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The objective of this study was to develop laboratory test methods for characterizing the 

effects of changed moisture content on paperboard trays produced by press-forming process. 

Influence of moisture on the properties of unconverted paperboard such as bending stiffness, 

bursting strength, and curling was studied. Paperboard and tray samples were tested after 

storing in different relative humidity conditions (35, 50, 65, 80 and 95% RH). The effect of 

PE and PET extrusion coatings on these properties was also studied. 

It was found that increase in moisture content of paperboard decreases bending and bursting 

strength, dimensional stability and stiffness of paperboard trays. Such physical and 

mechanical properties as bending stiffness and curling of paperboard seem to define the 

stiffness of ready-made trays and their dimensional stability. 

Paperboards and trays with extruded PE and PET one sided coatings demonstrated higher 

strength properties but at the same time had lower dimensional stability comparing to 



uncoated paperboards. Samples with smaller polymer coat weight had better dimensional 

stability than respective samples with higher coat weight. 

It was also found that preconditioning of paperboard in lower humidity environment before 

press-forming could improve dimensional stability and stiffness of ready-made tray. 
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1 INTRODUCTION 

1.1 Background 

 

Packaging is a crucial part of product life. First and foremost, a package is used to protect 

the product or package content from the surrounding, to inform the customer about the 

product or package content for example  on how to use it, to rationalize the distribution and 

production, to reduce the product losses and spoilage, to improve hygiene and safety and 

obviously to sell the product. (Kuusipalo & Lindell, 2013) 

According to Smithers Pira, Global Packaging Market is constantly growing and predicted 

to reach sales of $975 billion by 2018. It is a well-known fact that typical packaging materials 

nowadays are paper, paperboard, plastic, metal and glass. In order to demonstrate the 

difference in usage of certain kinds of packages by years, the world packaging consumption 

by sector is shown in Fig. 1.1. (Pira, 2013)  

 

Figure 1.1: World packaging consumption by sector. (Pira, 2013) 
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As it can be seen in the Fig. 1.1, paper and board packaging have the biggest market share. 

However, plastic packaging is the fastest growing sector, because of rising consumption of 

ready meals and big variety of other food packages. 

There is no denying the fact that fiber-based packaging materials are subjected to lack of 

dimensional stability during the changes in ambient conditions i.e. variations in temperature 

and humidity, which are the major disadvantages compared to plastics. As a result, the 

attractiveness and the usability of paperboard packages in food applications decrease. 

Product quality and life time can be increased by correct selection of packaging materials 

and technologies. Nowadays, modern food packages often combine several materials in order 

to exploit each material's best functional properties. 

 

1.2 Objective of the thesis work 

 

The objective of this work was  clarify how moisture conditions and changes of the same in 

which a packaging material typically confronts during its life cycle affect dimensional 

stability and stiffness of ready-made tray made by press-forming process. The impact of 

relative moisture conditions on paperboard material strength properties, and PE and PET 

extrusion coatings on the properties of the end product was also investigated. 
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LITERATURE PART 

2 PAPER AND PAPERBOARD PACKAGING TRENDS 
 

Nowadays packaging industry represents a large scale technology where the production of 

standardized packages is well postponed, thence packages look quite the same all over the 

world, but at the same time, the interests of product marketing is to produce the packages  as 

much diversified as possible. In future, packaging lines should be adjustable, flexible and 

cost-efficient. 

Customers tend to expect the packaging which has following benefits: environmental 

awareness, intelligent packaging, product safety, security and the ease of use. In order to 

meet these requirements, fiber-plastic composite materials as well as bio-polymers should be 

developed. (Lindell, et al., 2010) 

 

2.1 Paperboard 

 

First of all, paperboard is a heterogeneous, multicomponent system consisting essentially of 

processed plant fibers which are closely bound together and connected by physic-chemical 

and mechanical bonding. 

Besides, paperboard is a capillary-porous material. In addition to the fibrous components 

(cellulose, hemicelluloses) which form the structure of the paper and its main properties, 

mineral fillers, sizing agents, optical brightening agents and other process or functional 

papermaking additives are used.  

Fiber properties and paper structure defines most of the strength properties of paper and 

paper-board. Paper structure can be modified by refining and additions of fines. The 

magnified image of the paper surface is shown in the Figure 2.1 
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Figure 2.1: Paper surface magnified x200 (Davies & Hardy 2004) 

Fibers form a planar almost two dimensional structure, because the length of the fiber usually 

achieves 1-3mm, with an average thickness of the paper sheet of 0.1 mm. The structure of 

paper is not uniform, but disordered and irregular. The degree of inter-fiber bonding affects 

the mechanical properties of paper. (Niskanen & Pakarinen, 2008)  

Refining is a mechanical treatment of pulp. Fibers are partially shortened and decomposed 

during refining process. Paper properties can be changed by adjusting the beating degree 

and the hydration degree during the refining process. Loijas (2010) showed the effect of 

refining on paper properties Figure 2.2. 

 

Figure 2.2: The effect of refining on tensile strength, tear strength and drainability. (Loijas, 

2010) 
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Tensile strength of paper depends on the fiber`s individual strength properties: papers with 

long fibers have generally higher tensile strength than papers made from short fibers. Degree 

of bonding between the fibers is an important factor also. (Caufield & Gunderson, 1988)  

Tearing strength, as also tensile strength, is dependent on fiber length, fiber strength and 

degree of bonding between fibers. Degree of orientation of fibers in the paper is also an 

important factor. The work of tearing fall into two main parts: the work necessary to destroy 

the individual fibers and the work needed to pull the fibers from the paper matrix. Akker & 

Lathrop (1958) noticed that it takes less work to break the fiber than to pull it. Therefore, the 

tearing resistance generally shows an inverse correlation with tensile and bursting strength. 

Processes which improve the interfiber communication, such as beating, improve bursting 

and tensile strength, but tend to decrease the tearing strength (Caufield & Gunderson, 1988). 

Stiffness depends on the thickness of the paper. After doubling of the thickness of the paper, 

the stiffness is increased five times or more. In the layered paper structure the bending 

stiffness depends on the sum of the stiffness properties of individual layers. The key factors 

are: modulus of elasticity, moment of inertia in the structure and width of the test piece. 

(Akker & Lathrop, 1958) 

Fines are fiber fragments with average size of few micrometers. Fines` specific surface is 

large. It is 5-10 times larger than respective fiber specific surface. Due to the large specific 

surface and fibrillar particles fines have a large impact on interfiber bonding. Fibrillar fines 

bring fibers into closer contact with each other during drying. Fines give a positive effect on 

tensile strength and internal strength, but at the same time negative effect on tear strength. 

(Sirviö, 2008) 

Paperboards differ from paper in thickness and a higher weight per unit area. Usually it has 

several layers, two outer layers and one to three middle layers (Figure 2.3). 



9 

 

 

Figure 2.3: A –paperboard single-layer, B –paperboard multi-layer structure. (Kuusipalo 

& Lindell, 2013) 

Paperboard has following distinctive features: it is smooth and strong, light and bright, 

versatile and cost-effective. 

 

The only form of paperboard, which is recommended for direct food contact is a white board 

(consisting of several thin layers of bleached chemical pulp), coated with wax or laminated 

with polyethylene, because food packaging industry has following regulations that food 

contact material should not release any chemicals or odors that can harm human health. 

(Soroka, 2009) 

 

2.2 Coatings 

 

The first thing that needs to be said is that packaging materials should represent good barrier 

properties to protect the inside product from exterior influences such as light, water, oxygen, 

odors. On the other hand, if package content is greasy or wet coating keeps the components 

of packed substance inside the package, protecting exterior environment. Secondly, paper 

surface is naturally porous and open. In order to enhance the barrier properties of paper and 
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close the pore spaces, it has to be covered with a layer of extrusion, was or dispersion coating. 

The purpose of the coating is reducing the amount of pores in base paper.  

Plastic coating is applied to the paper surface via extrusion process (Figure 2.4). 

  

Figure 2.4: Principle of extrusion coating. (SafepackIndustries, 2008) 

In extrusion process, a molten polymer is applied onto a moving web of paper. The extruder 

has a die which presses the melt polymer into a wide film. It also controls the thickness of 

the polymer layer. Paperboard can be one or two-sided coated. (Kuusipalo & Lindell, 2013) 

In order to increase adhesion of the molten polymer on the substrate several process 

modifications were developed. Modified extrusion process is presented in the Figure 2.5. 

 

Figure 2.5: Typical co-extrusion line (Wolf, 2007) 
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Polymers are very long molecules with few amount of bonding points. One of the possible 

surface treatments for improving adhesion between paperboard and plastic, is corona 

discharge. When electrons are accelerated into the surface breaking the long chains which 

produces multiple bonding points. The other option to promote covalent bonding is chemical 

atmospheric plasma treatment (APT). For plastic coatings such as PE and PET it is necessary 

to provide oxidation of nonpolar polymeric material, for this purpose ozone is used, to avoid 

problems caused by excessive oxidation at low speed and high temperatures. (Wolf, 2007) 

Undoubtedly, there are numerous numbers of different coatings to be used. However, 

widespread used are still polyethylene (PE) and polyethylene terephthalate (PET) (Figure 

2.6).  

 

Figure 2.6: Structural formulas of PET and PE polymers. (Lindell, 2013) 

The properties of polymers are determined by their molecular structure, molecular weight, 

degree of crystallinity and chemical composition. PE films can be classified into three broad 

categories according to their density (Table 2.1).  
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Table 2.1 PE properties. 

Type of 

Polyethylene 

Moisture 

Vapour 

Transmission 

Gas transmission Tensile 

Strength 

Mpa 

CH3 groups 

per 1000C s 

O2 CO2 

Low density 

920 kg/m3 

1.4 500 1350 9−15 20−33 

Medium 

density 

940 kg/m3 

0.6 225 500 21 5−7 

High density 

960 kg/m3 

0.3 125 350 28 <1.5 

 

PE coated paperboard is used in packaging application where moisture resistance is required. 

PE polymer properties vary due to different densities: LDPE – HDPE. LDPE has good barrier 

and sealability characteristics. HDPE has a greater temperature limit. Compared to PE, PET 

films have great tensile strength and chemical resistance, low weight, good elasticity and 

stability over a wide range of temperatures (-60°C to 220°C) (Lindell, 2013). 

To sum up, the key properties of paperboard and plastics are presented in Table 2.2. 

Table 2.2 Key properties of paper and paperboard and plastics. (Coles, et al., 2003) 

Paper and paperboard Plastics 

Low-density materials Low-density materials  

Poor barriers properties against the  light 

without coatings and laminations 

Wide range of barrier properties 

Poor barriers to liquids, gases and vapor’s 

unless they are coated, laminated or 

wrapped 

Permeable to gases and vapor of different 

degrees 

 

Easy to recycle Easy to burn 

Suitable stiffness  Usually have low stiffness 

Absorbent to liquids and moisture vapour Can be transparent 

Tear easily Tensile and tear strength are variable 

Economic Flexible and in certain cases, can be creased 

 

In conclusion, both materials have their own advantages and disadvantages. Thus, the best 

results can be achieved by combining paper and plastic films together via coating process.  
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3 3D FORMING OF PAPERBOARD 

 

Despite the fact that paperboard has several advantages over plastic materials (renewable, 

recyclable and biodegradable) its ability to resist certain types of plastic deformations without 

damage is limited. Consequently, paper-based packaging materials can generally have only 

simple geometrical forms. Execution of complex 3D shapes from paper-based materials is 

relevant and is under active research. (Vishtal, et al., 2013) 

Such paper mechanical properties as elongation, compressive strain, compressive strength 

and paper-to-metal friction plays important role in formability of the paper. However, the 

importance of these parameters differs for different forming principles and forming 

conditions. (Hauptmann & Majschak, 2011) 

Currently there are only two types of forming processes for paperboard in commercial use: 

press forming (stamping) and thermoforming (vacuum-assisted air forming). Hydroforming 

and deep-drawing of paperboard are under active investigation. (Vishtal, 2015) 

 

Figure 3.1: Conditional classification of forming processes according to the type of blank 

holding. (Vishtal, 2015) 
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In general, shapes produced in the sliding blank process have wrinkles and relatively high 

depth and are not sealable, but shapes produced in the fixed blank processes conversely are 

sealable but have limitations in depth. (Vishtal, 2015) 

3.1 Press-forming 

 

First and foremost, in press-forming principle, paperboard blank is creased before its 

formation. Creasing of paperboards is a grooving of paper sheet which facilitates the folding 

along a clearly defined line. The purpose of creasing is to initiate delaminating between the 

plies, which leads to reduced tensile stress on the outer edges. As a rule creasing is made 

simultaneously with cutting of the paperboard. The schematic illustration of the process is 

shown on the Figure 3.2. 

 

Figure 3.2: Illustration of creasing and folding process. (Pulkkinen, 2012) 

Forming process could be performed in one or two steps depending on the required depth of 

the tray. Generally, normal trays of about 25mm deep do not require any premoistening. In 

two steps forming process with premoistening, the maximum depth of about 40-55mm could 

be achieved. 

Further, after creasing and cutting processes, paperboard goes to the folding. On this stage 

paperboard is pressed into the female cavity by the male die. Pressure can be accomplished 

by springs, hydraulics or pneumatics. A product is kept under certain pressure and heat for a 

period of dwell time (Figure 3.3). 
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Figure 3.3: Press-forming process. (Leminen, et al., 2013) 

Heat can be conducted through female tool in order to prevent PET coating melting or another 

option to heat up the male and female tools simultaneously. Usually, the speed of male tool 

is called processing speed. Creased blank and press formed tray are shown in Figure 3.4. 

 

Figure 3.4:  Creased blank and a press-formed tray. (Leminen, et al., 2013) 

 

The moisture in the board is evaporated through vents in the die, "setting" the product in the 

shape of the die. The process is dependent upon three interrelated parameters which are 

inversely proportional to some degree; heat, dwell and pressure. In order to keep the same 
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quality tray while one of these parameters is reduced it is important to increase the other two 

parameters accordingly. 

Paperboard physical properties such as high tear strength, high tensile strength, and uniform 

thickness ensure good tray quality. Moreover, moisture content has a significant role. Too 

little moisture may result in breakage of paperboard or the resulting paperboard container 

will have lack of strength and rigidity. Optimal moisture by weight is from 8.5% to 13%. 

(Gralex, 2011) 

According to Vishtal 2015, optimal conditions for press forming are: 

 tool temperature: 150–190 °C (for the female mould, no plastic coating on that side), 

40–60 °C (for the male mould in contact with plastic coating) 

 moisture content of paper 7–11% 

 very short forming time (0–1 seconds) 

In press forming process, the creases are formed and they act as capillary tubes and cause 

leaks in the heat-sealed tray package. However, correctly selected geometry and respective 

process parameters allow using the modified atmospheric packaging. 

3.2 Thermoforming 

 

Thermoforming typically refers as a secondary process in plastic industry. Klein (2009) has 

highlighted following thermoforming process steps:  

 Sheet preparation and loading. Sheet and films are produced using extrusion, 

casting and calendaring process. For thin materials roll fed is used, thicker materials 

are loaded in pre-cut sheets to the clamping frame in order to avoid twist or wrap. 

 Sheet heating, is done by one of three methods: conduction, convection or radiation. 

Heat is required to heat material to its forming temperature. 

 Sheet shaping, could be done by several techniques: mechanical force, atmospheric 

pressure, pressure forming and combination of forces mentioned above. 

 Sheet cooling, is done by blowing air or water mist across formed part. 
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 Unloading is done by mechanical or air ejection. 

 

Figure 3.5: Thermoforming process. (Gardner, 2006) 

 

There are various types of thermoforming processes depending on the method used to put 

sheet into the mold. Forming temperature are dependent on material used in thermoforming 

and are in range from 150 °C up to 205°C, also the pressure can vary from 0.7 bars up to 200 

bars. (Gardner, 2006) 

According to Florian (1996), thermoplastic sheet is the key element of the thermoforming 

process. Thermoplastics exposed by high temperatures become soft and after cooling it 

hardens and set up firm. Major thermoplastics are presented in Figure 3.6. 
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Figure 3.6:  Thermoplastics major raw materials. (Florian, 1996) 

 

Thermoplastic sheets can be laminated together in order to achieve economic, environmental 

and physical benefits. Material obtained by such process combines positive properties of both 

layers.  

In practice, the process of laminating material together is done when one of the layers is much 

thicker providing strength and support properties. Thermoplastic sheet requires only a very 

thin surface coating to achieve barrier requirements. Extremely thin layers can are laminated 

by extrusion coating. The thermoplastic base layer can also be replaced with paperboard. 

(Florian, 1996) 
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3.3 Deep-drawing  

 

To begin with, as in press-forming process the first steps in deep-drawing are creasing and 

folding. An uncreased paperboard very seldom forms sharp and straight corners during 

folding.  

In deep-drawing forming process, paperboard is punched towards mould with a certain shape 

by a moving male die with the same shape as the mould. Process overview is presented on 

Figure 3.7. 
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Figure 3.7:    Stages of the deep-drawing process of paperboard. (Vishtal & Retulainen, 

2012) 

Deep-drawing forming process can be divided into four stages: 
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I. Blank is transferred to the forming press 

II. Blank holders fix the blank, heat and moisture is applied in order to soften the paper 

III. Blank is formed to the designed shape 

IV. Formed blank is cooled to retain the shape and to increase stiffness. 

 

Vishtal &Retulainen (2012) summarized essential factors in the deep-drawing process in 

following Table 3.1. 

 

Table 3.1: Essential Factors in the Deep-Drawing of Paperboard. 

Process conditions Paperboard properties Equipment design 

Temperature Tensile behavior Shape of the die and cavity 

Retention time Fracture toughness Material of the die and cavity 

Blank holder force Shear deformation Type of the drawing process 

Drawing sequence Metal-paper friction  

Moisturizing of the blank Compressive strength and 

negative elongation 

Possible lubrication Density 

 

According to Vishtal 2015 optimal conditions for deep-drawing are: 

 Forming cavity: 140–180 °C 

 forming die: 60–100 °C 

 moisture content of paper 7–11% 

 short forming time (1–3 seconds) 

 

By changing the process conditions, the final quality of the product can be changed. 

Retention time adjusts shape stability and springing back. High friction during the process 

can be decreased by using of lubricants. Paperboard properties themselves determine 

probability of fractures and stiffness properties of the final product. Equipment design 

regulates the shape and stress distribution. (Hauptmann & Majschak, 2011) 

 

3.4 Hydroforming 
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Hydroforming process initially was developed for 3D shaping of ductile metals. Paper 

materials have several complicated factors: moisture and temperature dependency, difference 

in MD and CD and gradients in thickness. (Hui, 2013) At present time there are various 

studies carrying out to adopt this process to paper material. Nevertheless, the question of 

prediction process parameters is still open. 

The process of hydroforming begins with flat sheet of paperboard, which is formed to 3D 

form by applying the load to membrane using liquid or air on the concave side or vacuum on 

the convex side. Process scheme is shown in Figure 3.8 (Östlund, et al., 2011) 

 

Figure 3.8:  Hydroforming process.  (Hui, 2013) 

 

Membrane is used to separate the pressure fluid or gas from the paper blank. 3D 

hydroforming device consists of following parts: the mold, blank holder, clamping 

mechanism of the membrane and pressure supply. Process parameters are highly dependent 

on paper composition and final geometry. 

According to Vishtal 2015, optimal conditions for press forming are: 

 Temperature of the female mould 100–140 °C 

 moisture content of paper 10–15% 

 relatively long forming time (1–10 seconds) 

  



23 

 

4 MOISTURE RELATED CHANGES IN PAPER 

 

First of all it should be pointed out that fibers in paper are a composition of cellulose, 

hemicelluloses and lignin. These compounds are tend to be hydrophilic because of great 

quantity of hydroxyl groups through which water is attracted and held in and on the fiber 

surfaces and also inside the fiber. There are three basic mechanisms how water is absorbed 

into fibers. (Table 4.1) 

Table 4.1: Water absorption mechanisms. (ASTM, 1963) 

Moisture content (by 

weight) up to 

Cases Mechanism 

3%−4% Paper production Hydrogen-bonded water 

16%−30% Absorption from atmosphere Gas diffusion/ Knudsen 

diffusion 

200%−300% Contact with liquid water Capillary transport/bulk solid 

diffusion/ surface diffusion 

 

The fundamental mathematical description of diffusion is Fick`s law (Equation 1) 

𝐽 = −D
∂c

𝜕𝑥
       (1) 

where  

J – diffusive flux 

∂c/ ∂x – moisture concentration gradient 

D – diffusion coefficient.  

According to (Salminen, 1988) moisture diffusivity has a strong relation with moisture 

content and temperature. 

During direct contact of porous material such as paper with liquid moisture penetration 

process can be described using capillary models. Washburn's equation can be used to describe 

capillary flow in a bundle of parallel cylindrical tubes (Equation 2). 
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𝐿2 =
γDt

4𝜂
       (2) 

where  

L – distance for liquid  to penetrate, 

t – time 

η – dynamic viscosity 

γ – surface tension.  

Moisture content in paper affects strength, rigidity, and elasticity and flexibility properties of 

the sheet. Paper has different sets of moisture content equilibrium points when RH is rising 

and after it is decreasing (Figure 4.1).  

 

Figure 4.1: The hysteresis effect and its impact on paper moisture as the relative humidity 

changes. (TFO, 2010)  

At the current moment, one of the best mathematical models to predict water sorption 

isotherms for cellulose-based packaging materials is the GAB model (Guggenheim, 

Anderson, and de Boer). It is a three-parameter equation with constants (Equation 3). 
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 𝑤 =
wmCKaw

(1−𝐾𝑎𝑤)(1−𝐾𝑎𝑤+𝐶𝐾𝑎𝑤)
      (3) 

where  

w - is equilibrium moisture content on dry weight basis,  

aw -water activity,  

wm, K, C -  sorption parameters characterizing the sorption properties of the material. 

 

Parameter wm displays the moisture content corresponding to the monomolecular layer on 

the whole free surface of the material. C and K are correction factors depending on the 

temperature. 

Moisture sorption isotherms may also vary from temperature; higher temperature provides a 

lower RH at certain absolute moisture content. However, temperature has less impact on 

moisture content than relative humidity. (Olsson & Salmen, 2005) 

 

4.1 Dimensional stability  

 

Fibers in paper and paperboard tend to achieve moisture content equilibrium with ambient 

conditions. Paper expands or shrinks as the relative humidity in the local environment 

changes. The ability of paper to expand or to shrink is called hygroexpansivity. And it 

depends on variety of papermaking parameters such as pulp type, fiber shape, beating 

conditions, fiber orientation, pressing, and drying tensions, sizing and the extractives content 

of the pulp. (Salmen, et al., 1993) 

According to (Kajanto & Niskanen, 1996)  hygroexpansion coefficient can be defined as: 

    𝛽 =
∆𝑑𝑐(%)

∆𝑚𝑐 (%)
        (4) 
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where  

∆dc – dimensional change of the test piece between two equilibrium conditions with 

relative humidity 

 ∆𝑚𝑐  – change in relative humidity.  

When the fiber changes dimensionally, the whole macroscopic network changes and the 

paper tends to expand. As fibers absorb water, they get thicker but not longer, though 

hygroexpansion also depends from the paper direction, paper expands typically 0.8% in MD 

and 1.6% in CD. (Kirwan, 2012) 

As a rule, curl affects almost every grade of paper or board. In case of printing grades, it 

causes print register problems and paper jams in printers. The curling occurs when one side 

of a sheet is wetter than the other side. The curling of paper and board can occurs due to 

several reasons. Detrimental factors in the paper making are influenced by the structural 

differences between top and bottom of the sheet. For instance, if paper is dried in its 

manufacturing process too much on one side and the other side has more moisture, a curl 

toward the wetter side will occur (Figure 4.2). 

 

Figure 4.2: Curling effect. (Kirwan, 2012) 

 

The other reason of curls may appear after the printing. The printing inks pull the moisture 

from printed side. Thus, more moisture remains on the unprinted side. (Green & Atkins, 

2011)  
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4.2 Strength properties 

 

All strength and mechanical properties of paper are strongly dependent on relative humidity. 

General trends of strength properties compared to standard conditions over different RH 

range are presented in the Figure 4.3 (Caufield & Gunderson, 1988) 

 

Figure 4.3:  Generalized effect of relative humidity on strength properties of paper. 

(Caufield & Gunderson, 1988) 

 

Increasing the moisture content of paper improves individual fiber strength properties due to 

rising of plasticity. However, during further increase in moisture content, water molecules 



28 

 

form hydrogen bonds with cellulose fiber, replacing the fiber–fiber interaction and 

consequently weaken the network structure. This explains initial gain in tensile and bursting 

strength in the region of 15-30% RH, which is followed by continuous drop of strength 

properties (Scribner & Carson, 1953). 

The decrease in bursting strength at high RH is not so dramatic comparing to tensile strength. 

Caulfield & Gunderson explain this by the fact that bursting strength is influenced by the 

combination of tensile strength and elongation to break, where tensile strength is decreasing 

with the presence of moisture and vice versa stretch is increased.  

Moisture causes the increase in flexibility and viscoelastic character of the paper resulting in 

continuous increasing of tearing resistance and folding endurance in the region from 15 to 

85% RH. At humidity over 85% RH, both of this paperboard properties drop down because 

of disruption of interfiber network bonds caused by water. (Seth & Page, 1988) 

Results of the effect of moisture content on tensile strength study made by Rhim&Lee (2009) 

are presented in Figure 4.4. 
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Figure 4.4:  Effect of moisture content on TS of the paper-based packaging materials. 

(Rhim & Ho Lee, 2009) 

 

As in can be seen from the figure, VP samples refers to vegetable parchment. It was found 

that different paper types behave in different way at high humidity’s. TS of kraft paper and 

VP paper is decreasing dramatically at high level of moisture content, despite that SBS 

samples demonstrate TS stability. 

Besides, according to (Wang, et al., 2013) research ambient temperature has influence on 

moisture content (Figure 4.5). 
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Figure 4.5: The relationship between the moisture content of paper and the temperature 

(Wang, et al., 2013). 

 

This can be explained by the fact that water molecules at lower temperature have smaller 

activity energy and the molecules are attracted to fiber hydrophilic groups stronger compared 

to conditions with higher temperature. The effect of temperature on tensile properties of 

paper is shown in Figure 4.6. 
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Figure 4.6: Effect of temperature on physical properties of paper at constant moisture 

content. (Mark & Borch, 2001) 

 

With increasing temperature, hemicelluloses and lignin polymers becomes softer. Softening 

temperature of these polymers is lower compared to cellulose. Due to this effect, elastic 

modulus and tensile strength are reduced but strain to failure is increased. (Mark & Borch, 

2001) 
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EXPERIMENTAL PART 

5 OBJECTIVES OF EXPERIMENTAL PART 

 

This master thesis was a part of the project called "Advanced Cellulose to Novel Products" 

organized by FIBIC. The role of LUT in this project was to develop test methods related to 

tray pressing process and to characterize packaging materials before and after forming. Thus 

the selection of the test methods in current thesis was also depended on other participants in 

the project.  

First and foremost, the aim of any product analysis is to evaluate key features and parameters 

affecting the functional behavior of the product and to provide numerical information of 

relevance to this behavior. (Levlin & Söderhjelm, 1999)  

Besides, it also important to notice that strength values obtained under standard laboratory 

conditions do not reliably measure in real life situations such as cold storage, high humidity 

and others. Therefore, tests with different surroundings conditions should also be performed. 

The major objectives of this work were: 

 To clarify the effects of variations in the surrounding temperature and humidity on 

mechanical functionality of paperboard and paperboard trays 

 To clarify the significance of coating to dimensional stability for the said materials  

 To develop test methods for evaluating paper-board trays dimensional stability and 

stiffness 

 To study the effects of paperboard moisture content in tray pressing process on final 

tray dimensional stability and stiffness 
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6 TEST METHODS AND MATERIALS 

 

The subject of the study was to characterize eight commercial paperboard samples which 

differed in mass per square meter, and with or without PE or PET coating, respectively. Key 

characteristics of the paperboards are presented in Table 6.1. 

Table 6.1: Paperboard samples labeling. 

Sample label g/m
2 PE coating, 

g/m
2 

PET coating, 

g/m
2 

Pigment 

coating 

A 250 - - + 

Bpe 240 20 - - 

Cpe 260 20 - - 

D 290 - - - 

Dpet 290 - 40 - 

F 350 - - - 

Fpet 350 - 40 - 

Hpe 360 60 - - 

 

The abbreviation “pe” or pet” refers to the presence of PE or PET coating. 

In subsequent chapters, test methods and equipment are described. 

 

6.1 Testing of the non-converted material 

 

In order to evaluate the effect of humidity on paper bending stiffness, burst strength and 

curling as a measure of dimensional stability, were performed. In each test series of totally 

5, the samples were stored in a climate chamber at a certain RH at least 4 hours prior to tests. 

The climate chamber was set to RH of 35, 50, 65, 80 and 95% at the temperature of 23°C. 

For each sample test were performed immediately after removal from climate chamber in 

order to prevent alteration in moisture content. In caes when test equipment was located on 

separate facilities test samples were transferred in sealed plastics bags. 
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6.2 Testing of the ready-made trays 

 

Samples were converted into trays at LUT packaging line. Process parameters were 

following. 

 Blank holding force 25% 

 Speed 50% 

 Temperature 140°C 

Principal experiment scheme was quite same to what was used for paperboard. As exception 

there were three different trays groups produced with different PCRH meaning that before 

converting samples were store in different humidity’s. 

 

  

Figure 6.1: Test matrix for paperboard trays. 

 

Pre-converting
humidity (PCRH) 

1. 35

2. 50

3. 65

Storage at 35% 
RH

1. Dimensional 
stability

2. Bending stiffness

3. Stiffness of the 
whole tray

4. Moisture content

Storage at 65% 
RH

1. Dimensional stability

2. Bending stiffness

3. Stiffness of the whole 
tray

4. Moisture content

Storage at 50% 
RH

1. Dimensional 
stability

2. Bending stiffness

3. Stiffness of the 
whole tray

4. Moisture content
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For comparing the effect of PCHR, test points stored at 35, 50 and 80%RH were selected. 

In order to compare paperboard before and after converting test for readymade trays with 

PCRH 35 were performed for all RH values in region 35−95%.  

 

6.3 Moisture content 

 

Moisture content of paper or paperboard was determined by weighing a sample before and 

after drying at 105±2°C the difference in the two weights was calculated and expressed as a 

percentage [%] of the original weight. Moisture content was measured in accordance with 

ISO 287. 

 

6.4 Bending stiffness  

 

Bending stiffness was measured with an L&W Bending Tester. At one test point for each 

paperboard sample 6 test species for paperboard and 4 test species for tray were cut. The 

average value was used 

Since the paperboard is an anisotropic material bending stiffness values are highly dependent 

on MD and CD. Thus samples cut in corresponding directions were measured separately. 

Bending stiffness test shows the ability of paper or board strip to resist to resist a bending 

force applied to the free end of a strip fixed on the other end. (Figure 6.2) Two-point method 

is suitable for paper and paperboard of a low thickness range. The width of the test sample 

was 38mm, length 50mm and the deflection 7,5° or 15°.Testing was carried out in accordance 

of ISO 5628. 
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Figure 6.2:  The 2-point method for measuring bending stiffness. (Levlin & Söderhjelm, 

1999) 

 

According to Lorentzen & Wettre (2015), bending stiffness strongly affects compression 

strength of the finished box. They also noted that behavior of bending stiffness under static 

loads in different atmospheres can provide with better information about the sensitivity of 

the material to varying atmospheric conditions. 

 

6.5 Burst strength  

 

Bursting test is easy and rapid test for paper strength. It is related to the elongation and tensile 

strength properties of the paper (Levlin & Söderhjelm, 1999). 

Burst strength is a maximum pressure value developed by the hydraulic system in forcing an 

elastic diaphragm through a circular area of the board when the pressure is applied 

perpendicular to the pane of the test piece. Burst strength was measured following standard 

ISO 2759:2014. 



37 

 

 

Figure 6.3:  L&W Bursting Strength Tester. 

Burst strength was measured on L&W Bursting Strength Tester (Figure 6.3) at the facilities 

of Stora Enso research center, Imatra. Each paperboard sample was tested 6 times, and then 

the average value was calculated. 
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6.6 Dimensional stability 

 

Dimensional stability is an ability of paper or paperboard piece to keep its dimensions 

constant while some external factors such as relative humidity and temperature are changing. 

Typical examples of dimensional stability problems are curling and cockling phenomena. 

Curl in paperboard is defined as deviation from the flat form. Cockling is referring to 

inhomogeneous surface of the paper. 

In this research, dimensional stability of the trays was tested by measuring the distance from 

the surface to the trays corner by mechanical sensor. The opposite corners were fixed with 

magnets (Figure 6.4). 

Figure 6.4: Tray dimensional stability measurement. 

The average distance to two corners for the same tray was calculated. The experiment was 

performed twice with two different trays for each paperboard sample. 

In order to measure dimensional stability of paperboard, circle test spices with a diameter of 

10 cm were cut using punch cutter (see Figure 6.5). 
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Figure 6.5: Paperboard dimensional stability test. 

After the storage in constant climate room, the maximum distance from the edge to the flat 

surface was measured (see Fig. 6.5) from both sides (d1 and d2) and the distance to the center 

(c) after that the average value from all 3 values was calculated. 

 

6.7 Tray stiffness 

 

Tray stiffness was measured on the equipment constructed in LUT packaging line laboratory. 

The measurement principle is described in Figure 6.6. 
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Figure 6.6: Tray stiffness test equipment scheme 

First of all, top view of the tray is taken by special tool, then the image is transferred to the 

computer where software analyzes it and calculate its dimensions (width and length) after 

that the load with a certain weight (4 kg and 1.7 kg) was applied on the top of the trays. Then, 

dimensions were recorded once again. The ratio of the sum of all dimensions under the load 

divided by sum of all dimensions without load expressed in percentage was used as a measure 

of tray stiffness. 
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7 PROPERTIES OF THE NON-CONVERTED MATERIAL 

7.1 Moisture content  

 

Data collected from moisture content tests for the samples stored in different RH conditions 

is presented in the Figure 7.1 

 

Figure 7.1: Paperboard moisture content. 

The diagram shows that increasing RH of storage conditions leads to increasing of 

paperboard moisture content. 

In the region of storage conditions higher than 65% RH paperboard moisture absorbing rate 

went up considerably. Presence of plastic coating for the same type of paperboards (D and 

Dpet, Fpet and F) reduced the overall moisture content due to the fact that moisture was 

absorbed by wood fibers and not by plastic polymer molecules. The same reason stands for 

the fact that sample Hpe had the lowest moisture content at all test points. 

 

7.2 Bending stiffness 

 

A Bpe Сpe D Dpet F Fpet Hpe

RH 35% 6,7 6,3 5,6 7,3 5,3 7,4 6,1 5,2

RH 50% 8,2 6,9 7,2 8,0 8,3 8,8 6,9 6,0

RH 65% 10,4 8,4 8,3 9,3 8,6 9,7 8,3 7,4

RH 80% 12,2 10,5 10,7 13,8 12,1 14,0 12,1 8,3

RH 95% 15,3 13,4 16,3 15,3 16,9 15,3 15,8 10,5
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Each test sample was tested from both sides to determine the effect of plastic coating on 

bending stiffness, resulting into two measurement cases (Figure 7.2). 

 

 

Figure 7.2: Two measurement cases depending on coating side 

 

Obtained results for case 1 when coating was on the side of force application are presented 

in Figures 7.3 and 7.4. Data for case 2 as well as calculated coefficients of variations can be 

found in Appendix 3. The average coefficient of variation was 5.66% in the region from 0.5% 

to 19.6%. 
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Figure 7.3: Case 1, bending stiffness in CD. 

 

Figure 7.4 Case 1, bending stiffness in MD. 
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Diagrams led to conclusion that storage humidity affected considerably bending stiffness. 

High moisture content significantly reduced the stiffness. Another observation becomes 

apparent that paperboards with higher grammage demonstrated higher bending resistance. 

However, sample Hpe got low values for bending test due to inner plastic layer. 

Presence of coating for the same type of paperboard (samples D and Dpet, Fpet and F) 

increased bending resistance for the samples cut in MD and CD. This can be explained by 

lower moisture content for the samples with coating layer (Figure 7.1). 

For the case 2, when coating was on the opposite side of force application, obtained data is 

presented in the Table 7.1 

Table 7.1: Case 2 Bending Stiffness, mN. 

CD RH 

35% 

RH 

50% 

RH 

65% 

RH 

80% 

RH 

95% 

MD RH 

35% 

RH 

50% 

RH 

65% 

RH 

80% 

RH 

95% 

A 11.8 11.5 9.7 9.0 6.3 A 18.5 18.6 16.1 14.0 13.0 

Bpe 5.8 5.9 5.0 3.9 2.8 Bpe 12.5 12.3 10.5 8.7 8.0 

Сpe 7.8 7.6 5.8 5.6 3.7 Сpe 12.9 12.6 10.9 8.2 7.5 

D 8.5 8.1 6.9 5.3 5.6 D 16.5 16.6 14.6 10.9 11.4 

Dpet 10.5 10.3 9.8 9.4 8.3 Dpet 19.8 18.7 16.9 15.8 13.7 

F 14.0 14.0 12.2 9.9 8.2 F 24.4 23.7 21.5 17.2 16.3 

Fpet 18.0 17.9 16.3 13.1 11.5 Fpet 31.8 30.2 28.8 21.3 18.4 

Hpe 8.8 8.7 6.5 6.3 5.6 Hpe 9.5 9.4 8.5 7.3 6.2 

 

Case 2 shows that bending resistance dependency from moisture content was independent 

from the side of force application and coating location in bending stiffness test. However, in 

general bending stiffness values in case 2 were bigger than in case 1. To analyze this 

difference, bending stiffness was expressed as a single value by Equation 5. 

𝑆 = √𝑆𝑀𝐷 ∗ 𝑆𝐶𝐷       (5) 

Then the difference value between case 2 and 1 was calculated and expressed in percentage 

by Equation 6 which is presented in Table 7.2. 

𝐷 =
𝑆2−𝑆1

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑣𝑎𝑙𝑢𝑒 (𝑆1,𝑆2)
∗ (100%)       (6) 
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Where 

S1 stiffness calculate by formula 7.1 for case 1 and 

S2 is stiffness calculate by the same formula for case 2. 

Table 7.2: Bending stiffness difference. 

 RH 

35% 

RH 

50% 

RH 

65% 

RH 

80% 

RH 

95% 

Average 

A 3.3% 2.9% 4.3% 4.2% 5.3% 4.0% 

Bpe 4.6% 5.3% 6.8% 3.8% 5.6% 5.2% 

Сpe 4.1% 6.4% 3.5% 7.5% 14.3% 7.2% 

D -1.7% -1.8% -2.6% 0.8% 0.3% -1.0% 

Dpet 1.2% 1.2% 0.4% -0.4% 2.2% 0.9% 

F -1.2% -1.8% -2.8% -1.1% -1.1% -1.6% 

Fpet 3.8% 0.8% 4.3% 3.6% 3.0% 3.1% 

Hpe 4.1% 2.5% -7.1% -1.8% 0.6% -0.4% 

 

Higher bending resistance in case when coating was on the opposite side of force application 

could be explained that it requires more force for polymer molecules in the coating to 

compress than to stretch. 

 

7.3 Burst strength 

 

As in bending stiffness, paperboards were tested from both sides in bursting strength. Case 1 

corresponds to the tests when coating was on the side of pressure application and case 2 when 

pressure was applied on the opposite side to coating layer (see Figure 7.5). 
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Figure 7.5: Two cases in bursting strength measurements. 

 

Data obtained from the tests performed with samples stored in different relative humidity 

conditions is presented on the Figures 7.6 and 7.7. The average coefficient of variation was 

6% it was changing in the region from 1.5% to 11%. 

 

 

Figure 7.6: Bursting strength, case 1. 

0
200
400
600
800

1000
1200
1400
1600
1800

A Bpe Сpe D Dpet F Fpet Hpe

35 431 752 801 1055 951 1071 1026 1648

50 413 725 749 895 888 1021 1096 1681

65 388 713 751 981 807 1000 1017 1734

80 314 635 655 728 744 841 905 1732

95 309 544 667 674 689 805 845 1616

B
u

rs
ti

n
g

 S
tr

en
g

th
, 

k
P

a

Case 1



47 

 

 

Figure 7.7: Bursting strength, case 2. 

 

From bursting strength test results, the same patterns as in bending stiffness tests were 

noticed: bursting strength values were growing with increased grammage (samples were 

arranged by mass in ascending order from A to H). Bursting strength decreased non-linearly 

with increase in moisture content. In addition, the presence of coating for the same type of 

paperboard (samples D and Dpet, Fpet and F) increased bursting strength. 

Bursting strength values in case 2 were higher than corresponding values in case 1. One of 

the reasons for that is that plastic has better ability to elongate comparing to paperboard when 

it is on the opposite side of the pressure application. Same reasons stand for notably greater 

values for the sample Hpe. 

7.4 Curling  

 

The difference between samples behavior in high RH could be seen in Figure 7.8 
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Figure 7.8: Paperboard samples stored in climate chamber at 80 RH. 

Test results expressed in numerical values are presented in Table 7.3 

Table 7.3: Paperboard curling in cm as function of RH 

 35% 

RH 

50% 

RH 

65% 

RH 

80% 

RH 

95% 

RH 

A 0.06 0.30 0.13 0.18 0.18 

Bpe 0.05 0.05 0.10 0.23 0.35 

Сpe 0.05 0.09 0.23 0.20 0.18 

D 0.10 0.20 0.24 0.29 0.31 

Dpet 0.26 0.30 0.20 0.18 1.10 

F 0.18 0.20 0.25 0.28 0.31 

Fpet 0.28 0.25 0.23 0.60 1.23 

Hpe 0.53 1.30 1.35 1.28 2.50 

 

For readability of the results the following color marking was developed: 

 Green: curling <0,2cm 

 Yellow: 0,2≤ curling ≤0,3 cm 

 Red: curling >0,3 cm 

Analysis of the data suggests that increase in moisture content entails deterioration of 

dimensional stability, which corresponds well with earlier literature (Green & Atkins, 2011).  

Samples without coatings (D, F) or with PE coatings (Bpe, Cpe) were curling in less extent 

comparing to samples with PET coatings (Dpet, Fpet and Hpe). Increase of coat weight per 
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square meter also increased curling. These observations were explained by non-uniform 

water absorption from environment on two sides of the paperboard caused by the coating. 

Raise of coating grammage makes paperboard more non-homogeneous thereby curling was 

enhancing. 

 

8 PROPERTIES OF THE READY-MADE TRAYS 

 

It was found that sample A was not suitable to be converted with the LUT packaging line 

into the trays shape with same process parameters due to breakage of the material (see Figure 

8.1). 

 

Figure 8.1:  Disruption of sample A after press-forming. 

The surface cracking for the sample A was happened due to high pigment coating weight. 

Pigment coating is precisely what distinguishes it from other samples. For the same reason 

sample A showed the lowest values in bursting strength tests (Chapter 7.2). 

The results for sample Cpe are also missing because of paperboard delivery problems. Before 

converting, paperboards were stored in three different RH (PCRH) 35, 50 and 65%. Principle 

test scheme for ready-made trays is presented in Figure 8.2 

 

8.1 Bending stiffness 
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In order to compare paperboard before and after converting tests for readymade trays with 

PCRH 35 were performed for test points at 35, 50 and 80% RH. By the reason that there was 

not discovered any significant differences between case 1 and case 2 (described in Chapter 

6.2) only case 1, when plastic coating layer was on the side of force application, was studied. 

Obtained results are presented in Tables 8.1 and 8.2. 

 

Table 8.1: Bending stiffness in MD, mN. 

RH,% 35 50 80 

 Tray board tray board tray board 

Bpe 12.3 11.5 10.9 11.3 10.6 8.5 

D 16.8 16.9 17.2 17.4 15.1 10.8 

F 26.9 25.2 26.1 24.5 22.5 17.4 

Fpet 25. 30.3 26.0 31.2 22.2 20.5 

Hpe 8.3 8.4 7.2 8.1 6.2 6.6 

 

The average coefficient of variation was found to be 5%, changing in the region 2.5% - 9.7%. 

Table 8.2: Bending stiffness in CD, mN. 

RH,% 35 50 80 

 Tray board tray board tray board 

Bpe 5.9 5.8 5.4 5.7 5.2 3.7 

D 8.7 8.6 8.2 8 7.3 5.3 

F 12.8 13.9 12.5 14 11.8 10 

Fpet 13.8 17.5 13.8 17.1 12.5 12.7 

Hpe 8.2 9.2 9.3 9.3 8.8 7.2 

 

The average coefficient of variation was found to be 3.6%, changing in the region 1.2% - 

7.4%. 
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Analysis of the data allows asserting that there was no considerable difference in paperboard 

bending stiffness properties (MD or CD) before and after converting. All collected data for 

the bending stiffness test for trays made at PCRH 50 and 65 can be found from Appendix I. 

The effect of pre-converting storage humidity (PCRH) on bending stiffness of trays can be 

evaluated from Figures 8.2 and 8.3. In current Chapter, only results for MD are presented, 

because CD values have quite similar behavior. The results in CD can be found in Appendix 

II. 
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Figure 8.2: Bending stiffness (MD) of trays formed with different PCRH for samples 

stored at 50% RH. 

 

Figure 8.3: Bending stiffness (MD) of trays formed with different PCRH for samples 

stored at 80% RH. 
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It was impossible to make an unambiguous conclusion on PCRH effect on bending stiffness 

from the data presented in figures above. Overwhelmingly there was no big difference in BS 

for the same sample with different PCRH as well as there was no definite increase or decrease 

in BS value with changes in PCRH. 

 

8.2 Dimensional stability of the tray 

 

In dimensional stability test, deviation from flat form was measures in mm, so lower values 

corresponded to better dimensional stability. Three test series for the trays produced in 35, 

50 and 65% PCRH were performed; results are presented in the Figure 8.4. 
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Figure 8.4: Dimensional stability of the trays. 

Dimensional stability of the trays was improved when preconverting humidity (PCRH) was 

lower. 

8.2.1 Effect of plastic coatings on the dimensional stability of paperboard trays as a function 

of relative humidity 

 

Plastic coating effect on DS of paperboard tray can be discovered from Figure 8.5. 
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Figure 8.5: Trays (PCRH 50) dimensional stability. 

 

Samples with plastic coatings lost dimensional stability when RH was increasing, samples 

without coatings (D and F) had similar behavior but only in the region of 3580% RH, after 

that paperboard was to moist and totally lost its shape and became almost flat, values for 95% 

RH. 

Comparing pairs D-Dpet, F-Fpet it was possible to conclude that trays without plastic 

coatings had better dimensional stability which corresponds with the results for paperboard. 

 

8.3 Stiffness of ready-made trays 

 

Stiffness of the ready-made tray was expressed in percentage of cumulative dimensions ratio 

under the load and without it, thus lower values corresponded to better trays stiffness. In 

Figure 8.6, the effect of paperboard storage relative humidity before converting into trays is 

shown. 
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Figure 8.6: Stiffness of trays stored at 50RH for different PCRH. 

 

Test was performed for the samples stored at 50% RH and the load weight was 4 kg. For 

instance, stiffness (changes in dimensions of the ready-made tray) was higher when pre-

converting humidity (PCRH) was lower. 

 

Influence of samples moisture content on TS is shown in Figure 8.7. 

Bpe D Dpet F Fpet Hpe

PCRH 35 0,57 0,43 0,27 0,41 0,19 0,42

PCRH 50 0,46 0,60 0,60 0,55 0,33 0,45

PCRH 85 0,50 0,66 0,53 0,57 0,54 0,62
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Figure 8.7: Stiffness of the trays stored at different RH. 

 

It is obvious that humidity increase in the storage environment of trays entails drop in tray 

stiffness. Moisture content in ambient conditions was several times more significant than 

PCRH. 

 

8.4 Stiffness of the ready-made tray relation with paperboard bending strength 

 

Lower values for TS correspond to better stiffness of the tray. For bending strength higher 

values are better. In order to compare this two measured parameters, inversely proportional 

for BS was calculated.  BS should be raised to power -1. The results of this operation are 

presented in Figure 8.8. After that operation higher values corresponds to lower bending 

strength. 

Bpe D F Fpet Hpe

RH 35 0,32 0,21 0,31 0,08 0,27

RH 50 0,57 0,43 0,41 0,19 0,42

RH 80 1,74 0,98 0,75 0,90 0,93
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Figure 8.8: Inversely proportional for BS 

 

Figure 8.9:  Tray stiffness 

After comparing the charts it is clear that BS of paperboard determines the tray stiffness in 

general. It is possible to predict tray stiffness based on the paperboard bending stiffness, but 

plastic coating greatly affects prediction accuracy. Correlation is better with RH 50% and 

80%, it may be necessary enter adjustment coefficients in order to take into account coating 

and low RH factors.  

Bpe D F Fpet Hpe
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9 CONCLUSIONS 

 

Current study has shown that ambient conditions have significant effect on dimensional 

stability and stiffness of commercial paperboard and paperboard trays.  

Increase in moisture content of paperboard entails drop of bending and bursting strength, 

dimensional stability and trays stiffness. Due to the nature of wood fibers, paperboard seek 

to achieve moisture content equilibrium with ambient conditions, however presences of 

plastic coatings reduce the overall moisture content which in turn entails increase of bending 

strength, bursting strength and trays stiffness comparing to the same paperboard without 

coatings, but at the same time dimensional stability decreases. 

It is possible to assume that decreasing coat weight will improve the dimensional stability of 

the trays. Strength properties are also dependent from the side of coating location. 

Pigment coated paperboards have a tendency for surface cracking during converting process. 

Low bursting strength could be used as indication of possible faults during forming 

operations for such kind of paperboards. 

Converting process itself does not make any significant difference in bending stiffness (MD 

or CD) of the material as well as in moisture content in different ambient conditions. Trays 

dimensional stability behavior during RH changes is quite similar to paperboard curling 

behavior. However, lowering pre-converting storage relative humidity improves dimensional 

stability and stiffness of ready-made tray. 

Paperboards with higher bending strength values permit to achieve trays with better stiffness 

at various RH in the region from 35% to 80% RH. 
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10 IDEAS FOR FURTHER RESEARCH  

 

First and foremost, one-sided coatings increase strength properties for the respective side of 

the paperboard but this increases the anisotropy for overall sheet inducing dimensional 

stability problems. Besides, two sided coated paperboards could be good materials to study 

because of less overall moisture content and better anisotropy picture. 

Moreover, the coating grammage has a strong effect on dimensional stability. Consequently, 

researches on paperboard with very thin coating layers (about 10 g/m2) in alternating RH 

have to be conducted. 

It should be noted that current research did not raise the issue of humidity cyclic variations 

which is a common practice in product package life. Undoubtedly, these issues need further 

investigation. 

Besides, developed trays dimensional stability test did not show good repeatability and 

adaptability for other trays forms (cylindrical, oval or others). To sum up, the development 

of new reliable dimensional stability test methods for trays is necessary. 
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APPENDICES 

 

I Bending stiffness of ready made trays (RH effect) 

II Bending stiffness of ready made trays (PCRH effect) 

III Bending stiffness of non-converted material 

  



 

APPENDIX I, 1(1) 

Bending stiffness of ready made trays (RH effect) 

Table 1.1: Bending stiffness, mN; case1, PCRH 35%. 

MD  RH 35 RH 50 RH 80  CD RH 35 RH 50 RH 80 

Bpe 12.25 10.85 10.60  5.97 5.39 5.20 

D 16.78 17.18 15.10  8.65 8.24 7.30 

Dpet              

F 26.98 26.10 22.50  12.83 12.53 11.80 

Fpet 25.00 26.05 22.20  13.78 13.78 12.50 

Hpe 8.28 7.22 6.20  8.21 9.32 8.80 

 

Table 1.2:. Bending stiffness, mN; case1, PCRH 50%. 

MD  RH 35 RH 50 RH 80  CD RH 35 RH 50 RH 80 

Bpe  10.80 10.20   5.9 5.4 

D  16.20 14.90   8.2 7.7 

Dpet  19.50 17.10   10.5 9.6 

F  26.80 26.10   10.9 12.4 

Fpet  27.70 26.30   15.8 15.4 

Hpe  7.90 6.90   9.2 8.3 

 

Table 1.3:. Bending stiffness, mN; case1, PCRH 65%. 

MD  RH 35 RH 50 RH 80  CD RH 35 RH 50 RH 80 

Bpe  10.60 10.6   5.9 5.2 

D  16.40 11.6   9.3 8 

Dpet  19.70 16.7   10.7 9.8 

F  26.60 25.1   11.9 11.6 

Fpet  28.20 27.5   17 15.6 

Hpe  7.40 6.6   7.9 8.2 

 

  



 

APPENDIX II, 1(1) 

Bending stiffness of ready made trays (PCRH effect) 

Table 2.1: Bending stiffness, mN tests performed for samples stored at 50% RH. 

  MD       CD       

  PRH35 PRH50 PRH65 PaperBoard PRH35 PRH50 PRH65 PaperBoard 

Bpe 10.9 10.8 10.6 11.81 5.4 5.9 5.9 5.8 

D 17.2 16.2 16.4 17 8.2 8.2 9.3 8 

Dpet   19.5 19.7 18.1   10.5 10.7 10.5 

F 26.1 26.8 26.6 24.1 12.5 10.9 11.9 14 

Fpet 26.1 27.7 28.2 30.70 13.8 15.8 17 17.5 

Hpe 7.2 7.9 7.4 9.2 9.3 9.2 7.9 8.71 

 

Table 2.2: Bending stiffness, mN tests performed for samples stored at 80% RH. 

  MD       CD       

  PRH35 PRH50 PRH65 PaperBoard PRH35 PRH50 PRH65 PaperBoard 

Bpe 10.6 10.2 10.6 8.6 5.2 5.4 5.2 3.8 

D 15.1 14.9 11.6 10.85 7.3 7.7 8 5.3 

Dpet   17.1 16.7 16   9.6 9.8 9.3 

F 22.5 26.1 25.1 17.2 11.8 12.4 11.6 10 

Fpet 22.2 26.3 27.5 20.90 12.5 15.4 15.6 12.9 

Hpe 6.2 6.9 6.6 7.0 8.8 8.3 8.2 6.80 



 

APPENDIX III, 1(5) 

Bending stiffness of non-converted material 

Table 3.1: Bending stiffness, mN tests performed for samples stored at 35% RH. 

Bpe         Cpe         A         Fpet         

  5.8 6.0 11.4 12.3   7.6 7.7 12.7 12.9   11.6 11.8 18.0 18.2   17.3 18.0 30.3 29.6 

  5.9 6.0 11.6 12.6   7.4 7.8 12.2 12.8   11.4 12.1 18.2 18.4   17.5 17.9 30.7 31.9 

  5.8 6.1 11.6 12.5   7.5 7.8 12.2 13.0   11.3 11.6 18.0 18.3   17.5 18.2 31.8 30.9 

  5.8 5.9 11.2 12.6   7.4 7.8 12.0 12.8   11.1 11.5 17.3 18.5   18.2 18.2 29.6 34.4 

  6.0 5.3 11.6 12.7   7.5 7.7 12.5 12.8   11.6 11.8 17.8 18.9   17.5 18.0 30.9 31.9 

  5.7 5.7 11.3 12.4   7.5 7.8 12.6 13.0   11.5 11.7 17.4 18.5   16.9 17.5 28.7 32.3 

xa 5.8 5.8 11.5 12.5 xa 7.5 7.8 12.4 12.9 xa 11.4 11.8 17.8 18.5 xa 17.5 18.0 30.3 31.8 

s 0.1 0.3 0.2 0.1 s 0.1 0.0 0.3 0.1 s 0.2 0.2 0.4 0.2 s 0.4 0.3 1.1 1.6 

CoV 1.8% 5.2% 1.5% 1.2% CoV 1.0% 0.5% 2.2% 0.8% CoV 1.7% 1.8% 2.0% 1.3% CoV 2.4% 1.5% 3.6% 5.0% 

Hpe         F         D         Dpet         

  CD1 CD2 MD

1 

MD

2 

  CD1 CD2 MD

1 

MD

2 

  CD1 CD2 MD

1 

MD

2 

  CD1 CD2 MD

1 

MD

2 

  9.1 9.2 8.4 9.5   13.6 15.9 23.4 26.3   8.7 7.3 17.2 16.4   10.6 9.7 18.3 18.4 

  9.1 9.2 8.4 9.2   12.6 13.0 25.7 24.6   8.4 9.2 16.7 17.0   12.0 10.5 18.4 20.4 

  10.1 8.4 8.9 9.5   14.1 13.4 26.6 24.9   8.8 8.8 15.8 15.8   10.8 10.3 18.3 20.2 

  9.2 9.1 8.8 10.3   14.0 14.8 25.6 24.4   8.8 8.5 17.3 15.7   11.1 11.3 18.2 19.8 

  9.2 8.7 7.4 9.5   15.8 13.1 24.3 24.1   8.1 8.5 17.3 17.3   10.6 10.3 18.8 19.9 

  8.7 8.2 8.4 9.0   13.4 13.8 25.6 22.3   8.6 8.5 16.8 16.9   11.0 11.1 18.8 20.1 

xa 9.2 8.8 8.4 9.5 xa 13.9 14.0 25.2 24.4 xa 8.6 8.5 16.9 16.5 xa 11.0 10.5 18.5 19.8 

s 0.5 0.4 0.5 0.4 s 1.1 1.1 1.1 1.3 s 0.3 0.6 0.6 0.7 s 0.5 0.6 0.3 0.7 

CoV 5.1% 4.9% 6.4% 4.6% CoV 7.7% 8.1% 4.6% 5.3% CoV 3.4% 7.4% 3.4% 4.0% CoV 4.7% 5.7% 1.4% 3.6% 

 



 

APPENDIX III, 2(5) 

Bending stiffness of non-converted material 

Table 3.2: Bending stiffness, mN tests performed for samples stored at 50% RH. 

Bpe         Cpe         A         Fpet         

  CD1 CD2 MD1 MD2   CD1 CD2 MD1 MD2   CD1 CD2 MD1 MD2   CD1 CD2 MD1 MD2 

  5.6 6.0 11.6 12.0   6.7 7.5 11.6 12.1   11.7 12.2 17.9 18.9   16.7 17.3 31.2 29.9 

  5.7 5.9 11.2 12.3   6.8 7.2 12.8 12.0   11.4 11.5 18.5 19.2   17.0 17.7 32.8 30.9 

  6.0 5.7 11.4 12.6   7.0 8.0 13.4 13.0   11.5 11.5 17.9 18.2   16.4 18.5 30.2 29.2 

  5.4 6.3 11.5 12.7   7.2 7.6 12.5 12.5   10.9 11.2 17.7 18.4   17.9 17.4 31.3 30.8 

  5.8 5.8 11.3 12.4   6.6 7.7 12.2 12.9   10.6 11.1 17.8 18.4   17.4 18.6 28.9 29.2 

  5.9 5.8 11.0 11.7   6.7 7.5 11.4 13.2   11.4 11.4 17.6 18.3   17.1 17.9 32.5 31.1 

xa 5.7 5.9 11.3 12.3 xa 6.8 7.6 12.3 12.6 xa 11.3 11.5 17.9 18.6 xa 17.1 17.9 31.2 30.2 

s 0.2 0.2 0.2 0.4 s 0.2 0.3 0.7 0.5 S 0.4 0.4 0.3 0.4 s 0.5 0.5 1.5 0.9 

CoV 3.7% 3.5% 1.9% 3.1% CoV 3.3% 3.6% 6.1% 3.9% CoV 3.7% 3.4% 1.8% 2.1% CoV 3.1% 3.1% 4.7% 2.9% 

Hpe         F         D         Dpe         

  CD1 CD2 MD1 MD2   CD1 CD2 MD1 MD2   CD1 CD2 MD1 MD2   CD1 CD2 MD1 MD2 

  9.8 8.6 8.7 9.6   14.4 14.2 23.6 22.6   7.7 7.3 16.3 15.5   11.1 10.5 15.8 19.6 

  9.2 9.2 8.1 9.7   13.9 13.8 23.7 23.6   8.4 8.1 16.6 16.2   10.2 9.6 19.7 16.5 

  10.0 8.2 8.4 9.9   14.6 14.4 24.9 23.9   7.7 8.3 16.4 16.5   10.6 10.7 18.1 21.6 

  9.8 8.9 7.5 9.3   13.6 13.4 26.3 25.1   7.5 8.1 18.5 17.3   11.5 10.8 16.6 19.3 

  9.3 8.4 8.0 9.3   14.3 14.8 25.7 24.7   8.5 8.6 17.3 17.2   10.3 9.8 16.8 17.9 

  9.7 9.0 7.8 8.4   13.4 13.5 23.0 22.2   8.2 8.1 15.5 15.3   10.5 10.1 18.0 17.2 

xa 9.6 8.7 8.1 9.4 xa 14.0 14.0 24.5 23.7 xa 8.0 8.1 17.4 16.6 xa 10.7 10.3 17.5 18.7 

s 0.3 0.4 0.4 0.5 s 0.5 0.5 1.3 1.1 S 0.4 0.4 1.0 0.8 s 0.5 0.5 1.4 1.9 

CoV 3.1% 4.5% 5.2% 5.5% CoV 3.4% 3.9% 5.3% 4.8% CoV 4.9% 5.5% 5.9% 5.0% CoV 4.7% 4.7% 7.9% 10.0% 

 



 

APPENDIX III, 3(5) 

Bending stiffness of non-converted material 

Table 3.3: Bending stiffness, mN tests performed for samples stored at 65% RH. 

Bpe         Cpe         A         Fpet         

  CD1 CD2 MD1 MD2   CD1 CD2 MD1 MD2   CD1 CD2 MD1 MD2   CD1 CD2 MD1 MD2 

  4.7 4.9 9.7 10.6   5.3 5.5 10.0 10.7   8.8 9.9 15.3 16.4   15.4 15.6 26.5 30.0 

  4.7 5.0 9.6 10.5   5.6 5.9 10.0 10.9   9.6 9.9 15.2 15.8   15.7 15.1 24.9 29.1 

  4.9 5.1 10.1 10.3   5.8 6.0 11.2 11.5   9.3 9.7 15.1 15.8   15.9 18.0 30.2 28.8 

  4.8 5.0 9.4 10.9   5.6 6.0 11.1 11.3   9.3 9.6 15.3 15.8   17.2 17.3 27.0 30.1 

  4.8 5.1 9.4 10.2   5.5 5.6 10.6 10.4   9.4 9.9 15.8 15.8   14.8 16.4 28.3 27.2 

  4.7 4.9 9.4 10.4   5.6 6.1 10.8 10.4   9.5 9.4 16.1 17.0   14.9 15.5 28.4 27.6 

xa 4.8 5.0 9.6 10.5 xa 5.6 5.8 10.6 10.9 xa 9.3 9.7 15.5 16.1 xa 15.7 16.3 27.6 28.8 

s 0.1 0.1 0.3 0.2 s 0.2 0.2 0.5 0.5 s 0.3 0.2 0.4 0.5 s 0.9 1.1 1.8 1.2 

CoV 1.7% 2.0% 3.1% 2.4% CoV 3.0% 4.1% 5.0% 4.2% CoV 3.0% 2.2% 2.5% 3.1% CoV 5.6% 7.0% 6.6% 4.2% 

Hpe         F         D         Dpet         

  CD1 CD2 MD1 MD2   CD1 CD2 MD1 MD2   CD1 CD2 MD1 MD2   CD1 CD2 MD1 MD2 

  9.5 6.8 7.3 8.8   12.9 11.7 22.5 22.4   7.0 7.3 14.7 14.5   9.0 9.9 15.9 16.5 

  8.1 6.0 8.4 9.3   11.5 12.4 22.9 21.3   6.8 6.7 15.2 15.5   10.1 10.1 17.7 18.3 

  9.3 6.8 6.5 8.8   11.7 12.7 21.4 21.4   7.4 7.3 14.6 14.4   10.9 9.5 16.5 14.6 

  8.2 6.1 8.1 8.1   12.5 12.3 22.7 20.1   6.5 6.7 14.7 14.7   9.5 10.3 15.3 16.0 

  8.3 6.5 7.3 7.7   12.8 11.1 23.3 21.9   7.5 6.7 14.9 14.4   10.4 10.0 17.0 19.3 

  8.4 7.0 6.8 8.2   12.1 13.1 23.2 21.9   7.9 6.8 14.7 14.2   9.7 8.8 16.5 16.5 

xa 8.6 6.5 7.4 8.5 xa 12.3 12.2 22.7 21.5 xa 7.2 6.9 14.8 14.6 xa 9.9 9.8 16.5 16.9 

s 0.6 0.4 0.7 0.6 s 0.6 0.7 0.7 0.8 s 0.5 0.3 0.2 0.5 s 0.7 0.5 0.8 1.7 

CoV 6.8% 6.1% 9.9% 6.9% CoV 4.7% 5.9% 3.0% 3.7% CoV 6.8% 4.1% 1.5% 3.2% CoV 7.0% 5.4% 5.1% 10% 
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Bending stiffness of non-converted material 

Table 3.4: Bending stiffness, mN tests performed for samples stored at 80% RH. 

Bpe         Cpe         A         Fpet         

  CD1 CD2 MD1 MD2   CD1 CD2 MD1 MD2   CD1 CD2 MD1 MD2   CD1 CD2 MD1 MD2 

  3.8 3.7 8.5 8.7   5.5 5.3 7.4 8.8   8.6 9.1 13.6 14.4   14.3 11.8 19.8 25.1 

  4.0 4.0 8.6 8.6   4.7 6.3 7.7 8.3   8.3 9.2 13.1 13.4   15.1 14.4 17.6 19.9 

  3.6 4.0 9.2 8.9   5.6 5.1 8.1 8.0   8.2 9.0 13.7 14.1   12.4 15.3 20.3 21.5 

  4.1 4.3 7.9 9.2   4.4 6.0 7.5 8.5   8.7 8.7 13.4 14.7   11.2 13.4 21.2 21.1 

  3.3 3.5 8.5 8.3   4.9 5.0 8.3 7.9   8.9 8.7 13.1 13.5   11.4 12.4 19.8 18.7 

  3.6 3.9 8.4 8.7   5.1 6.0 8.2 7.7   8.8 9.5 14.5 14.1   11.5 11.4 24.2 21.2 

xa 3.7 3.9 8.5 8.7 xa 5.0 5.6 7.9 8.2 xa 8.6 9.0 13.6 14.0 xa 12.7 13.1 20.5 21.3 

s 0.3 0.3 0.4 0.3 s 0.5 0.5 0.4 0.4 S 0.3 0.3 0.5 0.5 s 1.7 1.5 2.2 2.2 

CoV 8.4% 6.5% 5.0% 3.4% CoV 9.7% 9.5% 4.9% 5.1% CoV 3.1% 3.3% 3.8% 3.6% CoV 13.1

% 

11.7

% 

10.6

% 

10.1

% 

Hpe         F         D         Dpet         

  CD1 CD2 MD1 MD2   CD1 CD2 MD1 MD2   CD1 CD2 MD1 MD2   CD1 CD2 MD1 MD2 

  7.0 6.3 6.7 6.5   10.5 10.0 17.3 18.4   5.8 5.2 11.3 10.4   8.5 9.2 14.3 17.7 

  6.7 6.3 6.9 7.1   9.6 9.9 18.0 17.2   5.1 4.8 10.8 11.3   10.5 9.3 14.4 16.0 

  6.9 6.3 6.5 7.5   10.6 9.3 16.8 15.9   5.3 5.2 10.6 10.8   9.6 8.5 16.4 16.0 

  8.1 6.0 6.2 7.1   9.1 10.2 16.5 17.4   5.2 5.4 11.3 10.9   9.9 10.0 17.8 17.7 

  7.2 6.5 6.6 7.0   10.1 9.5 18.0 17.8   4.7 4.9 9.8 11.4   8.8 9.8 16.5 14.2 

  7.6 6.4 6.8 8.9   10.2 10.6 17.6 16.3   5.5 6.2 10.8 10.7   8.7 9.6 17.1 13.4 

xa 7.2 6.3 6.6 7.3 xa 10.0 9.9 17.4 17.2 xa 5.3 5.3 10.8 10.9 xa 9.3 9.4 16.1 15.8 

s 0.5 0.1 0.2 0.8 s 0.6 0.5 0.6 0.9 S 0.4 0.5 0.5 0.4 s 0.8 0.5 1.4 1.8 

CoV 7.2% 2.4% 3.6% 11.% CoV 5.7% 4.8% 3.6% 5.4% CoV 7.3% 9.9% 5.1% 3.4% CoV 8.5% 5.6% 8.9% 11.% 
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Bending stiffness of non-converted material 

Table 3.5: Bending stiffness, mN tests performed for samples stored at 95% RH. 

Bpe         Cpe         A         Fpet         

  CD1 CD2 MD1 MD2   CD1 CD2 MD1 MD2   CD1 CD2 MD1 MD2   CD1 CD2 MD1 MD2 

  2.5 2.6 7.4 8.0   3.8 4.3 5.8 5.4   5.7 5.7 13.0 12.4   10.9 10.8 15.7 15.7 

  2.7 3.0 7.7 7.4   3.1 3.3 5.4 6.1   5.8 5.7 13.1 13.1   12.3 13.7 17.4 18.8 

  2.7 3.1 8.6 9.0   3.7 3.9 5.4 7.5   6.0 6.8 13.1 13.5   10.4 10.4 18.3 18.2 

  2.4 2.9 8.1 7.9   3.5 3.9 6.0 9.1   6.2 6.5 12.7 13.8   12.2 12.2 19.5 18.1 

  2.5 2.7 7.7 9.0   2.6 2.8 7.0 8.0   5.6 6.3 11.8 13.5   10.3 10.8 17.2 20.1 

  2.3 2.5 8.0 6.9   3.9 4.2 7.0 8.7   5.8 6.6 11.7 11.8   10.6 11.0 19.0 19.2 

xa 2.5 2.8 7.9 8.0 xa 3.4 3.7 6.1 7.5 xa 5.8 6.3 12.6 13.0 xa 11.1 11.5 17.9 18.4 

s 0.2 0.2 0.4 0.8 s 0.5 0.6 0.7 1.5 s 0.2 0.5 0.7 0.8 s 0.9 1.2 1.4 1.5 

CoV 6.9% 8.2% 5.3% 10.4

% 

CoV 14.5

% 

15.0

% 

12.2

% 

19.6

% 

CoV 3.7% 7.7% 5.2% 5.9% CoV 8.1% 10.9

% 

7.7% 8.1% 

Hpe         F         D         Dpet         

  CD1 CD2 MD1 MD2   CD1 CD2 MD1 MD2   CD1 CD2 MD1 MD2   CD1 CD2 MD1 MD2 

  5.3 5.4 5.6 5.6   8.7 7.9 18.2 17.0   5.6 5.7 12.2 10.5   8.2 8.5 15.7 15.0 

  5.6 5.4 5.8 6.3   6.8 9.3 16.1 16.6   5.8 6.1 11.3 12.5   7.7 8.4 16.2 11.6 

  5.8 5.6 6.6 6.2   7.9 8.7 15.0 15.7   5.6 5.6 11.1 11.3   8.3 8.9 13.3 10.8 

  4.8 5.2 6.4 7.1   8.8 7.7 17.5 15.3   5.7 5.6 11.4 10.6   7.6 8.5 11.2 14.1 

  6.9 6.4 5.7 6.5   9.2 6.8 16.4 18.2   5.2 5.4 12.3 11.5   7.1 7.8 12.2 15.8 

  6.1 5.7 5.7 5.3   8.0 8.7 16.0 14.9   4.9 5.0 10.6 11.7   7.4 7.7 15.7 14.7 

xa 5.7 5.6 5.9 6.2 xa 8.2 8.2 16.5 16.3 xa 5.5 5.6 11.5 11.4 xa 7.7 8.3 14.1 13.7 

s 0.7 0.4 0.4 0.6 s 0.9 0.9 1.1 1.2 s 0.3 0.4 0.7 0.7 s 0.5 0.4 2.1 2.0 

CoV 12.4

% 

7.9% 6.7% 10.0

% 

CoV 10.6

% 

10.8

% 

6.9% 7.5% CoV 6.1% 6.3% 5.7% 6.5% CoV 5.9% 5.4% 15.% 14.% 



 

 


