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Synopsis (EN) 
 

Most of the food packaging needs to be closed and protected from the external 
environment to guarantee food safety and quality. Heat sealing is a cost-
effective technology to close packaging. Heat is applied to mobilize thermoplastic 
polymer chains in the seal area. Several heating principles can be used, such as 
conduction with hot tools and ultrasonic friction. When hot surfaces are brought 
into contact, a bond can be formed. Heat seal formation depends on material 
properties, process parameters, presence of contamination and further 

processing, such as cooling. A well performing seal has a desired opening strength 
and seal failure mechanism, such as peeling or tearing, and is leak tight. These 

performance indicators can be measured with appropriate experiments. 
There is a low number of available studies to gain understanding of the heat 
sealing process of food packages. Moreover, these studies are often executed with 
a one-factor-a-time approach which only gives information on the influence of one 
factor, while other factors are fixed. This dissertation presents a study of multiple 

factors that are relevant to the food packaging industry to optimize and to 
evaluate seal performance in an efficient way. 
 
A design of experiments (DOE) approach is developed, validated and applied 
for ultrasonic sealing. Besides seal performance optimization, a seal window is 
developed that defines the region of the design space where 90% of the optimum 

seal strength can be achieved. This approach is flexible to new materials and seal 

technologies. It is the foundation of described DOE-methods in this dissertation. 
Heat conductive seal-through-contamination performance of three PET/PE films 
with different seal materials is studied. Films with metallocene catalyzed LLDPE, 
plastomer and ionomer-based seal layers are compared. The plastomer based seal 
layer achieved the best seal-through-contamination performance, based on 
a high seal strength and a high amount of leak tight seals. The study also 

evaluated hot tack results to predict the seal-through-contamination performance 
but did not find a one-on-one relation. 
Heat conductive peel performance, during and after cold storage is studied of a 
packaging concept with topfilm and bottomweb. Seal strength increased at lower 
processing temperatures during processing. A minor impact of ambient 
temperature on the bending of the bottomweb is suggested as a first cause of this 

increase. A second cause of the increase in seal strength, with higher impact, is 

clearly related with a different seal failure mechanism. Both causes can be 
explained by a restricted chain mobility at low temperatures. 
A special emphasis is given to biodegradable materials, because of the good fit 
of composting such materials in a vision of a circular economy to minimize plastic 
waste accumulation. The scope is broadened to gas permeation and mechanical 
performance to define application areas in food industry. Seal performance 

indicators are related to application areas for each of the materials: low seal 
initiation temperatures with high-speed applications, good hot tack performance 
with vertical-form-fill sealing, high seal strength with heavy-load packaging and 
low seal strength with easy opening.  

 
The presented methods in this dissertation are flexible to multiple industrial 
contexts, with different factors, limitations of the design space, seal performance 

indicators and types of desirability functions. These methods are crucial to study 
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the heat sealing process more efficiently and thus support safe packaging that 

maintains food quality.  
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Synopsis (NL) 
 

Om voedselveiligheid en -kwaliteit te garanderen, is het sluiten van 
voedingsverpakkingen essentieel. Sealen door opwarming is een veelgebruikte 
techniek met lage kostprijs. Hierbij moeten geen materialen zoals lijmen 
toegevoegd worden tijdens het sealproces. Warmte wordt gebruikt om 
thermoplastische polymeerketens in het sealgebied mobiel te maken. 
Verschillende principes kunnen toegepast worden om de seal op te warmen. Het 
geleiden van de warmte via warme balken of ultrasone wrijving zijn hiervan 

twee voorbeelden. Als warme oppervlakken in contact worden gebracht, kan er 
een binding gevormd worden. Het vormen van seals is afhankelijk van 

materiaaleigenschappen, procesparameters, de aanwezigheid van contaminatie 
en verdere verwerking zoals koelen. Een performante seal heeft een gewenste 
openingssterkte en is lekdicht. Daarnaast faalt deze seal ook op de gewenste 
manier tijdens het openen. Peelen en scheuren zijn twee voorbeelden van 
sealfaalmechanismen. Al deze performantie-indicatoren kunnen gemeten worden 

door geschikte experimenten uit te voeren. 
Er is een laag aantal peerreview-artikels beschikbaar over het sealproces. Deze 
artikels beperken zich meestal tot de invloed van één factor. Om de 
sealperformantie te optimaliseren voor verschillende relevante industriële 
contexten, wordt in deze dissertatie een studie en methodologie gepresenteerd 
om meerdere invloedsfactoren te variëren en hun impacten te bestuderen. 

 

In deze studie worden experimentele ontwerpen ontwikkeld, gevalideerd en 
toegepast voor ultrasoon sealen. Naast het optimaliseren van de sealperformantie 
worden er sealvensters ontwikkeld waar 90% van de optimale sterkte bereikt kan 
worden. De gepresenteerde aanpak is flexibel voor nieuwe materialen en 
sealtechnologieën en vormt hiermee de basis voor de beschreven methodes van 
deze dissertatie. 

De performantie om te sealen via warmtegeleiding door vaste voedingsdeeltjes is 
het onderwerp van een studie bij 3 PET/PE folies. Folies met seallagen die 
gebaseerd zijn op plastomeer, metallocene PE en ionomeer worden onderling 
vergeleken. De folie op basis van plastomeer is het meest performant met 
contaminatie omwille van de hoge sealsterkte en het hoge aantal lekdichte seals. 
Deze studie evalueerde ook de voorspellende waarde van hot tack resultaten voor 

de gecontamineerde sealperformantie maar vond geen een-op-een relatie. 

De peelperformantie van een verpakkingsconcept met een topfolie en 
bodemlaag is het onderwerp van een volgende studie in deze dissertatie. Tijdens 
en na koude bewaring worden sealsterktes bepaald. Sealsterkte stijgt tijdens 
bewaring. Voor een klein deel is dit mogelijk het gevolg van het rigidere 
buiggedrag van de bodemlaag bij lage temperatuur. Het gewijzigde 
sealfaalmechanisme speelt een grotere rol in de hogere sterkte. Beide oorzaken 

kunnen verklaard worden door een verminderde ketenmobiliteit bij lage 
temperatuur. 
Biodegradeerbare materialen krijgen speciale aandacht omdat het 
composteren van deze materialen goed past in een circulaire economie om plastic 

afval te minimaliseren. De studie is uitgebreid naar gasdoorlaatbaarheid en 
mechanische eigenschappen om toepassingen te bepalen in de voedingsindustrie. 
Indicatoren van sealperformantie zijn in verband gebracht met 

toepassingsgebieden: lage sealinitiatietemperaturen met hoge 
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snelheidstoepassingen, goede hot tack performantie met verticale vorm-vul- 

sluitmachines, hoge sealsterkte met het verpakken van zware ladingen en lage 
sealsterkte met peelbare toepassingen. 
 
De ontwikkelde en gevalideerde methodes van deze dissertatie kunnen aangepast 

worden voor verschillende industriële contexten. Zo kunnen factoren, 

limietwaarden van de ontwerpruimte, sealperformantie-indicatoren en types 

wenselijkheidsfuncties aangepast worden. Deze methodes zijn noodzakelijk om 

op efficiënte wijze meer inzicht te krijgen in het sealen door opwarming. Op deze 

manier draagt deze dissertatie bij aan veilige verpakkingen die voedselkwaliteit 

waarborgen. 
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1. Introduction 
 
This chapter introduces the topic of heat sealing by giving a brief history of food 
packaging, explaining how heat seal bonds are formed, and listing up relevant 
seal technologies, seal materials, seal performance indicators and factors that 
impact seal performance. At the end of this chapter, objectives and structure of 
the dissertation are described. 
 

Brief history of food preservation and transportation: Role of food 
packaging 
Hunter-gatherer societies only used rudimental packaging, such as animal skins 

and other textiles, to transport and store foods. With agricultural innovations and 
the resultant accumulation of foods, transportation and storage became more 
important. Basket weaving, which is the predecessor of pottery, dates back to the 
beginning of that era, at 10000 BC. Glass packaging, which is offshoot of pottery, 

dates back to 7000 BC1. Storage technologies, of which acidification, drying and 
salting are examples, were developed for an increasingly differentiating processed 
food supply. The role of packaging in society became increasingly important 
because of strict requirements to maintain food safety and quality. 
Rigid packaging became increasingly popular over 200 years ago, because of the 
invention of the canned process. Tin materials were used but later replaced with 
aluminium and steel. Glass packaging became popular at the end of the 19th 

century, with the invention of the automated glass bottle process. Flexible 
packaging also has an early history, going back to the use of paper wraps around 
food in ancient China in 100-200 BC. More recently, in the beginning of the 20th 
century, aluminium film emerged. In the consumer culture of the 20th century, 
people eat more processed food and go to supermarkets to obtain foods. Before, 
food was purchased in small open markets. With the rise of supermarkets, and 

the resulting emphasis of self-service over customization, transparency was 
crucial. Consumers did not have to wait for clerks to serve them, when transparent 
film is used. Cellophane film emerged in the beginning of the 20th century, and 
was later that century replaced by fossil-based alternatives, such as 
poly(vinylchloride), polyester and polyolefins. Besides preservation and 
transparency, food packaging has many functions, such as giving information, 

branding, portioning, convenience and circularity1. 

 
Lightweight materials such as paper, plastic and composites are most relevant for 
flexible food packaging2. Because of the light weight, less energy is consumed 
during transportation. The global market share of flexible packaging ranges 
around 30%, the majority of flexible packaging has food packaging as primary 
end use. Flexibility facilitates production of packages in different shapes1.  
 

Need for closure systems 
Food needs to be protected from the environment, such as microorganisms, light 
and external gases, to prevent and/or inhibit microbial and biochemical 
degradation. Additionally, the aromatic gases need to be kept inside the package 

to maintain the flavour during the life span of the packed product. Therefore, 
packages should remain tight until the consumer opens it for consumption. Sealing 
is defined as the process to close something, packaging in this particular case, 
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securely. With heat sealing, temperature is increased when two sides of packaging 

materials are coming into contact. In an optimal seal performance, a leak tight 
seal with a desired tensile strength is achieved. Other closure technologies, such 
as gluing, stitching and stapling require the addition of materials that can 
negatively impact food safety and food quality, and are not always suited to 
generate leak tight seals. The seal should have sufficient strength to withstand 
relevant processes (f.e. in-company processing, transportation, storage) in 

relevant environments (f.e. freezing, cooling, microwave, etc.). In many 
applications, the seal strength should also be low enough to allow easy opening.  
 
Thermoplastics to heat seal packages 
Thermoplastics become pliable at elevated temperature and solidify when cooled 

down. Films with a thermoplastic material at the seal side of packaging materials 
are used to heat seal3. Besides ensuring a good seal performance, these seal 

materials can also add mechanical and barrier properties to the overall film 
performance. There are several options in materials and technologies to produce 
heat seals. A first sum up is given in 1.2. As thermoplastics need to be heated to 
seal, thermal properties are of high importance, in particular glass transition (Tg) 
and melting temperature (Tm). At glass transition temperature the material 
changes from a glassy state into a rubbery state. At melting temperature all 
crystals melt and the material changes from a solid to a liquid state, the material 

flows. Depending on the material, glass transition and melting are gradual 
processes over a specific temperature range. Amorphous polymers have no 
crystalline regions, for these polymers melting temperature is not relevant. For 

semi-crystalline polymers both thermal properties are relevant. 
 

1.1 Bond formation 
 
Four different stages can be differentiated during a heat sealing process:  

• melting/softening and wetting 

• diffusion 
• adhesion 
• entanglement and recrystallization4  

During wetting, small gaps between the interfaces are filled in the first 
milliseconds of heat sealing. After wetting, polymers can diffuse through the 

interface and/or create a bond by several adhesion mechanisms. In a final step, 
polymers can entangle and recrystallize. 

 
During heat sealing, different adhesion mechanisms can occur3. Figure 1 shows 
three common mechanisms: chain entanglement, intermolecular bond and 
mechanical bond. 
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Figure 1: Adhesion mechanisms: chain entanglement with mechanical 

interlocking of polymer chains at both sides of the interface; intermolecular bond 
with chemical forces, that attract polymer chains with other chains or with a 
non-polymeric substrate; mechanical bond with mechanical interlocking of 

polymer flow in a porous substrate. 

 
The main bond mechanism is chain entanglement5. With rising temperature, 

well above glass transition, chains become more mobile and when they are 
brought into close contact chains diffuse through the interface if the materials at 
both sides are miscible6. After diffusion, entangling can occur. The density of 
interfacial entanglements increases with rising time and temperature until a 
plateau is reached7. With amorphous polymers a seal with sufficient strength can 
be made by this bond principle, referred to as autohesion6. PET films are sealed 

this way. 
Semi-crystalline polymers have a slightly different bond mechanism because 

these polymers need to be heated up to or over the melting point to melt the 
crystals before the majority of chains can participate in the diffusion process prior 
to entanglement. After diffusion and entangling, the seal cools down and forms 
new crystalline structures over the interface which can further increase the bond 
strength8. Polyolefin films are sealed this way. Strong seals are obtained when a 

high amount of linear long chains is released at the seal interface by the heating 
process, followed by diffusion, entanglement and crystallization after cooling 
down. The length of the chains and the branching morphology are important 
factors that impact the strength of the seal9. 
 
Intermolecular bonds are a result of intermolecular forces such as hydrogen 
bonding, van der Waals forces, ionic bonding and other dipole interactions. These 

bonds can even take place without intermingling on non-porous substrates such 
as aluminium.  This can be observed on cups with aluminium lids with an acrylate 
seal layer for easy-opening5. 
There is some confusion in heat seal literature on the terminology of 
intermolecular bonds. Chain entanglement can be referred to as an intermolecular 
bond as well3, 4. 

 
With a mechanical bond, or wedge bond, the polymer is heated and flows in a 
porous substrate such as uncoated paper or Tyvek®. When the polymer cools 
down it solidifies in the voids of the substrate5. 
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1.2 Seal technologies 
 
There are several technologies that can be used to increase heat in packaging 
materials. 
A first group of technologies uses a heat source. Hot tools are pressed to the outer 
side of packaging films to conduct the heat through the material to reach the 
seal interface, tools can be heated constantly or with an impulse. Heat can also 
be transferred by convection in hot air sealers. Another seal technology within 

this group uses infrared radiation to heat packaging materials. 
In ultrasonic sealing mechanical vibrations in the ultrasonic range are applied to 
generate heat in packaging materials. 

A last group of technologies uses electromagnetic energy. In induction sealing, 
heat is generated when packages with metal layers, such as aluminium, approach 
a rapidly changing magnetic field. In dielectric sealing, heat is generated when 
packages with polar polymers, such as PVC, approach a rapidly changing electric 

field.  
All of these technologies share the heat seal principle: a seal is produced after 
increasing temperature for a specific time while two or more sides of packaging 
are pressurized to make contact. But depending on the technology, different 
parameters are used. This dissertation studies heat conductive sealing, which is 
the most used seal technology in food industry, and ultrasonic sealing, which is 

an alternative technology with some interesting features in some applications 
where the use of hot tools is not the most suitable solution. Both technologies are 

discussed in detail in 2.1.  
 

1.3 Seal materials 

1.3.1 Thermal properties of thermoplastics 
 
Thermal properties can be determined with differential scanning calorimetry 
(DSC). DSC shows thermal transitions by heating and cooling a polymer while 
heat flow is compared to a reference without polymer. Changes in heat flow 
indicate a thermal transition. When crystal structures are melted during heating, 
heat flow becomes negative because of the energy needed to dissolve the 

energetic stable crystal structures. In Figure 2 glass transition and melting are 
shown in a DSC curve. Next to these transitions, also crystallization, crosslinking 
and oxidation or decomposition can occur during heating. 

 
Figure 2: Glass transition and melting in a DSC curve. 
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Table 1 lists glass transition and melting temperatures of materials that are 

commonly used in seal layers of heat sealable commercial packages. The list 
contains predominantly polyolefins, a group of polymers from unsaturated and 
light hydrocarbon polymers, such as poly(ethylene), poly(propylene) and poly(1-
butene) These polyolefins and other seal materials are discussed in detail in 2.2. 
The data in this table is derived from the CES Edupack software 10.  
 

Table 1: Glass transition temperatures (Tg) and melting points (Tm) of materials 
used in heat sealable films10. 

 Polymer Tg (°C) Tm (°C) 

S
e
m

i-
c
ry

s
ta

ll
in

e
 

Low-density poly(ethylene) (LDPE) -125 → -90 98 → 115 

Conventional Linear LDPE (LLDPE) -125 → -90 122 → 124 

Metallocene LLDPE (mLLDPE) f.e. Lumicene® M1810 

EP 

Not provided 110 

Sodium ionomer 43 → 57 82 → 94 

Zinc ionomer 55 → 73 70 → 96 

Polyolefin plastomer (POP) f.e. Affinity™ PL 1880G 

= polyolefins with rubber-like properties 

Not provided 99 

Poly(ethylene-co-vinyl acetate) (EVA), 25% VA -90 → -82 47 → 52 

Poly(vinylalcohol-co-ethylene) (EVOH) 49 → 72 142 → 191 

Poly(ethylene-co-methyl acrylate) (EMA), 17-25% 
MA 

-96 → -88 74 → 95 

Random copolymer PP -24 → -16 140 → 150 

Homopolymer poly(propylene) (PP) -14 → -6 161 → 170 

Poly(1-butene) (PB) adhesive resin -38 → -24 83 → 97 

Poly(lactic acid) (PLA) 52 → 60 145 → 175 

Poly(hexano-6-lactam) (PA6) 44 → 56 210 → 220 

Semi-crystalline poly(ethylene terephthalate) (PET) 68 → 80 255 → 265 

A
m

o
rp

h
o

u
s
 

Amorphous PET (APET) 60 → 84 / 

Poly(ethylene glycol-co-1,4-cyclohexanedimethanol 

terephthalate) (PETG) 

81 → 91 / 

Poly(styrene) (PS) 90 → 100 / 

Poly(styrene-co-methyl methacrylate) (SMMA) 101 → 110 / 

 

1.3.2 Multilayer structures 
 
In the food packaging industry, different materials are combined in a multilayer 
structure to obtain cost-effective films with suited functionality (barrier, seal, 
mechanical properties, etc.) for the desired application. The widespread use of 

multilayers in industry, of which heat sealing is one of the main causes, compels 
an introduction in this dissertation. 

In heat conductive sealers, heat is applied at the outer sides and conducted 
through the material to produce a seal at the inner side. Multilayer structures with 
materials with high and low melting temperatures are respectively used in the 
outer and seal layers to prevent degradation and/or sticking against tools. 
Poly(ethylene terephthalate) (PET) and polyamide (PA) are examples of materials 
with high melting temperature. These materials start melting at respectively 250 
and 210 °C and are often used as outer layers.  

Poly(propylene) (PP) and high-density poly(ethylene) (HDPE) are alternative 
thermoplastics that can be used in outer layers to improve the heat resistance 
and mechanical properties of the overall film. PP and HDPE have respective 

melting temperatures around 160 and 130 °C. (Linear) low density poly(ethylene) 
((L)LDPE) are often used in seal layers, these materials have a melting range 
between 100–125 °C.  



6 
 

Also, non-plastic components can be included in multilayer structures, such as 

aluminium and paper in the example of beverage carton. The influence of these 
materials on seal performance is mainly related with heat conduction. 
 

1.4 Seal performance 
 
In this dissertation, heat seal performance, shortened to seal performance, is used 
as an umbrella term, covering seal properties and environmental relations.  
 
Seal properties are the properties of the sealed material, from which the opening 

strength or energy in a tensile test and leak tightness are the most described 

properties in literature because of their direct relation with maintaining food safety 
and quality, which is the main requirement of food packages. 
The strength of seals can be measured immediately after heating11, which is 
referred to as ‘hot tack strength’, a relevant property in automatic production. 
Strength can also be measured after a cool down period of several hours or days, 
which is referred to as ‘seal strength’12, which is more relevant for transportation, 

storage and opening by consumers. 
Leak tightness, also referred to as ‘seal integrity’, can be evaluated with different 
methods, depending on the desired outcome, of which leak size, leak location, 
pinhole sensitivity are examples. Inflating the package or putting it in a vacuum 
chamber while measuring pressure difference, and using a penetrating dye 
solution, are examples of evaluation methods. 

Other seal properties, such as thickness, crystallinity, gas permeability and 

opacity are less or not discussed in literature compared to strength and integrity. 
 
Besides seal properties, also the impacts in the relation of sealing and the 
seal’s environment can be considered as performance indicators. One example 
is food deterioration, e.g. molten chocolate because of the proximity of hot bars 
to heat sensitive chocolate. Other examples are energy consumption, package 

permeability and package aesthetics. 
 

1.5 Factors that impact seal performance 
 
A recent review of Ilhan4, which is the only available review of heat seal science in 

open literature, on the understanding of factors that impact seal performance, 

groups 4 main categories to guide future research of leak formation in flexible 
food packaging:  

• material properties  
• process parameters 
• contamination 
• and further processing. 

 
Previously indicated properties, such as chain length and branching morphology, 
and properties, such as seal layer thickness, rheology and orientation, are 

amongst other, examples of material properties that can impact seal performance. 
The review showed that the impact of material properties, related with 
rheology, crystallinity and molecular weight received more attention in seal 
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literature than those related with surface characteristics, thickness, orientation 

and other film layers. 
 
Machine parameters, that can be set on the seal machine are considered as 
process parameters. Examples are temperature for heat conductive sealing and 
seal amplitude for ultrasonic sealing. Besides these set up parameters of seal 
machines, seal tool design, cooling rate, film tension during sealing and packaging 

design are other examples of process parameters. Seal literature often covers the 
three machine parameters of heat conductive sealing, which are temperature, 
time and pressure. Mutual interactions of these machine parameters, and 
interactions with other factors, such as seal layer thickness or the presence of 
other layers are described in a lesser extent.  

 
Because of the contact, that is required in formation of a bond, contamination 

of the seal area is not desired. 4 contamination types are differentiated: liquids, 
solid particles, gases, and complex food matrices. Most of these contaminations 
are caused by spoilage of food on the seal area. Liquids can cause a heat sink 
effect; air bells can be produced after evaporation with the risk of opening the 
seal. Solid particles can cause microchannels in the seal area with the risk of 
leakage. Even gas, such as water vapor, can impact the seal performance. Food 
is however often composed of many different molecules in different states. 

Carbonated beverages, raw meat and ready meals are some examples of complex 
food matrices. Besides food, also non-food contamination of the seal area is 
possible. Examples of non-food contaminations are condensation of water and 

dust. 
 
Packed food is characterized with a specific shelf life, which is the time that a food 

product will be unfit for consumption. In order to achieve sufficient shelf life, a 
match is made with the food product and packaging concept with desired 
properties. The desirability of these properties is highly dependent of the food 
product. Further processing, such as freezing, cooling, pasteurization and 
sterilization is often applied to increase shelf life. Besides food preservation 
technologies, also storage time and transportation are processes with a potential 
impact on seal performance. The review of Ilhan underlines the lack of studies on 

the impact of contamination and/or further processing in seal performance in seal 

literature. The interactions of these groups with material properties and process 
parameters remain unknown in open literature. 
 

1.6 A broader framework 
 

The covid era is characterized by accelerating social changes, such as teleworking 

and home delivery of food, because of the new viruses and changing insights on 
how to minimize their negative impact on society. The pandemic emphasized 
vulnerabilities in global logistic chains, such as the supply of resources and the 
shipping of packed goods. It resulted in increasing costs, delays and shortages, 

effects that are magnified with the war between Russia and Ukraine. In the same 

period climate awareness is growing amongst governments, companies and 
citizens, because of increasingly common natural disasters, as a result of climate 
change. This awareness results in accelerated restrictions in the use of fossil 
resources because of the negative impact of CO2 and CH4 on the greenhouse 
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effect. In the current global economy, that uses fossil resources as main 

component to produce energy and also as main structural component to produce 
widely used material groups such as plastics and rubbers, social and technological 
changes are key ingredients of the climate revolution of the next decades. With 
the application of climate friendly solutions to replace current technologies and 
materials in a similar food supply system, it is very probable that food packaging 
and seal research are becoming increasingly important in order to guarantee food 

safety and quality in a sustainable global market. Governments and industry 
commit to ambitious goals and legislation, such as the European directive (EU) 
2018/85213, that fits in a vision of a circular economy of plastics.  
 
With roughly 10 publications each year, from 1994 until now, the scientific 

knowledge of sealing of food packages is at an early stage4. Because of the 
multiple factors and their potential interactions, rapidly changing materials and 

seal and processing technologies, it is not sufficient to progress in knowledge 
development with a one-factor-a-time approach in the next years in an industrial 
relevant context. This could lead to postponing decisions or making 
decisions without scientific substantiation. A framework with broad 
applicability towards material properties, process parameters, contamination and 
further processing is needed to pace up knowledge development to make it more 
feasible to respond quickly to changes in the sealing process of flexible food 

packaging. 
 

1.6.1 A design of experiments (DOE) approach 
 
There are, however, statistical tools to study the relation of multiple factors and 
one or more results, also referred to as responses or performance indicators. 
In a design of experiments (DOE) approach, a design space is set with several 
experimental runs. Runs are combinations of specified factor levels, that are 

evaluated to study the impact of these levels on one or more specific responses, 
such as seal strength. Sufficient variations and replications of runs are necessary 
to estimate accurately the impact of individual factors and their interactions on 
the response(s). Experimental results are matched with predictive models. These 
models are experimentally validated by comparing predicted and experimental 
values.  

The goal is to evaluate the impact of each factor and/or interaction and to optimize 

seal performance within the limitations of a set design space in a quick and cheap 
way. For optimization in an industrial context this approach is valuable. It is also 
valuable as an evaluation and screening tool in open science. Seal performance 
can be screened efficiently with a DOE approach in a first step. In a second step, 
relations, of individual factors, interactions and responses, of interest can be 
studied with well targeted experiments, such as additional mechanical or chemical 
characterization. The gain in efficiency of the DOE approach also increases 

efficiency of other experiments that are needed to acquire more knowledge of the 
sealing process of flexible food packaging. 
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1.6.2 General aim and structure of the dissertation 
 
The main objective of the dissertation is to study and to optimise heat seal 
performance of flexible food packaging by developing and validating innovative 
design of experiments approaches, including material properties, process 
parameters, contamination and further processing, for different industrial 
contexts.  

 
Specific objectives are designated to achieve the main objective: 

• Developing and validating DOE-methods to study the important industrial 
contexts: ultrasonic sealing; heat conductive sealing; seal-through-
contamination; and peeling during and after cold storage. 

• Study the relation of process parameters and seal performance by 
including ultrasonic and heat conductive process parameters as factors in 

a DOE. 
• Study the relation of contamination and seal performance by evaluating 

different solid and liquid contaminations. 
• Study the relation of further processing and seal performance by adding 

ambient temperature as factor in a DOE. 
 

This dissertation has the following structure: 
• Chapter 2 gives a literature review of seal technologies, materials and 

characterization methods of seal performance of food packaging. It also 

further describes the relevance of a DOE-approach in seal studies. 
• Chapter 3 sets up the DOE-approach for ultrasonic sealing. This chapter 

gives a detailed description of this approach on a film and technology with 
respect to its broader application.  

• Chapter 4 makes adaptations to the approach of chapter 3 to study seal-
through-contamination. Besides optimization and evaluation, the DOE is 
also used as a first screening tool, supplemented with additional 
experiment to address issues with solid contamination of the seal surface 
of flexible food packaging. 

• Chapter 5 follows a similar framework as chapter 4, by making 
adaptations to the DOE and by supplementing the DOE results with 

additional experiments to study the seal performance of flexible peelable 

food packaging during and after cold storage.  
• Chapter 6 evaluates packaging functionality, broadly defined as a 

combination of gas barrier, seal and mechanical performance, of 
biodegradable films. The framework of chapters 4 and 5 is supplemented 
with gas permeation and mechanical experiments to determine application 

areas in food packaging. 
• Chapter 7 positions the study in a broader perspective by giving 

conclusions and recommendations for future seal research. 
 

To summarize, all factors and seal performance indicators of interest in this 
dissertation, are shown in bold in Figure 3. 
 



10 
 

 
Figure 3: Factors that impact seal performance, adapted from Ilhan et 
al4; bold: all factors and seal performance indicators of interest in this 

dissertation. 
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2. Heat sealing: technology, materials and 

performance evaluation 
 
This chapter describes the state of the art and relevant background information 
for specific heat seal technologies, heat seal materials and seal performance 
evaluation. The relevance of parameter interactions and the resulting need for a 
design of experiments-approach are explained to introduce the statistical 
methodology that is used to evaluate and optimize seal performance. 

 

2.1 Heat seal technology 
 
The main focus of this section is heat conductive sealing and ultrasonic sealing 
because of their high relevance for food packaging and present as seal 
technologies in the later chapters 3, 4, 5, and 6. Other seal technologies will be 

briefly explained in 2.1.3. 

 

2.1.1 Heat conductive sealing 
 

Heat is conducted from hot tools (bar/jaw or plate) to the packaging material. 
The temperature of the tool is material specific and kept constant during sealing. 

Bar temperature is regulated by a thermocouple. The location of that 
thermocouple and the conductivity of the tool material influence the temperature 
at the contact area and thus at the seal interface1. 
As discussed in 1.3.2 it is important that the outer part of a packaging film does 
not stick to the heated tool. An important property of packaging films to prevent 

this is ΔT. ΔT can be defined as the difference between the melting temperature 
of the outer surface and the seal temperature of the inner surface of packaging 
films, as described in Equation 1. 
 

∆𝑇 = 𝑇𝑚𝑒𝑙𝑡 𝑜𝑢𝑡𝑒𝑟 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑇seal inner surface 

Equation 1. 

 

Figure 4 shows the temperature profile of a sealed multilayer film between two 
heated tools. Sealing occurs at the minimum value (T1) of the temperature profile. 
The contact surface of the outer layer and the heated tool has the maximum value 

(T2) of the temperature profile2. 
PE is often used as sealing medium in packaging films. It melts around 120 °C 
and should be combined with outer layer with higher melting temperatures to 
prevent the film from sticking against the bars3. 
PET/PE films have a ΔT between 70-140 °C, based on the difference of melting 

temperature, the temperature window in which strong seals can be made is rather 
wide.  

 



14 
 

 
Figure 4: Temperature profile in the cross section of a sealed multilayered 

packaging film when both sides come into contact by closing heated tools (dark 
grey: outer layer, light grey: seal layer). 

 
When ΔT ≤ 0 °C there is high risk of sticking against the tools. This is the case 
with monolayer films and with laminated or coextruded film structures with an 
outer layer with low melting temperature and/or inner layer with high seal 
temperature. Besides sticking effects these films can lose visual aesthetic 
properties (f.e. wrinkles can occur because of shrink at high temperature). 
To seal films with a ΔT ≤ 0 °C other conductive systems can be used such asband 

and impulse sealing, these systems are later explained in this section4. 
 
In hot wire/hot knife sealing, heat is conducted from the heated tool to the 
packaging material. Because of the small surface of the knife or wire, as shown in 
Figure 5, seal pressure is high. The combination of high seal temperature and 

pressure makes this technology suitable for applications that demand sealing and 
cutting at the same time. Monomaterials can be sealed and cutted with this 

technology. This seal technology is not well suited to cut and seal multimaterials 
as each material has its own melting temperature, the value of seal temperature 
should be well above the highest melting peak temperature with high risk of 
burning the other materials.4 

 

 
Figure 5: Hot knife sealer. 

 
In a continuous system, materials can be sealed by heated tools in a band seal 
system, as shown in Figure 6. It can include cool bars to add a cooling under 
pressure feature and overcome a disadvantage of hot bar sealing4. 
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Figure 6: Band sealer. 

 

With impulse sealing the heat is generated by an electric current passing a 
nichrome wire for a limited amount of time. Heat increases with time until the 
current is switched off. It is possible to make temperature constant at a certain 
value by using electronic temperature control. To prevent packaging material from 
sticking against one or more wires a non-sticking sheet is applied on the wires, 

typically Teflon®. The nichrome wire is often laid over a resilient surface to 
improve contact between hot bar and packaging material. All parts are shown in 
the figure of the impulse sealer. There are also systems available with one heating 
bar and one counterpart5,6. 
Compared to constant heating, less energy is used, because energy consumption 
only occurs during sealing and there is no need for heat-up or cool-down time. 

Nichrome wires and Teflon® sheets degrade over time. Because of the need of 

wires to heat up bars this technology is less versatile and it is more difficult to 
seal circular or rectangular shapes4. 

 

 
Figure 7: Impulse sealer (black: outer layer, grey: seal layer). 

 

Advantages of conductive heating technology are the simplicity of the technology 
and assembly of seal system. There is a wide range of systems available as this 
is the most common used seal technology in the food industry. Investment costs 
are low and process control is simple. Constant heating is not ideal for heat 
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sensitive products, such as chocolate bars or frozen food. It is not suited for thick 

materials because the temperature is conducted from the outside to the seal 
interface. Cooling under pressure is only possible with impulse and band sealers.2 
 

2.1.2 Ultrasonic sealing 
 
Ultrasonic sealing is also characterized by melting/softening, wetting, diffusion, 
adhesion, entanglement and recrystallization, similar to conductive sealing. The 
difference is the principle of heating. With ultrasonic sealing, packaging is heated 

with ultrasonic vibrations7. 
A particular tool set up is needed to transfer these vibrations. Figure 8 shows 

the tools that are required. Vibrations are conducted from converter to the lower 
surface of the horn where it’s transferred on the material between horn and anvil. 

 

 
Figure 8: Ultrasonic sealing tool set up.8 

 
Ultrasound frequencies are sound frequencies that cannot be heard by the human 
ear. Humans can hear sound vibrations within the frequency range of 16 Hz to 16 
kHz. The lowest ultrasound frequency of 15 kHz is still audible for the human ear. 
The frequency range of ultrasonic sealing is between the range of 20 and 50 kHz9, 
10. 

Figure 9 shows two ultrasonic amplitudes and frequencies. These values can be 
used to seal thin packaging films (< 100 µm). The choice of these numbers 
depends on ultrasonic tool set up and packaging material properties.11 The upper 
figure shows a low frequency wave of 20 kHz (20.000 waves/second) and a high 
frequency wave of 35 kHz. The lower figure shows a low and a high amplitude 
wave of 35 kHz.  
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Figure 9: Amplitude and frequency of sound waves to ultrasonically seal thin 

packaging films (< 100 µm). The upper figure shows waves of 20 kHz (20.000 
waves/second) and 35 kHz. The lower figure shows two 35 kHz waves of 18 and 

36 µm amplitude. 

 
The generator produces a high voltage signal at a fixed ultrasonic frequency. The 
electrical frequency is converted by the converter or transducer, which contains 

piezoelectric ceramic discs that can expand and contract, in mechanical vibrations. 
These vibrations pass a booster and a (profiled/flat) horn (=sonotrode) to reach 

the surface of the packaging film. Booster and horn can amplify or minify the 
amplitude of vibration at the tip of the converter9. 
This amplitude is proportional with the ratio mass begin – mass end of booster 
and horn12, 13. For a rectangular shaped horn, as illustrated in Figure 8, the relation 
of amplitude A (µm) and width W (mm) of begin and end can be described by 
Equation 2.  
 

A𝑏𝑒𝑔𝑖𝑛

A𝑒𝑛𝑑
=

W𝑒𝑛𝑑

W𝑏𝑒𝑔𝑖𝑛
 

Equation 2. 

Figure 10 shows this effect for two different rectangular horn designs over the full 
length of the horn.  
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Figure 10: Amplitude amplification at the tip of the horn by decreasing the ratio 

mass end – mass begin. 

 
The end of the horn is lower in mass than the upper part, which leads to an 
amplification of the amplitude at the tip of the horn. In a reverse design (higher 

mass end – lower mass begin) the amplitude would decrease. The horn can be 
made in high strength aluminium alloy, titanium or hardened steel depending on 
its application. Often horns are coated to improve the performance (f.e. carbide 
coating on titanium horns, chrome coating on high strength aluminium alloy, 
etc.)9, 13. 
Packaging materials are sealed between horn and anvil. One or both of these 

components contain an energy director. Energy directors are necessary to 
concentrate the ultrasonic energy and create a high strain at a particular area so 

well-defined heating and melting at that place is facilitated11. 
 
Thermoplasts can be ultrasonically heated by interfacial and/or intermolecular 
friction. Interfacial friction is the friction of joining surfaces. This mechanism only 
occurs in the first milliseconds with stiff seal layers, containing materials with an 

elastic modulus above 1000 MPa such as HDPE, because of the rougher surface, 
compared to soft polymers such as LDPE. Interfacial friction, however, does not 
speed up the heating process. Intermolecular friction is the dominant heating 
mechanism and refers to the friction between molecules. The average energy 
dissipated per unit time Q (J.m-³.s-1) through intermolecular friction can be 
described with the formula: 
 

𝑄 = 𝜋 × 𝑓 × 𝜀0
2 × (𝐸′′) 

Equation 3. 

in which f is the frequency (s-1) of the horn; ε0 is the strain (ratio), which can be 

influenced by seal amplitude, seal force, material properties and the profile of the 
energy director; and E” the loss modulus (N.m-²) of the material, depending on 
the ultrasonic direction8, 11. 
 
Heat is transferred from the hot seal interface, towards the colder outer area of 
the films. These outer areas are surrounded with a cold horn and anvil. The seal 

interface is, opposite to heat conductive sealing, hotter than the outer area of the 
films2, 11. 

The temperature profile of the joining films is illustrated in Figure 11 for heat 
conductive sealing (left) and ultrasonic sealing (right). 
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Figure 11: Temperature profile of the joining films (black: outer layer, grey: seal 

layer) for heated tool sealing (left) and ultrasonic sealing (right). 
 

Melted polymer flows very quickly from the central area of the seal. Seal layers 
at both sides of the interface repeatedly encounter incompletely molten material. 

The hotspots are moving to the edges of the seal because of the dispelled melt. 
At the edges, the melt solidifies. As a result of this solidification the melt can no 

longer flow to the edge area and the horn ‘swims’ on the melt. At this stage, an 

equilibrium is reached. The materials melt but are not dispelled. 14  

This effect can be visualised by monitoring the horn travel during a seal 
experiment. Figure 12 visualises the progress of horn distance that results in a 
decline of the gap between horn and anvil. Two 60 µm random copolymer PP films 
are ultrasonically sealed at appropriate settings for this material. A cylindrical 
energy director and respective seal amplitude, time and force of 27 µm, 200 ms 
and 4 N.mm-1 are chosen, based on a previous study11. The horn distance is shown 
at the y-axis. The horn starts at zero distance when the ultrasonic vibrations start. 

The horn travels deeper into the material as temperature rises. Ultrasonic 

vibrations after 120 ms do not result in a further increase of horn distance, it 
reaches a stationary plateau. This is a desirable property as it is possible to apply 
several seal times to achieve a similar horn distance. 
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Figure 12: Equilibrium state - horn distance vs. seal time with 60 µm random 

copolymer PP. 
 
There is a clear border between two different crystalline areas if sufficient 

ultrasonic vibrations are transferred to packaging, resulting in a strong seal: the 
unmolten and flown material of the seal layer. The dispelled melt, at the edges of 
the seal, is not well attached to the unmolten material. Figure 13 shows a seal 

strength test, where the border is a crack initiator that eases tearing of the seal. 
This often results in a lower seal strength. This behaviour is typical with ultrasonic 
sealing, caused by inner heating. With conductive sealing, the melt bead has a 

more concave shape because the film is heated from the outside 15  

 

 
Figure 13: Fracture mechanisms along the border unmolten material - flown 

material (black: outer layer, grey: seal layer (light grey: molten material, dark 
grey: unmolten material)). 

 

With semi-crystalline polymers, diffusion occurs very quickly once the melting 
point is exceeded. From that point, there are no crystalline structures to limit 
diffusion. Estimates of the time of intermolecular diffusion are on the order of 10-
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7s for semi-crystalline polymers. This very short time has no influence on the 

sealing process. Diffusion of chains with amorphous polymers occurs even faster 
once glass transition temperature is exceeded7. 
 
Ultrasonic sealing has several advantages over heated tool sealing. It has a good 
seal-through-contamination performance, especially with powders. There is less 
heat exposure for heat sensitive products, such as chocolate bars, because of the 

use of cold tools. Monomaterials, sticky and thick materials can be sealed more 
easily and/or faster because the heat is generated at the seal interface. The 
investment cost is high because of the use of more complex tools. With these 
complex tools it can be difficult to integrate the ultrasonic system in an automatic 
packaging line. The seal width is limited to approximate 40 cm which makes this 

technology undesirable for many packaging applications, such as plate sealing of 
many cups in a single movement. Handling is less intuitive as with heated tool 

sealing, extra training of operators is recommended2. 
Ultrasonic sealing can be applied in horizontal and vertical form-fill-sealers to 
increase the seal-through-contamination performance and/or to seal thick 
materials or monomaterials as an alternative to heat conductive technology. 
 

2.1.3 Other heat seal technologies in food industry 
 
Inductive sealing 
If a conductive material, such as aluminium, is close to a rapidly changing 

magnetic field, which can be generated by passing alternating current through a 
working coil, joule or resistive heating occurs because of the eddy currents, which 
are closed loop currents, that are generated perpendicular to the magnetic field 
in the conductive material. Heat is transferred to an adjacent seal layer and heat 
sealing can occur when this layer is in contact with another seal layer16. 
This technology is suitable for beverage cartons, cap seals and tubes. In cap 

sealers the pressure remains after completion of the heat seal operation, it is 
controlled by torque, which is the rotational force that is applied on the cap. 
Process variables are power, time, cool time, pressure and distance. 
Any heat sealable polymer can be melted with this technology if a conducting 
material is present17. 
Besides process and seal material variables, the thickness and the diameter of the 

aluminium foil can vary as well, this will impact heat generation. In the periphery 

of the aluminium film the current is strong, this is referred to as the skin effect. 
For cap sealing applications a hot periphery is essential to bond to the lip of the 
container18. 
This principle is illustrated in Figure 14. 
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Figure 14: Cap sealer with induction heating. 

 
The top of the thin aluminium foil is pasted to cardboard to achieve mechanical 
rigidity. Aluminium and cardboard are connected with a wax layer that melts 
during the heat seal operation. After melting the cardboard can be easily detached 

from the aluminium layer18. 
The layer distribution of a topfilm for induction cap sealing is illustrated in Figure 
15. 
 

 
Figure 15: Layer distribution of topfilm for induction cap sealing. 

 

Beverage cartons are thick laminates that can be sealed in short seal times with 
induction sealing. The simple set up and process control, the relative low 
investment costs are other advantages of this technology. The need of a 
conductive layer, typically aluminium, and the lack in versatility, as it is only 
suitable for some applications, are disadvantages of this technology2. 
 

Heat convection sealing 
In heat convection sealing hot air, between 250 and 400 °C, is used to heat 

thermoplastic materials. This technology can be used to seal tubes and open 
mouth pouches, it can also be used to make the longitudinal seal in vertical form-
fill-sealers.  Hot air can be directed at the interface before pressing, which can 
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decrease the seal time of thick materials. The simplicity of the process, low 

investment costs and the possibility to heat without contact are other advantages 
of this technology. The need for pressurized air, heat treatment of surrounding 
parts and difficulties to control the seal temperature are disadvantages2, 3. 
 
Heat radiation sealing 
In heat radiation sealing an electromagnetic source, typically an infrared laser, 

radiates waves to a packaging material that absorbs the energy and is converted 
into heat. In an efficient process peak power wavelength of the electromagnetic 
source is close to peak absorption wavelength of the packaging material. After 
melting of the surfaces, pressure is applied to bring the seal layers in contact16. 
Energy can be introduced by slow/high speed scanning and continuous 

illumination, where multiple laser sources can be used to seal complex geometries 
without shadow effects19. 

Because of local heat input, less heat is transferred to the packed food. The high 
investment costs, the sensitivity to colour changes and the need for moving 
sources are disadvantages of this technology2. 
 
Dielectric sealing 
In dielectric sealing heat is generated internally by dielectric hysteresis losses in 
thermoplastic materials with polar groups. These groups try to orient themselves 

in a rapidly changing electrical field, which can result in intermolecular friction and 
heat generation. Only materials with high dielectric constant and high dielectric 
loss are good candidates to seal with this technology. This technology is used to 

seal poly(vinylchloride) (PVC) sheets19. 
The ability to cool under pressure and the decrease of radiative heat in the 
package are advantages of this technology. However, common seal layers of 

packaging films, such as PE and PP, are not suited for this technology because of 
the dielectric properties. Another disadvantage is the risk of heating polar packed 
food2. 
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Advantages and disadvantages 

 
Advantages and disadvantages of above described seal technologies are 

summarized in Table 2. 

 

Table 2: Advantages and disadvantages of seal technologies2. 

Seal 
technology 

Advantages Disadvantages 

Heat conductive 

• Simple technology 

• Low investment cost 

• 95% market share 

• Simple process control  

• Heat treatment of food 

products, e.g. chocolate, frozen 

meal 

• Limits for thick materials, seal 

time depends on thickness and 

conductivity of packaging 

material 

• Cooling under pressure is only 

possible for impulse and band 
sealing 

Ultrasonic 

• Less heat treatment of food 
product, because of local 

heating  

• Short seal times for thick 

packaging materials, e.g. 

paper/board 

• Energy efficient, in particular 

for thick materials  

• Possible to cut and seal without 

a knife 
• Seal-through-contamination 

• Possible to cool under pressure 

• High investment cost, 

compared to conductive sealing 
• Requires high accuracy of the 

mechanical construction 

• Requires process know-how 

Inductive 

• Less heat treatment of food 

product, because of local 

heating 

• Short seal time for thick 

packaging materials, e.g. 

beverage carton with 

aluminium layer  

• Simple process control  

• Low investment cost 
• Possible to cool under pressure 

• Requires aluminium or other 

metal components for heating  

• Less versatile, only suited for 

few applications 

Heat convection 

• Simple technology 
• Low investment cost 

• Heating without contact 

• Short seal time for thick 

packaging materials, e.g. tube 

sealing 

• Possible to cool under pressure 

• Heat treatment of food 

products 

• No precise control of 

temperature at seal area 

• Expensive because many 
applications use pressurized air 

Heat radiation 
(laser) 

• Less heat treatment of food 

product, because of local 

heating 

• Possible to cool under pressure 

• High investment cost, 

compared to conductive sealing 

• Requires optics and/or motion 

to seal lines 

• Sensitive to color changes, e.g. 
printed information 

Dielectric 

• Possible to cool under pressure 
• Less radiative heat in 

packaging because of local 

heating 

• Requires polarity in polymers  

• Heat treatment of polar food 

products 
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2.2 Heat seal materials 
 
This section describes the main polymers used in seal materials for food packaging 

materials. This section provides background information for chapters 3, 4 and 5. 
In 2.2.6 special emphasis is given to less used, but emerging polymers that are 
biobased and biodegradable materials as detailed in chapter 6. 

 

2.2.1 Poly(ethylene) 
 
Introduction 

PE is a polyolefin that is produced by the polymerisation of ethylene. The structure 
is shown in Figure 16.  
 

 
Figure 16: Poly(ethylene) structure. 

 
It is the most common plastic in general and an important seal material in 
packaging material20. 
 

A first differentiation in PE is made by the difference in density, this is mentioned 
in the name of PE. Very low, low, medium, and high-density PE are commercially 
available PE subtypes. LDPE was developed during the 1930’s, HDPE during the 
1950’s, and linear low-density was developed during the 1970’s4. As a seal 
material LDPE and LLDPE are important types of PE.  These materials are flexible 
and can be sealed at a relative low temperature (>Tm) compared to PP. Melting 

temperatures of LDPE, LLDPE and homopolymer PP have respective ranges of 98-
115, 122-124 and 161-170 °C. Recent studies have shown that there are several 
molecular parameters that influence the thermo-rheological and processing 
properties such as the amount, length and distribution of branches, the molecular 
weight and the distribution of molecular weight21, 22, 23, 24,25, 26, 27. 
For commercial purposes, different grades of PE are blended to have a material 
with the desired properties. At this time there is a staggering number of grades 

available with specific characteristics (seal temperature, clarity, puncture 
resistance, …) and costs. Besides sealability, PE can also bring optical (clarity, 
gloss), barrier (good water vapor barrier) and mechanical performance 
(toughness, puncture resistance, tear resistance, …) to the packaging material. 
 

General seal characteristics 
Seal initiation of PE can occur when the amorphous fraction increases by heating 
as crystalline regions dissolve and polymer chains become more mobile. In the 

study of Meka et al., seal initiation of untreated LDPE and LLDPE films, occurred 
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when the amorphous fraction increased to 77%. With rising temperature, 

entanglement is facilitated and there is a fast increase in seal strength, which is 
measured over 24h after sealing at room temperature, until the melting point is 
reached28. Following the same study, a plateau seal strength is achieved after this 
point. The plateau strength value is related with the yield stress, a tensile 
characteristic that marks a transition between elastic and plastic behaviour. Yield 
stress is a function of the amorphous fraction of PE. A lower fraction of the 

amorphous content at room temperature leads to higher seal strength. 
 
In recent studies some details are discussed about the influence of the molecular 
structure on the seal performance.  
Following Moreira’s study, the presence of long chain branches interferes with the 

forming of crystalline structures but once after all crystals are melted the diffusion 
of the long-branched chains make a strong network because of the contribution 

of the long chain branches to entanglement. However, this stronger entanglement 
at the interface is not represented in high seal performance because of the 
interference of crystal formation by the long chain branches.26  
Following Sadeghi’s study the distribution of small chain branches is an important 
factor for the seal performance. If more small chain branches are present on 
medium to long molecular weight chains the melt point will be decreased and 
crystals with longer chains are created. These longer chains can be released in 

the interface around the melting temperature so diffusion can take place and seal 
performance is increased. With larger crystal size yield strength is also 
increased29.  

This corresponds with the finding of Meka that relates high yield strength with 
high plateau seal strength. These studies are performed on several PE-grades and 
indicate the complexity of the sealing process. 

 

LDPE  
LDPE has a density of 0.915-0.940 g.cm-3. Figure 17 shows that polymer chains 
can’t be packed as dense as with HDPE (0.94-0.97 g.cm-3). This is because of the 
high number of branches. 
 

 
Figure 17: Branched morphology of LDPE and HDPE. 

 
With decreasing density, the material becomes less crystalline and more flexible. 
LDPE has small and long chain branches and has molecules of low and high 

molecular weight and this has positive and negative consequences. 
 

A positive consequence is the ease in processability, because of the shear thinning 
and the bubble stability. 
Shear thinning is the decrease of viscosity under shear strain, this is an important 
property for extrusion where plastics are molten by a combination of shear heating 
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and external heating. High molecular weight plastics are more viscous than lower 

molecular weights. The distribution of molecular weight influences the dependence 
of viscosity on shear rate. LDPE has a wide molecular weight distribution compared 
to LLDPE, at similar molecular weights LDPE shows a higher degree of shear 
thinning than LLDPE making it better processable for extrusion21. 
In Wong’s study, LDPE and LLDPE have molecular weight distributions, measured 
by gel permeation chromatography, of respectively 5.03 and 3.90. Bubble stability 

is of high importance for blown extrusion. It depends on properties, such as melt 
strength, which can be calculated after measuring the extensional load of molten 
polymer, and process parameters, such as the blow-up ratio30. 
LDPE has a good bubble stability because strain hardening occurs under stress. 
This is less the case for LLDPE which has a low melt elasticity and polymers relax 

rapidly when they undergo stress in a molten state21. 
 

Negative consequences of the molecular structure are the mechanical properties. 
Low molecular weight molecules in LDPE decrease the mechanical properties such 
as strength and toughness compared to the higher molecular weight molecules in 
LLDPE24, 31. 
LDPE is not the best option to increase speed of the sealing process. Seal 
temperature is approximately 110 °C. There are materials with a higher seal 
temperature (f.e. PP), but there are also materials with a lower seal temperature 

(f.e. polyolefin plastomers, these polyolefins have rubber-like properties) and 
more appropriate for high speed packaging lines32. The hot tack performance, 
discussed more in detail in 2.3.2, of LDPE is relatively bad, this is probably because 

of the interference of crystal formation by the small- and long-chain branched 
structure, making it a weak seal when it is still hot. 
LDPE is a weak subtype of PE for seal strength, mainly because of the presence 

of low molecular weight molecules and the highly branched structure that disrupts 
the crystalline structure. However, this is not a limitation for applications where a 
low seal strength is sufficient or desirable (f.e. in peel films where peel component 
is added to decrease seal strength). 
 
LDPE is a common seal material as it combines good processing properties with 
mediocre seal (and mechanical) properties at low cost. The seal (and mechanical) 

properties can be increased by blending LDPE with other PE subtypes to achieve 

the desired performance33. 
 

LLDPE 
LLDPE has a density of 0.915 – 0.926 g.cm-3. This material has a similar density 
and more linear structure as LDPE. Both materials are in competition and also 
often blended to combine properties4. 
 

With LLDPE short chain branches are distributed over linear main chains. Side 
branching and molecular weight are affected by comonomer content and process 
settings during production. The length of the branches is dependent on the 
comonomer which is used during production. Commercial LLDPE has branches of 
4, 6 or 8 carbon atoms for each branch (abbreviated as LLDPE-C4, -C6 or -C8). 

In general, three different catalysts are used to produce commercial PE: Philips 
catalyst (chromium-based, 1950’s), Ziegler-Natta catalysts (titanium-based, 

1950’s) and Kaminsky catalysts (metallocene-based, 1970’s; metallocenes are 
chemical structures with positively charged metal ions, such as Zirconium (Zr), 
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Hafnium (Hf) or Titanium (Ti), sandwiched between two cyclopentadienyl 
deratives)34. The choice of catalyst influences the structure of LLDPE as shown in 

Figure 18. 
 

 
Figure 18: Branching morphology of LLDPE with Philips, Ziegler-Natta and 

Kaminsky catalysts. 

 
Conventional catalysts produce LLDPE with a broad molecular weight distribution 
leading to good processability, but less mechanical strength. Metallocene-based 
LLDPE (mLLDPE) is less processable but has better mechanical properties. 
Another point of difference is the comonomer distribution, with conventional 
catalysts the small chain branches are mainly concentrated on the smaller main 

chains while the long main chains are less branched and linear. With mLLDPE more 
short chains are distributed on long main chains. As described in the previous 
part, seal performance (low melt point, high seal strength) is improved by placing 
more short chain on medium to long main PE chains. Because of this mLLDPE is 
regarded as a better seal material as conventional LLDPE25, 26, 29. 

The crystal size with mLLDPE is more regular distributed compared to conventional 
LLDPE. The lack of large crystals in mLLDPE makes it more transparent as 

conventional LLDPE because less light is reflected by large crystals. mLLDPE is 
also glossier as conventional LLDPE or LDPE4, 35. 
 
The first generation of mLLDPE in the 1990’s had limited market success because 
of the lack in processability, during the 2000’s processability is improved by 
adding long chain branches to the molecular structure (f.e. Affinity™) which 
decreases the viscosity and increases the bubble stability29, 35. 

Many metallocene catalysed PE grades with a high amount of comonomer are 
named as VLDPE (Very low-density PE) because of the low-density (0.880 – 0.915 

g.cm-3) and/or polyolefin plastomers (POP) as they combine rubbery with 
thermoplastic properties. These materials have a low viscous behaviour when 
heated and can fill in gaps in pouches or flow around contamination, thus 
preventing leakers. This ability is called caulkability and is discussed in 2.3.7 in 

relation with the seal-through-contamination performance. 
 
There are many variations possible in the production process of LLDPE (process 
parameters, comonomer length/content, catalyst) that affect the molecular 
structure (length and distribution of small and long chain branches, molecular 
weight, molecular weight distribution, crystallinity) and this has an impact on the 
properties of the film (seal performance indicators such as seal- and hot tack 

strength, optical and mechanical properties, processability). Concluding for 

LLDPE, there are many grades on the market with different properties, some of 
these are shown in Table 3. The values of three properties show the difference 
between these commercial LLDPE grades.: Melt flow index, which is a measure of 
the ease of flow through a capillary, density and molecular weight. LLDPE’s are 
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high performing heat seal polymers for packaging films because of good sealing 

(low seal initiation, high seal strength, high hot tack, seal-through-contamination) 
properties, good optical properties (transparency and gloss) and good 
processability. Examples of such differences in seal performance of LLDPE films 
can be found in Sadhegi’s study. For seal initiation temperature e.g., they reported 
a low value, below 80 °C, for Dow’s resin Affinity™ 1140, a mLLDPE-C8 of medium 
molecular weight with sparse long chain branching. Seal initiation temperature 

values of other mLLDPE’s (Affinity™ 1450 of Dow: mLLDPE C8 of low molecular 
weight with sparse long chain branching; Exact™3132 of ExxonMobil: mLLDPE-C6 
of medium molecular weight) are between 80 and 100 °C and the seal initiation 
temperature of LLDPE (TF‐Y534‐IP of Nova Chemicals: LLDPE-C6 of medium 

molecular weight) occurs above 100 °C 29. 

 
Table 3: Properties of commercial LLDPE-grades29, 31. 

Resin (code) Description Supplier 

Melt flow 
index 
(MFI) 

(190 °C. 
2.16 kg-1) 

Density 

(g.cm-3) 

Mw (kg. 

mol-1) 

Affinity 1450 mLLDPE-C8 
Dow 

Chemical 
7.5 0.902 NA 

Affinity 1140 mLLDPE-C8 
Dow 

Chemical 
1 0.895 105 

Dowlex 2045 LLDPE-C8 
Dow 

Chemical 
1 0.920 102 

Exact 3132 mLLDPE-C6 ExxonMobil 1.2 0.900 NA 

(TF-Y534-IP) LLDPE-C6 
Nova 

Chemicals 
0.75 0.934 118 

(FPI 20) LLDPE-C8 
Nova 

Chemicals 
1 0.920 105 

 

2.2.2 Poly(propylene) 
 
PP is a polyolefin that is produced by the polymerisation of propylene. The 

structure is shown in Figure 19. For packaging it is the second most used polymer, 
after PE. It was first developed in the 1950’s4. 
 

 
Figure 19: Poly(propylene) structure. 
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A first differentiation of PP is made by the location of the methyl heads (CH3 

branches) in the polymer chain. With isotactic PP all heads stick out at the same 
side as shown in Figure 20. Isotactic PP is a rather stiff material that can 
crystallize, it has a good chemical and heat resistance36. With syndiotactic PP the 
heads repeatingly stick out at both sides. Syndiotactic PP can also crystallize37. 
With atactic PP all heads stick out randomly, the resulting polymer will not 
crystallize and is amorphous. Standard commercial PP used in packaging is over 

90% isotactic and has a small amount of atactic polymer. Commercial PP has a 
narrow density range of 0.898 – 0.908 g.cm-3 and no extensive differentiation 
based on density is made, unlike PE. 
 

 
Figure 20: Tacticity of methyl heads of PP. 

 
A second differentiation of PP is made between homopolymers with a repeating 

sequence of propylene units, and copolymers where small amounts of 
comonomer, usually ethylene and/or butene, are added to the PP main chain. 
Addition of comonomers to the PP chain can give the material more transparency, 
higher impact strength, higher flexibility and/or a lower and broader melting point. 
The randomness and the amount of incorporation of comonomer are determining 

factors. There is a wide range of copolymer grades commercially available. Within 
the copolymers block and random can be differentiated, based on the distribution 

of comonomers as shown in Figure 214. 
 

 
Figure 21: Sequence of monomers in homopolymer, random copolymer and 

block copolymer PP. 

 
All three types can be used in packaging applications. PP is commonly used for its 
rigidity as a tray or cup, and as a seal material in topfilm for sealing these trays 

or cups. The high Tm, with ranges of 140-150 °C for random copolymer and 161-
170 for homopolymer PP, can be beneficial if the package needs to be heat treated 
after sealing. If a lower seal temperature38, higher transparency and flexibility is 
needed, random and terpolymer (copolymer with three different monomers) can 

be used. If high impact resistance and high flexibility at freezing conditions is 
desired block copolymers can be used, this is used in more complex heterophasic 
copolymers, often called impact copolymers. These impact copolymers have a 
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decreased Tg
39. Blends and multilayer structures can be made of homopolymer 

and copolymer(s) to combine properties to get a suitable material for the desired 
application. 
A third differentiation is made between cast and oriented PP. Cast PP can be used 
as seal material while oriented PP is only used as substrate in flexible packaging, 
typically for snack packages40.  
 

2.2.3 Isotactic poly(1-butene) 
 

PB is a polyolefin that is produced by the polymerisation of 1-butene. The structure 
is shown in Figure 22. 

 

 
Figure 22: Poly(1-butene) structure. 

 
PB is available as homopolymer and copolymer with ethylene or propylene. PB is 

well known as a peel component in easy-opening packages that peel cohesive41., 

42, 43. It can be blended as peel component with PE, PP and ethylene comonomers 

such as poly(ethylene-co-vinylacetate) (EVA), poly(ethylene-co-methacrylic acid) 
(EMA) and ionomers44, 45. By adding PB as small component to the PP seal matrix 
the seal initiation temperature can be decreased43. The most common peel system 
in practice is the blend of PE and PB, both polymers are immiscible and PB is 
dispersed in low amounts (f.e. 15%) in a PE matrix. The amount of PB, the 
chemical composition of the used PB and PE grades, and the dispersion determine 

the peel performance of the overall film. PB is present as small islands in the PE 
matrix. These islands behave like small microperforations after sealing as PE and 
PB. This seal however is still hermetic and safe46. Because of the weak spots a 
smooth cohesive peel failure is obtained during opening of the seal. The smoothly 
peeled white area is tamper evident.  
 

2.2.4 Ethylene copolymers 
 
Poly(ethylene-co-vinylacetate) (EVA) 

EVA is produced by copolymerizing ethylene and vinylacetate. The structure is 
shown in Figure 23.  
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Figure 23: Poly(ethylene-co-vinyl acetate) structure. 

 
This polymer can be differentiated by the amount of vinyl acetate. Polymers with 
low vinyl acetate level are referred to as vinyl acetate modified PE. With higher 
vinyl acetate levels (4 – 40%) the polymers are referred to as thermoplastic EVA. 

EVA can be used in seal layers, often it is added in seal layer blends with PE. In 
these blends, addition of EVA changes the seal (decreases the seal initiation 

temperature, broaden the seal plateau temperature range), mechanical (increase 
toughness), and/or optical (increase clarity and gloss) performance47, 48. Besides 
the chain like entanglements that are characteristic for PE, EVA shows polar 
interactions that increases its strength properties slightly49. 
By blending EVA in PE, yield strength decreases gradually which has a negative 

impact on the seal strength. The high mobility of EVA in the blend leads to higher 
diffusion and better surface adhesion which can increase the seal strength. These 
counteracting phenomena are more or less pronounced, depending on the amount 
of EVA in the PE/EVA blend. Following Narjadeh’s study, interdiffusion was more 
pronounced with 20 and 40% EVA which increases the seal strength. At 60% or 
higher the yield strength decreases significantly and this decreases the seal 

strength. Differences in seal strength of the tested PE/EVA blends with variating 

EVA content during the study were small, between 0.5 and 0.7 N.mm-1. 
Differences in seal initiation and plateau temperature range were big. For seal 
initiation temperature for example, the values ranged between 75 and 110 °C 
for50. EVA can also be blended with other polyolefins such as PP and PB. 
 

Acrylic acid copolymers  
Two common acrylic acid copolymers are poly(ethylene-co-acrylic acid) and 
poly(ethylene-co-methacrylic acid) (EAA and EMA). EEA is the copolymer of 

ethylene and acrylic acid. EMA is the copolymer of ethylene and methacrylic acid. 
In literature, this group of polymers is often referred to as acid copolymer resin 
(ACR). Both structures are shown in Figure 24. 
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Figure 24: Poly(ethylene-co-acrylic acid) and poly(ethylene-co-methacrylic acid) 

structures. 
 
Both copolymers are next to their uses in seal layers widely used as an adhesive 

in laminated structures such as pouches and tray/cup and topfilms because of the 
superior adhesion to polar substrates such as PET, aluminium, paper, etc.51 A 
differentiation with these types of polymers can be made by acrylic acid content 
and composition. EMA is the starting substance in the production process of 
ionomers, a material group that will be discussed in the next section. EAA and 

EMA have the ability to make hydrogen bonds which can enhance its strength 
properties49. 

Next to ethylene, styrene can be used as a copolymer in acrylic resins. This 
combination is often used in water soluble dispersions such as Joncryl® of BASF. 
It is commonly used as a heat seal lacquer in flexible packages52, 53, 54. Sealable 
lacquers can be an alternative to extruded seal layers. Heat seal lacquers are very 
thin, from 1-10 µm, this feature could be beneficial to improve recyclability of 
multimaterial structures. The peel seals of acrylic heat seal lacquers with 

aluminium substrates are typical examples of adhesive peeling, f.e. yoghurt cups 
with topfilm. 
 
Ionomer 

Ionomers are produced by adding metal ions to the poly(ethylene-co-methacrylic 
acid) structure. Sodium (Na) and Zinc (Zn) ions are used for packaging and 
industrial grades. The structure is shown in Figure 25. In industrial grades 

Magnesium (Mg), Lithium (Li) and Potassium (K) can be used as metal ions. 
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Figure 25: Ionomer. 

 
The presence of positive ions partially neutralizes the acid groups in the polymer. 
Next to crystalline and amorphous regions this polymer also has ionic clusters as 

shown in Figure 2640. The possibility to make ionic interactions adds up to its 
strength potential, besides hydrogen bonding and chain entanglement49. 
 

 
Figure 26: Schematic structure of regions in ionomers. 

 
The crosslinks in these cluster are thermal reversible so it is still a thermoplastic 
polymer. The crosslinks restrict the chain mobility55. The melt strength, which can 
be calculated after measuring the elongational load of molten polymer, is 
improved and the melt flow index is decreased as more ions are added. The high 
melt strength is related with the hot tack strength. Relative to other polyolefins, 

high hot tack strength values can be reached because of the high melt strength40. 
A differentiation between ionomers can be made in acid content similar as with 
acrylic acid copolymers, in the amount of neutralization and in the type of metal 
ions. Ionomers can be blended with other polymers to reach the desired 
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functionality, for example in a blend with PB peelable ionomeric seal layers are 

obtained42. In technical papers, the seal performance (hot tack strength, seal-
through-contamination), the oil and grease resistance, the puncture and abrasion 
resistance of ionomers are described as interesting features to implement 
ionomers in packaging56, 57. 
 

2.2.5 Poly(ethylene terephthalate) 
 
PET is a polyester, it has a repeated sequence of a terephthalate and an ethylene 

group as shown in Figure 27. It is made in a polymerization process of dimethyl 
terephthalate (DMT) or terephtalic acid (TPA) for the terephthalate group and 

ethylene glycol (EG) for the ethylene group. For packaging it is a popular polymer 
because of its light weight, low cost, good appearance, mechanical and gas barrier 
properties. It was first developed in the 1940’s. It is most famous as bottle 
material for carbonated drinks. PET is also used in sealable packaging concepts 
such as trays, cups and films4. 

 

 
Figure 27: Poly(ethylene terephthalate) structure. 

 

 

A differentiation is made between amorphous and crystalline PET (APET and 
CPET). The crystallization is influenced by structural factors such as molecular 
weight distribution, molecular weight, linearity of chain structure. A narrow 
molecular weight distribution, high molecular weight and linear chains are ideal to 
obtain high crystalline PET58. Crystallinity is however also influenced by extrinsic 

factors such as temperature profile and stretching during production. The crystal 
growth rate decreases with increasing molecular weight59. At equal extrinsic 

crystallization conditions high molecular weight samples can reach lower levels of 
(incomplete) crystals if crystallization time would not be sufficient because of the 

decreased growth rate. 
Amorphous PET is more soft, flexible, high transparency, gloss and has higher 

impact strength, while CPET has more rigidity, higher temperature and solvent 
resistance, higher strength and hardness. They differ in Tg (approx. 67 °C for APET 
and 81 °C for CPET). APET is a material that is still ductile, at temperatures below 
its Tg, such as room temperature. This is a result of the production process. PET 
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sheets are directly after cast extrusion quenched against a cold roll to limit the 

crystallization process40. APET is more often used in packaging concepts, such as 
bottles, films and trays. In films, APET is in competition with oriented polyamide, 
oriented poly(propylene) and machine-direction oriented poly(ethylene) as outer 
layer material60. APET has poor heat sealability and is often laminated or coated 
with a seal material40. As previously described, crystallinity is not desired during 
heat sealing because crystal structures prevent chains to participate in the 

diffusion and entangling process. It is not feasible to melt PET, allowing a 
polyolefin-like chain entanglement because of resulting brittleness and coloration. 
CPET is not able to seal because of its crystallinity. It is used for trays when a high 
temperature resistance is needed, such as in ovenable trays. Because of the 
crystal structure, CPET has no good transparency, it is opaque which is not desired 

by consumers. CPET can be coloured with pigments, in combination with the high 
gloss it can be made visually attractive4. 

 
A second differentiation of PET can be made between homopolymers and 
copolymers or copolyesters. The homopolymer is made of one dibasic acid (DMT 
or TPA) and glycol component while the copolymers are made of more than on 
dibasic acid (DMT, TPA and/or isophtalic acid, …) and/or glycol (EG, neopentyl 
glycol and/or cyclohexane dimethanol, …) component. Isophtalic acid (IPA) f.e. 
can be used to lower the crystallinity and melting temperature which is important 

to increase the seal performance. IPA can also make the whole composition 
radiofrequency (RF) sealable (Radiofrequency sealing is previously discussed in 
detail in 2.1.3)61. When some of the ethylene glycol part is replaced by 1,4-

cyclohexane dimethanol (CHDM) the resulting polymer is referred to as 
poly(ethylene glycol-co-1,4-cyclohexanedimethanol terephthalate) (PETG). CHDM 
inhibits crystallization. PETG is an amorphous copolyester and is not likely to 

become brittle by heating which makes it interesting in heating processes such as 
heat sealing. It is much softer and has excellent oil resistance40. 
 
As previously mentioned PET is not melted when sealed. It is sealed by the 
principle of autohesion62. PET has to be heated above glass transition temperature 
to diffuse and to entangle the polymer chains at the interface. Because sealing 
occurs well below Tm PET does not behave low viscous like polyolefins during 

sealing. PET seal layers are less caulkable as polyolefins, making it less suited for 

pouches because it is not possible to fill up any gaps close to folded areas. The 
stiff PET behaviour during sealing is also undesirable to seal-through-
contamination. However, soft amorphous seal layers (f.e. PETG) can be used to 
increase caulkability. 
PET is often in competition with PP for tray and topfilm packaging concepts. 
Several properties (mechanical properties, thermal resistance, migration, cost, 

visual appearance, seal performance, recyclability, weight, etc.) have to be 
evaluated in relation with the application to choose the optimal material. 
 

2.2.6  Biobased and biodegradable plastics 
 
Bioplastics can be biobased and/or biodegradable (f.e. composting, anaerobic 

digestion). Biobased plastics are made from renewable resources. Biodegradable 
plastics can be degraded into environmentally acceptable products. In this section 

some biodegradable plastics are discussed. Biobased plastics that can’t 
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biodegrade, such as bioPE, bioPET and poly(ethylene furanoate) (PEF), are not 

mentioned because these materials have mostly equal properties as their 
petrochemical counterparts, that were discussed earlier in this dissertation or 
because of the lack of relevance for heat sealing applications in the food industry. 
Biodegradable plastics that are not biobased, such as poly(caprolactone) (PCL) 
and poly(butylene-adipate-co-terephthalate) (PBAT), will only briefly be 
mentioned as minor components in biodegradable food packaging for heat seal 

applications. 
The amount of studies on the sealability of biobased and biodegradable plastics is 
rather limited. In this section four commercially available biobased polymer types 
are discussed with focus on heat sealability: poly(lactic acid) (PLA), starch, 
polyhydroxyalkanoates (PHA) and poly(butylene succinate) (PBS). 

 

PLA 
Polylactic acid is a semicrystalline biodegradable polyester that can be produced 
from renewable resources. It can be produced by condensation of lactic acid and 

lactide. The structure is shown in Figure 28. 
 

 
Figure 28: Poly(lactic acid) structure. 

 
PLA is a transparent material with a Tm of 170 °C and a Tg of 60 °C. It is a strong 
and stiff material. PLA has a low melt strength because of its highly linear 
structure, which makes it not suited for blow extrusion. Without modification PLA 

is a very brittle material. These weaknesses can be overcome by blending with 
other polymers (such as PBAT) and/or adding additives.  

In recent studies the influence of composition of PLA-PBAT blended film with and 
without chain extenders on the heat conductive seal strength was evaluated. The 
highest seal strength was reached with a blend of PLA-PBAT and chain extender 
in a 40-60-0.15 proportion63. In another study seal strengths of 8-10N/15mm at 
a broad range of interfacial seal temperatures between 76 and 105 °C and low 

haze (<4%) were reached with PLA-PBAT blended film in a proportion of 80-2064.  
The ultrasonic seal performance of plasticized PLA films was evaluated in another 
study65. In that study high molecular weight poly(ethylene glycol-co-1,4-
cyclohexanedimethanol terephthalate) (PETG) was used as plasticizer to decrease 
the overall brittleness. The films were produced by cast extrusion to a thickness 
of 50 µm. All films, with and without plasticizer, were sealable with ultrasonic 
technology. The addition of plasticizer improved the seal performance because the 

process windows of seal parameter was broader. In a last study the impulse and 
ultrasonic seal performance of PLA films was evaluated66.  
It can be concluded that with the limited available research on the seal 
performance of PLA, films weaknesses can be overcome by blending with other 
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materials. Peel and non-peel seals can be produced and several technologies (heat 

conduction, ultrasonic, impulse) can be used to heat seal this material. PLA is 
currently used as an emerging seal material in many applications, the trend is 
positive as there is a growing demand for flexible bioplastic packaging67. 
 
Starch 
Starch is a semicrystalline biodegradable polymer that can be produced from 

renewable sources. Starch-based films have an amylose and amylopectin fraction. 
Increasing amylose content improves the crystallinity and the mechanical and 
barrier properties. This is because of the morphology and interchain bonds 
between the molecules. Amylose is a linear long chain with interchain hydrogen 
bonds, this results in a more dense and stronger structure. Films with higher 

content of amylopectin are less crystalline because of the branched structure, 
caused by additional α-1,6-glycosidic bonds, and the smaller amylopectin 

chains68. Both structures are shown in Figure 29. 
 

 
Figure 29: Amylose and amylopectin structures. 

 

In a recent study mung bean starch is used as film material along with plasticizer 
(glycerol or sorbitol). Seal strengths around 0.4 N.mm-1 can be reached69. In the 
discussion of the seal strengths this result is higher than recorded in previous seal 
studies with starch70, 71. This seal strength is sufficient for handling and storage 

during practical applications. With an amylose/amylopectin ration of 41:59 mung 
bean starch is considered as rich in amylose compared to other starch sources. 
The tensile strength of the evaluated films was of a similar order as LDPE, HDPE, 
PP and PS. In another study seal strength of edible films with corn starch and 
functional polysaccharides (amylose or hydroxypropylmethylcellullose) were 
evaluated. In this study seal strengths around 0.4 N.mm-1 can be reached72. In 

another study several types of starch with and without nanoparticles (nanoclay, 
nano-silicon dioxide) and plasticizer (sorbitol and glycerol) are compared. Addition 

of nanoparticles can increase the seal strength, but this was not the case for every 
type of starch. Without nanoparticles maximum seal strengths around  
0.5 N.mm-1 were reached with sago and potato starch. In this study the films with 
mungbean starch had very low seal strengths73. These studies show the potential 
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of the use of starch as emerging seal layer. With the high amount of potential 

renewable starch sources and possibilities to optimize films by blending, the 
addition of nanoparticles, plasticizers and others, high performing films can be 
obtained depending the purpose of use, such as heat sealability.  
 
Polyhydroxyalkanoates (PHA) 
Polyhydroxyalkanoates are a family of thermoplastic polyesters that can be 

produced and degraded by a wide range of microorganism species. The properties 
of PHA’s range from brittle wax-like to plastic behaviour, and are related with the 
chemical structure. Figure 30 shows the general structure of PHA’s. Table 4 shows 
the chemical composition, based on Figure 30, of the PHA’s considered in food 
packaging. Poly(hydroxybutyrate) (PHB) for example is a highly crystalline (up to 

70%) and stiff, but brittle, polymer with high melting temperature (175 °C). 
Copolymerisation and the presence of long side chains can disrupt the crystal 

structure and decrease melting temperature and Young’s modulus. Poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBH) and poly(3-hydroxybutyrate-co-
3-hydroxyhexanoate) (PHBHHx) are promising copolymers with lower melt 
temperatures, down to 97 °C in the case of PHBH, and Young’s moduli74.  
 

 
Figure 30: Polyhydroxyalkanoate structure. 

 
Table 4: Chemical composition of polyhydroxyalkanoates considered in food 

packaging. 

 R1 R2 X 

PHB -CH3 -CH3 1 

PHV -CH2-CH3 -CH2-CH3 1 

PHBV -CH3 -CH2-CH3 1 

PHHx -CH2-CH2-CH3 -CH2-CH2-CH3 1 

PHBHHx -CH3 - CH2-CH2-CH3 1 

 
Seal research on PHA’s is very rare. One study of Kuusipalo showed that the seal 

initiation temperature of extrusion coated paper with 3-hydroxybutyrate/ 3-
hydroxyvalerate copolymer was 40 to 50 °C higher, compared to polyolefins. This 
corresponds closely with the difference in melting temperatures. Heat sealing can 
be achieved in a temperature window between 190 °C and 230 °C, at a seal 
pressure of 275 kPa and a seal time between 1-2 s75. 
 
Poly(butylene succinate) (PBS) 

PBS is a synthetic and biodegradable polyester. Depending on the resources of 
monomers it can be fossil and/or biobased. The structure is shown in Figure 31.  
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Figure 31: Poly(butylene succinate) structure. 

 
Because of the long alkyl chains PBS is rather soft. It has a melting temperature 
around 110-115 °C and a tensile strength of 30-35 MPa. These properties are 
comparable with polyolefins and thus this material can be seen as a biobased and 

biodegradable alternative76,77. The same machinery can be considered for 
monofilament extrusion, blown extrusion and injection molding as for 

conventional thermoplasts78. Because of food contact approval and good 
sealability this material could be used as seal material at the inner side of food 
packaging. However, at this moment there are no studies available on the seal 
performance of PBS packaging films. Properties can be modified by blending, 

adding fillers and copolymerization, among others 79, 80, 81 and 82. 

 
Cellulose 
Cellulose is the main polymer that can be found in the cell wall of plants. So, it is 

a natural occurring polymer which is abundantly present on earth. It can be 
obtained by extraction processes of plants, food waste, micro-organisms, etc. It 

is used in food packaging as a structural component because of its low cost, 
thermal resistance, mechanical potential and biodegradability83. Cellulose is 
however very brittle, not sealable and moisture sensitive in its natural state. It is 
modified to use in food packaging, to increase processability and mechanical, 
gas/liquid/microbial barrier and/or optical properties. Cellophane is the most 

commonly used cellulose-based packaging film. It was invented in 1900. 84 It is 
produced by a complex process, dissolving pulp in alkali and disulphide, forming 
a viscose solution. This is followed by extrusion in a bath of chemicals to reconvert 
viscose back to cellulose, with the aim of producing flexible film. Before the rise 
of fossil thermoplastics, cellophane was the first plastic-like film that was allowed 
for mass-production for food packaging40. Cellulose acetate, cellulose sulphate, 

cellulose nitrate, carboxymethyl cellulose, ethyl cellulose, methyl cellulose and 
nanocellulose are cellulose derivatives that are subjects of new studies for food 
packaging applications83. 
 
Composed materials 
Increasing the seal performance is one of many motivations (e.g. barrier 
performance, packaging line compliance) to combine different materials. Two 

processes can be differentiated: blending and multilayering. 
The option to blend thermoplastic materials to tailor the performance is already 
mentioned in 2.2 for most of the materials. Also, biodegradable thermoplastic 
materials can be combined in a blend. In recent reviews and studies on optimizing 
this process for compostable materials, blends of poly(lactic acid) (PLA) and 

PHB85, PLA and PBS79, PLA and polycaprolactone (PCL)50, PLA and/or PCL and/or 
thermoplastic starch (TPS)86, starch and vinyl alcohol polymers87, among others 

are hot topics, relevant for food packaging.  Information in literature on seal 
performance of biodegradable blends is rare. A 2014 study showed that the hot 
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tack strength of blends of PLA and PCL increases slightly, up to a value around  

0.45 N.mm-1, compared to pure PLA, which reaches a value around 0.3 N.mm-1. 
Seal initiation temperatures of blends with PLA and PCL decreases, with values 
between 65-75 °C, compared to pure PLA, with a value of 85 °C. Both results 
underline the relevance of blending to increase the seal performance of 
biodegradable polymers. When the seal is cooled down, differences in seal 
strength are close to 050. 

If blending of materials is not feasible and/or if the process demands multilayered 
films, e.g. to prevent the film from sticking to hot tools or to add a heat sealable 
feature to emerging substrates that are not heat sealable, lamination and/or 
coating of films can be a solution to combine properties. Common examples of 
biodegradable substrates are cellulose and paper. Coating and/or laminating 

cellulose or paper with compostable materials can maintain the compostable 
feature of packaging. In a recent review, polysaccharides (from wood and 

lignocellulosic plants: cellulose, hemicellulose, starch; from marine biomass: 

chitosan, alginates) are subject as coating for paper packaging88. 
 

2.2.7 Coated paper 
 
Adding a thin thermoplastic layer in general can maintain the recyclability in the 
paper waste stream while the packaging performance is increased89. Heat seal 
performance is only one of many motivations, besides barrier and mechanical 
performance among others, to add thermoplastic material to substrates. There 

are few studies available, reporting specifically about the heat seal performance 

of coated paper.  
 
In Andersson’s study, seal performance of dispersion-coated papers is evaluated 
with seal stength experiments to check the influence of calendering, neutralizing 
solvents and drying intensity. Calendering is evaluated as treatment, NH3 and 
NaOH are evaluated as neutralizing solvents, and 10 and 45% are two infrared 
powers that are evaluated for drying intensity. Fibre tear is regarded as optimal 

seal failure mechanism. Seals of materials that are neutralized with NH3 are 
stronger than those neutralized with NaOH. There is no clear effect of calendering 
and drying intensity on the strain energy. The amount of exposed fibre is used to 
assess the seal quality, where 100 % fibre is regarded as optimal seal failure 

mechanism. NH3-treated samples show a higher degree of exposed fibre. There is 
no clear effect of infrared drying. Calendering increases the area of exposed fibres 
only when NaOH is used to neutralize the material. These effects are related with 

rigid salt shell formations, impairing adhesion90. 
Hauptman et al. studied the heat seal performance of papers that are dispersion 
coated with a thin acrylic copolymer seal layer to comply with automatic seal 
machines. The increase of seal time and seal pressure improves the hot tack 
performance because of an improvement in heat transfer. Higher moisture content 
improves the seal performance by reduced seal initiation temperatures and 

increased strength values. In real production environments, where seal time is 
kept as low as possible to achieve high production rates, seal pressure and 

humidity are the most important factors to be adjusted towards each other. A 
thorough control of climate conditions is required in a reliable heat-sealing 
process91. 
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Merabtene et al. studied the compliance of PE coated papers for automatic seal 

machines. Papers turn brown at temperatures higher than the end of the plateau 
region (200-220 °C). Seal pressure is varied between 3 and 5.5 bar to check the 
influence on seal strength, but seal strength does not change within this range. 
High grammage paper (120 g.m-²) achieves higher seal strength than low 
grammage paper (85 g.m-²). This was attributed by the authors to more 
interdiffusion at the thicker PE seal layer. Several issues are described on the 

runnability of the papers on automatic seal machines, such as buckling of the film, 
caused by misalignment and web tensioning, undesired cutting by the forming 
shoulder, wrinkling of the bag surface, heat generation by frictional force in the 
forming tube. Further studies are needed to gain more understanding and develop 
solutions for these issues92. 

Tuominen et al. studied the influence of flame treatment, a surface treatment to 
increase wettability and thus to improve printing and coating properties, on seal 

and hot tack performance. The coated paper is produced by extrusion coating of 
LDPE on an 83 g.m-² paper. Equivalence ratio, which is the air-propane ratio, and 
line speed are varied for flame treatment, and temperature is varied for sealing. 
High equivalence ratios, with relative high propane content, decreased hot and 
cold tack performance by increasing initiation temperatures and thus narrowing 
hot and cold tack temperature windows. Cross-linking of top molecule layers, 
caused by high surface temperatures and the lack of oxygen, is suggested as 

cause of the decreased performance. Seal performance is increased, with lower 
seal initiation temperatures and thus wider hot and cold tack windows, if lower 
equivalence ratios are used. A decrease of surface temperature and the increase 

of oxygen causes a decrease of surface molecular weight, leading to increased 
chain mobility and interdiffusion across the seal interface93. 
 

Kuusipalo et al. studied hot tack performance of several paper grades with 
different grammages (70→275 g/m²), extrusion coated with 3-hydroxybutyrate/ 
3-hydroxyvalerate copolymer and compared with LDPE and ionomer coated 
papers. Initiation temperatures of PHB/V coated papers are higher, compared to 
reference films. Longer cool times increase hot tack forces, at fixed values for seal 
temperature of 135 °C, seal pressure of 0.6-0.8 N/m² and seal time of 0.5 s. For 

seal time, hot tack forces increase with higher seal times, at fixed values for seal 
temperature of 135 °C, seal pressure of 0.6-0.8 N/m² and cool time of 1.0 – 1.6 

s. The trend for seal pressure is unclear: in some cases, seal pressure increases 
hot tack forces, in other cases hot tack forces remain constant94. 
 
Rhim evaluated seal strength of PLA-coated papers, produced with solution 
coating and thermocompression and used PE-coated paper as a reference. There 

is no significant difference in the seal strength of the two PLA-coated papers. The 
seal strengths of both PLA-coated papers were 2.3 times higher than the PE-
coated paper95. In a similar study of the same author, the influence of different 
PLA concentrations on sealstrength strength is compared with solution casted 
coated papers. Seal strength increases linearly at higher PLA concentration until 
a plateau value is reached. This can be explained with the increasing coating 
thickness that is measured during that study at increasing PLA concentrations. 

Coating thickness also increases linearly with PLA concentration up to a PLA 
concentration of 4 %. This dependence of coating weight and thickness on the 
concentration of coating solution is also found in previous studies96. 
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The heat seal performance of PLA coated paper was also the subject of 

publications of other authors around that time. Lahtinen et al. studied the 
influence of post-production heat-treatment on the heat seal performance of PLA 
extrusion coated paper. This is relevant because heat treatment between 100 and 
150 °C can alter the polymer matrix to form a better water vapor barrier. Heat 
treatments between 100-130 °C with long duration times increase crystallinity, 
thus higher seal temperatures are needed to produce an optimal seal. The PLA 

remains amorphous after heat-treatments of 140-150 °C but reorder in a less 
permeable form. At these treatment temperatures, seal temperatures are only 
slightly elevated, compared to untreated PLA. Heat treatment between 140-150 
°C is better suited for high-speed operations because of the decreased water 
vapor transmission rate and the reduced impact on the seal temperature, 

compared to heat treatments between 100-130 °C97. 
Tai et al. evaluated heat sealability of PLA solvent coated papers. Nine different 

coating solutions are used, with chloroform as main solvent. Ethanol, N-propanol, 
PEG and PCL are added in some solutions. All solvents are varied while PLA is 
present in a fixed amount. There is no big difference in load values between 
samples. Further research is needed for a better understanding of these results98. 
 
In a study of edible coated paper of Shao et al., heat seal performance is 
evaluated. A 140-190 µm thick paper of celery fibres is made and spray coated 

with soy protein. The optimal seal strength is achieved at seal temperatures of 
110-130 °C and a seal time of 5-7 s. The strength increases from 0.114 to 0.161 
N.mm-1 with the increase of soy protein concentration from 10 to 13.75%. The 

sealing properties were attributed to the viscoelastic features of soy protein99. 
 

2.2.8 Additives 
 
Small amounts of organic or inorganic molecules are added to the polymer matrix 

to tailor the properties of polymers. Stabilizers, modifiers, such as pigments, 
opacifiers, slip agents, antiblock, chill roll release, lubricants, plasticizers, 
antistats, process aids, nucleating agents, clarifying agents, antifog, tackifiers and 
tougheners, and fillers can be differentiated40. 
Tackifiers can change the viscoelasticity of the seal polymer and thus impact seal 
performance. Plasticizers, can aid diffusion by increasing the mobility of rigid 

polymer chains, but can also act as lubricants by increasing intermolecular 

slippage and thus decrease adhesion. Slip agents, like fatty acid amides, bloom 
to the surface, where sealing occurs, and can interfere sealing if too much is used. 
Lubricants and processing aids, like silicon oils, can interfere as well by 
contaminating the seal interface49. 
 
There are few studies available on the influence of additives on seal performance 
with quantitative date. 

The impact of plasticizers is previously described to increase the ultrasonic seal 
performance of PLA by broadening the process window. The minimum amplitude 
to seal decreased from 18 to 13 µm by adding PETG plasticizer, compared to pure 
PLA, while the maximum amplitude is 32 µm for plasticized and pure PLA 65. 

Sancaktar’s study evaluated the influence of different fillers, such as calcium 
carbonate, talc, mica and glass fibre, on the ultrasonic weld performance of PP. 

Samples are injection moulded through a screw of 24 mm. This deviates from the 
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thin packaging, described above, but gives a first indication on the influence of 

fillers on seal performance. Weld strength, expressed in N.mm-2, and elongation 
decreased by adding filler and by increasing the filler concentration. This is 
attributed to the prevention of PP bonding. At extreme filler concentrations of 
40%, maximum weld strength decreased to 18, 10 and 6 N.mm-2 for calcium 
carbonate, mica and talc, while unfilled PP achieve 23 N.mm-2100. 
With the potential impact on surface chemistry, crystallinity, among other aspects, 

additives can impact seal performance. This is uncharted territory in open 
literature. 
 

2.2.9 Comparison of seal, mechanical and economic data 
 
Seal, mechanical and economic data of most of the above described polymer types 
are summarized in Table 5. Seal data of common fossil-based and biodegradable 
seal materials are compared qualitatively with *- and ◊-symbols, because of the 
lack of comparable data with absolute numbers. With the use of different multi-

layered structures, thicknesses, peel and non-peel films, a quantitative 
comparison, reduced to the influence of seal materials is not possible, especially 
in relation with different seal technologies, where multilayer film design is crucial 
for technology compatibility. Only materials with identical symbols can be 
compared on seal performance. Below the quality score, a brief explanation is 
given. More details can be found in the description of these polymers in the 
beginning of the chapter. Some of the results of chapter 6 are already added to 

complete the table. No explanation is given on the seal performance of PLA and 
PBS because of the lack of supporting background information, such as melting 
temperatures, melt strength, crystallinity of the specific films that were used in 
chapter 6.  
Besides seal performance, mechanical performance and economic data is given to 
highlight differences in polymers that were previously described. Density is of 

economic importance because of the increased cost, expressed in €.kg-1, of heavy 
weight packaging materials. Production volume indicators are given by fractions 
of the global virgin plastic production for non-biodegradable plastics and by 
production capacities for biodegradable plastics. The numbers for non-
biodegradable plastics are underestimations of real production volumes because 
of the exclusion of recycled plastics. The numbers for biodegradable plastics are 

overestimations of real production volumes because of the use of production 

capacity. However, with few available numbers on production volumes, the values 
in this table give an indication of production volumes, taking in mind the above 
described bias. 
Cells are empty if relevant comparable data is missing in literature. 
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Table 5: Qualitative comparison of seal performance (* or ◊), underlying causes 

(👍 or 👎), mechanical performance and economic data of plastics. 

PE 
 LDPE LLDPE mLLDPE HDPE 

Function (Seal and/or 

structural component) 

Both Both Primarily seal Structural 

Relative 

seal 

performance 

(a higher 

number of 

symbols 

indicates a 

better 

performance 
for that 

attribute) 

Low seal 

initiation 
temperature 

*** 

Tm ≈ 110 °C 

* 

Tm > 120 °C 

***** 

Tm ≤ 110 °C  

 

Ultimate seal 
strength 

*** 

👎 Small and 

long chains + 

👍 high 

crystallinity 

***** 

👍 Long linear 

chains, 👍 

high 

crystallinity 

***** 

👍 Long linear 

chains, 👍 

high 

crystallinity 

 

Peak hot tack 

strength 

* 

👎 Small 

chains at 

surface, 👎 

long chain 

branches 

 

👎 Low melt 

strength 

👍 high 

crystallization 

 

** 

👎 Small 

chains at 

surface, 👍 no 

long 

👎 Low melt 

strength 

 chain 

branches  

👍 high 

crystallization 

 

***** 

👍 Long linear 

chains at 

surface, 👍 no 

long chain 

branches 

👎 Low melt 

strength 

👍 high 

crystallization 

 

 

Hot tack 

temperature 

window 

* 

👎 Low melt 

strength 

** 

👎 Low melt 

strength 

* 

👎 Low melt 

strength 

 

Seal-through-

contamination 

** 

👎 Low hot 

tack 

performance 

** 

👎 Low hot 

tack 

performance 

👎 High seal 

initiation 

temperature 

**** 
👍 Good hot 

tack 

performance 

👍 Low seal 

initiation 

temperature 

 

Mechanical 

performance 

Tensile 

strength at 

break (MD) 

ASTM D882 

(N.mm-2)  

26 50 53 80 

Elongation at 

break (MD) 

ASTM D882 
(%) 

130 570 500 420 

Density - ASTM D792 (g.cm-3) 0.92-0.93 0.91-0.93 0.91-0.93 0.96 

Price in Europe mid-2022 

(€.kg-1) 

1.91 (film) 1.72 

(standard) 

 1.82 (film) 

Production volume indicator 

 (million tonnes) 

64 (all low dense PE grades) 

(% Converters plastic demand EU27+3 *Global 

production virgin plastics ’20) 

47 (% 

Converters 

plastic 

demand 

EU27+3 

*Global 

production 
virgin 

plastics ’20) 

References 40, 49, 101, 

102. 

40, 49, 101, 

102. 

40, 49, 102. 40, 101, 

102. 
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Other polyolefins 
 cPP oPP EVA ACR Ionomer 

Function (Seal and/or 

structural component) 

Both Both Both Only seal Only seal 

Relative 

seal 

performance 

(a higher 
number of 

symbols 

indicates a 

better 

performance 

for that 

attribute) 

Low seal 

initiation 

temperature 

  ***** 

Tm ≤ 60 °C 

***** 

Tm ≤ 100 °C 

**** 

Tm ≤ 100 °C 

Ultimate seal 

strength 

  *** 

👎 Low 

crystallinity, 

👍 polar 

interactions 

*** 

👎 Low 

crystallinity 

, 👍 hydrogen 

bonding 

*** 

👎 Low 

crystallinity 

👍 hydrogen 

bonding, 👍 

ionic 

interactions 

Peak hot tack 

strength 

  * 

👎 long chain 

branches 

👎 Low melt 

strength 

👎 chain 

entanglement 

👎 low 

crystallization 

*** 

👎 long chain 

branches 
👍 High melt 

strength 

👎 chain 

entanglement 

👎 low 

crystallization 

**** 

👎 long chain 

branches 
👍 High melt 

strength 

👎 chain 

entanglement 

👎 low 

crystallization 

Hot tack 

temperature 
window 

  * 

👎 Low melt 

strength 

**** 

👍 High melt 

strength 

***** 

👍 High melt 

strength 

Seal-through-

contamination 

  ** 

👎 Low hot 

tack 

performance 

👍 Low seal 

initiation 

temperature 

**** 
👍 Good hot 

tack 

performance 

👍 Low seal 

initiation 

temperature 

***** 
👍 Good hot 

tack 

performance 

👍 Low seal 

initiation 

temperature 

👍 High oil 

and grease 

resistance 

 

Mechanical 

performance 

Tensile 

strength at 

break (MD) 
ASTM D882 

(N.mm-2)  

45 140 31  24-37 

Elongation at 

break (MD) 

ASTM D882 

(%) 

650 180 530  300-500 

Density 

ASTM D792 

(g.cm-3) 

0.9 0.9 0.94 0.93 

(EAA) 

0.95 

Price in Europe mid-2022 

(€.kg-1) 

1.87 (PP homo) 5.4   

Production volume indicator 
 (million tonnes) 

73 (all PP grades) 
(% Converters 

plastic demand 

EU27+3 *Global 

production virgin 

plastics ’20) 

   

References 40, 

101, 

102. 

40, 

101, 

102. 

40, 49, 103. 49, 104. 40, 49. 
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Other plastics 
 PET PA 6 PLA PBS Cellulose 

Function (Seal and/or 

structural component) 

Primarily 

structure 

Only 

structure 

Both Both Only structure 

Relative 

seal 

performanc

e 

(a higher 

number of 
symbols 

indicates a 

better 

performanc

e for that 

attribute) 

Low seal 

initiation 

temperature 

  ◊◊◊◊◊ ◊◊◊◊◊  

Ultimate seal 

strength 

  ◊◊◊ ◊◊◊◊  

Peak hot tack 

strength 

  ◊◊ ◊◊◊  

Hot tack 

temperature 
window 

  ◊◊◊◊◊ ◊◊  

Seal-
through-

contaminatio

n 

     

Mechanical 

performanc

e 

Tensile 

strength at 

break (MD)  

(N.mm-2)  

200 

(ASTM 

D882) 

90-120 

(ASTM 

D882) 

69 

(ISO  

4593) 

57 

(ISO  

4593) 

125 

(ISO  

4593) 

Elongation at 
break (MD) 

ASTM D882 

(%) 

1116 300-900 147 
(ISO  

4593) 

443 
(ISO  

4593) 

21 
(ISO  

4593) 

Density 

ASTM D792 

(g.cm-3) 

1.39 1.15 1.24 1.23-1.26 1.6 

(nanocellulose

) 

Price in Europe mid-2022 

(€.kg-1) 

1.78 

(bottle) 

3.84    

Production volume indicator 

(million tonnes) 

31 

(% 

Converter
s plastic 

demand 

EU27+3 

*Global 

production 

virgin 

plastics 

’20) 

6 

(% 

Converter
s plastic 

demand 

EU27+3 

*Global 

production 

virgin 

plastics 

’20) 

0.46 

(Global 

productio
n capacity 

’21) 

0.08 

(Global 

productio
n capacity 

’21) 

0.08 

(Global 

production 
capacity ’21) 

References 40, 101, 

102. 

40, 101, 

102. 

40, 105, 

106. 

105, 106, 

107. 

83 , 105, 106. 
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2.3 Seal performance evaluation 
 
Before describing the need of a design-of experiments approach it is important to 
give more details on the different options to evaluate seal performance, previously 
introduced in 1.4. This section focusses on these tests and describes on-site 
methods and process controls to give the main current options to evaluate seal 
performance. 
 

2.3.1 Seal Strength 
 

Seal strength is defined as the force per unit width of seal, required to separate 

flexible material from rigid material or flexible material, under the conditions of 
the test. It can be expressed in different units, such as N.m-1, N.mm-1, lbf.in.-1, 
Gmf.in.-1. The seal strength test is carried out on samples with specified width, 
15, 25 or 25.4 mm108. Samples that need to be compared on other aspects as 
orientation must be cut in one orientation. ASTM F2029 describes how samples 
can be prepared in the lab109. For seal strength, often wide samples are sealed. 

After sealing, a strip is cut for strength testing. Seal parameters, such as bar 
temperature, seal time and seal pressure, can be varied to test the influence of 
each of these parameters on the seal strength. Seal parameters can be tested in 
ranges that are relevant for the studied industrial process. Bar temperature is set 
at the same value for both bars unless only one bar is heated in the industrial 

process that is studied, f.e. topfilm-tray seals. The making of heat seals in ASTM 
F2029 is described as an appropriate method for quality control in manufacturing 

sealed films. Seal strength, described in ASTM F88, is a quantitative measure for 
use in process, validation, process control, and capability. 
 
Besides lab made seals, seals can be cut in industrial sealed packages as well. 
Once the seal is made, in a lab (ASTM F2029) or industrial environment, it can be 
tested with a universal testing machine. The seal strength test evaluates seals 

after cooling down and storage for a specified time. When seals are tested shortly 
(milliseconds, seconds) after sealing hot tack strength is tested instead of seal 
strength. A storage time of 40 h or higher must be used if information on the 
stability of heat seal strength is absent. Shorter and longer cool times, that could 

be relevant to evaluate ageing of the seal, are possible but must be reported108. 
Tests are carried out in a standard atmosphere of 23 °C and 50 %, as described 
in ISO 291110. Test conditions can be varied for specific test objectives. Each leg 

of the sealed sample is clamped, the ASTM standard recommends a clamp 
distance of 10 or 25 mm for respectively high and less extendable materials. The 
tail of the legs can be supported or unsupported. In many cases, a T-peel test is 
carried out to determine the seal strength. In this test, samples are tested in a 
180° angle. Figure 32 shows the different tail holding methods of the ASTM F88 
standard. 
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Figure 32: Tail holding methods108. 

 
It is also possible to change the angle f.e. to simulate the opening process by the 
end consumer. The opening of a sealed pouch and tray is illustrated in Figure 33. 

 
Figure 33: Opening of different packaging concepts by end consumer (left: 

pouch, right: topfilm and tray)111. 

Lower test angles tend to increase seal strength of peelable samples112. The speed 
of testing is set at 200 or 300 mm/min. High test speeds tend to increase seal 

strength of peelable samples113. Force and displacement are registered during the 
test; seal strength is calculated by dividing force with seal width. 
 
To compare the results of several samples to check the influence of one or more 

factors there are several numerical values that can be used from the seal strength-
displacement curve. Maximum seal strength is most often used to compare 
samples, there is no further interpretation needed in determining a maximum 
value. Specific peak values, such as the begin and end peaks in a seal strength 
test of burst peel concepts, can be reported. Average seal strength, which is the 
average value of a specified region in the seal strength-displacement curve, can 
be reported for peelable concepts. It describes the average strength which is 

needed to peel a seal after the opening peak and before the ending peak. Seal 

energy, which is the work that is needed to open the seal and which is represented 
by the area under the seal strength-displacement curve, can be reported as well. 
Seal strength results are expressed in N.mm-1, in some reports and papers the 
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width of the sample is shown in the unit, f.e. N/15mm. It is necessary to report 

the width of the sample when only forces are shown. Seal energy can be expressed 
in J or in J/mm, J/15mm, etc… 
 
Seal strength results of samples with a variation in one seal parameter and/or in 
one material parameter can be easily compared in a two-dimensional graph. These 
graphs types are most often shown in seal research papers. An example is given 

in Figure 34, the average values and standard deviations of the maximum seal 
strength are shown. The material composition of the thin layer at the seal surface 
and bar temperature are varied to study their influence on the maximum seal 
strength. With both materials, maximum seal strength starts to rise quickly from 
the baseline at a certain temperature. This temperature is referred to as seal 

initiation temperature. The threshold value of 0.05 N.mm-1 indicates seal 
initiation114. After the seal initiation temperature, there is a steep slope until a 

plateau value is reached. There is also an end of the plateau, this is not visible at 
the figure below because bar temperature must be increased to higher values to 
visualize the end of the plateau region.  
 

 
Figure 34: Influence of bar temperature and seal layer composition on the 

maximum seal strength of two PET/PE 12/50 flowpack films, sealed at 1.0 s and 
1.0 N.mm-1, n=3. 

 
Besides calculating seal strength, different failure modes can be observed. The 
ASTM F88F88M-15 standard108 suggests a classification of failure modes in two 
categories: seal separation modes and interferences. The seal can be separated 
by adhesive peel, cohesive peel and delamination as show in Figure 35. 
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Figure 35: Seal separation modes (black: outer layer topfilm, light grey: seal 

layer topfilm, dark grey: bottomweb). 

 
An example of cohesive peel failure, as a result of blending PB and PP, as 

previously described, is shown in Figure 36. 
 

 
 

Figure 36: Cohesive peel failure during seal strength test. 
 
 

 
One or both films can be interfered by material break at the seal or at remote 

material as shown in Figure 37. 
 

 
Figure 37: Interference by material break (black: outer layer topfilm, light grey: 

seal layer topfilm, dark grey: bottomweb). 

 
Elongation of material and peel with elongation are included in the standard as 
interfering mechanisms. These seal failure mechanisms are visually determined.  
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There are other standards available to evaluate seal strength.  
ASTM F2824 describes a test method to evaluate the seal strength of round cups 
with flexible topfilm115. The whole seal area is examined. The test can also be used 
on rectangular trays and is suitable to test the following packed products: ready 
meals, creamers, coffee, yoghurt, etc. A constant peel angle can be maintained 
by a movable sled, as shown in Figure 38. 

 

 
Figure 38: Peel test of round cup and top lid at constant peel angle. 

 
ASTM F1140 describes a test method to evaluate the burst pressure of a 
package116. In a burst test, the pressure increases until the package fails. The 
package will fail at the weak spot which is the seal area in many cases.  
  
ASTM F2054 describes the burst test with restraining plates117. By using these 

plates, material stretching and deformations are minimized and the load will apply 
more directly on the seal area. A higher burst strength will be reached with 
restraining plates compared to unrestrained tests. The lower the gap between the 
plates, the higher the burst strength will be. A schematic of the setup is shown in 

Figure 39. 

 

 
Figure 39: Inflated sealed pouch and restraining plate. 
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2.3.2 Hot tack 
 
The hot tack performance is measured shortly after heat sealing, at very short 
cool times, below 1 s. 118. Besides the very short cool time, hot tack tests differ 
from seal strength tests with high test speeds. This test gives useful information 
to rank and evaluate materials for their use in a form-fill-seal process. During this 
process the seal undergoes disruptive forces. These forces can be caused by food 

products, spring back behaviour in multi-layered areas and solid contamination. 
Directly after sealing, the seal is still hot and the seal strength is not a relevant 
property to evaluate materials and/or optimize the sealing process. The relevance 
of hot tack performance is illustrated in Figure 4049. 

 
Figure 40: Examples of why hot tack is important. (A) Internal pressure from the 
weight of the product or air in a vertical form fill seal operation. (B) Holding shut 

wrinkles and folds in a horizontal form fill seal operation49. 

 

The hot tack test is carried out on 15, 25 or 25.4 mm wide strips according to 
ASTM F1921.119 A hot tack tester has two heated bars and tensile tools to 
perform the hot tack test. Seal parameters (temperature, time and pressure) must 
be controlled and seals are tested at a constant test speed. Hot tack strength 
increases at high test speed. This increase can be explained by the increase of 
fracture energy, that is added to bending and elongation energy to calculate the 
work to open a peelable seal. The fracture energy increases at higher testing 

speeds because of the higher local viscoelastic energy dissipation at the crack 

tip112. At low test speed the effective cool time will be higher than the setpoint 

value. It is not recommended to use this low test speed. In a comparative study 
on hot tack tests, 200 mm/s is recommended118. The hot seal is tested after a 
specified delay or cool time. The impact of cool time can give relevant information 
about the strength development of the seal while it is still hot in the packaging 
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process. Peel failure occurs more often, compared to seal strength tests because 

of the lack of crystallization at very short cool times, below 1 s118. Lab hot tack 
testers will cool the seal in a passive way. In food industry, seals can be actively 
cooled by pressurized air, which increases cool speed. 
 

2.3.3 Seal interface temperature 
 
The temperature of the seal interface is critical for seal quality because 
entanglement of polymers occurs at the interface120. It is possible to measure this 

temperature with a thermocouple. For ease of use and to increase the lifespan of 
the thermocouple, membrane thermocouples are preferred. With a proper 

connection and software, temperature is recorded as a function of time. Data 
acquisition, temperature range, membrane composition and thickness must be 
considered to allow good interpretation of results. A low seal pressure and flat to 
flat bar surfaces are advised to avoid damage to the thermocouple and/or the seal 
bars. Soft seal bars, f.e. Teflon coated bars, can be damaged by the use of 

thermocouples. 
 
Figure 41 shows a simple setup of a seal interface temperature measurement. 
Figure 42 shows the curves of seal interface temperature at different seal times. 
A type K thermocouple of 130 µm with a polyamide membrane can be used to 
perform the measurements121. Membrane thickness needs consideration because 
of the impact on temperature conduction. Also, data acquisition rate is of interest 

because important data points, such as peak values, can be absent at low 
acquisition rates. The relation of seal temperature, seal time and material can be 
studied to optimize the sealing process. 

 

 

Figure 41: Seal interface temperature 
measurement setup. 

 

Figure 42: Influence of seal time on 
seal interface temperature of an 

oPA/PE 15/40 flowpack film, sealed at 
120 °C and 1 N.mm-². 
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2.3.4 Seal integrity 
 
Besides seal strength, seal integrity is crucial for food packages to prevent 
microbiological or biochemical degradation. Air-leak and dye penetration tests are 
carried out to evaluate package or seal integrity of food packages. Besides 
qualitative testing, it is possible to calculate the size of the channel leak with the 
measured pressure difference with air leak testing122. 

 
ASTM F2096 describes a method to detect gross leaks by internal pressurization 
under water123. In this test, packages are inflated underwater to a predetermined 
pressure for a certain time, the failure area is visible by the presence of bubbles. 
This method can be used to check the presence of channel leaks in the seal area. 

In the annex of the standard a method is described to determine the pressure. A 
package with a seal with a channel leak is inflated underwater (the seal is 

approximately 25.4 mm underwater) through one hollow needle and pressure is 
monitored with another hollow needle. Pressure is increased until bubbles are 
visible. This pressure can be used as minimum test pressure to evaluate seal 
integrity. Higher values of pressure can be used to increase the sensitivity of the 
test but excessive values should be avoided to prevent packages to rupture or 
creep open. A simple set up of the test is shown in Figure 43. 

 

 
Figure 43: Bubble leak test. 

 
ASTM F2095 describes a similar approach (pressure decay leak test), without the 
use of water and the option to use restraining plates124. Restraining plates can be 
used to increase the test sensitivity, to avoid extreme deformation and it may 
reduce the test time if filling time is decreased because of the restrained packaging 

volumes. Care must be taken to avoid blocking of pinholes with the plates. 
Test equipment is available today to check seal integrity of packages without 
destroying the package by inserting hollow needles. Packages are inflated in a 
vacuum chamber, the escape of tracer gas (CO2) or pressure difference reveals if 
there are leaks present. This test is non-destructive but the location of the defect 

is not clear.  
 

ASTM F2338 describes this test for leak detection based on pressure 
difference125. 
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ASTM F3039 describes a method specific to test channel leaks in seal areas.126 
An aqueous solution with an indicator dye and a wetting agent is poured or 
injected on the inner side of the package. The solution is in contact with the seal 
for five seconds. On the other side the seal is pressed against an absorbing paper, 
the presence of stains is an indication of a channel leak. The pathway of the leak 
is coloured by the solution. With transparent packaging films the seal can be 

studied more into detail by using a light microscope. This method can only give 
qualitative information. Limited equipment is needed to perform the test. If the 
solution doesn’t weaken the material and seal it can be combined with a seal 
strength test on the same sample. 
 

2.3.5 Gas permeation through seals 
 
Gas permeation through packaging films consists of three steps: 

• adsorption of gas onto the surface,  

• diffusion through the film and  
• desorption of gas from the other side of the film4. 

These three steps also occur through seal materials when the seal is tight. There 
are no studies available in literature that address this topic. Presumably because 
the impact of the tight seal permeation on the package is very low because of the 
relatively small seal surface, and the relatively large pathway gas molecules need 
to travel, which is in the mm or cm range. The film surface on the other hand is 

very large, covering almost 100% of the package area. On top of that, the 
pathway is very small, often below 100 µm. 
When seals are not tight, because of the presence of channel leaks, seal 
permeation can have a big impact on the package permeation. The transport of 
gasses through channel leaks follow Fick’s diffusion and can be calculated with the 
following formula: 

 
𝑁 = 𝐷 ∗ ∆𝑐/(𝑙 + 𝜀) 
Equation 4127. 

N is the massa flux of a particular gas (g/cm²/s), D is the diffusion coefficient of 
that gas in air (cm²/s), Δc is the difference in concentration (g/cm³) and (l+ε) is 

the length of the channel with an end correction term (cm).  
 
ASTM F1307-20 can be followed to detect oxygen molecules with a coulometric 
sensor through dry packages. Oxygen gas transmission can be calculated after 
mounting the package to a test fixture and equilibration at the environment. An 
equal pressure is maintained at both sides of the test sample128. This method is 
suited to test packages when seals are tight. With channel leaks in the seal, 
oxygen permeability can reach extreme high values. because of the free passage 

of oxygen molecules, following Equation 4. This can damage the coulometric 
sensor of oxygen permeation modules, which have an upper detection limit around 
200 cc/m².day129. Additionally, it is not possible to maintain the equal pressure 
with a leaking seal.  A fluorescent decay method is better suited for leak 

measurements and resulting high oxygen ingress. ASTM F3136-15 can be 
followed. This standard measures OTR by an accumulation method for plastic 
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films130. To mount a sealed sample on a text fixture, small adjustments can be 

made, such as the use of a mask to avoid cross leakage at the edges of the seal.  
 
In a 2016 study channel leaks were induced with human hair and pouches with 
and without defects, containing ham sausage were compared in a food 
preservation test. The surplus of permeated gases in defect packages did not 
increase microbiological and biochemical degradation, but there was a 

discoloration of the ham sausage with defect pouches that can lead to rejection 
by customers131. 
 

2.3.6 On-site evaluation 
 
Online inspection of packed food products in companies has many advantages 
compared to lab research. A first obvious advantage is that every single package 
can be tested. Another advantage is the speed of identifying the cause of package 
failure, the cause could be attacked directly after identification. Product recalls 

can be avoided which results in less product loss, brand protection and 
maintaining consumer confidence. 
 
There are commercial systems available to perform online inspection of food 
packages, these are based on several technologies: pressure difference, vacuum 
decay, tracer gases, camera vision, X-ray inspection, thermal imaging, ultrasound 
inspection, vibration analysis and high voltage leak detection132. 

With pressure difference, packages are compressed before and after application 
of a load, movement is measured by a linear encoder. This method is not well 
suited for sealed trays because of the rigid side walls that partially prevent 
downwards movement.  
The vacuum decay method is previously described in 2.3.4, pressure difference 
is measured of sealed packages in a vacuum chamber. Large leaks will not be 

detected because there will be no further decay, compared to the room where the 
test takes place.  
It is also possible to detect tracer gases such as CO2 with modified atmosphere 
packaging. CO2 is a very common tracer gas, it is present in a large amount in 
modified atmosphere in packages, up to 50%, while in standard atmosphere it is 
only present in very low amounts, up to 0.5%133. The methods with vacuum decay 

and tracer gas are performed mostly in batch modes and will take several seconds, 

which makes it hard to achieve high outputs.  
High voltage leak detection can be used to detect leaks, specific in containers 
with liquids by an increase of conductivity. 
Vision systems compare seal areas before and after sealing, they are suitable to 
detect small deviations of the sealed area very quickly. Grey images are made 
and grey level variance is used with X-ray technology to compare seal areas. 
Thermal imaging uses wavelengths in the infrared spectrum. Areas with slight 

variations in temperature can be visualized in high contrast. In general, vision 
systems are suited to identify deviations of the seal area, caused by unsealed 
parts, contamination in the seal, wrinkles and/or folds, but are not able to identify 
leaks. Ultrasonic inspection of seals and vibration analyses of seal bars are 

examples of two technologies that can also be used to detect deviations without 
leak identification. 
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Upcoming technologies in this area are Terahertz radiation, polarized light stress 

analysis and laser scatter imaging. Table 6 compares commercially available 
inspection technologies for seal and package integrity. This table is a result of the 
comparative literature study on on-site seal evaluation during the VIS project 
nr.100492 on sustainable and functional packages, funded by VLAIO. 
 

Table 6: Online inspection of seal/package integrity132. 
Technology 
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 Packaging 

limitations 

Product 

limitations 

Remarks 

Pressure 

difference 

- + + - + + Package 

must contain 

enough air 

No crisp 

products 

(e.g. potato 

chips) 

Pinholes down 

to 3 mm at 

200 

units/minute 

Vacuum 

decay 

- + + - + ? Flexible, rigid 

and semi-

rigid 

packaging 

No crisp 

products 

Mostly in 

batch mode, 

defect size 

down to 1.5 

µm (liquid 

filled) 

Tracer gases + + + - + - When CO2 is 

the tracer 

gas: only 
MAP 

/ Mostly in 

batch mode 

Camera 

vision 

+ + - + - + Only 

transparant 

packaging 

material 

/ Before or after 

sealing 

X-ray 

transmission 

+ + - + - ? At least one 

of two films 

must be 

transparent 

/ Particles down 

to 0.5 mm² 

Thermal 

imaging 

+ + - + - + / / Suitable for 

non-

transparant 

packaging 

Ultrasound 

inspection 

+ + - + - + / / Defect size 

down to 1 mm 

Vibration 

analysis 

+ + - + + + / / Self-learning 

algorithm 

High Voltage 

Liquid 

Detection 

- + + - + + Non-

conductive 

packaging 

material 

(plastics, 

glas, …) 

Liquid-based 

food 

products, 

food product 

should be in 

direct contact 

with 
packaging 

material 

Pinholes and 

microcracks 

down to 1 µm 
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2.3.7 Leak seal prevention 
 

In a previous study on the seal integrity of food packages in the UK, contamination 
of the seal area is indicated as main cause for channel leaks134. Other causes for 
channel leaks are inadequate machine settings (bar temperature, seal time, seal 
pressure, cool time), machine conditions (parallelism of seal tools, profiles of seal 
tools, tool contamination, temperature distribution of the tool, wear of the tool 
surface, inappropriate tool materials, gas supply, etc.) and inadequate materials. 

 
To prevent leaks caused by contamination, seal contamination can be prevented 

and/or seal-through-contamination performance can be improved. 
Water from the environment can be avoided by controlling temperature and 
relative humidity to decrease condensation water. Dust contamination can be 
minimized by increasing the weight of its particles with high relative humidity so 
particles are more likely to fall down. Good engineered ventilation systems can 

blow away contaminated air and bring in new clean air. Housing of the packaging 
equipment can be considered to avoid environmental contamination135. Static 
electricity can cause dust adhesion at the packaging surface, ionisers can be used 
to limit this process by firing positive and negative ions136.  
A similar approach to dust can be used with powdery food products. High-density 
powders, with small particles, bad cohesion, and low humidity generally cause the 
biggest dust problems. Dust can be removed directly from the seal area by air 

wash systems.137 Vibration systems can be installed to remove undesired powder 
on surfaces. The composition can be changed, f.e. by adding emulsifiers such as 
soy lecithin, to create more agglomerates and more air in between these surfaces 
generating a lower powder density138. Filling speed should be optimized, low 
speeds give rise to getting absorbed in environmental air flows while high speeds 
generate high air flows. The composition of liquid can be changed to make it more 

viscous and filling speed can be optimized as well. Dipping filler tubes, dipping 
nozzles, masking systems and/or pinch bars can be used to avoid contamination 
on the seal surface134. 
 
In 2.2.1, the ability to encapsulate solid particles by seal materials is mentioned, 
often referred to as ‘caulkability’. In general, soft seal layers and a high thickness 

of seal layer are preferred to encapsulate solid particles. The seal settings should 

be optimized to ensure an optimal flow ability of the seal material for the 
encapsulation process. Other aspects that should be considered are the seal 
technology and the shape of the seal bars. Ultrasonic sealing gives promising 
results when sealing through solid particles11. Bar geometry is important for all 
technologies. Flat to flat seal bars are mostly not optimal because of the possibility 
of channel leaks when solid particles are present on the seal area. Air acts as 
insulator at areas without contact and interface temperature drops. Wrinkles and 

channel leaks can occur at these areas. Insufficient parallelity of seal bars, a 
feature that can be checked with carbon paper or pressure sensitive film, can also 
cause areas without contact. Contact between both seal sides can be improved by 
increasing setpoint pressure and using resilient counterparts (shown in Figure 44) 

and/or a serrated pattern (shown in Figure 45) that forces the packaging material 
to stretch when the tools are closed. 
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Figure 44: Hot bar with resilient counterpart. 

 
Profiled bars that push more at certain lines, spots are preferred because at these 
areas, contamination can be pushed away and a tight seal can be made. In a 
serration pattern, angle, radius, pitch and depth impact the pressure and thus the 
contact between bar and packaging material, these factors can be adjusted to 
match films and/or bag types1. Serrated bars with higher pitch and equal seal 

length, force, angle, radius and depth will have a lower seal pressure because of 
an increased surface area and vice-versa. Serrations can occur horizontal, as 
shown in Figure 45 to ensure tightness of packages. For some applications, such 
as candy bags, vertical serrations are used to ease the opening of the bags. The 
vertical lines can serve as easy tear strips3. 

 

 
Figure 45: Horizontal serrations in a seal bar and the different factors of a 

serrated pattern. 

 
The risk of leaks can be decreased by using wider bars and thus increasing seal 
length.139 The hot tack performance increases, because it takes more energy and 
(cooling) time to open the seal while it is still hot. Higher seal length will however 

increase the material cost so an optimal balance must be found. 
With aqueous solutions as contamination, encapsulation will not improve the seal 
performance. Seal temperatures are most often over 100 °C with the consequence 
of boiling water that is still present at the interface. Encapsulated water will be 
vaporized and large steam bells can open the package. This type of contamination 
needs to be pushed away at certain areas with the possibility to escape from the 
seal. An appropriate shape of the seal bar should be selected. The same practice 

as with aqueous solutions can be used to seal through oil and fat. 
In a recent guideline of the IVLV a method is published to optimize the seal- 

through-contamination performance of applications with a response surface 
methodology140. 
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2.3.8 Additional characterization 
 
Besides the above described methods, researchers of heat seal studies also apply 
other methods, further from the application, to relate characteristics, such as 
crystallinity, flow behaviour and molecular structure, with seal performance and 
thus acquire more knowledge of the sealing process. These other methods are 
briefly listed below with the objectives and references to seal studies. A generic 

description of the results, in relation with seal performance, is previously 
described in 2.2. For further details on these methods and the correlation of the 
specific results of each of these papers, the reader is referred to these studies. 

• Rheology: Dynamic rheological measurements to help obtaining data to 
estimate the molecular structure29, 31, 38; Viscosity ratio as an important 

property in the dispersion of polymer blends64; Extensional rheology to 
study the role of molecular structure on melt strength27.; Monitoring the 

damping factor tan δ to analyse viscoelastic behaviour65. 
• Gel permeation chromatography to obtain the molecular weight and its 

distribution 25, 26, 29, 31, 38. 
• Temperature rising elution fractionation (TREF) and crystallization 

analysis fractionation (CRYSTAF): to obtain chemical composition 
distribution profiles25. 

• Fourier-transform infrared spectroscopy (FTIR) to identify polymers 
and/or to quantify polymers at the surface.25, 46 

• Differential Scanning Calorimetry (DSC): to obtain crystallinity and 

thermal transitions, such as melting and glass transition temperatures25, 

26, 27, 28, 29, 38 , 46, 65, 66. 
• Microscopy: Light microscopy to visualize flow behaviour after sealing46; 

Transmission and scanning electron microscopy (TEM and SEM): to 

observe different polymer phases in blends46, 64; Atomic Force Microscopy 
(AFM) to characterize crystallite structures25. 

• Dynamic mechanical (thermal) analysis (DM(T)A): for viscoelastic 
analysis, such as damping factor tan δ, storage and loss modulus. 54, 66. 

• Coefficient of friction (COF): to determine the static and dynamic slip 
ability46. 

• Optical properties: gloss and opacity are determined as important 

characteristics of packaging films46, 64. 

• Contact angle measurements to analyse surface-liquid interactions38. 
• X-ray diffraction: to study crystallite structures29. 
• Carbon Nuclear Magnetic Resonance (CNMR): to quantify long chain 

branching26. 
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2.4 Industrial sealing processes and the need for a 

design of experiments approach 
 
Automatic sealing processes, relevant for the food industry, are described to 

highlight the complexity of the industrial sealing process.  
 
Automatic heat sealing processing 
In packaging lines, sealing is often an automatic process along with the forming 
and filling process. A differentiation is made between horizontal and vertical form 
fill sealing.  

 

In horizontal form-fill-sealing, packages are formed, filled and sealed in a 
horizontal line. Pouches that are produced in this way are often referred to as 
‘flowpacks’. Thermoformed trays with topfilms are also produced in a horizontal 
line. 
A simple scheme of a flowpack process is shown in Figure 46. Three main parts 
are shown, the infeed chain (I) where the products are moved horizontally, the 

fin-seal unit (II) where the formation of flowpacks starts and the cross seal unit 
(III) where the flowpacks are closed and separated with a knife141, 142. In this 
figure solid products are fed horizontally and a flow is wrapped around each 
product. It is also possible to fill the pouches vertically so liquids, pastes and 
creams can be packed. With some machines, cutting is performed between the 

forming and filling process. In that case the filling is vertically. Several pouch 
types can be produced with this technology at speed rates up to 1000 packages 

per minute and more, depending on the machine type4. 
 

 
Figure 46: Flowpack process. 

 
In the fin seal unit, seals are made with a rotary sealer. Fin seals are produced 

when the inner material sides are brought together. Lap seals are produced when 
the inner side is sealed against the outer side of the film141. This is shown in Figure 

47. In section II of Figure 46 it would be possible to produce lap seals as well with 
the appropriate instruments. Fin seals are possible with all sealable packaging 
films because it is always possible to produce a seal. With lap seals the packaging 
material composition has to be considered as it is not always possible to produce 
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heat seals when different outer and inner sides are brought together. For example, 

for typical flowpack films with PET outer layer and PE inner layer this would not 
be possible as these materials can’t be sealed together with heat, because of the 
different melt temperatures and the lack of diffusion. Less material is needed to 
produce lap seals, compared to fin seals. 

 

 
Figure 47: Fin (I) and lap (II) seal. 

 
In a final step (III), shown in Figure 46, the package is closed with a cross seal. 
During this step a seal can be made while a fold is present, because of the 
longitudinal seal which is made at the fin seal station56. This is shown in Figure 
48. As a result, thickness of the package is not equal between the seal bars. The 

four layered zone will undergo higher pressure than the two layered zone. The 
fold can create a void at the marked area of Figure 48 if the material flow does 

not fill up the space that is the result of folding the film. The ability to fill up voids 
is often referred to as ‘caulkability’29, 31. Bar temperature must be high enough 
over to reach sufficient interfacial temperature over the full width of the package 
so seal material can flow and fill up voids.  
 On top of that, the fold can spring back after opening of the seal bars when hot 

tack strength is insufficient. Both mechanisms can result in a channel leak56. 
 

 
Figure 48: Cross seal with laminated material (black: outer layer, grey: seal 

layer, red cross: high risk area for channel leaks). 

 
These issues can be resolved by working with appropriate seal materials and 
parameter settings.  
 
In a thermoform-fill-seal process two webs are used in a horizontal line. A 
thick web is thermoformed into a container (tray, cups, etc.) and filled with food 
products. A thin web is used as topfilm to close the package. As two separate 
webs are used it is important to consider the seal materials as only some seal 

materials are compatible4. 
Thermorm-fill-sealing, and the sealing of pre-thermoformed and injection 
moulded trays trays are most often performed with heat conduction. The sealing 
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process of one tray and topfilm is shown in Figure 49. A hot plate is used at the 

top, while one or multiple trays are kept in position143. 
 

 
Figure 49: Tray sealer. 

 
When food is filled vertically, the automatic process is referred to as vertical form 
fill sealing (VFFS). Figure 50 shows the VFFS process. In the upper part (I) a 

pouch-forming collar transforms a web into a pouch. When the pouch is shaped a 
longitudinal seal is made (II). Similar with the flowpack process this can be a fin 
or a lap seal. The lower cross seal is made (III) and the pouch is cut into a separate 
package with a knife that is present in the middle of the cross seal bar. After 
opening of the seal bars, the product drops down the filling tube (I) into the pouch. 
At the end the upper cross seal is made to close the package3, 4. Hot tack strength 
is even more relevant for this application because of the drop of food on the cross 

seal while it is still hot56. 
 

 
Figure 50: Vertical form-fill-sealing unit. 

 
The choice of an automatic sealing machine is dependent on several aspects such 
as packed product, available area, packaging speed, packaging concept, etc3, 4. 
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2.5 Impacting factors of heat-sealed food packages 

in a design of experiments approach 
 
Factors and interactions that impact heat seal performance and a design of 

experiment (DOE) approach is described to evaluate and optimize seal 

performance. This approach is used and explained more specific and detailed in 

chapters 3, 4, and 5. 

 

2.5.1 Grouping of factors 
 
In a recent review on the factors that affect heat seal quality in flexible food 
packages, a figure is shown that groups these factors into material properties, 
process parameters, contaminants and further processes141. Figure 51 is an exact 
copy. This original figure shows the information by indicating the amount of 
research that is already performed for each of the factors with the darkness in 
coloration, and by visualising interacting factors with arrows. The factors in dark 

areas have been subject of most seal studies, while studies of factors in white 
areas are absent. 
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Figure 51: Factors affecting heat seal quality; The amount of research that is 

already performed for each of the factors correlates with the darkness in 
coloration; Arrows visualise the interaction between factors141. 

 

When solely focussing on the temperature at the seal interface as crucial factor 
that affects heat seal quality, previously discussed in 2.3.3, other factors can be 
grouped slightly different. In a 2011 presentation, Peter Rychiger groups the 
factors that impact seal temperature of the interface into:  

• machine settings (setpoint temperature and machine speed);  

• technical machine conditions (position of thermocouple, thermal 
conductivity and tool shape/parallelity);  

• packaging material factors (insulation factor, thickness); 
• and filling conditions (temperature filling product, headspace)144. 

 
The process parameters temperature and time are a typical and simple example 
of interacting factors, indicated with an arrow in Figure 51. The temperature at 
the seal interface will decrease with higher seal speeds (=lower seal times) while 
higher tool temperatures will increase the temperature at the seal interface. 

 
Interacting factors are often more complex. In the example of the cross seal in 
HFFS, described in 0, material flow and hot tack strength are additional factors 

that affect leak tightness57. Interacting temperature and pressure has upper limits 
to avoid expelling low viscous seal material at the four layered area49. Other 
material properties, such as thickness and conductivity play obvious roles in the 

heat transfer from contact area to the interface. Thicker materials will need higher 
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bar temperatures (and/or longer seal times). The presence of a high conducting 

layer, such as aluminium, can have a beneficial impact in both ways on the heat 
transfer from contact area to seal interface. Lower bar temperature can be 
sufficient and the hot tack performance can be increased as heat is better 
conducted away from the seal interface after opening of the bars145. 
Other factors, amongst contamination presence and environmental factors, will 
interact and impact seal performance. These interactions are discussed in the 

following chapters. 

 

2.5.2 A design of experiments approach to evaluate and 

optimize the industrial sealing process 
 
Introduction 
Seal experiments are performed to increase knowledge by increasing the 
understanding of cause-and-effect relationships. It is a process in which changes 
are made in levels of input factors, continuous and/or categorical, to observe 
changes in output, with one or more seal performance indicators. The experiment 
can have three objectives: 

• Exploring by checking which input factor(s) affect performance 
indicator(s) 

• Making a model that describes the effect of input factor(s) on performance 
indicator(s) 

• Optimizing by adjusting level(s) of input factor(s) to produce desired 
level(s) of performance indicator(s) 

 
Previously, factors that impact the heat seal performance are described. Some of 
these factors interact with each other. In a common approach to evaluate the 
impact of factors on a specified performance indicator, also referred to as 
response, only one factor is varied. This ‘one factor at a time’ (OFAT) approach is 
not reliable with processes with interactions because the response will change 
when other factors are different. The OFAT-approach is inefficient because of the 

need of many experiments to find out the impact of several factors on seal 
performance. The major disadvantage is the failure in considering impacts of 
factor interactions. A factorial experiment, in which factors are varied together, is 

a better approach that solves the issues of an OFAT approach. A design of 
experiments is a procedure for planning experiments in an efficient way to obtain 
valid conclusions. It can be used to explore, characterize and/or optimize the 
sealing process. The example in Figure 52 shows that the two-factor factorial 

design with three levels, a minimum, centre and maximum for each factor, is more 
efficient and effective to cover the design space146, 147. 
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Figure 52: Comparison of 'one factor at a time' (OFAT) and factorial design 

spaces in a seal experiment example that considers bar temperature and seal 
time as input factors. 

 
In a DOE, several runs are evaluated. A run is a combination of specified levels. 

Minimum, centre and maximum are commonly normalized to respectively -1, 0 
and +1 for each factor. The impact of these factor levels on a specified response 
are of interest. These runs are carried out in a random order to average out the 
impact of noise factors. It is recommended to add replicate runs to the design, 
these are identical runs that are carried out in a random order. Replicate runs lead 
to a more accurate estimate of the experimental error, the factor/interaction effect 
and it can increase precision. Noise effects such as different operators, batch 

materials can be eliminated by adding blocks and distribute runs to these blocks. 
Randomisation, replication and blocking are important to minimize experimental 
bias. 

Other important terms related to DOE are ‘degrees of freedom’ and ‘confounding’. 
The degrees of freedom are the number of fair comparisons that can be made 
with a data set. For main effects, the degrees of freedom can be calculated by 

subtracting the amount of levels with one. For interactions it is the product of the 
degrees of freedom for each factor. Confounding refers to the effect where two or 
more factor effects are evaluated in one measured effect. For example, the effects 
of seal temperature, time and their interaction on seal strength cannot be 
predicted in only two runs with respective low and high levels of seal temperature 
and time. The calculated effects are caused by seal temperature and/or time. 
These effects are confounded. Confounding of effects is countered by increasing 

the resolution of the design. The resolution is a summary characteristic that 
describes the order of confounding. Typically, more runs and a smart variation in 

levels of factors within each run should be considered to minimize confounding148. 
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The best moment to design an experiment is after finishing the experiment, when 

the conclusions of that experiment are known. A good practice, specifically if 
knowledge is limited of a process, is to start with a low number of experimental 
runs, followed by adding additional runs, based on the conclusion of the first 
experiments. A 2k full factorial design is often used to explore the process in a 
first step. This design uses all combinations of k factors at two levels, minimum 
(-1) and maximum (+1). In the example in Figure 52 only the four (=22) vertices 

would remain. It is possible to detect the impact of first order terms (e.g. bar 
temperature and seal time) and interactions (e.g. bar temperature x seal time). 
Replications are required to estimate errors. Centre points are added to check the 
validity of the assumed linear models in a 2k design. If this assumption is incorrect, 
second order terms should be considered149, 150. 

 
Response surface methodology 

To detect quadratic trends more experimental runs are needed. In the above 
described example of a 22 full factorial design, at least five runs are added to the 
four original runs (1. 100 °C, 0.3 s; 2. 100 °C, 1.1 s; 180 °C, 0.3 s; 180 °C, 1.1 
s): a centre point and four axial points. The two-factor factorial design with three 
levels (nine runs) in Figure 52 is an example of such as design. This design is 
referred to as a central composite face-centred design. The methodology that 
looks for quadratic or higher order trends is referred to as response surface 

modelling (RSM). Equation 5 shows the resulting model that can be fitted with 
first order terms, interactions and second order terms, noise effects are excluded. 
ŷ is a seal performance indicator, e.g. seal strength.  

 
𝑦̂ =  𝛽0 + 𝛽1 𝑏𝑎𝑟 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 +  𝛽2 𝑠𝑒𝑎𝑙 𝑡𝑖𝑚𝑒 +   𝛽12 𝑏𝑎𝑟 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 ∗  𝑠𝑒𝑎𝑙 𝑡𝑖𝑚𝑒

+ 𝛽11 𝑏𝑎𝑟 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒2 +  𝛽22 𝑠𝑒𝑎𝑙 𝑡𝑖𝑚𝑒2  

Equation 5. 

Central composite designs have the advantage that data of a first exploratory full 
factorial design can be used. This design is efficient because a lower number of 
runs is needed, compared to a full factorial design with three levels, with the 
exception if only two factors are considered. The number of runs of a central 

composite design (Equation 6) is the sum of 2k, which is the number of the 
previously described 2k full factorial design, 2k axial points and one centre point. 
The number of runs of a k-factor full factorial design with three levels (Equation 

7) is 3k. n increases if replicates and/or repeats are added in the design. 
 

𝑛 = 2𝑘 + 2𝑘 + 1 

Equation 6. 

𝑛 = 3𝑘 

Equation 7. 

Box-Behnken is another example of a design for RSM. One run is put in the centre 
point, other runs are midpoints of edges of the design space. A Box-Behnken 
design does not include corner points. It is more efficient than a central composite 

design but has the disadvantage that no factorial design is embedded. An example 
of such a design, applied with ultrasonic sealing parameters is shown in Figure 
53.151, 152,153. 

 
To highlight the potential of the DOE-approach in seal research, different 
applications are shown in Figure 53, Figure 54 and Figure 55. In all figures a Box 
Behnken design space is used with three levels (minimum, centre and maximum) 
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of three variation factors, thus allowing to fit models that include first order 

effects, interactions and second order effects. 
Figure 53 shows a design space of three ultrasonic factors: amplitude, time and 
sealing force. The maximum ultrasonic seal strength is visualized by circles with 
a certain colour and size depending on the value. High strengths are green and 
big, low strengths are red and small. The main purpose to test seal strength in 
such a design was not to visualize the impact of several factors in one figure but 

to evaluate the impact of the factors and interactions on seal strength and to 
optimize seal strength. By testing at well-defined points, it is possible to fit a 
model with first order terms, second order effects and interactions. The model can 
predict seal strength continuously, in between the levels that was tested. 
 

 
Figure 53: Maximum ultrasonic seal strength results of 60 µm LLDPE-C4 
monolayer, presented in a 3D-design space (Box-Behnken -15 runs with 

inclusion of 3 center points). 

 
Figure 54 shows a model that was fitted through a set of 15 runs with heat 
conductive sealing to visualise the ability of a DOE approach. Three hot tool 
process parameters are varied: seal temperature, time and pressure. In this figure 
the model is compared with measured values at one fixed seal time and pressure. 

The model is capable to predict seal strength at settings between the minimum 
and maximum level of each factor of the design space. The formula includes all 

significant first and second order terms and interactions. This formula can be used 
to predict an optimum value, this can be a maximum, a minimum or a target 
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value. The optimum is validated by checking if this predicted value is within a 

confidence interval, using c confirmation runs to calculate this interval. This 
approach is referred to as the CICon approach and is equivalent to a 1-sample t-
test154. 
 

 
Figure 54: Seal strength of a flowpack film with sodium ionomer seal layer, 

sealed at a seal time (ts) of 0.7s, a seal pressure (p) of 2 N.mm-1, n=3. 

 
The formula in Figure 54 can be used to set up an operating window. Figure 55 
shows three areas with different seal strength ranges in a seal temperature – seal 
time contour graph of the same flowpack film with ionomer seal layer. These 
graphs can be used to select a material and/or to optimize the performance for 
an industrial seal application. 

 

 
Figure 55: Contour graph of predicted seal strength (light grey: <1.0 N.mm-1 

;1.0 < dark grey< 1.8: black > 1.8) of a flowpack with sodium ionomer seal 

layer in a seal temperature and time operating window. 

 

0

1

2

3

100 140 180

S
e
a
l 
s
tr

e
n
g
th

 (
N

.m
m

-1
)

Bar Temperature (°C)

Measured

Model

y = -0.735194 + 0.0179094T - 0.45ts + 0.1111667p - 0.000272(T-140)² + 

0.0081083 (T-140)*(p-1.25) -0.019583(T-140)*(ts-0.7) + 2.5762821 (ts-0.7)²



72 
 

In the following situations, standard designs, such as central composite and Box-

Behnken designs, are not the best option:  
• The region of interest is not a sphere or a cube because of a constraint in 

the design variables. 
• A nonstandard model is aimed for, based on previous insights on the 

process that is studied, e.g. a reduced higher order model. 
• The number of experiments is not feasible because of high costs and/or 

time-consuming. 
There are many optimization possibilities, depending on which aspect is optimized. 
An I-optimal design, which is used in chapters 4 and 5, minimizes the average 
prediction variance over the design space. It is very useful if response prediction 
is the main objective of the experiment. Another example of an optimal design is 

a D-optimal design, used in chapter 6. It minimizes the variance of model 
regression coefficients. Many software packages, such as JMP, Minitab and 

Design-Expert have algorithms to make such designs, this is useful to customize 
designs for practical situations152 . 
The different options in designs and models emphasize the potential of a DOE-
approach, essential to develop knowledge in an appropriate time of the sealing 
process in a rapidly changing industrial context, with many factors that interact 
with each other and impact seal performance. 
 

2.5.3 Previous doctoral studies on heat sealing of packaging 

materials 
 
Besides the scientific papers and handbooks, referred to in this chapter, there are 
only few doctoral studies available on the topic of heat sealing of packaging 
materials: 

• Bach’s study on ultrasonic sealing in 2012 at TU Dresden (title: 
Untersuchung der Vorgänge und Einflüsse beim Ultraschallfügen flexibler 

polymerer Packstoffe) 155. 
• Najarzadeh’s study on sealing layer in films in 2014 at Polytechnique 

Montréal (title: control and optimization of sealing layer in films) 33. 
• Thürling’s study on process data analysis of ultrasonic sealing at TU 

Dresden (2016; title: Prozessdatenanalyse zur InlineVerminderung von 

Störeinflüssen beim Ultraschallsiegeln)156. 
• Ilhan is in the process of obtaining a doctoral degree at UTwente with a 

topic on heat sealing141. 
These authors and their colleagues contributed to heat seal science with a relative 
high amount of published peer-reviewed studies.  
 
This dissertation aims to add and speed up heat seal knowledge, which is currently 
at an early stage, in an acceptable timeframe for a rapidly changing industrial 
context by studying heat seal performance with an innovative DOE-approach. 

Heat seal technologies, materials and procedures to evaluate and optimize heat 
seal performance, described in this chapter are subjects of industry-oriented 
studies in this dissertation. 
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3. Multicriteria evaluation and optimization 

of the ultrasonic sealing performance based 

on design of experiments and response 

surface methodology 
 
D’huys, K, Bamps B. Peeters R, De Ketelaere B. Multi-criteria evaluation and 

optimization of the ultrasonic sealing performance based on design of experiments 
and response surface methodology. Packaging Technology and Science 2019; 32 

(4); pp. 165-174. DOI: https://doi.org/10.1002/pts.2425. 

 

This chapter develops, validates and applies a DOE-method with 3 factors 

(ultrasonic process parameters: force, amplitude and time) and 3 performance 

indicators (seal strength; horn displacement, which is closely related to seal 

thickness; and energy consumption), to evaluate and optimize ultrasonic sealing 

of a representative flexible packaging film to heat seal, with a thermal resistant 

poly(ethylene terephthalate) (PET) outer layer and linear low-density 

poly(ethylene) with C4 comonomers (LLDPE-C4) as a seal layer. The statistical 

methodology in this chapter is the foundation of the evaluation and optimization 

methods of chapters 4, 5, and 6. I contributed as second author by defining the 

research strategy, obtaining a relevant food packaging film, selecting the factors 

and performance indicators of interest, performing these experiments and 

reviewing and editing the draft paper. The study was performed within the TETRA 

project nr. 140313 ‘ULTRASEAL: The potential of ultrasonic sealing in packages’, 

funded by Agentschap Innoveren & Ondernemen (VLAIO).  
 

3.1 Introduction 
 

Several heating principles can be used to heat seal, such as conduction with hot 

tools and ultrasonic friction. For heat conductive sealing, the effect of the sealing 
parameters on the seal quality was the subject of several studies1, 2, 3, 4, 5, 6, 7.  In 
most of these studies, the effect of the sealing parameters (time, temperature 
and pressure) on the seal/peel strength was evaluated, by varying one of the seal 
parameters at a time while keeping the others constant. Meka and Stehling (1994) 
considered the effect of the seal parameters not only on the seal strength of PE 
films, but also on the seal elongation and energy2. The effect of the sealing 

parameters on the seal quality was also studied for ultrasonic sealing in the past, 
although much less extensively than for heat conductive sealing8, 9, 10, 11. Bach et 
al. (2012) stated that the most important parameters influencing the ultrasonic 
sealing process are the sealing time, force and the amplitude of the horn and the 

authors studied the individual effect of the sealing time and force on the seal 
strength of commercial polyamide/poly(ethylene) films9. Nase et al. (2013) 
studied the effect of the seal force on the peel properties of poly(ethylene)/poly(1-

https://doi.org/10.1002/pts.2425.
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butene) peel films and concluded that the seal force has a strong impact on those 

properties8. Stoehr et al. (2014) performed a parameter study to characterize the 
effect of amplitude, force and time on the ultrasonic sealing quality of biobased 
packaging films produced from poly(lactic acid)11. Finally, Van Oordt et al. (2014) 
studied the effect of ultrasonic sealing time, force and amplitude on the peel 
strength and behavior of poly(ethylene) composite films. The parameter effects 
were studied individually, although surface plots of the combined effect of time 

and amplitude were also shown. The authors provided a practical guideline to 
identify appropriate sealing parameters, although this did not include a real 
optimization of the parameter settings10. 
 
The most commonly applied approach of varying a single seal parameter while 

keeping the others constant (‘one factor at a time’ approach) does not allow to 
study interactions or simultaneous effects of several seal parameters12. Moreover, 

it does not result in a complete picture of the effect of all parameters on the seal 
quality and therefore does not allow for optimization. As an answer to this 
shortcoming, a few authors introduced the statistical concepts of ‘design of 
experiments’ (DOE) and ‘response surface modelling’ (RSM) in the field of heat 
conductive sealing12, 13, 14. These concepts allow for a detailed analysis of the effect 
of the sealing parameters, provide the capability of predicting a response of 
interest, and this based on an efficient use of resources (workload, time, film 

material)12. The purpose of DOE is to set up an experiment in such a way that 
insight in the effect of a set of input parameters on a certain response can be 
gained based on a limited number of carefully selected experimental runs. RSM is 

based on fitting a polynomial equation to the experimental data collected 
according to a certain experimental design, and in that way describing the data 
set and predicting the response within a certain experimental region15. Dixon et 

al. (2006) described the use of DOE to define an acceptable window of operating 
conditions for the heat sealing of medical packaging. The authors set up a central 
composite design and considered the peel strength as the response of the RSM. 
No optimization was performed12. A similar approach was followed by Aiyengar 
and Divecha (2012) to study the effect of the seal settings on the seal strength of 
biaxially oriented poly(propylene) film, although they repeated the seal strength 
test ten times at each of the parameter combinations defined by a central 

composite design. They stated that an important characteristic of a good heat seal 

film is a broad seal window14. Finally, Hron and Macák (2013) used a 2k factorial 
design in which two levels (low and high) of each of the sealing parameters were 
considered, to perform a screening of the effects of the parameter settings on the 
seal strength13. In all three of these studies, heat conductive sealing was 
considered, with the seal/peel strength as a single response parameter, and no 
optimization was performed.  

 
In practice, the seal strength is not the only relevant characteristic of a sealing 
procedure. Additional aspects may play a crucial role but were barely discussed in 
previous research. This study considers not only the seal strength, but also the 
ultrasonic horn displacement and the seal energy consumed by the ultrasonic 
equipment as measures of the ultrasonic sealing performance.  

 
The goal of this study was to develop an efficient methodology, based on the 
concepts of DOE and RSM, to evaluate the ultrasonic seal performance of a 
representative flexible film to heat seal. A laminated film with a thermal resistant 
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outer PET layer and an LLDPE-C4 seal layer is used in the experiments. Besides 

for evaluation purposes, the developed methodology was also used for an 
optimization of the seal parameters towards multiple aspects of the ultrasonic 
sealing performance, such as the seal strength, the displacement of the ultrasonic 
horn and the seal energy. 
 

3.2 Materials and methods 

3.2.1 Film material 
 
The film material studied in this work was a poly(ethylene terephthalate)-linear 
low-density poly(ethylene) PET/LLDPE-C4 laminate film. The thicknesses of both 

layers, as provided by the supplier, were 24 µm (PET) and 40 µm (LLDPE-C4). 
The measured total thickness of the film was 69 ± 1 µm. The film was produced 

by blown extrusion, and subject to a corona pre-treatment and lamination with a 
solvent based-adhesive AdcoteTM 301/350. The film was selected since PE is a 
sealing medium that is commonly used in commercial packaging films. The PET 
outer layer is present to improve the mechanical and barrier properties of the film.  
 

3.2.2 Ultrasonic sealing and seal performance tests 
 
The ultrasonic seal samples were prepared with a 35 kHz TSP750E-100-1 

ultrasonic sealing device (Telsonic Ultrasonics, Switzerland) equipped with a 75x5 

mm rectangular, flat surface sonotrode. An anvil with a semi-cylindrical energy 
director with a radius of 2.5 mm was used. After sealing, a holding time of 0.5 s 
and a holding force of 2 N.mm-1 were applied to the seal. The most important 
parameter settings that have to be selected before sealing are the time, the force 
and the amplitude. 
 

In this research, three main characteristics of the seal samples were measured in 
order to evaluate the ultrasonic sealing performance of the packaging films: the 
seal strength, the displacement of the ultrasonic horn and the energy consumption 
during sealing. 
 

The seal strength [N.mm-1] of all samples was tested using a 10 M universal 
testing machine (MTS Systems Corporation, USA) equipped with a 2 kN load cell. 

The measurements were performed after conditioning the samples at 23 °C and 
50% relative humidity for 24 hours. A 15 mm wide sample was cut from the center 
of every 75 mm wide seal. Both ends of this 15 mm wide part were clamped at a 
distance of 10 mm. Next, a tensile test was performed with a speed of 300 
mm.min-1. The maximum strength value encountered in the tensile curve [N] was 
divided by the width of the seal sample (15 mm) to obtain the seal strength 

[N.mm-1]. The tensile tests were performed according to ASTM guideline 
F88/F88M-1516.  
 
The horn displacement [µm] is the maximum travel distance of the ultrasonic 

horn in the sample. During ultrasonic sealing, the seal material melts and the horn 
travels deeper into the sample. As a result, the sealed film becomes compacted 
until a certain maximum value. This maximum value is registered by the ultrasonic 
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sealing device and can be used to describe the ultrasonic sealing performance of 

a film material. 
 
Finally, the energy consumption [J] is the amount of energy consumed by the 
ultrasonic sealing device during sealing, and is calculated as the area under the 
power [W] versus time [s] curve of the sealing process. In the first phase of the 
sealing process, power builds up. Next, when the seal medium starts to melt, the 

power decreases. Similar to the horn displacement, the value of the energy 
consumption is also derived from the output of the ultrasonic sealer. 
 

3.2.3 Experimental design and seal optimization 
 
In this work, an efficient methodology is proposed to evaluate and optimize the 
ultrasonic seal performance of a PET/LLDPE-C4 film. This methodology consists of 
five subsequent steps: 
 

Step 1: Firstly, the experimental design space has to be defined. This means that 
the parameters that have the largest influence on the seal performance must be 
identified and for each of these parameters the boundaries within which they can 
be varied should be listed. In the case of ultrasonic sealing, the seal time, seal 
amplitude and seal force were identified as the most relevant parameters that 
need to be set when creating a seal. In order to determine the minimum and 
maximum values to consider for these parameters, preliminary experiments were 

performed. 
 
Step 2: Next, an experimental design has to be set up that defines at which 
combinations of the input parameters, i.e. at which locations within the design 
space, experiments should be performed. The type of experimental design that is 
most suited depends on several aspects, such as the type of model one expects 

will provide an adequate description of the data (e.g. only main effects or also 
quadratic effects, including interactions or not, …), the number of measurements 
that is feasible to perform, the number of input parameters, etc. In this study, an 
experimental design consisting of 15 well-chosen combinations of the seal time, 
seal force and seal amplitude was set up. These 15 settings were selected 
according to a Box-Behnken experimental design in order to efficiently obtain as 

much information as possible on the effect of the sealing parameters based on a 

limited amount of experiments. Such a Box Behnken design allows to fit a full 
Response Surface Model (RSM) including interactions and quadratic effects and 
thus allows for finding the optimal ultrasonic setting17. The order of the 
experimental runs was randomized so to minimize the unwanted effect of 
unknown disturbing factors. At each of the 15 parameter settings, an ultrasonic 
seal was created and its seal performance was measured as described earlier. 
 

Step 3: Once the seal performance at each of the settings defined by the 
experimental design is known, a Response Surface Model can be fit to these 
values. In this study, a quadratic model of the following form was considered: 
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𝑦̂ =  𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2 +  𝛽3𝑥3 + 𝛽12𝑥1𝑥2 + 𝛽23𝑥2𝑥3 + 𝛽13𝑥1𝑥3 + 𝛽11𝑥1
2 + 𝛽22𝑥2

2 +  𝛽33𝑥3
2 

Equation 8. 

with 𝑥1, 𝑥2 and 𝑥3 the three input parameters seal time, amplitude and force, 𝑦̂ the 

response of interest, e.g. the seal strength, and the β’s are the coefficients18. 
Besides the main effects, the interaction terms and quadratic terms were also 
considered in the model. In order to identify significant effects, an all possible 
subsets procedure was followed and non-significant effects were removed from 

the prediction model19. The best subsets approach for variable selection allows to 
identify the model that fits best from all possible subset models, i.e. from all 
possible models including a certain combination of the effects described in the 
formula above. Several criteria can be used for variable selection, such as the R-

square, the Akaike information criterion (AIC) and the Bayesian information 
criterion (BIC)20. In general, a model with a high R-square and a low AIC and BIC 
should be preferred. The R-square provides information on the goodness of fit of 

the model. The AIC holds information on the quality of the model relative to that 
of other models and rewards goodness of fit. However, the AIC also includes a 
penalty for the number of parameters in the model and thus discourages 
overfitting of the data. The BIC holds information that is similar to the AIC, but 
overfitting of the data is more severely discouraged by the BIC than by the AIC21. 
Often, these different selection criteria do not hold exactly the same information, 

i.e. they do not necessarily all point towards exactly the same model. However, 
they provide an adequate guideline for model selection. In all of the models, the 
selection of significant terms was based on a significance level α = 0.05. 

 
Step 4: Once the most suited regression model has been selected, this model 
allows to predict the response (e.g. seal strength) for every possible combination 
of the input parameters (seal time, amplitude and force). This knowledge can then 

be used to find the combination of input settings that results in the desired value 
of the response, based on the use of desirability functions. This desired value can 
be a maximum, a minimum or a specific target value, each corresponding to a 
specific shape of the desirability function. Moreover, desirability functions of any 
arbitrary shape can be defined. If the goal is to maximize the seal strength, for 
example, the desirability function can be defined as a linear increase between the 
minimum seal strength (desirability = 0) and the maximum seal strength 

(desirability = 1). It is not only possible to optimize the input parameters with 

respect to a single response variable, but also with respect to multiple responses. 
In this case, an individual desirability function is first defined for each of the 
responses (e.g. seal strength, horn displacement and seal energy). Next, an 
overall desirability function is defined as the weighted average of these individual 
desirability functions and the responses are optimized considering this overall 

desirability15.  
 
Step 5: The final step of the efficient optimization procedure involves performing 
confirmation experiments (10 runs) at the defined optimal settings in order to 
validate the model obtained. Based on a confidence interval calculation of the 
confirmation runs (CICon approach) as suggested by Antony (2003), the predicted 

and measured optima were tested for significant differences22, 23. 

All statistical analyses were performed in the software package JMP Pro 12 (The 
SAS Institute Inc., USA). A significance level α of 0.05 was used in the entire 
paper, unless indicated otherwise. 
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3.2.4 Seal window calculation 
 

In practice, it is not only relevant to identify a certain setting at which a packaging 
film will show high seal performance. Another important aspect is to study how 
sensitive the seal performance is to slight changes in the seal settings. This aspect 
was translated into a quantitative measure, which is here defined as the ‘seal 
window’. The seal window was quantitatively expressed as the percentage of the 
entire design space within which the seal strength reaches a value of 90% of the 

optimum seal strength, or larger. The larger this percentage, the larger the region 
of the design space within which a sufficient seal strength is obtained. 

 

3.3 Results and discussion 
 
In Section 3.3.1, the design space and experimental design set up for this study 
are described. In Sections 3.3.2 and 3.3.3, the response surface modelling and 
the results of the optimization procedure described above are illustrated. In 
Sections 3.3.4 and 3.3.5, profilers and desirability plots are given for single and 
multiple responses. In Section 3.3.6, the optimized seal settings and the 

experimental validation results are shown. Finally, in Section 3.3.7, the seal 
window of the PET/LLDPE-C4 film is discussed. 
 

3.3.1 Design space and experimental design 
 
The input parameters considered in the optimization study were the seal time, the 
force and the amplitude. Based on preliminary experiments, the limits of the 
design space were selected as follows: the minimum values were set at the 
parameter combinations at the border of unsealed/peelable seal and the 

maximum values were set at the parameter combinations at the border of tear 
seal/cut through. The parameter ranges thus obtained are 0.1 to 0.3 s (seal time), 
2 to 6 N.mm-1 (seal force) and 18 to 36 µm (amplitude). These ranges show a 
large overlap with the settings applied in previous research on similar flexible films 
with polyolefin layers8, 9. 

 
Within these limits of the design space, 15 seal setting combinations were defined 

according to a three-factor, three-level Box-Behnken experimental design. In 

Table 7, the 15 design settings together with their output for the seal performance 

responses (seal strength, horn displacement and seal energy) for the PET/LLDPE-

C4 film are listed. 
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Table 7: Experimental runs and input parameters of the Box-Behnken design 

and seal strength [N/mm], horn displacement [µm] and energy consumption [J] 
responses for the PET/LLDPE-C4 film material. 

Run Time 

[s] 

Force 

[N/mm] 

Amplitude 

[µm] 

Strength 

[N/mm] 

Compaction 

[µm] 

Energy 

consumption [J] 

1 0.2 2 36 1.31 10 27.75 

2 0.3 4 18 0.30 10 21.93 

3 0.1 4 36 1.76 40 17.76 

4 0.2 2 18 0.05 10 7.50 

5 0.2 4 27 2.90 30 21.05 

6 0.2 4 27 2.43 30 20.10 

7 0.1 6 27 2.90 80 16.30 

8 0.2 4 27 2.09 30 17.65 

9 0.3 6 27 2.11 60 47.62 

10 0.2 6 18 1.18 40 22.58 

11 0.1 2 27 0.96 10 7.55 

12 0.2 6 36 3.52 70 59.64 

13 0.3 2 27 0.74 10 15.61 

14 0.3 4 36 3.22 50 55.86 

15 0.1 4 18 0.52 20 5.89 

 

3.3.2 Response surface model 
 
In the next step, a response surface model was fitted for each of the three 

response parameters (seal strength, horn displacement and seal energy) and a 

selection of the significant terms was performed as described in Section 3.2.3. 
The regression equation, significant coefficients, terms and regression significance 
of the models obtained are shown in Table 8, Table 9 and Table 10 for the seal 
strength, the horn displacement and the seal energy, respectively.  
 
Table 8: Significant coefficients, terms, regression significance and equation of 

the seal strength model for the PET/LLDPE-C4 film. 

Coefficients Term Value p-value 

𝜷𝟎 Intercept -2.554 0.004 

𝜷𝟐 Force 0.416 0.001 

𝜷𝟑 Amplitude 0.108 0.0003 

𝜷𝟑𝟑 Amplitude² -0.007 0.08 

Regression significance   0.0002 

Seal strength = β0 + β2 × Force + β3 × Amplitude + β33 × Amplitude² 

 
Table 9: Significant coefficients, terms, regression significance and equation of 

the horn displacement model for the PET/LLDPE-C4 film. 

Coefficients Term Value p-value 

𝜷𝟎 Intercept -52.911 0.0005 

𝜷𝟐 Force 13.124 <0.0001 

𝜷𝟑 Amplitude 1.250 0.0031 

𝜷𝟐𝟑 Force × Amplitude 0.417 0.1031 

Regression significance   <0.0001 

Horn displacement = β0 + β2 × Force + β3 × Amplitude + β23 force × Amplitude 
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Table 10: Significant coefficients, terms, regression significance and equation of 

the seal energy model for the PET/LLDPE-C4 film. 

Coefficients Term Value p-value 

𝜷𝟎 Intercept -63.138 <0.0001 

𝜷𝟏 Time 0.117 <0.0001 

𝜷𝟐 Force 5.483 0.0001 

𝜷𝟑 Amplitude 1.432 <0.0001 

𝜷𝟑𝟑 Amplitude² 0.081 0.0243 

𝜷𝟏𝟐 Time × force 0.029 0.0338 

𝜷𝟏𝟑 Time × Amplitude 0.006 0.0415 

Regression significance   <0.0001 

Seal energy = β0 + β1 × Time + β2 × Force + β3 × Amplitude + β33 × Amplitude² + β12 × Time x 

Force + β13 × Time × Amplitude 

 
In Figure 56, a graphical representation of the response surface models for seal 
strength, horn displacement and energy as a function of the force and amplitude 
is shown (seal time = 0.2 s). The seal strength model includes a first order effect 
of force and amplitude and a quadratic effect of amplitude. Time is not included 

in the seal strength model. As shown in Figure 56, the seal strength increases 
with an increasing force. The seal strength increases quadratically with an 
increasing level of amplitude. The horn displacement model includes first order 
effects of force and amplitude, and an interaction effect of force and amplitude. 
As shown in Figure 56, the horn displacement increases towards higher levels of 
force and amplitude. The seal energy model includes first order effects of time 
and force, a quadratic effect of amplitude, and interaction effects of time and force 

and of time and amplitude. As shown in Figure 56, the energy consumed by the 
sealing process increases when force and amplitude values are higher. 
 

 

Figure 56: Response surface model for seal strength, horn displacement and 
seal energy as a function of force and amplitude (seal time = 0.2 s) for the 

PET/LLDPE-C4 film. 
 

3.3.3 Optimization procedure 
 

The response surface models described in the previous section allow to predict the 
seal performance responses (seal strength, compaction and energy) for every 
possible combination of the input parameters (time, force and amplitude) within 
the limits of the design space. In this section, it is described how the response 

surface models can be used to optimize the seal settings to obtain an optimum 
seal performance. In a first case, only a single response (seal strength) is 



93 
 

considered, while in the second case, a multiple response optimization is 

illustrated. 
 

3.3.4 Single response 
 
In Figure 57, the optimization of force and amplitude settings to obtain a 
maximum seal strength is illustrated. The two columns on the left-hand side of 
the graph represent the influence of force and amplitude on the seal strength. The 
column on the right-hand side shows the desirability function for seal strength. 

Since the objective in this first case was to maximize the seal strength, the 
desirability function was defined as a linear increase from the lowest seal strength 

level (desirability = 0) to the highest seal strength level (desirability = 1). Next, 
the desirability was maximized, resulting in a seal strength of 3.288 N.mm-1 for a 
seal force of 6 N.mm-1 and an amplitude of 35.115 µm. These optimal settings, 
together with the predicted value of the optimum, are highlighted in red. 
 

 

Figure 57: Profiler and desirability plot for the optimization towards seal strength 
only. The optimum and the optimal settings for force and amplitude are 

highlighted in red. 

 

3.3.5 Multiple responses 
 
The seal strength is not the only parameter providing relevant information about 
the seal quality/seal performance. Therefore, in this section the other parameters 
are also considered in the optimization. 
 
Firstly, a combined optimization considering both seal strength and horn 

displacement was performed. In Figure 58, the desirability plots for this two-
response optimization are shown. The desirability plot for seal strength consists 
of a linear increase from low seal strength to high seal strength, as stated earlier. 
The desirability function for horn displacement has a different shape. A very large 
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horn displacement, i.e. almost all of the sealant material has been squeezed out 

during sealing, is unwanted since there is a risk of completely destroying or cutting 
through the seal. Therefore, a step-shaped desirability function was defined, 
assigning a desirability ‘1’ to horn displacement levels ranging from 0 to 40 µm 
and a desirability ‘0’ to horn displacement levels larger than 40 µm. In this way, 
it was defined as desirable to have at least 50 % of the original thickness of the 
seal layer left in the final seal. As described in Section 3.2.3, an overall desirability 

function was defined as the weighted average of these individual desirability 
functions and the responses were optimized considering this overall desirability. 
In this way, an optimized seal strength level of 2.397 N.mm-1 and a horn 
displacement of 40 µm were obtained. The settings at which these optimized 
responses were achieved are 4.074 N.mm-1 (seal force) and 31.446 µm 

(amplitude). By considering both responses in the optimization, a compromise 
was calculated that results in desirable results for both. 

 

 

Figure 58: Profiler and desirability plot for the combined optimization towards 
seal strength and horn displacement. The optimum and the optimal settings for 

force and amplitude are highlighted in red. 

 
Secondly, a combined optimization considering seal strength, horn 

displacement and seal energy was performed. In Figure 59, the desirability 
plots for this three-response optimization are shown. The desirability plots for seal 

strength and horn displacement were identical to the ones used in the two-
response optimization. The desirability function for seal energy consists of a linear 
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decrease from high seal energy levels (desirability = 0) to low seal energy levels 

(desirability = 1). In this way, an optimal combination of seal settings was 
identified to achieve a seal strength that is as high as possible, a horn 
displacement that is limited and a seal energy that is as low as possible. An 
optimum seal strength of 2.321 N.mm-1, an optimum horn displacement of 40 µm 
and an optimum seal energy of 11.664 J were obtained at a combination of seal 
settings of 0.1 s (seal time), 4.323 N.mm-1 (seal force) and 28.751 µm (seal 

amplitude). Again, a compromise was calculated that considered a weighted 
average of all three of the desirability functions. 

 

 
 

Figure 59: Profiler and desirability plot for the combined optimization towards 

seal strength, horn displacement and seal energy. The optimum and the optimal 
settings for force and amplitude are highlighted in red. 
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3.3.6 Optimized seal settings and experimental validation 
 
Since in addition to the seal strength, in practice both the horn displacement and 
seal energy are also relevant, the multi-response optimization presented in the 
previous section was considered as a suitable approach to optimize the seal 
settings. Validation experiments were performed at the optimum ultrasonic 
sealing settings. In Table 11, the results of these validation experiments are 

summarized. The predicted optima and the results of the confirmation runs were 
tested for significant differences as described in Section 3.2.3. On a significance 
level of 0.05, predicted and confirmed optima were different for both the seal 
strength and the seal energy but not for the horn displacement. On a significance 
level of 0.10, there were no significant differences between predicted and 

confirmed optima for any of the output parameters considered.  
 

Table 11: Experimental validation of predicted optimum. The predicted optimum 
and confirmation runs were tested for being significantly different (α = 0.05 and 

α = 0.1) using the confidence interval approach 
suggested by Antony22, 23. 

Parameter Predicted 
optimum 

Mean of 
confirmation 

runs, n=10 

Standard 
deviation 

confirmation 

runs 

Significantly 
different, p < 

0.05 

Significantly 
different, p < 

0.1 

Seal strength 

(N.mm-1) 

2.32 1.94 0.42 Yes No 

Horn 

displacement 

(µm) 

40.00 40.00 6.67 No No 

Energy (J) 11.66 13.68 2.13 Yes No 

 
 

3.3.7 Seal window 
 

In Figure 60, the seal window for the PET/LLDPE-C4 film is illustrated. As stated 
in Section 3.2.4, this seal window corresponds to all combinations of input 
parameters (time, force, amplitude) within the considered design space that result 

in a seal strength of at least 90% of the optimum seal strength. For this film, the 
seal window corresponds to all combinations of the input parameters that result 
in a seal strength of 2.089 N.mm-1 or more. A seal strength of 2.089 N.mm-1 or 
more is obtained for 39.41% of the input parameter combinations in the 

considered design space. A broad seal window is in general a desired characteristic 
of a packaging film, since it ensures sufficient seal strength even in the case of 
(slightly) deviating seal settings. Since time was shown to have no significant 
effect on the seal strength, the seal window was shown as a function of force and 
amplitude only. 
 



97 
 

 

Figure 60: Seal window of the PET/LLDPE-C4 film. The light grey area indicates 
all combinations of the input parameters force and amplitude within the 

considered design space that result in a seal strength value of at least 90% of 
the optimum seal strength. The seal time was shown to have no significant 

effect on the seal strength for this film. 

 

3.4 Conclusions 
 
In this work, an approach based on the principles of design of experiments and 
response surface modelling was presented to optimize the ultrasonic sealing 
performance of a PET/LLDPE-C4 flexible film laminate. 
 
Based on a limited number of experimental runs, defined according to an efficient 

Box-Behnken experimental design, response surface models of the seal strength, 
the horn displacement and the seal energy as a function of the seal settings (time, 
force and amplitude) were built. Next, these models were used to calculate the 
optimal combinations of seal settings resulting in (1) maximum seal strength, (2) 
maximum seal strength and a value of the horn displacement below a certain limit 

and (3) maximum seal strength, a horn displacement below a certain limit and 
minimum energy use of the sealing process. In the case of the multiple output 

optimizations, a compromise was obtained by assigning the same weight to each 
of the different outputs. 
 
Since all three of the outputs are relevant in practice, the combined optimization 
towards strength, horn displacement and energy was selected as the most 
relevant and was experimentally validated. The predicted optimum was obtained 
at a seal time of 0.1 s, a seal force of 4.323 N.mm-1 and a seal amplitude of 

28.751 µm. The predicted optimum seal strength was 2.321 N.mm-1, the horn 
displacement 40 µm and the seal energy 11.664 J. The confirmation runs 
performed at this optimum resulted in a horn displacement that was not 

significantly different (α=0.05) from the predicted value and in a seal strength 
and seal energy that were not significantly different (α=0.1) from the predicted 
values. In practice, not only the optimum is of interest, but also the seal window. 
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The seal window was defined as the region of the considered design space within 

which the seal strength achieved is at least 90% of the optimum seal strength. 
For the PET/LLDPE-C4 film, a seal strength of 90% of the optimum or more was 
obtained for 39% of the input parameter combinations within the design space. A 
broad seal window is a desired characteristic of a packaging film, since it ensures 
sufficient seal strength even in the case of (slightly) deviating seal settings.  
 

Although illustrated for a single film and a single sealing process, the approach 
presented in this paper has a broad applicability towards other film types and 
sealing processes. It is flexible with respect to the definition of the input 
parameters and the design space, the considered output parameters and the type 
of desirability functions. The DOE-approach to evaluate and optimize seal 

performance is slightly altered in chapters 4, 5 and 6 for the specific cases of seal-
through-contamination and peeling during and after cold storage. 
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4. Evaluation and optimization of seal 

behaviour through solid contamination of 

heat‐sealed films 
 

Bamps B, D’huys K, Schreib I, Stephan B, De Ketelaere B, Peeters R. Evaluation 

and optimization of seal behaviour through solid contamination of heat sealed 

films. Packaging Technology and Science 2019; 32 (7); pp. 335-344. DOI: 

https://doi.org/10.1002/pts.2442. 

 

According to a large-scale study in the UK, over one third of sealed food packages 

have seal integrity problems. Contamination of the seal area is the main cause of 

defect seals. As a result, a staggering amount of 666.000 tonnes of food and 

packaging materials could enter landfill for the UK example. Contamination of the 

seal area causes 65% of seal defects 1,2.. There is no standardized method to apply 

contamination in the seal area. Only few papers in seal literature are available on 

this topic. 

In this chapter I developed and applied a standardized method to apply solid 

granular contamination in seal areas.  

The DOE-methodology, presented in the previous chapter, is adapted and aimed 

to study seal-through-contamination. A DOE-method with 3 factors (hot tool 

process parameters: temperature, pressure and time) and 1 performance 

indicator (seal strength), referred to as response in this publication, is developed, 

validated and applied to evaluate and maximize clean and contaminated seal 

strength of 3 flexible packaging films, that differ in the seal layer with metallocene 

catalysed linear low-density poly(ethylene) (mLLDPE), polyolefin plastomer and/or 

ionomer. These materials, often used in industry to seal-through-contamination, 

are evaluated in this chapter. In the broader framework of this study, hot tack 

and DSC tests are performed and related with the DOE-results, to explain 

differences in seal performance and thus gain a better understanding of the 

relation of seal materials and their clean and granular contaminated seal 

performance. Additional dye penetration experiments are performed on seals that 

have maximized strengths to evaluate seal integrity. The study was performed 

within the CORNET-framework (EVOCOSEAL: Evaluation and Optimization of 

Contaminated Seal Performance for Food Packaging’, funded by the Flemish 

(Agentschap Innoveren & Ondernemen (VLAIO-TETRA nr. 150817)) and German 

government (German Federal Ministry for Economic Affairs and Energy (BMWi, 

IGF project no. 172 EBR)).  
 

https://doi.org/10.1002/pts.2442.
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4.1 Introduction  
 
Only 16 % of the packers perform an inspection of all produced goods. The 
majority just inspects samples with an interval of 30 minutes2. 
One way to prevent seal defects as a result of contamination is to work with 
materials that are able to seal-through-contamination at particular seal settings 
to decrease the number of defective packages. Several poly(ethylene)-based 
packaging materials have been developed with a good seal performance through 

contamination in the last decades. Examples of these materials are metallocene 
catalysed linear low-density poly(ethylene) (mLLDPE), polyolefin plastomer and 
ionomer3. 

In scientific and technical papers, several tests are performed on packaging films 
with contaminated seals such as seal strength, leak rate, and degree of particle 
encapsulation (caulkability)4, 5, 6, 7, 8. This study is focussed on seal strength. Hot 
tack tests are performed to evaluate the resistance of packaging films against 

spring back forces5, 6, 8, 9. The relation of seal-through-contamination and hot tack 
performance is part of this study. In the last decades the influence of seal material 
composition on the contaminated seal performance was the topic of a limited 
amount of studies and these studies did not include a well described application 
method for solid contamination4 ,5 , 7, 8. Moreover, there are no methods described 
in these studies to obtain the optimal or maximal seal performance through 

contamination. 
 

4.2 Objectives 
 

The main objective of this study is to present a method to optimize the granular 
contaminated seal strength of packaging films. A protocol is described to apply 
solid contamination in a standardized way, this protocol was missing in previous 
studies with powder or granulate contamination. An optimization method is 
presented that is based on our previous study on ultrasonic sealing (chapter 3)10. 
In this study, a similar methodology is used in order to receive information on the 

influence of all relevant seal parameters on the heat conductive sealing process, 
based on a limited number of carefully selected experiments.  
A second objective is to evaluate the influence of variation in seal layer 

composition (metallocene PE, plastomer and ionomer) on the seal-through-
contamination performance (seal strength, width process window, leak tightness) 
by using the application and optimization methods of this study. Hot tack tests 
are evaluated as predictive tests for contaminated seal performance. 
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4.3 Materials & methods 

4.3.1 Materials 
 
Commercial multilayer packaging films for flowpack applications 

Table 12 shows the multilayer structure of three flowpack films, evaluated and 
optimized in this study. Each film has a 12 µm thick poly(ethylene terephthalate) 
(PET) outer layer. A 3-layer blown film line with three nozzles is used for the 
production of the seal layers. The upper 35 µm has the same composition for the 
three films, containing a blend of low-density poly(ethylene) (LDPE) and 
metallocene linear low-density poly(ethylene) (mLLDPE). The films differ mainly 

in the 15 µm lower seal layer. Film 1 has a blend of LDPE and mLLDPE while film 

2 has a blend of LDPE and polyolefin plastomer (mLLDPE with a high amount of 
comonomer) in that area. Both films have 2% processing aid in the lower seal 
layer. Film 3 has a 5 µm layer of acid copolymer resin between the 35 µm PE and 
the 10 µm ionomer layer to ensure the bonding of both layers. 
 

Table 12: Multilayer structure of the 3 packaging films. 
Film 1 Film 2 Film 3 

PET 12 

µm 

PET 12 

µm 

PET 12 

µm 

80% LDPE – 20% 

mLLDPE 

15 

µm 

80% LDPE – 20% 

mLLDPE 

15 

µm 

80% LDPE – 20% 

mLLDPE 

35 

µm 

80% LDPE – 20% 

mLLDPE 

20 

µm 

80% LDPE – 20% 

mLLDPE 

20 

µm 

acid copolymer resin 5 µm 

68% LDPE – 30% 

mLLDPE 

15 

µm 

68% LDPE – 30% 

plastomer 

15 

µm 

Sodium ionomer 10 

µm 

 

Contamination types 
Two types of solid contamination are used in this study: sieved ground coffee 
(Delhaize, Belgium; sieved to obtain a particle size between 500 and 630 µm using 
a Fritsch analysette 3 sieve shaker system) and freeze-dried pork blood powder 
(Solina, Germany; particles with an average size of 100 µm). 

 

4.3.2 Methods 
 
Sample preparation contaminated seals 
Films, sealed samples and solid contamination are stored at a temperature of 23 

°C and a relative humidity of 50 %. The precision balance OHAUS Explorer® 

(Mettler-Toledo International inc, United States of America) with readability of 

0.0001 g is used for all weighings.  

Figure 61 shows an illustration of the sample preparation. The sample is cut in 

machine direction (MD) with a width of 50 mm and an appropriate length to 

perform a seal strength test (in this study the length exceeded 100 mm) (I). An 

area of 20 mm by 40 mm is then marked on the film sample. It is important that 

the chosen length has sufficient extra margin compared with the seal length to 

ensure that the contamination is distributed over the full length of the seal. In this 

case 20 mm is chosen because the used sealer produces 10 mm length seals. The 
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required amount of solid contamination is weighed. In order to facilitate the 

sealing with contamination, a simple cardboard tool is cut out of a cardboard sheet 

with an inner hole with larger width and length than the seal bar. After one film 

sample is fixed with plastic tape to this cardboard tool, the contamination is 

applied with a small spoon in the designated area. In this study 0.020 g is applied 

in a 20x40 mm² region to achieve a 25 g.m-2 contamination density. When the 

contamination is applied and evenly distributed by eye, the second film sample is 

used to cover the contamination and fixed with plastic tape (II). The cardboard 

tool with contaminated film samples is manually placed between the seal bars and 

the seal is formed. Seals are produced with the Labthink HST-H3 heat seal tester 

(Labthink Instruments Co Ltd, People’s Republic of China). This sealer has two flat 

aluminum bars covered with silicon tape to prevent contamination, pushed or 

blown out the seal area by seal bar movement, from sticking to the bars. After 

sealing, the amount of contamination which is not trapped within the seal area is 

carefully removed using a small brush (III). 

 

 
 

Figure 61: Contaminated seal preparation; I: Width and orientation of seal 

sample; II: Fixation of seal sample on cardboard tool, prior to heat conductive 
sealing; III: Cleaning of sealed sample with brush. 

 
Film characterization 

Differential scanning calorimetry (DSC): To characterize the thermal behaviour of 
the packaging material and to relate this to the heat conductive sealing 

performance, DSC measurements were executed with the instrument 2920 MDSC 
V.2.6A (TA instruments, United States of America). The three film samples and 
the main components of the seal layer (granulate form of LDPE, mLLDPE, 
plastomer, acid copolymer resin and sodium ionomer) were tested in a sequence 
of two controlled heatings and one cooling down stage within the range of 10°C 
→ 200°C at a heating/cooling speed of 10°C.min-1. The heating does not exceed 
200°C to prevent the PET layer from melting as this study focusses on the 

components of the seal layer and the seal layer as its whole. The first heating 
cycle is performed to delete the thermal history. The second heating cycle is used 

to obtain the melting peak temperature and the melting onset temperature 
(intersection of the tangent of the peak and the extrapolated baseline). Both of 
these temperatures are used to compare the materials. 
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Hot tack: 25 mm wide samples were tested with a J&B Hot Tack Tester model 

5000 MB (Vived-Management, Belgium) according to ASTM F1921 at a tensile 
speed of 200 mm.s-1. Maximum force is divided by seal width (25 mm) to obtain 
the hot tack strength. Seal time, seal pressure and cool time were kept constant 
at respective values of 1.0 s, 0.3 N.mm-2 and 0.1 s while seal temperature was 
varied. Samples are tested in threefold, average values and standard deviations 
are shown. 

 
Seal characterization 
Seal strength is tested according to ASTM F88 on 15 mm wide samples. These 
samples are tested unsupported. Clamp distance is 10 mm and tensile speed is 
300 mm.min-1. The seal strength is obtained by dividing maximum force with seal 

width (15 mm). 
The dye penetration test uses an aqueous solution with 0.05% indicator dye 

(toluidine blue) and 3% wetting agent (poly(ethylene glycol tert-octylphenyl 
ether)) to determine if there are leaks. It allows to detect and locate channel leaks 
which are equal to or greater than channels caused by a wire with diameter of 50 
µm. The qualitative information (leak or no leak) delivers complementary 
information to seal strength. It is performed according to ASTM-F3039 on samples 
as shown in Figure 62. The edges of the (contaminated) seal samples need to be 
sealed to have a reservoir where 1 ml dye can be poured in (I). After removing 

the sealed edges at one side of the seal, the seal can be pressed to an absorbing 
white paper after adding the dye. The package is held in a vertical position for 1 
minute so that the dye can penetrate through possible channel leaks by gravity 

(II). If a stain is visible on the paper the seal is reported as leaker. This test can 
be performed prior to the seal strength test if the seal strength of a sample is not 
influenced by the penetrating dye. This was confirmed by preliminary tests 

(results not shown). Samples that pass this dye penetration test are considered 
as leak tight. 
 

 

Figure 62: Dye penetration test; I: Sealed edges (grey) of sealed contaminated 
sample (grey + black dots, representing coffee powder); II: Visual inspection 

after applying dye solution at contaminated seal. 
 

Maximization of contaminated seal quality 
In order to assess the effect of the sealing parameters (temperature, time, 
pressure) on the seal quality of both clean and contaminated (coffee and blood 

powder) seals, the approach presented in D’huys et al. (2019) was followed. This 
approach is based on the concepts of design of experiments (DOE) and response 
surface modelling. The steps will be briefly described below for the case considered 
in this study. 
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First, a design space was defined that includes the three most important seal 

parameters: bar temperature (°C), seal time (s) and seal pressure (N.mm-2). The 
effect of these parameters is studied within certain limits. There are no strict rules 
to set these limits. They can be based on film specifications, on the limits of the 
sealing process, on the relevance for the application and/or on results of 
preliminary tests. In this study, the limits considered for bar temperature, seal 
time and pressure are respectively 120 to 180 °C, 0.4 to 1.0 s and 1.0 to 4.0 

N.mm-2. 
Secondly, an experimental design is set up. In this study a 20 point I-optimal 
design was selected, rather than the Box-Behnken design of a previous study10. 
This I-optimal design allows to include corner points of the design space which 
represent extreme parameter combinations. Moreover, it allows to include a third 

order effect of seal pressure in the response surface model, which was shown to 
possibly be of interest, based on preliminary experiments. 

The third step involves fitting a response surface model with three input variables 
(temperature, time and pressure) to the seal strength values obtained at the 20 
experimental runs. The following quadratic model with interactions was fitted: 
 

𝑦 =  𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2 + 𝛽3𝑥3 +  𝛽12𝑥1𝑥2 + 𝛽23𝑥2𝑥3 + 𝛽13𝑥1𝑥3 + 𝛽11𝑥1
2 + 𝛽22𝑥2

2 + 𝛽33𝑥3
2

+ 𝛽333𝑥3
3 + 𝜀 

Equation 9. 

 
with 𝑥1, 𝑥2 and 𝑥3 the three input parameters seal temperature, time and pressure, 

𝑦 the seal strength, 𝜀 the error term and the β’s are the coefficients. Besides the 

main effects, the interaction terms and quadratic terms were also considered in 
the model. Moreover, for pressure, a third order effect was also included in the 
model. Non-significant effects are removed from the model by an all possible 
subsets procedure. The model with the best fitting subset of effects is selected. 
The criteria of this selection are R², AIC and BIC. For a more detailed description 
of the model selection, the reader is referred to the previous study on ultrasonic 

seals10. 
In a fourth step, the response surface model was utilized for optimizing the input 
variables towards the response (seal strength). In this study maximum seal 
strength is defined as an optimal result and was thus assigned a desirability = 1. 
In addition to determining one optimal parameter setting, a process window can 

be generated which for example excludes parameter combinations resulting in 
seal strength below a certain threshold. In this study, process windows were 

generated containing only those parameter combinations at which at least 90% 
of the maximum seal strength is reached. 
In a fifth and last step, the optimum was experimentally validated by performing 
repeated measurements (n=10) at the optimal settings to check if the predicted 
optimum lies within the confidence interval calculated from the measured values. 
To assess the success of the confirmation, the CICON approach as suggested in 

previous research was followed11, 12. For details, the reader is referred to the 
previous study on ultrasonic seals10. 
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4.4 Results and Discussion 

4.4.1 Film characterization 
 
It is not always possible to compare DSC results of packaging films with blown 

extruded films with 100 % pure material such as plastomer because of low viscous 
behaviour of this substance. Because of this, the results of the seal layers of the 
three packaging films are compared with the individual components in granulate 
form. This allows to identify similarities and to suggest explanations in differences 
and similarities of the three packaging films. The melting onset and peak 
temperatures of the films and granulates in this study are shown in Table 13. The 

values of film 1 are in between the values of its main components LDPE and 

mLLDPE in granulate form. In a previous study on blended films of LDPE and 
mLLDPE it was found that the melting point of the blended monolayer was 
between the values observed for mLLDPE and LDPE films13. The melting onset 
temperature of film 2 is decreased with 5 degrees compared to film 1. The 
presence of plastomer instead of metallocene LLDPE in the lower 15 µm of the 
seal layer is suggested as explanation since plastomer has a lower melting point 

than metallocene LLDPE. This is indicated by melting peak temperatures of the 
components in granulate form. The melting peak temperature of the seal layer of 
film 2 is close to the value of film 1. Acid copolymer and sodium ionomer presence, 
which have lower melting points than LDPE, mLLDPE and plastomer, does not 
decrease the melting peak and onset temperature of film 3. These components 

are present in low amount in proportion to LDPE and mLLDPE and their melting 
temperatures are probably too low to influence the tangent line which is used to 

obtain the onset temperature. 
 
Table 13: Melting onset and melting peak temperatures of films and granulates, 

tested with DSC. 
 

 Film Granulate of film component 

1 2 3 LDPE mLLDPE plastomer Acid 

copolymer 

Sodium 

ionomer 

Tmelt 

onset(°C) 

100 95 98 102 95 87 77 70 

Tmelt peak 

(°C) 

112 113 112 112 111 102 98 90 

 
The hot tack strength is relevant for sealing through solid particles as these 

particles can push the seal layers away from each other directly after opening the 
hot bars when the seal is still hot14. This spring back effect is similar when wrinkles 
are present. The effect is discussed in several papers5, 6, 8, 9. Figure 63 shows the 
hot tack results of all films. The hot tack initiation temperature (temperature 
where a low but measurable hot tack strength is obtained), peak value and window 
(temperature range where a relatively high hot tack strength is obtained) are 
discussed to compare the three packaging films. As there is currently no clear 

definition of the hot tack initiation temperature, it is defined in this study as the 

minimum temperature (°C) where a seal with low hot tack strength is produced, 
a threshold value of 0.03 N. mm-1 must be exceeded. The hot tack window was 
defined as the temperature range (°C) from minimum to maximum temperature 
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where seals with medium hot tack strength are produced, a threshold value of 0.1 

N. mm-1 must be exceeded. 
 

 

Figure 63: Hot tack graph with variation in seal temperature, seal parameters: 
1.0 s seal time – 0.3 N.mm-2 seal pressure – 0.1 s cool time (n=3) for three 

packaging films. 

 
Film 1 has a relatively high hot tack initiation temperature (105°C) compared to  

other films. It can be a result of the absence of low melting main components 
such as plastomer or sodium ionomer in the lower 15 µm of the seal layer. The 
peak value (0.29 ± 0.01 N.mm-1) is low compared to other films. The peak value 
is reached at 110°C, in accordance with the melting peak temperature of film 1 
and individual granulates of two main components, LDPE and metallocene LLDPE. 
The hot tack window is narrow (110-140°C) compared to the other films. Film 2 

has a relatively low hot tack initiation temperature (90°C) making it suitable for 
high speed sealing applications. This can be a result of the presence of plastomer5 
in the lower 15 µm of the seal layer. Compared to film 1 the peak value (0.43 ± 
0.03 N.mm-1) is high, suggesting more and/or deeper entanglement, this was 
previously described in literature8. For both films, the hot tack strength decreases 

strongly in a similar way at elevated temperatures (≥ 150°C). Film 3, with the 
sodium ionomer seal layer, shows a larger standard deviation compared to the 

other films. It has a low hot tack initiation temperature (90°C), then the hot tack 
strength slowly increases until a high peak value (0.41 ± 0.07 N.mm-1) is reached 
at 115°C. The hot tack window is very broad (100 - ≥180°C), indicating that this 
film keeps a large portion of its strength at seal temperatures ≥ 150°C, a 
characteristic that is previously described in literature 15. Both film 2 and 3 are 
evaluated as good hot tack performers because of a combination of hot tack 
properties (low initiation temperature, high peak value and wide window). 
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4.4.2 Evaluation and optimization of contaminated seal 

strength  
 
The experimental design of the three films of this study is shown in Table 14. At 
each of the parameter combinations defined by the design, both clean and 
contaminated (coffee and blood powder) seals were created and their seal 
strength was measured. Other responses such as leak tightness, seal energy, 
optical aspects, seal thickness, etc. are also possible in a single or multi-response 
model, but were not considered in this study. All clean and contaminated seal 

strengths of films 1, 2 and 3, produced at the 20 parameter combinations 
(temperature, time and pressure) defined by the experimental design are also 

shown in the table. These seal strengths served as an input to build a model that 
predicts the clean and contaminated seal strength at all possible parameter 
settings within the defined design space. 
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Table 14: Experimental design with parameters (seal temperature (T), time (t) 

and pressure (p)) and responses (clean and contaminated seal strength) of films 
1, 2 and 3 (F1, F2 and F3). 

      Response: Seal strength (N.mm-1) 

      

Clean Ground coffee 

Contamination 

(25 g.m-2) 

Blood powder 

contamination 

(25 g.m-2) 

Run 
Tbar 

(°C) 

F1 

Tbar 

(°C) 

F2 

Tbar 

(°C) 

F3 

tseal 
(s) 

pseal 
(N.mm-2) 

F1 F2 F3 F1 F2 F3 F1 F2 F3 

1 149.3 141.2 143.9 0.7 1.9 2.4 3.0 1.4 1.4 2.3 0.6 0.7 1.4 0.3 

2 181.5 181.5 181.5 0.4 3.2 2.3 3.1 1.8 1.9 2.0 0.3 0.3 0.4 0.3 

3 119.6 104.1 109.2 0.5 1.6 0.6 1.9 0.1 0.0 0.0 0.0 0.0 0.0 0.0 

4 150.5 142.7 145.3 0.7 3.3 2.6 2.8 1.7 1.4 1.9 0.6 0.7 1.7 0.3 

5 150.5 142.8 145.4 0.7 3.2 2.5 3.1 1.8 1.5 2.1 0.5 0.7 1.5 0.6 

6 162.6 157.8 159.4 1.0 3.4 2.2 2.6 1.3 2.2 2.3 0.8 0.4 0.8 0.5 

7 144.1 134.7 137.9 1.0 1.9 2.5 3.0 1.5 1.4 2.6 0.6 1.1 1.4 0.5 

8 119.6 104.1 109.2 0.7 3.1 2.3 2.9 0.4 0.6 0.9 0.0 0.5 0.1 0.0 

9 181.5 181.5 181.5 0.7 1.0 2.2 2.9 1.8 1.9 2.9 0.5 0.9 0.6 0.2 

10 148.8 140.6 143.3 0.7 1.8 2.4 2.9 1.7 2.0 2.9 0.6 0.7 0.9 0.3 

11 144.3 135.0 138.1 0.4 4.0 2.3 3.2 0.5 1.2 1.7 0.1 0.7 1.0 0.2 

12 119.6 104.1 109.2 1.0 4.0 2.2 2.9 0.4 1.4 1.5 0.1 1.1 0.6 0.3 

13 181.5 181.5 181.5 0.4 1.9 2.3 2.9 1.7 1.1 1.4 0.5 0.3 0.3 0.4 

14 181.5 181.5 181.5 1.0 1.0 2.2 2.9 1.7 1.3 3.0 0.5 0.6 0.5 0.4 

15 150.5 142.8 145.4 0.4 1.0 2.4 3.1 0.7 1.0 2.1 0.3 0.4 1.4 0.2 

16 119.6 104.1 109.2 1.0 1.0 2.1 3.0 0.3 1.6 1.1 0.0 0.8 0.3 0.1 

17 181.5 181.5 181.5 1.0 2.4 2.2 3.6 1.8 2.0 3.2 0.5 0.4 1.6 0.4 

18 181.5 181.5 181.5 0.7 4.0 3.1 2.6 2.2 2.0 2.9 0.7 0.3 0.3 0.4 

19 119.6 104.1 109.2 0.4 3.3 0.7 1.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 

20 150.8 143.1 145.6 0.7 1.8 2.3 2.9 1.5 1.2 2.5 0.5 0.6 2.0 0.3 

 
In Table 15,Table 16 and Table 17, the coefficients of the terms included in the 

models for each film are summarized for clean seals, coffee contaminated and 
blood powder contaminated seals, respectively. Non-significant terms were not 
included in the model and therefore no coefficient is shown in the table. Based on 
these models, the settings of temperature, time and pressure resulting in 
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maximum seal strength were determined for each film-contaminant combination 

as described in the Methods section. 
 
Table 15: Significant coefficients, terms and regression significance of the seal 

strength model for clean seals of film 1, 2 and 3. 

 

Coefficient Term 

Film 1 Film 2 Film 3 

Value p-Value Value p-Value Value p-Value 

𝛽0 Intercept -0.2435 0.6765 1.5979 0.0314 -2.0659 0.0001 

𝛽1 T 0.0126 0.0012 0.0071 0.0523 0.0219 <0.0001 

𝛽2 T 0.7350 0.0295 0.6962 0.1144 0.5145 0.0364 

𝛽3 P 0.0981 0.1577 -0.0479 0.6028 0.0552 0.2711 

𝛽12 T*t -0.0446 0.0029 -0.0328 0.0326 -0.0130 0.1112 

𝛽23 t*p / / -0.1641 0.6741 / / 

𝛽13 T*p / / -0.0012 0.7122 / / 

𝛽11 T² -0.0005 0.0089 -0.0003 0.0857 -0.0001 0.1203 

𝛽22 t² -2.7627 0.1164 / / -4.1615 0.0046 

𝛽33 p² 0.1299 0.1344 / / -0.1272 0.0535 

𝛽333 p³ / / / / / / 
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Table 16: Significant coefficients, terms and regression significance of the seal 

strength model for coffee contaminated seals of film 1, 2 and 3. 

 

Coefficient Term 

Film 1 Film 2 Film 3 

Value p-Value Value p-Value Value p-Value 

𝛽0 Intercept -1.0186 0.0085 -1.8826 0.0177 -0.7098 0.0111 

𝛽1 T 0.0106 <0.0001 0.0250 <0.0001 0.0086 <0.0001 

𝛽2 t 1.2563 <0.0001 1.0453 0.0104 0.0202 0.8879 

𝛽3 p 0.0893 0.0347 -0.0446 0.8187 -0.0254 0.4254 

𝛽12 T*t -0.0459 <0.0001 -0.0207 0.0900 -0.0091 0.0902 

𝛽23 t*p -0.3708 0.0362 / / / / 

𝛽13 T*p / / / / -0.0029 0.0232 

𝛽11 T² -0.0006 <0.0001 -0.0006 0.0004 -0.0001 0.1426 

𝛽22 t² / / / / / / 

𝛽33 p² / / -0.0785 0.4184 -0.0502 0.2118 

𝛽333 p³ / / 0.1347 0.2000 / / 

 
Table 17: Significant coefficients, terms and regression significance of the seal 

strength model for blood powder contaminated seals of film 1, 2 and 3. 

 

Coefficient Term 

Film 1 Film 2 Film 3 

Value p-Value Value p-Value Value p-Value 

𝛽0 Intercept 0.4262 0.1593 0.5214 0.3284 -0.5112 0.0049 

𝛽1 T -0.0016 0.3138 0.0030 0.3214 0.0037 0.0004 

𝛽2 t 0.6953 0.0006 0.5969 0.1189 0.3370 0.0025 

𝛽3 p -0.0194 0.5617 / / 0.0404 0.0582 

𝛽12 T*t -0.0276 0.0010 / / -0.0046 0.1595 

𝛽23 t*p -0.2909 0.0587 / / / / 

𝛽13 T*p -0.0047 0.0059 / / / / 

𝛽11 T² -0.0003 0.0013 -0.0007 <0.0001 -0.0001 0.0042 

𝛽22 t² / / / / 0.4579 0.3619 

𝛽33 p² 0.0684 0.1176 / / -0.0220 0.3829 

𝛽333 p³ / / / / / / 
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As a validation of the optima of the three films, the predicted optimal parameter 
settings, predicted maximum seal strengths and limits of the confidence intervals 
calculated based on the validation experiments (CICON approach) are shown in 
Table 18. 
 

Table 18: Validation of statistical optimum (n=10) + optimal settings. 

 

 

Seal strength (N.mm-1) 

Clean 
Ground coffee 
contamination 

(25 g.m-2) 

Blood powder 
contamination 

(25 g.m-2) 

predicted 
CI 

measured 
Predicted 

CI 

measured 
predicted 

CI 

measured 

Film 1 3.0 [2.2;2.7] 2.1 [1.6;2.0] 1.1 [0.6;0.9] 

Film 2 3.3 [3.0;3.2] 3.1 [2.3;2.8] 1.6 [1.4;1.9] 

Film 3 2.2 [1.7;2.0] 0.9 [0.6;0.8] 0.5 [0.3;0.5] 

Optimal settings 

Film 1 
165 °C_0.7 s_4.0 N.mm-² 151 °C_1.0 s_1.0 N.mm-² 150 °C_1.0 s_1.0 N.mm-² 

Film 2 
144 °C_1.0 s_1.0 N.mm-² 161 °C_1.0 s_4.0 N.mm-² 147 °C_1.0 s_2.0 N.mm-² 

Film 3 
182 °C_0.7 s_2.7 N.mm-² 182 °C_0.4 s_1.2 N.mm-² 157 °C_1.0 s_3.4 N.mm-² 

 
The predicted values are a good indication of the measured values but the model 

tends to slightly overestimate the optimized seal strength. A higher accuracy could 

be reached by adding repetitions to the test or augmenting the experimental 

design with additional experiments. This can be a subject for further research. 

Contamination decreases the seal strength, even when optimized. The rate of 

decrease is dependent on the used seal material (blend LDPE/mLLDPE, blend 

LDPE/plastomer and sodium ionomer) and the applied contamination (ground 

coffee, blood powder). For films 1, 2 and 3 the degrees of decrease, based on the 

measured average values (not shown in table), are respectively 25, 16 and 63 % 

for ground coffee and 71, 45 and 79% for blood powder contamination compared 

to the clean seal strength. The samples contaminated with coffee reach a higher 

optimized seal strength than the samples with blood powder. This can be a result 

of more binding spots between the seal layers because of the lower amount of 

coffee particles when a same mass of contamination is applied.  

Figure 64 shows that there are more clean areas with contaminated seal samples 

with coffee particles compared to those with blood powder. 
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Figure 64: A: Raw images of coffee (left) and blood powder (right) contaminated 
samples of film 2, sealed at 181.5 °C, 0.7 s and 1.0 N.mm-2 with a high-
resolution digital imaging set up with LED backlight illumination for high 

contrast. These raw images are converted to binary images (B) where clean 

areas are black. 

 
Seal pressure has a slight or no influence on the seal strength as shown in Table 
15,Table 16 and Table 17. There is no significant effect of pressure on seal 

strength with clean seals. Previous research on clean seals described the very 
limited influence of seal pressure on seal strength16,17. With ground coffee 
contamination, a slight effect of pressure is seen as the first order and t*p term 
of film 1 and T*p term of film 3 have significant effects. With blood powder 
contamination there is only a significant effect of the T*p term on seal strength 
for film 1. Higher significance is observed for temperature and time and the 
combination of both parameters on clean and contaminated seal strength. This 

result is in line with previous studies that state that temperature and time are the 

most important factors influencing seal strength16, 17. These parameters were used 
in process windows within which at least 90% of the maximum seal strength is 
obtained. The process windows for the three films are shown in Figure 65. Film 1 
and 2 have the widest process window when seals are clean and process windows 
become narrow when solid contamination is present. Process windows for clean 

and coffee contaminated seals are wider for film 2 than for the other films. Even 
at low seal times of 0.5-0.6 s, it is possible to produce strong seals if the 
temperature is set at 170°C. In an industrial context, this is an advantageous film 
property with respect to production speed. Blood powder contaminated seals need 
higher seal time to produce strong seals. Taken into account the optimal values 
of Table 18 and the process windows of Figure 65, film 1 (seal layer blend of LDPE 

and metallocene LLDPE) is less tolerant for solid contamination than film 2 (seal 

layer blend of LDPE and plastomer) regarding seal strength. The results of this 
comparison are in line with the comparison of hot tack performance between both 
films (lower initiation, wider window and higher peak value for film 2). For film 3 
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all process windows are narrow compared to film 1 and 2. There is almost no 

overlap between the process windows. Taken into account the seal strengths of 
Table 18 and the process windows of Figure 65, this film has the worst tolerance 
for these types of solid contamination regarding seal strength. These results are 
inconsistent with the good hot tack performance (low seal initiation, high peak 
value, wide window) of this film. One possible explanation would be that for this 
film only the lower part of the seal layer participates in the encapsulation of the 

particles. The lower thickness (5 µm acid copolymer + 10 µm ionomer) of the 
effective seal layer compared to the particle size could decrease the seal-through-
contamination performance. Another possible explanation can lie within the flow 
behaviour of the seal material. In previous research8, flow ability was related to 
the encapsulation of milk powder particles. These particles can be isolated if the 

seal material can flow around them. Both topics can be interesting for further 
research to gain better insight into the clean and contaminated seal performance 

of packaging films. 
 

 

Figure 65: Temperature vs. time process windows for clean, coffee and blood 
powder contaminated samples. The process windows indicate those 

combinations of temperature and time that result in a seal strength of at least 
90% of the optimum value. Pressure was kept constant at 2.5 N.mm-2. 

 
All samples that were optimized in seal strength are tested for their leak tightness 

by a dye penetration test prior to the seal strength test. Samples are tested in 

tenfold. All clean optimized samples were leak tight. In the case of coffee 
contamination, films 1 and 3 have respectively 8 and 7 out of 10 leak tight 
samples. All samples of film 2 were leak tight at optimal settings. In the case of 
blood powder contamination, film 1 has 9 out of 10 leak tight seals and films 2 
and 3 are leak tight at the optimal settings. Comparing the three seal layers, the 
plastomer-based seal layer in film 2 has the best seal-through-contamination 
performance regarding leak tightness at optimal settings. A previous study14 

suggests that viscous, hot tack and mechanical properties of seal materials are 
related with the encapsulation of solid contamination. Low zero shear viscosity, a 
high hot tack strength window (=area under hot tack curve between hot tack 
initiation temperature and actual seal bar temperature) and high resistance to 

elongation under stress were beneficial for preventing leaks14. 
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4.5 Conclusions 
 
In this study, a method to optimize the granular contaminated seal strength of 
packaging films is presented. The optimal values predicted by the response 
surface method are experimentally validated. Predicted values are a good 
indication of clean and contaminated seal strength, although there is a tendency 
of overestimation by the model. Augmenting the initial experimental design or 
including repetitions in the design could improve this. Besides giving optimal 

values at one specific parameter setting, process windows for clean and 
contaminated seals can be obtained by doing a limited number of tests. These 
process windows are highly relevant for practical use in industry. 

 
To gain understanding on the impact of solid contamination on the seal 
performance, clean and contaminated seal strengths of films with a metallocene, 
plastomer or ionomer-based seal layer are maximized and compared on seal 

strength, process window and leak tightness. Solid contamination causes a 
decrease in the maximal seal strength and narrows down the parameter region of 
time and temperature in the process window where 90% of that maximal strength 
is obtained compared to clean seals. When an equal mass of coffee and blood 
powder is applied, blood powder has a more negative impact on the maximum 
strength than coffee powder. The film with the plastomer-based seal layer 

outperformed the other films with a higher seal strength, wider process windows 
and a higher degree of leak tightness (evaluated with the dye penetration test). 

This film also has a better clean seal performance than the other ones. 
 
Hot tack results are compared with clean and contaminated seal performance to 
evaluate the use of hot tack as a predictive test for the contaminated seal 
performance. There are similarities in the comparison of films with metallocene 

and plastomer-based seal layer, such as the hot tack initiation temperature, 
window and peak value. The hot tack results of the film with sodium ionomer, 
however, were not predictive for the contaminated seal strength. 
 
The influence of seal technology, bar geometry and effective thickness and flow 
behaviour of the seal layer on solid granular contaminated seal performance can 
be subjects of further research. The presented framework of this chapter can be 

adapted so the above described factors can be studied efficiently, with respect to 
their mutual interactions. This facilitates further research to pace up knowledge 
development of seal contamination in open literature and thus contributes to safe 
and high-quality food packages with minimal losses of food and packaging 
materials. By adapting the contamination application method, other types of 
contamination, such as liquids and complex food matrices, can be evaluated as 

well in relation to seal performance. 
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5. Evaluation and optimization of the peel 

performance of a heat sealed topfilm and 

bottomweb undergoing cold storage 
 
Bamps B, De Ketelaere B, Wolf J, Peeters R. Evaluation and optimization of the 
peel performance of a heat sealed topfilm and bottomweb undergoing cool 

processing. Packaging Technology and Science 2021; 34(7); pp. 401-411. DOI: 
http://doi.org/10.1002/pts.2562. 

 

In the last decades, flexible food packaging is expected by consumers to open by 

peeling. For cold storage, which is crucial for food preservation, no study is 

available on the peel performance (peel strength and peel energy). Test 

procedures to efficiently evaluate and optimize the peel performance of packaging 

materials before, during and after cold storage are missing. As a result, insight in 

this matter is rather limited. With this study, potential issues can be anticipated. 

The methods of previous chapters are adapted to study peel performance during 

and after cold storage. A DOE-method with four factors (hot tool process 

parameters: temperature, pressure and time + ambient temperature) and three 

performance indicators (average and maximum seal strength, referred to as peel 

strength in this study, and seal energy, referred to as peel energy in this study), 

referred to as responses in this publication, is developed, validated and applied to 

evaluate and optimize seal performance of a representative peelable topfilm-

bottomweb packaging concept. Additional mechanical and seal experiments are 

performed to explain the differences in seal performance and thus gaining a better 

understanding of peel performance during and after cold storage. This study is 

performed within the CORNET-framework (THERMOPEEL: “Optimal peelable seals 

in packaging concepts undergoing thermal processing”, funded by the Flemish 

(Agentschap Innoveren & Ondernemen (VLAIO-TETRA nr. 180224)) and German 

government (Federal Ministry for Economic Affairs and Energy (BMWi, IGF project 

no. 243 EBR/1)). 
 

5.1 Introduction  
 

Tight packages are crucial to ensure food quality and food safety throughout the 
process chain. Perishable food products such as meat, cheese, ready meals and 
others are often packed in a rigid thermoformed tray, heat sealed with a thin 
flexible topfilm, in vacuum or with modified atmosphere to extend the shelf life. 

In 90 % of all thermoform fill & seal machines only the bottomweb is formed. 
Besides heat sealability, materials are selected based on barrier and mechanical 
properties1. These properties are determined by the chemical composition, 

production process and the thickness. The packed product undergoes cold storage 

http://doi.org/10.1002/pts.2562.
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after sealing to extend the shelf life. At the food company, during transportation 

and storage, at the store and finally at the consumers’ place it can be cooled 
and/or heated. Cold storage can be differentiated in chilling at temperatures from 
0 to 5 °C and freezing at temperatures from -24 to -18 °C where the presence of 
H2O in a solid state extends the shelf life. Cold storage generally extends the shelf 
life by decreasing microbial activity and biochemical reactions2. To meet the needs 
of the rapidly growing segment in the population of those aged 65+ with reduced 

muscle strength, increasingly living in single person households, packaging 
solutions with easy opening features and smaller size are suggested3. Industrial 
guidelines4 and research5 is published to address the suggestion of easy opening 
of thermoformed trays with peelable seals for this segment of the population. Seal 
quality must be ensured at all temperatures of the process chain.  

 

5.2 Objectives 
 
The main objective of this study is to present a method to optimize peel 
performance of packaging concepts undergoing cold storage. This method is based 
on previous studies with a similar methodology to optimize seal strength with a 

limited number of tests6,7. A second objective is to evaluate the relation between 
peel performance and cold storage by applying the proposed method on a 
commercial packaging concept with poly(ethylene) (PE) seal layer to optimize peel 
performance at 23 °C and compare this with seals that are produced at equal 
process parameters during and after cold storage at 4 or -18 °C. 

 

5.3 Materials & methods 
5.3.1 Materials 
 
The topfilm is composed of a blown coextruded structure of 45 µm with three 
layers (PE, ethylene vinyl alcohol (EVOH) and cohesive peelable PE at the seal 

surface), laminated to a 12 µm thick poly(ethylene terephthalate) (PET) outer 
layer. The bottomweb is composed of a PE seal layer of 35 µm laminated to an 
outer PET layer of 250 µm. These materials were provided by Südpack 
Verpackungen GmbH & Co KG (Germany). The bottomwebs are not thermoformed 

and characterized as films to eliminate the impact of the thermoform process. 
 

5.3.2 Methods 
 
Previous studies on fracture mechanics have shown that peel energy results of 
experimental tests are the sum of the energy of creating new interfacial area 
(N.mm-1), which is referred to as the energy of fracture (Ga), the energy to extend 
the peel arm (Ge) and the energy to bend the peel arm (Gb)8, 9. The following 
equation for peel strength (N/mm) illustrates this sum of impacting components 

and considers the geometry of the test by including the peel angle θ. 
 

𝑃𝑒𝑒𝑙 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ =
𝐺𝑎 + 𝐺𝑒 + 𝐺𝑏

1 +  𝜀𝑎 − 𝑐𝑜𝑠𝜃
 

Equation 10. 
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εa represents the inelastic extension (ratio)10
. 

Besides presenting an optimization method this study evaluates the relation of 
cold storage on peel performance by applying the proposed method and 
performing additional mechanical tests for seal and film characterization. 
 
Seal preparation and characterization 
Samples are cut to a width of 30 mm and a length of 100 mm in machine direction 

of the film. The seal width, this is the width of the bars, is 10 mm.  The upper bar 
is heated at high temperatures while the lower bar is kept at 50 °C to simulate 
the sealing process in the industry where the lower bar is not actively heated by 
itself, but only through the frequent touching of the heated upper bar. Seal 
temperature in this study refers to the temperature of the upper bar. Seal times 

from 1 to 3 s are used to simulate the sealing process of the topfilm and tray 
packaging concept in the industry. Seal pressures from 1 to 4 N.mm-2 are used to 

cover the full working range of the lab sealer. A peel strength test with a peel 
angle of 180° is performed within 4 hours after sealing. The bottomweb is clamped 
at the bottom and the topfilm from above. Clamp distance is set at 20 mm and 
testing speed is 300 mm.min-1. A preload force of 1 N is used.  
 
Three results characterize the peel performance. The maximum peel strength is 
calculated by dividing the maximum force measure by the sample width. The 

average peel strength is calculated by dividing the average force of the central 30 
% of the position of the peel curve with the sample width. Peel energy is the 
energy below the force-elongation curve. Samples are visually analysed 

afterwards to study the impact of the peel test and temperature processing on 
peeled multilayer structures. Discussed seal failure mechanisms of ASTM F88 such 
as cohesive peel and delamination, as shown in Figure 35, are differentiated 

amongst combinations of these mechanisms by eye. Microscopic cross section of 
peeled samples with amplifications of 10x20 and 10x50 are made to visualize the 
layer distribution. 
 
In order to determine the cool time of the experiments to optimize peel 
performance, the following test is carried out. Samples are sealed with a seal 
temperature of 150 °C, a seal time of 0.7 s and a seal pressure of 1.0 N.mm-². 

Using these seal settings, samples peeled cohesively in a peel test. Directly after 

sealing, samples are transferred to temperature chambers of -18, 4 or 23 °C and 
samples are tested in triplicate after 30 minutes, one hour, two hours, four hours, 
six hours, one day, two days, four days, eight days, eleven days, one month and 
two months. Five minutes before testing the samples are kept at 23 °C and the 
peel test is also carried out at 23 °C to measure the influence of processing time 
on maximum peel strengths and standard deviations.  

 
Film characterization 
All materials are stored in a room with standard environment conditions (23 °C, 
50 % relative humidity) 8 days before testing. 
A three-point flexural test is performed on bottomweb samples to determine the 
impact of ambient temperature on bending properties. The bottomweb sample is 

cut to a width of 30 mm and a length of 50 mm in machine direction. In this 
direction the sample is naturally slightly bended because of the winding on a roll 
with 76 mm core diameter. The sample is placed on two supports, with the bend 
facing upwards, in a temperature chamber of -18, 4 or 23 °C. The length of the 
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span between these supports is 20 mm. The radii of the supports and loading edge 

are 5 mm. The position, and thus resulting strain, is zeroed at a preload force of 
0.3 N, corresponding closely with a straight parallel sample at considered 
temperatures. The testing speed is set at 1 mm.min-1 and a comparison is made 
of the flexural stress 𝜎𝑓 (N.mm-2)-strain 𝜀𝑓 (ratio) curves until 2% strain. Flexural 

stress and strain are calculated according to the ISO 178 standard with Equation 
11 and Equation 12. 

 

𝜎𝑓 =
3 ∗ F ∗ L

2 ∗ 𝑏 ∗ ℎ²
 𝜀𝑓 =

600 ∗ s ∗ h 

L²
 

Equation 11. Equation 12. 

 

F is the applied force in N, L is the span in mm, b is the width in mm, h is the 
thickness in mm and s is the deflection in mm. 
 
A tensile test on the topfilm is performed to determine its tensile properties. 15 
mm wide rectangular topfilm samples are tested in machine direction at 300 
mm.min-1 and a clamp distance of 20 mm to match the settings of the peel 
strength test.  

As the topfilm material is a commercial material and the composition of the seal 
layer remains unknown, additional tensile tests were performed on low-density PE 
(LDPE) film samples to visualise how cold storage impacts a PE stress-strain 
diagram at the test temperatures, cool time and test speed in this study. 

 
Seal optimization 
To evaluate the impact of the individual parameters seal temperature, seal time, 

seal pressure, processing temperature and their interactions on the peel 
performance (peel strength and peel energy) a design of experiment approach 
was followed according to previous research6, 7. 

• In a first step a design space is defined using predefined limits of all 
individual parameters. The limits are based on preliminary tests, industrial 
relevance and the working range of the equipment. In this study the 
minimum and maximum design limits for continuous parameters such as 
seal temperature, seal time and seal pressure are respectively 130 – 180 

°C, 1.0 - 3.0 s and 1.0 - 4.0 N.mm-². Processing temperature is considered 

a categorical parameter because there is no interest in intermediate 
temperatures.  

• In a second step an experimental design is defined within the design 
space. The combination of continuous and categorical parameters requires 
a custom design. An I-optimal design with 24 experimental runs is 
proposed11.  

• Each of the runs is tested in duplicate. Additionally, samples during and 
after cold storage are tested, summing up 4 samples for each run. Each 
sample generates three results: maximum and average peel strength, and 
peel energy.  

• In a next step a response surface model is fitted to the obtained data. 

Factors were mean centred before calculating interactions or quadratic 
terms. 
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• This model is then used to optimize settings to obtain certain target values 

for peel performance at 23 °C and to predict values at -18, 4 and 23 °C 
during and after cold storage. The optimized peel performance is based 
on the capacity of the packaging concept and on target values that can be 
achieved by 95% of the population4. 

• In a last step the optimized seals are validated by testing five samples, 
sealed at optimum settings. For more detail on this methodology the 

reader is referred to a previous study6. 

The influence of bending movement of the bottomweb on the peel performance is 
evaluated by comparing the peel performance of optimized seals at 23 °C with 
seals that are reinforced by gluing the bottomweb to a 1 mm thick metal plate. 

The influence of processing temperature on bond strength and elongation is 

evaluated by testing the optimum seals with a reinforced metal plate during -18, 
4 and 23 °C and thus eliminating the difference in bending stiffness of the 
bottomweb at different temperatures.  
 
Statistical analysis 
Results from the higher-mentioned experiment were analysed using a response 

surface model, considering main effect, interactions as well as quadratic effects. 
An all-possible subset model selection was performed to define the final model 
that was used for the optimization.  For all analyses, the JMP version 14 software 
(JMP 14, The SAS institute, Inc, NC, USA). 
 

Apparatus 
Sealed samples are prepared with a Labthink HST-H3 heat seal tester (Labthink 

Instruments Co Ltd, People’s Republic of China). Peel and flexural tests are carried 
out with the Tinius Olsen 5ST universal testing machine (Tinius Olsen Ltd, United 
Kingdom), the tools and clamps are inside a TH 2700 temperature chamber 
(Thümler GmbH, Germany). The combination of both instruments is installed by 
Benelux Scientific BVBA (Belgium). A Nikon Eclipse ME600 microscope and NIS-
Elements D4.10.00 software (Nikon, Japan) are used to visualise cross sections. 
 

5.4 Results and Discussion 
5.4.1 Influence of cool time 
 
Figure 66 shows the maximum peel strength results at different cool times. There 

is a very small impact of cool time on maximum peel strength, the average values 

increase slightly after one day of cool. However, the increase of average values 

lies within a 95 % confidence interval (shown by the error bars) of the maximum 

peel strengths at low cool times. 

Because of this limited impact and to be able to perform many tests in a short 
amount of time the following ageing and cool time restrictions are followed in the 
optimization experiments: Sealed samples are tested in a 4-hour timeframe after 
sealing in the optimization tests. Samples during sealing are kept in the 

temperature chamber for 15 minutes prior to the start of the test. Samples after 
sealing are also kept in the temperature chamber but transferred after 15 minutes 
to cool down or heat up to 23 °C. These samples are eventually tested at 23 °C 
in the temperature chamber. 
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Figure 66: Influence of cool time on maximum peel strength (n=3). 

 

5.4.2 Seal optimization 
 
The experimental design with results is shown in Table 19. 
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Table 19: Experimental design with parameters (seal temperature, seal time, 

seal pressure and processing temperature) and responses (average peel 
strength, maximum peel strength, peel energy) during and after cold storage 

(n=2). 
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Table 20: Significant terms with parameter estimates (V) and corresponding p-

values (p-V) of average peel strength, maximum peel strength and peel energy 
during and after cold storage. 

 
 During cold storage 

Term Average peel 

strength 

(N.mm-1) 

Maximum peel 

strength 

(N.mm-1) 

Peel energy 

(J) 

V p-V V p-V V p-V 

Intercept -4.7550 <.0001 -4.5976 <.0001 -0.5638 <.0001 

Tseal 0.02793 <.0001 0.0278 <.0001 0.0046 <.0001 

tseal 0.45050 <.0001 0.4676 <.0001 0.0531 0.0006 

pseal 0.28074 <.0001 0.2438 <.0001 / / 

Tprocessing [-18] / / / / 0.0674 0.0003 

Tprocessing [4] / / / / / / 

Tprocessing [23] / / / / / / 

Tseal*tseal 0.0102 0.0044 0.0094 0.0104 / / 

tseal*tseal / / / / -0.0690 0.0191 

Tseal*pseal 0.0103 <.0001 0.0087 0.0010 / / 

tseal*pseal 0.1246 0.0272 0.1264 0.0315 / / 

pseal*pseal / / / / / / 

Tseal*Tprocessing [4 °C] / / / / / / 

Tseal*Tprocessing [23°C] / / / / / / 

tseal*Tprocessing [4 °C] / / / / / / 

pseal*Tprocessing [23°C] / / / / / / 

 After cold storage 
Term Average peel 

strength 

(N.mm-1) 

Maximum peel 

strength 

(N.mm-1) 

Peel energy 

(J) 

V p-V V p-V V p-V 

Intercept -3.0738 <.0001 -3.2361 <.0001 -0.3324 <.0001 

Tseal 0.0177 <.0001 0.0186 <.0001 0.0027 <.0001 

tseal 0.3789 <.0001 0.4118 <.0001 0.0493 <.0001 

pseal 0.1485 <.0001 0.1509 <.0001 / / 

Tprocessing [-18] / / -0.1083 0.0400 / / 

Tprocessing [4] / / / / 0.0211 0.0163 

Tprocessing [23] / / / / / / 

Tseal*tseal 0.0051 0.0264 0.0059 0.0056 / / 

tseal*tseal / / / / / / 

Tseal*pseal 0.0055 0.0009 0.0049 0.0012 / / 

tseal*pseal 0.1058 0.0053 0.1212 0.0007 / / 

pseal*pseal / / / / -0.0206 0.0015 

Tseal*Tprocessing [4 °C] / / / / 0.0011 0.0079 

Tseal*Tprocessing [23°C] / / / / / / 

tseal*Tprocessing [4 °C] 0.1350 0.0440 0.1465 0.0176 0.0274 0.0083 

pseal*Tprocessing [23°C] /  / / / / 
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Table 20 shows a summary of the coefficients of the terms which are included in 

the models for each response. Parameters estimates for non-significant terms are 
not shown in the table because they are not retained in the models. The table 
shows the complexity of parameters (first order, second order and interactions) 
that impact the results for peel strength and peel energy. As an example, the 
polynomial model for maximum peel strength during cold storage is given, factors 
are mean centred. This complex model is visualised in the prediction profilers of 

Figure 67. 
 
 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑝𝑒𝑒𝑙 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ =  −4.598 + 0.028 ∗ 𝑇𝑠𝑒𝑎𝑙 + 0.468 ∗ 𝑡𝑠𝑒𝑎𝑙 + 0.244 ∗ 𝑝𝑠𝑒𝑎𝑙 +
𝑀𝑎𝑡𝑐ℎ 𝑇𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔[−18 → 0.082; 4 → 0.042; 23 → −0.124] + 0.009 ∗ 𝑇𝑠𝑒𝑎𝑙 ∗ 𝑡𝑠𝑒𝑎𝑙 − 0.212 ∗
𝑡𝑠𝑒𝑎𝑙2 + 0.009 ∗ 𝑇𝑠𝑒𝑎𝑙 ∗ 𝑝𝑠𝑒𝑎𝑙 + 0.124. 𝑡𝑠𝑒𝑎𝑙. 𝑝𝑠𝑒𝑎𝑙 + 0.032 ∗ 𝑝𝑠𝑒𝑎𝑙2 + 𝑇𝑠𝑒𝑎𝑙 ∗
𝑀𝑎𝑡𝑐ℎ 𝑇𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔[−18 → 0.008;  4 → −0.007;  23 → −0.002] + 𝑡𝑠𝑒𝑎𝑙 ∗
𝑀𝑎𝑡𝑐ℎ 𝑇𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔[−18 → −0.044; 4 → 0.118; 23 → −0.074] + 𝑝𝑠𝑒𝑎𝑙 ∗
𝑀𝑎𝑡𝑐ℎ 𝑇𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔[−18 → −0.014; 4 → −0.129; 23 → 0.143]  

Equation 13. 
 
Using these models seal settings are optimized. Based on a maximum peel line of 
22 mm for a thermoform-fill-seal machine and a minimum opening force that can 

be achieved by 95 % of elderly female population4, and considering the potential 
peel strength of the packaging concept at 23 °C as shown in Table 19, average 
and maximum peel strengths of 0.5 N.mm-1 are considered as optimal. Target 
values of 0.5 N.mm-1 are matched for average and maximum peel strength during 
and after cold storage, and peel energy is maximized using linear desirability 

functions to optimize peel performance. It is shown in Table 19 that the target 
peel strength is achievable with the considered packaging concept. The 

maximization of peel energy is chosen to generate a peelable seal that maintains 
this strength over the full length of the sealed surface. 
 
The optimal settings to match the target values at 23 °C during and after cold 
storage are given by a seal temperature of 170 °C, a seal time of 1.0 s and a seal 
pressure of 2.0 N.mm-². The optimization is shown in the prediction profilers of 

models in Figure 67. The graphs in the first three column indicate that peel 
strength and energy increased at high seal temperatures, times and pressures. 
The graphs in the fourth column indicate that peel strength and energy increased 
during cold storage, there is no change in peel strength and energy after cold 

storage. The graphs in the fifth column show the applied desirability functions, 
with a peak function to match average and maximum peel strength, and a linear 
function to maximize peel energy. 
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Figure 67: Prediction profilers of models of average peel strength, maximum 
peel strength, peel energy, during and after cold storage, optimized by matching 

0.5 N.mm-1 for average and maximum peel strength and maximizing peel 

energy at 23 °C processing temperature. 

 
The predicted values for peel strength of the optimal sealed samples, prepared 
with these settings at processing temperatures of -18, 4 and 23 °C, are compared 

with confidence intervals based on validation experiments, corresponding with the 

CICon approach12, 13. The results are shown in Table 21.  
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Table 21: Validation of statistical optimum at various processing temperatures 

during and after cold storage (n=5). 

 
 Average peel strength (N.mm-1) Maximum peel strength (N.mm-1) 

Processing temperature Predicted value CI measured Predicted value CI Measured 

-18 °C - during cold 

storage 

0.80 [1.02; 1.24] 0.99 [1.17; 1.25] 

-18 °C - after cold 

storage 

0.54 [0.56; 0.67] 0.62 [0.62; 0.68] 

4 °C - during cold storage 0.47 [0.94; 1.04] 0.63 [0.97; 1.07] 

4 °C - after cold storage 0.48 [0.60; 0.77] 0.47 [0.68; 0.77] 

23 °C 0.45 [0.51; 0.62] 0.58 [0.60; 0.66] 

 

The predicted values are a good indication of what can be expected, however 
these values are slightly underestimated. A higher accuracy can be reached by 

adding repetitions or by adding extra points to the design. Even when both 
responses average and maximum peel strength is matched to an equal value of 
0.5 the maximum value is slightly higher than the average value, another outcome 
would not make sense. The calculated confidence intervals follow the trend of the 
predicted values that during cold storage peel strength increases at -18 °C, 
however, also at 4 °C increased peel strength is measured. Cold storage has no 
impact on peel strength when seals are heated up to 23 °C.  

 

5.4.3 Film characterization 
 

The results of film characterization are shown below in Figure 68, Figure 69 and 
Figure 70. These results are discussed in relation with peel performance in 4.4. 
Figure 68 shows the flexural stress-strain curves of 5 bottomweb samples for each 

evaluated ambient temperature. The samples at low temperature (-18 and 4 °C) 
reach higher stress values when strain increases, compared to samples at 
standard temperature. The samples at -18 °C tend to have the highest stress, 
however variation is too high to distinct clearly with the samples at 4 °C. A flexural 
stress of 70 N.mm-² correspond with normalized strength value of 0.2 N.mm-1. 
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Figure 68: Influence of ambient temperature on flexural stress-strain curves of a 

PET/PE bottomweb (n=5). 

 
Figure 69 shows tensile stress-strain curves of the topfilm at -18, 4 and 23 °C. At 
low temperature; the elongation decreases, whereas the yield and peak strength 
increase. Stress values of 40 and 60 N.mm-2 correspond respectively to 
normalized strength values of 2.5 and 3.7 N.mm-1. The average values (not 
shown) of yield stress at -18, 4 and 23 °C are statistically different at a 95 % 

confidence level. 
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Figure 69: Influence of processing temperature on tensile stress-strain curves of 
a PET/PE-EVOH-PE topfilm (n=5). 

 
Figure 70 shows stress-strain curves during tensile tests of 60 µm thick standard 

LDPE blown monolayer film. Increase of yield and peak stresses are observed at 
low temperature, comparable with the effects illustrated in Figure 69. Stress 
values of monolayer PE film are lower, and strain values are higher in comparison 
with multilayer film. This is caused by the presence of a thin PET outer layer in 
the multilayer topfilm. Stress values of 20 and 30 N.mm-² correspond respectively 
with normalized strength values of 1.2 and 1.8 N.mm-1. The average values (not 

shown) of yield and peak stress at -18, 4 and 23 °C are statistically different at a 

95 % confidence level. 
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Figure 70: Influence of ambient temperature on tensile stress-strain curves of a 

60 µm thick blown extruded monolayer LDPE (LDPE FE8000, Total) film, tested 
at 300 mm.min-1. on 15 mm wide rectangular shaped samples (n=5). 

 

5.4.4 Evaluation of peel performance during cold storage 
 
This section discusses the impact of temperature on peel strength and peel energy 

during cold storage.  
Figure 71 shows bending movements of the sealed bottomweb that occurs during 
the peel test. Once a pulling load is exerted on the seal, and peeling initiates, the 
sealed bottomweb will slightly bend. The bottomweb straightens when the seal is 
peeled towards the end of the seal. In a previous study on peel films of low-density 

PE, with minor contents of isotactic poly(1-butene), bending force and bending 
energy was neglected because the values were 200- and 100-times smaller as 

peel force and peel energy9. In the flexural test of this study flexural stress 
reached values up to 75 N.mm-² around 2% flexural strain, corresponding with 
respective normalized strength values of 0.2 N.mm-1 at 6 mm. Although different 
test protocols were used, these values indicate a higher proportion of bending 
force to peel force, which reaches around  
0.5-1.2 N.mm-1 in Table 21 as maximum peel strength. This was expected as the 

bottomweb is a more rigid material because of the presence of a thick PET outer 
layer of 250 µm.  
The bending of the bottomweb causes a change in peel angle during the test. If 
the bottomweb is fixed a peel angle of 0° would be assumed for the bottomweb 

and 180° for the topfilm. The bottomweb is not fixed in the peel test of this study 
causing a change in peel angle partitioning over bottomweb and topfilm during 
the peel test.  
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Root rotation, which is described in a previous study8, is another important factor 

that could impact the peel performance.  The angle of root rotation (θ0) is 
dependent on the peel angle (θ), with values between 0° and θ. The applied peel 
energy will be partitioned between the part that bends the peel arms and the part 
that creates new interfacial area. The previous study also showed the dependency 
of θ0 with yield stress. As this material property increases typically at decreased 
temperature it is likely that decreasing processing temperature will increase θ0 

and more in general impact the peel performance during cold storage.  
 

 
Figure 71: Bending of sealed bottomweb during a peel test. A, B and C represent 
respectively start situation, peel initiation and peel end (black: outer layer, grey: 

seal layer). 

 
Figure 72 shows all raw peel strength-position curves, used to calculate the 
average and maximum peel strengths in Table 21, and compares it with sealed 
samples with a reinforced bottomweb to eliminate the differences in bending 
movement of the bottomweb, and the changes in peel angle partitioning as a 
consequence of this, at considered temperatures -18, 4 and 23 °C. 
In all tests sealed samples with regular bottomwebs tend to achieve lower peel 

strengths than those that are reinforced with a thin metal plate. These results 
indicate a slightly negative impact of bending movement on peel strength and 
peel energy (area under the curve). 
 
The total distance or end position of the peel tests at 23 °C is around 20 mm. The 

end position is the sum of the deformation of the peel arm(s), the peeled distance 
and the deformation of the peel area. 

In the beginning of each curve deformation of the peel arms takes place. This 
deformation can be differentiated in tensile deformation of the topfilm and bending 
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deformation of the bottomweb. With the reinforced samples bending deformation 

is eliminated and a trend of slightly steeper initial slopes can be observed. Initial 
slopes of regular and reinforced samples are however both very steep and only 
take a small amount of the total distance. In this regard, the observed higher yield 
stresses at low temperature in Figure 69 have a zero to minimal impact on total 
distance, especially with the corresponding normalized strength values that are 
multiples of the observed peel strength values. 

In a T-peel test the peeled distance corresponds to twice the width of the seal 
area (W). In a fixed arm peel test the peeled distance is 𝑊 − 𝑊 ∗ 𝑐𝑜𝑠θ.9 In the peel 

tests of this study, which are carried out at a peel angle of 180°, peel distance 
values of 20 mm are expected because the seal width is 10 mm. In this test 
deformation of the peel area is very limited because peeling ends around 20 mm. 

The impact of the observed higher yield stresses at low temperature with the 
standard LDPE in Figure 70 has zero to minimal impact on peel distance because 

of the lack of deformation. 
In the curves of the tests during -18 and 4 °C peel strength is not decreasing as 
sharply when compared to other tests. This can be explained by the seal failure 
mechanism. With cohesive peel failure the materials will be opened around 20 mm 
and the strength very sharply drops to zero. With combined failure of cohesive 
peeling and delamination a small area of the topfilm delaminates during and 
shortly after cohesive peeling. This results in a less sharp decrease of strength 

compared to the samples that are fully cohesive peeled. With the regular samples, 
tested at respectively -18, 4 and 23 during cold storage, full cohesive peel failure 
is observed at 3, 4 and 5 out of 5 samples. With the reinforced samples it was 

observed at respectively 1, 4 and 5 out of 5 samples. Other samples were partially 
delaminated, the occurrence increases at cool temperatures and even more with 
the use of metal plates as reinforcement for the bottomweb. In a previous study 
on peelable PE films translaminar crack propagation was observed with 180° fixed 

arm peel test. It caused peel force to increase compared to samples with 
interlaminar crack propagation9. As temperature decreases density of PE will 
increase because of the decrease in free volume of the amorphous regions in the 
polymer skeleton14. A decreased chain mobility of the polymers in the seal layer 
at 4°C and especially at -18 °C is suggested to be the general cause to promote 
brittle failure in the peel test of this study. The full cohesive peeling is the preferred 

failure mechanism because of the clean look and absence of delaminated plastic 

parts. After cold storage, once the samples are tested at 23°C, delamination of 
the topfilm is rarely observed. 
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Figure 72: Influence of cold storage on peel performance of regular and 
reinforced samples, sealed at 170 °C, 1.0 s, 2.0 N.mm-2, during (A, B and C) 

and after (D and E) cold storage at -18, 4 and 23 °C (n=5). 

 
Figure 73 and Figure 74 show images of one sealed sample and peeled surfaces 

of topfilm and bottomweb. At the right side microscopic cross sections are shown 
to visualise the impact of the peel test during cold storage on the layer 
distributions of the peeled topfilm and bottomweb. Partially delaminated samples 
of the tests at -18 and 4 °C are selected to show more detail of the undesired seal 
failure mechanism. As previously mentioned, full cohesive peeling occurred in the 
majority of samples. To prevent delamination seals can be optimized towards a 

specified performance at -18 °C, care must be taken to reach sufficient peel 
strengths at higher temperature that prevent opening during transportation, 
storage and/or handling. 
A cross section of a sealed sample in Figure 73a shows that the thickness is around 

360 µm, this is a result of sealing a 60 µm topfilm against a 290 µm bottomweb. 
Small deviations can occur because of heterogeneity of the thickness of 
commercial plastic films. Cross sections of cohesive peeled topfilms are shown in 
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figures b, d and h. At all considered temperatures thickness is around 50µm. This 

consistent slight decrease of total thickness can be a result of thin layers that are 
peeled off because of the cohesive failure. Cross sections of cohesive peeled 
bottomwebs are shown in figures c, g and j. At all considered temperatures 
thickness is around 285 µm which is very close to the original material thickness. 
Possible effects of thickness increase because of a sticking layer of the topfilm are 
not clear. With a thick commercial web with a heterogenous thickness distribution 

it is harder to observe slight differences in µm range compared to similar 
differences in the thin topfilm. Cross sections of delaminated topfilms after peel 
tests at 4 and -18 °C are shown in figures e and f. This cross section is cut out of 
the transparent part of the topfilm on the left side of the image. The thickness of 
12 µm indicate that the 35 µm blown extruded part sticks against the bottomweb 

and that only one layer remains at the topfilm, PET. This 12 µm part is highly 
transparent compared to rather hazy elongated seal materials. One cross section 

(figure i) is made of a stretched out hazy plastic part that remains attached at the 
bottomweb after peel testing during 4 °C. The resulting thickness of 35 µm 
indicates that the blown extruded part of the topfilm (PE-EVOH-PE) is delaminated 
and elongated because of the peel test. 
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Figure 73: Pictures and cross sections of sealed and peeled samples, that are 

tested in a peel test at 23 °C. 
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Figure 74: Pictures and cross sections of peeled samples, that are tested in a 

peel test during cold storage at 4 and -18 °C. 
 

Humidity was neglected during this work, in a next study it can be added as factor. 

The proposed method can also be applied with different temperatures, such as 
pasteurization and sterilisation temperatures, relevant for retort packages. 
 

5.5 Conclusions 
 
This work presents a DOE-method to evaluate peel performance of a packaging 
concept with a peelable topfilm sealed to a bottomweb, during and after cold 
storage, by comparing optimized peel performances at different processing 
temperatures. Models are fitted and experimentally validated at optimal settings 
to match peel strength to 0.5 N.mm-1 at 23 °C and maximize peel energy.  

During cold storage, at -18 and 4 °C, peel strength increased. After cold storage, 

there was no impact of processing temperature on peel strength. 
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Additional seal and mechanical experiments are performed to gain understanding 

of the impact of low temperatures on peel performance. 
Bending stiffness of the bottomweb increased slightly during -18 and 4 °C, 
suggesting a minor impact of processing temperature on bending of the 
bottomweb during the peel test. 
The impact of rigidity on the peel strength is evaluated by comparing regular 
samples with reinforced samples. Peel strength increased in a peel test with 

reinforced bottomweb at all considered processing temperatures. 
The increase in peel strength is clearly related with a change in seal failure 
mechanism. Translaminar crack propagation was previously observed with a 180° 
fixed arm peel test in another study. The current study shows that this effect is 
more pronounced during cold storage, illustrated by the difference in seal failure 

mechanisms at different processing temperatures. Seals peel cohesively, when 
tested at 23 °C. Partial delamination occurs during 4 and, more often, during -18 

°C. 
 
The framework, presented in this chapter, has broad applicability towards 
different packaging materials, during and after cold storage at other 
temperatures, desirability functions, etc. The evaluation and optimization of burst 
and cohesive peel performance, the impact of hot processing on peel performance 
are potential topics for further research.  
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6. Characterizing mechanical, heat seal and 

gas barrier performance of biodegradable 

films to determine food packaging 

applications 
 
Bamps B, Guimaraes RM, Duijsters G, Hermans D, Vanminsel J, Vervoort E, 
Buntinx M, Peeters R. Characterizing mechanical, heat seal and gas barrier 
performance of biodegradable films to determine food packaging ap-plications. 

Polymers 2022; 14(13); pp. 2569. DOI: 

https://doi.org/10.3390/polym14132569. 
 

To reduce the accumulation of plastic waste, a transition from a linear to a circular 

material flow is proposed. The circular economy diagram of the Ellen MacArthur 

foundation illustrates a continuous flow of technical and biological materials 

through the value circle 1. Biodegradation by composting is a strategy that fits in 

that circular vision. Poly(butylene adipate-co-terephthalate) (PBAT), 

poly(butylene succinate) (PBS), poly(lactic acid) (PLA), polyhydroxyalkanoates 

(PHA), starch blends and cellulose films are biodegradable material groups with 

the largest production capacities in 20212. Packaging functionality is one of the 

main bottlenecks for their widespread introduction in food packaging. 

The DOE-approach of the previous chapters is followed in the seal-through-

contamination study of this chapter. More broadly, this chapter determines 

application areas in food packaging for biodegradable materials. The scope is 

broadened to gas permeation and mechanical performance in this study. 

Specifically, for heat sealing, the performance is screened by performing hot tack 

and seal strength experiments, following the industrial standards that are 

described in chapter 2. Besides this screening, additional seal-through-

contamination studies are added, based on the application and statistical 

methodology of chapter 4. A DOE-method with four factors (hot tool process 

parameters: temperature, pressure and time + contamination type) and one 

performance indicator (maximum seal strength), referred to as responses in this 

publication, is developed, validated and applied to evaluate the seal-through-

contamination performance. Similar to the screening of seal performance, 

mechanical and gas barrier performances are screened by performing 

experiments, based on industrial standards. Oxygen and water vapor transmission 

rates are measured to evaluate the gas barrier performance. Tensile, puncture 

and tear resistance properties are determined to evaluate the mechanical 

performance. This study is performed within the TETRA-framework (BIOFUN: 

“Evaluation of the functionality of new generation compostable bioplastics in food 

https://doi.org/10.3390/polym14132569
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packaging”, funded by the Flemish government (Agentschap Innoveren & 

Ondernemen (VLAIO-TETRA HBC.2020.2096). 

 

6.1 Introduction  
 
Plastic materials are increasingly applied in packaging during the last decades 
because of their low cost, low weight, and customizable functional properties. In 
2019, 368 million tons of plastics are produced globally, from which a staggering 

amount of around 40% is used in packaging3. To reduce the amount of plastic 
waste, global and local initiatives, such as the European directive (EU) 2018/8524, 
are taken, that fit in a vision of a circular economy of plastics. 

Plastic biodegradation is defined as the microbial conversion of all its organic 
constituents to carbon dioxide (CO2), new microbial biomass and mineral salts 
under aerobic conditions5. Composting of biodegradable packaging is described in 
the DIN EN 13432 standard6.  Besides composting, anaerobic degradation systems 

that produce methane gas are emerging. Currently, only a small fraction of 
globally produced plastics is biodegradable- (1.553 million tons in 2021), but this 
amount is predicted to rise to 5.297 million tons in 2026.2 With a low but 
increasing availability of biodegradable plastics, this group of materials can 
become an emerging alternative to mechanical recycling and reuse in a long term 
organic circular economy. Packaging is already the main application of 

biodegradable plastics, with 43% and 16% of biodegradable materials being 

applied as flexible and rigid packaging respectively5. 
With a projected growth from $338 billion in 2021 to $478 billion in 2028, the 
food packaging market plays an important role in our society7. Considering the 
number of food packages, plastic and paper are the most important materials for 
food applications8.  In food packaging films, different materials are often combined 
to obtain high performing and cost-effective packages. This can be achieved by 

blending, coating or laminating. In order to maintain biodegradability by 
composting, it is important that these composites are made of compostable 
materials. However, small fractions of non-compostable materials, limited to a 
maximum content of 10% because of degradation and disintegration criteria, can 
be allowed for composting if the whole package meets the demands of the DIN 
EN 13432 standard5. Industrial and home compostability can be differentiated, 

these processes differ in temperature and time. Poly(lactic acid) (PLA), 

poly(butylene adipate-co-terephthalate) (PBAT), poly(butylene succinate) (PBS) 
and polyhydroxyalkanoates (PHAs) are biodegradable plastics that were subject 
of previous studies on packaging functionality in food applications9, 10, 11. These 
materials are industrial compostable12.  Depending on the properties of the 
coating, coated paper can be considered as biodegradable packaging. Interest is 
increasing for its implementation in food packaging, mainly because of the 

versatile end-of-life options of this material13, 14. Cellulose, the main component 
of paper, is a natural polymer that can be easily obtained from the cell wall of 
plants. Processes to extract and modify cellulose are subjects of recent studies, 
of which the lyocell process is one example15. Plant waste streams can be valorized 
by extracting cellulose to make packaging films. A recent study extracted cellulose 

from cocoa pod husk, a waste stream of the chocolate industry, to develop 
biodegradable cellulose films16. Cellulose and its derivatives can be found in food 

packaging films, such as solution casted cellulose acetate, extruded cellulose 
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nanocrystals, electrospun hydroxymethyl cellulose and many others17. Starch is 

another example of a natural abundant polymer that can be used in packaging. 
This polymer is home compostable, which is a less aggressive process than 
industrial composting. Also, cellulose is home compostable, if the lignin content 
does not exceed a threshold value of 5%12. 
In a 2021 survey, amongst 24 European food companies and packaging material 
providers, functionality of biodegradable materials is indicated, besides high cost, 

low availability and the end-of-life concerns, as bottleneck for implementation in 
food packaging. Because of the interest of the food industry in packaging 
functionality of biodegradable materials, the research project ‘BIOFUN’ evaluates 
typical food packaging functionalities, such as mechanical, gas barrier and heat 
seal performance of commercially available films in 2021 and 202218. 

The objective of this study is to determine application areas in food packaging of 
currently commercially available biodegradable films. A pragmatic approach is 

followed, based on a broad characterization of the mechanical, seal and gas barrier 
performance. Additionally, opacity and water contact angle are determined for 
further characterization. 
 

6.2 Materials & methods 
6.2.1 Materials 
 

Table 22 lists 10 films that were supplied by companies participating in the 

BIOFUN project. Results of thickness measurements and the main components of 
the seal side, identified with attenuated total reflectance Fourier transform 

infrared (ATR-FTIR) spectroscopy (spectra are not shown), are added to this table 
to give supporting information of these samples. The identified components with 
FTIR compensate the lack of commercially available information, which is the 
result of the high level of secrecy on the chemical composition in the industry. The 
list includes paper, PLA, PBAT, PBS, poly(butylene succinate-co-butylene adipate) 
(PBSA), starch, cellulose and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 
(PHBV), which are considered for use as food packaging. Coated paper 1, with PE 

as coating material, is unlikely to be compostable. The materials of Table 22 are 
differentiated in 4 material groups: coated papers, cellulose films, pilot extrusions 
and commercial monolayers. Two coated papers, two cellulose films, two rather 

thick pilot extrusions and four commercial monolayers, subdivided in 2 monolayer 
monomaterials and 2 monolayer blends, are subject of this study. Results of 
materials in each group are mutually compared and discussed. Digital photos of 

the samples in Table 22 are shown in Figure 75. 
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Table 22: Sample description. 

 
Code: details Thickness 

(mm) 

(n=10) 

Identified 

components of 

seal surface1 

1. coated paper 1: commercial coated paper 0.097 ± 0.003 LDPE 

2. coated paper 2: commercial coated paper 0.076 ± 0.002 PLA, PBAT 

3. cellulose 1: commercial coated cellulose film 0.030 ± 0.000 Cellulose, PVDC 

4. cellulose 2: commercial laminated cellulose film 0.087 ± 0.002 PBS 

5. pilot extrusion PHBV: monolayer blend of PHBV 

+ PBAT + mineral filler + process additives 

0.264 ± 0.005 PHBV, PBAT 

6. pilot extrusion PBS: monolayer blend of PBS + 

PBSA + process additives 

0.284 ± 0.002 PBS, PBSA 

7. PBS: commercial monolayer 0.047 ± 0.001 PBS 

8. PLA: commercial monolayer 0.030 ± 0.001 PLA 

9. PLA + PBAT: commercial monolayer blend 0.020 ± 0.001 PBAT, PLA, CaCO3 

10. starch + PBAT: commercial monolayer blend 0.025 ± 0.003 PBAT 
1 Identified with ATR-FTIR. 

 

 
Figure 75: Digital photos of samples on white paper. 

 

6.2.2 Methods 
 
To compare the test materials based on their packaging performance, the 
mechanical, gas barrier and seal characteristics are determined for all samples. 

Tests are performed in machine direction in standard climate (23 °C, 50% relative 
humidity (RH)), unless otherwise stated. Standard deviations are calculated to 
show the level of scattering of results. 
 

Mechanical performance 
Thickness is measured in tenfold according to ISO 4593. Peak stress (N.mm-²) 
and total strain (%) are determined in fivefold with a tensile tester. Dumbbell 

shaped samples with 3.18 mm width of the narrow section, described in ASTM 
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D63819, are used to prevent the samples from breaking at the clamp. Total strain 

values are mainly used for mutual comparison. No extensometer is used, so 
comparisons of total strain values in literature must be made with caution. 
Slipping is prevented by clamping the wide section in diamond coated jaws. A 
clamp distance of 20 mm and a separation rate of 100 mm.min-1 are used to 
perform the test. Additional experiments in a temperature chamber are performed 
to evaluate the impact of ambient temperature on peak stress and total strain. 

Relevant temperatures for food processing, ranging from freezing at -18 °C until 
pasteurization, hot fill and/or microwave at 100 °C and/or melting of the sample, 
were considered in this test. 
Maximum force (N), total displacement (mm) and total energy (mJ) are 
determined in fivefold with a puncture resistance test. A penetration probe, as 

described in ASTM F130620, moves towards the outer side of a clamped film with 
a speed of 25 mm.min-1 until the film is penetrated. 

Tear resistance (mN) is determined in tenfold with an Elmendorf test, which uses 
a pendulum to propagate an existing slit, as described in ISO 6383-221. 
 
Gas permeability 
Single measurements are performed in standard conditions to screen the oxygen 
transmission rates (OTR) of all samples at 23 °C and 0% relative humidity, as 
described in ASTM F130722. Additional tests on high gas barrier materials are 

performed at 23 °C and 50% relative humidity, following ASTM F192723, at both 
sides of the film. 
Single measurements are performed in extreme test conditions to screen the 

water vapor transmission rates (WVTR) of all samples in a worst-case scenario. 
WVTR, according to ASTM F124924, is determined at 38 °C and 100% relative 
humidity at the outer side of the film, while 0 % relative humidity is maintained 

at the inner side. 
 
Seal performance 
Seal temperature is varied with two hot jaws, at a seal time of 1.0 s and a seal 
pressure of 1.0 N.mm-². Samples of 30 mm width are sealed while Teflon sheets 
are used on both sides to prevent the material from sticking against the jaws. At 
each temperature, 3 samples are sealed. Seal strength, following ASTM F8825, is 
evaluated in a timeframe of 4 hours after sealing. 15 mm wide samples are 
clamped with a distance of 20 mm and separated at a rate of 300 mm.min-1. Three 
characteristics of the sigmoidal seal curve are determined: an initiation 
temperature, which is the jaw temperature at which seal strength exceeds a 
threshold value of 0.05 N.mm-1 26; a mid-slope temperature, which is the jaw 
temperature at which half of the maximum seal strength is exceeded; and the 
maximum seal strength. 
Hot tack tests, following ASTM F192127, are performed on 15 mm wide samples 
at a test speed of 200 mm.s-1. Seal time and seal pressure are respectively set at 
1.0 s and 1.0 N.mm-², while seal temperature of two Teflon coated hot jaws is 
varied. At each temperature, 3 samples are measured. Seals are evaluated 0.1 s 
after opening of the seal jaws. Four characteristics are determined: seal initiation 
temperature, which is the jaw temperature at which a threshold value of 0.03 
N.mm-1 is exceeded28; the temperature of maximum strength, which is the jaw 
temperature at which hot tack strength reaches its maximum; the hot tack 
window, which is the temperature range of the jaws where hot tack strength is 
higher than 0.1 N.mm-1 28; and the maximum hot tack strength. 
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Besides the above described broad seal characterization, additional seal 
experiments can be performed to check the compatibility with specific food 
applications. Real food contamination is applied in seal-through-contamination 
tests. Two case studies, that relate film samples with food applications, are 
defined, based on gas barrier performance. Low gas barrier samples are evaluated 
with contamination types that are related with unprocessed fruit and vegetables. 
In this application, water droplets and solid soil particles are expected. Sand and 
coffee particles are selected as simulants of soil particles. High gas barrier samples 
are evaluated as grated cheese packaging. Square samples of approximately 
10x10 cm² are cut and attached to a cardboard tool with plastic tape. A rectangle 
of 20x40 mm² was marked in the center of the sample to ensure that the 
contamination was distributed over the entire length of the seal. Then, 10 mg of 
the solid contamination or 30 µL of water was evenly spread into the rectangle to 
maintain a 12.5 g/m² or 37.5 mL/m² contamination density. Specifically, for 
grated cheese, three strings were placed vertically and distributed in the middle 
and the two corners of the rectangle. A second sample was also attached to the 
cardboard tool to cover the contamination. In a final step, the tool was manually 
placed between the hot bars, forming the seal. The above described set-up is 
illustrated in Figure 76. 

 
Figure 76: Set-up to contaminate the seal area. 

 
In a previous study, solid contamination was applied in a standardized method 
and seal-through-contamination performance was evaluated with a design of 
experiments (DOE) approach28. This approach was followed, with the exception of 
adding contamination as a categorical parameter in the design space. For the low 
gas barrier samples, three levels are considered for seal temperature, time and 
pressure, and contamination was added as a categorical variable with 4 levels: 
clean, ground coffee, sand and water. Three replicates are carried out for each 
contamination level in the centre point. Main order, second order and interaction 
effects are considered with seal strength as response, resulting in a D-optimal 
designs for coated papers 1 and 2 with respectively 46 and 41 runs. A similar 
approach is followed for the contamination experiments with the high barrier 
cellulose samples, with the exception of only two considered levels for 
contamination: clean and grated cheese, 3 replicates are carried out for grated 
cheese contamination in the centre point, resulting in a D-optimal design with 24 
runs for both films. After experimentation, a standard least square method is 
followed to fit a model. Second order and interaction terms with a p-value above 
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0.05 were not used in the model. Seal strength is maximized for clean seals and 
the predicted values are validated by performing 5 measurements at maximal 
settings. All contaminations are also validated at equal settings to allow 
comparison between clean and contaminated seal strength. For more details on 
this approach, the reader is referred to the previous study28. 
 

Additional characterization 
Opacity is measured to show the appearance and decoration potential in food 
packaging. The Hunter lab method in the reflectance mode is followed. The opacity 
Y (in %) is calculated by dividing the opacity on a black standard Yb with the 
opacity on a white standard Yw. For each sample, average values of 4 
measurements, twice on each side, are calculated. 

Water contact angle measurements are carried out to characterize hydrophobic 
properties of the samples. Samples are cut to fit the sampling area. A 2 µL MQ 
water (18.2 MOhm.cm) drop is gently deposited on the seal surface, using a 
micro-syringe, and digitally photographed immediately. Contact angles are 
measured at both sides. Average values of contact angles of 15 drops at different 
spots on the surface of each sample are calculated. 
 

Apparatus 
Thickness is measured with a precision thickness gauging model 2010 U (Wolf 
Messtechnik GmbH, Germany). Tensile, puncture and seal strength tests are 
performed with a 5ST universal testing machine (Tinius Olsen Ltd, United 
Kingdom), inside a TH 2700 temperature chamber (Thümler GmbH, Germany). 

Tear resistance is tested with a tearing tester ED 300 (MTS Adamal Lhomargy, 
France). Dry and humid oxygen permeation are respectively measured with the 

OX-TRAN® model 702 and the OX-TRAN® model 2/21 SH (Ametek Mocon, United 
States). Water vapor permeation is measured with the Permatran-W models 3/33 
MG and SW (Ametek Mocon, United States). Seals are prepared with a Labthink 
HST-H3 heat seal tester (Labthink Instruments Co Ltd, People’s Republic of 
China). Hot tack samples are evaluated with a J&B Hot Tack Tester model 5000 
MB (Vived-Management, Belgium). Opacity is measured with a Datacolor Check3 

(Datacolor België BVBA, Belgium). Water contact angle is measured with a GBX 
Digidrop contact angle (GBX Scientific, Republic of Ireland). 
 

6.3 Results and Discussion 
6.3.1 Mechanical performance 
 
Table 23 shows the average values and standard deviations of the mechanical 
characterization of all materials in standard climate (23 °C, 50% RH). 
Representative stress-strain curves of each of the samples are shown in Figure 
77. 
Coated paper shows moderate peak stress values in Table 23. As a result, actual 

tensile forces will be high because of the rather thick materials that are used in 
food packaging. The strain of coated paper is limited because of the immediate 
break of the paper substrate in a tensile test, high variations can be caused by 

delamination of the plastic coating. In a previous study on PLA coated paper, 
tensile stress and elongations are ranging respectively from 58-75 N.mm-² and 
3-4 %.29. However, paper type, coating material and coating thickness impact, 
amongst others aspects, the mechanical properties of coated papers. The 
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puncture results show moderate forces, small displacements and moderate 

energies. Also tear resistance was moderate, compared to other samples.  
Cellulose 1 was the strongest material in the tensile test. The decreased peak 
stress of cellulose 2 is probably caused by the lamination with a weaker but 
tougher PBS layer. Cellulose films have limited strain because of the almost 
immediate break of the brittle cellulose layer in a tensile test, high variations of 
cellulose 2 are caused by the delamination of the tough seal layer. The 

experimental values of stress and strain of cellulose 1 are equal with values in the 
datasheet of commercial cellulose film30. Puncture resistance forces and energies 
of cellulose films are high, displacements are moderate. The tear resistance of 
cellulose 1 reaches the lowest value of all samples. This property can be 
dramatically improved by laminating a tough seal layer, as observed in the results 

of cellulose 2, which has a laminated PBS layer. 
The pilot extrusion of PBS is mechanically superior to that of PHBV, with the 

exception of tear resistance. There is no comparable value found in literature for 
the PHBV-PBAT blend. In a review on monomaterial PHBV11 a tensile stress range 
of 18-45 N.mm-² is found. The peak stress value of the PHBV film of this study, 
which is blended with PBAT, mineral filler and process additives, fits within the 
range of monomaterial PHBV. PBS is strong and tough at the same time, this is 
reflected in the tensile and puncture results. In the comparison of the puncture 
and tear resistance results of the pilot extrusions with the commercial films, 

caution must be taken with puncture and tear resistance, because of the different 
thickness. 
The strong mechanical performance of PBS is also reflected in the results of the 

commercial monolayer, reaching a moderate peak stress and very high strain in 
the tensile test. The stress values of the two PBS based films, the pilot extrusion 
and the commercial monolayer, are relatively high, compared to the stress values, 

ranging from 20 to 34 N.mm-², found in a study on poultry meat packaging10, 
bread packaging31 and a recent review on PBS properties32. The increase in 
strength of the films in this study indicate a difference in production, which is 
known of the pilot extrusion film, by blending with PBSA and process additives, 
but is not known of the commercial monolayer. A previous study on PBS blends 
showed that mechanical properties were majorly influenced by compatibility 
between polymers and morphology including microstructures and crystallinity31. 

A moderate puncture force, high displacement and high energy in the puncture 

test are achieved. Tear resistance of PBS is rather low, compared to other 
samples. PLA also stands out as a mechanical good performing film, with high 
peak stress and moderate strain in the tensile test, and high force, displacement 
and energy in the puncture test. Also, this film is easy-tearable. The two blended 
films with PBAT are characterized with low strength, high toughness and very high 
tear resistance. A previous study on the mechanical properties of PLA and PLA-

PBAT blended films illustrates a strong but brittle tensile performance of PLA film 
and a weaker but tougher performance of the PLA-PBAT blended film33. PBAT is 
often used in blends to increase flexibility and toughness of brittle biodegradable 
materials. 
  



151 
 

 

 
Table 23: Results of mechanical characterization.  

 Tensile Puncture Tear resist. 

Samples Peak 

stress1 

(N.mm-2) 

Total 

strain1 

(%) 

Max. 

force2 (N) 

Total 

displ.2 

(mm) 

Total 

energy2 

(mJ) 

Tear resist.3 

(mN) 

1. coated paper 1 37.6 ± 6.1 5.28 ± 0.49 12.2 ± 1.5 2.91 ± 0.13 16.4 ± 2.0 663 ± 37 

2. coated paper 2 55.1 ± 7.5 56.8 ± 72.8 7.35 ± 0.82 2.95 ± 0.21 11.3 ± 0.7 455 ± 41 

3. cellulose 1 125 ± 3.0 20.7 ± 1.5 16.7 ± 1.0 5.03 ± 0.34 36.4 ± 4.3 76 ± 4 

4. cellulose 2 46.5 ± 2.4 199 ± 244 17.1 ± 0.9 4.79 ± 0.18 34.4 ± 2.9 680 ± 104 

5. pilot extrusion 

PHBV 

37.8 ± 1.8 24.9 ± 2.8 8.62 ± 0.65 3.77 ± 0.07 20.5 ± 1.7 526 ± 40 

6. pilot extrusion 

PBS 

106 ± 5.0 165 ± 17 54.6 ± 1.0 7.43 ± 0.29 194 ± 10.0 375 ± 19 

7. PBS 56.5 ± 2.6 443 ± 22 10.3 ± 0.6 8.65 ± 0.36 57.2 ± 5.5 127 ± 67 

8. PLA 68.8 ± 5.4 147 ± 29 13.4 ± 1.9 7.85 ± 1.07 59.3 ± 16.5 142 ± 4 

9. PLA + PBAT 19.7 ± 4.2 272 ± 44 1.28 ± 0.08 6.65 ± 0.34 6.03 ± 0.56 992 ± 189 

10. starch + 

PBAT 

16.5 ± 2.4 311 ± 67 2.14 ± 0.25 8.90 ± 0.52 12.7 ± 1.98 5181 ± 1992 

1 n=5; average values and standard deviations are calculated. 
2 n =5; average values and standard deviations are calculated; orientation sample: penetration at outer 
side. 
3 n=10; average values and standard deviations are calculated. 

 

 
Figure 77: Stress-strain curves. 

 
Because of the high relevance of processing temperatures in the food industry, 
such as in freezing, cooling, hot filling, microwaving and/or pasteurizing, ambient 
temperature is varied in tensile tests of a selection of materials. Thin commercial 
films with no backing layer, with the addition of coated paper 2 and cellulose 1, 
are evaluated in this test. Samples are tested at -18, 4, 23, 40, 60, 80 and 100 
°C. The results of peak stress and total strain are shown in Figure 78 and Figure 
79. 
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With the exception of cellulose 1, peak stress tends to decrease at increasing 

temperatures. The tendency for total strain is less clear. PBS, PLA and the PBAT 
blends could not be tested at high temperatures because of high stickiness. With 
respective glass transition and melting temperature values of PBS and PLA of -32 
°C and 114; 59 °C and 154 °C, it is clear that the sticky behavior occurs above 
glass transition temperature34. 
The peak stress of coated paper 2 decreased from 51 N.mm-2 at -18 °C to 23 

N.mm-2 at 100 °C while remaining brittle at all ambient temperatures of Figure 
78. The deviating results of total strain at 4 and 23 °C were caused by 
delamination of the plastic coating. Cellulose 1 remains very strong, mostly above 
100 N.mm-2, and brittle, with strain values ranging from 8 to 22%, at all 
considered temperatures. 

PBS remains strong up to 60 °C. Total strain decreased below 100% at cool 
temperatures.  

PLA showed a bigger temperature depending peak stress behavior, compared to 
PBS, achieving 89 N.mm-2 at -18 °C and 22 N.mm-2 at 80 °C. The drop in tensile 
stress from 20 to 60 °C is previously illustrated in another study on the mechanical 
performance of PLA tensile specimens, attributed to approaching the glass 
transition region of PLA35.  Total strain decreased below 20% at cool 
temperatures.  
PBAT blends have low peak stress values, between 24 and 40 N.mm-2 at cool 

temperatures and 12 N.mm-2 at 60 °C, but high total strain values.  
 

 

Figure 78: Impact of ambient temperature on average values of peak stress of 
biodegradable films ± standard deviations(n=5). 
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Figure 79: Impact of ambient temperature on average values of total strain of 
biodegradable films ± standard deviations (n=5). 

 

In conclusion, the mechanical characterization of coated paper and cellulose based 
films can be described as strong but very brittle materials. The low strain values, 

compared to other tougher samples, are illustrated in Figure 77. However, 
brittleness might be overcome by laminating a tough layer. Both materials can be 
used over a wide temperature range, from freezing at -18 °C up to 100 °C. The 
film with PHBV is rather weak and brittle, compared to the other materials. The 
films with PBS and PLA are strong and tough materials at standard conditions. The 
toughness, however, decreases at low temperatures. On top of that, stickiness 

initiates well below 100 °C, what will restrict their use to a narrow temperature 
range, especially if moderate toughness is required. If brittleness is no big issue, 
these materials can be used in cold and standard temperatures. The blended PBAT 
films, with starch or PLA, are rather weak but very tough, even at cool 

temperatures. Because of the melt initiation well below 100 °C, the use of these 
blends is restricted to cold and standard temperatures. 
 

6.3.2 Gas permeability 
 
Table 24 shows the transmission rates for oxygen gas and water vapor. 
Coated paper 1 shows similar barrier properties as polyolefin film, because of its 
high OTR and rather low WVTR values36. This gas barrier performance can be 
related with the presence of low-density poly(ethylene) (LDPE) at the seal surface, 

identified with ATR-FTIR. A 25 µm pure LDPE reference film has OTR between 
6500 and 7800 cc.m-².d-1, measured at 23 °C and 0 % RH, and WVTR between 

12 and 19 g/m².d, measured at 38 °C and 90 % RH 36. The values of coated paper 
1 correspond with TR values of 10-15 µm LDPE. Coated paper 2 on the other hand 
is a low gas barrier material for food packaging applications. Specifically, for WVTR 
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of coated paper, a recent study compared high gas barrier coated papers at 23 

°C, 85% RH and 38 °C, 85% RH and suggested that the integrity of the barrier 
layer was disrupted at 38 °C 37. The authors of that study suggest to use milder 
test conditions to simulate more closely the environment of food packages and to 
prevent disruption of barrier layers. 
Because of the low OTR-values of the cellulose films, additional oxygen 
measurements at 50% RH are performed to check the influence of humidity on 

oxygen transmission. With respective values of 3.7 and 5.8 cc. m-2.d-1 it is clear 
that the OTR increases with increasing RH. These cellulose films have barrier 
coatings because neat cellulose is a low gas barrier for food applications. Both 
films achieve similar values than poly(vinylidene dichloride) (PVDC) coated 
materials. PVDC, which is a high gas barrier for food applications36, is identified in 

the seal surface with ATR-FTIR in cellulose 1, but not in cellulose 2. Cellulose 2 is, 
however, laminated with a PBS layer that obstructs identification with ATR-FTIR 

of parent layers. These films can be used to maintain modified atmosphere in food 
packages. 
Paper and cellulose are low barrier substrates that require a barrier layer, such as 
in coatings, to improve the barrier properties. This is illustrated in Figure 80. 
Barrier properties of such coated materials are mostly attributed to thin barrier 
layer(s) in the coating. Coating thickness, multilayer architecture, individual layer 
composition and concentration gradient are determining factors in this process36. 

An example of such a process is the transmission of water vapor in the 
atmosphere, across a packaging material, in dry headspace of food applications, 
such as cookies. In some applications, such as yoghurt, the process is reversed. 

A previous study, that produced biodegradable blown extruded films of blends of 
thermoplastic starch and PBAT, functionalized with plasticized nitrite, measured a 
relative low oxygen permeability with a permeability coefficient down to 1.2 

cc.mm.m-².d-1 for films with 5% nitrite content38. This coefficient corresponds with 
an OTR-value of 24 cc.m-².d-1, considering a film of 50 µm thickness. There is still 
a gap between this moderate value and those that are measured with the 
commercial cellulose films in this study. More research is needed to obtain 
biodegradable food packaging with the permeation levels of the cellulose films in 
this study, without the need of non-biodegradable functional components. 
The pilot extrusions and monolayer films are low gas barrier materials for food 

packaging applications. The application of low gas barrier samples, such as the 

coated papers, the pilot extrusions and the monolayer films, is restricted to foods 
with low barrier or high respiration requirements such as unprocessed fruit and 
vegetables with short shelf lives. With these food applications, high permeation of 
water vapor and oxygen gas is required to avoid respectively the accumulation of 
saturated water vapor which leads to fungal growth, and anoxic condition39. If a 
high gas barrier is required, these films need to be coated and/or laminated with 

materials that are able to add this property.  
Coated paper 1 might be used for applications that need a water vapor barrier, 
but no oxygen barrier, which can be the case for some dry foods, such as flour, 
dried pastas, crackers and cookies. The barrier cellulose films can be used for 
applications with oxygen and water vapor barrier requirements. Typical examples 
are cheese, meat, high fat products and ready meals36. 
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Table 24: Results of gas barrier characterization (orientation samples: 

transmission rates are measured from outside to inside, inside = seal side). 
 

Samples OTR 0 % RH, 23 

°C (cc/m².d) 

(n=1) 

OTR 50 % RH, 23°C 

(cc/m².d) (n=1) 

WVTR 100 % RH, 

38°C (g/m².d) (n=1) 

1. coated paper 1 3564 NA 29.1 

2. coated paper 2 2718 NA >1000 

3. cellulose 1 0.40 3.65 187 

4. cellulose 2 0.34 5.78 58.8 

5. pilot extrusion PHBV 50.6 NA 36.8 

6. pilot extrusion PBS 122 NA 67.9 

7. PBS 306 NA 420 

8. PLA 519 NA 274 

9. PLA + PBAT 2725 NA 1095 

10. starch + PBAT 1472 NA 624 

 

 

Figure 80: Permeation of gas and/or vapor, from atmosphere to headspace, 
through coated low barrier substrates. 

 

6.3.3 Seal performance 
 
Table 25 shows the results of the seal characterization. 
Seal strength-, hot tack strength initiation and mid-slope temperatures are, with 
the exception of the thick pilot extrusion films, below or equal to that of typical 
polyolefin-based seal layers, such as LDPE, ionomers or metallocene plastomers40. 
Six out of ten films achieve over half of the maximum seal strength at jaw 
temperatures below 100 °C. These materials can be considered in high speed 
packaging operations. 
Since uncoated paper cannot be heat sealed, heat seal characteristics of coated 
paper are mainly attributed to the coating material, coating thickness and coating 
process. Coated paper 2 outperforms coated paper 1, with lower initiation 
temperatures and higher hot tack strength. It is capable to maintain a minimum 
hot tack strength threshold value of 0.1 N.mm-1 over a very wide temperature 
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region of 110 °C. The seals of coated paper fail by delamination of paper fibers 
during seal strength and hot tack tests. 
Cellulose 2 has lower initiation temperatures and higher strengths as cellulose 1. 
The better seal performance of cellulose 2 is attributed to the lamination of a PBS 
layer with excellent seal properties. The seals of cellulose 1 fail by peeling 
cohesively, while those of cellulose 2 fail by breaking unsealed material during a 
seal strength test. The difference in failure mechanism is related with the big 
difference in maximum seal strength. In the hot tack test, both materials fail by 
peeling cohesive. The different seal failure mechanism of cellulose 2 in the hot 
tack test, compared with the seal strength test, is related with the very low cool 
time. The seal is evaluated 0.1 s after opening of the hot jaws, when it is still hot. 
The pilot extrusion films show high initiation temperatures, this is typical with heat 
conductively sealed thick films, where heat is transferred through a thick layer, 
from the hot jaws to the outer layers and the seal interface so entanglement can 
occur. The seals of the PHBV blend fail by peeling cohesively, while those of the 
PBS blend fail by breaking unsealed material during a seal strength test. In the 
hot tack test, break in the proximity of the seal is observed with both materials. 
The presence of a weak spot in the remote materials is suggested as hypothesis. 
The weak spot is still hot, but thinner than the seal area. Both thick pilot extrusion 
films can be heat sealed, but a thinner commercial structure should be evaluated 
to determine specific application areas for these materials. The thin PBS and PLA 
monolayers have low initiation temperatures and rather high strengths for 
materials without rigid backing layers. The seals of these materials fail by breaking 
unsealed material during a seal strength test. In the hot tack test, both materials 
peel cohesively and/or break in proximity of the seal. PLA has the advantage to 
maintain its hot tack strength over a wide temperature range. The thin monolayers 
with PBAT also seal at low temperatures but strengths are rather low. Both PBAT 
blends show similar seal failure mechanisms than those observed with the PLA 
and PBS monolayers. Low seal strengths are beneficial in easy-peel applications. 
In a previous study, that evaluated the seal performance of several PLA-PBAT 
blend ratios, sealed to a PLA container, the blended films were characterized as 
easy-peel9. 
It can be concluded that coated paper 2, cellulose 2 and PLA are very well suited 
for packaging operations where the hot seal is put under pressure, such as in 
vertical-form-fill-sealing or when spring back forces are induced, immediately 
after sealing, for example by solid food contaminants in the seal area. The thin 
PBS monolayer could similarly be used but a stricter temperature control is 
advised because of the smaller hot tack temperature window. The use of coated 
paper 1 is restricted to operations where the hot seal is not pressurized. Cellulose 
1 and the two thin PBAT blends are heat sealable, but their use is restricted to 
applications where low strength is required, such as in packaging of low weight 
foods or easy-peel applications.  
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Table 25: Results of seal characterization. 

 
Samples Tinitiat.

1 

(°C) 

Tmax 

strength/2
1 

(°C) 

Seal 

Str.max
1 

(N.mm-1) 

Tinitiat.
2 

(°C) 

Tmax. 

strength
2 

(°C) 

Twin.
2 

(°C) 

Hot Tack 

Str.max
2 

(N.mm-1) 

1. coated paper 1 100 105 0.40 ± 0.05 105 140 0 0.08 ± 0.00 

2. coated paper 2 80 85 0.49 ± 0.03 70 100 110 0.41 ± 0.02 

3. cellulose 1 115 115 0.11 ± 0.01 95 145 35 0.13 ± 0.01 

4. cellulose 2 75 85 2.69 ± 0.80 65 75 115 0.71 ± 0.02 

5. pilot extrusion PHBV 185 195 1.08 ± 0.09 115 135 40 0.37 ± 0.08 

6. pilot extrusion PBS 185 195 4.43 ± 1.50 125 150 0 0.12 ± 0.02 

7. PBS 80 80 1.49 ± 0.06 65 70 20 0.40 ± 0.01 

8. PLA 85 95 1.15 ± 0.05 75 140 70 0.33 ± 0.11 

9. PLA + PBAT 85 95 0.29 ± 0.02 75 90 5 0.11 ± 0.01 

10. starch + PBAT 85 90 0.29 ± 0.01 75 80 5 0.13 ± 0.01 
1 ASTM F88 (n=3, average seal strength values and standard deviations are calculated). 
2 ASTM F1921 (n=3 average hot tack strength values and standard deviations are calculated). 

 
Two cases are studied in additional seal experiments with contamination: coated 
papers 1 and 2, with relative low gas barriers, for unprocessed fruit and 
vegetables, and cellulose films, with relative high gas barriers, for grated cheese. 
Optimal parameters are determined by maximizing seal strength. Optimal 
parameters are equal for clean and contaminated seals because all interaction 
terms of contamination with a seal parameter are not significant and are left out 
in the fitted models. The results of individual runs, coefficients and p-values of 
terms in fitted models are not shown because of the sole objective on evaluation 
of the clean and contaminated maximal seal strengths.  
Resulting models of clean and contaminated seal strengths of coated papers and 
cellulose films are visualized with prediction profilers at optimal settings, as shown 
in Figure 81 and Figure 82. The models of coated papers predict slightly decreased 
seal strengths with coffee powder and sand contamination, compared to clean seal 
strengths. There is no influence of water contamination on maximum seal 
strength. The models of cellulose films predict slightly decreased seal strengths 
with grated cheese contamination, compared to clean seal strength. 
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Figure 81: Prediction profilers of models of clean and contaminated seal 

strengths of coated papers, optimized by maximizing. 
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Figure 82: Prediction profilers of models of clean and cheese contaminated seal 

strengths of cellulose films, optimized by maximizing. 

 
Table 26 shows the numerical values of predicted maximum seal strength values 
for clean and contaminated seals of all cases at optimal seal parameters. 
A 95% confidence interval is calculated, based on 5 experiments at optimal seal 
parameters. Only with clean coated paper 1, water contaminated coated paper 2 
and grated cheese contaminate cellulose 2, predicted values are slightly outside 
the confidence interval. All other predicted maxima fall in a 95% confidence 
interval.  
All considered materials have overlapping confidence intervals for clean and 
contaminated seals, so the clean maximal seal strengths can be matched with 
contamination. Powder contamination densities of 12 g.m-² and above are related 
with aggregate formation and a decrease in maximum seal strength of 
poly(ethylene) film41. For the considered coated papers, this threshold value can 

be exceeded while maximum seal strength is maintained. Further experiments 
with higher contamination densities can be performed to study the limits for these 
materials. Both coated papers can be considered to pack fresh foods. Further 

experiments and/or finite element analysis with target foods and packaging with 
specified dimensions can be performed to check if the seal strength of these 
coated papers is sufficient for the food packaging application. The barrier cellulose 
films can be considered to pack grated cheese. The very low seal strengths of 
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cellulose 1 makes this material not suited for heavy weight applications. One 

might think of combining the good seal-through-contamination performance, 
almost equally strong hot tack, shown in Table 25 and easy-tear features, shown 
in Table 23, of cellulose 1 in easy-tearable low-weight packages. Cellulose 2 can 
be used in packages with higher weight in cheese. Besides additional mechanical 
analysis of the entire food packaging concept, to check if seal strength is sufficient, 
additional leak tests are advised, because of the importance of good barrier 

properties of grated cheese packaging. 
 

Table 26: Maximized seal strengths of clean and contaminated seals. 
 

Samples Contamination Predicted 

value 
(N.mm-1) 

95% 

Confidence 
interval 

(N.mm-1) 

Optimal parameters (seal 

temperature, time and 
pressure) 

coated paper 1 

Clean 0.40 0.24 – 0.38 

134 °C, 1.5 s and 4 N.mm-2 
Coffee powder 0.31 0.22 – 0.40 

Sand 0.36 0.28 – 0.36 

Water 0.40 0.19 – 0.45 

coated paper 2 

Clean 0.44 0.31 – 0.49 

113 °C, 1.5 s and 4 N.mm-2 
Coffee powder 0.37 0.25 – 0.44 

Sand 0.46 0.32 – 0.50 

Water 0.50 0.31 – 0.48 

cellulose 1 
Clean 0.18 0.15 – 0.19 

180 °C, 0.4 s and 8 N.mm-2 
Grated cheese 0.15 0.12 - 0.18 

cellulose 2 
Clean 3.40 2.90 - 3.60 

180 °C, 0.4 s and 8 N.mm-2 
Grated cheese 2.70 3.10 - 3.50 

 

6.3.4 Additional characterization 
 
Opacity, which is normalized to thickness with homogeneous film structures in 
previous studies, is correlated with film thickness42, 43. Besides thickness, 
variations in opacity can be related with the material composition, such as the 
reflection of light of foreign nanoparticles44. There is also an obvious impact of 

printing and coloration on opacity. The opacity results in Table 27 show big 

differences between the samples. Non-transparent samples, as shown in in Figure 
75, such as the coated papers and the black PLA+PBAT blend, have high opacity 
values. Food packaging with transparency properties are however preferred by 

consumers45. Samples with low opacity values, such as PLA and cellulose 1 
approach full transparency, with respective values of 7.9 and 11.5. These values 
are in the same range as other biodegradable films that were measured with the 

same method44. Other thin samples have hazier appearances, which is reflected 
by increased opacity values. The thicker pilot extrusions have moderate opacity 
values compares to other samples. 
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Table 27: Average opacities Y (in %) and standard deviations (n=4). 
 

Samples Y ± SD 

1. coated paper 1 81.9 ± 6.3 

2. coated paper 2 86.0 ± 2.7  

3. cellulose 1 11.5 ± 2.7 

4. cellulose 2 20.6 ± 0.3 

5. pilot extrusion PHBV 46.1 ± 0.9 

6. pilot extrusion PBS 24.8 ± 1.7 

7. PBS 14.0 ± 0.3 

8. PLA 7.9 ± 0.3 

9. PLA + PBAT 98.7 ± 4.6 

10. starch + PBAT 16.1 ± 1.2 

 
The tendency of food to adhere to the packaging surface determines to a large 
extent the preservation of food46. Hydrophobic properties of the surface are 
desired to improve the resistance of chemical interactions with food by minimizing 
the contact area. The values in Table 28 are in a narrow range of 80-105°, 
between that of smooth cellulose films, which are hydrophilic and have contact 
angles below 50°, and superhydrophobic surfaces, a property that can also be 
achieved with biodegradable materials, characterized by contact angles above 
150° 47. The standard deviations of the results are rather high, suggesting 
inhomogeneous surfaces, compared to reported values in literature48, 49, 50. The 
water contact angle of coated paper 1 is similar to a value of LDPE, reported in a 
previous study48. Contact angles of PBAT blends, with thermoplastic starch and 
nano zinc oxide, of a previous study are in between 89 and 104° 50. This range is 
similar to the ranges of the values of the PBAT blends on the surface of the 
samples in this study, such as coated paper 2, pilot extrusion PHBV, and the two 
monolayer blends, PLA+PBAT and starch + PBAT. Another study reports a low 
value of 57° for PBAT48, which highlights the difficulties to compare these values 
in literature. The same study reports a value of 68° for PLA, while the value for 
PLA in this study is 80°, which is low compared to the other samples. The two PBS 
samples of this study are with values of 84° for the thin monolayer and 104° for 
the pilot extrusion also higher than a value reported in a previous study49. 
Concluding, water contact angle values of the samples in this study are higher or 
equal, compared to values, found in literature. This is probably related with 
modifications in commercial food packaging films, in order to decrease the contact 
area with food. 
 
 

Table 28: Average water contact angles (WCA) (in °) and standard deviations 
(n=15). 

 
Samples WCA ± SD 

1. coated paper 1 92.7 ± 4.0 

2. coated paper 2 85.1 ± 5.0 

3. cellulose 1 86.9 ± 3.4 

4. cellulose 2 89.6 ± 4.3 

5. pilot extrusion PHBV 95.2 ± 3.5 

6. pilot extrusion PBS 104.6 ± 4.3 

7. PBS 84.2 ± 2.8 

8. PLA 80.0 ± 4.3 

9. PLA + PBAT 102.2 ± 4.3 

10. starch + PBAT 105.0 ± 1.6 
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6.4 Conclusions 
 
Coated papers and high barrier cellulose films are brittle materials with a potential 
use over a wide ambient temperature range. Barrier and/or heat seal properties 

can be altered with the appropriate plastic coating. The case studies to check the 
seal-through-contamination performance show that maximal seal strength can be 
maintained.  
In a comparison of two thick pilot extruded films, the PBS blend is stronger and 
tougher than the PHBV blend at standard ambient temperature. Without the use 
of additional gas barrier layers, application of these materials is restricted to food 

with low barrier requirements, such as takeaway meals and unprocessed fruit and 

vegetables. Both materials can be heat sealed. In order to be able to determine 
seal application areas, film production need to be optimized to obtain commercial 
structures, such as thin flexible films or trays. 
The application of PBS, PLA, a PLA-PBAT blend and a starch-PBAT blend is 
restricted to food with low barrier requirements. Additional barrier layers, of which 
the identified PVDC-layer in high gas barrier cellulose film is an example, are 

needed to implement these materials for food with high barrier requirements, such 
as meat, cheese, high fat products and ready meals. Monolayers with PLA and 
PBS combine high strength and toughness at standard ambient temperature. 
However, the temperature window of these good mechanical features is narrow. 
Both materials are able to produce strong seals with low initiation temperatures. 

Both materials can be applied as strong seal layers in high-speed VFFS 
applications or as heavy-duty monolayers in standard ambient temperature. The 

application at cold temperatures can be considered if the low maximum strains 
are sufficient for the specific food packaging. The PBAT blends are weak but tough 
from cold to standard ambient temperatures. Application is restricted at 
temperatures above 60 °C. These materials can be applied as relative weak seal 
layers, which is of high interest in easy-peel applications, and as light-duty 
monolayer in cold and standard ambient temperatures.  
Depending on the selection of coated and/or laminated materials, the application 

potential of biodegradable materials in food packaging is very broad, ranging from 
low barrier packaging of low weight foods at standard temperature, to high barrier 
packaging, such as modified atmosphere packaging, of high weight foods, 

extreme temperature processing and/or high-speed applications, such as vertical 
form fill seal (VFFS). Biodegradable food packaging is emerging. This study fully 
supports the implementation of commercially available biodegradable materials 

for the identified food applications. 
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7. Conclusions and recommendations 
Previous chapters developed and validated the design of experiments (DOE) 

methods to optimize and evaluate ultrasonic seal performance, heat conductive 
seal-through-contamination performance and peel performance during and after 
cold storage. This approach resulted in a better understanding of industrially 
relevant interactions during heat sealing, including seal materials, process 
parameters, contamination and further processing. With respect to these aspects, 
general conclusions and recommendations are formulated. 
 

7.1 General conclusions 
 
The general conclusions, are related with the main objective: 
To study and optimise heat seal performance of flexible food packaging by 
developing and validating innovative design of experiments approaches, including 

material properties, process parameters, contamination and further processing, 
for different industrial contexts. 
 
The general conclusions can be categorized in method development and in 
optimal seal performance, in relation with material properties, process 
parameters, contamination and further processing. Seal optimization is 

discussed below from the perception of each of these aspects. It is, however, not 
possible to separate these aspects from each other because of the complexity of 

the industrial sealing process. 
 
Method development 
The DOE-methods show an enormous potential, because of their power to predict 
seal performance with an acceptable accuracy, from a packaging engineering 

point of view, based on a rather low number of runs, compared to an OFAT-
approach. 
The designs show that it is very efficient to add performance indicators if they can 
be evaluated on the same sample. This has no impact on the number of runs. The 
addition of factors however will increase the number of runs. The number of runs 
can be increased to improve accuracy of predictions. A decrease of runs of the 
proposed designs is not recommended because of their optimal character. 

 
Material properties 
Films with plastomer-based seal layer outperformed other films with metallocene 
LLDPE and ionomer-based seal layers, with higher clean and contaminated seal 
strength, wider process windows and a higher degree of leak tightness. This 
material is suitable for high-speed applications because of its low melting 

temperature. The film with metallocene LLDPE seal layer showed a similar 
behaviour but achieved a lower seal performance. The film with ionomer-based 
seal layer had a worse clean and contaminated seal performance. This conclusion 
was surprising, because of the good seal-through-contamination claims in 
literature. The good caulkability of the plastomer and metallocene LLDPE-based 
seal layers, that can be visualised with transparent images of the contaminated 

seals, is suggested to attribute to a high extent to the good seal-through-

contamination performance with solid particles. Ionomers are less caulkable, 
because of the restricted chain mobility, caused by the ion clusters, and the 
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resulting low melt flow index, but have a high hot tack strength, as a result of the 

high melt strength, compared to other polyolefins. This feature attributes more to 
sealing through smaller contaminations, but less to thick particles, as shown in 
the studies with coffee powder and blood powder. This material is also suited for 
high speed applications because of its low melting temperature. 
For ultrasonic sealing, similar materials can be used, but more attention must be 
given to the film layer architecture, because it cannot be assumed that 

entanglement only occurs at the surface of a superficial thin seal layer. Seal 
thickness is changing rapidly during ultrasonic sealing, up to the point that all seal 
materials can be expelled, so other parental layers participate in a larger extent, 
compared to the mechanically gentler heat conductive technology, in the sealing 
process. 

For peel applications, seal layers need to be altered to allow peel failure at a wider 
process window than what can be achieved with singular control of process 

parameters. The matrices of the considered materials above can be contaminated 
with another polymer, in most cases this will be poly(1-butene), to decrease seal 
strength and thus obtain cohesive peel failure. 
 
Special attention in this dissertation is given to biodegradeable materials. 
Monomaterial films, composed of PLA and PBS showed low seal initiation 
temperatures what makes them suitable for high speed applications. Hot tack 

performance was good, with low initiation temperatures, a moderate maximal hot 
tack strength and an acceptable hot tack process window. PLA is more suited for 
applications where the width of the hot tack process window is more relevant, 

such as vertical-form-fill-sealing, where the hot seal is put under pressure. PBS 
would also be suitable for VFFS but showed a narrower hot tack process window 
which makes PBS slightly more sensitive to failure when the seal is still hot. PBS 

is a much tougher material, compared to PLA. This feature makes PBS more 
suitable for applications where the cooled down seal, and package as a whole is 
subject to long term loads, f.e. vibrations during transport cycles. PBAT blends of 
starch or PLA are very tough materials but achieved low seal and hot tack 
strengths. These materials could be of interest in easy opening applications. 
Similar to fossil-based packaging films, multilayer structures with a thermal 
resistant outer layer can be found on the market for biodegradable packaging 

materials. The outer layer of these materials must be biodegradable as well, to 

achieve a biodegradable package. The two current main options in industry are 
cellulose and paper. With both options good seal performance can be obtained, as 
shown in chapter 6. Similar remarks can be made for the use of biodegradable 
seal materials in ultrasonic sealing and peel seal applications as the ones that are 
described with poly(ethylene)-based seal layers. The peel component, however, 
should be biodegradable or be present in a very low percentage to allow 

biodegradability, such as compostability, following the EN 13432 standard. 
 
Process parameters 
For ultrasonic sealing, force, amplitude and time were considered as factors. Seal 
force impacts seal performance mostly and time has the smallest impact, within 
the considered ranges of the design space. Further studies are needed to 

understand, chemically and physically, the relation of these process parameters 
with seal performance. 
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For heat conductive sealing, temperature, time and pressure were considered as 

process parameters. The impact on seal performance followed the same sequence, 
with temperature as most influential on seal performance, and pressure as least 
influential, within the considered ranges of the design space. The relations of 
temperature, time and the interaction of both parameters on seal interface 
temperature and seal performance are well known. Pressure is important to 
achieve a good contact between the seal layers to form bonds. A further increase 

in pressure has an almost zero impact on seal performance, until the point that 
the material is squeezed out. This can occur in profiled bars, in combination with 
high temperature and time.  
 
Contamination 

Coffee powder and blood powder were extensively studied with three different 
seal materials. Smaller and lighter particles, such as blood powder, covered the 

seal area to a higher extent than larger and heavier coffee particles, at a fixed 
contamination density of 25 g. m-2. In the uncontaminated areas it is possible to 
form a strong bond. With non-peelable materials that were evaluated, these bonds 
were strong enough to achieve high seal strength values. Resulting seal strengths 
were higher with coffee powder than with blood powder. 
Results of leak tightness tests were not that straight forward. Each solid particle 
is surrounded with a void, with a surface that is proportional with the caulkability 

of the seal material at optimal process parameters. A channel leak can be formed 
with voids that are in contact with each other. The channel leak is a pathway for 
liquids, gasses and/or microorganisms to travel through the seal and enter or 

escape from the inside of a food package. The application method that is described 
in this dissertation is based on a manual distribution of particles and have an 
impact on channel formation. This method and the collaborative work in the 

TETRA-CORNET-project EVOCOSEAL were stepping stones to apply contamination 
in a standardized way, but contamination type and leak tightness are difficult to 
correlate. 
 
Further processing 
Further processing contains all other temperature related processes, besides heat 
sealing, before, during and after sealing. Optimized peel seal performance of a 

packaging concept with PE was evaluated during and after cold storage at -18, 4 

and 23 °C. Resulting increased strength during cold storage was related with a 
difference in seal failure mechanism, which can be explained by decreased chain 
mobility. PE is the most used seal material in food packages in cold chain because 
of the high chain mobility at low temperatures. Even with PE, which is a material 
with a glass transition temperature around -100 °C, seal failure changes already 
at -18 and 4 °C. This effect is expected to be more pronounced with materials 

with glass transition temperature around freezing and cooling temperature, such 
as homopolymer PP. The results showed that expectations, based on general seal 
layer compositions and general thermal properties, can fall short.  
 
Of all considered biodegradeable polymers, blends with PBAT are a good candidate 
for seal layers in cold chain packaging because they have the capacity to maintain 

the mechanical properties in a similar way as PE at freezing and cool 
temperatures. The brittleness of PLA or PBS at these temperatures is not optimal 
for cold chain applications. 
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In the THERMOPEEL project, a similar method was used to evaluate peel 

performance at temperatures of 95 and 121 °C, to simulate pasteurization and 
sterilization. In these applications, PP is mostly used because of its high melting 
point. The general results were in line with this dissertation, seal strength 
decreases at higher temperature. As suggested at low temperatures, this can be 
attributed as well to increased chain mobility at high temperatures. 
 

 

Seal performance 
Optimal seal performance represents different performance indicators and 
different target values, depending on the application. 

Seal strength was considered as performance indicator but its target value was 
dependent on the application. For easy-opening, a low value was matched, while 
for other applications, seal strength was maximized to obtain optimal seal 
performance. 

 
Energy consumption was added as performance indicator because of its specific 
relevance to ultrasonic sealing. The energy of ultrasonic sealing is mainly 
consumed during sealing, to vibrate the parts. It is dependent on process 
parameters, such as time, force and amplitude. It is also dependent on seal 
materials. Materials differ in energy consumption to achieve a state that allows 

entanglement of polymer chains. Energy consumption is almost zero when the 
parts are not vibrating, with the exception of running some LED-lights and a 

computer system. Energy consumption is less relevant to optimize in heat 
conductive sealing on the level that considers process parameters and seal 
materials. The tools are constantly heated, so the differences in energy 
consumption are mainly determined by tool design, f.e. long, wide heat conductive 
sealing consume more energy to maintain their temperature. The relation of tool 

design and energy consumption is an interesting subject to optimize heat 
conductive sealing in a current market with potential energy shortages and high 
energy costs. 
 
Travel displacement was also added as performance indicator because of its 
specific relevance to ultrasonic sealing. Ultrasonic sealing is a mechanical invasive 
process that decreases the thickness of the seal in a narrow window of process 

parameters, compared to heat conductive sealing. Maximizing seal strength 
without paying attention to seal thickness leads to maximal process parameters. 
These parameters produce a cut or a very thin seal, both results are not desirable 
in most cases. With heat conductive sealing, seals can be cut or become very thin 
when heat sensitive materials are used, in combination with high values of process 
parameters. In a standard hot tool process with moderate process parameters 

and a typical film structure with a thermal resistant outer layer, seal thickness 
needs less attention, compared to ultrasonic sealing, to optimize seal 
performance, because of the low mechanical invasivity of the hot tool process. 
 
Average seal strength and seal energy were added as performance indicators 

because of their specific relevance to peel seal performance. Convenient easy 
opening by peeling supposes a low seal strength which can be opened at a 

constant force, after exceeding a specific opening force. This can be achieved by 
matching maximal and average seal strength to target values and maximizing seal 
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energy. A sole focus on maximal seal strength is not sufficient to achieve 

convenient peel performance. It is not relevant to consider average seal strength 
with seals that do not peel. Seal energy, however, can be a performance indicator 
of interest with non-peel seals to differentiate tough and brittle breaks. 
 

7.2 Recommendations 
 
New optimization studies are proposed below, that allow optimization of seal 
performance, with material properties, process parameters, contaminations or 
further processing levels as variables. 
 

Material properties 
Film layer architecture of the multilayer, seal layer thickness and seal layer blend 

ratio are material factors that can be subjects of further studies on a macro level. 
Molecular weight, rheology, amorphous fraction, branching, orientation and 
surface character are examples of material factors on a micro level.  
Production of films by extrusion is a labour-intensive process with high cost. A 
mixture DOE can be used to optimize the blend ratio of the seal layer in an efficient 
way. Besides seal strength, other performance indicators with no direct relation 
to the sealing process, such as cost, extrusion efficiency, extrusion energy 

consumption, etc. can be added to the designs as performance indicators with the 
objective of selecting a cost-effective blend ratio to seal. A DOE-approach can 
support chemical companies to react more quickly to new materials that come 

into the market and/or meet new demands. 
 
Process parameters 
Seal bar design and (forced) cool time are examples of other relevant process 

parameters, that can be included in a DOE. Seal bar design can be added as 
categorical variable with different levels, f.e. flat, rectangular and triangular 
shapes. Adding cool time as a variable is also interesting because two performance 
indicators, seal and hot tack strength, that are assessed today with two different 
standards, ASTM F88 and ASTM F1921, could be combined in one efficient method 
if test speeds are matched. Fitting a model to the typical sigmoidal shaped curves 
of seal strength works well, by combining linear and exponential functions. Fitting 

a model to the more complex shapes of a hot tack curve, with an exponential 
increase in the beginning, followed by a long decreasing tail, is a huge challenge 
with the terms that are considered in the equations in this dissertation. More 
complex terms have to be added and that will increase the number of runs. A 
design with an acceptable number of runs would be of great value for the food 
packaging industry as it would allow faster evaluation and optimization of seal 

strength and thus contribute to well-sealed food packages.  
 
Contamination 
Leak tightness is a very important result of heat sealing, especially in seal-
through-contamination studies, besides seal strength. Some test standards to 
measure leak tightness, for example the dye penetration test, are giving a binary 

response: leak or tight. It complicates DOE-analysis and needs to be repeated x 

times to generate a non-binary number, for example an average value out of 10 
tests. Other test standards, such as the vacuum and pressure decay test, can 
deliver quantitative output for each sample, but are time consuming because of 
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the need to seal a pouch for each run. Especially the vacuum decay test (ASTM 

F2338) is interesting because it is a very gentle test that would allow seal strength 
testing on the same sample. This facilitates the set-up of an efficient design. 
After screening the impact of several contamination types on leak tightness and 
seal strength, additional experiments can be performed to study the rheological 
behaviour, surface interactions, amongst other aspects. 
 

Further processing 
Besides cold storage experiments, there are other processes with a risk of 
decreasing the seal performance of food packages and thus decreasing food safety 
and quality, such as the transportation process. It is a complex example of many 
combined subprocesses, such as vibrations during transportation, sudden impact 

by dropping packages, pressure changes in flight transport, humidity changes in 
sea transport and thermal processing. It is very labour-intensive, and in most 

cases not feasible and/or not necessary to optimize the seal performance for each 
of these subprocesses. If, however, seal performance at the end of the transport 
cycle does not meet the requirements, a DOE approach can help to optimize the 
performance. Critical subprocesses on seal performance need to be identified first 
before a DOE can be set up. Seal strength and vacuum decay experiments are 
carried out on food packages before transportation and after each subprocess. By 
taking 10 randomly chosen packages after each subprocess, a first comparison 

can be made with the initial seal performance. When one or more critical 
subprocesses are identified, a DOE can be set up by applying one or more specific 
tests to screen the seal performance at difference subprocess factors.  

 
The above described recommendations are specific examples of new studies to 

improve heat seal performance of food packages. In the broader perspective of 

a rapidly changing market, with sudden changes in packaging materials, seal and 

processing technologies, and shortages in time and manual labour, a DOE 

approach is a solution to map the impact of all relevant factors and their 

interactions, and to optimize the heat sealing process with a realistic number of 

experiments. This is not restricted to food packaging. The discussed methods are 

flexible to heat sealing in general. With increasing knowledge in statistical 

modelling and increasing performance of computer systems, a decreasing number 

of experiments will be needed to find solutions to industrial problems. Virtual 

versions of real-life products, often referred to as ‘digital twins’, are already today 

an important topic in industrial research. DOE’s can be seen as a stepping stone 

between a one-factor-at-a-time and a digital twin methodology. 
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Scientific output 
 

A list of the publications can be found in Table 29 and Table 30. 
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