
 

 

 

 

 

 
 
Influence of the adhesive on the 
mechanical properties in laminated 
multi-layer paperboard 
 
 
 

Evaluation of two common dispersion adhesives, their failure modes, internal 
strength and influence on bending and tensile properties. 

Adhesivens påverkan på de mekaniska egenskaperna hos laminerad 
flerskiktskartong. 
Utvärdering av två vanliga dispersionsadhesiver, deras brottmoder, interna 
bindningsstyrka och påverkan på böj-och dragegenskaper. 

 
Anton Johansson 

Faculty of Health, Science and Technology  

 
Degree project for Master of Science in mechanical engineering 

 30 hp 

Supervisors: Fredrik Thuvander, KAU. Carl-Ola Danielsson, SERCK 

Examiner: Jens Bergström, KAU  

2014-09-14 



!
ii 

  



!
iii 

 

Abstract 

The objectives of the thesis were to investigate the adhesives influence on the 
mechanical properties in laminated multi-layer paperboard. The study also 
strived to find a method to investigate the interface strength of the adhesive 
layer. 

This was investigated by constructing handsheets of laminated paperboard by 
gluing a bulky, CTMP center ply, Chromofoil, of two different grammages, 290 
g/m2 and 360 g/m2, together with two outer plies of ordinary copy paper, Multi-
Copy 80 g/m2. The sheets were glued with two types of dispersion adhesives, a 
starch based adhesive and a polyvinyl acetate based adhesive. Twelve types of 
test specimens were constructed and tested in a series of mechanical tests, which 
involved a tensile test, a two-point bending test and a Scott Bond test. The 
method called “digital image correlation” was used trying to investigate the 
interface strength of the adhesive layer. 

The study also involved an evaluation of the possibility to predict the bending 
stiffness of laminated multi-layer paperboard by using calculations according to 
classic laminate theory. The results show that it is fully possible to use these 
calculated values as a prediction, with low risk of overestimating the bending 
stiffness of the paperboard and without involving the adhesive layer in the 
calculation. 

The method provided high absolute values in bending and tensile properties, 
which increased with increasing amount of glue applied. This came at the cost of 
grammage, which lead to low index values. The overall conclusion is that the 
effect from the adhesives is somewhat negative, since the mechanical properties 
would have been improved if the adhesive had been replaced with more fiber.  

The major source of errors during the experiments was the roughness of the 
manufacturing method. This lead to an uncertainty about whether the right 
amount of adhesive had been applied to the test specimens. Due to this the 
validity of the results could be questioned. 

Digital image correlation proved to be a rather sensitive method that requires a 
high accuracy setup and execution for it to be applicable in this type of study.  

The failure mode of the glue seam correlated well to the amount of glue applied. 
A lower amount of adhesive applied increases the likeliness of failure of the 
glue seam. 
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Sammanfattning 

Syftet med studien var att undersöka hur adhesiven påverkar de mekaniska 
egenskaperna hos laminerad flerskiktskartong. Studien strävade också mot att 
hitta ett sätt att undersöka interface-styrkan hos det adhesiva skiktet. 

Detta undersöktes genom att konstruera ark av laminerad kartong med ett bulkigt 
centerskikt av CTMP, Chromofoil, som limmades ihop med två yttre skikt av 
vanligt kopieringspapper, Multi-Copy 80g/m2. Arken limmades med två typer av 
dispersionsadhesiver, en stärkelsebaserad adhesiv och en polyvinylacetatbaserad 
adhesiv. Tolv typer av testark konstruerades och testades i en serie av mekaniska 
tester som involverade ett dragprov, ett tvåpunkts böjprov och ett Scott Bond-
test. En metod som kallas ”digital image correlation” användes i ett försök att 
undersöka interfacestyrkan hos det adhesiva skiktet. 

Studien involverade också en utvärdering av möjligheten att förutse böjstyvheten 
hos den laminerade flerskiktskartongen genom beräkningar enligt klassisk 
laminatteori. Resultaten visar att det är fullt möjligt att använda dessa beräknade 
värden som en förutsägelse, med låg sannolikhet att överskatta kartongens 
böjstyvhet och utan att behöva ta med det adhesiva skiktet i beräkningen. 

Metoden gav höga absolutvärden för både böj- och dragegenskaper, som ökade 
med ökad applicerad limmängd. Detta på bekostnad av ytvikt, vilket ledde till 
låga indexvärden. Den generella slutsats som dragits är att adhesivernas 
påverkan är negativ, eftersom de mekaniska egenskaperna hade förbättrats om 
adhesivens hade ersatts med mer fiber. 

Den största felkällan under försöken var tillverkningsmetodens grovhet. Detta 
ledde till en osäkerhet huruvida rätt mängd av respektive adhesiv hade blivit 
applicerad vid tillverkningen av testarken. På grund av detta skulle resultatens 
giltighet kunna ifrågasättas. 

”Digital image correlation” visade sig vara en känslig metod som kräver hög 
noggrannhet vid både inställning och utförande för att den ska kunna användas i 
denna studie. 

Limfogens brottmod korrelerade väl med den applicerade limmängden. En lägre 
mängd adhesiv applicerad ökar sannolikheten för att limfogen skall brista. 
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1. INTRODUCTION 
1.1 Stora Enso 
Stora Enso is one of the biggest actors in the paper, pulp, biomaterials and packaging 

industry with about 28 000 employees in 35 countries spanning all over the world. 

The company produces 5,4 million tons of chemical pulp and 11,7 million tons of 

paper and board annually and the amount of total sales during 2013 went up to 10,5 

billion euros.  The company was started in 1998 when the two companies Stora, based 

in Sweden, and Enso, based in Finland, merged. Both of these companies were some 

of the biggest paper producers in the world at the time of the merge. [1] 

 

1.2 Paperboard 
1.2.1 Introduction 

Paper is the most widely used writing and printing material in the world. The first 

scraps of paper manufactured in ways similar to the ones we use today were found in 

China and were made some 3 000 years ago. In the 19th century the industrialization 

of paper began. The intention was to use it for printing and writing purposes only, but 

it came to be used in several other applications, such as hygiene, packaging, etc. Even 

though the technology of manufacturing paper by separating cellulose fibers has 

developed a lot since, the basic idea is still the same as it was 3 000 years ago. [2] 

 

Sweden consumes almost 2 million tons of paper annually, of which 25% is used for 

packaging. Almost every product that exists needs to be packed sometimes during its 

product life. At first, the package was only used for protective purposes during 

transport and storage. Today the package also needs to be informing and often 

commercially attractive to enhance the customers experience and attitude towards the 

product. The attractiveness of the package is often depending on the surface 

properties of the packaging material. [3] 

 

1.2.2 Paperboard and cartonboard  

Initially it is important to distinguish the differences between paperboard and 

cartonboard, since they are often mistaken for each other. Although they are both 

paper products, their properties differ a lot. The major difference is that cartonboard, 
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or corrugated board, is easier to produce and is usually, almost exclusively, made of 

fibers from recycled paper and board with no requirements on colouring and waxing.  
Paperboard, on the other hand, is often bleached and coated to enable it to store 

liquids, such as beverages, and it is also usually lighter and thinner than corrugated 

board. Corrugated board is most frequently used for packing bigger and bulkier items, 

for example furniture, since it is more durable against moisture and less sensitive to 

violence than paperboard.  

Compared to paper, which in most cases has a good printing surface but rather low 

stiffness, paperboard provides the combination between printing surface, strength, 

stiffness and other graphical and mechanical properties required for its end use. 

Almost all paperboard grades are multi-layered boards. See figure 1.1 for an example 

of a multi-ply paperboard. The bleaching and coating of the paperboard causes its 

production cost to exceed the cost for producing corrugated board. [4] 

 

 
Figure 1.1. Cross-section of a layered paperboard grade, Folding boxboard 390 g/m2, with a 

bleached top layer, a semi-bleached middle layer and an unbleached bottom layer. [5] 
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1.2.3 Producing paperboard 

Paperboard is usually produced from virgin fibers from tree types such as spruce, pine 

and birch. These types of wood are used since they can provide fibers with the 

different characteristics suitable for paperboard production.  

There are two basic methods for making pulp out of wood, the chemical and the 

mechanical method. The mechanical pulp is obtained by grinding the wood into pulp 

without any additives, except sometimes steam to reduce the energy needed to grind 

the wood. Mechanical pulp is used when producing products for applications that 

require lower strength, for example newspapers.  

Chemical pulp possesses a high Young’s modulus, due to its long fibers, which makes 

it useful as paperboard outer layers. The chemical pulp is produced by cooking chips 

of wood along with a number of chemicals at high pressure and temperature to 

separate the fibers and dissolve the lignin within the wood. This procedure is done to 

remove the lignin since it has a negative effect on the properties of the final product. 

The pulp is then mixed with a great amount of water and pumped into the so-called 

wire section of the board machine where it forms a web. At this point the water 

content in this web is approximately 99%. To ensure the strength, surface smoothness 

and uniformity of the product an even distribution of the fibers is crucial. When the 

web leaves the wire section the water content has reduced to about 80%. The next 

section in the machine is the press section. The purpose of this section is basically just 

to remove water from the web by pressing it between two rolls. Here the water 

content is further reduced to about 60%. The web then goes through a series of drying 

sections, a coating section and is then winded up on a big reel and shipped out to the 

customers.  

There are a vast number of paperboard grades commercially available and these 

grades are described in different ways depending on their respective market. Grade 

categories can be based on, for example, fiber grades or production technology. The 

properties of a single paperboard grade can be tailored by the manufacturer to meet 

the requirements of a specific customer. [6] 

 

1.3 Problem formulation 
When multi-layer paperboard is manufactured a combination between good bending 

stiffness and an attractive surface with good printing properties can be hard to 
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achieve. Stiff outer layers and a bulky center ply often characterize a multi-layer 

paperboard with good bending stiffness. As mentioned earlier paperboard is normally 

produced by wet pressing the plies together in a board machine. This manufacturing 

method leads to a compression of the paperboard due to the pressing between the rolls 

in the board machine, which reduces the bulk of the paperboard plies. The bulk is also 

heavily reduced when the paperboard goes through the calendring step in the board 

machine, which is done after the board has dried to smooth out the surface. If the 

pressure between the rolls is reduced trying to maintain the bulk of the center ply, the 

amount of water pressed out of the wire will be reduced, which causes the surface 

properties of the paperboard to worsen. An example of the relation between bending 

strength and printability can be seen in figure 1.2. [7] 

 

 
Figure 1.2. Overview of the relation between bending strength and printability for some common 

paper products. [8] 

 

A possible way to minimize or entirely circumvent these problems could be to glue 

each layer of the paperboard together to a laminated sandwich structure instead of wet 

pressing them, see figure 1.3. Since gluing is a much drier process than wet pressing 

and since the pressure on the sheet when conjoining the layers could be lower using 

this technique, the surface of the outer plies could be preserved while the center ply 

would remain bulky and keep its low density, maintaining bending stiffness at 

relatively high absolute levels. This method enables the producer to calendar and print 
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the outer surface before gluing it to the center ply. This means that only one layer of 

the paperboard needs to go through the printing process. 

 
Figure 1.3. Example of a sandwich structure laminated paperboard. [7] 

 

Stora Enso has made prior studies on the idea of laminating layers of paperboard into 

a modulized structure, but only on a very small scale. These studies have included a 

pre-study of the market showing a possibility to introduce this type of paperboard to 

the market as a competitor to, for example, micro-corrugated board and some 

mechanical testing of manufactured handsheets, including a comparison with 

corrugated board, although the knowledge of this type of paperboard is limited. No 

evaluation of the manufacturing method or extensive studies on the influence of the 

adhesive on the mechanical properties for these types of paperboard grades has been 

found. [7] 

 

1.3.1 Purpose 

The purpose of the study is primarily to investigate how the adhesive affects the 

mechanical properties of laminated paperboard; both in terms of adhesive type and 

the amount of adhesive applied to the sheets. The study will also try to find a method 

to examine the interface strength of the adhesive layer.  

 

1.3.2 Questions 

The study will try to answer the following questions: 

 

• How does the choice of adhesive affect the mechanical properties of laminated 

paperboard? 
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• How does the amount of glue applied affect the mechanical properties of the 

paperboard?  

• Do the failure modes of the glue seam correlate with the amount of glue 

applied? 

• Is it possible to predict the bending stiffness of the sandwich structure 

laminated paperboard with calculations based on classic laminate theory? 

• Is it possible to measure the interface strength of the adhesive layer? 

1.3.3 Delimitations 

 

• No empiric evaluation of the surface printability will be performed; the study 

will focus solely on the mechanical properties rather than optical properties. 

• The literature study will be limited to information accessible through Stora 

Enso and Karlstad University. 
 
1.3.4 Hypothesis 

The adhesive is believed to increase the mechanical properties of the paperboard, 

since it works similar to a coating and the literature shows that coatings provide 

higher absolute values in both tensile and bending properties. The mechanical 

properties of the paperboard are believed to increase with increasing amount of glue. 

[9] 

The increasing absolute values should come at the cost of higher grammage, weight 

per area unit, which will affect the index values, absolute values divided by 

grammage, in both bending and tensile properties. This manufacturing method is 

believed to provide board grades of higher bending resistance index than commercial 

board grades used in applications where the demands on surface printability are high, 

for example graphical boards such as Stora Enso’s Tambrite or Ensocoat.  
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The failure mode of the glue seam is believed to correlate with the amount of 

adhesive applied. A smaller amount of adhesive applied should increase the 

probability of failure of the glue seam, since less glue leads to a weaker adhesive 

joint.  

Ordinary laminate theory is believed to provide a rough estimate of the bending 

stiffness. The measured bending stiffness should be higher than the calculated value 

since the adhesive is believed to increase the bending properties of the paperboard. 
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2. THEORY 

2.1 Explanation of terms 

Since paperboard is an anisotropic material, the alignment of the fibers will determine 

the magnitude of the measured property. The definition of an anisotropic material is 

that it has different properties depending on the direction in which the measurement is 

performed. For paperboard, these directions are defined as the machine direction, 

MD, the cross direction perpendicular to the machine direction, CD, and ZD, the out-

of-plane direction. The machine direction always has higher stiffness than the cross 

direction. Due to the anisotropy, measurements have to be made in both MD and CD 

to get a complete understanding of the materials properties.  

Sometimes the property, in this example stiffness, is expressed as a single value. This 

value is the geometrical mean value of the MD and CD value, SGM, according to 

equation 1. 

!!" = !!" ∗ !!"        (1) 

where 

 

SMD = Stiffness in MD 

SCD = Stiffness in CD 

This value is not as frequently used as the MD and CD stiffness when the 

requirements of a paperboard is specified, but it can be useful when comparing the 

absolute stiffness of various paperboard products and is particularly crucial when 

overall stiffness is of greater importance than stiffness in a specific direction. A rule 

of thumb is that larger packages require higher MD stiffness while smaller packages 

rely more on the CD stiffness. [10] 
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2.1.1 Definition of a laminate 

There are a few criteria that define what a laminate is:  

•  A laminate is built of a number of layers that do not move in relation to each 

other. 

• The layers of a laminate are assumed to be orthotropic, ergo different 

properties in different directions.  

• The laminate has a 3-axis coordinate system related to the direction of the 

layers. 

• Each layer has an individual coordinate system parallel to the coordinate 

system of the laminate and the other layers. [11] 

 

2.2 Elasticity and tensile properties 

When discussing paperboard there are several properties to take into consideration 

and an initial explanation of these properties can be useful. Examples of tensile 

properties commonly used when comparing paperboard grades are tensile stiffness 

index, tensile strength, tensile index, strain at break or tensile energy absorption 

index. Properties like the ones mentioned above are determined by performing a 

tensile test the paperboard, where both ends of a test piece of given dimensions are 

clamped in both ends and the piece is then strained until failure.  

The major difference between homogenous materials, for example steels, and 

inhomogeneous materials, such as paperboard, regarding mechanical properties is that 

when comparing grades of paperboard the values used are often index values, where 

the measured value has been divided by the grammage, weight per area unit, of the 

paperboard. The index value is a measurement of how efficiently the fiber is used. 

Due to this a light material of relatively low tensile strength can have a superior 

tensile index compared to a heavier grade of paperboard that has a higher absolute 

tensile strength. Even though low weight is preferable in most situations, one must 

keep in mind the requirements on actual strength when choosing grade of paperboard. 

[12] 
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2.2.1 Elasticity 

Elasticity can shortly be described as a material’s ability to regain its original shape 

after being subjected to stress, both bending and tensile stress. The maximum stress 

that can be applied without permanently deforming the material is called the elastic 

limit. All solid materials experience this phenomenon while being exposed to a high 

enough load. Elasticity is described in Hooke’s law, equation 2, for small 

deformations where the stress is proportional to the strain. 

! = ! ∗ !           (2) 

where 

σ = Stress [MPa] 

ε = Strain [%] 

E = Young’s modulus [MPa] 

The Young’s modulus is a pre-defined constant for every material and is depending 

the composition of the material. [12] 

2.2.2 Tensile properties 

The tensile strength of a material is expressed as the maximum tensile force related to 

the width of the test piece according to equation 3. 

!!,! = !!
!            (3) 

where 

σT, b = Tensile strength [N/m] 

FT = Maximum tensile load [N] 

b = Width of test specimen [m] 

The tensile strength index can then be calculated from the tensile strength according 

to equation 4. 

!!,! = !!,!
!          (4) 
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where 

σT, w = Tensile strength index [Nm/kg] 

w = Grammage [kg/m2] 

Since paper properties vary a lot depending on the grade of paper, the tensile strength 

index also varies with paper grade, but typical values are of magnitude 10-100 

kNm/kg. A tensile strength index of 100 kNm/kg would thus mean that a 10 km long 

paper strip could hang vertically at one end before breaking of its own weight.  

Another important tensile parameter for paper and paperboard is tensile stiffness. This 

parameter is also usually obtained by performing an ordinary tensile test. The tensile 

stiffness is, just like tensile strength, often indexed according to equation 5. [13] 

!! = !!
!          (5) 

where 

Ew = Tensile stiffness index [MNm/kg] 

Eb = Tensile stiffness [kN/m] 

2.3 Bending properties 

One of the most important paperboard properties is bending stiffness. Bending 

stiffness is crucial when determining the grade of paperboard that is to be used for a 

specific application. It is especially important to consider bending stiffness when 

using paperboard in packaging applications to avoid failure of the package, which 

could lead to physical damage on the packaged content. On the other hand, if the 

bending stiffness is too high, problems can arise when the paperboard is converted to 

its final shape, for example a box. 

There are also other properties related to the bending stiffness of the paperboard such 

as toughness, foldability, compression strength, creasability and so on, though their 

interaction with the bending stiffness of the paperboard can be complex. The bending 

stiffness is easy to measure compared to the earlier mentioned properties. 

The paperboard manufacturer needs to carefully consider the desired bending stiffness 
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of the final product when choosing and controlling production conditions and fiber 

composition and structure to ensure that the stiffness of the paperboard meets these 

demands. It is desirable to achieve maximum possible bending stiffness at the lowest 

possible cost. [12] 

2.3.1 Characteristics 

The definition of stiffness is: the resistance a material makes when being subjected to 

a bending force, but it is more generally described as the force required to bend a 

defined piece of material to a specific angle or a given distance.  

To achieve high stiffness values in a multi-ply sheet it is desirable to have outer layers 

of high bending stiffness and a high thickness of the final sheet. The tensile strength 

of the outer layers is also important since they need to endure the tensile stresses that 

arise during bending. The parameter that has the biggest influence on the elastic 

properties of the paperboard is the type of fiber used. Chemical pulp consists of long 

fibers who provides good bonding properties and thereby a high Young’s modulus. 

Due to this, chemical pulp is most appropriate to use as an outer layer. Mechanical 

fibers on the other hand are more suitable for use in the center plies of the paperboard 

since they provide a bulkier structure than the chemical pulp. The approach of stiff 

outer layers and a bulky center ply can be explained by the I-beam principle of classic 

mechanics, see figure 2.1, where the stiffness per unit weight is higher for the I-beam 

compared to a solid structure. This requires a good bonding between the layers of 

fibers to fully make use of the characteristics of the fiber. [12] 

 

Figure 2.1. Cross-section of an I-beam. 
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2.3.2. Paperboard plies 

To understand the bending of multi-layer paperboard one need to analyze what 

happens to each layer during the bending. The layers on the concave side of the multi-

layer structure are compressed when the paperboard is bent, while the layers on the 

convex side are elongated. The part of the structure where no length change takes 

place is called the neutral plane. It is the outer surfaces’ resistance against 

compression and extension that mainly determines the stiffness of the multi-layer 

structure. [12] 

2.3.3. Stiffness related to thickness 

As mentioned earlier bending stiffness is defined as the resistance to bending when 

being subjected to a force. The stiffness can be related to the thickness of the material 

and the Young’s modulus according to equation 6. 

! = !"!!        (6) 

where 

S = Stiffness [Nm] 

C = Arbitrary constant 

t = Thickness [m] 

Equation 6 is valid for all homogenous materials, as long as no plastic deformation is 

present, and shows how stiffness is highly dependent on the thickness of the material.  

For paperboard in particular, the moisture content is also an important parameter since 

it influences the Young’s modulus and hence the stiffness of the board. [12] 

2.3.4 Measuring the bending stiffness 

As mentioned earlier, stiffness describes the way a material behaves when being 

subjected to a force. This force produces a strain or a change in dimensions of the 

material. Depending on the type of stress this dimensional change may be extensive 

or compressive.  
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Due to the complexity of paperboard as a material, there are various procedures for 

the assessment of the stiffness depending on the structure of the paperboard. Some of 

these procedures, such as the resonance method, are more suitable for products of 

lower stiffness, usually paperboard of <150 g/m2. Other methods are more appropriate 

when products of higher stiffness are being evaluated, such as the four-point beam 

method on, for example, corrugated board.  

Basically there are four methods used for determining the bending stiffness of 

paperboard and cardboard: 

• Bending stiffness L&W 5° ISO5628 

• Bending resistance L&W 15° ISO2493 

• Bending moment Taber 15° ISO2493 

• Bending stiffness L&W Resonance ISO5629 

These methods are all quite alike, although the setup and degree of bending varies 

slightly between each method. [14] 

2.3.5 Definition of bending resistance and bending stiffness 

To determine the bending resistance of a material a test piece of defined dimensions is 

bent through an angle of 15°. The force required to do this is called the bending 

resistance. At 5° another force is registered. This force is used to calculate the 

bending stiffness of the material according to equation 7. 

!! = !"∗!!∗!!
!∗!∗!           (7) 

where 

Fθ = Bending force at angle θ [N] 

l = Bending length [m] 

θ =  Bending angle [°] 

b = Width of test specimen [m]  

Since the paper industry tend to use index values when comparing paper products, a 

common value used when comparing bending resistance for different grades of 

paperboard is the bending resistance index, BRI, which is calculated by dividing the 
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bending resistance at 15° by the cube of the grammage, according to equation 8. 

!"# = !!"°
!!          (8) 

where 

F15° = Bending force at 15° bending [N] 

At the angle 15° most paperboards have exceeded their elastic limit and started to 

deform plastically which could lead to faulty measurements. However, at 5° the 

deformation is almost exclusively elastic. The set-up accuracy is of great importance 

since small errors in set-up can lead to large measurement errors. 

A common method used to assess the bending stiffness, the bending resistance, etc. 

for paperboard is the two-point-bend method. The method can be described as one 

end of the test sample being clamped and the other end being bent by a force at a 

given distance from the clamping. The force required to bend the sample is then 

registered and the bending stiffness and bending resistance of the material is obtained. 

[10] [14] 

2.4 Adhesion 
Initially it is important to understand the basic mechanisms behind adhesion and to be 

able to distinguish the difference between adhesion and cohesion. 
 
2.4.1 Overview 

Adhesion is defined as the bonding of one material to another. The two materials that 

are bonded together are usually called the adhesive and the substrate. The internal 

strength of a material, in this case the adhesive in interaction with a substrate, is called 

cohesion. There are both cohesive and adhesive forces present when an adhesive react 

with a substrate, these forces are illustrated in figure 2.2, where the cohesion forces 

act within the adhesive and the adhesion forces act between the adhesive and the 

substrate. [15] 
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Figure 2.2. Adhesive and cohesive forces acting between an adhesive and a substrate in contact. 

(Redrawn from Adhesives.org) 

 

An adhesive interaction does not only take place in the adhesion zone, ergo the actual 

area of contact between the adhesive and the substrate, but also in the so-called 

transition zone, see figure 2.3. The third zone present is called the cohesion zone and 

this is where the adhesive is in its normal state, compared to the adhesion zone where 

it has a modified composition and structure due to the reaction with the substrate 

surfaces. [15] 

 

 
Figure 2.3. Examples of adhesion zones present in a glue seam between an adhesive and a 

substrate. (Redrawn from Adhesives.org)  
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2.4.2 The substrate/adhesion zone 

Molecular interactions are what cause the phenomenon of adhesion. These forces act 

between the substrate and the adhesive. There are a distinct difference between these 

molecular bonds and chemical bonds. The primary difference is that chemical bonds 

are much stronger than intermolecular bonds. Chemical bonds seldom form in the 

adhesive-substrate relation. Examples of interactions where chemical bonds may be 

present are silicon-glass or epoxy resin and aluminium. Some of these interactions 

have shown to consist of up to 50% of chemical bonds, which is very rare. The 

resistance to moisture of the chemical bonding entirely determines their long-term 

stability. 

There is a third mechanism, in addition to intermolecular forces and chemical 

bonding, which can affect the adhesion. This mechanism is called “micro-mechanical 

adhesion” and depends mainly on the morphology of the substrate surface. This 

mechanism is not considered to be of great importance in comparison with the 

intermolecular forces and the chemical bonding, but experiments show that rough 

surfaces with undercuts that the adhesive can flow around tend to increase the 

strength of the bond. When discussing paperboard adhesion, the micro-mechanical 

adhesion probably has a larger influence compared to adhesion of, for example, steels. 

[16] 

 

2.4.3 The transition zone 

The transition zone can be defined as a zone where the chemical, mechanical and 

optical properties vary through the zone. The thickness of the transition zone also 

varies. It can be as thin as a few nanometers and as thick as a couple of millimeters. 

The parameters that have the biggest influence on the thickness of the transition zone 

are the type of adhesive, the substrate surface properties and the curing conditions. 

Sometimes the transition zone is so thick or the bonded joints are so thin, that no 

cohesion zone is present. In these cases the properties of the transition zone alone 

determines the behavior of the bonded joint.  

Through the transition zone the properties of the adhesive change, both structural and 

macroscopic properties as well as the chemical composition. The components of the 

adhesive can be separated when small components of the adhesive diffuse into the 

substrate surface pores. This will hence affect composition of the adhesive in a 

negative way, since it is usually applied in its optimum composition. [16] 
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2.4.4 The cohesion zone 

In the cohesion zone molecular cohesive forces determine the properties of the 

adhesive. These molecular forces are; chemical bonds within the adhesive, chemical 

bonds that are results of crosslinking within the adhesive, intermolecular interactions 

in the adhesive and mechanical adhesion between the molecules in the adhesive. 

These cohesive forces determine some of the properties of the adhesive, for example 

the viscosity. [16] 

 

2.4.5 Gluability 

When discussing adhesion and paperboard, the property gluability is often mentioned. 

The gluability is both depending on the paperboard strength and on the fiber tear of 

the material. It is crucial to have a reliable glue seam, especially for liquid packaging, 

to be able to guarantee a non-leaking package towards the customer. 

There are several reasons to permanently join surfaces of paperboard. The main 

function of the glue is to attach two paperboard surfaces to each other or to close 

boxes and packages. By carefully considering the surface sizing system, the 

interlaminar strength and the pigment coating of the paperboard a reliable glue seam 

can be achieved.  

The conventional way of evaluating the gluability of paperboard is by examining the 

tear behavior of the glue seam between two layers within the board. Good gluability 

requires high interlaminar strength between the paperboard layers.  Weak paperboard 

will tear easily and could lead to a wrong impression of good gluability, since the glue 

seam remained intact while the fiber was torn. The gluability varies depending on the 

system of the gluing, water-based gluing systems or hot melts have different 

gluability. Water-based systems, such as for example starch, are evaluated by 

examining the tear behavior of the dry and fully developed glue seam between the 

two surfaces. It is often desirable to have a bond strong enough to be able to handle 

the product immediately after it leaves the gluing operation. Due to this the absorption 

properties and setting time for the specific paperboard process need to be taken into 

consideration when choosing the type of glue.  

The surface strength/internal strength ratio is important, and it is preferable to have an 

as high ratio as possible. A weak glue seam will fail by separation of the seam while a 

strong seam will fail due to fiber tear at a strength level that can be considered high 
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enough for required applications. Different failure modes of the glue seam can be 

seen in figure 2.4. [17] 

 

 
Figure 2.4. Failure modes of a glue seam (Redrawn from Iggesund) 

 

2.5 Interface strength and critical fiber length 
A possible way to investigate the interfacial strength of the glue is by intentionally 

damaging one of the outer layers of the laminated paperboard before exposing it to a 

tensile load and thus forcing the glue to withstand the tensile stress without the 

support of the outer layer, see figure 2.5. At the gap, shown in figure 2.5, the stress in 

the outer layer will be equal to zero. This also means that the strain at this point is 

zero, according to Hooke’s law, equation 2. Further away from the gap, the strain will 

approach a constant level, which means that the increase in strain from zero to 

constant along the length of the specimen could be plotted as a function of length. The 

length where the strain reaches a constant level is called the debond region, δ*, and 

can be used to calculate the critical fiber length, lc, according to equation 9. [18] 

!! = 2!∗          (9) 

where 

lc  = Critical fiber length [mm] 

δ*  = Length of the debond regions [mm] 

After determining the critical fiber length, the shear strength of the interface, τi, can be 

calculated according to equation 10. 

!! =
!!
!!!
!!           (10) 
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where 

τi  = Shear strength of the interface [MPa] 

σf  = Tensile strength of the fiber [MPa] 

df  = Fiber diameter [mm] 

2.5.1 Digital image correlation 

By spraying dots of paint on a surface and photographing it from a fixed position at 

different strain levels, the strain pattern of the specimen can be analyzed by 

comparing the displacement of the dots related to each other between each picture. 

This method is called digital image correlation, DIC. 

 

Figure 2.5. Overview of the force distribution through the cross section of a paperboard with a 

damaged outer ply.  

Digital image correlation can be described as a way to investigate the two-

dimensional deformation of a planar surface by comparison and evaluation of pictures 

showing the displacement of a random dot pattern.  

There are several advantages to this method compared to methods based on the same 

theory, such as for example speckle interferometry. The main advantages are the 

simple setup, basically only a fixed camera is needed, the simple specimen 

preparation, spraying the samples with black or grey colour, and the low requirements 

on the test environment since it can be performed almost everywhere. The 

disadvantages of the method are that the accuracy of the measurement is a bit lower 

than for interferometric methods and that the quality of the imaging system has heavy 

influence on the measurements. [19] 
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2.6 Laminate theory 
The ability to accurately calculate the bending stiffness of paperboard is of great 

interest, especially for the paperboard manufacturers, to be able to optimize the 

stiffness of the final product for a given application. The bending stiffness, Sb, of a 

laminated material can be calculated by using classical laminate theory according to 

equations 11-16: 

 

!! = ! − !!
!           (11) 

! = !!!!!!
!!! (!! − !!!!)         (12) 

! = !
! !!!!!(!

!!! !!!−!!!!! )        (13) 

! = !
! !!!!!(!!!−!!!!! )!

!!!         (14) 

!! = !!!! + !!         (15) 

!! = − !!"!
!            (16) 

 

where 

 

Sb = Bending stiffness [Nm] 

Ew = Tensile stiffness index [Nm/kg] 

ρ = Density [kg/m3] 

t =  Thickness [m] 

 

If the grammage and thickness of all plies are known, the density of the laminate can 

be calculated according to equation 17. 

 

!!"# = !!
!!

          (17) 

 

The tensile stiffness index of the laminate can also be calculated using laminate 

theory if the tensile stiffness index of each ply is known. This is done according to 

equation 18. [10] [20] 

 

!!"#! = !!!!!!
!!!
!!"#

          (18) 
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3. EXPERIMENTS 

The experiments will be performed by laminating layers of paper and paperboard 

together to sandwich structure handsheets and then performing mechanical tests on 

these sheets.  

 

3.1. Delimitations 

• The experiments will be performed based on equipment available at Karlstad 

University and Stora Enso Research Centre Karlstad.  

• All paper and board materials used in the study will be products manufactured 

by Stora Enso. 

• The study will be limited to three-layer paperboard with two outer layers of 

the same paper grade. The same outer layers will be used in all experiments 

while the center ply will be varied.  

• The tests will be limited to two types of dispersion adhesives. 
 

3.2 Materials 
As mentioned in the problem formulation, to achieve a good bending stiffness a bulky 

center ply and two stiff outer layers are desirable. The bulkier the center ply, the 

lower the density and thereby the higher the index values of the laminated 

paperboard. [10] 

 

The center ply used in the experiments is called Chromofoil, and two different 

grammages of it was used, 290 g/m2 and 360 g/m2. Chromofoil is a board product 

produced by Stora Enso in the Fors mill and is a relatively bulky board grade. It 

consists mainly of chemithermomechanical pulp, often known as its abbreviation 

CTMP, with bleached sulphate pulp at both surfaces. [21] 

 

As outer layers an ordinary copy paper, Multi-Copy produced by Stora Enso, of 

grammage 80 g/m2, was used. Multi-Copy is made from hardwood pulp that is 

reinforced by a chemical pulp to provide it with the required strength. This material 

was chosen primarily since it is a cheap and easy accessible product that offers a 

relatively good printability at a reasonable cost. The copy paper itself is not 
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particularly stiff, but when considering index values it provides a comparatively good 

stiffness in relation to its low grammage. 

3.3 Specimen preparation  

3.3.1 Adhesives 

Two types of dispersion adhesives were used in the experiments; a starch based glue, 

similar to ordinary wallpaper paste, and wood glue consisting of water based 

polyvinyl acetate. Both of these glues are dispersion glues, which means that they are 

applied in room temperature as water based dispersions that reach full adhesion once 

the water has been removed by drying. Some experiments have been found where 

glue types similar to these have been used for laminating paperboard plies together. 

PVA can also be used when the paperboard is laminated with, for example, a 

protective plastic or aluminium film.  

The adhesive process used in the experiments is called wet lamination, which 

basically means that the glue is applied evenly on to the entire sheet at room 

temperature in its liquid form before being dried. This lamination process is typical 

for water-based glues. When using the wet lamination process it is preferable to have 

paperboard grades of similar grammage and smoothness. Both surfaces must have 

good absorbing properties for the glue to be able to penetrate the surfaces sufficiently. 

[6] 

3.3.1.1 Preparation 

The starch glue used was a powder that was mixed with water according to its 

specification, approximately 45,5 grams of starch powder per liter water. The powder 

was mixed into cold water under agitation, stirred for two minutes, rested for ten 

minutes, and then stirred for another minute. The PVA glue did not need any 

preparation. 

3.3.1.2 Application 

The glue was applied in a column applicator, see figure 3.1, where the span of the 

column, which can be adjusted, determines the thickness of the glue layer. The glue is 

applied in one end of the sheet and then the applicator is run across the sheet, evenly 
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distributing the glue. The span was varied, to investigate how the amount of glue 

affects the mechanical properties of the laminate. Three different spans were used in 

the experiments: 10, 15 and 25 µm. These spans were chosen based on a common 

thickness used when laminating paperboard in machines with polyvinyl acetate, 

which is about 25 µm. Since it is desirable, from a financial aspect, to use an as small 

amount of glue as possible, the other spans examined were lower than 25 µm. The 

applicator was run across the sheet at a constant speed of approximately 85 mm/s. 

[22] 

 

 

Figure 3.1. The column applicator used for applying the glue to the sheets. 

The samples were glued with their respective MD directions parallel to each other and 

all sheets used were of A4 size, 297 x 210 mm. Once the glue was applied the layers 

were put together and pressed using a roller, see figure 3.2, to achieve a smooth 

surface and to avoid wrinkles.  
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Figure 3.2. The roller used for pressing the sheets together after gluing. 

The test specimens were dried under constraint in drying frames, see figure 3.3, for 

them to maintain their shape and to keep them from wrinkling. All specimens were 

dried in room temperature for at least 24 hours before any experiments were executed 

on them since the glues needed, at the least, about twelve hours to reach full adhesion 

according to their specification.  

 

Figure 3.3. Frame used for drying the manufactured sheets under constraint. 

 



! 26!

3.3.2 Experiment preparation 

The center-ply, type of adhesive and thickness of the adhesive layer was varied, 

resulting in twelve different types of test specimens. These specimens are hereby 

noted and referred to as T1-T12, see table 3.1. At least four identical sheets of each 

specimen type were made to be able to cut a sufficient amount of test pieces for the 

bending and tensile tests.  

Table 3.1. Test specimens with specifications. 

Specimen Center ply Adhesive Thickness [µm] 

T1 Chromofoil 290 PVA 10 

T2 Chromofoil 290 PVA 15 

T3 Chromofoil 290 PVA 25 

T4 Chromofoil 290 Starch 10 

T5 Chromofoil 290 Starch 15 

T6 Chromofoil 290 Starch 25 

T7 Chromofoil 360 PVA 10 

T8 Chromofoil 360 PVA 15 

T9 Chromofoil 360 PVA 25 

T10 Chromofoil 360 Starch 10 

T11 Chromofoil 360 Starch 15 

T12 Chromofoil 360 Starch 25 

 

All test samples were cut using a guillotine, see figure 3.4. This is the conventional 

way of cutting paperboard and cardboard, especially when cutting samples for 

laboratory testing. The guillotine is a rather rough method that tends to damage the 

edges of the specimen slightly. Despite this, it was used throughout the experiments 

since the number of test pieces was vast and the guillotine is an efficient way of 

cutting a lot of samples in a relatively short period of time. 
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Figure 3.4. The guillotine used for cutting the test pieces. 

 

All specimens were conditioned at 23°C and 50% relative humidity during the 

manufacturing and the testing, according to ISO187:1990. [23] 

 

3.4 Dryness measurement 
The dryness was measured for both adhesives to investigate how the weight of the 

specimens before and after being glued together conformed to the measured dryness 

of the adhesives. This is a way to investigate if the right amount of adhesive has been 

applied. The dryness measurements were performed in a HR73 Halogen Moisture 

Analyzer. Two tests per glue were made, for approximately 2,5 grams of glue per test. 

The dryness values obtained from the measurements along with the density of the 

glues were then used to calculate the theoretical dry weight of the specimens and 

compare it with the actual dry weight. These calculations were made according to 

equation 19. 

!!"# = 2!!"#$!!"#$! + !!!
!!!        (19) 

where 

ρglue = Glue density [kg/m3] 

tglue  = Glue layer thickness [m] 

x = Dryness [%] 
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3.5 Thickness and grammage measurements 
Thickness measurements and grammage calculations were performed on each test 

specimen to be able to compare these values to the theoretical and to be able to 

calculate the index values. The grammage of the manufactured sheets was obtained by 

weighing the specimens on an ordinary set of scales. The area of the weighed 

specimen was then measured and, along with the measured weight, the grammage of 

the sheet was calculated, according to equation 20.  

 

! = !
!            (20) 

 

where 

 

m = Weight of the test piece [g] 

A = Area of the test piece [m2] 

 

The grammage and the measured thickness were then used to calculate the density of 

the sheet, according to equation 21. 

 

! = !
!           (21) 

 

The thickness and grammage measurements were performed on the same test pieces 

that were used in the bending tests and ten measurements were made for each type of 

specimen. The mean value from these measurements was then used in the 

calculations. 

 

3.6 Mechanical testing 
3.6.1 Tensile test 

The test pieces were made with dimensions 15 x 150 mm, according to ISO1924-2, 

and with ten samples in MD and ten samples in CD.  One side of the test piece was 

defined as the upper side before the tests. The samples were tested in an L&W CODE 

064 Tensile tester, see figure 3.6. [24] 
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Figure 3.6. The L&W Tensile tester used in the tensile tests. 

 

3.6.2. Bending test 

The test pieces were made according to ISO5628, with dimensions 38 x 80 mm and 

with 10 samples in the machine direction of the paperboard and 10 samples in the 

cross direction. Since most test pieces were a bit curved, half the measurements were 

made on the concave side of the specimen and the other half on the convex side of the 

specimen. The samples were tested in two-point bending in an L&W CODE 160 

Bending tester, see figure 3.7, and the test method used was L&W Bending resistance 

15° according to ISO2493. This method was chosen since it provides both the 

bending resistance at 15° and the bending force at 5°, which is used to obtain the 

bending stiffness. The bending resistance at 15° is also used when calculating the 

bending resistance index of the paperboard. [14] 
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Figure 3.7. The L&W Bending tester used for two-point bending tests. 

 

3.6.3. Scott Bond test 

A Scott Bond test was performed in a Huygen Internal Bond Tester according to 

TAPPI 569pm -00. Scott Bond is one of the conventional ways to determine the 

delamination strength of paperboard. The test involves taping a test piece between a 

metal block and an angular profile using double-sided adhesive tape, see figure 3.8. 

The block is placed in a holder and a pendulum is released, striking the upper edge of 

the angle and causing the specimen to delaminate. The loss in potential energy for the 

pendulum after impact is registered by the instrument and the rupture energy, given in 

J/m2, for the test specimen is displayed. [25] 

 

Figure 3.8. The Scott bond-test setup. [26] 
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Ten tests were made for each type of specimen and the failure mode of each sample 

was noted. The different failure modes of a glue seam are mentioned in chapter 2.4.5. 

Failure by fiber tear will hereby be noted as failure mode 1, FM1, and failure of the 

glue seam will hereby be noted as failure mode 2, FM2.  

3.7 Interface strength analysis 

The test pieces used for the DIC was made the same way as the test pieces used in the 

bending and tensile tests, with the exception that one of the outer layers was 

intentionally cut with a scissor prior to being glued to the center ply. The experiment 

was performed on specimens T2, T5, T8 and T11. These specimens were chosen 

since they all have the same glue layer thickness, but varying center plies and 

adhesive types. Two sheets of each specimen type was made, one with a cut in one of 

the outer plies parallel to the machine direction of the sheet and one with a cut parallel 

to the cross direction of the sheet. The cuts were made after the glue was applied, for 

practical reasons, and the layer was then glued to the center ply. The test pieces were 

of the same dimensions as the ones used in the tensile test, 15 mm wide with a test 

span of 100 mm and tests made in both MD and CD. 

The equipment used for the digital image correlation was: 

• Olympus C-740 3,2 Megapixel Digital camera 

• Instron 4411 Tensile Tester 

• Tripod to fix the camera 

• Matte black spray colour 

The test pieces were sprayed with matte black spray colour from a distance of 

approximately 0,5 meters to give them a random dot pattern, see figure 3.9, which is 

required for analyzing the strain using this method. The pieces were then placed in a 

tensile tester and a digital camera was set up to photograph the procedure, see figure 

3.10.  
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Figure 3.9. Clamped test piece with random dot pattern and the clearly visible cut in the outer 

ply.  

 

Figure 3.10. The set up used for the digital image correlation. 

The first picture was taken on the clamped sample without any load applied. The 

sample was then strained at a constant speed of 2 mm/min. The sample was 

photographed at specific percentages of strain and the load and extension was 

registered. The strain levels where the pictures were taken were 0,5%, 1,0%, 1,5%, 

2% or failure for the MD samples and 1,0%, 2,0%, 3,0% and 4,0% or failure for the 

CD samples. These pictures were then converted to raw data files using a program 



! 33!

called ImageJ and input to a software called DSPTrans, which calculated the x and y 

displacement matrixes in pixels for each node of the dot pattern between the pictures. 

Each picture was correlated to the first image taken, were no stress was applied to the 

sample. The displacement of the nodes was used to calculate the strain matrixes for 

the specimens in MatLab, according to equation 22. By knowing the resolution of the 

pictures and the dimension of the sample, the strain curve along the length of the 

specimen could be plotted.  From this strain curve the critical fiber length, lc, can be 

calculated by using the length at which the strain levels off and inserting this in 

equation 9. The shear strength of the interface can then be calculated according to 

equation 10. 

!! = !
∆!          (22) 

where 

ε  = Strain [%] 

δ  = Displacement [Pixels] 

Δx = Distance between nodes [Pixels] 

3.8 Laminate theory 

The bending stiffness and tensile stiffness for specimens with both 290 g/m2 and 360 

g/m2 center plies was calculated by using classic laminate theory according to 

equation 11 and 18. One calculation was made with specified values from the 

manufacturer and one with experimental values obtained from the tensile tests. These 

calculations were then compared to the actual bending stiffness and tensile stiffness 

obtained from the measurements. 

An analytical estimation of the bending resistance index curve according to laminate 

theory was also made by varying the grammage of the outer plies theoretically, trying 

to find an optimal grammage for the laminate.  

 

  



! 34!

4. RESULTS 

The results are divided into four parts: grammage and thickness, mechanical tests, 

digital image correlation and laminate theory.  

The measured properties of the adhesives can be seen in table 4.1. Figure 4.1 shows 

the dried glue samples from the dryness measurements. 

 

Figure 4.1 The samples after the dryness measurements, with the PVA-sample to the left and the 

starch-sample to the right. 

The figure shows a distinct difference in the amount of glue remaining after the 

dryness measurement between the two glues, which also can be seen in the measured 

dryness values.  

Table 4.1. Measured density and dryness of the adhesives used in the experiments. 

 Polyvinyl acetate Starch 

Density [kg/m3] 1190 1046 

Dryness [%] 50,81 4,32 
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4.1 Grammage and thickness 

The theoretical amount of glue and grammage calculated from the dryness 

measurement values and the actual amount of glue and grammage can be seen in table 

4.2. The amount of glue is calculated as the total amount of the entire laminate, ergo 

with two glue layers.  

Table 4.2. Theoretical and actual amount of glue along with theoretical and actual grammage. 

Specimen Theoretical amount 

of glue applied [g/m2] 

w, theoretical 

[g/m2] 

Actual amount of 

glue applied [g/m2] 

w, actual 

[g/m2] 

T1 12 462 78 528 

T2 18 468 165 615 

T3 30 480 208 658 

T4 1 451 24 474 

T5 2 452 24 474 

T6 2 452 19 469 

T7 12 532 49 569 

T8 18 538 131 651 

T9 30 550 181 701 

T10 1 521 21 541 

T11 2 522 18 538 

T12 2 522 19 539 

 

The grammage of all the manufactured test specimens are shown in figure 4.2, along 

with theoretical values, displayed in green, calculated with dryness measurement 

values. Blue represents the specimens glued with polyvinyl acetate and red represents 

the specimens glued with starch. A full list of the data obtained from the thickness 

and grammage measurements for all specimens can be seen in Appendix I. 
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Figure 4.2. The grammage of the manufactured test specimens, with both theoretical (green) and 

total (purple) amount of glue. 

Notable from figure 4.2 is that the starch specimens (red) decreased in grammage, 

even though the amount of glue applied to the sheet increased. The PVA specimens 

(blue) increased in grammage more than their theoretical value. 

The results from the thickness measurements compared to the theoretical thicknesses 

for each specimen can be seen in figure 4.3.  

 

Figure 4.3. Results from the thickness measurements compared with the theoretical thickness 

(green) for all specimens. The error bars represent the standard deviation. 
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4.2 Mechanical tests 

4.2.1 Tensile test 

The results from the tensile tests can be seen in figure 4.4 and 4.5, with tensile 

strength index and tensile stiffness index respectively. A complete list of the data 

obtained from the tensile tests, including a chart of the tensile energy absorption index 

and strain at break, is presented in Appendix II.  

 
Figure 4.4. Results from tensile tests showing the tensile strength index for all test specimens and 

for each layer individually (purple). The error bars represent the standard deviation. 

Notable from figure 4.4 is that the test specimens glued with PVA (blue) decreased in 

tensile strength index in MD with increasing amount of glue applied while the test 

specimens glued with starch (red) increased in tensile strength index in MD with 

increasing thickness of the glue layer.  
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Figure 4.5. The tensile stiffness index obtained from the tensile tests for all specimens and for 

each layer individually (purple), including calculated stiffness for both laminates (green). The 

error bars represent the standard deviation. 

 

Figure 4.5 shows that test specimen T1 had the best tensile stiffness index compared 

to the other test specimens glued with PVA (blue). The figure also shows a clear 

reduction in tensile stiffness index with increasing amount of glue applied for all PVA 

specimens. The test specimens glued with starch (red) did not differ much in tensile 

stiffness index with varying center ply and amount of glue applied.  

 

4.2.2 Bending test 

The results from the bending tests can be seen in figure 4.6-4.9, with bending 

resistance, bending stiffness and bending resistance index respectively. A complete 

list of the results obtained from the bending tests, including the standard deviation, is 

shown in Appendix III. 
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Figure 4.6. Bending resistance at 15 degrees bending for test specimens T1-T6. 

 

Figure 4.6 shows an increase in bending resistance with increasing glue layer 

thickness for both the PVA (blue) and the starch (red) specimens, although the highest 

bending resistance was achieved at 15 µm for both adhesive types. Notable is also that 

the trend lines are of almost the same slope for both adhesive types. 

 

 
Figure 4.7. Bending resistance at 15 degrees bending for test specimens T7-T12. 

 

When analyzing figure 4.7 the PVA specimens (blue) show an even steeper increase 

in bending resistance than in figure 4.6, while the bending resistance of the starch 

specimens (red) decreases slightly with increasing amount of glue applied. 
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The bending stiffness for all specimens is plotted in figure 4.8 and 4.9. 

 

 

Figure 4.8. Results from the bending stiffness measurements for test specimens T1-T6, with 

calculated values as reference (green and purple). The error bars represent the standard 

deviation. 

Figure 4.8 shows a trend of an increase in bending stiffness with increasing glue layer 

thickness. The trend line for the PVA glued specimens is a bit steeper than for starch. 

 

 
Figure 4.9. Results from the bending stiffness measurements for test specimens T7-T12, with 

calculated values as reference (green and purple). The error bars represent the standard 

deviation. 

The PVA specimens (blue) show a similar behavior as previously, with increasing 

bending stiffness with increasing amount of glue applied. Also notable from figure 
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4.9 is that the bending stiffness decreases slightly with increasing amount of glue 

applied for the starch specimens (red). This is a deviation compared to the other 

results obtained from the bending stiffness measurements, whereas the bending 

stiffness tends to increase with increasing amount of glue applied. 

 

The bending resistance index, BRI, for all specimens can be seen in figure 4.10. 

 

 
Figure 4.10. Measured bending resistance index for all test specimens and for each layer 

individually (purple), including calculated bending resistance index for both laminates (green). 

The error bars represent the standard deviation.  

 

Figure 4.10 shows a remarkably higher bending resistance index for the specimens 

glued with starch, marked with red, compared to the specimens glued with PVA, 

marked with blue. Specimen T6 showed the highest bending resistance index of all 

tested specimens.  
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4.2.3 Scott Bond-test 

The observed failure modes from the Scott bond-test can be seen in figure 4.11 and 

4.12. 

 
Figure 4.11. Example of FM1, failure by fiber tear. 

 
Figure 4.12. Example of FM2, failure of the glue seam. 

 

The failure mode distribution observed in the Scott bond test can be seen in figure 

4.13. The percentage on the y-axis represents the number of samples that failed 

according to a specific failure mode.  
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Figure 4.13. Observed distribution of the failure modes from the Scott bond-test. 

 

Notable from figure 4.13 is that failure mode 2, failure of the glue seam, is much 

more common for the starch specimens, T4-T6 and T10-T12, than for the PVA 

specimens, T1-T3 and T7-T9. Failure by fiber tear was generally a more common 

failure mode than failure of the glue seam for these specific test specimens. The 

results from the Scott bond-test can be seen in figure 4.14.  

 

 
Figure 4.14. The results from the Scott bond-test for all specimens. Blue represents the PVA 

specimens and red represents the starch specimens. The error bars represent the standard 

deviation. 
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Key parameters from the mechanical tests were also plotted against density. These 

graphs are shown figure 4.15-4.18. 

 

 
Figure 4.15. The tensile stiffness index of all specimens plotted against density. All values are 

measured in MD. 

 

 
Figure 4.16. The bending resistance of all specimens plotted against density. All values are 

measured in MD. 
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Figure 4.17. The bending resistance index of all specimens plotted against density. All values are 

measured in MD. 

 

 
Figure 4.18. The Scott Bond-values of all specimens plotted against density. All values are 

measured in MD. 
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4.3 Digital image correlation 

The results from the digital image correlation can be seen in figures 4.19 and 4.20, 

who show the strain trend as a function of length along the sample. The 0 mm 

position is defined as the beginning of the specimen at the bottom clamp in figure 3.9.  

 

Figure 4.19. The strain plot for specimen T2 in MD. 

 

Figure 4.20. The strain plot for specimen T2 in CD. 

As can be seen in figure 4.19 and 4.20 the strain does not level off towards a constant 

level, at least not under a length long enough to make it observable in the graphs. Due 
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to the roughness of the method no further results could be obtained from the digital 

image correlation. 

4.4 Laminate theory 
A comparison between the bending stiffness calculated with laminate theory for 

theoretical and experimental values can be seen in table 4.3. The first column with 

theoretical values is calculated with specified data from manufacturer and the other is 

calculated with data obtained from the tensile tests. Table 4.3 also shows the highest, 

lowest and mean values obtained from the bending tests for each combination of 

center ply and adhesive. 

 
Table 4.3. Comparison of calculated and measured bending stiffness. All values are MD stiffness. 

Bending stiffness [mNm]  

Glue / Center-

ply 

Theoretical Theoretical 

(Experimental 

values) 

Measured, 

Max 

Measured, 

Mean 

Measured, 

Min 

PVA/C290 189 229 259,6 237,7 202,0 

Starch/C290 189 229 202,8 196,1 183,9 

PVA/C360 293 368 369,4 331,9 280,4 

Starch/C360 293 368 312,6 309,1 306,3 

 

Notable from table 4.3 is that both of the bending stiffness values calculated with 

specified values from the manufacturer for Chromofoil 290, as well as for Chromofoil 

360, is within the stiffness maximum-minimum span obtained from the 

measurements. The mean value from the measurements of both laminate types is 

somewhere between the two calculated values. 

An analytical estimation of the bending resistance index, where the grammage of the 

outer plies have been varied, plotted against grammage can be seen in figure 4.21. 
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Figure 4.21. Analytical estimation of how the bending resistance index varies with the grammage 

of the laminated paperboard. 

Figure 4.21 shows an estimated maximum in bending resistance index, a magnitude 

of about 25, at approximately 480-500 g/m2.  
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5. DISCUSSION 

The discussion is divided into five parts; discussion regarding the experimental 

methods, internal discussion were the results obtained are discussed in relation to each 

other, external discussion were the results are discussed in comparison with what has 

been found in the literature, conclusions drawn from the study and examples of future 

work that could be done in order to broaden and further verify the results from the 

study. 

5.1 Method and experimental discussion 

The major source of error for the experiments is considered to be the rough 

manufacturing method. Both the grammage and the thickness measurements show 

that a lot more glue was applied to the sheets than what was intended, especially for 

the PVA specimens. This is undesirable both since the adhesive did not contribute to 

better mechanical properties but most of all from an economical aspect since the extra 

glue applied can be considered a waste. The problem with the applied amount can 

probably be explained by the column applicator not being calibrated. The span of the 

column applicator is adjusted by two screws and relies completely on the operator to 

set them up correctly. According to personnel at the laboratory where the tests were 

performed, the column applicator is often poorly calibrated. Due to this the validity of 

the results from the mechanical tests could be questioned. 

The fact that the actual dry weight exceeded the theoretical for all specimens could 

have several other explanations. One is that the paper absorbs the glue during 

application. Since a larger amount of glue was applied at one end of the sheet before 

the column applicator was run over it, this end should have absorbed a bit more of the 

glue than the other end of the sheet causing the actual grammage to exceed the 

theoretical. The roughness of the paper is also an aspect that will cause the column 

span to be bigger than specified, which will lead to more glue being applied to the 

sheet. 

The sheets glued with starch had almost identical grammage, independent of the glue 

layer thickness, for both center plies 290 g/m2 and 360 g/m2.  A possible explanation 

for this is that some of the glue was pressed out on the sides while the sheets were 

rolled. This could mean that the final amount of glue was approximately the same for 
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all starch samples even though the applied amount differed and could be an 

explanation to why their measured bending stiffness did not follow the same pattern 

as the PVA specimens, seen in figure 4.2. Due to this it would have been interesting 

to investigate even smaller glue layer thicknesses for the specimens glued with starch 

to be able to distinguish at what thickness the mechanical properties of the paperboard 

would start to decrease. 

5.2 Internal discussion  

The absolute values, figure 4.6-4.9, of the bending properties showed an increasing 

trend for almost every specimen, ergo for both adhesive types. Polyvinyl acetate will 

increase the absolute values more than starch, but will also cause the grammage to 

increase more, which will worsen the index values.  The test pieces glued with PVA 

show a distinct decrease in both tensile stiffness index and bending resistance index 

with increasing glue amount applied. The conclusion made from this is that this 

adhesive possesses worse properties than the fibers of the plies. Starch on the other 

hand showed increasing index values with increasing amount of adhesive applied. 

This argument could make starch the preferable choice of adhesive in comparison 

with polyvinyl acetate, unless high absolute values are desirable. 

The dryness measurements conformed well to the specified values from the 

manufacturers of the adhesives. This was according to expectations since the 

measurement method is quite accurate, with few possible sources of error.  

To be able to verify and increase the certainty of the results it would have been 

interesting to investigate even smaller amounts of glue. For the starch specimens since 

their mechanical properties did not follow the same pattern as the PVA specimens, 

and for the PVA specimens, as seen in figure 4.2, since their actual grammage 

differed a lot from the theoretical amount calculated from the dryness measurements. 

The failure modes observed from the Scott Bond test show that especially PVA 

should be applicable at even lower glue layer thicknesses, since the glue seam rarely 

failed for these specimens, even at the lowest amount of glue applied. This could also 

probably be explained by the fact that the amount of PVA applied exceeded the 

theoretical, causing a stronger adhesive joint. 
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One aspect that has not been taken into account during this study is the shrinkage of 

the sheets during drying. When the sheets are dried after the glue application, some 

shrinking will take place. Shrinking generally worsens mechanical properties, and this 

probably had an impact on the results. 

The calculated laminate theory values were within the max-min span obtained from 

the measurements, though closer to the minimum value when values from the 

manufacturers specification were used, and the mean values from the measurements 

were relatively close to both the values calculated with specified and experimental 

data. The conclusion drawn from this is that it is possible to predict the bending 

stiffness of laminated paperboard, roughly at least, by using calculations according to 

classic laminate theory. Almost every measured bending stiffness value was higher 

than the value calculated with specified data. This means that one could use the 

calculated value without the risk of overestimating the bending stiffness of the 

paperboard and without the need to add the adhesive as an individual layer in the 

calculation. 

One aspect that needs to be taken into consideration when calculating with laminate 

theory is that this method assumes that the contact between the layers of the laminate 

is ideal. Ergo, the glue layer thickness or how well the glue has been distributed on to 

the sheet does not affect the calculated results at all, since the glue is not present in 

the calculation model. The glue itself also possesses elastic properties, which are not 

taken into account when using this calculation method.  

A scientific evaluation of the surface printability of the manufactured handsheets was 

not a part of the study; hence no conclusions regarding the surface properties of these 

sheets can be made. Although it is worth mentioning that from a simple ocular 

inspection, the surfaces were considered smooth and would probably possess good 

printing abilities compared to similar paperboard grades. 

 

Regarding the digital image correlation as a method for measuring the interface 

strength of the adhesive, one of the problems is that it provides quite low resolution 

compared to interferometric methods. Even the highest resolution achieved only gave 

about 20 nodes across the specimen for this experiment. Since the transition from no 

strain to a constant strain level took place on a very short distance of the specimen, 
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the resolution of the test will be of great importance to be able to accurately determine 

this constant strain level. This part of the test could have been improved by using a 

better camera or by being able to fix the camera in a position closer to the specimen.  

A possible source of error in the digital image correlation is that the strain was 

calculated from a mean value across approximately ten nodes. The reason only ten 

nodes were included was the fact that the specimen only had about 20 nodes across 

and the nodes used in the calculations were chosen manually in MatLab from a 

contour plot. Only ten nodes were chosen to ensure that these nodes were in fact 

nodes on the test piece and not from the surroundings. When fewer nodes than ten 

were used, the mean strain value reached higher maximum values. 

The environment light when capturing the pictures of the specimens was not optimal, 

since shadows are visible on the test piece in some of the pictures. This could affect 

the results since the method is based on identifying the differences between black and 

white in the dot pattern. If the test had been repeated an external source of light would 

probably have been used. When observing the pictures, the focus also seems to vary 

slightly. This could probably be adjusted in the camera settings. 

The pictures show that some of the specimens were not clamped exactly 90 degrees to 

the stress direction, which will give a displacement in the x-direction that is not 

caused by strain and which could have contributed to the results being to rough to 

analyze. 

Another simplification made during the digital image correlation is that only the strain 

in the y-direction was taken into account. For more accurate results the x-strain 

probably also needs to be considered.  

 

5.3 External discussion 

The results show the same behavior as found in the literature, that the absolute values 

show an increasing trend with higher density, see figure 4.16. The index values in 

both tensile and bending properties are strongly depending on the density of the 

paperboard, as can be seen in figure 4.15 and 4.17. This is also according to the 

literature. A lower density will lead to a distinct increase of the index values. The 

easiest way to obtain a lower density would be to choose a bulkier center ply. [13] 
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The most suitable application for this type of paperboard is believed to be applications 

were the primary and secondary package are the same, ergo when the product is being 

transported in the same package as it is being displayed to the customer in. This is an 

area where the strength and reliability of the package is crucial. This type of 

paperboard is believed to have potential to replace micro-well or similar grades, 

which is used for packaging, for example, bag-in-box wines. Since the strength and 

stiffness levels are comparable with the ones for micro-well and the surface properties 

have the potential to surpass the ones of micro-well, this type of paperboard could 

become a real competitor. These kinds of paperboard grades also enable the 

possibilities to print between layers before they are glued together. Applications 

where this is useful could, for example, be printed electronics or business areas where 

the manufacturer wants to print a certificate of authenticity to prevent it from being 

counterfeited.  

Regarding the stiffness values of the manufactured specimens the bending resistance 

index of the best specimen reached a magnitude of 18. This is a quite good number 

compared to other Stora Enso graphical boards, such as for example Ensocoat and 

Tambrite which both have a bending resistance index of about 14.  

When comparing the glues from an environmental and economical aspect, starch is 

the preferable one in both cases, since it is biodegradable, which the PVA glue is not, 

and is cheaper than PVA. 

5.4 Future work 

The primary focus of any extension of this study would be to optimize the rough 

manufacturing method by carefully controlling the glue application to ensure that the 

right amount of glue is applied to the sheet. One possibility would be to spray the 

adhesive on to the sheet instead of using a column applicator. A method that was 

discussed in the beginning, which could extend the study, was to mix the adhesive 

with microfibrillar cellulose and compare this to the unmixed adhesive. The 

constraining of the sheets after the adhesive has been applied could also be improved, 

trying to reduce the effect of shrinking. 
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It would also have been interesting to investigate some other conventional printing 

paper of higher grammage than 80 g/m2 as outer plies and a center ply of even lower 

density than Chromofoil, trying to find a better balance between outer layer stiffness 

and center ply density. 

Since paperboard used for packages are usually printed only on one side it would 

have been of interest to have a top and bottom ply of different paperboard grades. 

This could be a way to further optimize the bending resistance to surface properties 

relation. 

A four-point bending test would also have been of interest for this study, primarily 

since the four-point method is highly dependent on the shear strength between the 

layers of the laminate. Due to broken equipment and failure to access equipment at 

other locations this test could not be performed in this study.  
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6. CONCLUSIONS 

• Both adhesive types affect the mechanical properties of laminated paperboard. 

They will provide higher absolute values for both bending and tensile 

properties, but at the cost of grammage, which will lead to lower index values. 

The overall conclusion is that the effect from the adhesives is negative since 

the mechanical properties would have been improved if the adhesive had been 

replaced with more fiber. 

• It is possible to predict an approximate value of the bending stiffness of multi-

layer paperboard by using classic laminate theory calculations. If the 

calculations are based on data from the manufacturer, the laminated 

paperboard structure will most likely provide a bending stiffness higher than 

the calculated, without the need to compensate for the adhesive layer. 

• The failure mode of the glue seam correlates with the amount of glue applied. 

Lower amount of adhesive applied increases the likeliness of failure of the 

glue seam. This correlation is more distinct for starch compared to polyvinyl 

acetate. 

• It could be possible to measure the interfacial strength by using digital image 

correlation as an alternative method, although it is a very sensitive method that 

requires a very accurate setup and a larger amount of test data than the amount 

analyzed in this study. 

• It is possible to combine a good printing surface with mechanical properties of 

a level comparable to similar wet pressed paperboard grades using this 

method, although the manufacturing could be improved on several points. 
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APPENDIX I 
Table I.1. Measured grammage and thickness values for all specimens. 

Specimen Grammage [g/m2] Thickness [µm] 

T1 527,96 877,3 

T2 615,13 958,8 

T3 657,89 1007,2 

T4 473,68 858,6 

T5 473,68 860,3 

T6 468,75 855,8 

T7 571,30 1028,9 

T8 651,32 1087,1 

T9 700,66 1211,5 

T10 541,12 1025,8 

T11 537,83 1021,3 

T12 539,47 1026,2 
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APPENDIX II  

Table II.1. List of measurements obtained from the tensile tests for specimen T1-T6. The 

standard deviations are based on ten measurements. 

Property Specimen T1 T2 T3 T4 T5 T6 

Tensile stiffness 

[kN/m] 

MD 

2914,0 2738,1 2667,2 2614,7 2662,6 2669,4 

 sd 85,44 108,48 132,61 108,63 104,20 45,02 

 CD 1246,9 1248,8 1254,5 1141,2 1172,1 1139,0 

 sd 27,39 40,46 41,25 69,03 45,33 18,33 

Tensile strength 

[kN/m] 

MD 

23,66 22,79 21,96 22,18 22,63 22,92 

 sd 0,91 1,00 1,13 0,97 1,17 0,58 

 CD 12,08 12,16 11,64 11,86 12,03 11,81 

 sd 0,33 0,38 0,37 0,54 0,55 0,43 

Strain [%] MD 1,52 2,05 2,05 1,78 1,85 1,83 

 sd 0,10 0,08 0,07 0,09 0,07 0,13 

 CD 4,31 4,60 3,93 4,35 4,37 4,65 

 sd 0,30 0,21 0,35 0,57 0,48 0,56 

Force [N] MD 354,90 341,80 329,40 332,80 339,50 343,80 

 sd 13,70 15,03 16,96 14,56 17,53 8,65 

 CD 181,20 182,40 174,70 177,90 180,40 177,10 

 sd 4,88 5,67 5,50 8,15 8,28 6,39 

TEA [J/m2] MD 232,66 317,57 305,54 260,48 275,88 274,86 

 

sd 24,24 18,95 18,81 23,71 24,37 28,21 

 

CD 392,63 418,49 340,03 384,11 389,4 407,78 

 

sd 38,11 25,32 41,12 70,4 59,8 65,08 
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Table II.2. List of measurements obtained from the tensile tests for specimen T7-T12. The 

standard deviations are based on ten measurements. 

Property Specimen T7 T8 T9 T10 T11 T12 

Tensile stiffness 

[kN/m] 

MD 

3030,3 2973,9 2890,4 2861,6 2853,8 2933,4 

 sd 100,85 96,9 97,58 81,8 71,13 65,3 

 CD 1414,3 1373,8 1444,9 1268,9 1289,0 1294,9 

 sd 35,25 34,23 47,23 20,44 17,54 77,59 

Tensile strength 

[kN/m] 

MD 

25,97 25,23 24,14 24,92 24,38 25,47 

 sd 0,689 0,868 0,839 1,03 1,52 0,595 

 CD 13,87 13,47 13,68 13,39 13,49 13,58 

 sd 0,262 0,474 0,422 0,26 0,19 0,357 

Strain [%] MD 1,72 1,9 1,98 1,82 1,71 1,84 

 sd 0,19 0,15 0,1 0,11 0,22 0,05 

 CD 4,4 4,55 4,47 4,51 4,52 4,27 

 sd 0,42 0,39 0,45 0,48 0,29 0,46 

Force [N] MD 389,5 378,4 362,1 373,7 365,7 382,1 

 sd 10,33 13,02 12,59 15,42 22,76 8,92 

 CD 208 202,1 205,2 200,8 202,4 203,6 

 sd 3,93 7,1 6,34 3,85 2,91 5,36 

TEA [J/m2] MD 292,94 319,85 321,48 296,65 271,94 309,89 

 sd 41,3 37,8 20,79 31,32 52,48 12,98 

 CD 461,2 458,09 458,02 448,71 453,44 431,04 

 sd 51,5 42,9 42,69 56,53 36,89 61,53 

  

 

!

!
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Table II.3.  List of measurements obtained from the tensile tests for Multi-Copy, Chromofoil 290 

and Chromofoil 360 respectively. The standard deviations are based on ten measurements. 

Property Specimen MC C290 C360 

Tensile stiffness 

[kN/m] 

MD 

677,4 1865 2059,7 

 sd 16,07 70,58 72,78 

 CD 246,5 819,1 991,1 

 sd 14,36 22,01 32,04 

Tensile strength 

[kN/m] 

MD 

4,49 14,78 16,99 

 sd 0,20 0,877 0,66 

 CD 1,87 8,13 10,02 

 sd 0,046 0,29 0,29 

Strain [%] MD 1,14 1,23 1,38 

 sd 0,1 0,09 0,05 

 CD 3,05 2,96 3,26 

 sd 0,27 0,18 0,19 

Force [N] MD 67,4 221,7 254,8 

 sd 2,98 13,2 9,94 

 CD 28,0 121,9 150,3 

 sd 0,7 4,4 4,31 

TEA [J/m2] MD 32,31 111,78 147,62 

 sd - - - 

 CD 42,99 172,66 238,61 

 sd - - - 
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Figure II.1. Results from the tensile tests showing strain at break for all test specimens and each 

layer individually (purple). The error bars represent the standard deviation. 

 

 
Figure II.2. The tensile energy absorption index obtained from the tensile tests. The PVA 

specimens are marked with blue and the starch specimens with red. 
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APPENDIX III  
Table III.1. List of measurements obtained from the bending tests for specimen T1-T6. The 

standard deviations are based on ten measurements. 

Property Specimen T1 T2 T3 T4 T5 T6 

Bending resistance 

5° [mN] 

MD 

804 1033 1001 732 807 802 

 

sd 21 40 32 130 36 23 

 

CD 353 435 434 331 354 355 

 

sd 13 42 34 39 24 12 

Bending resistance 

15° [mN] 

MD 

1814 2317 2031 1705 1880 1868 

 

sd 92 75 41 296 80 57 

 

CD 861 1021 959 824 902 911 

 

sd 32 104 63 116 91 30 

Bending stiffness 

[mNm] 

MD 

202,0 259,6 251,6 183,95 202,80 201,54 

 

sd 5,28 10,05 8,04 32,67 9,05 5,78 

 

CD 88,71 109,3 109,1 83,18 88,96 89,21 

 

sd 3,27 10,55 8,54 9,80 6,03 3,02 
 

!
!
 

 

 

 

!
!
!
!
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Table III.2. List of measurements obtained from the bending tests for specimen T7-T12. The 

standard deviations are based on ten measurements. 

Property Specimen T7 T8 T9 T10 T11 T12 

Bending resistance 

5° [mN] 

MD 

1116 1376 1470 1244 1219 1227 

 

sd 56 64 192 46 101 51 

 

CD 494 631 660 569 573 564 

 

sd 52 81 250,2 15 40 21 

Bending resistance 

15° [mN] 

MD 

2369 2843 2858 2526 2439 2534 

 

sd 182 324 506 118 157 105 

 

CD 1219 1430 1573 1366 1345 1374 

 

sd 99 206 312 43 116 64 

Bending stiffness 

[mNm] 

MD 

280,45 345,79 369,41 312,61 306,33 308,34 

 

sd 14,07 16,08 48,25 11,56 25,38 12,82 

 

CD 124,14 158,57 165,86 142,99 143,99 141,73 

 

sd 13,07 20,36 62,88 3,77 10,05 5,28 

 
 

 

 

 

 

 

!

!

!



! 66!

Table III.3. List of measurements obtained from the bending tests for Multi-Copy, Chromofoil 

290 and Chromofoil 360 respectively. The standard deviations are based on ten measurements. 

Property Specimen MC C290 C360 

Bending resistance 

5° [mN] 

MD 

5,81 241 449 

 

sd 1,62 6 8 

 

CD 5,62 107 214 

 

sd 3,31 3 3 

Bending resistance 

15° [mN] 

MD 

9,31 636 1152 

 

sd 0,72 35 57 

 

CD 6,24 289 564 

 

sd 2,12 7 7 

Bending stiffness 

[mNm] 

MD 

1,5 60,6 112,8 

 

sd 0,4 1,5 2,0 

 

CD 1,4 26,9 53,8 

 

sd 0,8 0,8 0,8 

 

 


