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Abstract

It is established that paper properties depend on the loading rate. The rule of thumb

is that the in-plane strength and stiffness increases about 10%, when the strain rate

increases by a factor of 10. Converting of paperboard into packages requires creasing of

the paperboard followed by folding to make 3 dimensional packages. Crease response

is controlled by in-plane properties, which contribute to the loading and the spring

back of the crease which gives the paperboard its final geometry.

This work aims to characterise the rate and time dependent properties of paper, done

by tensile testing at high strain rates of up-to 100 000 mm/min using an electro-

mechanical testing machine. Also investigated in this work are the rate dependence

and characterization of the plies for a deeper understanding of the contributing factors

to this rate dependence. At the end of thiswork the aim is to retrieve the rate dependent

behaviour of the materials and compare them with the existing rule of thumb.

In thiswork itwas concluded that the rule of thumb is accurate for the ultimate strength

of the material in the strain rate range of 10−4 to 101 strains/second. It was also

observed that stiffness of the material increases but at a rate lower than the stated rule

of thumb.
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Sammanfattning

Det är fastställt att pappersegenskaperna beror på belastningshastigheten. Tumregeln

är att hållfastheten och styvheten i-planet styrkan och styvheten ökar med ökar med

ca 10%, när töjningshastigheten ökar med en faktor 10. Omvandling av kartong till

förpackningar kräver att kartongen bigas och viks för att veckas följt av vikning för

att göra 3-dimensionella förpackningar. Vikresponsen styrs av egenskaper i planet,

som bidrar till belastningen och bigens återfjädring som ger kartongen dess slutliga

geometri.

Detta arbete syftar till att karakterisera de hastighets- och tidsberoende egenskaperna

hos papper, genom dragprovning vid höga töjningshastigheter på upp till 100000

mm/min med en elektromekanisk provningsmaskin. I detta arbete undersöks även

hastighetsberoendet och karaktäriseringen av skikten för en djupare förståelse av de

bidragande faktorerna till detta hastighetsberoende. I slutet av detta arbete är målet

att få fram materialens hastighetsberoende beteende och jämföra dem med befintliga

tumregler.

Slutsatsen från detta arbete var att även att höga hastigheter så håller tumregeln att

styrkan ökar 10% när belastningshastigheten ökar en faktor 10.
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Acronyms

MD Machine Direction

CD Cross Direction

ZD Out-of-plane Direction

CTMP Chemi-thermo-mechanical pulp

DAQ Data Acquisition

E Young’s Modulus

UTS Ultimate tensile strength (σUTS)

SS Stress- Strain Curve
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Chapter 1

Introduction

Billerud produces fiber based packaging materials and products that serve customers

all over the world. The material is manufactured using primary hardwood and

softwood fibers. The products are reeled as one ply or multi ply paper-boards in the

production process. Sustainable packaging solutions are produced by forming the

produced fiber based material into the desired shapes.

1.1 Background

Cellulose based papers are thin lightweight materials whose properties can be changed

based on the mechanical and chemical treatment of the fibres and type of fibres used.

Multiple plies of such plies with desirable properties can be laminated into paperboard

to obtain materials whose bending stiffness and inter-laminar shear strength can be

controlled [7]. These laminate structures called paper-boards are then used to further

laminate themwith various polymer and aluminium layers tomanufacture thematerial

Tetra Pak uses to make its packaging.

These laminated paper boards are used in high speed converting processes, which

converts the flat sheets into 3 dimensional objects by cutting, creasing and folding

at very high speeds. In the current environment, there is a marked lack of data on

the behaviour of the paperboard and the influence and behaviour of the individual

plies which make up the paperboard at such high rates. Usually during material

characterisation of these materials, tensile test are usually performed at cross-head

velocities of of 100 mm/min, but during the converting process there are regions of
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CHAPTER 1. INTRODUCTION

the materials which are strained a rate much higher than the rates the materials are

tested at.

This mismatch in the strain rate in the material during processing and during material

characterisation has implications on the peak loads and consequently themaintenance

of the machines involved in the converting processes. In a recent paper published

by Giashi et al.,(2021)[6], reestablished the fact that paperboard properties are rate

dependent and a rule of thumb in the industry has been, ’The ultimate strength

increases by 10% for every 10 times increase in strain rate.’ There have been several

studies to show and verify this trend [1], [6] but there is very little data available on the

behaviour of the plies on this matter. A deeper understanding of the behaviour of the

plies will enable a better control over the properties and allow a better tuning of the

properties of the laminate to suit the requirement of the product as needed.

1.2 Paperboard Forming

The manufacture of paperboard needs wood from forests, water and energy. The

primary steps of making paper is, breaking the cellulose from the wood fibers and

creating a suspension in water, de-watering the suspension suspension to from a

network of the cellulose fibers and drying the network to obtain a sheet [5]. In

integrated board mills the paperboard is produced at high speed by the use of

integrated pulp and board machines.

In the boardmachine, the key phases of paperboardmanufacture include fiber network

formation, pressing, drying, surface sizing, calendaring, surface coating, and reel-up.

Each stage affects the mechanical characteristics of the paperboard, and hundreds of

on-line measuring points, as well as laboratory quality control measures, are utilized

to manage the process and, as a result, the end product’s quality.

The suspension of cellulose fibers and water created in a pulp mill is pumped onto a

wire at the wet end of the board machine, generating a web. Water is drained out via

the fine mesh of the wire and sucked upwards. The water content in the wire section

reduces from 99.7% to below 90% [2]. The multi-layered paperboard construction is

created merging various fibrous layers together into one continuous sheet.

Press nips in the press section push water out of the structure, reducing the water

content to around 60%. In the drying section, the board is dried further by passing
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CHAPTER 1. INTRODUCTION

Figure 1.2.1: Characterisation Levels for mechanical characterisation of paper. [3]

it through a long line of hot rollers heated by steam, reducing the water content to

about 5%[2].

The board is passed between rotating rolls in the calendaring section to promote

surface smoothness and to control thickness and density of the paper. Coatings are

applied to the board’s surfaces and cured with infrared and hot air dryers.

Finally, the paperboard is reeled on large reels weighing up to 50 tons before being cut

to customer-specific sizes in the winder and sheeting sections.

In paper andboardmachines, the running direction of theweb is knownas theMachine

Direction (MD), the lateral in-plane direction as the Cross Direction (CD), and the

thickness direction as the Out-of-plane Direction (ZD). Figure 1.2.1 depicts the three

primary directions of paperboard. The MD/CD strength ratio can be adjusted by
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CHAPTER 1. INTRODUCTION

varying the difference between the head box output speed and wire speed at the wet

end of the board machine, which causes the in-plane fiber orientation to change. The

in-plane and inter-laminate properties are engineered by varying the properties of the

various plies and interfaces across the board’s thickness.

1.3 Project Scope

In this work we aim to characterize the strength and

stiffness of the laminate(paperboard) and its constituent plies, as in Figure 1.3.1, at

varying strain rates and compare the the standard rule of thumb used in the industry.

This is being done in an attempt to make more data about the plies available to better

optimise the in-plane properties of the paperboard.

The thicknesses of the plies are also provided for stress calculations.

Figure 1.3.1: Image of the paperboard and its constituent plies characterised in the
work.

HHHHHHHHH
Sample

Ply Paperboard Top Ply Middle Ply Bottom Ply

Sample A 394 84 170 83

Sample B 382 74 200 71

Sample C 393 90 170 86

Table 1.3.1: Thickness of the material and its plies. All measurements in µm
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Chapter 2

Theory

A paperboard is a multi-layer sandwich construction with stiffer outer plies and a

more compliant but bulkier middle ply to create a structure equivalent to an I beam.

this allows for inter-laminate failures and avoids surface cracking when creasing and

folding[6]. These processes are some of the steps in converting paperboard from a flat

sheet into a 3 dimensional packaging structure. The softer and bulkier middle ply is

produced using methods suck as chemical, mechanical or Chemi-thermo-mechanical

pulp (CTMP),while the stiffer outer layers use fibres obtained from the Kraft fiber

process. The top ply is bleached and clay coated for easier printing and visual

appeal.

2.1 Rate effects, Viscosity

Understanding the rate effects and viscosity of paper is crucial for comprehending

the material’s mechanical behavior under varying loading conditions. This section

provides a theoretical background on the rate effects and viscosity of paper, focusing

on their significance, experimental methodologies, and key parameters, with the aim

of understanding the influence of loading rate on the material’s behavior.

2.1.1 Significance of Rate Effects and Viscosity

The mechanical properties of paper are influenced by the rate at which external

forces are applied during loading. The rate effects of paper refer to the changes

in its mechanical behavior, including stiffness, strength, and energy absorption,
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CHAPTER 2. THEORY

in response to different loading rates. Viscosity, on the other hand, plays a vital

role in understanding the flow and deformation characteristics of paper under load.

Investigating the rate effects and viscosity of paper provides insights into its suitability

for applications where dynamic loading or time-dependent behavior is encountered,

such as in packaging, printing, and paper-based products.

2.1.2 Experimental Methodologies

Examining the rate effects and viscosity of paper requires employing experimental

methodologies that capture the material’s response to varying loading rates. The

following techniques are commonly employed in investigating these aspects:

• Dynamic Mechanical Analysis (DMA): DMA is a widely used technique to

evaluate themechanical properties of materials, including paper, under dynamic

loading conditions. It involves subjecting the specimen to oscillating forces or

displacements over a range of frequencies. By analyzing the storage modulus,

loss modulus, and damping factor, the viscoelastic behavior of paper can be

characterized, providing insights into its time-dependent response.

• Creep and Creep-Rupture Testing: Creep testing involves subjecting a paper

specimen to a constant tensile load over an extended period. The resulting

deformation, known as creep strain, is measured as a function of time. Creep-

rupture testing, on the other hand, involves applying a sustained load until the

specimen fails. These tests assess the time-dependent behavior of paper and

provide information about its visco-elastic properties.

• Rate-controlled Tensile Testing: Tensile testing conducted at different loading

rates allows for the investigation of rate effects on the mechanical properties of

paper. By varying the strain rate during testing, thematerial’s strength, stiffness,

and elongation behavior can be characterized under different loading conditions.

The results obtained from rate-controlled tensile tests can be used to establish

stress-strain relationships and understand the rate-dependent behavior of paper.

In this work we will use the method of Rate-controlled Tensile Testing to record and

understand the rate-dependent behaviour of paper.
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CHAPTER 2. THEORY

2.1.3 Key Parameters

Several key parameters play a crucial role in analyzing the rate effects and viscosity of

paper:

• Strain Rate Sensitivity: Strain rate sensitivity is ameasure of how themechanical

properties of paper change with different loading rates. It quantifies the

material’s response to dynamic loading conditions and indicates its ability to

withstand rapid or slow loading.

• Viscosity: Viscosity refers to the resistance of a material to flow or deform under

an applied force. In the context of paper, viscosity influences its ability to absorb

energy, recover from deformation, and withstand dynamic loading conditions.

Understanding the viscosity of paper provides insights into its flow behavior and

its performance under time-dependent loading.

• Creep Compliance: Creep compliance

represents the time-dependent deformation response of paper under a constant

load. It quantifies the material’s ability to sustain deformation over time and is

influenced by factors such as fiber characteristics, moisture content, and applied

stress levels.

• StressRelaxation: Stress relaxation refers to the gradual reduction in stress levels

over time under constant deformation. It provides insights into the material’s

ability to maintain its mechanical properties and resist deformation under long-

term loading.

Investigating the rate effects and viscosity of paper enhances the understanding of

its behavior under dynamic loading conditions. This knowledge is invaluable for

optimizing paper-based products, designing efficient manufacturing processes, and

ensuring the material’s performance and durability in various applications.

2.2 Tensile Testing

Tensile testing is a fundamental mechanical testingmethod used to assess the strength

and mechanical properties of materials. When it comes to paper, tensile testing plays

a crucial role in evaluating its structural integrity, performance, and suitability for

various applications. This section provides a theoretical background for tensile testing

7



CHAPTER 2. THEORY

of paper, including its purpose, testing procedure, and key parametersmeasured.

Tensile testing of paper aims to determine its tensile strength, elongation, and other

mechanical properties. The results obtained from this testingmethod provide valuable

insights into thematerial’s behavior under tensile stress, its ability to withstand forces,

and its suitability for specific applications. Tensile testing helps in characterizing and

comparing different types of paper, assessing their quality, and ensuring compliance

with industry standards.

The tensile testing of paper involves subjecting a carefully prepared test specimen

to an increasing tensile force until it breaks. The following steps outline the general

procedure for conducting tensile tests on paper:

• Specimen Preparation: Standardized test specimens, typically in the form of

rectangular strips or strips with a specific geometry, are prepared from the paper

sample. The dimensions of the specimens should conform to relevant standards

and testing requirements.

• Mounting the Specimen: The paper specimen is securely clamped within the

grips of a universal testing machine, ensuring a reliable grip without causing any

damage to the specimen.

• Application of Tensile Force: The testing machine applies a constant rate of

crosshead displacement or a constant rate of force, resulting in the gradual

stretching or elongation of the paper specimen.

• Data Acquisition: Throughout the test, the testing machine records the force

applied and the corresponding elongation or displacement of the specimen.

These data points are plotted on a stress-strain curve, which provides valuable

information about the material’s behavior.

• Failure Analysis: The test continues until the specimen ruptures completely. The

maximum force experienced just before failure, known as the ultimate tensile

strength, and other parameters such as elongation at break are recorded.

Key ParametersMeasured Tensile testing of paper yields several important parameters

that characterize its mechanical behavior:

• Tensile Strength: It represents themaximum tensile force or stress that the paper

can withstand before failure. Tensile strength is typically reported in units of

8



CHAPTER 2. THEORY

force per unit width or area.

• Elongation at Break: It measures the percentage increase in length of the

specimen at the point of failure, indicating the material’s ductility and ability to

stretch before breaking.

• Modulus of Elasticity: Also known as Young’s modulus or tensile modulus, it

quantifies the material’s stiffness or resistance to deformation under tensile

stress. The modulus of elasticity is determined from the initial linear portion

of the stress-strain curve.

• Stress-Strain Curve: The stress-strain curve obtained from tensile testing

illustrates the relationship between stress (force per unit area) and strain

(deformation) for the paper material. It shows how the material responds to

applied tensile forces and helps in understanding its behavior under different

loading conditions.

9



Chapter 3

Methods

As outlined in section 2.1.2 this work will make use of the rate dependent tensile test

process to try to understand and explain the rate dependent behaviour of paper. In this

chapter we will go through the methods and processes used to test the specimens and

gather the necessary data for processing the results discussed in the next chapter.

Figure 3.0.1: Approximate division of strain rate regimes [8]

From the above figure we aimed for themaximum strain rate value to be in the range of

102. The problem faced by hydraulic devices was the acceleration of the crosshead was

not fast enough to reach the target velocities before the specimen failed. An electro-

mechanical devicewas therefore used to achieve greater acceleration to reach the target

velocities at failure without the equipment and technological complications involved

with impact responsemeasurements like theHopkinsonbar or theTaylor impact.
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CHAPTER 3. METHODS

3.1 Specimen preparation

There were 3 similar paperboard investigated, each taken from a different production

line at Billeruds facilities and split into their constituent plies. The samples of the paper

labelled A, B and C will be referred to as such in this work. The MD and CD properties

were tested for both long and short specimen to firstly characterise the material and

secondly to try and identify the causal factor of the rate dependent behaviour.

The specimens used in this work were adapted from the ISO 1924-3[4] standard.

The long sample instead of the standard 100x15mm was taken as 50x15 mm, see

Figure 3.1.1. The short specimen was maintained at 5x15 mm. The modification in

the dimensions of the long specimen was acceptable to us as the results obtained

from the 100x15 mm specimen were very similar to the results from the 50x15mm

specimens.

Figure 3.1.1: Schematic of the long and short sample used.

The unprepared paperboard and plies were stored under the standard condition of

24°C and 50% Relative humidity. The paperboard was split using a Fortuna sheet

splitter, as in Figure 3.1.2 at a Billerud facility. The split plies and paperboard were

prepared using the same steps.

The specimens, as in Figure 3.1.3 were stored in a ventilated container for 24hrs

in the controlled atmosphere after preparation as the cutting involved handling the

11



CHAPTER 3. METHODS

Figure 3.1.2: Representative image of equipment used to split the plies

paperboard. This allowed thematerial to have the standard temperature andmoisture

content when it was tested.

Figure 3.1.3: (L-R)Prepared and labelled long and short samples. The black horizontal
lines indicate the test spans in long and short samples respectively

12



CHAPTER 3. METHODS

3.2 Tensile testing

The tensile test was performed using an Instron ElectroPuls E1000 electro-mechanical

testing machine, with a 2kN load cell, as seen in Figure 3.2.1. The test method was

defined as tensile test and the parameters defined in the control software provided by

Instron called Bluehill.

Figure 3.2.1: ElectroPuls E1000 with loadcell and specimen holders.

The cross-head velocity was defined in steps of 10 times increment from 1mm/min to

100.000mm/min. A total of 6 target rates were defined in the control software and the

sampling rate of the Data Acquisition (DAQ) system was adjusted to acquire enough

data points to obtain reliable and repeatable results. It was revealed at a later stage

that the maximum cross-head velocity of the frame used was 2500 in/min (62.500

mm/min) so the highest rate was unachievable. This, although an apparent problem,

will not affect the results later as we discuss further.

The specimen holder were clamp type holder with a very thin rubber like polymer

on the sample holding surface, see Figures 3.2.2 and 3.2.3 to minimise slipping and

avoid damage to the specimen, with minimal influence on the strain recorded in the

13
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specimen. Although there holders not as accurate as a roller against a surface, they

were well suited to our use case.

The holders were 15 mm wide enabling sufficient loading of the entire width of the

specimen and no specimen failed in the specimen. Any specimens which failed across

the clamped and un-clamped section were discarded and the test repeated.

Figure 3.2.2: Clamps used with indicated polymer coated gripping surfaces.

Figure 3.2.3: Specimen mounted in clamp with illustration of test span

14



Chapter 4

Results

In this chapterwe discuss the results andhow it is processed andpresented. The results

are presented categorised into the different plies for each of the three paperboard. It is

reiterated that the three paperboard presented here are similar with the only difference

being they production units they are sourced from.

4.1 Specimen Failure

The specimens were tested until failure. Failure was defined as either

• The sample failing catastrophically as in an unstable fracture, or,

• If the load dropped to 1.5N after crossing 5N in case of a stable fracture.

Two failure criterion were defined to accommodate both stable and unstable fractures

characteristic of short and long specimen failures respectively. In Figure 4.1.1, some

failed samples in the clamps are shown.
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Figure 4.1.1: (L-R) Failed long and short samples in the clamp.

An observation was made during the failure of paperboard at high strain rates viz,

10.000 mm/min and 100.000 mm/min. There was the appearance of creases in the

specimen near the clamps. A illustrated in Figure 4.1.2. It was observed that the

farther away the fracture surface was from the clamp, the deeper the formed crease

was. We hypothesize the creases are formed upon the inter-laminate bond failure

or delamination of the sample resulting from the release of the elastic-plastic energy

stored in the sample.

Figure 4.1.2: Creases in failed specimen.Sample B, paperboard, 100.000 mm/min

16
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It was observed for CD samples, the samples at at lower rate tended to fail near to

the expected 45°angle between the loading direction and fracture surface. But it was

observed at significantly higher rates, the fracture surface was almost perpendicular to

the loading direction. This is illustrated with themeasured angles in Figure 4.1.3.

Figure 4.1.3: Angle of the fracture surface with respect to the loading direction. Left
box 1mm/min (0,0004 strains/sec), Right box 100.000 mm/min(8,1 strains/sec)

In some samples it was also possible to observe ’regions of weakness’ in the samples

were a probable defect in the paperboard caused localised straining and failure in that

region. This is also illustrated in Figure 4.1.4.

Figure 4.1.4: Location and path of probable defect in the paperboard. Left box
100mm/min (0,05 strains/sec), Right box 1.000 mm/min(0,75 strains/sec)

Similar observation were made for the smaller samples as well bu these were not as

17



CHAPTER 4. RESULTS

prominent as in the long samples are the stress state in the small samples are more

bi-axial than in the long samples. The failed short MD and CD results are also shown

in Figures 4.1.5 and 4.1.6 .

Figure 4.1.5: Failed small MD specimens. Cross head velocity indicated

Figure 4.1.6: Failed small CD specimens. Cross head velocity indicated

18
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4.2 Velocity at failure

Mentioned previously we aim to test the specimens at 6 different rates viz,

• 1 mm/min

• 10 mm/min

• 100 mm/min

• 1.000 mm/min

• 10.000 mm/min

• 100.000 mm/min

But the highest achievable by the machine was 62.500 mm/min. In reality this meant

the highest rate was unachievable but we observed that even with a much higher

acceleration compared to conventional or hydraulic equipment available to us, the

specimens failed before the cross-head could reach the target velocity.

The target and actual velocities attained are tabulated in table 4.2.1.

Target velocity (mm/min) Achieved velocity (mm/min)

1 1

10 10

100 100

1.000 1.000

10.000 4.200-6.800

100.000 10.000 - 24.000

Table 4.2.1: Target and achieved cross-head velocities during test, all samples

The actual velocities at the higher rates are presented as a bar plot for all the plies, all

samples, in Figure 4.2.1. From this figure and plots in Section4.5, we observe that the

velocity attained by the samples are influenced by its stiffness. So it would have been

prudent to have horizontal error bars showing the standard deviation in the strain at

failure of the sample in the plots of Section4.5.
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Figure 4.2.1: Velocities at target of 10.000 mm/min. Achieved velocities for every
sample shown here.
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The cross-head velocity versus the strain was also plotted to determine if the machine

was still accelerating when the specimen failed or not and is presented in Figure

4.2.2

From the Figure 4.2.2, in case of the two highest velocities, we see that the cross-head

is still accelerating when the sample fails. The curves are quite rough as the are the

average curve of all the test done at the specified rate, not shown here.
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Figure 4.2.2: Velocity attained, averaged over all paperboard samples, MD direction

4.3 Stress Strain Curves

The stress strain curves were plotted for all the plies and samples but only a few are

shown here.It is prudent to mention that the curves are only plotted till the ultimate

strength or the maximum load experienced by the samples. The curves for the long

samples fail with unstable fracture behaviour with the stress strain curve immediately

dropping to zero, but for the short samples, which exhibit stable fracture behaviour, the

load does not immediately to zero but slowly reduces to 1.5N, when the test is stopped.

All the plots can be found in Appendix A
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Figure 4.3.1: Stress strain curve, Sample A, paperboard, MD, long sample, rate effects
observed. Strain rate increasing from red to brown curve
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Figure 4.3.2: Stress strain curve, Sample A, paperboard, CD, long sample, rate effects
observed. Strain rates increasing from red curve to brown curves

From previous work done in this area, the results from Figures 4.3.1 and 4.3.2 agree

with the trends seen inworks byAnderssonO,et al. (1953) [1] andNazarinezhadGiashi
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et al.(2021) [6]. With confirmation that the results are valid and accurate we obtain the

Ultimate tensile strength (σUTS) (UTS) and Young’s Modulus (E) of the samples.

4.4 Strain at Break

The strain at breakwas investigated after obtaining the stress-strain curves. The failure

criteria is reiterated for understanding. The specimen is said to have failed, when the

load bearing capacity of the sample drops to below 1.5N after crossing 5N. It was found

that the strain at break is more or less independent of the loading rate as shown in

Figure 4.4.1. The remaining plots can be found in Appendix B
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Figure 4.4.1: Strain at break vs Strain rate. All samples, paperboard, MD, Long sample

4.5 Ultimate Strength and Young’s Modulus

The UTS of the sample in this work was obtained as the highest load sustained by the

sample before failure. Each test was repeated 5 times for every sample at every rate

and the mean and the standard deviation noted. The Young’s modulus was obtained

as the highest value of the slope of the stress strain curve in between the values of 2N

and 10N. The mean and the standard deviation was recorded here as well. The results

and discussions are presented below.
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In the results the trend is indicated by a purple zone to visualise the trend. The number

of purple zones and its width is abstract and included for easier visualisation.

4.5.1 Paperboard

In this sectionwe evaluate the UTS and E obtained for all the paperboard samples from

the 3 production units and present them as a function of the strain rate.

10-4 10-2 100 102

Strain rate (1/s)

0

10

20

30

40

50

60

70

80

90

U
lt
im

a
te

 S
tr

e
n

g
th

(M
P

a
)

Sample A, MD

Sample B, MD

Sample C, MD

Sample A, CD

Sample B, CD

Sample C, CD

Figure 4.5.1: Ultimate strength vs strain rates for all paperboard samples. Long
Samples. Purple zones indicate predicted increase of 10% every decade
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Figure 4.5.2: Young’s Modulus vs strain rates for all paperboard samples. Long
Samples. Purple zones indicate predicted increase of 10% every decade

24



CHAPTER 4. RESULTS

From the above Figure 4.5.1 we see that the ultimate strength closely follows the

predicted increase for strain rates ranging from 10−4 to 101 strains/second. While in the

same strain rate range as illustrated in Figure 4.5.2, there is an increase in the stiffness

of the material, it does not follow the trend as closely.

The same can be observed for the short samples, while the results have not been

presented for any sample in the text. They are presented in Appendix C to keep the text

readable. It should also be noted as because the short samples undergo a much more

bi-axial loading, their apparent stiffness in MD is plotted and not the actual Young’s

Modulus in MD

4.5.2 Top Ply

In this section the results from the top plies are presented. The top ply had about 70%

of its fibres oriented along MD thus we expect to see similar results as the paperboard.

The only difference we expect to see is the strength and stiffness being much higher

than the paperboard as this ply is designed to act like the flange of an I beam, being

much stiffer than the web or in this case the middle layer.
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Figure 4.5.3: Ultimate strength vs strain rates for all top ply samples. Long Samples.
Purple zones indicate predicted increase of 10% every decade
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Figure 4.5.4: Young’s Modulus vs strain rates for all top ply samples. Long Samples.
Purple zones indicate predicted increase of 10% every decade

As discussed, we see the expected increase in strength and stiffness of the ply compared

to the entire paperboard. But we see the same trend where the ultimate strength

(Figure 4.5.3), increases closely with the predicted trend but the Young’s modulus

(Figure 4.5.4), increases as well but not as predictably as the ultimate strength.

4.5.3 Middle Ply

Themiddle ply is the plywhich differs themost among the three production lineswhere

one line uses a CTMP process is used to process the fibres before it is used to create

the suspension in water. This layer in all samples has en even distribution of fibres in

MD and CD, producing amore isotropic ply compared to the others. This ply is also the

softest andweakest while being the bulkiest, corresponding to the web of an equivalent

I beam.
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Figure 4.5.5: Ultimate strength vs strain rates for all middle ply samples. Long
Samples. Purple zones indicate predicted increase of 10% every decade.
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Figure 4.5.6: Young’s Modulus vs strain rates for all middle ply samples. Long
Samples. Purple zones indicate predicted increase of 10% every decade

As expected, there is not amarked difference in the ultimate strength of the ply between

MD and CD which is a consequence of the network structure. Again here we see as

earlier the ultimate strength ( Figure 4.5.5) ismore dependent than the stiffness (Figure

4.5.6) on the strain rate.
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4.5.4 Bottom Ply

Finally coming to the last ply in the laminate structure, we expect the behaviour of this

ply to be similar to the top ply, with the most obvious visual difference between them

being that the top ply is bleached and clay coated to make printing easier. The only

other difference is only 30% of the fibres are oriented along MD so we would expect

the material to show similar or increased strength in CD than MD when the directions

are taken from the paperboard level and not ply level.
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Figure 4.5.7: Ultimate strength vs strain rates for all bottom ply samples. Long
Samples. Purple zones indicate predicted increase of 10% every decade.
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As previously discussed, the observation as in Figures 4.5.7 - 4.5.8 are in line with

the expectations. The strength in CD is similar to MD. Again we see that the ultimate

strength follows the trend more closely than the stiffness with increasing rate.
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Chapter 5

Discussion & Conclusion

In this thesis we studied the rate dependent properties of paperboard by rate

dependent tensile testing. We studied the laminate(paperboard) and its constituent

plies viz., the top ply, middle ply and the bottom ply at high rates, some which have

never been measured before. The rates at which we measured the properties are on

average 10-100 times faster than the standard rate used to characterise the material in

labs.

Even though we were not able to reach the target velocities that we aimed for, the

test are done in a range of stress rates which are experienced by the paperboard

during high speed converting, creasing or other industrial processes. We hope that

the data generated in the work, helps the industry to better understand the material

and optimise various processes accordingly.

From the above sections, we observe that even though the samples and its constituent

plies have differing chemistry, their response aligns with our expectation and the trend

of 10% increase every decade. This might be interpreted as the rate behaviour as seen

here, within the strain ranges of 104 strains/sec to 101 strains/second is a network

behaviour.

This is illustrated in Figure 5.0.1 where we see that all the individual plies and the

material itself follows the same trend of 10% increase per decade. The primary reason

we can give for this is even with different mechanical and chemical processes used to

process the layers, they show similar behaviour. So we can confidently conclude that

this trend is primarily a network effect with little to no dependence on the chemical

processing done to the plies.
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Figure 5.0.1: Sample A, all plies, long specimens, all directions

It is also observed that the different rates effect the yield strength of the material the

most. We can support this claim by looking at the stress-strain plots in Section 4.3.

We see that the slope of the curves, in the plastic region are more or less parallel to

each other with minor variances. We also see from Section 4.5, that the slope of the

Stress- StrainCurve (SS) in the elastic region does not vary significantlywith increasing

rates.

Continuing with this statement, we reiterate that we see that the UTS and the yield

stress of the specimen are the properties most dependent on the rate of loading. The

Young’s modulus is somewhat rate dependent as well but not to the extent of the UTS

or Yield. Finally it is stated that the strain at break of the specimens are virtually

independent of the strain rate on the specimen and no trend could be identified.

It should also be commented that the trend as used right now, corresponds to an

exponential growth rule, as in Figure 5.0.2. But it is a matter of common sense that

the material cannot keep getting infinitely strong, the faster it is strained.
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Figure 5.0.2: Exponential growth rule as corresponds to the 10% increase per decade
trend

So, it can be safely assumed that a logistic growth rule, as in Figure 5.0.3 is more

appropriate in this matter. The exact equation of the growth rule is out of the scope of

this work but is something that can be interesting to investigate in the future.

Figure 5.0.3: Suggested logistic growth rule which can be investigated
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Appendix A

Stress strain curves

A.1 Paperboard Material

A.1.1 Sample A
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Figure A.1.1: Paperboard, Sample A, MD, long sample
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Figure A.1.2: Paperboard, Sample A, CD, long sample
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Figure A.1.3: Paperboard, Sample A, MD, short sample
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Figure A.1.4: Paperboard, Sample A, CD, short sample

A.1.2 Sample B
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Figure A.1.5: Paperboard, Sample B, MD, long sample
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Figure A.1.6: Paperboard, Sample B, CD, long sample
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Figure A.1.7: Paperboard, Sample B, MD, short sample
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Figure A.1.8: Paperboard, Sample B, CD, short sample

A.1.3 Sample C
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Figure A.1.9: Paperboard, Sample C, MD, long sample
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Figure A.1.10: Paperboard, Sample C, CD, long sample
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Figure A.1.11: Paperboard, Sample C, MD, short sample
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Figure A.1.12: Paperboard, Sample C, CD, short sample
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Figure A.2.1: Top Ply, Sample A, MD, long sample
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Figure A.2.2: Top Ply, Sample A, CD, long sample
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Figure A.2.3: Top Ply, Sample A, MD, short sample

42



APPENDIX A. STRESS STRAIN CURVES

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Strain (mm/mm)

0

20

40

60

80

100

120

140

160

180

200

S
tr

e
s
s
 (

M
P

a
)

11703 (39.0)

3663 (12.210)

785 (3.487)

125 (0.415)

11 (0.0358)

1 (0.0029)

Velocity (strain rate) at break

Figure A.2.4: Top Ply, Sample A, CD, short sample
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Figure A.2.5: Top Ply, Sample B, MD, long sample
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Figure A.2.6: Top Ply, Sample B, CD, long sample
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Figure A.2.7: Top Ply, Sample B, MD, short sample
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Figure A.2.8: Top Ply, Sample B, CD, short sample

A.2.3 Sample C
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Figure A.2.9: Top Ply, Sample C, MD, long sample
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Figure A.2.10: Top Ply, Sample C, CD, long sample
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Figure A.2.11: Top Ply, Sample C, MD, short sample
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Figure A.2.12: Top Ply, Sample C, CD, short sample

A.3 Middle Ply
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Figure A.3.1: Middle Ply, Sample A, MD, long sample
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Figure A.3.2: Middle Ply, Sample A, CD, long sample
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Figure A.3.3: Middle Ply, Sample A, MD, short sample
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Figure A.3.4: Middle Ply, Sample A, CD, short sample
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Figure A.3.5: Middle Ply, Sample B, MD, long sample
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Figure A.3.6: Middle Ply, Sample B, CD, long sample
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Figure A.3.7: Middle Ply, Sample B, MD, short sample

50



APPENDIX A. STRESS STRAIN CURVES

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

Strain (mm/mm)

0

5

10

15

20

25

30

35

40

45

50

S
tr

e
s
s
 (

M
P

a
)

10566 (35.2)

2576 (8.585)

587 (2.731)

68 (0.226)

10 (0.0346)

1 (0.0043)

Velocity (strain rate) at break

Figure A.3.8: Middle Ply, Sample B, CD, short sample

A.3.3 Sample C
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Figure A.3.9: Middle Ply, Sample C, MD, long sample
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Figure A.3.10: Middle Ply, Sample C, CD, long sample

0 0.05 0.1 0.15 0.2

Strain (mm/mm)

0

10

20

30

40

50

60

70

S
tr

e
s
s
 (

M
P

a
)

7083 (23.6)

2047 (6.823)

397 (3.139)

1560 (5.200)

7 (0.0219)

1 (0.0041)

Velocity (strain rate) at break

Figure A.3.11: Middle Ply, Sample C, MD, short sample
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Figure A.3.12: Middle Ply, Sample C, CD, short sample

A.4 Bottom Ply
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Figure A.4.1: Bottom Ply, Sample A, MD, long sample
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Figure A.4.2: Bottom Ply, Sample A, CD, long sample
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Figure A.4.3: Bottom Ply, Sample A, MD, short sample
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Figure A.4.4: Bottom Ply, Sample A, CD, short sample

A.4.2 Sample B
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Figure A.4.5: Bottom Ply, Sample B, MD, long sample
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Figure A.4.6: Bottom Ply, Sample B, CD, long sample
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Figure A.4.7: Bottom Ply, Sample B, MD, short sample
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Figure A.4.8: Bottom Ply, Sample B, CD, short sample

A.4.3 Sample C

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Strain (mm/mm)

0

10

20

30

40

50

60

70

80

90

100

S
tr

e
s
s
 (

M
P

a
)

14649 (4.9)

3752 (1.251)

893 (0.481)

109 (0.036)

10 (0.0033)

1 (0.0003)

Velocity (strain rate) at break

Figure A.4.9: Bottom Ply, Sample C, MD, long sample

57



APPENDIX A. STRESS STRAIN CURVES

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Strain (mm/mm)

0

10

20

30

40

50

60

70

80

90

100

S
tr

e
s
s
 (

M
P

a
)

24888 (8.3)

9112 (3.037)

1052 (0.422)

1231 (0.410)

10 (0.0033)

1 (0.0005)

Velocity (strain rate) at break

Figure A.4.10: Bottom Ply, Sample C, CD, long sample
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Figure A.4.11: Bottom Ply, Sample C, MD, short sample
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Figure A.4.12: Bottom Ply, Sample C, CD, short sample
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Appendix B

Strain at Break
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Figure B.0.1: Strain at break vs Strain rate. All samples, paperboard, Short sample
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Figure B.0.2: Strain at break vs Strain rate. All samples, top ply„ Long sample
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Figure B.0.3: Strain at break vs Strain rate. All samples, top ply„ Short sample
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Figure B.0.4: Strain at break vs Strain rate. All samples, middle ply, long sample
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Figure B.0.5: Strain at break vs Strain rate. All samples, middle ply, short sample
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Figure B.0.6: Strain at break vs Strain rate. All samples, bottom ply, long sample
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Figure B.0.7: Strain at break vs Strain rate. All samples, bottom ply, short sample
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Appendix C

Result curves

C.1 Paperboard
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Figure C.1.1: Ultimate strength vs strain rates for all paperboard samples. Short
Samples. Purple zones indicate predicted increase of 10% every decade
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Figure C.1.2: Young’s Modulus vs strain rates for all paperboard samples. Short
Samples. Purple zones indicate predicted increase of 10% every decade

C.2 Top Ply
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Figure C.2.1: Ultimate strength vs strain rates for all top ply paperboard samples. Short
Samples. Purple zones indicate predicted increase of 10% every decade
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Figure C.2.2: Young’s Modulus vs strain rates for all top ply samples. Short Samples.
Purple zones indicate predicted increase of 10% every decade

C.3 Middle Ply
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Figure C.3.1: Ultimate strength vs strain rates for all middle ply samples. Short
Samples. Purple zones indicate predicted increase of 10% every decade
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Figure C.3.2: Young’s Modulus vs strain rates for all middle ply samples. Short
Samples. Purple zones indicate predicted increase of 10% every decade

C.4 Bottom Ply
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Figure C.4.1: Ultimate strength vs strain rates for all bottom ply samples. Short
Samples. Purple zones indicate predicted increase of 10% every decade
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Figure C.4.2: Young’s Modulus vs strain rates for all bottom ply samples. Short
Samples. Purple zones indicate predicted increase of 10% every decade
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