique. A high extruder screw speed can result either in high material 

loss or low material loss based on the purging, polymers, etc.  

5.2.2  Graphical results for extruders 4 and 5  

GLM results for extruders 4 and 5 were different than those of extruders 1-3. The biggest 

factors in GLM were greater than 0,05-0,1, despite the duration of one part of the process 

equipment at the process temperature. The time of the extruder purging (0,114) and the 

purging temperature (0,151) had the lowest P-values. In the Pareto chart, the biggest factor 



61 

 

was error. Pareto errors indicated that some other factors explain the certain part of the total 

variation. There was the same amount of factors with all the extruders, but the variations 

with extruder 4 and 5 data gave a greater share for error. It should also be noted that the 

purging techniques were left out from the GLM, because Minitab couldn’t process them. 

The techniques will be studied further to see how the extruders were purged and how much 

material loss has been created with different techniques.  

There are numerous reasons for the gel and void formation, as discussed in the literature 

review part. The error in Pareto charts informs that the factors in the data don’t explain the 

variation. The factors which weren’t selected for the study could have better response in 

Pareto. One possible explanation is the shutdown procedure made for the extruders. 

Improper shutdown will leave unfavourable conditions inside the extruders, where gels and 

deposits can form. These are harder to remove in start-up purging, which may increase the 

material loss. The used polymer can be a possible factor. The laboratory analyses proved 

that the defect was similar material; but the nature of it couldn’t be proven, i.e., is the 

polymer a gel? This is important to acknowledge, and it would be beneficial to continue 

analyses, if gels and voids appear continuously in the coating. Despite the contribution of 

error, the other significant factors were be studied. The scatterplot of the duration of the start-

up and a couple parts of the process equipment in process temperature are presented in Figure 

27. 

 

Figure 27. Duration of the start-up with extruders 4 and 5, and a scatterplot of duration of 

two different parts of the process equipment being at the process temperature before start-

up. 

The highest material losses occurred when the start-up was over 25 time index units. There 

were data points where short start-ups had high material loss, but these situations should be 
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studied in more detail to determine what start-up methods were used. It is possible to 

decrease material loss even with prolonged start-ups by patiently purging the extruder and 

die to prevent the formation of degraded polymers or deposits. As mentioned before with 

extruders 1-3, it is challenging to minimize the duration of the start-up. As seen from Figure 

27, zone x spent more time at the process temperature than the die. The highest material 

losses took place around 17 time index units at the process temperature. The optimization of 

heating up times would be a great addition to secure more even process. With this, critical 

hotspots in the process may not be formed as easily. Next, purging temperatures for extruders 

4 and 5 were studied. The boxplots are presented in Figure 28. 

 

Figure 28. Boxplots of material loss created during start-ups and used purging temperatures. 

Purging was done in various ways, and the used temperature was also dependent on the start-

up conditions, like whether the extruders were heated up from room temperature or were 

already at higher temperatures. “No purging” had the largest effect on the amount of material 

loss, as it was with extruders 1-3. A guidance exists that advises purging the extruders at a 

specific temperature. The guided temperature was used, and after that, the purging was also 

done at higher temperatures. Most of the time, purging was done at the process temperature, 

so it could be reasonable to try purging at lower temperatures when purging extruders 4 and 

5. Purging techniques were studied even though Minitab sorted it out from GLM. This factor 

was significant with extruders 1-3, so it was seen as important to observe the techniques with 

extruders 4 and 5. The results are presented in Figure 29. 
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Figure 29. Purging techniques used for extruders 4 and 5 in start-ups. 

More similar purging techniques were used between extruders 4 and 5 than with extruders 

1-3. “Single peaks” and “small rpm’s” were the biggest factors for material loss. With 

extruders 4 and 5, cluster-type purging was done more, and it had been one potential factor 

for a larger share of material loss. Fast variation from low to very high extruder screw speed 

may sometimes be too rough for the polymer, and cause degradation or remove deposits 

from the extruder. The dirt removal is beneficial, but the process should be stabilized after 

the purging, so the imperfections won’t come out in a start-up. With uneven and even 

purging, the material loss was at a decent level, but some process outliers existed. After 

progressively purging, the material loss was low. Overall, it is important to purge the 

extruders, especially in the case when the extruders haven’t been used for a while, so the 

polymer melt left from the previous run is removed efficiently. The number of purging cycles 

were studied, and the results are presented in Figure 30. 

 

Figure 30. The number of purging cycles for extruders 4 and 5 in start-ups. 
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Similarly to extruders 1-3, the highest material loss occurred when purging wasn’t 

performed. Purging conducted five or six times also created a larger share in material loss. 

Usually, multiple purging cycles are used when purging with a “cluster” technique, and it 

could be a too harsh technique in some cases. Maximum extruder screw speed was also 

studied; but many variations were used, so it was difficult to estimate the best options.  

5.2.3  Evaluating the highest material losses in start-up based on the data analysis 

From the previously presented control charts in Figure 22, the four highest points of material 

loss from polymers 1, 3, 4, and 6 were evaluated shortly to see the possible similarities 

among the start-up working methods. The highest point (25,59) had a normal start-up 

without prolonged time. The extruders 1-3 were purged, but the purging technique was 

uneven, and extruder screw speed was not very high. The second-highest material loss (23,1) 

had similar circumstances. The extruders were purged, but the extruder screw speed was 

even lower. Hoppers were cleaned a long time ago, so a risk for dust existed. Because of 

gels and voids, the extruders and die had to be purged again. The third largest material loss 

(20,23) had purging done a bit unevenly, which could have affected the amount of material 

loss. The fourth observation point (19,14) had a different start-up due to the extruders and 

the parts of the process equipment were heated up from room temperature, and the process 

start-up was prolonged. The extruder purging was done, but more extruder screw speed 

variation would have been better.  

Similar observations were also done for Polymers 2, 5, and 7 from Figure 22. Four highest 

points were selected for further review. At the highest point (100), extruders were not 

purged, and the start-up was prolonged. The parts of the process equipment were at process 

temperature for prolonged time. In this start-up, purging instructions were not followed, and 

the number of gels and voids was large. The second greatest point (75,23) had the same 

issue; extruders were not purged. The start-up time was normal, so the purging may indicate 

a real reason for large material loss. In the third point (71,83), the extruders were purged 

multiple times, but the purging was uneven and done at different temperatures. The start-up 

was prolonged; thus, the parts of the process equipment were at the process temperature 

longer than average. Extruders were also purged in the fourth observation point (67,41) and 

it was done evenly. The extruders weren’t used for a long time, which may have affected the 
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number of gels and voids. The highest extruder screw speed didn’t arise near 53% of the 

maximum screw speed, so it would be beneficial to try higher screw speed with more 

variation. 

To summarize the findings, similar factors were found with all the polymers. Purging was 

missing in most of the cases, and the start-up was prolonged. Used purging techniques 

varied. There wasn’t one common purging technique, which may have affected the results. 

Lower extruder screw speed was also used in some of these situations, and the parts of the 

process equipment were a long time at the process temperature. Based on the findings, it 

should be advantageous to improve the start-up activities and make them more identical. 

5.3  Process shutdown 

A similar study was done for shutdown to see if there were statistical and practical reasons 

for gel and void formation. Shutdown purging and other working methods are instructed to 

the operators, but it was necessary to observe how they were done and what methods worked 

the best. A similar time series plot was done to observe the possible variation and similarities. 

Results for all polymers are presented in Figure 31. 

 

Figure 31. Time series plots for all polymers in shutdown. 

The time series plot for polymers 1, 3, 4, and 6 shows that the extruders weren’t shut down 

with these species very often, so there wasn’t large variance. When shutting down with 

polymers 2, 5, and 7, there were more observation points and variance. It was because the 

extruders used with polymers 2, 5, and 7 were shut down more frequently, which created a 

greater possibility of gel and void formation during start-ups. These extruders were cooled 

down and were needed to heat up, purge, and prepare for the production. The extruders only 
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used with polymers 1, 3, 4, and 6 were often already at the process temperature or near it, so 

the circumstances for a more defect-free process were more favourable. Next, GLM results 

are presented in Table 7. 

 Table 7. GLM data analysis results for shutdown data. 

Factor P-value 

(Extruder 1) 

P-value 

(Extruder 2) 

P-value 

(Extruder 3) 

P-value 

(Extruder 4) 

P-value 

(Extruder 5) 

Last time when 

hoppers were 

cleaned, [d] 

0,831 0,962 0,671 0,368 0,208 

How long 

extruder not being 

used, [d] 

0,283 0,256 0,188 0,639 0,608 

Extruders at 

minimum speed, 

[min] 

0,926 0,982 0,682 0,917 0,859 

Number of 

purging cycles 

0,961 0,741 0,894 0,039 0,032 

Maximum 

extruder screw 

speed [rpm] 

0,945 0,924 0,791 0,318 0,168 

Last purging 

before shutdown, 

[min] 

0,496 0,400 0,224 0,658 0,714 

Purging  

under hold 

temperature, 

[yes/no] 

0,808 0,691 0,828 0,054 0,051 

Shutdown under 

hold temperature, 

[yes/no] 

0,570 0,465 0,474 0,638 0,658 

Purging 

temperature, [℃] 

0,571 0,569 0,646 0,356 0,248 

Purging technique * * * 0,160 0,097 

 

Compared to data analysis made for start-up data, GLM identified fewer statistically 

significant factors. For extruders 1-3, significant factors weren’t found. The reason why there 

wasn’t major significance with extruders 1-3 was that the shutdown didn’t happen very 

often, and the times for it were usually longer breaks. For extruders 4 and 5, the most 

significant factor was the number of purging cycles done for the extruder. P-factors between 

0,05 and 0,1 were purging temperature under the hold temperature and the purging 

technique. According to Pareto chart, the greatest contribution was error with extruders 1 

and 3. With extruder 2, the time elapsed with the extruder at minimum speed was the largest. 
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Other factors include purging temperature, number of purging cycles, and time elapsed from 

last purging. For extruder 4, the largest contribution was error (26,5%). The contribution was 

almost similar with extruder 5 (23,8%), but other factors had higher contribution. Purging 

technique and purging temperature were the most significant contributors (31,4% and 

26,9%). The number of purging cycles should also be observed. The factor ‘error’ should be 

noted with every extruder. The possible factors for error can be the previously used polymer 

and the uncertainty of the purging efficiency or shutdown temperatures. The operators 

starting up the extruders next time may not know how the extruder was shut down last time 

and may lead to wrong actions being done in start-up. If purging is not done in shutdown 

and start-up, especially in start-up, there can be gels, degraded polymers, and deposits in the 

extruder, causing material loss.   

5.3.1  Graphical results for extruders 1-3 

Even though GLM didn’t give any statistically significant factors for extruders 1-3, the 

factors with the largest contribution in Pareto were studied with graphical methods. The 

factors were time elapsed with the extruder at minimum speed before shutdown, how often 

extruders were purged, when the extruders were purged, the purging temperature, and the 

shutdown temperature. The effect of minimum extruder screw speed is presented in Figure 

32.  

 

Figure 32. Time elapsed of extruder operated at minimum extruder screw speed. 
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This study was done to see if there was a clear pattern for the time used for shutdown tasks, 

and how it affected the polymer melt in the extruder at minimum speed, causing longer 

residence time. Without a few data outliers, there was a slight increase in material loss with 

increased time. It would be beneficial to optimize the time spent for shutdown. Similarly to 

start-up duration, this is also difficult to optimize, because there can be unexpected 

circumstances, which can increase the time before extruders are shut down. The second 

factor observed was the number of purging cycles done in shutdown. The results are 

presented in Figure 33. 

 

Figure 33. Number of times extruders 1-3 are purged in shutdown. 

The extruders were purged differently in shutdowns than in start-ups. In shutdown the 

extruders were purged quite similarly, whereas with purging in start-up, it varied between 

the extruders. The number of purging cycles was lower in shutdowns than in start-ups. This 

was because, the last purging was done at lower temperatures, so the excessive increase in 

pressure was prevented. The extruder was normally purged twice, but more purging cycles 

should be tested to see how it will affect the gel and void formation. As previously 

discovered, if purging is not done at all, it usually results in higher material loss. The last 

extruder purging before shutdown is presented in Figure 34. 



69 

 

 

Figure 34. Time elapsed from extruder purging before shutting down the extruders 1-3. 

The extruder purging was usually done just before they were shut down. The point “0” 

describes the situation when extruders were not purged, which created most of the material 

loss. There were some points where purging was done earlier, and the extruder was shut 

down later. With this, no significant material loss had been created. The purging was done 

approximately at point of 2 time index units before the shutdown. Boxplots of purging and 

shutdown temperatures are presented in Figure 35. 

 

Figure 35. Purging and shutdown temperatures with extruders 1-3. 

Compared to purging temperatures in start-up, there was less variation with shutdown 

temperatures. When purged, it was done at the hold temperature, but it could be seen that 
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purging is not always done. The guidance for purging temperature was followed, but it 

should be tested at the waiting temperature. The shutdown is usually done above the hold 

temperature, because different the parts of the process equipment cool down at different 

speed. If some the parts of the process equipment are at too high temperature, it may create 

a hotspot in the extruder. The extruder doesn’t rotate anymore, so polymers may start to 

degrade, and don’t come out.  

5.3.2  Graphical results for extruders 4 and 5 

For extruders 4 and 5, GLM found few factors, which could affect the number of gels and 

voids. These were purging technique and temperature under the hold temperature, and how 

often the extruders were purged. The purging technique and maximum extruder screw speed 

was studied first, and the results are presented in Figure 36. 

 

Figure 36. Results from shutdown purging techniques and maximum extruder screw speed 

for extruders 4 and 5. 

More versatile purging techniques were used for extruders 4 and 5, than for extruders 1-3. 

This variance occurred because 4 and 5 were shut down more frequently. Opposite to start-

up, evenly and unevenly done purging caused a lot of material loss. “Small rpm’s” and 

“cluster” also created material loss. Progressively done purging resulted in lower material 

loss. The extruder screw speed used in shutdown were lower than in start-ups, because the 

temperature was usually lower than in start-ups. The lowest extruder screw speed caused the 

largest material losses, and variation between 26% and 47% of the maximum screw speed 

showed better performance, expect for a few outliers. Higher extruder screw speed should 

be tested, but the monitoring of pressure must be done to prevent excessive process 
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pressures. Finally, the purging temperature under the hold temperature, and the number of 

purging cycles were studied. The results are presented in Figure 37. 

 

Figure 37. Extruder purging under the hold temperature and the number of purging cycles. 

The extruder was more often purged above the hold temperature than below it. The median 

of material loss was almost equal. With the factor “no”, the uncertainty was greater and there 

were a few outliers, which indicated that the variance was notable. The purging under this 

temperature wasn’t always done, because all the parts of the process equipment weren’t at 

the hold temperature at the same time. The number of purging was similar with extruders 1-

3, but in start-up the purging was done more often. The highest material losses were achieved 

with no purging or purging two times. More purging should be tried out to see if there is 

more impact to decrease the number of gels and voids. 

5.4  Breaks in the process 

Breaks in the process are breaks when the production is interrupted in some way, and 

production must be stopped. These breaks occur frequently with all polymer types, and their 

duration varies. It was noted that gels and voids sometimes occur after the break; thus, these 

situations were studied to see what was done during the break before the production was 

restarted. The duration of the break varies, and it’s sometimes hard to estimate. Breaks are 

had because of many reasons, for example, a sudden process disturbance, etc. The duration 

of different breaks is presented in Figure 38. 
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Figure 38. Scatterplot of how much material loss is created during different breaks. 

Less material loss was created from breaks with extruders 1-3 than with extruders 4 and 5. 

Most of the breaks occurred under 8 time index units, and this is where most of the material 

loss occurred. Fewer longer breaks happened, and these on the other hand, created the largest 

material losses. First, GLM was done for all of the extruders with all different durations of 

breaks. The results are presented in Table 8. Then, more specific graphical research was 

done by comparing breaks lasting under 8 time index units and breaks exceeding 8 time 

index units.  

Table 8. GLM results for data analysis made for breaks. 

Factor P-value 

(Extruder 1) 

P-value 

(Extruder 2) 

P-value 

(Extruder 3) 

P-value 

(Extruder 4) 

P-value 

(Extruder 5) 

Last time when 

hoppers were 

cleaned, [d] 

0,056 0,159 0,058 0,878 0,842 

Number of 

purging cycles 

0,865 0,613 0,818 0,649 0,565 

Duration of the 

break, [min] 

0,068 0,205 0,078 0,600 0,721 

Extruder being 

stopped, [min] 

0,818 0,396 0,744 0,497 0,507 

Last purging 

before start-up, 

[min] 

0,225 0,478 0,259 0,980 0,958 

Average 

extruder screw 

speed, [rpm] 

0,126 0,241 0,153 0,240 0,223 

Maximum 

extruder screw 

speed, [rpm] 

0,136 0,297 0,159 0,398 0,389 

Purging 

technique 

0,364 0,603 0,513 0,911 0,850 
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Gels and voids caused by breaks didn’t have statistically significant factors according to 

GLM analysis. P-values between 0,05-0,1 of extruders 1-3 were hopper cleaning and 

duration of the break. For extruders 4 and 5, there weren’t significant values. Pareto charts 

were done from GLM data to see how the contribution was divided among the factors. From 

Pareto chart results, the largest contribution was the average extruder screw speed during the 

break (33,5%). The second largest contribution was the duration of the extruder being 

stopped during the break (28,5%). The third was days passed from the last cleaning of 

hoppers (15,8%). Pareto charts were done for extruders 4 and 5. The contribution of error 

was over half of the results, so further research of the gel and void formation wouldn’t be 

reliable. Error could be anything that was disturbing the start-up from the break. The results 

for extruders 1-3 are presented in Figure 39. 

 

Figure 39. Graphical observations of Pareto chart results for extruders 1-3. 

The scatterplot of the average extruder screw speed didn’t show a clear correlation with 

material loss. The extruder screws usually rotated between 3% and 5% of the maximum 

screw speed during a break. For extruders 1-3, the amount of material loss was decent, and 

only a few higher points were seen. These occurred with the minimum extruder screw speed, 

but also with over 16% of the maximum screw speed. Even though Pareto showed the largest 

contribution for this factor, a clear explanation for it couldn’t be determined.  
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If the extruder is stopped at the process temperature, it is important to minimize the time and 

purge it before start-up, because the pause can cause degraded polymers and result in gels 

and voids. A positive finding from the data was that the longest time was kept short.  

The hoppers were cleaned regularly, so there wasn’t a clear effect on material loss. 

Regardless, this factor is not a statistically significant factor, cleaning should be prioritized 

and done at regular times to decrease the risk of dust. Next, the breaks were studied based 

on their duration, because it varied a lot. It was necessary to study what was done during 

shorter breaks versus longer breaks. Duration of the breaks are presented in Figure 40. 

 

Figure 40. Duration of the breaks divided into breaks under 8 time index units and breaks 

over 8 time index units. 

Breaks under 8 time index units occurred more frequently than breaks over 8 time index 

units. With brief breaks, the material loss was under 10 material loss index units except for 

a few outliers. With longer breaks, the material loss was approximately 10 material loss 

index units and couple higher values. It was needed to study why gels and voids as material 

loss occurred more often with brief breaks and created material loss more frequently than 

the prolonged breaks. The purging techniques for all the extruders during different breaks 

are presented in Figure 41.  
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Figure 41. Purging techniques used during breaks under and over 8 time index units. 

When breaks were under 8 time index units, the extruders were purged by a single peak. 

With very short breaks, usually under 4 time index units purging wasn’t done at all. With 

breaks 8 time index units, purging wasn’t done at all, or only with very small extruder screw 

speed. Because of the small amount of data points, there were only a few times with long 

breaks where the extruder was purged with a clear method. Next, the number of purging 

done for the extruders is presented in Figure 42. 
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Figure 42. Boxplots of how many times the extruders are purged in breaks. 

The number of purging cycles correlated with the purging techniques. One purging cycle 

had the greatest share in the boxplots, as the single peak was the most common way to purge. 

Also, the situation when the extruder wasn’t purged was seen in the amount of material loss. 

The purging was left out most of the time. Some questions could arise during the breaks: 

Are there some actions done during the break that have caused polymer degradation, for 

example, the extruder is being stopped for too long? Has the break lasted for so long that it 

would be beneficial to conduct purging? These might be great questions to think about 

during the process.  

5.5  Gels and voids during production 

Gels and voids appear occasionally during production even without process disturbances. 

The material loss caused by a single defect is minor compared to material loss in start-ups. 

The amount of material loss cumulates when single rolls are declined one at a time during 

the year. The defects can be caused by many factors, but one possible factor can be gels in 

polymer masterbatches. These single particles can come through the screen pack and cause 

defects to the web. Also, angel hair and dust can cause single malfunctions. Screen packs 



77 

 

are used to filter out impurities, so it is possible that some impurities can permeate through 

screens. Process leakages can occur at different parts of the process equipment, like 

feedblock or extruder deckles, which interrupt the even polymer melt flow. The gels and 

voids that occurred during production are presented in Figure 43. 

 

Figure 43. Time series plots for all the extruders to evaluate the material loss created during 

production. 

The average material loss was almost similar with all of the extruders. A few outliers existed, 

which should be studied further to see if there were factors, which may have caused the large 

amount of material loss. Overall, the biggest material loss with extruders 1-3 occurred in one 

period, and with extruders 4 and 5, the largest losses were at the beginning of the data. The 

three highest points with extruders 1-3 occurred in a row. In this start-up, purging wasn’t 

done, and the process temperatures were too high. Proper purging might have been 

beneficial, because there was specialty polymers used before this, which tended to create 

deposits. The highest peak in the graph, with extruders 4 and 5, was caused by defects 

occurring during production. A polymer switch was done and extruders 4 and 5 were started 

up. The defects started to appear after some time without process malfunctions. The second 

highest peak in the graph was caused by polymer quality. The issues occurred with one 

specific polymer. The polymer was switched to another, and gels and voids disappeared. The 

third highest peak in the graph was due to issues with polymer type and dust. The extruders 

were purged and washed with water. This didn’t remove the issue, so the hoppers were 

cleaned, and polymer was switched, which decreased the number of defects. These factors – 

dust, polymer, and process parameters – should always be checked when trying to find the 

root causes for gels and voids.  

The data collected for the data analysis was polymer melt temperature, extruder screw speed, 

and hopper cleaning. GLM analysis was made, but no factors were statistically significant 
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except polymer melt temperature. Hopper cleaning wasn’t statistically significant, because 

it was done frequently, which decreased the risk of dust. Melt temperature is dependent on 

the used polymer and temperature settings set for the specific polymer. GLM recognized this 

variation, but it was necessary to look at the behaviour of melt temperature with similar 

polymers that had the same temperature receipts. This study was done with control charts so 

the melt temperature control line could be set for the process. The results for polymers 3 and 

4 are presented in Figure 44. A similar chart is presented later for polymer 5. The charts for 

polymers 1, 2, 6, and 7 are presented in Appendix 3. 

 

Figure 44. I Chart of polymer melt temperature for polymers 3 and 4. 

The red dotted line describes the temperature, that was set as the optimal melt temperature. 

As can be seen that with extruder 1, the average temperature was 0,3 temperature index units 

higher, the highest point was 2,1 temperature index units higher, and the lowest point was 

1,2 temperature index units lower. When observing the extruder 2, most of the points were 

near the optimal temperature, but many points were under 60 temperature index units. These 

values existed due to the extruder wasn’t always used at the same time as extruders 1 and 3. 

Extruder 3 had the highest average temperature and was always above the optimal 

temperature. The same extruders were fed with polymers 1 and 6. In this situation, the 

optimal temperature was 2,4 temperature index units lower than with polymers 3 and 4. 
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Despite this, the temperatures of all the extruders were over 3 temperature index units higher 

all the time. It should be checked why the temperature was always much higher and was it 

exposing the polymer for excess heat and degradation during production. Although this 

polymer type could handle temperatures 4,5-6 temperature index units higher than the 

optimal temperature index unit (94,36). The same observation is done for polymer 5 in 

Figure 45.  

 

Figure 45. I Chart of polymer melt temperature for polymer 5. 

The average melt temperature for polymer 5 was 3 temperature index units higher than the 

optimal temperature. With polymers 2 and 7, the optimal melt temperature was 3 temperature 

index units lower than with polymer 5, and the average melt temperature in extruder 4 was 

3 temperature index units higher. With extruder 5, the average temperature was optimal, but 

there weren’t observation points at this temperature value. All the points were 3-4,5 

temperature index units lower or higher. The melt temperature measurement points weren’t 

optimal. It should be considered if the temperature measurement was correct, or how much 

polymer melt flowed through the extruders, i.e. was there more load between different 

extruders. One single reason for gels and voids occurring during production could not be 

found. One possible reason can be the actions done in start-ups, so there won’t be left 

degraded polymers and dust to the process, which can later cause defects. Proper start-up 

methods should be tested to see the effect on the emergence of gels and voids during 

production. 



80 

 

6  Trial runs to reduce gels and voids 

The tested trial runs are presented in this chapter. They focused on extruder purging in start-

ups and shutdowns to minimize the material loss. Start-ups usually create most of the 

material loss, and from the data analysis, purging techniques, temperatures, and number of 

purging cycles are factors that should be optimized. The goal is to create and test different 

purging sequences, which can later be integrated into the process program. Currently there 

are numerous ways to purge the extruders, so by creating a few standardized sequences, it 

can help the operators to purge the extruder more effectively and make the processing more 

straightforward. Sequences were not used for breaks, because the operators used their 

experience and knowledge for purging the extruders during the break. The number of gels 

and voids during production was also studied after conducting the trial runs. 

6.1  Planning and executing the trial runs 

First, the planning of trial runs started from looking at data analysis results. In the case of 

start-ups, the best ways to purge extruders 1-3 were by “progressively” and “cluster”. For 

extruders 4 and 5, the best methods would be “progressively” and “even”. The purging 

temperature would be the waiting temperature or the process temperature. The number of 

purging cycles would be 2-4. To simplify the first sequences, similar techniques were 

planned to be used for all of the extruders. Before testing the new sequences, the purging 

technique found from literature was tested first.  The “disco purge” sequence utilized the 

systematic variation of extruder screw speed. The sequence was shortened from the version 

in the literature, because there wasn’t a polymer switch, which would have required a longer 

purging time. The first sequence is presented in Table 9. 

Table 9. The first and edited “Disco purge” method. 

Sequence step Extruder screw speed [rpm] Time, [s] 

1 30% of max rpm 30 

2 90% of max rpm 30 

3 50% of max rpm 30 

4 15% of max rpm 30 

5 70% of max rpm 30 

6 10% of max rpm 120 
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The first sequence was tested for start-up of extruders 1-3 and shutdown of extruders 4 and 

5. Specific process instructions were given so the desired purging temperatures could be 

tested. The purging was instructed to be done at the process temperature with extruders 1-3, 

and at the waiting temperature with extruders 4 and 5. For the second trial, the original “disco 

purge” was tested, because there was a polymer switch from polymer 6 to polymer 7, and 

extruders 4 and 5 were started up. The sequence was planned to be tested with all five 

extruders. For this, similar instructions were given. The waiting temperature was the purging 

temperature for extruders 4 and 5. For extruders 1-3, the temperature was planned to be the 

process temperature of the previous polymer type to prevent possible polymer degradation. 

The hoppers were cleaned to decrease the risk for dust. The sequence is presented in Table 

10. 

Table 10. The second and original “Disco purge” method. 

Sequence step Extruder screw speed [rpm] Time, [s] 

1 30% of max rpm 60 

2 90% of max rpm 60 

3 50% of max rpm 60 

4 15% of max rpm 60 

5 70% of max rpm 60 

6 10% of max rpm 300 

 

The original “disco purge” was planned to be done two times, so the polymer was certainly 

switched, and deposits wouldn’t occur. The third sequence was planned based on the 

findings from the data analysis. The maximum extruder screw speed was lowered to 

minimize the risk of polymer degradation. The second sequence was a bit harsh for extruders 

4 and 5, so it was necessary to modify the extruder screw speed. The 90% of maximum 

extruder screw speed might have been too high for the polymers. The specific instructions 

were made, and the purging temperature for extruders 1-3 was the process temperature, and 

for extruders 4 and 5, the temperature was the waiting temperature because these were shut 

down. There wasn’t a polymer switch during the sequence. The third sequence is presented 

in Table 11. 
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Table 11. The third purging sequence. 

Sequence step Extruder screw speed [rpm] Time, [s] 

1 5% of max rpm 180 

2 26% of max rpm 30 

3 43% of max rpm 30 

4 68% of max rpm 30 

5 53% of max rpm 30 

6 43% of max rpm 30 

7 26% of max rpm 30 

8 5% of max rpm 90 

 

This sequence was based on progressively increasing and decreasing the extruder screw 

speed. The extruder was rotating at minimum speed for a couple of minutes, because 

according to Durling (2017), low screw speed enhances the purge polymer to attach to the 

gel. The fourth sequence for extruders 1-5 followed the same purging sequence; only the 

highest extruder screw speed was decreased to 61% of maximum. The polymers were 

switched, and extruders 4 and 5 were started up. In this start-up, smaller extruders were also 

used. These extruders aren’t used regularly and have smaller capacity, so the sequence for 

these had to be different than for extruders 1-5. For this sequence, no specific operation 

instructions were given, because the aim was to give the operator the freedom to purge the 

extruder when it was the best to do. This fourth sequence for smaller extruders is presented 

in Table 12. 

Table 12. The fourth modified sequence for smaller extruders. 

Sequence 

step 

Extruder screw 

speed (Extruders 

1-3), [rpm] 

Extruder screw 

speed (Extruders 4 

and 5), [rpm] 

Time, [s] Extruder screw 

speed (Smaller 

extruders), [rpm] 

Time, [s] 

1 5% of max rpm 5% of max rpm 180 18% of max rpm 60 

2 26% of max rpm 26% of max rpm 30 24% of max rpm 30 

3 42% of max rpm 42% of max rpm 30 59% of max rpm 30 

4 61% of max rpm 61% of max rpm 30 47% of max rpm 30 

5 53% of max rpm 53% of max rpm 30 24% of max rpm 30 

6 42% of max rpm 42% of max rpm 30 18% of max rpm 60 

7 26% of max rpm 26% of max rpm 30 - - 

8 5% of max rpm 5% of max rpm 90 - - 

 

In the fifth trial, extruders 4 and 5 were shut down and the aim was to purge the extruder just 

before they were stopped, so the fresh polymer melt would be in the die. A sequence with 

small extruder screw speed was used to prevent the pressure increase. The same sequence 
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was instructed to be used for the small extruders. For extruders 1-3, there was a different 

sequence with extruder screw speed, to purge out the possible degraded polymers. The 

sequences for the fifth trial are presented in Table 13. 

Table 13. The fifth sequence for smaller extruders, shutting down the extruders 4 and 5, 

and higher sequence for extruders 1-3. 

Sequence 

step 

Extruder screw 

speed (Extruders 1-

3), [rpm] 

Extruder screw 

speed (Extruders 4 

and 5), [rpm] 

Extruder screw speed 

(Smaller extruders), 

[rpm] 

Time, [s] 

1 11% of max rpm 11% of max rpm 24% of max rpm 60 

2 21% of max rpm 16% of max rpm 35% of max rpm 30 

3 53% of max rpm 26% of max rpm 59% of max rpm 30 

4 37% of max rpm 21% of max rpm 47% of max rpm 30 

5 53% of max rpm 16% of max rpm 35% of max rpm 30 

6 11% of max rpm 11% of max rpm 24% of max rpm 60 

 

The fifth sequence also followed the progressively done purging, and the extruder screw 

speed was a bit lower for extruders 1-5. For extruders 1-3, the sequence wasn’t completely 

following the “progressively” technique, because in the end there was a small increase in 

extruder screw speed to create more variance in the process. Smaller extruder screw speed 

was used, because extruders 1-3 were already at the process temperature with the same 

polymer. The sixth sequence was a bit different from the previous ones. The sequence for 

extruders 1-3 had the “progressively” technique, but after that, there was a shorter, similar 

purging but with less screw speed. For smaller extruders, more variation was required to 

remove the special polymer and switch it to polymer 4. No specific instructions were given, 

so the operators could do the sequence more than once, if necessary. The sixth sequence is 

presented in Table 14. 
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Table 14. The sixth sequence for extruders 1-3 to start up, and for smaller extruders to shut 

down. 

Sequence 

step 

Extruder screw speed 

(Extruders 1-3), [rpm] 

Time, [s] Extruder screw speed 

(Smaller extruders), 

[rpm] 

Time, [s] 

1 16% of max rpm 60 24% of max rpm 30 

2 32% of max rpm 30 59% of max rpm 30 

3 53% of max rpm 30 71% of max rpm 30 

4 58% of max rpm 30 35% of max rpm 30 

5 32% of max rpm 30 65% of max rpm 30 

6 42% of max rpm 30 24% of max rpm 30 

7 16% of max rpm 60 71% of max rpm 30 

8 32% of max rpm 30 47% of max rpm 30 

9 42% of max rpm 30 59% of max rpm 30 

10 - - 24% of max rpm 30 

 

The seventh sequence was planned for a situation where extruders 1-3 were shut down for a 

longer period, and they were later started up with smaller extruders. The start-up purging 

used more variation in screw speed to clean out the possible impurities, and the sequence for 

smaller extruders were similar with fourth sequence used before. The seventh sequence is 

presented in Table 15. 

Table 15. The seventh sequence for start-up of extruders 1-3 and smaller extruders. 

Sequence 

step 

Extruder screw speed 

(Extruders 1-3), [rpm] 

Time, [s] Extruder screw speed 

(Smaller extruders), [rpm] 

Time, [s] 

1 5% of max rpm 180 18% of max rpm 60 

2 26% of max rpm 30 24% of max rpm 30 

3 42% of max rpm 30 59% of max rpm 30 

4 58% of max rpm 30 47% of max rpm 30 

5 42% of max rpm 30 24% of max rpm 30 

6 26% of max rpm 30 18% of max rpm 60 

7 42% of max rpm 30 - - 

8 58% of max rpm 30 - - 

9 26% of max rpm 30 - - 

10 5% of max rpm 60 - - 

 

The seventh sequence followed the “progressively” technique for extruders 1-3, but there 

were two peaks inside the sequence to create more variation inside it. Compared to the sixth 

sequence, the extruder screw speed was higher. The sequence was instructed to be done 

once, but it was possible to repeat it as many times as necessary. The sequence for smaller 

extruders was instructed to be conducted at least two times. The eighth sequence involved 
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three cycles of variation to ensure the purging efficiency of extruders 1-3. Smaller extruders 

were shut down, and the sequence was same as the sixth sequence. The eighth sequence is 

presented in Table 16. 

Table 16. The eighth sequence for extruders 1-3 and smaller extruders. 

Sequence 

step 

Extruder screw speed 

(Extruders 1-3), [rpm] 

Time, [s] Extruder screw speed 

(Smaller extruders), [rpm] 

Time, [s] 

1 16% of max rpm 60 24% of max rpm 30 

2 32% of max rpm 30 59% of max rpm 30 

3 42% of max rpm 30 71% of max rpm 30 

4 53% of max rpm 30 35% of max rpm 30 

5 32% of max rpm 30 65% of max rpm 30 

6 42% of max rpm 30 24% of max rpm 30 

7 16% of max rpm 30 71% of max rpm 30 

8 32% of max rpm 30 47% of max rpm 30 

9 42% of max rpm 30 59% of max rpm 30 

10 16% of max rpm 60 24% of max rpm 30 

 

The sequence for smaller extruders was kept the same, because it was proven to clean the 

extruders efficiently. Also, the pressures didn’t increase too much. For extruders 1-3, the 

sequence had more variance than previously because there was a polymer switch. The 

sequence followed a similar principle to the “disco purge”, but the extruder screw speed 

wasn’t as high and there were “progressively” increasing screw speed. The lower extruder 

screw speed was more favourable, because with the “disco purge”, degraded polymers were 

formed when the purging used higher extruder screw speed. The ninth sequence was created 

for a circumstance where extruders 1-3 were already at the process temperature when 

extruders 4 and 5 were started up. A polymer switch was made from a higher melt index 

polymer to a lower melt index polymer. For extruders 1-3, lower extruder screw speed was 

instructed, because the extruders were already at the process temperature. For extruders 4 

and 5, higher extruder screw speed was used, and there were more steps in the sequence to 

have more variation inside the one repeat. The ninth sequence is presented in Table 17. 

 

 

 



86 

 

Table 17. The ninth sequence for extruders 1-3, as well as for extruders 4 and 5. 

Sequence 

step 

Extruder screw speed 

(Extruders 1-3), [rpm] 

Time, [s] Extruder screw speed 

(Extruders 4 and 5), [rpm] 

Time, [s] 

1 16% of max rpm 30 16% of max rpm 60 

2 32% of max rpm 30 26% of max rpm 30 

3 39% of max rpm 30 37% of max rpm 30 

4 16% of max rpm 30 47% of max rpm 30 

5 32% of max rpm 30 37% of max rpm 30 

6 39% of max rpm 30 26% of max rpm 30 

7 32% of max rpm 30 37% of max rpm 30 

8 16% of max rpm 30 58% of max rpm 30 

9 - - 37% of max rpm 30 

10 - - 16% of max rpm 60 

 

The ninth sequence for start-up of extruders 4 and 5 was also following the “progressively” 

method with a “cluster” behaviour but it differed from previous sequences, because it had 

the highest extruder screw speed in the end of the sequence. Previous sequences had the 

highest extruder screw speed in the beginning or in the middle of the sequence. There was 

lower screw speed after the highest peak, so the process was able to stabilize after the highest 

screw speed. A similar method was used for extruders 1-3, but with lower extruder screw 

speed and shorter intervals. The tenth and last sequence was planned to be executed in a 

polymer switch, where a polymer with a higher melt index was introduced to the process. 

The sequence was quite like the previous ones. The tenth sequence is presented in Table 18. 

Table 18. The tenth sequence for extruders 1-5. 

Sequence 

step 

Extruder screw speed 

(Extruders 1-5), [rpm] 

Time, [s] 

1 11% of max rpm 30 

2 16% of max rpm 60 

3 42% of max rpm 30 

4 32% of max rpm 30 

5 11% of max rpm 30 

6 16% of max rpm 60 

7 47% of max rpm 30 

8 53% of max rpm 30 

9 16% of max rpm 60 

10 11% of max rpm 30 

 

The tenth sequence had a bit lower extruder screw speed because all of the extruders were 

already at the process temperature, so a gentler purging before start-up was seen as 
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important. The highest extruder screw speed was introduced at the end of the sequence. The 

results of the instructed sequences are presented in the next chapter. 

6.2  Trial runs results and discussion 

In this chapter, the results of different trial runs are presented and discussed. For each trial 

run, the process circumstances and effectiveness of the purging sequence are evaluated. The 

goal is to see if the gels and voids are decreased from the start-ups. The first sequence was 

tested for extruders 1-3 to start up the process, and extruders 4 and 5 were purged before 

shutdown. The purging for extruders 1-3 was done at the process temperature, for 4 and 5, 

the temperature was at the waiting temperature. The specified instructions were followed 

correctly. From this, there wasn’t any material loss classified as gels and voids. The process 

was stable, and gels or voids didn’t occur during production. The fault maps were clear from 

gels and voids.  

The second sequence was done to start up extruders 4 and 5 from room temperature, and to 

purge extruders 1-3 before start-up. The “disco purge” sequence wasn’t conducted for 

extruders 1-3, because the sequence was unnecessary and too long. Extruders 1-3 were 

purged first at the waiting temperature with smaller extruder screw speed, and the second 

purging was done at the process temperature. For extruders 4 and 5, the sequence was done 

at the waiting temperature. After the start-up, there were some deposits and degraded 

polymers in the coating. After some time, these disappeared, but it should be considered if 

this purging sequence was too harsh for the polymer. Material loss was created from this, 

but the amount of it was smaller than usual.  

The third sequence was done for extruders 1-3 at the process temperature and the maximum 

extruder screw speed as decreased from 68% to 57%. For extruders 4 and 5, the sequence 

was not done. The process start-up with extruders 1-3 was prolonged, so it was necessary to 

do the purging. According to the operator, the sequence worked well, and gels and voids 

didn’t occur.  

The fourth sequence was like the third one, except two smaller extruders were added to the 

process, because of the different polymer added onto the board. These two extruders had 

smaller capacities and were not used as often as extruders 1-5. The polymers used in the 



88 

 

smaller extruders have different properties than the polymers used in extruders 1-5. The 

sequences were done twice to make a successful polymer switch. For extruders 1-5, the 

sequences were also repeated twice. The instructions gave the operators the freedom to 

repeat the sequences if necessary. The need for repeat was seen, and the sequences worked. 

A small number of gels and voids were formed, but compared to previous start-ups with 

these polymer types, the material loss from start-ups were reduced. 

The fifth sequence had two parts: one for smaller extruders and extruders 4 and 5, and one 

for extruders 1-3. Extruders 4 and 5 were shut down, and the aim was to purge the extruders 

just before they were stopped. The sequence was done, but purging happened way before 

the shutdown at the hold temperature. The goal of freshly purged polymer melt left inside 

the extruders and die, wasn’t achieved. Extruders 1-3 were purged twice at the process 

temperature, and extruder screw speed was decreased from 53% to 45% of the maximum. 

The sequences were run at different times, not in succession. The smaller extruders weren’t 

purged, which differed from the previously made actions with this product. Even though all 

of the sequences were not tested, the material loss was small when studying the fault maps.  

In the sixth sequence, extruders 1-3 were purged two times. The first purging was done with 

the given sequence but the screw speed was lowered. The instructed maximum value was 

set at 58% of the maximum screw speed, whereas the used value was 45% of the overall 

capacity. The second purging cycle was done twice with the sequence instructed to smaller 

extruders. Sequences were done at the process temperature. It was beneficial to purge the 

extruders even with lighter purging, because the start-up was prolonged, and extruders were 

stopped for a long time. The smaller extruders were shut down. The sequence was done three 

times at the process temperature, before the extruders were stopped. Material losses weren’t 

created from this start-up, and according to fault maps, there weren’t any deposits or 

degraded polymers, so the conditions weren’t too harsh. A small amount of material loss 

was created later during production, but it was because of individual faults looking like gels. 

The seventh sequence was used after a longer pause of extruders 1-3. These extruders were 

started up with smaller extruders. The sequence was used two times for extruder 1 and for 

extruders 2 and 3, it was used once. The used maximum extruder screw speed was 51% of 

the maximum. For extruder 1, a different polymer type was switched, so it required a more 

exact purging. The purging sequence for smaller extruders was used the way it was 
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instructed. The sequences were used within a decent time span, within 8 time index units, 

before the process start-up.  

The eighth sequence for smaller extruders was the same as the sixth sequence. It was 

necessary to repeat the sequence to ensure its effectiveness. For extruders 1-3, the sequence 

was almost like the sixth sequence, but the highest extruder screw speed was lowered a bit, 

and one step with low extruder screw speed was added to the end. Smaller extruders were 

shut down, and extruders 1-3 were kept in the process. The sequences were conducted 

accordingly.  

The ninth sequence was used for all of extruders just before the start-up, around at 8 time 

index units. Gels and voids were formed in extruders 4 and 5. The similar issue happened 

previously when these specific extruders were started up from room temperature. The 

amount of material loss wasn’t major. With the sequence, the fault maps weren’t full of 

faults, so the goal to decrease the defect worked better than before the trial runs. 

The last and tenth instructed sequence was done one time at the process temperature. The 

highest extruder screw speed was 47% of the maximum. The highest value was a bit lower 

than instructed, but the sequence seemed to work, and the polymer with lower melt index 

was purged out from the process. All the tested sequences and their results are presented in 

Table 19. The effectiveness of the sequences is evaluated on a scale of 1 to 5 by comparing 

the figures on the fault map. 1 is “a lot of gels and voids”, 3 is “a decent (<10) number of 

gels and voids”, and 5 is “a couple or no pieces of gels and voids”. 

 

 

 

 

 

 

 



90 

 

Table 19. All the tested sequences and material loss caused in the start-up. 

Purging 

sequence 

Purging 

sequence 

followed for 

extruders 1-

3, [yes/no] 

Purging 

sequence 

followed for 

extruders 4 

and 5, 

[yes/no] 

Purging 

temperature 

(extruders 1-

3) 

Purging 

temperature 

(extruders 4 

and 5) 

Material 

loss, 

[index] 

Effectiveness 

on a scale 1–

5 

1 Yes Yes Process Waiting 0 4 

2 No Yes Process and 

waiting 

Waiting 5,65 1 

3 Yes No Process Not purged 0 5 

4 Yes Yes Process Process 3,07 4 

5 Yes Yes Process Hold 3,05 5 

6 Yes Extruders 

not in use 

Process Extruders not 

in use 

0 4 

7 Yes Extruders 

not in use 

Process Extruders not 

in use 

0 4 

8 Yes Extruders 

not in use 

Process Extruders not 

in use 

0 5 

9 Yes Yes Process Process 2,44 3 

10 Yes Yes Process Process 0 5 

 

The purging sequences evaluated on a scale of 1-5 seemed to work well in most cases. 

Material losses were usually created when extruders 4 and 5 were started up. The gels and 

voids weren’t completely removed, but the amount of material loss was decreased compared 

to the time before the trial runs. In general, it is difficult to achieve a completely clean start-

up, because the process isn’t stable during them. Process adjustments, acceleration, and other 

factors affect the process balance. Suitable extruder screw speed range might have been 

found for the different polymer types. 70-90% of maximum extruder screw speed might have 

been too high, because it created deposits and degraded polymers. The highest extruder 

screw speed in 40-68% of the maximum capacity worked well and didn’t cause similar issues 

than the “disco purge”. In some cases, the instructed screw speed was lowered. It is possible 

that the process didn’t have enough time to reach the maximum screw speed, as some of the 

maximum screw speeds were only a few percents below the instructed values. The made 

decreases were around 10% of the maximum screw speed, thus vast changes didn’t occur.  

Sequences for breaks were not given, because the need for purging was left for operators to 

decide. Breaks occurred between 3-6 time index units because of the occasionally required 

cleaning of the die. These short cleaning pauses were necessary, and extruder purging wasn’t 

done in these situations. Couple of times gels and voids were formed after the break, but 
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these defects occurred only in few spots. Prolonged breaks occurred, and these were studied 

to find out if there had been any purging actions done. The results from breaks are presented 

in Table 20. 

Table 20. Prolonged breaks and extruder purging during the breaks. 

Break Are the 

extruders 1-3 

purged 

[yes/no] 

Are the 

extruders 4 

and 5 purged 

[yes/no] 

Purging 

technique for 

extruders 1-3 

Purging 

technique for 

extruders 4 and 

5 

Observation 

from the start-up 

1 Yes Extruders not in 

use 

Even Extruders not in 

use 

No gels and voids 

2 Yes Extruders not in 

use 

Progressively Extruders not in 

use 

No gels and voids 

3 Yes No Single peak Small rpm’s Gels and voids 

from extruders 4 

and 5 

4 Yes Yes Small 

rpm’s/Single 

peak 

Small 

rpm’s/Single peak 

Gels and voids 

5 Yes Yes Progressively Progressively No gels and voids 

6 No No Small rpm’s Small rpm’s Few gels and 

voids 

 

During the trial runs, extruders were mostly purged even after breaks with over 8 time index 

units. The purging was done with moderate extruder screw speed, usually 24-40% of the 

maximum extruder screw speed. This seemed to enhance the start-ups and reduce gels/voids. 

Very low screw speed, 3-17% of the maximum, weren’t effective. Modifications to the 

operating instructions should be done to improve the start-ups after prolonged breaks. 

During the testing of start-up purging sequences, the gels and voids occurring during 

production were observed by looking at the fault maps and polymer melt temperatures. In 

general, gels and voids appeared occasionally. These didn’t create large amounts of material 

loss or lead to process shutdown in order to purge the extruders and dies. Most of the time, 

the defects were caused by a single particle, thus the gels and degraded polymers can be the 

possible reason for this kind of occasional material loss. The temperature of the polymer 

melt was at the same level as presented previously. The variance and increase in melt 

temperature occurred because of the different loads of the extruders. In general, if a thicker 

polymer coating is extruded, melt temperatures tend to increase in the process. The number 

of gels and voids were decreased during the trial runs. 
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The material loss caused by gels and voids was decreased by 49% during the trial runs 

compared to last examined timespan before the trials. Compared to the same period last year, 

the amount of material loss was decreased by 77,6%. A couple of different sequences should 

be adapted to the process, because with different polymers, polymer switches, and extruders, 

the process conditions vary and don’t always need similar purging. There should be at least 

a sequence for start-up from room temperature, a sequence for purging at the process 

temperature, and a sequence for shutdown. Based on the results in Table 19, the sequences 

5, 8, and 9 are great options to implement into the process. The fifth sequence includes the 

possibility to purge before shutdown and can be used to start up the smaller extruders, which 

are seldomly used. The eighth sequence includes a purging at the process temperature and 

more specific purging in shutdown for smaller extruders. The ninth sequence provides a 

purging from room temperature. The suggested sequences provide variation in extruder 

screw speed, so these can be used with different polymer switches. 
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7  Conclusions 

The aim of this thesis was to find reasons behind gel and void formation in extrusion coating 

process and come up with correcting actions to decrease the material loss caused by these 

web defects. To find the possible reasons for gels and voids, data from process parameters 

was collected. Four different process circumstances were observed: start-up, shutdown, 

breaks, and production. The collected factors were selected based on the operating 

instructions and the literature. The data gathered from the process was analysed with a 

statistical analysis software (Minitab). General Linear Model was used to find statistically 

significant factors (P-value <0,05). In addition to data analysis, laboratory analyses were 

done for gel and void samples to figure out the chemical composition and crystallinity of the 

defect and to reflect the findings on the fault map figures. This was done to improve the 

recognition of the defect during the production. The laboratory analyses were done with 

optical microscopy, ATR-FTIR, D-ATR, and DSC. 

Several factors stood up based on GLM, and these were studied in more detail with different 

graphs to see the real effect on the material loss. The most important factors were related to 

extruder purging techniques, temperatures, and number of purging cycles. The results where 

material loss was the lowest were selected. Based on this, the standardized extruder purging 

sequences were created for process start-ups and shutdowns. The sequences were tested in 

10 trial runs with different polymers, and process situations, like longer shutdowns, 

prolonged start-ups, etc. The sequences were planned for every trial based on the extruder 

capacities, possible polymer switch, and if the extruders were started up from the room 

temperature or if they were already at the process temperature. The sequences were 

improved along the trials based on achieved results. Laboratory analyses revealed that there 

wasn’t chemical or crystallinity differences between a defect and the reference samples. The 

defect might have been same material than the reference samples.  

The instructed purging sequences were tested for 36 days in the spring of 2025, and the 

material loss decreased by 49% compared to 36 days before the tests. The same period last 

year was observed and with the sequences, it was possible to decrease the material loss by 

77,6%. Sequences decreased the number of gels and voids compared to start-ups with less 

purging. Three out of the tested sequences should be added to the process operating system 
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based on the trial run results. The sequences 5, 8, and 9 are suggested to be implemented in 

the process. One way to improve the process and decrease gels and voids has been found, 

and the results will enhance the process in the future. In practice, the created sequences will 

decrease the amount of material loss and simplify the operation of the process. The operators 

will have the prepared sequences in start-ups and shutdowns. The trial runs might have 

affected the operating manners, and the importance of purging was recognized more.  

The findings made in this thesis provide important knowledge of the ways to minimize the 

web defects. The limitations of data analysis were recognized, especially the contribution of 

error, which was occasionally major with different extruders. The effect of error should be 

considered and the possible factors causing uncertainty should be thought of. Factors like 

differences between raw materials and impurities may impact the process quality. The 

circumstances in a process environment vary constantly, making the implementation of the 

sequences difficult in some cases. The chemical composition of the defects was left 

uncertain, so direct conclusions couldn’t be made.  

A heat-up sequence optimization for the process equipment would be a beneficial matter to 

study in the future. This optimization could minimize the risk of hotspots, since the parts of 

the process equipment will heat-up stepwise and be at the process temperature at similar 

times. The purging sequences were planned for start-ups and shutdowns, yet these should be 

implemented for breaks to standardize the process operation. Different laboratory analyses 

should be done to figure out the nature of the defect, like hot-stage microscopy.  
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Appendix 1. The DSC analysis results 

 

Figure 46. The DSC analysis result from the defect sample. 

 

Figure 47. The DSC analysis result from the reference sample. 
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Figure 48. Pareto Chart results for the extruders 1-3 in start-up. 

Figure 49. Pareto charts of extruders 4 and 5 of start-up. 

Appendix 2. Pareto charts 
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Figure 50. Pareto chart results of the shutdown data for extruders 1-3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 51. Pareto chart results of shutdown data for extruders 4 and 5. 
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Figure 52. Pareto chart results for extruders 1-3 from breaks. 

 

 

Figure 53. Pareto chart results for extruders 4 and 5 from breaks. 

 

 

 



 

Appendix 3. I Charts for polymers 1, 2, 6, and 7 

 

Figure 54. I Chart for polymers 1 and 6. 

 

 

Figure 55. I Chart for polymers 2 and 7. 
 


