
Faculty of Mechanical, Blekinge Institute of Technology, 371 79 Karlskrona, Sweden 

Master of Science in Mechanical Engineering 

October 2021 

Review of Earlier Thesis Work at BTH 

Related to Packaging and Packaging 

Material 

Abu ul Hasnat Ahmad 



 

  ii 

This thesis is submitted to the Faculty of Mechanical at Blekinge Institute of Technology in partial 

fulfilment of the requirements for the degree of Master of Science in Mechanical Engineering. The thesis 

is equivalent to 20 weeks of full-time studies. 

 

The authors declare that they are the sole authors of this thesis and that they have not used any 

sources other than those listed in the bibliography and identified as references. They further declare that 

they have not submitted this thesis at any other institution to obtain a degree. 

Contact Information: 

Author: 

Abu ul Hasnat Ahmad 

E-mail: abah19@student.bth.se 
 

 

Supervisor: 

Professor Sharon Kao-Walter 

Department of Mechanical Engineering 

Faculty of Mechanical Engineering 

Blekinge Institute of Technology 

SE-371 79 Karlskrona, Sweden 

Internet : www.bth.se 

Phone : +46 455 38 50 00  

 



 

0 

 

ABSTRACT 
 
This work aims at giving a systematic review of the numerical approaches and obtained results published 

in recent years. Focus is set on both the recent trends and achievements as well as challenges and open 

questions. Thesis critically reviews work done in previous thesis related to food packaging material and 

design, at Blekinge Institute of Technology with the collaboration of Tetra Pak liquid food packaging 

company. Here, 27 numbers of master’s thesis are critical review all the while using 4 PHD works for 

referencing.  

 

Focus of these thesis works relates to the mechanics and its sub-branch fracture mechanics. Due to this 

all the theory related to mechanics and fracture mechanics, which is compulsory to know for 

understanding is defined initially. Main material which are under consideration throughout the work are 

PP, LDPE, PET-LDPE, and aluminum foil. As three materials are used in the liquid food packaging 

which are PE, paper board and aluminum. Uses of this material and there required physical properties 

are measured. Testing methods which are used to check whether the material meets the required 

parameters are tensile testing, tear testing, peel testing and shear test.  

 

Also, some methods are used along with these tests to perform the test more precisely, to evaluate and 

compare result i.e., Nakajima test, Digital image correlation. DIC testing technique is used to compare 

the results obtained from simulation. It is also understood that DIC method provided the user with 

increased quality of obtained results.  

 

Most of the topics of discussions have been reviewed for corresponding thesis, displaying the used ideas, 

theory, applied experimentation and realized conclusions. Using these above it was able to derive a 

conclusion based on the developed research questions and hypothesis. Defined problems in previous 

work are studied also solution as a future work is suggested to overcome these problems. Mainly the 

slippage issue while holding PE in clamps. Furthermore, various development is discussed which is 

done to introduce new material which is more possible being used in the future. 
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ABBREVIATIONS 
DCB         Double cantilever beam 

ENF          End Notched Flexure Test 

PET          Polyethylene Terephthalate 

LDPE       Low Density Polyethylene 

FEM         Finite Element Modeling 

DIC          Digital Image Correlation 

DOE         Design of Experiment 

TTT          Trouser Tear Test 

MD           Machine direction 

CD            Cross Direction 

EWF         Essential Work of Fracture 

MTS         Material Testing System 

UTT          Uniaxial Tensile Test 

LEFM       Linear Elastic Fracture Mechanics 

EPFM       Elastic Plastic Fracture Mechanics 

MSYM     Modified strip yield model. 

FLC          Forming limit curve. 

FEA          Finite element analysis 

UTS          Ultimate tensile strength 

RPM         Revolution per minute 

FE             Finite Element 

G               Energy Release Rate 

K               Stress Intensity Factor 

RP             Reference Point 

SR             Simulation Responce 
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1 INTRODUCTION 
 

 

 

 

 

 

 

Contents of chapter 

1.1 Background 
The world we live in has become a global village due to the intervention of technology in everyone’s’ 

day to day life. Due to the increase in global population in order to meet the demand, transportation of 

food items, from one place to other is increasing day by day, thereby resulting in the use of proper 

packaging. Liquid food items are always a challenging task to transport without compromising its 

quality. Milk which is most sensitive liquid food item. As milk has very less time before spoil if it is not 

in a suitable environment. 

 

Tetra Pak is a packaging company which specializes in liquid food packaging. It is the world most 

leading brand in the liquid food packaging industry. Tetra Pak is always working to improve the 

packaging design by considering quality of food and wellbeing of the consumers. First time packaging 

of milk is changed from glass bottle to polymer bag by Dr Ruben Rusin in 1940. That package has a 

triangular shape as looked from any angle. Due to that shape name is selected as Tetra Pak.  

 

Recently one can notice that Tetra Pak has created various packaging designs for various products. The 

first look on a package by Tetra Pak will show a simple outlook but it includes a lot of engineering 

behind that package. Liquid food which is stored for long time after sterilization and pasteurization 

consists of more than six layers of material to protect the food item from environmental effects, dust, 

humidity, and light. Material which are used for the manufacturing of liquid food package are 

polyethylene, aluminum, and paper board. Polyethylene [1] which protects it from humidity. Paper 

board which provides strength and stability and aluminum which is used to provide the protection from 

light. Paper board is made up of 75%wood. Aseptic cartoon which needs more shelf life requires 

aluminum foil inside. On the other hand, packages having short shelf life does not require inner layer of 

aluminum. 

 

Due to these inevitability in packaging of food material various researchers and students carried out 

their research and thesis in this subject matter. The thesis by Shahen speaks about the purpose of this 

thesis was to determine fracture strain for multiaxial loading in laminate materials made of Al and 

LDPE, which are commonly used in food packaging technology, particularly in the liquid packaging 

business which is one on the important aspect under discussion. Furthermore, the thesis by Nilsson, 

which analyses if Digital Image Correlation technique could be used to test this polymer films. This 

thesis has also been used in this paper. This thesis paper also includes the contents of the thesis by 

G.S.Maddala which focuses on the mechanical properties of LDPE and PET materials. Islam. et. Al in 

their thesis discussed the performance of PP and HDPE materials which are important in food packaging. 

This thesis also has been discussed in detail here.  

 

Trouser tear test and tensile test can be used to test thin polymer films used in food packaging. This is 

discussed in the thesis by Mehmood et.al and also discussed in this thesis. Furthermore, Waif elate et al, 

discussed coconut fiber as a replacement material for food packaging material. This is also discussed in 

this thesis.  Discussion on nanomaterial for food packaging by Tonnie is used in this thesis. In 

combination of the few above-mentioned thesis other thesis and PHD works are considered in this thesis.  

Liquid Food Packaging 

Material 

Hypothesis 

Research 

Question 

Background 

Tools Scope of 

thesis 
Outline 

Polymer 

Cardboard 
Aluminium Foil 
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1.2 Research question of this thesis 
• What is the most suitable test for flexible polymer material? 

• What is the suitable test to find fracture toughness of material in Mode I? 

• Which test is used to find fracture properties of material in Mode II. 

• What is main purpose of using DIC test? 

• Does PE or LDPE behave same in all directions while performing tensile test. 

1.3 Hypothesis of this thesis 
• Tensile Test is the most suitable test for flexible polymer material. 

• Peel test and DCB test can be used to find fracture toughness of material in Mode I. 

• Shear and End Notched Flexure test can be used to find the fracture property in mode II. 

• DIC test is used to improve the quality of test results. 

• No, PE or LDPE does not behave same in all directions while performing tensile test. 

1.4 Tools used in earlier thesis  
• Tensile testing machine MTS Qtest 100 

• Abacus 

• DIC software (Gom Correlate) 

• DIC apparatus 

• Inventor 

• MATLAB 

• Abacus 

• Nakajima Test Apparatus 

1.5 Liquid food packaging material  
Tetra Pak liquid food packaging consists of three types of material: 

1. Polymer 

2. Paperboard 

3. Aluminum 

Its layer from the outside inwards is as follows: 

1. Polyethylene: Protection against external effects and moisture  

2. Cardboard: Stability / Strength 

3. Polyethylene: Adhesion layer  

4. Aluminum Foil: Oxygen, flavor, light and ultraviolet radiation barrier  

5. Polyethylene: Adhesion layer 

6. Polyethylene: Liquid sealing layer 

 
Figure 1.1 Tetra Pak packaging sheet Surfaces [1] 



 

11 

 

1.5.1 Polymer 
A polymer is a material having molecules consisting of tiny repeating units known as monomers. 

According to the behavior they are divided into two types namely, Thermosets and thermo plastic. 

Thermosets does not soften as it is in contamination of heat due to molecular structure of cross link on 

the other hand thermoplastics undergoes soften as in contact with heat due to not having cross link 

molecular chain. Amorphous and semi-crystalline are further its behavior according to the atomic 

manner. As amorphous polymers do not have orderly atomic structure but semi-crystalline have orderly 

crystalline structure. Thermoplastic polymer is known as polyethylene which is used for the 

manufacturing of packages [2]. Physical properties of polyethylene are low strength, rigidity and 

hardness, having high value of ductility and impact strength with low friction. Under persistent force its 

behavior shows strong creep which is reduceable by adding the small quantity of short fiber which make 

it feel like a waxy while touching. 

 

Polyethylene is further divided as: 

• LDPE (low density polyethylene): low density because of having more lateral branches. 

• Low density polyethylene has range of melting point from 105 to 115 degree centigrade. 

During the extrusion process LDPE is extruded at high pressure (1000-5000atm) and high 

temperature (520 kelvins). [1] 

• HDPE (High density polyethylene): high density because of having very few lateral 

branches. Medium and high-density polyethylene has value of melting point from 120 to 

130 degree centigrade. High density polyethylene is extruded during manufacturing 

process at low pressure and temperature as compared to LDPE of (6-7atm) and (333-

343kelvins)[1] 

LDPE is mostly used in the manufacturing of packages because it is very thin layer transparent barrier 

for water or humidity. It also protects the paper board from humidity. 

 

 

1.5.2 Aluminum 
Aluminum is a most abundant metal on earth. It is a shiny material with melting point of about 600-

degree Celsius. In the manufacturing of packages aluminum is used to protect food from light and protect 

prom contamination of bacteria [1].  

 

Liquid aluminum is passed through a rolling mill and then is pasted on a polyethylene sheet. As the used 

aluminum sheet thickness in micros, it is pasted with polyethylene as a supportive material. Aluminum 

also used as a heat nonconductor, and it is also used as a corrosion resistant [1]. 

 

Aluminum foil properties 

1. Environmental friendliness – Studies have shown that aluminum foil packaging and 

household aluminum foil account for less than 10% of the environmental impact in the 

product life cycle. 

2. Strong barrier – Aluminum foil can block light, smell and moisture, while also protecting the 

smell or taste of the product. 

3. Aluminum foil can reflect 98% of light and infrared rays. Bright surfaces also have low heat 

emissivity. 

4. No stress, no closure.  

 

There are pinholes and wrinkles, so it is generally not used alone, usually processed into composite 

materials with paper and plastic films. To increase the stiffness of aluminum foil it is laminated with 

polyethylene. 

 

 

https://www.al-foil.com/mingtai_news/aluminum-foil-packaging.html
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1.5.3 Paper board 
Paper and board have a long tradition, dating back to the ancient Chinese (pulp was made from old rags, 

peels, and nets reduced to mush from which paper was made) and continuing until today. Despite being 

handcrafted, for thousands of years, traditional methods prevailed, but during the Industrial Revolution, 

paper manufacturing became industrialized. The first machine to continuously produce paper was 

invented in the nineteenth century by the Louis-Nicolas Robert, a Frenchman, in 1799. Originally 

created solely for the purpose of writing and printing the user now has access to a wide range of paper 

grades and applications. Each paper is unique. Or board grade is made on equipment designed 

specifically for this mill and grade. For each grade, the manufacturing process is optimized. Raw 

material composition (combination of chemical softwood and hardwood pulp, mechanical pulp, 

reclaimed paper, fillers, pigments, additives, and so on), machine size (width, speed), type of production 

equipment, and automation level are just a few of the variables’[2]. 

 

There are two stages in the manufacturing of paper and board. First, the fibers must be made. This is 

achieved in a pulp mill, which uses chemical or mechanical methods to manufacture pulp. Pulp 

processing can be combined with paper production, or it can be done separately in a pulp mill. The paper 

is then produced on a paper machine using a combination of fibers (both primary and recycled), 

chemicals, and additives [2]. 

1.6 Scope of thesis 
Previous 20-year thesis are discussed in this thesis to create an overview. Development of product is 

always a demand. Development is done by analyzing the material used in its manufacturing to achieve 

development goal. Consumer always requires some new design which looks good and is easy to use. 

So, research and development depart works to introduce new designs without compromising the quality 

and safety of food.  

 

The overview of 30 research works is carried out in this thesis. Initially, definitions of important subject 

matter and corresponding mathematical equations are laid out. Following those various tests and 

methods used in the other thesis is discussed in detail. Furthermore, various applied methodology is also 

discussed. The test and their results obtained by the previous thesis research have also been summarized 

and discussed here. Additionally, supplementary material for food packaging has also been discussed in 

here. 

1.7 Outline 
This thesis is focused to critically review of the previous work which is done at BTH in collaboration 

with Tetra Pak. All the data given to the reader from these theses were merged in one thesis with small 

description of the work performed in all this thesis. Previous theses are merged and a brief summery is 

made to define about the main objective of our individual thesis and also test and experiments which are 

performed in this thesis are discussed. Only the master thesis will be discussed in this thesis. Works 

from PhD thesis will only be referred. The list of those thesis can be found in Appendix 1. 
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2 APPLIED SOLID & FRACTURE MECHANICS THEORY 
 

 

 

 

 

 

 

 

 

Contents of chapter 
 

The primary work of the considered previous thesis focuses on the behavior of material under different 

loading conditions to ensure that the package is able to bear loads without impacting any negative effects 

on food inside it. Due to the forces which are applied on package during transportation and its shelf life 

causes fracture initiates which needs to be studied [4]. Fracture mechanics is the branch of solid 

mechanics. Which deals with the behaviors of objects under tensile stress or compressive stress.  

 

This chapter focuses on the theories applied and used in the previous thesis that are of our current focus. 

2.1 Solid Mechanics theory and equations used in previous work 
The graph below shows the general stress strain of material, overview of the main material properties 

under discussion. Different stages of the graphs have been used in the explanations. 

 
Figure 2.1 Stress VS Strain Graph [2] 

2.1.1 Youngs modulus 
Youngs modulus is also known as modulus of elasticity. Youngs modulus is the relationship between 

applied stress and the axial strain within the elastic limit. It is the mechanical property of material used 

to find the tensile strength of material. 

Ε =
𝜎

휀
          (1) 

2.1.2 Elastic limit 
Elastic limit is also known as yield strength. Within the elastic limit as applied stresses are removed the 

material holds its original position. There is no permanent deformation of material is seen.  

Mode III 

Mode II 
Mode I 

EPFM 

Applied solid 

&Fracture Mechanics 

theory 

LEFM 

Isotropic and 

anisotropic 

material 

Stress intensity 

approach 
Energy balance 

approach 

Crack propagation 

a J-integral 
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2.1.3 Plastic limit 
The point at which the material crosses the elastic limit. After this point if stresses are removed, material 

will not go to its original shape. Material will undergo plastic deformation. 

2.1.4 Yield limit 
The point in stress strain curve at which the material is in between the elastic and plastic limit. Before 

the yield limit material undergoes its original shape as the stress is removed. As stress is increased 

material enters the plastic region so that it will not sustain its previous shape after stresses are removed. 

After yield point all strain is permanent. 

2.1.5 Ultimate tensile strength 
Maximum stress the material can sustain without breaking under tensile loading is called ultimate tensile 

strength. The value of Ultimate tensile strength of brittle material is same as the yield points. For ductile 

material it is a little higher than the value of yield point. 

2.1.6 Fracture point 
Point in stress strain curve at which the material separates into two pieses. Fracture point indicates the 

fracture strength of material. For ductile material it is lower then the ultimate tensile strength but equal 

to ultimate tensile strength for the brittle material  

2.1.7 True stress 
The ratio of force over current cross section area. 

𝜎𝑇 =
𝐹

𝐴𝑖
,              𝜎𝑡 = 𝜎(1 + 휀)           (2) 

2.1.8 True strain 
Ratio of continuous change in length over original length. 

휀𝑇 = 𝑙𝑛 (
𝑙𝑖
𝑙𝑜
),           휀𝑇 = 𝑙𝑛(1 + 휀)                   (3) 

2.1.9 Engineering stress 
Ratio of force versus tensile force over the original cross-sectional area. 

𝜎 =
𝐹

𝐴
            (4) 

2.1.10 Engineering strain 
Ratio of elongation of specimen over original length. 

휀 =
𝛿

𝐿
             (5) 

2.1.11 Isotropic and anisotropic material 
Molecular structural properties of material depend upon its isotropic and anisotropic behavior. Material 

is said to anisotropic if its properties vary with different orientations. On the other hand, it is said to be 

isotropic as the properties are same in all orientations.  

2.2 Basic material properties 

2.2.1 Isotropic Materials 
Material is said to be isotropic if it shows same mechanical and physical properties in all directions. A 

big number of materials used in our daily life are isotropic materials. According to the definition material 

properties are independent of directions. Isotropic materials only have two independent variables in their 

stiffness and compliance matrices, as elastic constants in anisotropic materials. 

 

Elastic constants used in isotropic materials are Youngs modulus E, poisons ratio v, bulk modulus, and 

shear modulus. Bulk modulus and shear modulus are obtained from Youngs modulus and poisons ratio 

or vice-versa by  using equations [4] [5]. 
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Figure 2.2 isotropic material [1] 

 
Hooks law for isotropic material in compliance method is obtained by the following equation. 

[
 
 
 
 
 
휀𝑥𝑥
휀𝑥𝑦
휀𝑧𝑧
휀𝑦𝑧
휀𝑧𝑥
휀𝑥𝑦]

 
 
 
 
 

=
1

𝐸

[
 
 
 
 
 
1 −𝑣 −𝑣 0 0 0
−𝑣 1 −𝑣 0 0 0
−𝑣 −𝑣 1 0 0 0
0 0 0 1 + 𝑣 0 0
0 0 0 0 1 + 𝑣 0
0 0 0 0 0 1 + 𝑣]

 
 
 
 
 

[
 
 
 
 
 
𝜎𝑥𝑥
𝜎𝑦𝑦
𝜎𝑧𝑧
𝜎𝑦𝑧
𝜎𝑧𝑥
𝜎𝑥𝑦]

 
 
 
 
 

           (6) 

 

Stiffness matrix is equal to the inverse of compliance matrix as stated below 

 

[
 
 
 
 
 
𝜎𝑥𝑥
𝜎𝑦𝑦
𝜎𝑧𝑧
𝜎𝑦𝑧
𝜎𝑧𝑥
𝜎𝑥𝑦]

 
 
 
 
 

=
𝐸

(1 + 𝑣)(1 − 2𝑣)

[
 
 
 
 
 
1 − 𝑣 𝑣 𝑣 0 0 0
𝑣 1 − 𝑣 𝑣 0 0 0
𝑣 𝑣 1 − 𝑣 0 0 0
0 0 0 1 − 2𝑣 0 0
0 0 0 0 1 − 2𝑣 0
0 0 0 0 0 1 − 2𝑣]

 
 
 
 
 

[
 
 
 
 
 
휀𝑥𝑥
휀𝑥𝑦
휀𝑧𝑧
휀𝑦𝑧
휀𝑧𝑥
휀𝑥𝑦]

 
 
 
 
 

        (7) 

 

2.2.2 Anisotropic Material 
Material having different physical and mechanical properties in different directions is known as 

anisotropic material. 

 
Figure 2.3 Anisotropic Material[1] 

 
 

휀 = 𝑆 × 𝜎      (8) 

[
 
 
 
 
 
휀𝑥𝑥
휀𝑥𝑦
휀𝑧𝑧
휀𝑦𝑧
휀𝑧𝑥
휀𝑥𝑦]

 
 
 
 
 

=
1

𝐸

[
 
 
 
 
 
𝑆11 𝑆12 𝑆13 𝑆14 𝑆15 𝑆16
𝑆21 𝑆22 𝑆23 𝑆24 𝑆25 𝑆26
𝑆31 𝑆32 𝑆33 𝑆34 𝑆35 𝑆36
𝑆41 𝑆42 𝑆43 𝑆44 𝑆45 𝑆46
𝑆51 𝑆52 𝑆53 𝑆54 𝑆55 𝑆56
𝑆61 𝑆62 𝑆63 𝑆64 𝑆65 𝑆66]

 
 
 
 
 

[
 
 
 
 
 
𝜎𝑥𝑥
𝜎𝑦𝑦
𝜎𝑧𝑧
𝜎𝑦𝑧
𝜎𝑧𝑥
𝜎𝑥𝑦]

 
 
 
 
 

      (9) 

Or, 

𝜎 = 𝐶 × 휀         (10) 
 

[
 
 
 
 
 
𝜎𝑥𝑥
𝜎𝑦𝑦
𝜎𝑧𝑧
𝜎𝑦𝑧
𝜎𝑧𝑥
𝜎𝑥𝑦]

 
 
 
 
 

=

[
 
 
 
 
 
𝐶11 𝐶12 𝐶13 𝐶14 𝐶15 𝐶16
𝐶21 𝐶22 𝐶23 𝐶24 𝐶25 𝐶26
𝐶31 𝐶32 𝐶33 𝐶34 𝐶35 𝐶36
𝐶41 𝐶42 𝐶43 𝐶44 𝐶45 𝐶46
𝐶51 𝐶52 𝐶53 𝐶54 𝐶55 𝐶56
𝐶61 𝐶62 𝐶63 𝐶64 𝐶65 𝐶66]

 
 
 
 
 

[
 
 
 
 
 
휀𝑥𝑥
휀𝑥𝑦
휀𝑧𝑧
휀𝑦𝑧
휀𝑧𝑥
휀𝑥𝑦]

 
 
 
 
 

          (11) 

As ‘C’ is the stiffness matrix and ‘S’ is the complex matrix therefore complex matrix is equal to the 

inverse of stiffness matrix. 
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2.2.3 Orthotropic Material 
A material with different mechanical properties in three axis (x, y, z) is known as orthotropic material. 

A material with the different mechanical property in three mutually perpendicular directions at a single 

point in a body and that have three mutually perpendicular plane of material symmetry is known as 

orthotropic material. By convention the nine elastic constants in an orthotropic equation is comprised of 

three young’s modulus E of X, Y, Z three poisons ration V of YZ, ZX, XY and three shear modulus G 

of YZ, ZX, XY. 

[
 
 
 
 
 
휀𝑥𝑥
휀𝑥𝑦
휀𝑧𝑧
휀𝑦𝑧
휀𝑧𝑥
휀𝑥𝑦]

 
 
 
 
 

=

[
 
 
 
 
 
 
 
 
 
 
 
 
 
1

𝐸𝑥
−
𝑣𝑦𝑥

𝐸𝑦
−
𝑣𝑧𝑥
𝐸𝑧

0 0 0

−
𝑣𝑥𝑦

𝐸𝑥

1

𝐸𝑦
−
𝑣𝑧𝑦

𝐸𝑧
0 0 0

−
𝑣𝑦𝑧

𝐸𝑥
−
𝑣𝑦𝑧

𝐸𝑦

1

𝐸𝑧
0 0 0

0 0 0
1

2𝐺𝑦𝑧
0 0

0 0 0 0
1

2𝐺𝑧𝑥
0

0 0 0 0 0
1

2𝐺𝑥𝑦]
 
 
 
 
 
 
 
 
 
 
 
 
 

[
 
 
 
 
 
𝜎𝑥𝑥
𝜎𝑦𝑦
𝜎𝑧𝑧
𝜎𝑦𝑧
𝜎𝑧𝑥
𝜎𝑥𝑦]

 
 
 
 
 

       (12) 

Where, 
𝑣𝑦𝑧

𝐸𝑦
=
𝑣𝑧𝑦

𝐸𝑧
,
𝑣𝑧𝑥
𝐸𝑧

=
𝑣𝑥𝑧
𝐸𝑥
,
𝑣𝑥𝑦

𝐸𝑥
=
𝑣𝑦𝑥

𝐸𝑦
            (13) 

 

Stiffness matrix for orthotropic materials which is found from the inverse of complex matrix is given by 

the below stated equation 

 

[
 
 
 
 
 
𝜎𝑥𝑥
𝜎𝑦𝑦
𝜎𝑧𝑧
𝜎𝑦𝑧
𝜎𝑧𝑥
𝜎𝑥𝑦]

 
 
 
 
 

=

[
 
 
 
 
 
 
 
 
 
 
 
 
 
1 − 𝑣𝑦𝑧𝑣𝑧𝑦

𝐸𝑦𝐸𝑧∆

𝑣𝑦𝑥 + 𝑣𝑧𝑥𝑣𝑦𝑧

𝐸𝑦𝐸𝑧∆

𝑣𝑧𝑥 + 𝑣𝑦𝑥𝑣𝑧𝑦

𝐸𝑦𝐸𝑧∆
0 0 0

𝑣𝑥𝑦 + 𝑣𝑥𝑧𝑣𝑧𝑦

𝐸𝑦𝐸𝑧∆

1 − 𝑣𝑧𝑥𝑣𝑥𝑧
𝐸𝑧𝐸𝑥∆

𝑣𝑦𝑧 + 𝑣𝑧𝑥𝑣𝑥𝑦

𝐸𝑧𝐸𝑥∆
0 0 0

𝑣𝑥𝑧 + 𝑣𝑥𝑦𝑣𝑦𝑧

𝐸𝑥𝐸𝑦∆

𝑣𝑦𝑧 + 𝑣𝑥𝑧𝑣𝑦𝑥

𝐸𝑥𝐸𝑦∆

1 − 𝑣𝑥𝑦𝑣𝑦𝑥

𝐸𝑥𝐸𝑦∆
0 0 0

0 0 0
1

2𝐺𝑦𝑧
0 0

0 0 0 0
1

2𝐺𝑧𝑥
0

0 0 0 0 0
1

2𝐺𝑥𝑦]
 
 
 
 
 
 
 
 
 
 
 
 
 

[
 
 
 
 
 
휀𝑥𝑥
휀𝑥𝑦
휀𝑧𝑧
휀𝑦𝑧
휀𝑧𝑥
휀𝑥𝑦]

 
 
 
 
 

        (14) 

 

Where, 

∆=
1 − 𝑣𝑥𝑦𝑣𝑦𝑥 − 𝑣𝑦𝑧𝑣𝑧𝑦 − 𝑣𝑧𝑥𝑣𝑥𝑧 − 2𝑣𝑥𝑦𝑣𝑦𝑧𝑣𝑧𝑥

𝐸𝑥𝐸𝑦𝐸𝑧
             (15) 

Fact that due to which stiffness matrix is symmetric requires that the statement given below holds 

{
  
 

  
 
𝑣𝑦𝑥 + 𝑣𝑧𝑥𝑣𝑦𝑧

𝐸𝑦𝐸𝑧∆
=
𝑣𝑥𝑦 + 𝑣𝑥𝑧𝑣𝑧𝑥

𝐸𝑧𝐸𝑥∆
𝑣𝑧𝑦 + 𝑣𝑧𝑥𝑣𝑥𝑦

𝐸𝑧𝐸𝑥∆
=
𝑣𝑦𝑧 + 𝑣𝑥𝑧𝑣𝑦𝑧

𝐸𝑥𝐸𝑦∆
𝑣𝑧𝑥 + 𝑣𝑦𝑥𝑣𝑧𝑦

𝐸𝑦𝐸𝑧∆
=
𝑣𝑥𝑧 + 𝑣𝑥𝑦𝑣𝑦𝑧

𝐸𝑥𝐸𝑦∆ }
  
 

  
 

                (16) 
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2.3 Fracture Mechanics theory and equations used in previous 

work 
Propagation of crack in material under application of load or stress is called fracture mechanics. Types 

of fracture depends upon the application of load like as tensile fracture, compression fracture, shear 

fracture, fatigue fracture and creep fracture etc. Process of fracture involves crack initiation and crack 

propagation. 

2.3.1.1 Modes of Fracture 

In fracture mechanics There are three types of loading mode: 

 

Mode Ⅰ (opening): An object is applied with a force perpendicular to its crack opening in upward and 

also downward direction so to propagate the crack. In some case one side is fixed so only one direction 

force is applied and on the other side same force is automatically effect. 

 

Mode Ⅱ (sliding): An object is applied with a force normal to its plane (crack tip) which generates the 

tear force. 

 

Mode Ⅲ (Tearing mode): Shear stress is applied at tip in cross direction in order to generate tear in z-

axis. 

 

 
Figure 2.4 Modes of Fracture Mechanics [6] 

 

A generalized expression for stress intensity factor is written as: 

𝐾(𝐼,𝐼𝐼,𝐼𝐼𝐼) = 𝜎√𝜋𝑎𝑓(𝑎,𝑊, 𝑡)       (17) 

 

𝜎 = 𝑐ℎ𝑒𝑟𝑎𝑐𝑡𝑟𝑖𝑠𝑡𝑖𝑐 𝑠𝑡𝑟𝑒𝑠𝑠 
𝑓 = 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑦 

 

Expression of SIF defining three modes of fracture is obtained by implementing boundary condition 

into each single stress result obtained by series expansion of bi harmonic differential equation involving 

airy stress function.[5]  

 

Expression for equivalent SIF regarding combined load case is stated as: 

𝐾𝑒
2 = 𝐾𝐼

2 +𝐾𝐼𝐼
2 +

4

𝐾 + 1
𝐾𝐼𝐼𝐼
2          (18) 

The value of Fracture toughness has a critical limit. Its value varies whether the crack is loaded in plain 

stress or plain strain condition [5].  

2.3.1.2 Griffith’s Energy Balance 

This approach gives energy required to create crack surfaces. 
𝑑𝐸𝑡𝑜𝑡𝑎𝑙
𝑑𝐴

= 0 =>
𝑑𝑊𝑠
𝑑𝐴

= −
𝑑Π

𝑑𝐴
= 𝑤𝑠          (19) 
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‘dA’ defines the crack area. Π is the potential of internal stain due to applied force. 𝑤𝑠 is the surface 

energy. Relation between strain energy and potential developed by applied remote tensile load on large 

plate with same thickness throughout is[5] 

Π = Π0 −
𝜋𝜎2𝐴2

4𝐸𝑡
         (20) 

Π0is the potential of uncracked plate, t is for thickness A is the area of crack =2at 𝑊𝑠 has a linear 

dependence with crack length whereas Π has quadratic dependance. 

For brittle material generalized expression is given as: 

=> −
𝑑Π

𝑑𝐴
=
𝜋𝜎2(4𝑎𝑡)

4𝐸𝑡
= 2𝑤𝑠 => 𝜎𝑐 = √

2𝐸𝑤𝑠
𝜋𝑎

             (21) 

For ductile materials having some plastic deformation some additional factors are added, 𝑤𝑝𝑖𝑛𝑡𝑜 𝑤𝑠 in 

the above equation. Irwin and orwan introduced a parameter of critical strain energy release rate 𝐺𝑐 
which states that energy dissipation is because of plastic flow near the crack tip instead of absorbing in 

the new created surfaces. Then the equation is stated as  

𝜎𝑐 = √
𝐸𝐺𝑐
𝜋𝑎

           (22) 

Energy release rate is expressed in load control and displacement control case.[5]  

2.3.2 Linear Elastic Fracture Mechanics 
Linear elastic fracture mechanics is assumed for a material under the condition of isotropic and linearly 

elastic. The material under consideration PE or Al foil is isotropic and elastic. According to the LEFM 

in the case of crack the stress close to the crack tip is function of location, loading and the geometry of 

the specimen. In fracture mechanics the crack tip is the key factor to understand the behavior of material, 

so LEFM theory is used. 

 

2.3.3 Non-linear Fracture Mechanics 
Non-linear fracture mechanics theory deals with ductile fracture. Applies on the non-linear material 

behavior or the material in the condition when at the crack zone plastic zone is too large, for cases like 

this non-linear fracture mechanics or elastic plastic fracture mechanics theory can be derived from two 

methods CTOD and j-integral.[3] 

 

2.3.4 Elastic Plastic Fracture Mechanics 
Linear elastic fracture mechanics is assumed on a material under the condition of isotropic and linearly 

elastic. The material under consideration PE or Al foil is isotropic and elastic. According to the LEFM 

in the case of crack the stress close to the crack tip is function of location, loading and the geometry of 

the specimen.[6]–[8] 

2.3.4.1 J-integral 

This method is used to calculate the strain energy release rate. Another theory states that an energetic 

contour path integral was dependent of path which is around the crack.[5] 

 

2.3.5 Fracture Toughness 
Ability of the material to resist against deformation or crack. Fractur toughness depends upon the 

material thickness. Thickness is directly proportional to fracture toughness. 

According to the previous work it is stated that “specimen different thickness will show different vale 

of fracture toughness until the thickness exceed some critical value (fractur toughness become 

independent of material thickness after increases from critical value)”.[9] 

Fracture toughness formula  

𝐾𝑖𝑐 = 𝜎0√𝜋𝑎 × (
𝑎

𝑊
)       (23) 
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2.3.6 Energy release rate 
Energy consumed during fracture per unit of newly fracture area. 

2.3.7 Stress intensity factor ‘K’ (SIF) 
SIF is used to predict the stress intensity or rate near a crack tip due to applied stresses. 

2.3.8 T-stress 
Stresses acting parallel to the crack face is called the T-stress.  

2.3.9 Energy balance approach 
Energy Balance approach states that crack propagation increases only if the energy applied is more than 

the resistance of material. Material resistance includes all the energy in or on the material which help to 

resist against crack growth. 

2.3.10 Stress intensity approach 
In stress intensity approach method which are used to predict the growth of crack  in stress field at crack 

tip are “the crack is located near the interface and the second states that the crack locates away from 

interface” [12] [13].  

 

2.3.11 Crack tip Opening displacement (CTOD). 
Crack tip opening displacement relates to the stress intensity factor and energy release rate G. in the 

case of Non-linear fracture mechanics. This is used to find the deformation at crack tip. It may be 

compared later with the critical value of crack growth which depend upon the temperature and strain 

rate. Ln the case of LEFM the CTOD value may depend upon the stress intensity factor and the energy 

release rate.[3] 

 

2.3.12 Crack Propagation 
Griffith theory states that a crack will propagate in order to reduce the total energy of the system by 

dissipating the elastic strain energy due to loading into the creation of a new surface area.[12] 

 

2.3.13 Plastic Zone 
Plastic zone is a region located adjacent to the rupture zone of an explosion crater and at an increased 

distance from the shot site, differing from the rupture zone by having less fracturing and only small 

permanent deformation.[13] 

2.3.14 Material direction 
Properties of testing material varies according to the direction of material extrusion. If material is cut 

along with the direction of extrusion it is known as machine direction.  

 

 
Figure 2.5 material direction [3] 

 
If specimen is taken in perpendicular to the direction of extrusion, then it is known as cross direction. 

In between both machine direction and cross direction specimen is cut at 45-degree angles.  
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2.3.15 Dog bone specimen 
Due to its shape, it is named as dog bone specimen. Dog bone specimen is used in tensile tenting because 

it is easy to hold in the clamps of tensile testing machine clamps without getting slipped [11].  

 
Figure 2.6 Dog bone specimen [11] 

2.3.16 Essential work of fracture theory (EWF) 
According to the EWF theory, the energy associated with the fracturing of an elastic-plastic material 

can be divided into two categories: non-critical fracture work and essential fracture work. The first part 

is a "end area" at the crack tip that is exclusive to the fracture phase and thus considered a material 

property. The rest of total fracture energy is related to generalized and diffuse plastic deformation that 

occurs at a "outer field," which is governed by the length of the non-fractured segment of the body and 

is geometry dependent. This area is required to handle the large strains in the "end region," as it 

surrounds the former [15]. 

 

2.3.17 Buckling 
In structural engineering, buckling is the sudden change in shape (deformation) of a structural 

component under load, such as the bowing of a column under compression or the wrinkling of a plate 

under shear. Buckling behavior is briefly discussed in the previous thesis which is in reference [14] 
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3 EXPERIMENTAL AND SIMULATION METHODS 

APPLIED IN DIFFERENT THESIS 
 

s 

 

 

 

 

 

 

 

 

 

 

 

Contents of chapter 

This chapter focuses on the various experimental testing and simulation methods used by 

the previous thesis at focus in this thesis. 

3.1 Testing Apparatus 

3.1.1 Mechanical Testing & Simulation (MTS) Machine 
MTS QTest100 machine is used in almost all the earlier thesis experiments. In MTS machine results are 

stored in a software package MTSWorks4. This machine has two traversing crossheads. One is upper 

crosshead and the second is lower cross head. Grippers and load cells of different types are mounted on 

these cross head according to the nature of experiment or requirement. Upper crosshead is moveable in 

upward and downward direction while lower cross head is fixed. 

 

 
Figure 3.1 Tensile testing machine [6] 

3.2 Tensile test 
Tensile or tension test is a fundamental materials engineering test. Tensile test is used to find the 

mechanical behavior of material (ductility, yield strength and tensile strength). It gives the ultimate 

tensile strength the material can bear before fracture giving the strain rate up to the breaking point. 

Output data which is given by the tensile test is the applied force, displacement or elongation, time of 

strain rate, stress and strain by stress strain curve. [10], [15] 

 Software 
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Figure 3.2  Tensile Testing Machine [18] 

 

Properties of material which are measured by the tensile test is young’s modulus, elastic limit plastic 

limit, yield point, ultimate tensile strength, Failure of material, Fracture point, True stress, True strain, 

Engineering stress and engineering strain. 

3.3 Shear test 
A special designed specimen is used for the shear test which is performed on MTS machine.  Specimen 

used to have a shaped of Iosipescu notched test. Having a center ‘V crack’ but in this case, specimen 

crack design has been changed and the design is mentioned in below figure which is used for testing. 

To find the stress we use the method of calculating the cross-sectional area which is in between the 

crack.[9], [16] 

 

 

 
Figure 3.3 Drawing of especially designed specimen for shear experiment [11] 
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Figure 3.4 Simplified Losipescu test setup [11] 

 

3.4 Tearing Test 
Trouser tear testing is a method to determine the stiffness of a material in out of plane. To understand 

the property of material trouser tear is an important test.  

Fracture energy is directly propagation to 

∫ 𝑋(𝜃)
2𝜋

0

|sin 𝜃|𝑑𝜃        (24) 

In above equation X is the distribution function of 

molecular orientation measured experimentally. 𝜃 is the 

angle between direction of propagation of crack and local 

molecular orientation in its path. |sin𝜃| is the resistance by 

local molecular structure for the propagation of cracks, 

which is maximum for perpendicular crack direction and 

minimum for parallel crack direction.[10] 

 

In the case of trouser tear test or out of plane tear test EWF theory is used. Which states that the total 

fracture energy of pre cracked specimen is separated into two types. Geometry independent and 

geometry dependant. Geometry independent defines the essential work and geometry dependent defines 

the non-essential work. Out of plane tearing toughness of elastic fracture 𝑤𝑇𝑒 can be expressed as[5], 

[17]–[19] 

𝑤𝑇𝑒 =
2𝑃

𝑡
          (25) 

 

Figure 3.5 Mode II [9] 
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Figure 3.6 Trouser tear test specimen geometry [12] 

3.5 Peel test 
Peel test is the most preferable test to analyze the adhesive properties. Peel test parameters also depends 

upon the base material and peeling arm material properties and dimensions. During the peeling of test 

energy is distributed which can be evaluated by experimental, numerical, and finite element modeling. 

To understand the adhesive properties various test are used but for thin laminates, peel test is more 

suitable. 

 
Figure 3.7 Peel Test used to find the adhesive properties [4] 

3.6 Nakajima test 
In sheet metal forming processes, forming limit curve is used for the measurement of strain. To find the 

forming limit curve Nakajima test technique is used. In this test, specimen which is under observation 

is deformed by the hemispherical punch until fracture occur. Specimen with different width is shown in 

below figure. Test start from biaxial loading and move toward uniaxial loading. Results or deformation 

is recorded in camera which is further analysed by DIC software. DIC software analyse the pattern 

which is marked on the specimen before the experiment. Each result given about the successful 

experiment to build the FLC .[20] 
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Figure 3.8 Nakajima test specimen and setup [1] 

 

3.6.1 Forming Limit Curve 
Forming limit curve is a graph of major strain and minor strain which give us the fracture strain in 

different specimen width under consideration. In forming limit curve major strain always have a positive 

value and is drawn in graph in y-axis and the minor strain have negative value which is plotted in x-axis 

¨ 

 
Figure 3.9 Forming Limit Curve [23] 

 

Forming process is the most conventional process used for the manufacturing steel forming of kitchen 

utensils. In 2019 test is performed by the BTH students who have done complete explanation in the 

thesis about Nakajima test. Test is performed on aluminum foil and polyethylene specimen of varying 

width. 
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3.7 Digital image correlation 
DIC is a non-contact digitalized optical method which 

is used to measure the deformation and strain in any 

material. DIC technique is used with many test 

“tensile test, torsion, bending and loading combined 

with static and dynamic applications” to perform most 

accurate output result 

For analysis specimen needs to be prepared with 

stochastic pattern. For stochastic pattern on 

polyethylene which is a transparent material some 

material is used to be sprayed or attached with its 

surface. The material used for this purpose is graphite 

powder with raps oil and chalk spray. 

 

 

 
Figure 3.11 Graphite powder with raps oil specimen [20] 

 

         
Figure 3.12 Chalk spray specimen [20] 

 

The deformation of a stochastic pattern is measured by using DIC. This deformation is then used to 

measure the strain. The material properties and behaviour can then be determined using these strains. 

 

In this method, digital images are taken with the interval of time using a high-resolution camera. These 

images were taken into monochrome. During test about 60 pictures are taken in one minute. Each picture 

is taken within an interval of 1 second. These pictures were corelated in another software for analysis. 

Which is known as GOM correlate. 

 

3.7.1 GOM correlate 
This is a software for 2D DIC measurement. GOM correlate is used to analyse the surface deformation 

or strain from stochastic pattern. Data is exported from specified points and lines. Images should have 

rising number at the end of its name so that can be sorted easily by the software. Pics should be clear 

blur images makes the result confusing for the reader. 

Figure 3.10 DIC setup [20] 
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Figure 3.13 standard mesh generated in GOM corelate. Three type of mesh standard is 

defined as 130, zero and 260 [20] 
GOM correlate is used to define surface components in which deformation is larger. The software 

creates standard mesh which can be compressed or extended according to the requirements with pattern. 

In the first step surface component is defined, the mesh becomes stretched due to which gaps appears 

towards the later stage. If it is hard to track, there is an option of allowing correlate to interpolate values 

where it cannot be trackable. So, the default value is zero and recommended max is two. 

 

Facet Matching - This is a method for GOM correlate to track pattern. Which has two types ‘against 

definition stage’ and ‘against previous stage’. 

 

In the case of ‘against definition stage’ facts are compared to the stage where it is created. It reduces the 

error but on the other hand it is difficult to track for large deformations. In second stage ‘Against 

previous stage’ facets are compared with the stage before. It is recommended only for the case having 

large deformations so to make it easier for tracking. But in these errors accumulate across the stage. As 

the material has large deformation in the case of laminates so the analysis is set to second stage.  

 

3.8 Software 

3.8.1 Introduction to Abaqus/CAE 
In the present work, Abaqus is used for all kinds of finite element modeling and simulations, because it 

is commonly used to find stress-strain or force-displacement which was the main focus of this research. 

Abaqus/CAE is the Complete Abaqus Environment that gives a basic, reliable interface for making 

Abaqus models, intelligently submitting and observing Abaqus models, and assessing results from 

Abaqus reproductions. Abaqus/CAE is partitioned into modules, where every module characterizes a 

legitimate part of the displaying procedure; for instance, characterizing the geometry, characterizing 

material properties, and creating work. As you move from module to module, you develop the model. 

At the point when the model is finished, Abaqus/CAE creates an information record that you submit to 

the Abaqus examination item. Abaqus/Standard or Abaqus/- Explicit peruses the information record 

produced by Abaqus/CAE, plays out the investigation, sends data to Abaqus/CAE to permit you to 

screen the advancement of the activity, and creates a yield database. At last, you utilize the Visualization 

module to peruse the yield database and view the aftereffects of your investigation. 

3.8.2 Introduction to MATLAB 
MATLAB is a programming language whose basic data element is an array that does not require 

dimensioning, specially intended for fast and simple numerical computation. MATLAB is a short form 

of MATRIX LABORATORY. It permits one to perform numerical calculations and analyze the 

outcomes without the requirement for difficult and time-taking programming. MATLAB programs are 

written as plain text in files having names that end with the extension ‘’.m" and these files are called m-

files. One main difference between MATLAB and high-level languages is that MATLAB functions can 

be utilized intuitively. In addition to providing the obvious support for interactive calculation, it also is 

a very easier way to troubleshoot functions that are part of a bigger project. It has hundreds of in-built 

functions for a vast variety of computations and many toolboxes can be designed for: Algorithm 
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development and optimization, Application development, including Graphical User Interface building, 

Modelling simulation and prototyping, Scientific and engineering graphics Data analysis, exploration, 

and visualization, and Math and computation. 

 

3.8.3 Finite Element Method 
To calculate the strength and behavior of engineering structures a numerical technique ‘Finite Element 

Analysis’ is used. In finite element method technique, an actual continuum of structure is presented as 

an assembly of subdivisions known as finite elements. To get the more precise value number of elements 

‘mesh’ are increased. This process is known as meshing. At the point of interest number of mesh is 

increased so to obtain good results. The subdivision individually known as nodes and the point at which 

these relate to each other is known as nodal point.  

 

In finite element method steps are followed which are as follows: 

• Modeling 

Three-dimensional part geometry is modeled in abacus. With the exact dimensions and design. 

 
Figure 3.14 Modelling [21] 

• Material properties 
Input Basic material properties like as young’s modulus, thickness, and poisons ratio. 

• Assembly 
Parts created in the software have its own coordinate system and boundary conditions. To join two or 

more parts, we use the function of assembly in which different options are available according to the 

nature of surface joint. For example, parallel edge to edge, Overlap, rotation etc. the parts are joined by 

defining the master surface and slave surface in the interaction module. 

 

• Constraints  
Define type of constraints(coupling) from the options which are given as kinematics, continuum 

distributing or structural distributing. 

 

• Step 
At this step depending upon the required output procedure, we create, configure analysis procedure, and 

define outputs. Defining output procedure as static, general/continuum.In this it is required to select 

output variable from list options ‘failure/fatigue/SDEG, scaler stiffness degradation and the OK. 

 

• Load & boundary condition 

Boundary condition is defined at this step. In case of tensile and tear test one end is static according to 

the displacement and the other end is dynamic for displacement. Also, load is defined. 
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Figure 3.15 Applying Boundary Condition [21] 

• Meshing 
In this module finite element mesh is generated. Two type of mesh are available in abacus according to 

the nature of use. For irregular and cylindrical objects triangular nodes are used with three nodal points. 

For rectangular and square objects triangular nodes are used with 4 nodal points. 

 

For this go to mesh. Then select seeds/edges. And then select all the edges one by one where seeds to 

be applied to make a mesh. 

 
Figure 3.16 Meshing [21] 

• Analysis 
After defining all the steps job is submitted for analysis.  

 

• Visualization 
Graphical display of finite element model with results is obtained as the job is completed after analysis. 

 
Figure 3.17 Visualization[21] 
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4 PACKAGING MATERIAL CHARACTERIZATION 
 

 

 

 

 

 

 

 

 

 

This chapter focuses on the test procedures utilized by the previous thesis discussed in this thesis. The 

results produced by each test result also have been presented here.   

4.1 Tensile Test 

4.1.1 Tensile fracture analysis 
Tensile fracture analysis of HDPE and PP with initial crack and without initial crack is focused in [11]. 

Tensile test is used on a dog bone shape specimen to perform tensile test to find out the Ultimate tensile 

strength (UTS), maximum elongation and reduction in area. Shear fracture analysis of HDPE and PP is 

performed on tensile testing machine. Testing of specimen in cross direction and machine direction is 

performed. 

 

 
Figure 4.1  Behavior of PP and HDPE specimen under tensile loading [11] 

 

 
Tensile test is performed to understand the behavior of three types of specimens (without crack, 1mm 

crack, 2mm crack) of HDPE and PP. Comparison result of force applied and the elongation before 

fracture occur is stated below. 
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Figure 4.2Force vs Extension comparison of PP under tensile loading at speed 

10mm/min.[21] 
 

 
Figure 4.3 Force vs Extension comparison of HDPE under tensile loading at speed 

10mm/min.[21] 
 

Table 1 Comparison of Force and Displacement for 3 specimens of HDPE and PP in Tensile 

test [21] 
Specimen Maximum force (N) Maximum elongation (mm) 

HDPE PP HDPE PP 

Without crack 77 135 137 129 

1mm central crack 62 104 3.9 4 

2mm central crack 55 92.5 3.3 4.3 

 

 
 



 

32 

 

Table 2 Modified strip yield model stress intensity factor and energy release rate value for 

both PP and HDPE[9] 
 

Stress Intensity Factor 

(𝐾𝐼𝑐) 
HDPE[MPa√𝑚] PP[MPa√𝑚] 

0.6411 - 0.7373 0.96147-1.217787 

Energy Release Rate HDPE[
𝐽

𝑚2] PP[
𝐽

𝑚2] 

599.35 1634.83 

 

In table 2 the behavior of HDPE and PP under tensile force can be seen as the material resistance of 

1mm crack of HDPE is approximately half of PP and the elongation of PP is also greater than HDPE. 

In the case of 2mm crack HDPE bears less load as compared to PP about half of it and the elongation of 

PP is increased in the comparison of 1mm crack with a small reduction in load bearing capacity.  

 

The aim of this study is to determine the effects of various specimen dimensions and crack lengths on 

the mechanical properties of HDPE (high quality density polyethylene), which is commonly used in the 

packaging industry. Two mother shape specimens have been selected, one of which is a dog-bone shaped 

specimen and the other of which is a shear specimen for studying shear damage. Fracture initiation in 

HDPE specimens is sensitive to the size of the centre circled and pre-crack, according to the findings of 

a series of experiments. ABAQUS explicitly calculates a corresponding numerical simulation, and the 

corresponding model in numerical simulation is chosen, resulting in a good match with shear tests. 

 

In addition to the tensile test, a microscope examination was performed using a scanning electron 

microscope to examine the fracture surface of the specimen. Based on the numerical and experimental 

findings, a bottle cap opening analysis was conducted in the application section. 

 

Before a product is released to the market, it should be tested under a variety of loading conditions. 

Materials fail by fracture in the test when their load carrying ability is exceeded. Even though failure 

modes vary, the material has elasticity, which is recoverable when the load is removed, but its 

deformation is unrecoverable after a certain stage, which is referred to as plasticity [2]. Furthermore, 

once the ultimate tensile strength is achieved, the plasticity deformation remains constant. If the material 

is filled after the peak, the deformation will become unstable, and fracture will occur quickly. Theory 

and experimental methods will be merged in the production of material fracture, and the result will 

provide powerful support for the industry.[22] 

 

 

4.1.2 Comparison of CD and MD  
One specimen from machine direction and one from cross direction is selected with maximum 

displacement results. So, to avoid experimental errors. From the above experimental results of machine 

direction specimen #01 Machine direction(LDPE)  is selected and specimen #03 cross direction(LDPE)  

is selected, for comparison.   
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Figure 4.4 Force displacement response comparison of MD and CD [3] 

 
Value of young’s modulus obtained in machine direction is approximately 12.07MPa and in the case 

of cross direction its value is approximately 120.07MPa. 

4.2 Tensile Test using DIC method 
As discussed in the previous chapter that for DIC method stochastic pattern of different colour is used 

to measure strain. During the application of material there may have some effects of spray paint on the 

surface of material. So, to do the comparison of effects of a simple tensile experiment is performed on 

same specimen which will used for DIC only the difference is that this specimen is without application 

of material.  

 

 
Figure 4.5 Tensile Test result of LDPE(MD) specimen [20] 

DIC Tensile testing with Graphite powder and talc powder[17]. DIC test with graphite powder laminated 

using raps oil as a bonding material. The effects of raps oil and graphite power is seen in the below 

figure due to less thickness of LDPE. 
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Figure 4.6 Tensile test using DIC on 25µm LDPE film (MD) [20]  

 

All specimens have graphite powder and raps oil. Test 1 and 2 have talcum powder added.[17] 
 

 
Figure 4.7 Tensile test using DIC on 25µm LDPE film (MD) [20] 

All specimens with chalk spray.[17] 

4.2.1 Fracture toughness analysis of aluminum foil 
Mechanical properties of aluminum material are known, here mechanical and physical properties of 

aluminum foil is discussed which is used in the packaging by Tetra Pak. Aluminum foil behaviors under 

loading condition so to understand its crack sensitivity, stress and strain is exposed under loading and 

after loading. Investigation is done by two methods to achieve refine results one method is through 

experiments setup using tensile testing material and second is through simulation using abacus software. 

Specimen used are with crack and without crack. 

 

Linear elastic fracture mechanics (LEFM), Elastic Plastic Fracture Mechanics (EPFM) and modified 

strip yield model theories are used to analyze the material under loading. Analysis is performed to 

understand the fracture toughness damage initiation, damage evolution and behavior of adhesive 
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material. Constitutive parameters are derived by experiment which will be used in the simulation 

software. 

 
Figure 4.8 Load vs Displacement of Al foil of center crack 0-45mm and foil thickness of 

9µm and dimension 230x95mm [17] 
 

Table 3 Load vs Displacement of Al foil of center crack 0-45mm and foil thickness of 

9µm and dimension 230x95mm [15] 
Crack length (2a) mm Maximum Load (F) N Elongation 

No crack 61.45 3.218 

5 44.64 0.606 

10 38.62 0.523 

15 34.99 0.458 

20 25.88 0.38 

45 14.47 0.16 

 

 
Figure 4.9 Load vs Displacement of Al foil of center crack 0-20mm and foil thickness of 

40µm and dimension 230x95mm [17] 

 

Table 4 Load vs Displacement of Al foil of center crack 0-45mm and foil thickness of 9µm and 

dimension 230x95mm [15] 
Crack length (2a) mm Maximum Load (F) N Elongation 

No crack 53.8 7.553 

5 50.46 3.792 

10 40.26 2.7 

15 42.51 3.666 

20 31.1 2.6 
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In the case of aluminum foil when tensile force is applied, I can be seen that the aluminum breaks downs 

in the start when the case is that there is no crack in the specimen. With the case of crack 0.2 mm and 

0-45 mm the crack grows with the elongation of polyethylene. Material properties of aluminum foil and 

LDPE remain same so these materials we can say that are isotropic materials. Both materials retain their 

properties so that aluminum breaks down first and then LDPE break later.  

4.3 Shear Test 

4.3.1 Shear fracture analysis 
A special designed specimen is used for the shear test which is performed on tensile testing machine at 

BTH lab.  Specimen used to have a shaped of Iosipescu notched test. Having a center v crack but in this 

case, specimen crack design has been changed and the design is mentioned in below figure which is 

used for testing. 

 

 
Figure 4.10 Drawing of especially designed specimen for shear experiment [11] 

 

 
Figure 4.11 Simplified Losipescu test setup [11] 

 

To find the stress we use the method of calculating the cross-sectional area which is in between the 

crack. As stress is known as force per unit area so by calculating the are we can find the stress value 

because we have force value known. To find the strain value relatively complicated technique needs to 

be used. For that specimen around the crack tip is marked. And distance between these marked pints is 

measured after applying compressive load and strain value is calculated by taking the difference of initial 

value before loading and after loading. 
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Table 5 shear modulus of HDPE and PP [11] 
Shear modulus (MPa) 

HDPE 491 

PP 977 

 

 

In the table below comparison of force vs extension is shown for the HDPE and PP material so to 

understand the behavior. 
 

Table 6 Comparison of Maximum Force and maximum extension between HDPE and Shear Loading 

[11] 

Test Case Maximum Force(N) Maximum Extension(mm) 
HDPE PP HDPE PP 

Shear Test 12.5 29.5 3 9 

 
Figure 4.12 comparison of Force vs Extension for HDPE and PP under shear loading [18] 

 

Graph shows that the polyethylene material has strain value much higher as compared to that of high-

density polyethylene due to property of elasticity in polyethylene 

 

4.4 Tearing Test 
 

Material having initial crack is under consideration while performing analysis of tearing. Load is applied 

in Mode I (plane mode) to Mode III (out of mode). Stresses and the radius at crack tip is finite in the 

case of real material. LEFM theory is not useful for the elastic materials due to large plastic zone. For 

the laminate material non-linear fracture mechanics approach is used. Due to the large plastic zone.so 

in this case j-integral and essential work of fracture theory is used to find out the fracture toughness.[19] 
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Figure 4.13 Tear Test [15] 

 
According to recent research, the EWF technique is a very effective tool for studying the fracture 

properties of flexible materials. Cottrell and Reddle first proposed the principle of EWF based on 

Bromberg’s theories, which suggested that the total work of fracture (Wf) dissipated in a pre-crack 

specimen might be interpreted as a volume of work consumed in two distinct areas.[23] 

 

To find out the tearing behavior of a LDPE and paper board material 2-leg trouser tear test is performed, 

then next step is to perform the same experiment on abacus so to compare both results taken from 

experiments and from simulation. For abacus constitutive parameters of material used are as follows in 

table 

Table 7 Mechanical properties used for abacus modeling. 

Material LDPE Paper Board 

Youngs modulus 135 2755 

Poisson Ration 0.3 0.3 

Thickness 0.02730 0.10438 

 

 

 
Figure 4.14 Load vs Displacement (exp & sim) tear test curve of paperboard [13] 
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Figure 4.15 Load vs Displacement (exp & sim) tear test curve of LDPE [13] 

 

Experimental and simulation results for paper board and LDPE are closely same. In the graph the 

variation is due to the vibration. 

 

 
Figure 4.16 Tear test of CD, MD and 45 described with force vs displacement [13] 
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Figure 4.17 Trouser tear test for 45, MD and CD specimen [13] 

 

4.4.1 Microscopic crack analysis in tear testing 
In the microscopic image it can be seen that due to the flexibility of material at the crack 

region material is cracked after elongation. Due to which the crack damaged surface area is wide.s 

 
Figure 4.18 crack microscopic structure along with stress strain curve of laminate [22] 

It is observed that the crack area is comparatively less as compared to laminate. The reason 

behind is that the aluminum foil has aluminum particles which are penetrated in to the laminate 

surface. Which helps crack to propagate. 
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Figure 4.19 crack microscopic structure along with stress strain curve of Aluminum foil [22] 

 

4.4.2 Tearing Resistance of screw cap 
Now a days liquid food item is available in the package with screw and cap which is more user friendly. 

As the package reach to the customer, and it is ready to open at this point a force is applied by the user 

which is known as tortional force so to open the package, an opposite force exist which resists against 

the applied force is known as the tearing resistance. Tearing resistance of screw cap depend upon the 

material interfaces. The material used in the manufacturing of screw and cap is PP, so the interfaces are 

discussed above which are calculated and compared with HDPE. Cap is joined with the screw as a fixed 

joint but only at some points considering the opening with controlled tortional force. This topic is 

discussed in the thesis.[9] 

 

Experimental results and results obtained from abacus are compared and the results are closely same. 

Load variation is observed due to the vibration in machine. Also, some difference is observed while 

performing the test for paper because paper has orthotropic properties but, in the simulation, it is 

assumed to be isotropic.  

4.5 Tearing Resistance Assessment of different shaped hole. 
 

On finite plates, a detailed crack initiation analysis is carried out by varying the hole diameter. Circle, 

ellipse, and rectangular notch are some of the hole shapes used in stress analysis. The maximum stress 

is first calculated using the Linear Elastic Fracture Mechanics (LEFM) theory and compared to the 

results of the Finite Element Method (FEM). Second, critical stress and geometric function are evaluated 

theoretically by Modified Strip Yield Model (MSYM) and numerically by ABAQUS using Elastic 

Plastic Fracture Mechanics theory (EPFM). Finally, the theoretical and numerical results are validated 

with a tensile test. It is analyzed the impact on parameters such as critical stress and geometric function. 

The result is that when measuring fracture parameters, the impact of hole width should be 

considered.[24] 

4.5.1 Stress concentration at hole, ellipse, and rectangular notch 
 

In a uniform plate, normal stress is defined as =P/A, where P is the load acting along the circumferential 

area of the finite plate and A is the total cross-sectional area of plate. Tension is distributed evenly. Over 

the area of cross-section, the statement is correct only if the plate is in good condition. Uniform for its 

entire length, the stress is then referred to as nominal stress, abbreviated as normal stress area. The 
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concentration of stress is controlled by changes in the dimension. The tension in the vicinity, as stress 

is applied to the notch or hole, so it is greater than the nominal stress. 

 
Figure 4.20 Tensile loading of plate with circular hole [6] 

 

    
Figure 4.21 Tensile loading of plate with elliptic hole [6] 
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Figure 4.22 Tensile loading of plate with Rectangular notched [6] 

 

 

Formula to find these parameters for hole, ellipse and rectangular notch is discussed in detail in the 

previous thesis given in reference[24]. Force vs displacement is shown in table with the specimen hole 

dimensions for elliptic hole and for rectangular hole with stress strain graph. 

 
Figure 4.23 Force vs displacement graph of specimen with elliptic hole [6] 

 
 

Table 8 LOAD vs Displacement vales of different size elliptic hole [6] 

Elliptic hole of size (2a x2b)mm Maximum Load (N) Displacement (mm) 

45 x 0 7.081 21.13 

45 x 5 7.412 21.21 

45 x 10 7.414 23.66 

45 x 15 8.108 25 

45 x 22.5 8.426 25.55 

45 x 45 8.590 28.67 
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Figure 4.24Force vs displacement graph of specimen with rectangular notch shaped hole [6] 

 

Table 9 LOAD vs Displacement vales of different size rectangular notch shaped hole [6] 

Rectangular notch shaped hole 
of size (2a x2b) mm 

Maximum Load (N) Displacement (mm) 

45 x 0 7.081 21.13 

45 x 5.6 7.950 22.55 

45 x 10 8.415 26.58 

45 x 15 8.456 26.64 

45 x 20 8.585 28.67 

45 x 45 8.590 28.94 

 

4.5.2 Stress strain distribution at crack tip 
 

In the LDPE material with a pre-existing core crack of varying lengths, the stress-strain distribution at 

the crack tip and elements close to the tip is investigated. We obtain a set of parameters by implementing 

an optimization algorithm and automating the simulation with Python code. Without conducting 

additional experimental experiments, the material data collected can be used directly for numerical 

simulation in the future. The optimization algorithm is then tested against results that are similar to the 

experimental answer after it has been implemented. 

 

The primary focus of this thesis is on the numerical material model parameters of LDPE film. With the 

aid of experimental results obtained from the tensile test of the LDPE continuum, the analysis was 

carried out to predict the material model parameters. With the aid of a Universal Tensile Testing 

Machine, this study begins with tensile testing on the above-mentioned material without any cracks, i.e., 

on continuum materials. Calculate the Young's modulus, Stress, and Plastic strain parameters using the 

FEM (Finite Element Method) program ABAQUS using the force-displacement data obtained. Using 

the obtained data, we were able to simulate pre-existing crack models with varying crack lengths to 

investigate the stress-strain distribution near the crack area, which is our focus.[25] 

 

In this project, the procedure was carried out in a summary, from tensile test experimentation to finding 

force displacement data using optimized parameters to finally comparing the numerical force 

displacement versus the experimental force displacement. To make our calculations easier, materials are 

assumed to be isotropic in all situations.[18] 

 

The action of the elements near the crack tip was captured in relation to the stress concentration and 

pressure. The stress concentration and hardening propagated in the crack region, but not in other zones 
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around the crack. Simulator response is also heavily influenced by meshing near the crack zone. This 

research can be used to carry out additional secondary hardening in order to propagate and capture the 

experimental crack response as closely as possible to the computational simulation crack response.[18] 

 

Stress relaxation study of paper board is discussed in the reference thesis[16] 

4.5.3 Buckling Behavior of Al-foil with central crack 
 

Compressive and tensile loading causes an instability in a structure. Effects of tensile loading on a 

structure is studied. in the case of elastic mechanics buckling phenomena is a major issue due to which 

the applied tensile fore creates stress in the object at different area. Eigen value equation is used to 

perform the research. A factor to find out the buckling in a structure with central crack is also discussed. 

Effects due to which the wrinkle generates is clarified. [14] 

 

Focus is to compare experimental and numerical results obtained from critical buckling stress. Procedure 

for simulating the wrinkles is validated. Influence of scale factor of buckling modes is observed. [14] 

 

4.6 Peel Test 
 

Peel test is performed on a specimen having two layers joined with each other having same   physical 

properties or different physical properties. Adhesive material is used to join them to gather or in the case 

of laminates we can join PP or LDPE sheets by using ‘Compact Heat Laminating Machine’.[3], [26] 

4.6.1 Cohesive zone modeling 
For the numerical simulation of delamination this method is used. Characterization and initiation of 

specimen with non-arbitrary geometries this is most suitable numerical method. Cohesive zone 

modeling is based on the Dugdale and barn blats cohesive model theory. That states that the stress is 

limited to the yield stress and the plastic zone at crack tip in strip shaped. Cohesive zone model has more 

advantage that that of mechanics approach reason is that the approach is good with the prediction of 

crack initiation and prediction. [3], [27] 

4.6.2 Traction separation law 
In the simulation of damage initiation and damage evaluation, bilinear traction separation law and 

exponential separation law is used.  

 

Bilinear traction separation law states that ‘the softening after damage initiation is linear’ ‘Exponential 

traction separation law states that ‘the softening after damage initiation is explained by using exponential 

function’. 

 
Figure 4.25 cohesive traction separation law [29] 

 

Damage initiation using exponential function 
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𝑇𝑛 =
𝑑

1 − 𝑑
×
∆𝑛
∆𝑛𝑐

×
𝜎𝑚𝑎𝑥
𝜎𝑚𝑎𝑥

            (27) 

 

4.6.3 FEM analysis of peel test  
 

Model is made in abacus of for peel test. For the analysis of effects due to change in thickness and 

change in the adhesive layer thickness. So, to understand the effects of thickness of material in the 

durability of package. To perform this experiment, 90-degree peel test is performed. In the first phase 

simulation is performed by changing the peel arm thickness. Thickness of peel arm used is 9𝜇𝑚, 18𝜇𝑚 

and  29𝜇𝑚. In first phase only peel arm thickness is change remaining all the parameters remain same 

for all three simulations. Thickness of base material is 14𝜇𝑚 and cohesive material is 9𝜇𝑚. Force 

displacement response is obtained from simulation all values combined in one graph so to compare all 

results. 

 
Figure 4.26 Force displacement response for varying thickness of peel arm [4] 

 
It can be seen in the above figure, as the thickness of peel arm is increased the peel force increased two 

times. This is due to the root rotation angle. Root rotation is briefly explained in [3] referenced thesis 

chapter 6. 

 

Root rotation angle 

𝜃0 =
ℎ

6
1
4⁄ 𝑅0

        (28) 

Table 10 root rotation for changing peel arm thickness[3] 

Peel arm thickness(h) Root Rotation (𝜃0) Maximum peel force (𝑃𝑚𝑎𝑥) 

0.009mm 0.52180 0.329N 

0.018mm 0.37060 0.764N 

0.029mm 0.22810 1.411N 

 

Root rotation values are acquired for varying thickness of peel arm by using query tool in ABAQUS 

visualization. As the peel arm thickness increases the fracture damage zone also increases. It is the 

possible reason for lower root rotation of higher thickness peel arm. We can say that large amount of 

strain energy which is stored in peel arm is likely to be dissipated for lower root rotation of higher 

thickness of peel arm. This may also be the reason of large fracture damage zone in the case of more 

thickness of peel arm. 
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Figure 4.27 Fracture damage zone for 0.009mm thickness of peel arm.[4] 

 

 
Figure 4.28 Fracture damage zone for 0.018mm thickness of peel arm.[4] 

 

 
Figure 4.29 Fracture damage zone for 0.029mm thickness for peel arm.[4] 

 

Same experiment is performed for the case in which only cohesive thickness is changed remaining all 

the thick and parameters remains constant. Cohesive layers thickness used is 0𝜇𝑚,0.5𝜇𝑚 and 9𝜇𝑚.  
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Figure 4.30 Force displacement response for varying thickness [4] 

 

Table 11 root rotation for varying cohesive zone thickness[3] 

Cohesive thickness(h) Root Rotation (𝜃0) Maximum peel force (𝑃𝑚𝑎𝑥) 

0mm 0.60790 0.0.291N 

0.0045mm 0.57210 0.306N 

0.009mm 0.52180 0.329N 

 

Table above represents the relation between the thickness of cohesive layer with respect to root 

rotation and peel force. Root rotation value increases at the peel with the increase in thickness. 

Root rotation value is higher as the deformations are increased. 

 

      
Figure 4.31 fracture damage zone with thickness of 0mm for the cohesive layer [4] 
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Figure 4.32 Fracture damage zone for 0.0045mm thickness of cohesive layer [4] 

 

 
Figure 4.33 Fracture damage zone for 0.009mm thickness of cohesive layer [4] 

 
 

As cohesive layer thickness is increased the fracture damage zone length also increases with the decrease 

in the root rotation. It can be said from the above figures that the root rotation also relates with the 

fracture damage zone or vice versa. 

4.7 Mode Ⅰ testing with and without adhesive material 
 

Experiment is performed to find the difference of results with adhesive material and without adhesive 

material. Polypropylene and low-density polyethylene is experimented under mode 1 of fracture 

mechanics using tensile test. Physical experiment is performed, and finite analysis is performed on 

abacus so to compare the results of experiment and by simulation. Fracture toughness is calculated by 

modified strip yield model, linear elastic fracture mechanics and experimental model. Each polyethylene 

is joined with each other having BoPP inside both with fully layered with adhesion material on both 

sides of BoPP it is joined as:(LDPE/BoPP/LDPE). And the second specimen used is of LDPE joined 

with BoPP. Test is conducted on tensile testing machine and by simulation on abacus. Specimen which 

are used are of dimenshions25x25mm and 95x230mm. values of material properties are calculated by 

the design of experiment technique. Analytical and experimental results obtained by the tests which is 

performed on BoPP of two different specimen provides very satisfactory results in both the directions 

either CD or MD. [28] 

 

In comparison of numerical and physical test results of LDPE in continuum and fracture material, a 

good match was obtained. Similarly, the contrast of the two findings for BoPP both sides completely 

laminated with LDPE shows a reasonable result until the peak load.  
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The numerical and physical test results for BoPP laminated on both sides with LDPE without adhesion 

showed a good match until peak power. The numerical outcome, on the other hand, reveals complex 

behavior as a function of displacement. One of the factors may be vibration. The fracture toughness of 

the three component materials was measured using the theory of linear elastic fracture mechanics 

(LEFM), the Modified Strip yield model, and an experimental test (using global force), and the results 

were compared.[10], [29] 

4.8 Zone 2 and zone 3 study of Crack 
 

Two-zone and three-zone models are used to study the deformation and fracture behavior of the tearing 

ligament. These two models, both focused on the Essential Work of Fracture approach, were shown to 

be capable of predicting the total work of fracture along the tear path in all plastic zones. Based on the 

findings of an earlier experiment, a comparison of these two models was made. The study was based on 

a tear specimen of two-leg trousers with a constant pre-crack duration. PET was used in this project, and 

a laminate composed of PETG/P was chosen to perform the simulation.[28], [30] 

 

The Essential Work of Fracture (EWF) Concept has gained increasing acceptance and popularity for 

characterizing ductile polymer film fracture durability not only in-plane (mode I) but also out-of-plane 

(mode III). The EWF Theory is based on the separation of a pre-cracked specimen's total fracture energy 

into geometry dependent (non-essential work) and geometry independent (essential work) components. 

Out-of-plane (mode III) tearing is the most common failure mode in polymer film packaging.[28], [30] 

4.9 Nakajima test 
 

 
Figure 4.34 specimen in the Nakajima setup with DIC [24] 

 
 

Experiment is also performed on biaxial loading specimen which covers all the circle it is also 

considered as without crack specimen in which the resistance force acts in all direction equally. Due to 

this strain produced on the whole specimen is same. 
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Figure 4.35 bi-axial loading specimen [25] 

 
 

Table 12results for biaxial loading of aluminum and polymer 

Aluminum Exp 1 Exp 2 Exp 3 

Major strain 0.227 0.278 0.264 

Minor strain 0.127 0.126 0.138 

polymer Exp 1 Exp 2 Exp 3 

Major strain 1.054 0.832 0.833 

Minor strain 0.206 0.164 0.215 

 

For all the experiments results are shown as we have 4 specimen excluding biaxial loading specimen 

their results are in table below. 

 

Table 13 aluminum and polymer specimen result with 40mm width [25] 

Aluminum Exp 1 Exp 2 Exp 3 

Major strain 0.246 0.16 0.231 

Minor strain 0.116 0.006 0.1 

polymer Exp 1 Exp 2 Exp 3 

Major strain 0.701 0.762 0.707 

Minor strain 0.105 0.125 0.127 

 

 

Table 14 aluminum and polymer specimen result with 30mm width [25] 

aluminum Exp 1 Exp 2 Exp 3 

Major strain 0.174 0.188 0.191 

Minor strain 0.091 0.093 0.079 

polymer Exp 1 Exp 2 Exp 3 

Major strain 0.551 0.567 0.67 

Minor strain 0.132 0.12 0.094 

 

 

Table 15 aluminum and polymer specimen result with 20mm width [25] 

aluminum Exp 1 Exp 2 Exp 3 

Major strain 0.256 0.243 0.251 

Minor strain 0.08 0.089 0.084 

polymer Exp 1 Exp 2 Exp 3 

Major strain 0.6 0.615 0.61 

Minor strain 0.107 0.089 0.081 
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Table 16 aluminum and polymer specimen result with 10mm width [25] 

aluminum Exp 1 Exp 2 Exp 3 

Major strain 0.211 0.239 0.23 

Minor strain 0.043 0.067 0.07 

polymer Exp 1 Exp 2 Exp 3 

Major strain 0.424 0.446 0.49 

Minor strain 0.07 0.077 0.101 
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5 MATERIAL DEVELOPMENT 

5.1 Recyclable and Renewable material 
In this era due to the climate change effects. World is moving towards sustainability so to overcome the 

environmental effects. In this war it is necessary to work on the development of material which can be 

replaced with the material having more effects on environment. Some material which are existing but 

need to be studied so that they will be useful and replaced with existing ones.  

 

With the research of new material existing material need to be studied to make them reusable after being 

used for some specific purpose. Importance of recyclable materials are increasing rapidly.  Material used 

in the manufacturing of product after the completion of life of product hold its properties so to be used 

in the manufacturing of same product or any other product manufacturing process. 

 

In the manufacturing of a package. Paper boar is used, that have 75% of package total material. This 

paper board is made from wood. Research purpose is to find some alternative instead of wood which is 

more easily available at the same time cheap and considering sustainability. Some materials which are 

studied are as follows. 

• Oil palm fiber 

• Pineapple fiber 

• Kenaf fiber 

• Bamboo fiber 

• Casava fiber 

• Coconut fiber 

 

Instead of using wood fibers are used which can be used instead of using as a boiler fuel. These fibers 

can also have a very good properties to be used in the manufacturing of paper board. Some of these 

fibers are needs to be cleaned before used. Chosen fiber for study among this fiber is coconut fiber which 

is clean and easily available in all parts of earth.[31] 

5.2 Coconut Fiber 
Palms of coconut is in the warm areas of earth. The food of palm which is known 

as coconut is used in manufacturing of eatables and usable products for human 

being. The husk of coconut shell is used in the various field like the packing, 

building construction, ropes, and the padding of mattresses etc. In 2008 is studied 

in BTH student thesis[31].  

 

Coconut fiber is Carbondioxide nural. It is non-toxix and biodegradeable with 

low desity and is easily available. Fiber has water retaning property and rich in 

micronutrients. This fiber benefits a lot in the livlihood since it is taken in 

consideration. 

Coconut fiber according to the building blocks of cell structure consists of: 

• Cellulose 

• Hemicelluloses 

• Lignin and vital substances 

 

Fiber is multicelular with varying diameter and length, close to the center thickness is maximum.for to 

check the fiber weather it is applicable for use tensile test is performed which already discussed in the 

previous chepters two specimens are used to perform this experiment one is take form close to the shel 

and other is take from outside of shell.[31] 

 

While performing the test hooks law is used to find the stress strain values. 

 

 

Figure 5.1 Coconut 

Fiber [33] 
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Table 17 Comparison of Experimental and FEM of inner fiber[31] 

Sample Experimental method value Finite element model values 

stress strain Disp stress strain Disp 

Inner 

fiber 

21.59 0.01768 0.5304 21.32 0.01804 0.541 

 

 

Sample Experimental method value Finite element model values 

stress strain Disp stress strain Disp 

Outer 

fiber 

12.10 0.01714 0.5142 12.32 0.01657 0.497 

Comparison of experimental and FEM of outer fiber[31] 

 

Results are carried out through the load vs extension and stress vs strain graph and young’s modulus, 

stress, strain, yield stress and strain at break is take as a result and is shown in the above table.  

 

From the results we can say that inner coconut fiber has high strength compared to outer shell. On the 

other hand, inner coconut fiber has less elongation as compared to outer fiber[31] 

5.3 Nano Materials 
 

To create a new material, various nanomaterials were investigated for use in the packaging industry. 

Carbon nanotubes, which are widely used as reinforcing materials in the construction of new types of 

nanocomposites, were investigated. The source of sustainability issues in the food packaging industry 

due to the use of nanomaterials. It examines and extrapolates the potential for humans to obtain 

additional capabilities from the production of nanomaterials in the food industry in order to ensure 

environmental sustainability.[32] 

 

There's a lot of promise in getting more leverage over stuff at smaller scales. As a result, once materials 

are reduced to less than 100 nanometers, quantum mechanics begins to affect them, and they take on 

entirely new properties. When these materials are properly manipulated, they can be used to create 

composites that increase a material's strength, reduce its weight, and alter its optical, conductive, and 

magnetic properties.[32] 

 

Composites have been the subject of previous studies, with concerns such as weight, stiffness, and 

strength being addressed. However, after lijima's discovery of carbon nanotubes (CNTs), the focus 

shifted to their exceptional stiffness, high strength-to-weight ratios, and hardness, as well as the highest 

standard of electrical and mechanical properties. Carbon nanotubes (CNTs) which provide ultimate 

reinforcing materials for the construction of nanocomposites materials used in the food packaging 

industry, according to most researchers. These properties, which are visible on the surface of engineered 

nanoscale materials, may only have new advantages, but they may also pose unintended health and 

environmental risks. 

 

Nano composite materials 

1. Polymer clay nanocomposites 

2. Silica nano composites  

3. Polymer carbon nanotubes 

Detailed discussion is in the thesis of reference[32] 
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6 CONCLUSION 
Tensile or tension test used to find the mechanical behavior of material (ductility, yield strength and 

tensile strength), also the ultimate tensile strength which the material can bear before fracture giving the 

strain rate up to the breaking point. During tensile testing of HDPE and PP slippage is the main cause 

of variation in the results. Even with same specifications of specimen though it requires several 

experimental results to take an average. Trellis frame test method is the suitable for this type of material, 

to avoid slippage and using this frame force can also be applied in cross directional during compression. 

Due to the slippage DIC technique is used on this polymer film. As DIC technique requires speckle 

pattern which is used for GOM correlate software to measure the strain. This thin film is transparent so 

to make a speckle pattern various type of spray paints and water-based colors are used in results it is 

concluded that the water based color are most suitable for thin polymer sheet because it does not affect 

the properties of material. DIC technique is useful to validate the results obtained from tensile test of 

flexible polymer material. Using chalk spray, a pattern was created that did not appreciably alter the 

material qualities. Backlighting was employed to enhance the image quality and contrast in the 

photographs. This method works well with transparent materials and specimens like LDPE and PET. 

From experimental data, DIC can provide useful information on the strain distribution. These may be 

used to compare the overall reaction of an experiment to simulations, as well as the local behavior of an 

experiment. Material characteristics that are difficult to measure or need specific equipment can be 

acquired via DIC. The Poisson's ratio was successfully measured for LDPE but not PET using the 

pattern. This demonstrates the significance of appropriate experimental setup in preventing mistakes. 

The approach might be used to measure strains in a variety of studies with future enhancements.  

 

Moreover, if the fracture locus dependency in the material model could be anticipated more precisely, 

the load response in tearing the laminate may be improved.  

 

Test results obtained from all tests show that the material properties change according to the extrusion 

angle of specimen (MD, CD,45degree). the values of young’s modulus and poison’s ratio in MD, CD 

and 45 degrees are different, this indicates that the material is anisotropic. In the case of tear test the 

specimen elongation in machine direction is more as compared to cross direction and 45 degrees. Also, 

the plasticity is large in machine direction. Stress in much more in machine direction as compared to 

cross direction with respective strain. 

 

Furthermore, simulating laminated LDPE/PET for delamination was difficult in that it needed extra 

tweaking of factors such as wave speed and material interaction, however separation between the two 

separate layers or faces of the three-dimensional cohesive components could be accurately anticipated. 

The load response in ripping the laminate may be improved if the fracture locus dependency in the 

material model could be predicted more accurately. During single layer testing PET were found to be 

highly anisotropic between the different tensile test. The anisotropy was not as noticeable during tearing 

expect that the crack angle towards 45 degrees. The LDPE film only showed small anisotropy behavior 

during testing. When teared it moved more into mode I as the crack progressed, giving the teared surface 

a crescent form. As the laminate is teared, delamination only happens in the leg where the LDPE layer 

comes into tension compared to PET layer. The crack will initially angle the same direction as the single 

layer PET but at different magnitudes. After certain point the crack will start to diverge from its path 

and angle towards the delaminated specimen area. 

 

For mode II fracture toughness End Notched Flexure test were also performed but not able to get the 

result due to high friction coefficient in the crack surface. Therefore it is concluded that the End Notched 

test was not able to give the expected results.  

 

According to these conclusions made above, further future improvements could be made and is 

suggested in the next chapter of this thesis.  
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7 FUTURE WORK 
 

Instead of performing test on new material, test should be done on the material taken from a package. 

The package which has spent his complete life from tetra pack to consumer. Also separate the layers 

and perform test individually on each layer instead of performing test on two or more layers. 

 

While performing test on tensile testing machine we must use smaller load cell of 10N instead of 100N 

to get more precise test value. As the material is so sensitive and reading can be affected by the air and 

the people talking or walking, so there should be a closed glass box so to avoid these errors.   

 

A working simulation of laminated tearing should be developed. This will give insight how the material 

behaves and can be used to improve packaging products. DIC should be implemented to tearing test, 

especially in the laminate around the crack. 

 

Consider the crack propagation and materials as anisotropic instead isotropic of infinite element 

simulation, while performing the tensile test and tear test material has shown different behavior as the 

direction is changed from machine direction to cross direction or 45. 

 

 Try to perform the DIC test with water-based color. To avoid material or specimen properties to be 

being get affected, Same as chalk spray. With SEM analysis the fracture surface of the teared specimens 

can be observed. The influence of lamination on the plastic deformation of the LDPE film can then be 

measured. This will show how much influence the lamination has on the delaminated layers. 

 

Trellis-Frame Test  
This method is used to find the hardness and flexibility of material. Test is performed by applying 

compression and extension force due to which tensile force is applied in 4 axes of material plain. We 

can use this method so to avoid the slippage of thin material. 

 
Figure 7.1 Trellis-Frame Test setup[33] 
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Biaxial testing machine 
Biaxial testing machine is also used to perform tensile test, but the difference is that the force is applied 

in all direction which will reduce the contraction during elongation. 

 

 
Figure 7.2 Biaxial testing machine setup[33] 

 

 

Gelbo Flex Test  
Gelbo flex test is also used for thin polymer material of packaging. So, to check the material resistance 

of wrinkle after cyclic loading. In this test a pipe shaped material specimen is fixed on disk on both ends 

having suitable distance between both the solid disk. One disk is stationary, and the other disk rotates in 

clockwise and anticlockwise direction. Also, the moveable disk move to and foo the fixed disk. 

Rotational cycles are adjusted about 100-150RPM. Wrinkle on the crack surface gives the property of 

material. 

 
Figure 7.3 Gelbo Flex Test setup[33]
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APPENDIX 2 
Double Cantilever Beam Test 
Double cantilever beam test is used to characterize fracture toughness of polymer and adhesive material 

in Mode I. Mode I crack growth rate is determined using DCB as a function of range of a fracture 

parameter, for example stress intensity factor or strain energy release rate. DCB test was described by 

ASTM (American standard) in 1990, later further improvement is done in by British standard institute 

in 2001 and in the last by international standard organization in 2009.[34] 

In DCB test a crack is initiated by pulling the beams in opposite direction. This force is along one axis 

but in opposite diction as defined for Mode I. Crack is propagated as the applied force is increased. We 

can say that as the stress is increased on both ends the strain will be increased but the condition is that 

as the crack starts to propagate at a certain limit load is no more required to increase. With same applied 

load crack propagates due to the increased compliance. At this point beams are stopped moving. Thus, 

keeping the deflection constant. Drop in load and the crack length is carefully followed. Following the 

equilibration of crack, specimen is consecutively loaded and then unloaded. Ideally the of fixture should 

remain unchanged in these cycles of loading and unloading if no further propagation of crack. This 

process of loading and unloading is repeated several times leading to total cleavage of specimen. [34] 

 
Figure 7.4 Double Cantilever Beam (DCB)[34] 

End Notched Flexure Test 
ENF test is used to study the interface properties of material also used to determine the mode II bonding 

fracture toughness. ENF test is similar to three point bending test which is used to determine the 

hardening parameters. Main difference is the cohesive interface between layers of sheet metal.[34] 

 
Figure 7.5 End Notched Flexure test setup[34] 

 

 

  


