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Abstract
Packages are the means of preservation, distribution and convenience of
use for food, medicine and other consumer products. The introduction of
a new package-opening technique for a better opening experience requires
additional prototype development and physical testing. In order for the
design process to be more rapid and robust, finite element (FE) simulations
are widely used in packaging industries to compliment and reduce the amount
of physical testing.
The goal of this work is to develop some building blocks for complete
package-opening FE-simulation. To begin with, the study focuses on mechanical testing of packaging materials’ fracture and delamination, especially
shear fracture. Use of tools like digital image correlation (DIC) and scanning
electron microscope (SEM) greatly aided to the strain measuring technique
and observation of fractured and delaminated surfaces, respectively.
A modified shear test specimen for polymer sheet testing was developed
and its geometry was optimized by FE-simulation. A geometry correction
factor of shear fracture toughness for the proposed specimen was derived
based on linear elastic fracture mechanics (LEFM). It was found that the
specimen ligament length should vary between twice the thickness and half
the ligament width of the modified shear specimen to measure the essential
work of fracture.
Thin-flexible laminate of low-density polyethylene (LDPE) and aluminum
(Al) is another key packaging material addressed in this study. The continuum and fracture testing of individual layers provided the base information
and input for FE-modelling. The FE-simulation material parameters were
calibrated from the physical test response through inverse analysis. Identification process of the laminate interface fracture energy (Gc ) from peel tests
was studied experimentally and theoretically. A successful FE-simulation
optimization framework using artificial neural network and genetic algorithm was developed for the calibration of Gc . To address the challenge in
quantifying shear Gc of laminate with very thin substrates, a convenient
test technique was proposed. In a separate case, the tearing response of
LDPE/PET (polyethylene terephthalate) laminate was studied to examine
crack propagation, crack path deviation and delamination of the laminate
in mode III fracture. Several tear EWF evaluation theories were proposed
along with a cyclic tear test method.
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Nomenclature
Symbols
α

Hardening Parameter

βp

Shape Factor

δ

Cohesive Separation



Strain

y

Yield Strain

η

Stress Triaxiality

ν

Poisson’s ratio

σ

Stress

σy

Yield Stress

σc0

Interfacial Strength

θ

Peel Angle

a

Half Crack Length

b

Width of the Peel Arm

D

Damage Variable

E

Young’s Modulus

G

Energy Release Rate

G∞E
Energy for Peeling Away Infinitely Rigid String
a
xi

Gc

Critical Energy Release Rate

Gdb

Plastic Energy Dissipation Per Unit Width

gII

Geometry Correction Factor for Shear Stress Intensity

Gemax Maximum Elastic Energy in the Peel Arm
kB

Maximum Normalized Curvature of Bending

k0max Maximum Normalized Curvature
k0min Minimum Normalized Curvature
KII

Mode II Stress Intensity Factor

kmax

Maximum Curvature

kmin

Minimum Curvature

L0

Ligament Length

R0

Radius of Curvature of Bending

R1

Radius of Curvature at Initial Yield

t

Thickness

w

Width

we

Specific Essential Work of Fracture

wf

Specific Work of Fracture

εpl
D

Equivalent Plastic Strain at the Onset of Damage

Abbreviations
Al

Aluminum

ANN Artificial Neural Network
ARC Areas of Relevance and Contribution
CD

Cross Direction

CNC Computer Numerical Control

xii

DCB Double Cantilever Beam
DEN Double Edge Notched
DENT Double Edge Notched Tensile
DIC

Digital Image Correlation

DOE Design of Experiment
DRM Design Research Methodology
ENF

End Notch Flexure

ERR Energy Release Rate
EWF Essential Work of Fracture
FE

Finite Element

FEM Finite Element Method
GA

Genetic Algorithm

HDPE High-Density Polyethylene
LDPE Low Density Polyethylene
LEFM Linear Elastic Fracture Mechanics
MD

Machine Direction

MSTS Modified Shear Test Specimen
PET

Polyethylene Terephthalate

PP

Polypropylene

RC

Research Clarification

SEM Scanning Electron Microscope
SEWF Specific Essential Work of Fracture
SIF

Stress Intensity Factor

SWF Specific Work of Fracture

xiii

VCCT Virtual Crack Closure Technique
ZOI

Zone of Interest
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1
Introduction
Packages are the means of preservation, distribution and convenience of use
for food, medicine and other consumer products [1, 2]. Packaging-solution
providers have their own competitive market in which they have to develop
new and better designs for packages to keep up with continuous changes in
packaging trends, fashions, and product types to pack [2, 3]. The closure
on a package is designed to protect the product from spillage, pilferage,
contamination and quantity loss [4, 5]. Studies find that the features of
package influence a consumer’s choice of one brand over another [1], and
they tend to favor packages with easy opening features [6]. According to
a survey conducted by consumer magazine in 2006, 99% of elderly people
reported that package-opening has become more difficult in the last 10
years [4]. Another survey in United Kingdom by McConnell [7] polling
2000 elderly people, found that 91% respondents had to ask for help with
package-opening, and about 7% of them occasionally injured themselves
while trying to open packages. This situation can arise from the fact that
more consumer products are now being distributed in packages and easy
opening is a low priority for package manufacturers. This issue is being
addressed more seriously recently and measures are being taken to introduce
new designs and means to make more user-friendly opening.
As shown in Fig. 1.1, an opening solution can mean, among other things,
the breaking of the seal of the screw cap or the breaking of one or few layers
of laminate to access the content inside [8]. Screw cap joints have a material
thickness of about 1 mm, whereas the Al-foil in the package is less than 10
µm thick and the LDPE-film is less than 30 µm thick.
The introduction of a new package design, opening technique, material
or geometry for a better opening experience forces new design measures
which require a significant number of prototype developments as well as
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Figure 1.1: Classification of studies for package-opening based on thickness
scale of packaging materials [9].
physical testing [8].
In order to achieve more rapid and accurate design, the finite element
method (FEM) simulations are widely used in packaging industries to compliment and reduce the amount of physical testing and make the development
process faster and more robust [10]. FE-software is used by packaging
industries for early decision-making before investing too many resources in
a package design that could potentially be faulty. FE-models need to be
simple and yet sufficient to represent the physical models. Modelling involves,
among others, geometric generalization, the choice of appropriate constitutive model and the calibration of the constative properties. Experimental
testing methods and finite element method (FEM) simulation techniques
are different for thin and thick packaging material layers. Furthermore, thin
layers are laminated together in application.
Nevertheless, both studies of thin and thick packaging materials were
conducted with a single aim: the development of the building blocks for
opening FE-simulations of packages. FE-modelling of liquid food packages is
a topic under study by many researchers and requires further development.
For instance, some researchers are working with physical testing of packaging
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materials [11–15]. Also, numerous studies were performed for identification
of FE-simulation input constitutive parameters and their calibration [10,
16–18]. A brief description of some relevant studies is presented in Chapter
2. Fracture mechanics aspects of packaging materials addressed in most
of the earlier studies were in mode I. There are opportunities for further
investigations in mode II and mode III fracture of these materials. More
studies are required on packaging laminates, especially identification of
their interface properties. The inverse FE-analysis benefits from various
optimization schemes studied by many authors [19–21]. Adopting such
schemes can save time and make FE-simulation more robust.

1.1

Objectives and research questions

The aim of the research is to develop and add to the FE-simulation techniques
for development and validation of suitable package-opening. A FE-model of
the package should represent the physical model well enough to build trust
on the simulation results. The scope can be very wide and involves i) using
conventional material test methods and when necessary, developing modified
test specimens and methods for the mechanical property characterization of
bulk packaging materials and their laminates; ii) development and validation
of FE-simulation techniques that satisfactorily model the physical tests done,
and; iii) combining different simulation techniques developed previously to
simulate full-scale package-openings and verifying them through comparison
with physical package-opening. Successful completion of these three scopes
can develop enough confidence to use a FE-simulation for new packageopening development. Knowledge from these simulations can be used to
predict the opening performance early in the concept selection and act as
decision support.
This thesis focuses on packaging material testing, mostly in shear, to
characterize material and interface properties. The goals of FE-simulations
were also limited to reproducing the physical test responses through inverse
analysis. Four research questions were formulated to guide the research
activities. They are distinguished based on modes of fracture, physical test
or FE-simulation, single-layer material or laminate.
RQ-1: How can shear fracture in packaging material be experimentally tested
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and simulated?
RQ-2: How to characterize thin-flexible laminate interface properties?
RQ-3: What is the effect of anisotropy on tearing of thin-flexible polymer
films and their laminates?
RQ-4: How can inverse analysis together with optimization help to achieve
robust and realistic FE-simulation of packaging materials?
RQ-1 addresses in-plane shear fracture of polymer sheets, RQ-2 addresses
laminate interface characterization, while RQ-3 focuses out-of-plane shear
fracture of thin polymers and their laminates. Finally, RQ-4 addresses inverse
analysis from physical test to FE-simulation that includes the calibration of
constitutive properties, FE-modelling and validation of FE-results.

1.2

Readers’ guide

This thesis contains ten chapters and six publications are appended at the
end. The research is presented in enough detail so that the content is
comprehensible to readers without the help of the appended publications.
The background, supporting modelling and analytical tools and overall
contribution of the research is presented and discussed in the thesis from
a holistic viewpoint, while the papers provide a detailed description of the
research focus in each study. Different papers focus on different aspects
of the research questions. Theories behind different modelling techniques,
constitutive relations and optimization techniques used in the publications
were revisited in this thesis with the aim to help the readers follow the
argument. The through line of this thesis that connects different studies and
presents the relation among the papers is presented in chapter 9. Readers
may find that more detail on the mechanical tests, theoretical models, FEmodelling and inverse analysis tools are necessary to follow the presented
results and discussion in chapter 9. These details are provided in the earlier
chapters.
In the current chapter, food packaging development is introduced as
a research area. The aim of the work and research question related to
packaging material testing and their FE-simulation are presented. This
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chapter also includes a guide for readers of the thesis.
Chapter 2 presents the background information regarding the technologies
and practices in the field; mostly from the viewpoint of packaging industries.
Chapter 3 describes the adapted research methodology. It provides the
rationale of the study flow, that starts with material testing and moves
towards the inverse analysis for FE-modelling, followed by the validation
and verification of the results.
Chapter 4 presents the conventional and proposed experimental test specimens and test methods. Some of the measurement and observation tools
used are also introduced.
Chapter 5 presents theories on essential work of fracture in different modes
and plastic energy dissipation due to beam bending.
Chapter 6 includes the description of the FE-models and motivation for
different idealizations and assumption made in the models.
Chapter 7 presents inverse analysis methods and tools.
Chapter 8 contains a summary of the appended papers, along an explanation of their relation to the overall research and the contribution of the
author of this thesis to each paper.
Chapter 9 presents the main findings of the thesis work on polymer sheets
and thin-flexible film, foil and their laminates. Appropriate test methods,
test data analysis, FE-simulation techniques and optimization procedures
are suggested and the results are discussed in terms of research questions.
Chapter 10 contains the conclusions of the study and outlines its contributions to the field of research. It also includes directions for future research
which is important for the extension of the findings presented in this thesis.
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Related Works in Literature
FE-simulation software is used by packaging industries in the early stages of
decision-making. Inverse analysis to characterize FE-model parameters from
physical testing is a common practice in packaging and many other industries
like automotive and aerospace [22]. Knowledge from these simulations can be
used to predict the opening performance early in the concept selection and act
as decision support [8]. Essentially, some important components of package
FE-simulation studies are physical testing of the constituent materials,
developing the FE-model using geometric and constitutive idealizations
based on physical testing and finally, validating the simulation results. The
validation process may suggest the scope for optimization of the simulation
input parameters. Some related works on various testing and FE-modelling
in packaging and other similar materials are revisited in this section.

2.1

Mechanical testing

Mechanical testing for investigation into common mechanical properties
in packaging materials, such as elasticity, plasticity and mode I fracture
response, has been a popular topic of study and has been addressed by many
authors for thin polymers [16, 23]. These properties are prominent in the
research mainly because they are necessary for calculation and modelling
the most common loading cases on a package over its service life, including
the opening.
For this study, mechanical testing focused on polymer sheets, thin polymer films, Al-foil and their laminates. Paper board is another important
packaging material that was not included in this work but was addressed by
other authors [13, 24, 25].
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2.1.1

Shear testing of sheet material

Two of the most commonly used shear test procedures are Iosipescu and
V-Notched rail tests. However, these tests require additional fixtures or
more complex experimental equipments [26, 27]. Alternative geometry of
the shear specimen was proposed in [27] that does not require additional
fixtures and was modified by many authors, including [28], to be used for
polymer materials. Kwon et al. in [29, 30] used a side-grooved double edge
notched (DEN) specimen to guide an Iosipescu test of HDPE sheet toward
pure shear. HDPE has excellent ductility and large work hardening that
develops stable necking when it undergoes plastic deformation [31]. This
property makes its shear testing difficult due to the mixing of mode I loading
prior to failure.
The theory of essential work of fracture (EWF), which is more popular
in mode I fracture energy estimation of highly ductile material [32–34], has
recently been used with in-plane shear tests [29]. Noticeably, the ligament
length of the mode II shear specimen must be within certain limits to
accurately measure EWF. Cotterell et al. in [32] proposed a range of usable
ligament length in relation to the deep edge notched specimen’s width and
thickness to be between 5t (t is thickness) and 3w (w is width) for mode I
of fracture. There is debate regarding this range, and some authors have
claimed the maximum ligament length is 2w. However, in pure shear cases the
range differs depending on the testing method. In standard Iosipescu tests,
it was found that the minimum ligament length is same as the thickness (t),
but no study of maximum limit was mentioned [30]. This is an opportunity
for further investigations.

2.1.2

Testing of thin films

Physically testing thin-flexible film-like packaging material is more challenging, and in the case of their laminates, it is also necessary to study both
individual layers and their interface [10]. The adhesion level affects the
overall behavior of laminates significantly [10]. Although there are many
existing mode I studies on single-layers as well as laminates of these thin
polymer films [11, 12, 17, 35–41], not many out-of-plane investigations could
be found in the literature. The two-leg trouser tear test is the preferred
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test method for tear testing of thin sheets and films [42]. There are some
associated challenges with this test. One of the challenges is that when highly
extensible materials are tested, it is hard to separate the elastic and the
plastic deformation in the legs from the plastic deformation in the vicinity
of the crack with the crack propagation. Mode mixing is another challenge.
Wong et al. [42] described mode III tearing EWF of a thin polymer to be
very similar to that of mode I and attributed this to the fact that mode III
tearing at the crack tip becomes a mixture of mode I and mode III due to
high local deformation [40, 43]. Barany et al. [44] studied EWF of PET for
mode I and mode III and found a similar correlation between them.

2.1.3

Testing of laminate interface

The measurement of adhesion properties in bi-material interface of thick
flexible laminates has been studied by many authors, including [37, 45,
46]. Several recent studies have addressed the mechanical behavior and
deformation of thin-flexible LDPE and Al, including [11, 16, 23, 47–49]. The
adhesion between the layers dictates the load-carrying capacity and allowable
strain on the laminate. This makes the study of the adhesion between them
very important in packaging applications and many previous works have
addressed this phenomenon [9, 15, 36–38, 46, 47]. For the experimental
determination of adhesive properties in thick (few mm) laminates, methods
like the double cantilever beam (DCB) and the end notch flexure (ENF)
are used. ENF is a popular testing method for energy release rate (ERR)
determination with respect to adhesive shear deformation at the crack tip
of composites with a relatively thin adhesive layer and stiff substrates.
These methods have been studied by many authors, for instance in [50, 51].
However, some researchers, O’Brien [52] among them, have argued that the
apparent shear ERR of adhesive joints measured by conventional methods
is inconsistent with the original definition of shear fracture. This claim is
based on the observation that there is tensile failure of the adhesive fibre
during shearing, which is not practically the sliding of two planes relative to
each other.
These approaches prove to be inconvenient when the substrates are
thin-flexible films. Because of its conceptual and geometric simplicity, peel
testing is widely adopted for measuring normal delamination properties [14,
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53–71]. It is commonly used to determine the fracture energy associated with
peeling. Very thin peel arm experiences predominantly bending deformation
and dissipates plastic energy due to that. A method, based on large displacement beam theory, to determine the fracture energy from experiments
was presented in [14]. In that method, the deformation of the peel arm is
assumed to be governed by linear isotropic hardening.

2.2

FE-modelling

The FE-models are developed using geometric and constitutive idealizations
based on physical testing. The idealization of continuum materials for FEanalysis is done using different material constitutive models including elastic
and plastic response [16, 23, 46]. Material necking, also known as strain
localization, is the comprehensive result of stress concentration and material
degradation, i.e. softening. Softening refers to the degradation of material
stiffness which can be modelled in FE-software [16, 46]. Appropriate finite
elements from various family, formulation and integration techniques can be
used for discretization of the model. The interface of the laminate can be
modelled as a cohesive zone in the commercial FE-software, which is also
the most commonly used technique. Other available techniques for interface
modelling include use of VCCT and XFEM [46]. The design of experiments is
well-used to determine the numerical parameters of continuum and fracture
in FE-simulation [10]. This method helps to optimize the control factors for
an accurate and realistic FE-simulation. An optimization framework provides
a policy-driven and FE-model-driven framework for finding optimized FEsimulation input parameters. A powerful method involves using an artificial
neural network (ANN) inside a genetic algorithm (GA) which was successfully
adopted earlier in several optimization studies [72, 73]. This is also the final
step in the inverse analysis process which is followed by the validation of
the FE-model.
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3
Research Methodology
The research plan for this study was influenced by the design research
methodology (DRM) framework. It helped to keep control of the activities
related to the research goals and explore areas of relevance and contribution.
DRM consists of four stages: research clarification (RC), Descriptive Study
I, Prescriptive Study, and Descriptive Study II [74]. The stages of DRM
framework are:
Stage 1: The researcher begins with the RC stage, where he reviews the relevant
evidence to support the hypothesis which can guide the development
of a realistic goal. Measurable criteria for success are also defined in
this stage [74].
Stage 2: In Descriptive Study I, with a clearer goal and focus, the researcher
reviews the literature for more influential factors and evidence to
elaborate upon the initial description of the existing situation. The
researcher tries to formulate a detailed description of the present
condition and investigate the current problems to clarify his actions [74].
Stage 3: In the Prescriptive Study stage, the initial description of the desired
solution is defined, achieved and evaluated [74]. This stage may also
include the development of prototypes.
Stage 4: In Descriptive Study II, the researcher investigates the impact and
effectiveness of the developed solution to build new knowledge [74].
This framework is presented in Fig. 3.1. Depending on the number of these
stages covered and their maturity level, research can be of several types. The
methodology that covers review-based RC, comprehensive Descriptive Study
I and an initial Prescriptive Study was most appropriate for this research.

11

3. Research Methodology

Figure 3.1: Design research methodology framework [74].
Descriptive Study II is an opportunity for the continuation of this research.
Two important success criteria (SC) of this research are,
SC 1: Selected mechanical properties of the packaging material can be successfully measured and are comparable with the results from the
literature.
SC 2: FE-simulation models produce similar load and deformation response
as in physical tests.

3.1

Area of relevance and contribution

In the process of research clarification, an “areas of relevance and contribution”
(ARC) diagram [74] was developed (see Fig. 3.2). Several relevant areas
of research were identified and the areas are divided into three categories
based on their level of importance to the research and the outcomes. Some
areas, like physical testing, FE-simulation, mechanics, optimization and
package-opening techniques were essential for conducting the study. Some
useful areas were study of normal mechanical properties of thick polymers
sheets and shear mechanical properties of thin polymers. Some areas were
representing the areas of outcome of the study those intend to answer the
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research questions and develop support in the area of shear simulation and
experimental techniques, tear testing, testing and FE-simulation of interface
delamination etc. They are termed as “areas of contribution”.

Figure 3.2: The area of relevance and contribution (ARC) diagram.

3.2

Design of experiments

The design of experiments (DOE) [75] was used to identify the key numerical
parameters (control factors) of continuum and fracture simulation. One
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control factor was changed at a time, and its sensitivity to response factors
was measured. This method helped to optimize the control factors, which
were mostly the constitutive material model parameters of the substrates
and interface, for an accurate and realistic FE-simulation. Fig. 3.3 shows an
example of using DOE to setup an inverse analysis scheme for shear fracture
and delamination in packaging materials. Only simulation control factors
were changed in ABAQUS [76], but no noise factor (inconsistency in physical
geometries, possible spread in material properties etc.) was considered.
The output response factors like reaction force, displacement and various
deformations from physical testing and simulation were compared in this
study.

Figure 3.3: Design of experiments as applied in the study.

3.3

Inverse analysis

The inverse analysis in the study began with the physical testing of packaging materials [10]. The experimental response, geometry and boundary
conditions were mimicked in the FE-simulation. Finally, numerical and
experimental responses were compared and verified. The validation process
may suggest the scope for the optimization of the simulation input parameters. Study of the DIC measurements, recorded videos during testing and the
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microscopic analysis of post-test specimens provided important information
on the mechanism of fracture, delamination and damage. It is relatively
straight-forward to setup and perform the experiments; however, specimen
preparation and processing the tested specimen for microscopic study takes
care and time. Force displacement responses of the tests were measured, and
geometric deformation and interfacial delamination of the specimen during
the test were recorded. This information was used to calculate essential
numerical inputs of continuum material models, fracture properties and the
ERR of delamination in the laminates. The inverse analysis ends with verification by comparison of the mechanical and geometric responses from the
test and FE-simulation. Improvements in experimental techniques evolved
over the study to increase accuracy, and simulation models were optimized
to achieve time-efficient, accurate, reliable and stable solutions. More on
inverse analysis is discussed further in chapter 7.

3.4

Research quality and validity

Papers A, B and D presented in this thesis are peer reviewed and published,
papers E and F are being considered for journal publications which are going
through second round of revisions. The modified shear test specimen and
test method in paper B was accepted in publication by the international
standards organization, ASTM International. The quality of the research in
terms of contributions to package-opening experimentation and simulation
can be measured based on the maturity level of several criteria of the study.
Experimental techniques, continuum behavior of bulk material, fracture
behavior, delamination behavior, simulation strategy (validated by the
experiments), microscopic study and decision support are some of these
important criteria which are discussed in section 8.7. As mentioned earlier,
Descriptive Study II, i.e., investigation of the impact and effectiveness of
the developed solution, was not included in the scope of the research at this
point. However, positive feedback during discussions with the packaging
industry’s simulation experts and good agreement between experimental
and simulation results increase confidence in the outcome of the studies.
The FE-model construction is commonly validated through comparison of
mechanical responses from the physical test [10, 24, 48]. The same approach
was adopted for the FE-studies in this work.
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4
Applied Material Test Methods and
Experimental Tools
This chapter contains some common and some modified material testing
methods employed. Tensile tests with and without pre-crack for single
layers and laminates were used for continuum and mode I fracture material
property characterization. To evaluate in-plane shear material properties, a
modified shear specimen as well as to evaluate out of plane shear properties,
two-leg trouser tear test were used. Peel tests were useful for characterization
of laminate interface. A cyclic tear test method was introduced and studied
for mode III EWF. The 2D DIC method that was used in several tests
is also described in this section. The tested materials were supplied by a
packaging industry, which are constituents of liquid food packaging. HDPE
and PP sheet materials were produced through injection moulding. Melted
LDPE was extrusion coated on top of the PET film and Al-foil to produce
the LDPE/PET and LDPE/Al laminates, respectively. Separation of the
substrate in the laminate, when necessary for specimen preparation. It was
done manually in the laboratory to perform single-layer tests. To achieve
delamination, several millimetres of the LDPE-film were first carefully peeled
by hand; a circular Plexiglas rod was then placed between the layers, and the
LDPE layer was rolled off the other substrate layer to create the single-layer
films. This process introduces some plastic straining of the substrates due to
stretching and bending, but the same effect was repeated for all specimens.
In order to study the anisotropy in the polymer films, specimens were cut
from a roll of film as shown in Fig. 4.1. A sharp surgical blade was used to
cut the specimens and the pre-cracks.
Experimental tests were performed using an MTS Qtest 100 universal
tensile testing machine available in the Laboratory at BTH with appropriate
load cells and grips for specimen mounting. The materials to be tested were
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Figure 4.1: Orientations of the prepared specimens to study anisotropy in
materials.
kept in a controlled laboratory environment with a temperature of 23◦ C and
50 % humidity for at least 24 hours before specimen preparation. All tests
were displacement-controlled. For any experimental results presented, at
least three acceptable tests were performed. Because of anisotropy inherited
from the production process, sheet materials, substrates and laminate were
anisotropic [18]. In some cases, the packaging materials were tested in several
directions to measure the effect of anisotropy (Fig. 4.1).

4.1

Uniaxial tensile test

The tensile tests were performed for thin films according to the international
material testing standard ISO 527-3 ([77]). This standard specifies the
recommended dimensions and procedure for tensile testing of thin film
plastics (<1 mm thick). Specimen length between the tensile grips was 100
mm, width was 25 mm (100X25) and test speed was 20 mm/min. In the case
of tensile specimens with different sizes/ positions of pre-crack, a 230X95
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Figure 4.2: Tensile testing of a pre-cracked Al/LDPE specimen.
mm specimen was tested.
Representative force vs. displacement was recorded and DIC was incorporated for stain measurement. The tensile test setup for pre-cracked
Al/LDPE laminate is shown in Fig. 4.2 as an example. Elastic, plastic,
damage constitutive and fracture properties in the thin foils and films could
be characterized from these tests.

4.2

Shear test

The geometry of a shear test specimen of ASTM B769-11(2016) [78] was
modified to suit polymer sheet study and the new geometry used in paper
A and B is shown in Fig. 4.3. After an optimization study of the effect of
side grooves, notch distance, notch length, notch angle by experiment and
complemented by FE-simulation, the geometry was proposed by the author
of this thesis in [79]. Specimens were prepared both by CNC machine and
high precision water jet from commercial-grade HDPE pellets. The CNC cut
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Figure 4.3: Shear test specimen geometry. (a) Whole specimen and (b)
Effective test specimen.
provided a better surface finish over the water jet cut in this study. Different
lengths of notches at different angles were cut in the specimens separately
with the help of a sharp surgical blade. The effective test specimen that can
be imagined as a section containing the notches (Fig. 4.3 (b)) is referred
to as zone of interest (ZOI) in further discussions. The other part of the
specimen acts to hold the ZOI in proper orientation to load it in shear. In
the ZOI, w is the width, a is notch length and L0 is the ligament length as
shown in Fig. 4.3 (b). Notches were cut to get samples of specimens with
different ligament lengths. Shear stress intensity factor and shear EWF were
the outcomes of these tests.

4.3

Tear and cyclic tear test

In paper E, to assess the mode III fracture properties of the substrates
and the laminate, a two-leg trouser tear standard test method was adopted
according to ASTM D1938-93 [80]. The specimens were marked along the
expected crack propagation path with the help of a scale and marker. This
helped to record the crack length at any point during a test or any deviation
of the crack path. The dimensions used for the specimens were an effective
length (between grips) of 95 mm and a width of 30 mm. The pre-crack was
35 mm long. A minimum of 25 mm of the legs was mounted to the hydraulic
grips. A test speed of 2 mm/min was used in the tearing tests. This slow
test speed helped to reduce fluctuations in the test force responses. The test
was performed until the crosshead moved 20 mm to produce a 10 mm crack
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Figure 4.4: A laminate under trouser tear test.

propagation. A laminate sample under tear testing is depicted in Fig. 4.4.
For the EWF calculation, the specimens were torn in MD to a larger extent
through five incremental loading and unloading cycles.
Fig. 4.5 illustrates this incremental tearing through loading and unloading.
Noticeably, the crack propagation can be expected to be nearly half of the
leg separation. However, this is not practically the case because the bending
of the legs increases as load increases, and there is deviation to the crack due
to anisotropy. Specifically, at the end of the first cycle, the crack propagation
length is significantly smaller than expected as the specimen needs to bend
before the crack can begin to move. Therefore, to assess the exact length of
the propagated crack, it was necessary to record the crack length after each
cycle (inspecting the markings on the specimen). At the end of loading in
each cycle, a pause of 30 seconds in test machine cross head movement was
programmed. This pause was used to photograph test specimens to measure
the current curvature of the trouser-legs’ bending (Fig. 5.4). Since the tear
load response is very small when compared to the tensile test response, the
elongation of the legs was ignored.
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Figure 4.5: Cyclic test method for incremental tearing.

4.4

Peel test

The adhesion between two substrates can be quantified based on a peel test
which was adopted in paper F. Peel tests are best suited for estimating the
normal fracture energy of the interface.

Figure 4.6: Experimental setup for peel test [81]. (a) θ = 180◦ and (b) θ
= 90◦ .
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4.5. Scanning electron microscopy (SEM)
50 mm-wide peel specimens were used at peel angles (θ) 90◦ and 180◦ until
a steady force response had been achieved. Steady state peel force and
root rotation were measured. The measurements were used to calculate the
fracture energy of delamination (Ga ) per unit width (b) of peel arm.

4.5

Scanning electron microscopy (SEM)

Fracture surfaces of the post-test specimens were observed in a scanning
electron microscope (SEM). This helped to predict the mode of fracture and
observe necking and delamination in thin laminates which could support
FE-modelling and other theoretical analyses.
Most SEM studies presented were carried out at the facility of a leading
packaging industry in Sweden. Slices of the specimens were prepared using a
sufficiently sharp cutting blade from manufacturer Leica to avoid undesired
influences. The SEM equipment used was a Hitachi-Tabletop Microscope,
TM-1000, operating at 15 keV.
The SEM studies on post-tearing polymer films were performed at the
SEM laboratory at Shanghai Polytechnic University, China. The specimens
in this case were cut with sharp scissors and were gold-coated using a Hitachi
E-1030 Ion Sputter Coater. A Field Emission (SEM) Hitachi S-4800 electron
microscope was utilized.

4.6

Two dimensional digital image correlation (DIC)

DIC is an optical method that tracks 2D and 3D changes in images and
enables full-field measurement of quantities like displacement. The strain is
then typically obtained in a post-processing step by calculating the gradient
of the displacement field. This method is applied to a wide variety of other
applications in science and engineering. GOM Correlate is a commercial
image correlation and evaluation software. It provides free 2D digital image
correlation and evaluation capabilities that was used for studies included
here.
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4.6.1

2D DIC

In classical 3D DIC for low-speed tests, the deformation of an object is
determined by observations made by standard low-cost low-speed chargecoupled device (CCD) cameras used in machine vision applications [82].
However, for 2D DIC, imaging is straight-forward; one action camera and a
remote for controlling imaging was enough. All DIC software make small
subsets of the pattern containing several dots/marks made by spray paint.
The size of the subset is adjustable in the GOM correlate software. Each
subset in the specimen is expected to be unique with a collection of different
number of dots/marks in different sizes and it becomes the identity of the
that subset [83]. To perform the tracking, each subset is shifted until the
pattern in the deformed image matches the pattern in the reference image
as closely as possible; this match is calculated as the total difference in grey
levels of the image at each point. When a match is found, the software
decides that will be the new position of the subset after deformation. The
relation between the deformed and the un-deformed images is illustrated in
Fig. 4.7.
If the center point of the subset in the initial configuration is denoted by G
and G∗ denotes the central point of this subset in the deformed configuration,
the relationship between the coordinates of these two points can be expressed
by the equations below,
x∗ = x + u(x, y)

(4.1)

y ∗ = y + v(x, y)

(4.2)

where u(x, y) and v(x, y) represent the homogenous displacement field for one
pattern (whole set of pixels). In the GOM software, the displacement field
is considered homogeneous and bilinear with respect to x and y according
to the equation below,
(

u(x, y) = a1 .x + a2 .y + a3 .x.y + a4
u(x, y) = a1 .x + a2 .y + a3 .x.y + a4

(4.3)

where a4 and b4 represent the terms of the rigid body motion; a1 , b1 , a2 and
b2 represent the elongation terms and a3 and b3 are the shearing terms.
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Figure 4.7: Relative location of sub-images of the deformed and the undeformed patterns on the surface [19].

4.6.2

Stochastic speckle pattern and its quality

The DIC technique is enabled by stochastic speckle pattern on the surface
of the specimen [84]. To create the pattern in the studies in this thesis,
Montana Gold, Montana Black and MTN chalk spray paint were used as
appropriate. Chalk spray could be effectively used for thin polymer film
without affecting the material properties. The patterns were spray painted
with the nozzle held at different distances from the specimen. Spraying
on a paper board and bouncing the spray back to the specimen was found
especially effective. To achieve good correlation, the speckle pattern must
possess several qualities and the reason for this is rooted in the way DIC
works [85]. A good practice is to make the pattern random and non-repetitive
but still relatively isotropic. The pattern in Fig. 4.8(a) is repetitive and
in Fig. 4.8(b) is not isotropic and hence are unfavourable. Higher contrast
of the pattern is better detected and so dark black and bright white spray
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Figure 4.8: Some examples of improper patterns, (a) repetitive and (b)
anisotropic [83].

Figure 4.9: Selection of subset for DIC, (a) too small subset can cause
error and (b) large subset works but obstacles fine measurements [83].
one on top of another produces better results. Difficulties may arise if the
pattern is too large; because then a subset may only contain one large dot
making the grey scale level matching with other large dots/marks and may
produce uncertainty regarding the new position of the subsets. This problem
can be solved by increasing the subset size which will lower the resolution
of field measurement. This trade-off is illustrated in Fig. 4.9. When the
pattern is too small, the camera resolution may not have enough pixels to
accurately represent the specimen [83]. Additionally, too fine patterns are
very sensitive to camera focus; and out of focus regions may simply become
grey [83].
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Applied Analytical Models
The analytical models for EWF calculation used in papers B and E are
presented in this chapter. Plastic energy dissipation due to the bending of
films for different material models used in papers E and F are described.

5.1

Essential work of fracture (EWF)

In order to determine the fracture toughness, the theory of EWF can be
applied. This method has been mostly used in the mode I study of fracture.
For example, for DENT tests, the energy balance equation can be expressed
as follows:
wfI = weI + βpI wpI L0

(5.1)

Here, wfI is the SWF, weI is the SEWF, wpI is the density of plastic work,
L0 is ligament length and βpI is the shape factor of the plastic deformation
zone. The superscript I indicates mode I fracture. With several such tests
with different L0 , Eq. 5.1 can be extrapolated to L0 = 0 to get weI .
To determine the shear fracture toughness of HDPE, EWF was previously
used by [29, 30], with a standard Iosipescu test, and the authors proposed an
SWF expression as in Eq. 5.2. There are two shape factors β, one depending
on ligament length and another on thickness. Superscript II indicates shear
deformation.
II
II II
wfII = weII + βp,L
wII L + βp,t
wp,t t
0 p,L0 0

(5.2)

Similar to mode I, shear testing with different L0 and additionally different
specimen thicknesses (t) was used in paper B to extrapolate to L0 = 0 and
t = 0 to find weII .
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Figure 5.1: 2 zone EWF model for two-leg trouser tear test.
The two-leg trouser tear test can be used to measure EWF in mode III,
although mode mixing is involved. For energy separation in a tear test, a
two-zone model was proposed in [42]. The authors showed that the plastic
zone width increases with progressive tearing up to a certain length (zone
I) from the initial crack tip; for any further tearing, the plastic zone width
remains constant (zone II). In zone I, expression for EWF takes the following
form:
wfIII = weIII + α00 wpIII L0
(5.3)
α00 is the outer plastic zone which contributes to the non-essential work
of fracture. In this case, L0 is the length teared. Similar to other modes,
extrapolation to L0 = 0 provides weIII in zone I (Fig. 5.1). In zone II, the h
is the width of the stable plastic zone (Fig. 5.1) which can be measured from
the post-tear specimen and hence obtain weIII in zone II. The expression for
EWF takes the following form:
wfIII = weIII + wpIII h

(5.4)

Plastic dissipation due to bending Wdb (in Eq. 5.5) in the trouser-legs
was demonstrated to be significant in some cases. Wdb is a function of
trouser-leg’s width (b), leg thickness (t), total work of fracture (WfIII ) as
well as force to tear, which is a function of total work of fracture (TWF).
wfIII =
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wpIII Spa
Wdb
+ weIII +
L0 t
L0

(5.5)

5.2. Bending dissipation model of beam
The plasticized area (Spa ) can be measured from the post-tear specimen,
Wdb can be measured according to the theory of plastic dissipation due to
bending (See section 5.2 for more). Hence, it is possible to calculate weIII
from wfIII . Paper E also showed a few more modified methods to calculate
tear EWF including the case of a laminate tear.

5.2

Bending dissipation model of beam

The peel arm in a peel test or the legs of a two-leg trouser tear test undergo
beam-like bending and unbending during the test. Depending on the maximum normalized curvature (kB ) of the beam in a loading history, three
probable cases may arise,
Case 1: For 0 < kB < 1, bending involves elastic loading and elastic unloading
with no plasticity.
Case 2: For 1 < kB < 2, bending involves elastic-plastic loading and elastic
unloading, but no reverse plasticity.
Case 3: For kB > 2, elastic-plastic loading and reverse plastic deformation are
involved.
kB =

R1
R0

(5.6)

Here, R0 and R1 will represent instantaneous maximum radius of curvature
and curvature at initiation of yield in the beam, respectively. R0 is measured
and R1 is given by the relation below, with εy being the material initial
yield strain and t being beam thickness.
R1 =

t
2εy

(5.7)

Further, plastic dissipation of bending calculation depends on the assumption
of the material model. Linear isotropic and linear kinematic plastic models
were studied in this work. The curvature may remain constant (uniform)
or change along the width of the beam. Both cases were addressed in this
section.
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Figure 5.2: Linear isotropic hardening.

5.2.1

Uniform bending for linear isotropic material

In [14], a method to evaluate the fracture energy from a peel test was developed. In the process, an analytical method for determining the dissipation of
plastic energy due to bending and unbending (Gdb ) in a beam was presented.
The method is based on large displacement beam theory and the assumption
of a linear isotropic hardening of the material in the peeling arm (beam)
with hardening parameter α (Fig. 5.2).
Case 1: It was shown in [14] that plastic energy dissipation due to
bending is zero when 0 < kB < 1
Case 2: For 1 < kB < 2, according to [14],
2
Gdb
kB
2 (1 − α)2
=
(1
−
α)
+
−1
Gemax
3
3kB

(5.8)

2
G∞E
(1 − cosθ)
kB
a
=
.
Gemax
[1 − cos (θ − θB )] 3

(5.9)

"

#

Gemax is the maximum elastic energy in the peel arm and G∞E
is the energy
a
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Figure 5.3: Peel arm under bending.
for peeling away infinitely rigid string (for unit width, per unit peeled length).
1
Gemax = Eε2y t
(5.10)
2
P
G∞E
= (1 − cosθ)
(5.11)
a
b
In a peel setup as in Fig. 5.3, θ is the peel angle, P is the applied force and
b is the width of the peel arm. The peel arm has thickness t. If the direct
measurement of the root rotation θB (Fig. 5.3) is possible, then the relation
in Eq. 5.12 can be used to calculate kB . Similarly, θB can be calculated my
measuring kB . Then using Eq. 5.8 and Eq. 5.9, Gdb can be estimated.
4
θB = kB εy
(5.12)
3
Case 3: For kB > 2
In this case, Gdb can be calculated form the relation in Eqs. 5.13 and 5.14 [14]
if maximum bending curvature can be measured. If direct measurement of
the root rotation θB (Fig. 5.3) is possible instead, then the relation in Eq.
5.12 can be used to calculate kB
Gdb
= f1 (kB )
(5.13)
Gemax
4
2 (1 − α)
f1 (kB ) = α(1 − α)2 kB 2 + 2 (1 − α)2 (1 − 2α) kB +
3
3 (1 − 2α) kB (5.14)
h
i
h
i
3
1 + 4 (1 − α) − (1 − α) 1 + 4 (1 − α)2
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However, if neither θB nor kB can be measured directly, the given relation
in Eq. 5.12 can be inserted into Eq. 5.15 to calculate the curvature (kB )
using an algorithm for finding the balance between the left and right-hand
sides of the expression. Furthermore, this curvature can be used to calculate
the plastic dissipation due to bending according to Eqs. 5.13 and 5.14 ([14]).
angles.
(1 − cosθ)
G∞E
a
=
f2 (kB )
(5.15)
Gemax
[1 − cos (θ − θ0 )]
i
1 h
f2 (kB ) = α 1 + 4 (1 − α)2 kB 2 + 2 (1 − α)2 (1 − 2α) kB +
3
8 (1 − α)4
− 4 (1 − α)3
3 (1 − 2α) kB

5.2.2

(5.16)

Non-uniform bending for linear isotropic material

Bending in a beam-like structure can be non-uniform. The bending of the
trouser-legs in a two-leg trouser tear test is non-uniform, for example (Fig.
5.4). It is highly probable that along the width (b) of the beam (trouser-legs,
in this case) bending, the material will experience all three possible cases of
plastic energy dissipation as described in the uniform case, with a gradual
increase in curvature, from outer to inner curvature (Fig. 5.4). Measuring
the inner (kmax ) and outer (kmin ) curvature experimentally and assuming a
linear propagation of curvature along the width of the beam, the curvature
can be expressed as a function of distance from inner to outer point of width
b (Eq. 5.17 and Fig. 5.5).
k0 (b) = k0

max

−

b
bmax

(k0

max

− k0

min )

(5.17)

2εy
(5.18)
t
kmax
k0 max =
(5.19)
k1
kmin
k0 min =
(5.20)
k1
bmax is equal to the width of the beam and t is beam thickness. Plastic
dissipation due to non-uniform bending can be calculated using cases 1 to 3
according to paper E.
k1 =
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Figure 5.4: Side view of trouser tear specimen, measuring the inner and
outer tear bending curvature from images.

Figure 5.5: Dividing the trouser-leg’s width based on level of plastic loading.
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Case 1: For b <
Case 2: For

bmax (k0 max −1)
k0 max −k0 min ;

bmax (k0 max −1)
k0 max −k0 min

no plastic dissipation.


<b<

2(1−α)

bmax k0 max − (1−2α)
k0 max −k0 min
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(5.22)

h

If the bending covers all the cases, dissipation for cases 2 and 3 needs to
be added to calculate the total dissipated energy from plastic bending and
unbending.

5.2.3

Uniform bending for linear kinematic material

In paper F, a similar solution for Gdb with linear kinematic hardening
material is presented for a peel test setup. This is believed to be a more
accurate model for bending of metal foil. As in [14], it is assumed that
plasticity due to the bending of the peeling arm is dominant, i.e. plasticity
due to the stretching of the peeling arm is not included. This assumption
can be inappropriate for small values of the peel angle, θ. Similarly to the
isotropic material case, the solution consists of three separate cases:
Case 1: For 0 < kB < 1, peeling involves only elastic bending of the foil,
i.e. no plastic dissipation is involved. For this case
2
kB
=

6P
[1 − cos (θ − θB )]
Eε2y bh

(5.23)

Case 2: For 1 < kB < 2, peeling involves elastic-plastic loading and
elastic unloading but no reverse plasticity. The plastic energy dissipation
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5.2. Bending dissipation model of beam
rate Gdb takes the form,
"

#

2
kB
2
Gdb
−1
=
(1
−
α)
+
Gemax
3
3kB

(5.24)

Here, kB can be calculated using Eq. 5.23.
Case 3: For kB > 2, reverse plastic deformation is involved. As shown in
peel paper takes the form,
Gdb
10
= (1 − α) 2kB +
−5
e
Gmax
3kB




(5.25)

and the corresponding relation between θ and kB is


(1 − α) 6kB +

6P
8
2
− 12 + αkB
=
[1 − cos (θ − θ0 )]
kB
Eε2y bh


(5.26)
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6
Applied and Further Developed Finite
Element Models
The finite element method has become a universally established analysis
method in many fields of studies. FE-models are producing accurate predictions at application level in different length scales [10]. During the last
decade, the use of finite element (FE) simulation increased in the packaging
industry to facilitate development in the early design phase. Finite element
describes and models a physical system in a mathematical formula which is
associated with a simple geometrical description, irrespective of the overall
geometry of the structure [86]. The material responses are idealized and
can be represented by simplified models of arbitrary detail. Choice of elements, interactions and analysis procedure from a wide range of options
provides freedom of modelling. There should be sound motivation behind
the modelling choices made. Proper interpretation of results can help to
validate the FE-model or suggest improvements. The FE-analysis packages
ABAQUS 6.13 and 6.14 were used for FE-modelling in this study. ABAQUS
offers direct access to CAD models, advanced meshing and visualization,
and an exclusive analysis environment. A range of constitutive relations
for elastic, plastic, damage and fracture process zone in ABAQUS offers a
general capability to model engineering materials. Appropriate finite element
from various family, formulation and integration techniques can be used for
the discretization of the model.
In all studies of this thesis, the materials are modelled as homogeneous.
Also, the geometry was idealized and was assumed to have no variation; for
example, homogeneous thickness was considered. FE-modelling strategies
for different studies are explained in this section.
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6.1

FE-model of polymer sheets (Papers A and B)

The experimental shear test specimen with the measured geometry and
dimensions was constructed in ABAQUS. An elastic-plastic progressive
damage constitutive model based on Hooke’s law, J2-yield criterion, isotropic
hardening, associated flow-rule and ductile damage was used to model the
material behavior. In the ductile damage model, fracture strain, stress
triaxiality η and strain rate are used to define damage initiation. The shear
criterion was used as a second damage initiation condition. The damage
evolution was described using effective plastic displacement. The shear
specimen in a large range of strain was studied to find normal to shear stress
ratio in ZOI. During loading, the material in ZOI may experience large plastic
deformation or start to undergo damage which motivated the consideration
of such a material model. Elastic and ductile damage parameters of HDPE
and PP are listed in Table 6.1.
˙pl
Again, (εpl
D ) is equivalent plastic strain at the onset of damage and ¯ ε
is equivalent plastic strain rate. ABAQUS explicit was used for analysis
that enables propagation of crack along notches. The solid element C3D8R
8 node reduced integration brick type element was chosen with optimized
mesh size. Boundary conditions were same as for physical testing.

Figure 6.1: Mesh of the shear test specimen.
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6.2. FE-model of thin-flexible laminates (Papers C and D)
Table 6.1: Material properties and thickness of HDPE and PP used in
FE-simulation (N and S represent normal and shear components).
Material

E (MPa)

ν (-)

N εpl
(-)
D

S εpl
(-)
D

η (-)

¯˙pl
ε

t (mm)

HDPE
PP

1000
1292

0.42
0.45

0.75
1.48

0.75
-

±5
±5

0
0

1
0.69

6.2

FE-model of thin-flexible laminates (Papers C
and D)

Al, LDPE and their laminate were studied by FE-simulations in papers
C and D. Geometrical description, idealization of material and interface
were different in different studies. The substrates of the laminate were only
a few microns thick in paper D which motivated to used 2D plane stress
model using CPS8R elements. A plane strain model (CPE8R elements) was
used in substrates in paper C to study interfacial crack. Static analysis was
preferred when possible. The interface was modelled using VCCT in paper
C and using cohesive elements in paper D.

6.2.1

Elasto-Plastic-Damage response

Similar to papers A and B, an elastic-plastic progressive damage constitutive model based on Hooke’s law, J2 yield criterion, isotropic hardening,
associated flow-rule and the ductile damage model was used. The elastic,
plastic properties used in FE-simulation and material thickness are given in
Table 6.2.
Table 6.2: Elastic and damage parameters together with thickness of Al-foil
and LDPE-film.
Material

E (MPa)

ν (-)

η(−)

εpl
(-)
D

¯˙pl
ε (-)

t (µm)

Al
LDPE

55000
126

0.3
0.45

±5
±5

0.036
0.90

0
0

6.3
27

In the studies included in papers C and D, the substrates Al-foil and
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LDPE-film were loaded at a large plastic stain which resulted in necking
and eventually damage at some parts of the specimen. Hence, such a model
was appropriate. The application J2 − Iso in section 7.3 helped to find the
plastic and damage properties in the FE-models.

6.2.2

Interface model

Several numerical techniques are available for modelling the interface that
can undergo delamination. The virtual crack closure technique (VCCT) was
used in paper C. Fig. 6.2 displays the FEM model based on VCCT. In this
model, the interfacial pre-crack can be realized by the initial de-bonding part
of the slave-master contact pair, which is shown as a white line. The actual
dimensions of this model was later shown in Fig. 9.8. In order to activate the
crack propagation capability, a small-sliding, slave-master contact surfaces
in ABAQUS/Standard is used. Moreover, an initial contact condition is
used to identify which part of the slave surface is initially bonded and will
de-bond once the fracture criterion is met. In paper D, an additional layer of

Figure 6.2: FEM model of laminate based on VCCT technique.
cohesive elements (COH2D4) was placed between the Al and LDPE layer to
model the interface. Linear damage initiation and linear damage evaluation
were adopted. Mixed-mode behavior was defined with a power law with
power of 1.

6.3

FE-model of thin-flexible laminates (Paper F)

Al-foil was studied in the work with beam theory to determine momentcurvature relation and eventually estimate the dissipated energy due to
plastic bending. The assumption of a linear elastic and linear kinematic
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Figure 6.3: Beam modelling of peel test setup.
hardening was reasonable based on the tested material response. It also
simplified the effort of theoretical analysis. No degradation of stiffness, i.e.
damage was allowed. The elastic material parameters and thickness are as
presented earlier in Table 6.2. The linear hardening parameter is estimated
to α = 0.012.
The peel test specimen studied experimentally and by FEM had several
layers of material as shown in Fig. 6.3. However, for simplification, the peel
setup was FE-modelled as two layers. This model is depicted in the lower
left part of Fig. 6.3. The decoration layer, paperboard layer and laminate
layer were modelled as a rigid base. The aluminum layer, inside adhesion
layer and inside layer considered as a single layer peel arm (Fig. 6.3). The
peel arm was assumed to be represented by only the aluminum layer.
Such modelling was motivated by the assumption that the LDPE part in
the peel arm does not play an important role in the peeling process due
to its low Young’s modulus and higher ductility. The deformation of the
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substrate is assumed to be concentrated to the interface between the Al-foil
and the laminate LDPE-layer. The corresponding FE-model was considered,
cf. the lower right part of Fig. 6.3. The peel setup was modelled using beam
elements for the Al-foil and zero thickness cohesive elements for the interface
between the Al-foil and the LDPE-film. Connector elements were used to
connect the beam elements and the cohesive elements, cf. Fig. 6.3.
The results of this simplified model have been compared to a more
detailed FE-model, where all layers are present (Fig. 6.3) and modelled
with 2D-elements. The comparison yielded similar peel response and hence
the simplified model was used for further studies. The dimensions of the
FE-model were chosen as small as possible, still capable of achieving steady
state conditions. The peel arm length in the initial configuration was 4 mm
and the length of the portion of the Al-foil connected to the ground through
cohesive elements was 1 mm. The element length in these two portions of the
model were 4 microns and 1 micron, respectively. The out-of-plane thickness
was 15 mm. Beam elements of Timoshenko type were used (ABAQUS
element type: B21). An elastic-plastic constitutive model based on Hooke’s
law, von Mises linear kinematic hardening was used to model the Al peel
arm. The hardening parameter for the bi-linear model of Al was 0.012.

6.3.1

Interface model

The cohesive elements (ABAQUS element type: COH2D4) of the interface
was modelled with a trapezoidal cohesive law. A trapezoidal cohesive law
was advantageous over a commonly used triangular law in this case as the
size of the traction plateau (Fig. 6.4) can control the softening and hence
peel root rotation. This was important in the optimization scheme as it
could decouple the dependence of peel force and root rotation on cohesive
parameters to some extent.
Trapezoidal shaped damage evolution was defined by tabular softening.
After the damage initiation criterion is fulfilled, the cohesive zone traction
remains constant at maximum stress between certain separations followed by
softening and failure. Tabular softening specifies the evolution of the damage
variable with deformation in tabular form and is available only when the
displacement type for damage evolution is selected. The damage variable (D)
field and a displacement field can be added in tabular form. The mixed-mode
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Figure 6.4: Typical post-damage-initiation response based on trapezoidal
damage evolution of cohesive zone model.
behavior was mode-independent. The cohesive law was defined such that the
key input parameters were the fracture energy (Gc ), the interfacial strength
(σc0 ), the initial stiffness (k) and a ratio (r) governing the shape of the
traction-separation relation, cf. Fig. 6.4. The ratio is defined as,
r=

δ2 − δ1
δ3

(6.1)

The separations defining the cohesive law are expressed using the following
input parameters according to Eqs. 6.2-6.4
δ1 =

σc0
k

δ2 = δ1 + rδ3
δ3 =

2Gc
(1 + r) σc0

(6.2)
(6.3)
(6.4)

To respect the condition δ1 < δ2 < δ3 , r should be within the limit defined
by
1−A
0<r<
(6.5)
1+A
where,
A=

2
σc0
2kGc

(6.6)
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In ABAQUS, the cohesive traction response is defined through damage
variable, D as follows:
σc = (1 − D) kδ
(6.7)
For the trapezoidal cohesive law used, the damage evolution for a monotonically increasing δ takes the form of the equation below:







0
1 − σkδc0
D=
−δ

1 − σkδc0 δδ33−δ

2



1

f or 0 ≤ δ ≤ δ1
f or δ1 ≤ δ ≤ δ2
f or δ2 ≤ δ ≤ δ3
f or
δ ≥ δ3

(6.8)

The input data are given as tabular values of D as a function of δ − δ1 .
Multiple points of values between the δ1 to δ2 and δ2 to δ3 ranges were
necessary for a smooth simulation response.
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7
Developed Inverse Analysis Tools
The final goal of the studies was to build realistic and robust FE-models that
can produce FE-simulation results mimicking the actual physical loading
cases on packaging materials and packages. However, it is necessary to
start with the physical testing of packaging materials and then calibrate
the FE-models to satisfactorily represent the physical cases. In this inverse
flow of analysis, the calibration of FE-model material properties is of the
utmost importance. The experimental geometry and boundary conditions
are then mimicked in the FE-simulation. Finally, numerical and experimental
responses are compared and verified. The validation process may suggest the
scope for optimization of the FE-simulation input parameters. Study of the
DIC measurements and recorded videos during testing played an important
role in the validation process.
It is important that the calibration process of input material properties
and FE-simulation techniques can be widely utilized and reused so that when
the material layers are changed or a new opening technique is proposed, it
can be preliminarily simulated for important decision support. One way to
address this goal is to develop easy-to-use and shareable computer applications. Two applications namely BT HP eel and J2 − Iso for computers was
developed in MATLAB environments. These simple to handle applications
take a handful of FE-model information to start with. When executed, the
applications could communicate with ABAQUS to create new FE-simulation
models, solve the models in ABAQUS, read the desired outputs, analyze
the outputs to find objective quantities and use those data in optimization
algorithms like artificial neural networks and genetic algorithm. Finally, they
will present the desired optimized and calibrated FE-model data without ever
leaving the application window. The applications work flow and expected
outcomes were introduced here.
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7.1

Optimization procedure

Optimization deals with maximizing or minimizing some function relative
to some set of choices available in a certain situation. The function allows
to compare different choices for determining the “best” candidate. Common
applications include: minimal cost, maximal profit, minimal error, optimal design and variational principles among others. In this study, several
optimization schemes were used to identify the mechanical properties of substrates and interface. The objective functions were designed to minimize the
difference between selected FE-simulation and experimental test responses
for a set of simulation parameters. There were constraints (upper and lower
limits) on simulation parameters which were predicted from preliminary FEsimulation studies and physical experiments. The optimization algorithms
were implemented in MATLAB code in connection with ABAQUS.

7.2

BTHPeel app

BTHPeel is a MATLAB application developed by the author of this thesis
that can be used for optimization of cohesive parameters of thin laminate
FE-model from peel tests. In the background it creates the beam peel model
as described in section 6.3 using the input parameters entered in this app
interface as shown in Fig. 7.1. Required input data for the substrates to
be peeled are peel arm’s Young’s modulus, Poisson’s ratio, density, yield
stress, type of hardening (isotropic or kinematic), stress-plastic strain couple
for defining bilinear hardening line, width and thickness. All the inputs are
taken in the SI (mm) unit system. For interface model, cohesive stiffness
and adhesive/interface thickness are the only inputs. The beam peel model
is then simulated in ABAQUS in a given range of three cohesive parameters
for optimization. The upper and lower bounds of these cohesive parameters,
namely fracture energy of the interface, cohesive strength and the cohesive
separation ratio of a trapezoidal cohesive law (section 6.3.1) are given as
input to the app. The app will further take input of the number of FEsimulations of beam peel to be executed in order to train an artificial neural
network (ANN) and input of the number of genetic algorithm (GA) iterations
for optimization. Based on these two numbers, the app will systematically
execute a series of FE-simulation for a set of cohesive parameters within
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Figure 7.1: Interface of the MATLAB application BTHPeel.

the lower and upper bounds and extract the results. This set of cohesive
parameters and corresponding simulation outputs will be used to train the
ANN. The ANN will be optimized in a GA against peel force and root
rotation of 90◦ and 180◦ peel tests which are also inputs to the BTHPeel
app. After several GA iterations as desired by the app user, an optimized set
of cohesive parameters will be delivered. This application can be used with
peel tests of any thin-flexible laminate with the given modelling assumptions.
A detailed process of who the application works is given next in section 7.2.1.
Noticeably, the cohesive parameters were optimized based on both 90◦ and
180◦ peel test results. The application codes can easily be adjusted to get
such optimization only for 90◦ or 180◦ peel tests.
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7.2.1

Optimization framework of BTHPeel

The optimization framework of this study was divided into three sequential
steps and is summarized in Fig. 7.2. The adopted method of using an
ANN inside a GA was successfully adopted earlier in several optimization
studies [72, 73]. Based on the calculated fracture energy and a coarse
exploration by FE-simulation (step-1 in Fig. 7.2), narrow ranges of the input
cohesive parameters were selected for further exploration by ANN and GA.
7.2.1.1

Training the ANN

A well-trained and validated ANN can replace the necessity of additional
costly FE-simulation during an optimization procedure and can perform fast
evaluation of peel force and root rotation for a given set of input cohesive
parameters. The chosen ranges of cohesive parameter inputs represent the
design space. FE-simulation results at points (those correspond to sets of
three input cohesive parameters) in the design space can help to explore
the design space. 30 such different peel simulations for each peel angle were
found to be sufficient for initial training of the ANN.
In order to select the distribution of simulation input variables, Latin
hypercube sampling method was used. This method is good for generating
a small yet representative sample of cases [87]. Results from all the training
simulations were collected. The trained network was hoped to behave as a
close enough function to output the force and root rotation response when
any set of cohesive parameters was called by. A three-layered feed forward
ANN with back propagation can be used to train any non-linear relationship
with arbitrary accuracy [88]. Hence, an input layer with three neurons,
one hidden layer with six neurons and an output layer with two neurons
were adopted. For 30 training simulations with chosen inputs and output
numbers, six hidden layer neurons were checked to be ideal in the present
case. This is more than the maximum recommended hidden layer neuron
number, according to Eq. 7.1 [89].
Nh =

Ns
β (Ni + No )

(7.1)

Here, Ni is the number of input neurons, No is the number of output neurons,
Ns is the number of samples in training data set and β is an arbitrary
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Figure 7.2: Optimization framework of BTHPeel.
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scaling factor usually between 2-10. Training, validation and testing ratio of
85/100, 10/100 and 5/100, respectively, were used. Levenberg-Marquardt
backpropagation algorithm in the MATLAB optimization toolbox was found
to increase the accuracy of ANN predictions. This ANN training procedure
is depicted in step-2 of Fig. 7.2. The simulation cases were run in ABAQUS
6.14 with an Intel Xeon processor workstation (6 cores, 2.50 GHz). For the
beam element model, 30 peel simulations (90◦ or 180◦ ) took about 2 days to
complete.

7.2.1.2

Optimization by the GA

GA is a gradient-free optimization method for global optimization which is
based on stochastic approaches. This is an efficient method for non-linear and
non-differentiable objective functions [72, 90]. GA requires a large number
of function evaluations which is a major limitation if the function evaluation
involves time costly simulations [72]. Like in this study, performing that
much simulations can be an obstacle. One solution to this problem is to
replace the simulation by a well-trained ANN. The optimization objective
was set to minimize the sum of the mean square difference (error cf. Eq.
7.2) between ANN output values and experimental values (peel force and
root rotation),
2
X
1
[net [(Ij )] (i) − obj (i)]2
2
[obj
(k)]
k=1
i=1

error = P2

(7.2)

Here, obj is the objective values for peel force and root rotation. From one
study, experimental objective values are presented in Table 7.1. Ij is a set of
cohesive input parameters. The function net [(Ij )] is the trained ANN using
the training simulation results and expected to produce simulation like peel
force and root rotation for given Ij from the trained ANN, net. This classical
aggregative method, which combines all objectives into a weighted sum was
used to get a singular optimum solution. A genetic algorithm code from
the MATLAB Optimization Toolbox [91] was implemented. Scattered type
crossover and Gaussian mutation function were adopted. The termination
criterion was set to an average change in fitness value of less than 1e7.
The new set of optimized parameters after every GA evaluation were used
for additional FE-simulations by BT HP eel to test the prediction of the
current ANN. If this new simulation results were found to be acceptable, the
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optimization procedure was stopped and if not, the new simulation result
was added to the ANN training data set and the network was re-trained.
The default MATLAB weights and biases were always used for consistent
training of the ANN with additional simulations in this step. New predictions
from the ANN were again tested by FE-simulation and the procedure was
repeated until the desired level of accuracy was obtained, cf. step-3 of Fig.
7.2. Finally, a common cohesive parameter set that satisfies both 90◦ and
180◦ peel objectives was sought.
Table 7.1: Experimental steady state peel force and root rotation.

7.3

Peel angle

Steady state force (N)

Root rotation

90◦
180◦

1.38
1.18

40◦
57◦

J2-Iso app

This MATLAB application calibrates the plastic and damage material properties from a uniaxial tensile test. An isotropic elastic-plastic progressive
damage constitutive model based on Hooke’s law, J2 yield criteria, isotropic
hardening, associated flow rule and ductile damage was used to describe the
material in FE-simulation of the tensile test. J2−Iso takes the experimental
tensile force-displacement response, specimen length, cross-section, Young’s
modulus, initial yield stress, Poisson’s ratio and number of points to be
calibrated, as input. The interface of the application is presented in Fig.
7.3.
When executed, an input file for the simulation of a displacementcontrolled tensile test is created and the hardening parameters are incrementally optimized as the specimen is loaded with increasing displacement
values. At each displacement increment, J2 − Iso optimizes the plastic strain
and stress values until the desired level of accuracy is achieved between
experimental and simulation force response at current displacement. The
optimized plastic strain and stress values are appended to the input file and
a new simulation executes for next displacement increment. This process
continues until damage initiation is detected. The application detects the
start of damage when the hardening perimeter value (stress) decreases at
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Figure 7.3: Interface of the MATLAB application J2-Iso.
the next displacement increment. In the next step, it optimizes the damage
variable by establishing an artificial neural network and updating that in an
GA similar to the BT HP eel app until the force displacement response of
post-damage initiation simulation do not achieve certain accuracy at several
key points compared to experimental response. A flow chart of this process is
given is Fig. 7.4. Error_t is the target error to achieve the desired accuracy.
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Figure 7.4: Flowchart of J2-Iso optimization scheme.
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8
Summary of Appended Papers
The papers in this thesis incrementally address several research questions
concerning physical testing and FE-simulation of packaging materials related
to package-opening. They include the following: (i) the testing for material
performance and characterization of single-layer and multi-layer packaging
material of different thicknesses; and (ii) inverse analysis and optimization
of the information from (i) to develop and improve FE-model.

8.1

Paper A

Islam, M. S., Khan, A., Kao-Walter, S., & Jian, L. (2013). A Study of
Shear Stress Intensity Factor of PP and HDPE by a Modified Experimental
Method together with FEM. International Journal of Mechanical, Aerospace,
Industrial and Mechatronics Engineering, 7(11).
Summary
Paper A studies the linear elastic shear fracture properties of HDPE and PP
on the scale of millimetres. This study involves the practical application of
opening the seal joints in PP and HDPE screw caps during package-opening.
Conventional shear testing is one of the complex material testing areas where
available methods are few, often needing special arrangements, and most
of the methods do not strictly satisfy the definition of pure shear. The
geometry of a modified shear test specimen was introduced in this article
to measure the shear fracture toughness by uniaxial loading in a tensile
testing machine. Using numerical means, an expression was developed for a
geometry correction factor for shear SIF calculation. The proposed modified
specimen has two notches facing each other, and the distance between the
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notch tips is referred to as ligament length. The fracture in the specimen
occurred along the line connecting the notch tips. The SEM of the fracture
surface for PP and HDPE suggested that the fracture is shear in nature
and that the plastic region is small. Furthermore, the HDPE was concluded
to be a more favourable material for screw caps when ease of opening is
concerned.
Relation to the thesis
The opening of a screw cap package involves shear damage and fracture of
HDPE and PP. Measurement of shear fracture toughness and essential work
of shear fracture are necessary to predict ease of opening in these kinds of
packages. These parameters were also used for the FE-simulation of a screw
cap. This paper attempts to answer the research question 1 from chapter 1.
The author’s contribution
The author of this thesis initiated the development of the proposed shear
specimen’s geometry, prepared the test setup and performed the experiments.
The author also took the main responsibility for FE-simulation, the analysis
of test and simulation data, and the documentation of the paper. Other coauthors, especially Kao-Walter, S., contributed with discussions and helped
to further refine the ideas.

8.2

Paper B

Islam, M. S., Kao-Walter, S., & Yang, G. (2016). Study of Ligament Length
Effect on Mode Mix of a Modified In-plane Shear Test Specimen. Materials
Performance and Characterization, 5(3).
Summary
Paper B investigated the effect of ligament length in the shear test specimen
presented in paper A. It was observed that during the use of this specimen,
the mixity of mode I with mode II stress during loading could be minimized
by adopting the ligament in a certain length range depending on the overall
size of the specimen. When the ligament length is varied within the range,
the work of the fracture for HDPE is stable, which allows for the calculation
of the essential work of shear fracture for the material. The effect of the
specimen’s change of thickness was studied numerically. The EWF of HDPE
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was determined using this specimen and technique, and the results were
compared with the stress intensity factor calculated in paper A. Finally, an
example of a special application of the proposed specimen was presented
where the variation of shear strength of controlled delamination material
(CDM) was measured.
Relation to the thesis
This paper is a continuation of paper A and studies the geometric usability
limit of the proposed modified shear test specimen. The results contribute to
package-opening simulation that experiences shear fracture of HDPE. When
the material is very ductile and undergoes large deformation, shear testing
for EWF determination using the proposed specimen should be performed
within the suggested ligament length range. The paper also studies a case
in which there are mixed fracture modes in HDPE. Screw caps with longer
joints to the inner ring can start the opening in the shear mode of fracture
but can have normal (mode I) mix towards the end of opening. Research
question 1 is further addressed in this work.
The author’s contribution
The author of this thesis initiated the research in the paper, performed
the tests, developed the FE-simulation and documented the study. The
analysis of the test and simulation data was carried out together with the
other authors of the paper. Co-authors contributed with guiding on the
presentation of the work.

8.3

Paper C

Zhang, D., Islam, M. S., Andreasson, E., & Kao-Walter, S. (2019). FEModeling and Study of Fracture and Delamination in the Laminate Composed of Polymer and Metal Layer. Submitted to Applied Sciences, in review
round 1.
Summary
Paper C addresses tensile-shear mixed mode delamination in thin packaging
material laminates containing interfacial pre-crack. Delamination progresses
due to differences in compliance, ductility of different layers and necking.
The study sheds some light on the differences in some mechanical behavior
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of packaging material layers with and without lamination. A simulation
technique for studying delamination of this nature in Al/LDPE laminate
resulted from this study. Failure due to necking in substrates and interfacial
delamination under loading are considered. The simulation results show
that the deformation of the two substrates of the laminate (with interfacial
pre-crack) under the studied loading case agrees well with the theoretical
prediction. The influence of the interfacial fracture toughness ratio of modes
I and II on interfacial delamination mode in the pre-crack tip was also
studied under a certain loading configuration.
Relation to the thesis
The Al/LDPE laminate is an essential constituent of liquid food packages.
During the opening of packages, this laminate layer must undergo fracture
and damage. For instance, during the opening of the straw hole in a package,
this laminate is the only layer to be damaged to open and access the contents
of the package. Some packages have a protective layer of this laminate that
is cut simultaneously when the user opens a screw cap. This paper develops
a simulation strategy for FE-modelling the Al and LDPE substrates and the
interface for an accurate, fast and stable solution for a tensile test with a
pre-crack in the interface. This study helps to understand the simulation
of a laminate and its delamination in normal and shear modes of fracture.
This paper explores the answer to research question 4.
The author’s contribution
The author contributed to the development of the simulation strategy for
substrates and the interface of the Al/LDPE laminate. The author was also
involved in the numerical parametric study, interpretation of the results
and structuring the paper. Zhang, D. took the main responsibility for FEsimulation and documentation of the paper. Other co-authors contributed
with useful ideas and feedback.

8.4

Paper D

Islam, M. S., Zhang, D., Mehmood, N., & Kao-Walter, S. (2016). Study
of Shear Dominant Delamination in Thin Brittle-High Ductile Interface.
European Conference on Fracture (21st), Catania, Italy, June 20th-24th
2016.
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Summary
A unique technique to measure shear delamination energy between thin
quasi-brittle Al and high-ductile LDPE was proposed in this paper. This
proposal followed from the observation that during the tensile testing of a
center-cracked thin Al/LDPE laminate, the Al layer cracks early and slides
over, locally stretching the LDPE layer (in the vicinity of the pre-crack).
This mechanism results in significant local delamination around the crack
propagation path. A combined SEM and FEM study indicated the shear
nature of the delamination. Using the theory of work of fracture, the shear
delamination energy can be separated and measured from the global tensile
response of the laminate.
Relation to the thesis
This study contributes to the understanding of package-opening involving
fracture or damage to Al/LDPE laminate. A unique method for shear delamination ERR measurement was developed. Shear ERR is direct consequence
of lamination bond strength which significantly influences the overall damage
behavior during opening. Proposed testing and simulation techniques can
be used to study the shear lamination strength and its influence on opening.
These were contributions intended to answer the research question 2.
The author’s contribution
The author initiated the idea of shear delamination ERR measurement from
tensile testing of laminates and performed the tests. The main responsibility
for the development of the simulation strategy and documentation of the
paper was also handled by the author. Zhang, D. partially supported FEmodelling. SEM on the post-failure specimen was performed by Mehmood,
N. and Kao-Walter, S. was involved in fine-tuning the presentation of the
work.

8.5

Paper E

Islam, M. S., Andreasson, E., & Kao-Walter, S. (2019). Trouser Tear Testing
of Thin Anisotropic Polymer Films and Laminates. Conditionally accepted
with revisions in: International Journal of Fracture.
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Summary
This research has investigated the essential work of fracture (EWF) from
trouser tear tests of polyethylene terephthalate (PET), low-density polyethylene (LDPE) films and their corresponding laminate. Plastic energy dissipation of linear isotropic hardening material due to the non-uniform bending
of the trouser-legs was determined to be significant in EWF calculation of
tearing and this was therefore considered in this study. To measure the
EWF in laminates, contribution from delamination energy dissipation was
accounted for. Propagation of tear crack in these thermoplastics deflects
from the initial crack path, caused by the material anisotropy; this crack
path deviation could be related to the difference in mode I fracture toughness
in different material orientations. A convenient cyclic tear test method for
EWF determination of these materials was presented.
Relation to the thesis
Tearing is a very common mode of package-opening where the opening
experience differs amongst different laminates and their constituents as well
as involved material anisotropy. This study explored this agenda and tried
to answer research question 3. This is a step forward towards the simulation
of package-opening due to tearing.
The author’s contribution
The author generated the different ideas regarding testing and analysis of
test results for the convenient prediction of SEWF of tear in thin-flexible
polymers. The author also performed all the material tests and took main
responsibility for the documentation of the article. Andreasson, E. helped
with a few illustrations and was also involved in reviewing the paper with
the other co-author Kao-Walter, S.

8.6

Paper F

Islam, M. S. & Alfredsson K. S. (2019). Peeling of Metal Foil from a Compliant Substrate. Conditionally accepted with revisions in: The Journal of
Adhesion.
Summary
Large displacement peel was studied for cases where a compliant substrate
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leads to a large value of the root rotation. An existing simplified beam
model to calculate the peel fracture energy (Gc ) was modified to allow for
a kinematic hardening beam model of the foil. The steady state peel force
and the root rotation were used as input data to the resulting analytical
beam model and peel fracture energy was calculated. The method yielded
similar values of Gc for two different peel angles. However, Gc was higher for
larger peel angle by a small margin. The cohesive zone parameters used for a
parametric study were the fracture energy, the cohesive strength and a shape
parameter. An optimization scheme for the mode independent cohesive zone
parameters was developed and optimized against the experimental steady
state peel force and root rotation. The optimization scheme presented in
the work was effective for characterizing the cohesive parameters including
Gc . Optimized Gc for both peel angles agreed well with the analytical
estimation. The minor difference in Gc for different peel angles suggests
that the delamination fracture energy is mode-dependent.
Relation to the thesis
As highlighted earlier in this thesis, the adhesion between the substrates
in a packaging laminate directly influences material characteristics and,
hence, opening. This study provides a scheme for finding fracture energy of
the interface of a laminate from peel testing and in the process addressed
research question 2. By suggesting a convenient and automatic optimization
scheme, this paper answered research question 4 in detail.
The author’s contribution
The author took the main responsibility for FE-simulation and optimization
with the help of the other author of the article. The author supported the
evaluation of the developed beam theory solution. Alfredsson K. S. was
the main responsible for developing the beam theory solution for linear
kinematic material model presented in the paper. The documentation was
done by both authors.

8.7

Maturity level of the papers

The level of maturity of the appended papers in eight important study
aspects of the research has been labelled as high, medium, low or absent by
the author. Higher maturity levels indicate more advanced achievements.
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Figure 8.1: Maturity level of different research aspects of the six appended
papers.
Papers A and B, as can be seen in Fig. 8.1, have a high maturity level
in experimental technique and fracture behavior study but have medium to
low maturity level in continuum behavior, simulation strategy, microscopic
study and optimization.
Papers C and D focus more on simulation strategy for substrates and
interface. These two papers also contain mid-to-high level maturity ratings
for delamination mechanism. Optimization had low to no maturity in these
studies. Paper F has high contribution maturity in experimental technique
and study of delamination in laminates. Whereas the focus of paper F
was characterization of delamination mechanism, simulation strategy and
simulation optimization scheme.
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9
Results and Discussions
As discussed earlier, opening of packages involves damage and fracture of
some part of one or several constituent layers. In-plane and out-of-plane
shear fracture of the packaging materials and laminate interface were found
to be the focus in different studies carried out for this thesis. Measurement
of the continuum and fracture-mechanical properties of different packaging
materials was the starting point of this study. In some cases, it was necessary
to modify the test specimen or test method to suit for thin film testing.
Various test data were analysed and post-test specimens were studied under
microscope. With the aim to develop simulation strategy for package-opening,
FE-models of several packaging material tests were created and simulation
results were verified with experimental responses. FE-modelling involved
idealization of geometry and identification of the constitutive relations of
the materials and interfaces. Inverse analysis could take the advantage
of optimization algorithms for calibration of the constitutive properties of
FE-simulation. First, in section 9.1 the results for in-plane shear fracture
are presented and discussed from the mechanical tests and FE-simulations
of relatively thick polymer sheets. This is followed by the presentation and
discussion of findings from the study of thin films and their laminates in
section 9.2.

9.1

Mixed mode I and mode II fracture mechanical
behavior of HDPE and PP sheets

Screw caps with sealing and ‘plastic tops’ are made of HDPE and PP in
some packages. The shear stress intensity factor and shear-EWF of these
materials were studied in papers A and B which addressed the research
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question-1: How can shear fracture in packaging material be experimentally
tested and simulated?
Shear fracture can be characterized in terms of shear stress intensity factor
(KII ) if yielding is small or in terms of shear-EWF for more ductile materials.
A suitable shear test specimen was sought to begin with in paper A.
The first study involved the modification of an existing shear specimen [27,
29] that could be used for shear testing in a simple tensile testing machine
without any complicated attachments. Shear test specimens fail to maintain
pure mode II loading for highly extensible materials [29]. In practice mode
I becomes dominant over mode II at large deformations. HDPE and PP
were tested and simulated to find shear stress domination during tensile
loading in the proposed modified shear test specimen (MSTS) presented
in section 4.2. During the FE-simulation using the FE-model of MSTS
presented in section 6.1, the shear stress keeps dominance in ZOI (Fig. 4.3)
as compared to normal stress. This result is compared in Fig. 9.1 with the
simulation of the standard Iosipescu shear test stress distribution at the
same strain levels. It shows the advantage of MSTS over Iosipescu to find
the shear properties of HDPE and PP. LEFM was used to find the shear
stress intensity factor according to the equation below, with gII being the
shear geometry correction factor.
√
a
KII = τxy ( πa)gII ( )
w

(9.1)

A relevant geometry correction factor was proposed as in the equation below:
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(9.2)

+ 2.27

Further work has been done for the relatively ductile material, HDPE,
based on EWF theory. With this aim, the dimension of ZOI was varied to
extrapolate the SWF to zero ligament length (L0 ) and zero thickness (t).
L0 refers to the distance between the notch tips of MSTS. As L0 was varied
by changing the notch lengths, the shear and normal stress ratio varied, and
it was observed that within a specific range of ligament length, the SWF
correlated to produce smooth change with change in L0 .
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Figure 9.1: Strain () vs shear to normal stress ratio (τ /σ) for MSTS and
Iosipescu as calculated by FEM.
Table 9.1: Variation in mode mix with change in ligament length in a
HDPE MSTS as observed from FE-simulations (for thickness of 1 mm).
L0

1

2

3

4

5

Mode of failure
σ22 (MPa)
σ12 (MPa)

I+II
14
19

II
7
18

II
3
14.8

0
5
19

I+II
11
16

Table 9.1 shows the changes of the mode of failure in a FE-simulation for
HDPE. It had been defined by roughly comparing the tensile (σ22 ) and shear
stress (σ12 ) components along the shear band connecting the notch tips in
ZOI. It presents the trend of the effect of notch length on mode shift. The
threshold L0 was found to be above 1 mm and below 4 mm when thickness
was 1 mm. It was also experimentally checked that beyond the upper limit
of L0 , the fracture shifts to mode I. Modes of failure in Table 9.1 are labelled
to be mixed unless shear stress was at least double the normal stress. The
SWF from the experiment is compared with that from FE-simulation in Fig.
9.2. The stable range of ligament length usable for EWF determination is
between 1 mm and 4 mm for a 1 mm thick specimen (as this region shows a
linear relation). Length above and below this range induces a mode mix, a
finding also supported by the result presented in Table 9.1. FE-simulation
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Figure 9.2: Specific work of fracture (SWF) for HDPE at different ligament
length (L0 ) from experiments and FE-simulations.

helped to get the SWF values for 0.5 mm thick specimens of the same range
of L0 , and the results are shown together in Fig. 9.2. It was confirmed that
the reason for having an unsuitable range of L0 for EWF determination
in the proposed shear specimen is mode shift. The observation suggests
that the usable range is 2t < L0 < w/2. It is important to observe that
this range was chosen because it is satisfied for both thicknesses. Through
extrapolation of ligament length, EWF for 1 mm thickness was found to be
11 KJ/m2 and for 0.5 mm thickness, 9.3 KJ/m2 . Secondary extrapolation
to zero ligament thickness provided EWF without the influence of both the
ligament length and the thickness, and it was calculated to be 7.6 KJ/m2
for HDPE. EWF in LEFM is equal to J-integral, which is equivalent to ERR
(GII ). The calculated EWF was comparable with EWF predicted in [30].
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9.2

Shear related fracture behavior in thin-flexible
films and their laminates

Al-foil, LDPE and PET films and their laminates were the focus of these
studies. Identification of the laminate interface properties was made a
priority. This section presents and discusses the experiments and FEmodelling techniques used to study continuum and fracture mechanical
response of these thin-flexible packaging materials.

9.2.1

Behavior of PET/LDPE laminate under tearing

Films of PET, LDPE and their laminate were physically tested by two-leg
trouser tear tests according to the method described in section 4.3. This
study addressed the research question 3: What is the effect of anisotropy on
tearing of thin-flexible polymer films and their laminates?
Material anisotropy of PET and LDPE affects trouser tear load response
according to Fig. 9.3. The tear crack propagation deviated from the direction
of pre-crack; it was more for PET then LDPE. The crack deviation of LDPE
was negligible as it was within 1◦ and was much lower compared to the
crack deviation of PET and PET/LDPE laminate (Table 9.2 and Fig. 9.4).
Further, the crack deviation in the PET/LDPE laminate had the same trend
as that of PET as shown in Table 9.2. The tear crack deviation appears
to correlate well with the weakest mode I fracture (assessed based on the
peak load) direction of the material (Fig. 9.5 (a), (c)). The more the PET
orientation aligns with 45◦ , the weaker the material becomes for cracking
in mode I according to Fig. 9.5 (c) and crack deviates less according to
Table 9.2. The crack tends to remain straighter when it is close to the 45◦
orientation. This similarity between mode I and tearing was expected; as
with crack propagation, tear becomes a mixture of mode I and mode III.
Noticeably, in a MD tear specimen, the mode I loading is in CD; this 90◦
shift holds for all other directions.
Constrained by LDPE, PET tear crack deviated less in laminate than
as a single layer. But, crack in LDPE deviated more in laminate than as a
single layer as shown in Fig. 9.4. The amount of delamination is positively
correlated with the deviation of the crack in a laminate (Fig. 9.5 (a), (b))
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Figure 9.3: Force displacement response of tearing (a) PET, (b) LDPE,
and (c) laminate.

Figure 9.4: Tearing of films: (a) post-test LDPE specimen and (b) post-test
laminate specimen.
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Figure 9.5: Variation of material properties with their orientation. (a)
deviation of tear crack path in PET and PET/LDPE laminate, (b) delamination area in a post-tear PET/LDPE laminate and (c) peak load attained
during tensile test of a pre-cracked specimen of materials studied.

Figure 9.6: SEM-micrographs of (a) crack tip and (b, c) fracture surface
of LDPE and PET in the laminate in machine direction.
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Table 9.2: Crack deviation in PET and laminate in degrees together with
delamination due to tearing (Small crack deviation of LDPE was disregarded).

Crack angle-PET (◦ )
Crack angle-Laminate (◦ )
Delaminated area (mm2 )

MD

22.5◦

45◦

67.5◦

CD

12
7-8
6.30

2-4
6-7
5.32

1
1
3.30

-(3-4)
-(1-1)
5.572

-6
-(4-6)
7.66

meaning smaller delamination in the laminate for smaller crack deviation.
Plastic dissipations in the trouser-legs during tear are regarded as nonessential work of fracture. Measuring the dissipation from the leg bending
curvature renders the calculated SEWF more independent of leg width. A
method to quantify the plastic dissipation due to bending was presented
in section 5.2.2. This method of measurement can be beneficial when it is
practical to minimize the number of tests by not testing for multiple leg
widths to omit any width effect. The formulation provided in this study
can be applied to both uniform and non-uniform curvature distribution.
Several theoretical framework for EWF/SEWF determination in the studied
polymers with consideration of bending plastic dissipation were proposed
and used in paper E.
LDPE in the laminate is more ductile than PET. As a result, the spread of
the plastic zone is significantly larger than that of PET which was confirmed
by the microscopic images presented in Fig. 9.6. In a laminate, the LDPEfilm is constrained by the interface, and the plastic zone cannot spread as in
a stand-alone layer. This causes the laminate total work of fracture to be
lower than that of individual layers combined (Fig. 9.7). However, as the
crack propagated, delamination was observed to increase along the trouserleg’s widths (Fig. 9.4 (b)). This increases the volume of unconstrained
LDPE that can be plasticized. Also, there is additional energy dissipation
from delamination. As a result, the TWF of laminate is higher than PET
and LDPE TWF combined at a larger ligament length (Fig. 9.7). So,
material anisotropy causes tear crack deflection anisotropy which results in
delamination anisotropy. This explains the reason for laminate being more
anisotropic in tear compared to its constituents individually.
SEWF measured from the proposed cyclic tearing described in section
4.3 provided comparable results for PET in the literature. The calculated
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Figure 9.7: Tearing total work of fracture for various materials.

SEWF for 50 µm PET was 4.80 N/mm in this study and 6.35 N/mm for 250
µm PET in the literature ([40]). The current value was smaller because the
dissipation of bending was regarded as non-essential work of fracture. The
literature reports that a smaller tear SEWF for thinner PET is expected
([40]).
LDPE was divided into two zones based on visual inspection, and a proposed method for tear SEWF in paper E bypasses any necessary calculation
for near crack-tip plastic dissipation in relation to crack propagation. This
method is applicable to materials that develop long ligaments with a steadily
increasing plastic zone width during tear. The authors did not find SEWF
for LDPE tear reported in the literature. However, the SEWF for blown
LDPE-film in mode I was reported to be approximately 16 N/mm for 150
µm thick LDPE-film. The SEWF is more anisotropic for thinner LDPE, and
it ranges between 9 and 43 N/mm for 15 µm thick LDPE ([92]). Macroscopic
crack tip observations of a tear test suggest that since LDPE is more ductile
and flexible, it tends to shift mode and load more in mode I; therefore, a
relation can be expected with mode I SEWF. In this study, the calculated
SEWF of tear for 25 µm LDPE was 11.1 N/mm, which is comparable. The
calculated SEWF of the laminate of PET/LDPE was significantly low and
necessitates further investigation. Moreover, although the thickness can also
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exert a significant effect on SEWF value ([40]), only one particular thickness
for each film was tested.
The tear tests were performed such that the trouser-legs were separated
vertically which caused the tail of the tear-specimen to hang and bend down
due to gravity. This causes the bending curvature at the bottom leg to
be larger than the top one. This can contribute to additional tear crack
deviation. Also, in the laminate, it was found that if the more compliant
LDPE side is facing upwards; delamination width increases faster with
tearing relative to when the PET side faces upwards. This can affect the
SEWF and warrants further investigation.

9.2.2

FE-modelling and simulation of interfacial pre-crack
under mixed mode load

The laminate of Al-foil and LDPE-film that contains a interfacial pre-crack
as in Fig. 9.8 was studied and simulated in paper C. The FE-modelling
technique of Al/LDPE laminate and its interface was explored to answer
the research question 2: How to characterize thin-flexible laminate interface
properties?
The FE-modelling technique used in this study was presented in section
6.2. The first FE-model with a perfectly bonded interface was loaded in
uniaxial tension to check the deformation of the substrates locally (Fig.
9.8). A displacement boundary condition on the right side of the specimen
was applied when the clamp is loaded in tension. Meanwhile, all degree of
freedom (DOF) of the left side are constrained, i.e. encastre in ABAQUS,
as a fixed end.

Figure 9.8: 2D model of the packaging laminate with interfacial pre-crack.
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Figure 9.9: Deformation results of FE-simulation and theoretical analysis
([36]) compared when no delamination is allowed.

Figure 9.10: Interfacial delamination at interfacial pre-crack tip.

Fig. 9.9 (a) shows the deformation results of FE-simulation without interfacial delamination. For the comparison, the slip-line theoretical analysis
results from [36], in which interfacial delamination is not considered, are
also presented in Fig. 9.9 (b). The simulation results are closely consistent
with those of theoretical analysis. That means material behaviors, including
elastic deformation, plastic flow and strain hardening, softening could be
captured accurately by the model.
In the second FE-model, the bonded interface was modelled with VCCT
technique that allows delamination. Fig. 9.10 shows interfacial pre-crack
extends progressively along the interface during uniaxial tension.
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Figure 9.11: Influence curve of fracture toughness on interfacial delamination in crack tip.

Fig. 9.11 shows the influence of normal and shear fracture toughness
ratio on interfacial delamination mode in this given loading case. The mode
I of delamination is prominent when the interfacial fracture toughness of
modes I and II are equal. This indicates that the delamination starts to
occur due to mode I fracture. The (GI /GIc )/f decreases progressively from
1 to around 0.6 with the increase of GIc /GIIc . It means that mode II turns
to be important with the increase of the fracture toughness ratio. Here, f is
the effective energy release rate ratio [37].

9.2.3

Shear delamination in AL/LDPE laminate

Measuring the shear interface properties of thin laminate is more difficult
as most existing methods are not directly applicable. Difficulty arises as
the substrate has low stiffness and measuring of very small deformations
accurately in thin films are challenging. A tentative test method for shear
delamination energy was proposed and tested in this study of paper D
to answer research question 2: How to characterize thin-flexible laminate
interface properties?
After the uniaxial tensile testing on the pre-cracked Al/LDPE specimen
as in Fig. 9.12, delamination was observed in a narrow strip-like region
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close to fracture surfaces and was measured with special visualization aid.
The delamination surface had a fine surface finish that was shown in SEM
images indicated shear delamination (Fig. 9.13). To further test the mode
of delamination, an FE-model of a similar test was developed as described
in section 6.2. The simulation results showed that the dissipation of shear
delamination energy is much higher than its normal counterpart (Fig. 9.14).
The next objective was to measure the energy dissipated due to shear
delamination by separating it from the rest of the energies involved in the
test.
The assumption was made that the behavior of the substrates of Al/LDPE
laminate is similar during the test, whether they are in a laminate or standalone single layer. For validation of the separation of the shear delamination
energy method, this assumption was further studied. A noticeable difference
in the experimental force-displacement response was the sharp peak of the
composite force response in early loading compared to the summation of
single layer Al and LDPE force response at that deformation. Observation
of the experiment shows that Al-foil in the laminate breaks near that sharp
force peak. As the cracked top and bottom part (Fig. 9.12) of Al separates,
it leaves small strip of LDPE fixed by the adhesive to it. This small strip is
approximated in this study as a very small LDPE specimen with pre-crack.
This leads to high strain localization and hardening of this LDPE region.
The hardening peak is close to the peak load carrying capacity of the precracked Al-foil in the displacement domain. This explains the reason for
the maximum force response of laminate being close to the summation of
the peak load carrying capacity of individual substrates at an early stage
of loading (Fig. 9.15). Given the cross-section and the maximum force
response in the laminate, the stress induced away from the crack is well
below the yield stress of both substrates. Hence, there is no dissipation of
plastic energy for the loading and unloading of these regions. Noticeably,
single layer LDPE elongates 30% above the one in laminate (Fig. 9.15).
This can be attributed to the stored elastic energy of the soft film that is
used to drive the pre-crack. After full propagation on LDPE pre-crack, this
additional elongation is recovered. As test speed is relatively low, it can be
assumed that all the elastic energy was used to drive the crack. Post-test
measurements on single layer LDPE and laminate showed the same length
which indicates no plastic dissipation from the continuum domain of single
layer LDPE. This offers a foundation to consider the fracture energy of the
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Figure 9.12: Tensile test of pre-cracked laminate, (a) tensile test of LDPEAl laminate when Al pre-crack started to propagate, (b) stretching and
delamination of LDPE near crack tip and (c) delamination area of one strip
(out of four) highlighted for measurement.

pre-cracked LDPE-film to be equal in a single layer and in a laminate. The
propagation of crack in a single layer pre-cracked Al layer and in laminate
with very compliant LDPE was observed to be the same from the study of
the vicinity of propagated crack. A similar independent study on the same
laminate by Andreasson et al. [36] reported that the Al-foil crack surface
shows a very small plastic deformation zone in the vicinity which is confined
to a region of 20-30 µm and the rest of the specimen experiences only elastic
deformation.
After the separation of substrates and laminate energy, the difference
can be attributed to the additional mechanism that occurs in a pre-cracked
laminate tensile test, which is delamination. Calculated shear delamination
energy release rate was 216 J/m2 . While this shear ERR was used, the
force displacement responses from the experiment and simulation can be
approximated beyond the peak responses with delamination (Fig. 9.15).
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Figure 9.13: SEM images of delamination area from a pre-cracked
Al/LDPE laminate tensile test.

Figure 9.14: FEM simulation results (a) Simulated delamination zone (b)
Shear response and (c) Normal response of a cohesive element.

This comparison strengthened the assumptions made in the process of the
shear ERR determination.
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Figure 9.15: Comparison of experimental force-displacement response with
FEM simulation among Al-foil, LDPE-film and Al/LDPE laminate.

9.2.4

Mixed mode delamination fracture energy evaluation
from peeling

To get a deeper understanding of the delamination in AL/LDPE laminate
and to find delamination fracture energy, a large displacement peel was
studied. An existing simplified beam model to calculate the peel fracture
energy was modified to allow for a kinematic hardening beam model of
the Al-foil. This model described in section 5.2.3 and the optimization
scheme presented in section 7.2.1 were used to evaluate the peel experiments
reported in [81] and in section 7.2.1. The aim was to answer the following
two research questions:
RQ2: How to characterize thin-flexible laminate interface properties?
RQ4: How can inverse analysis together with optimization help to achieve
robust and realistic FE-simulation of packaging materials?
In the beam theory solution of section 5.2.3, the experimental values
of the steady state peel force, P ; the steady state root rotation, θB ; and
the peel angle, θ, were used as the input data to calculate the peel fracture
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Figure 9.16: Optimized simulation force response compared with experiments

energy. The experimental θ, P and θB are provided in the left part of
Table 9.3. For both peel angles, the normalized root curvature kB >> 2,
i.e. reverse plastic deformation is encountered. This means that case 3 in
section 5.2.3 is appropriate to calculate kB and the plastic dissipation rate,
Gp . The method yields similar values of fracture energy, Gc , for the two
peel angles, with the one for θ = 180◦ being slightly higher than for θ = 90◦ .
The results are presented in Table 9.3.
Through the FE-optimization app BT HP eel in section 7.2, the fracture
energy (Gc ), interfacial strength (σc0 ) and the cohesive displacement ratio
(r) of a trapezoidal cohesive law were estimated. The peel root rotation in
addition to the steady state peel force was considered as an optimization
objective. Correlations among these cohesive parameters and objective
Table 9.3: Evaluation of results for beam model.
θ
90◦
180◦

P (N)
1.38
1.18

θB
40◦
57◦

kB
68
200

Ge (J/m2 )
92
157

Gp (J/m2 )
28
86

Gc (J/m2 )
64
71
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Figure 9.17: Estimation of steady state peel force and root rotation dependence on Gc , σc0 and r.

Table 9.4: FE peel response from optimized cohesive parameters.
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Objectives

θ

Gc (J/m2 )

σc0 (MPa)

r (-)

P (N)

θB

90◦
180◦
90◦ and 180◦
90◦ and 180◦

90◦
180◦
90◦
180◦

51.07
62.74
54.70
54.70

9.00
11.03
9.00
9.00

0.50
0.44
0.53
0.53

1.38
1.18
1.44
1.07

38.38◦
58.04◦
41.42◦
56.83◦

9.3. Summary and connection of different studies
peel force and root rotation for 90◦ peel were plotted in Fig. 9.17. P was
normalized by dividing all the plotted values with maximum value in that
set; same was done to normalize θB in Fig. 9.17. Important to notice that
the steady state peel force and root rotation both are positively correlated
to Gc (Fig. 9.17). But, the peel force is not effected much by change in σc0
or r. However, root rotation is negatively correlated to σc0 and r (Fig. 9.17).
Similar correlations were found for 180◦ peel. So, the use of a trapezoidal
cohesive law helped to decouple the objectives. The use of two objectives
increased the chance that the optimum cohesive parameters would be more
unique and accurate. A common set of values for Gc , σc0 and r could not be
achieved that satisfied 90◦ and 180◦ test results very closely, cf. Table 9.4
and Fig. 9.16. However, when the cohesive parameters were optimized for
single peel angle individually, a close agreement of peel steady state force
and root rotation was achieved between FE-simulation and experimental
results cf. Table 9.4 and Fig. 9.16. The optimized Gc for 180◦ peel in this
case was higher than that for 90◦ peel, which is similar to the analytical
estimation, cf. Table 9.3.
The cohesive model used here is defined to have a mode-independent
fracture energy. The FE-simulations show that the case of 180◦ is associated
with a larger part of the fracture energy being related to shear separation
than for the case of 90◦ . Several earlier studies of different laminates reported
the shear fracture energy to be more than that for normal fracture [93–95].
Thus, the difference in Gc for different peel angles suggests that the fracture
energy can be different in normal and shear modes of fracture.

9.3

Summary and connection of different studies

An opening solution of a food package involves the fracture of the seal of
the screw cap or the fracture of one or a few layers of the laminate. HDPE
and PP polymer sheets of about a mm thickness are used in screw caps.
Thin flexible laminate of Al/LDPE is the main constituents of a liquid food
package body. This research focused on developing a few test specimens and
test methods to characterize constitutive properties using inverse analysis
tools which were further used in FE-models. Based on the thickness scale of
the materials and mode of fracture, the whole study was divided into several
different research questions but were closely connected.
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Starting with the first research question, shear fracture in packaging sheet
materials was tested and simulated in papers A and B. A modified shear test
specimen (MSTS) was developed in paper A that can be used for shear stress
intensity factor testing of HDPE and PP sheets in a simple tensile testing
machine without any complicated attachment. The comparison of normal
and shear stress distribution of MSTS under loading demonstrated good
suitability for shear testing. Test results showed that the strain energy for
shear failure in PP is eight times higher than HDPE. However, the ultimate
shear strength is just two times higher. It happens as PP undergoes larger
shear deformation before failure. This makes HDPE a more favourable
material for screw caps those experience shear failure for opening.
However, PP and HDPE are highly ductile materials and hence the
applicability of LEFM can be questionable. The essential work of fracture
(EWF) gives better estimation of such materials’ fracture. As shown in
paper B by simulations and experiments, the proposed specimen shape in
paper A has a limitation of mode shift from mode II to a mixed mode I
and II. A means of avoiding this is by introduction of sharp notches. It was
also found that suitable ligaments (distance between notch tips) for EWF
determination together with the proposed specimen was 2t < L0 < w/2.
Fracture toughness of HDPE was obtained by double extrapolation of the
specific essential work of fracture within the ligament length range.
Papers A and B together can help to study the shear fracture properties
of HDPE and PP polymer sheets and support screw cap opening simulation
of packages.
A tentative test method for measuring shear delamination energy was
proposed and tested in paper D to answer the second research question.
Total fracture energy dissipation in the pre-cracked Al/LDPE laminate is
larger than the summation of total fracture energy in pre-cracked single
layer Al and LDPE specimens of same dimension. This energy difference was
concluded in paper D to arise from interfacial delamination in the laminate.
Using this difference in energy and the measured delaminated area, the
calculated energy release rate of delamination was 216 J/m2 . The nature
of the delamination was shown to be shear by FEM simulation and SEM
images. Assumptions were made that the substrates behave the same and
dissipate the same fracture energy whether in a single layer or in a laminate.
Although additional sources of the energy difference may be present, this
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method provides a means to get a rough estimate of the interfacial shear
delamination energy release rate in thin-flexible laminates and was supported
by the FEM analysis.
The peeling of Al foil from a compliant LDPE substrate was studied in
paper F to characterize the normal interface properties in the Al/LDPE
laminate. Analytical and FE-models to find the fracture energy of peel from
the experiment were introduced. The analytical model was based on large
displacement beam theory. In the FE-model, beam elements were used to
model the peel arm and the substrate was modelled using cohesive elements.
The cohesive elements had mode independent trapezoidal cohesive law
constitutive. Besides the fracture energy, the cohesive properties constitute
of the cohesive strength and a shape parameter. An optimization method to
determine the cohesive properties was developed. In the method, an artificial
neural network (ANN) was trained based on peel FE-simulation results and
successfully integrated inside a genetic algorithm (GA) optimization code. A
scheme for inverse analysis was thus successfully developed here to address
the fourth research question.
The peel fracture energy was found to be mode-dependent. 180◦ peel
loads the interface more in mode II shear compared to 90◦ peel. So, a higher
180◦ peel fracture energy indicated that the shear fracture energy of the
interface is higher compared to mode I normal fracture energy. Fracture
energy from peeling was 50-70 J/m2 , which was dominantly mode I fracture.
This was about four time lower than the shear fracture energy of delamination
of the same Al/LDPE laminate from the study in paper D.
Papers D and F together study the shear and normal interface properties
on Al/LDPE laminate which can help to characterize the interface fracture
energy and other cohesive FE-model properties for packaging material
simulation. In paper C, another particular test setup of the Al/LDPE
laminate was simulated to showcase the FE-modelling capabilities achieved
through these studies. The optimization framework and the developed
applications namely J2−Iso and BT HP eel which resulted from these studies
can help FE material parameter calibration; saving time and increasing
accuracy of the FE-models.
Trouser tear tests of PET, LDPE-films and the corresponding laminate
have been examined in paper E in five different material orientations to
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address the third research question. The propagation of tearing in these
thermoplastics deviated from the initial pre-crack path. This was determined
to be caused by the material anisotropy, and the deviation can be related to
the difference in mode I fracture toughness at different material orientations.
The crack tends to deviate toward the weakest material orientation. The
amount of delamination from the tearing of PET/LDPE laminate was also
discovered to be influenced by the material orientation due to anisotropy.
The proposed cyclic tear test method for SEWF measurement could produce
results comparable to those reported in the literature. Energy dissipation
due to non-uniform bending of the trouser-legs was found to be significant
in the tearing SEWF calculation and was therefore considered. To measure
the SEWF of laminates, delamination energy dissipation was accounted for.
Tearing is a common package-opening technique and the experimental
studies in paper E will help to get information on dependence of tearing on
packaging materials’ orientation. A more accurate study of tear SEWF with
consideration of bending and delamination energy dissipation will help to
quantify the tear-ability of these materials under tear-opening.
The proposed test methods and FE-modelling techniques in different
papers will be crucial for realistic package-opening simulations.
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Conclusions and Future Work
This chapter presents the conclusion of several studies included in this thesis
using four research questions mentioned in chapter 1 as guidelines. Finally,
some scopes were pointed out for further investigation of the presented
studies. Recommendations were also made on continuation of the packageopening simulation research track.

10.1

Conclusions

This research focused on developing a few test specimens, test-methods
and inverse analysis tools for FE-simulations of several physical tests on
thin-flexible packaging materials. The main contributions of the thesis are
the following:
• The proposed shear specimen geometry and test guidelines demonstrated good suitability for shear fracture toughness and shear essential
work of fracture characterization.
• A method was proposed to get a rough estimate of interfacial shear
delamination energy release rate.
• Using peel test and proposed theoretical framework, delamination
fracture energy of thin laminates can be determined.
• The tested optimization framework and the developed applications can
help FE material parameter calibration, saving time and the increasing
accuracy of the FE-models.
• In perspective of packaging industries: Fracture and delamination
parameter identification of packaging materials will be robust using

85

10. Conclusions and Future Work
the above contributions that will help industrial FE-modelling of
package-opening. Especially, the calibration software applications can
be an enabler for FE-simulations at industrial level.
All these proposed test methods in this thesis will be crucial to measure
the continuum and fracture mechanical properties in single layers and laminates. Laminates of Al and LDPE or similar material can be studied using the
developed simulation techniques. In the long run, these will help in decision
support of package-opening development by full-scale FE-simulations.

10.2

Future work

Several specific scope for the continuation of the presented research are
pointed below:
-A complete study of the thickness effect can be carried out to support
the ligament range finding in MSTS.
-Mode-dependent cohesive law can be used for the FE-modelling of peel
test to gain more knowledge on shear energy contribution.
-Further study is necessary to use EWF for the characterization of
laminate tear fracture.
More generally, the research work up to this point in time concentrated on
developing a few test specimens, test-methods and inverse analysis tools for
FE-simulations of the physical tests. Development of a practical simulation
toolbox for industrial application is still to be achieved.
The macroscopic response of the material from a standard force-displacement
response cannot capture local strain concentration during the onset of damage. This local information is diluted in the global response. In the future,
use of additional experimental accessories for 3D digital image correlation
(DIC) and polarized light for recording of the test videos can further help to
produce more accurate material modelling. Nakazima test in thin polymer
can be employed to capture large strain localization and characterize ductile
damage properties.
The cutting of packaging materials is another important package-opening
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study that was not considered in this thesis and very few works addressing
this can be found in the literature. The influences from cutting during
the manufacturing process are substantial in the end product. In several
package designs, the opening involves cutting thin laminates. These make
the experimental and FE-simulation study of cutting of packaging materials
very important and a good track for future research.
Finally, the mechanical properties of the packaging material had their
own range of deviation for different samples. At the same time, geometrical
and manufacturing properties for the same material unavoidably differ by
some margin. A packaging material test data bank can be useful to develop
a probabilistic data set for implementation in populistic modelling that
accounts for all these uncertainties.
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Abstract—Shear testing is one of the most complex testing areas

where available methods and specimen geometries are different from
each other. Therefore, a modified shear test specimen (MSTS)
combining the simple uniaxial test with a zone of interest (ZOI) is
tested which gives almost the pure shear. In this study, material
parameters of polypropylene (PP) and high density polyethylene
(HDPE) are first measured by tensile tests with a dogbone shaped
specimen. These parameters are then used as an input for the finite
element analysis. Secondly, a specially designed specimen (MSTS) is
used to perform the shear stress tests in a tensile testing machine to
get the results in terms of forces and extension, crack initiation etc.
Scanning Electron Microscopy (SEM) is also performed on the shear
fracture surface to find material behavior. These experiments are then
simulated by finite element method and compared with the
experimental results in order to confirm the simulation model. Shear
stress state is inspected to find the usability of the proposed shear
specimen. Finally, a geometry correction factor can be established for
these two materials in this specific loading and geometry with notch
using Linear Elastic Fracture Mechanics (LEFM). By these results,
strain energy of shear failure and stress intensity factor (SIF) of shear
of these two polymers are discussed in the special application of the
screw cap opening of the medical or food packages with a temper
evidence safety solution.

Keywords—Shear test specimen, Stress intensity factor, Finite
Element simulation, Scanning electron microscopy, Screw cap
opening.

I

I. INTRODUCTION

N medical or food packaging, blister and bottle screw cap
are widely used types of the packaging where opening of
the package joints requires shear loading. Fig. 1 shows an
example of a medical package with jointed screw cap. Two of
the most used polymers in this field are Polypropylene (PP)
and High-density polyethylene (HDPE). Both polymers are
petroleum based thermoplastic. Investigation of shear fracture
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properties of these and similar polymers are useful for
efficient and user-friendly design of package opening and
temper evidence safety solution. Traditionally Iosipescu and V
Notched Rail tests are done to measure shear modulus, shear
strength, poisson’s ratio and fracture properties. In Iosipescu, a
notched specimen (Fig. 2 (a)) is loaded asymmetrically at four
co-planer points to bend it and pure shear state is achieved
along the imaginary narrow strip joining the notches [1].

Fig. 1 Screw cap sealed medical package that needs shear failure for
opening

Arun Krishnan and L. Roy Xu [2] show a similar loading
and proposed formula for calculating shear stress intensity
factor
√

(1)

Here, ‘P’ is the applied load, ‘W’ is width, ‘a’ is crack
length, ‘t’ is the thickness of the short-beam shear specimen
and ‘F’ is a dimensionless parameter.

Fig. 2 Experimental setup of (a) Iosipescu shear test and (b) VNotched rail shear test

In the case of V-Notched Rail test, the notched specimen is
attached to a rail as in Fig. 2 (b) and loaded in uniaxial
tension. The geometry is a hybrid where the test specimen and
the rail of a V-Notched Rail Test join together with minor
modification to give the new shape. The advantage of V-
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Notched Rail test over the Iosipescu is that, it can be used for
larger deformation of test specimens. But both tests require the
user to be very careful to setup equipments and attach fixtures
with the test specimens. This paper investigates usability of a
modified shear test specimen (see Figs. 3 (b) and 4 (a)) with
no attachments and suggesting a simpler shear test method.
Similar shape of shear specimen was proposed by Leslie
Banks-Sills and M. Arcan [3] and modified by many authors
including F. Gao et al. [4] The modified specimen in this work
looks like a V-notched rail test setup, the fixture being a part
of the specimen.
To find whether the ZOI in specimen undergoes shear
loading, sate of stress is required to be checked during uniaxial
tensile loading. There are several ways to check the sate of
loading of a specimen. By definition states stress triaxiality
σm/ σ v= 0.33 for uniaxial tensile loading and σ m/ σ v= 0 for
pure shear loading [5]. A quantitative comparison between
normal (σ11) and shear stress (σ12) in the zone of interest can
also conclude about the state of loading. [6]. When σ12/σ11 is
larger than one, shear loading is larger and as this value
increases, shear loading becomes more dominant.
For calculation of shear failure the quantity stress intensity
factor, KII helps to predict the stress state near crack/notch tip.
Linear elastic fracture mechanics (LEFM) predicts equation,
√

Two ends of the specimen are fixed to hydraulic grip
orienting vertically and then upper grip is elevated to induce
tension. Co-relation between tensile force and displacement
provides young’s modulus, poisons ratio, plasticity data.
The geometry of the dog bone specimen used in tensile test
has an effective length of 22.72mm, width of 6mm and
thickness of 0.69mm according to ASTM E8 standard for flat
test specimen. The shear specimen can be divided into two
parts as a loading frame (Fig. 4 (a)) and effective test
specimen (Fig. 4 (b)) that can be imagined as cross section
containing the notches [4].

(2)
Fig. 4 (a) Loading frame (b) Effective test specimen

gII being the shear geometry correction factor for MSTS.
II. PHYSICAL EXPERIMENTS
Materials used for the experiments are prepared in material
testing laboratory of a packaging company. Shaping technique
used for making PP and HDPE plates is injection molding
from several points to achieve better isotropic properties. The
dogbone tensile and modified shear test specimens as
described above are then cut for the material plates by using
water jet. Notches in shear specimen are cut by hand using
sharp blades.
All tests are performed on MTS Qtest 100 Tensile testing
machine with a load cell of 2 kN at room temperature. High
data acquisition rate and slow test speed is used to get more
accurate data. Tensile and proposed modified shear test
specimens for both HDPE and PP are referred as Sp1 and Sp2
respectively are as in Fig. 3.

Thickness of the specimen is 0.69 mm and notches are with
an angle of 30 degree. Notch depth ‘a’ is arbitrary.
A. Uniaxial Tensile Test
PP and HDPE are loaded in uniaxial tension to find the
correlation data points between force and extension. Test
speed is 10mm/min with data acquisition rate of 10 Hz.

Fig. 5 Tensile testing of PP

From these data points true stress and strain curve is plotted
which provided information about the Young’s modulus,
plastic stress, plastic strain, strain rate etc that later used in the
numerical material model. Standard poisson’s ratio of 0.45 for
PP and 0.42 for HDPE are used for later calculation.
Fig. 3 (a) Tensile dogbone specimen and (b) proposed shear
specimen (without notch)

B. Shear Test
The geometry of the specimen is finalized after initial finite
element calculation and trial and error of many FEM
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sim
mulations. Thhe specimen is
i uniaxially loaded
l
to findd forceellongation corrrelation. For strain calcullation, cross section
jooining the notcch tips is conssidered. This provided
p
sheaar stress
strrain relation of
o the materialls.
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C. SEM studdy of Shear Frractured Surfaace
The shear fraactured surfacce between thhe notches of PP and
H
HDPE
are coaated with golld and obserrved under sccanning
ellectron microsscope.

Fig. 6 SEM off PP fracture su
urface

The fracture surface incluudes a mirror like polished region.
However, in shhear loading thhere is also a rough and traansition
H
arrea near the initial crack front, as sho
own in Fig. 6. The
prresence of higgher stresses inn shear loadinng can be onee reason
foor transition arreas in shear fracture
f
surfacces, because at
a some
stages of crackk growth, thee stress becom
mes high enoough to
innitiate secondaary local crackks that give riise to the rouggh area.
A
Another
reasonn for higher roughness
r
off surfaces is the
t fact
thhat, in shear loading, fractuure does not take place aloong the
innitial pre-crackk. In addition, once fracturre initiates, it usually
dooes not grow in straight liine and the crrack path is formed.
f
Thhe formed patth of crack grrowth can be due
d to the maaximum
taangential stresss direction cchanges as thhe crack proppagates.
Thhus, at each step
s
of crack ppropagation, the
t crack grow
ws in a
neew direction which
w
has thee maximum taangential streess. The
crrack can also be another reeason for the transition andd rough
fraacture surfacces in the sppecimens fraactured underr shear
looading.

Accompanyinng the shear ffracture, fibrills of HDPE and
a the
extension of HD
DPE appear w
which suggestts a brittle behhavior.
Foor parallel sam
mple, many thhin and long strips
s
are paraallel to
eacch other and are homogenneously distribbuted (Fig. 7)) when
thee crack propaagation directiion is perpenndicular to thee shear
floow. The resuult indicates the developm
ment of crackk is a
continuous proccess by which a lot of energgy is dissipatedd.
III. FINITE ELEMENT METTHOD
After creatinng the speciimen in the commercial finite
6
[7], two
o different material
m
eleement prograam Abaqus 6.11
moodels are useed for simulaation. In firsst case, consttitutive
plaasticity and daamage model of the materiial is generated from
thee experimentaal data and ussed to inspectt stress states in σ11
(N
Normal) and σ12 (Shear) directions of
o the MST
TS and
Iossipescu test. Inn second casee, for finding shear
s
stress inntensity
facctor (SIF), linnear elastic isootropic materiial model is used
u
in
callculation. In both cases, applied stresss state is 3D and
buuilding elemeents are C3D8R: 8-nod
de linear briick of
opptimized size varying in ddifferent regio
on of the geo
ometry.
Cuustomized meesh distributiion has beenn used wheree most
dense mesh cann be found aaround fractu
ure zone (ZO
OI). An
ms of converg
gence of simuulation
opptimization off mesh in term
ressult (Force vs.
v Displacem
ment) is done to find convvenient
meesh size, whhich is 120 m
microns (smaallest). Shear stress
inttensity factorr is usually used in lineear elastic fracture
fr
meechanics to chharacterize the local crack--tip/crack-linee stress
annd displacemennt fields. Theyy are related to
t the energy release
r
ratte (the J-integgral) through direction of crack initiatio
on and
cann be evaluatedd using maxim
mum energy release
r
rate crriterion
whhich postulatees that a crrack starts too propagate in the
dirrection whichh maximizes thhe energy rellease rate [7]. Crack
typpe used to deffine notch is coontour integraal.

Fig.. 8 Mash of tensile and shear specimen
s

Boundary connditions are aapplied to resstrict all freeddom of
moovement at one
o end of thhe model annd the other end is
coupled to a reference pooint, which is further giiven a
n. For Iosipesscu test
dissplacement ouutwards; causiing elongation
sim
mulation, the boundary
b
connditions are ass in Fig. 2 (a).. Set of
unnits used insidde Abaqus iss length-mm, time- ms, mass-g,
m
forrce-N.
F 7 SEM of H
Fig.
HDPE fracture surface
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IV. RESULT AND DISCUSSION
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Numerical and experimental results of force and elongation
of PP and HDPE dogbone tensile specimen are as in Fig. 9.
The results are in good agreement which allows us to use the
numerical material model to compute stress distributions and
stress intensity factor.

load in the Iosipescu specimen is kept of the same dimension
as in MSTS and equal level of strain is applied. 3D contour
stress distribution of σ12 and σ11 for this simulation are shown
in Fig. 13. A close resemblance between the results justifies
the effectiveness of modified specimen for shear testing.

Fig. 9 Comparison of experimental and numerical tensile results of
PP and HDPE dogbone specimen

Fig. 11 3D contour of stress distribution during modified specimen
loading (a) Shear stress (b) Zoomed shear stress (c) Normal stress

Fig. 10 Co-relation between force and elongation of HDPE and PP
(Numerical results plotted in dot)

Numerical and experimental co-relations between force and
elongation of the shear specimen are as in Fig. 10.
A. Observation of Stress Distribution
Stress state is numerically investigated on the σ12 and σ11
around the notches for 50% strain level. Maximum shear
stress, σ12 has the magnitude of 13 MPa across the crosssection of ZOI, where as the maximum normal stress, σ11 is
around 1.5 MPa, which is nine times lower to indicate shear
stress domination. This can be seen in the color coded contour
for σ11 and σ12 of the specimen in Fig. 11. The distribution
shows domination of σ12 over σ11. A quantitative relation
between ln (σ12/ σ11) and shear strain (%) is in Fig. 12. In this
case, stress values are computed from numerical simulation at
the centre node of the ZOI. This also satisfies domination of
shear stress. For a further comparison of stress distribution in
MSTS, a numerical simulation of frequently used Iosipescu
shear test is computed in Abaqus. The part experiencing shear

Fig. 12 Strain (%) vs ln(σ12/ σ11) for MSTS and Iosipescu

σ12 has the magnitude of 14.04 MPa across the cross-section
of ZOI, where as σ11 is around 1.66 MPa. This is not clearly
conclusive but in most cases MSTS shows higher level of
shear stress domination.
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Using the least squared root fitting method the results can
be co-related with a sum of sine function as in (3).
1.291 sin 1.033

2.607

0.1429 sin 45.53

0.06811 sin 75.49

2.27

5.742

(3)

Shear stress intensity factor range for HDPE is 3.78-10.32
and for PP is 5.44-15.11.

International Science Index Vol:7, No:11, 2013 internationalscienceindex.org/publication/17389

V. CONCLUSION

Fig. 13 3D contour of stress distribution during Iosipescu specimen
loading (a) Shear stress (b) Zoomed shear stress (c) Normal stress

B. Geometry Correction Factor
Stress intensity factor is numerically evaluated and using
(2), geometry correction factor ‘gII’ is calculated for different
notch length ‘a’ of 30 degree notch angle and fixed ‘w’ (See
Fig. 4 for ‘a’ and ‘w’) as in the Table I. KII (Shear stress
intensity factor) is linearly proportional to shear stress τxy, so,
values at arbitrary state of loading are selected for calculation.

a/w
0.0955
0.1235
0.1573
0.1966
0.2359
0.2771
0.2996
0.3183
0.3389

KII
HDPE
3.78
5.04
8.53
10.32
7.82
6.46
6.8
8.03
9.63

TABLE I
GEOMETRY CORRECTION DATA
KII
Txy
Txy
PP
HDPE
PP
5.44
7.31
10.23
7.12
8.24
10.83
11.65
7.54
9.39
9.03
10.6
15.12
9.72
14.06
15.81
11.6
10.37
15.19
14.7
11.39
15.53
13.78
11.28
17.78
15.11
10.64
16.24

gII
HDPE
0.41
0.42
0.68
0.43
0.23
0.34
0.3
0.33
0.39

gII
PP
0.42
0.45
0.76
0.32
0.3
0.35
0.42
0.33
0.39

The aim of the work is to modify a shear specimen that can
be used for shear testing in simple tensile testing machine
without any complicated attachment. Two different polymers
are tested and simulated to find shear stress domination during
tensile loading. From the stress distribution of σ11 and σ12 the
MSTS specimen geometry justifies its use for shear testing.
The comparison of different components of stress tensor of
modified specimen with standard Iosipescu shear test stress
distribution at same strain level shows the advantage of MSTS
to find shear properties. Shear test results in Fig. 10 shows the
strain energy (area under curve) for PP and HDPE shear
failure. A calculation of strain energy by integration of curve
equation obtained by fitting test data, shows that the value for
PP is eight times higher than HDPE. But the ultimate shear
strength is just two times higher. It happens as PP undergoes
larger shear deformation before failure. This makes HDPE a
more favorable material for packages those experience shear
failure for opening. Shear fracture studies of discussed
materials are necessary for other different designs of screw
cap joints. The SEM study shows PP and HDPE fracture is
partially brittle so established geometry correction factor for
LEFM study can be used to find shear stress intensity factor.
Finally, KII range for HDPE is 3.78-10.32 and for PP is 5.4415.11. Energy release rate is proportional to the stress intensity
factor squared and expresses the required energy to create new
fracture surface. So, PP screw cap is much harder to break and
separate the joints.
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Shear fracture toughness is an important material behavior that needs to be
determined and considered in many industrial ﬁelds. At the same time, shear
testing is one of the complex material testing areas where available methods
are few, often need special arrangements, and most of the methods do not
strictly satisfy the deﬁnition of pure shear. In this study, a modiﬁed shear test
specimen was proposed to measure the shear fracture toughness by uniaxial
loading in a tensile testing machine. High density polyethylene (HDPE) was
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normal stresses. For the specimen in discussion, an upper and lower limit of

to suit the most common used tensile test machine. The specimen was then
optimized by using ﬁnite element analysis (FEA) to ﬁnd the geometry and the
size of the pre-notch to avoid the mixed mode loading and minimize effects of
usable ligament length can be found. A method for determining the fracture
toughness was discussed according to the essential work of fracture. Finally,
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an example of a special application of the proposed specimen was presented
where the variation of shear strength of controlled delamination material
(CDM) was measured.
Keywords
shear test specimen, polymers, fracture toughness, ﬁnite element simulation

C 2016 by ASTM International, 100 Barr Harbor Drive, P.O. Box C700, West Conshohocken, PA 19428-2959
Copyright V

Copyright by ASTM Int'l (all rights reserved); Sun Sep 11 13:54:28 EDT 2016
Downloaded/printed by
Md Shafiqul Islam (Blekinge Institute of Technolo) pursuant to License Agreement. No further reproductions authorized.

1

2

ISLAM ET AL. ON STUDY OF LIGAMENT LENGTH EFFECT

Introduction
Shear fracture toughness needs to be determined in many application areas. One of
these is within package industries for manufacturing of bottle, jar, screw caps, and
tamper evident attachments where HDPE is one of the frequently used materials.
For a rapid yet reliable package development process with (FEA), knowledge of
detailed and accurate material property is crucial [1]. Investigation for any material
properties such as elasticity, plasticity, and mode I fracture response have been studied by many authors and are mostly found by tensile test of standard dogbone or
rectangular specimen with or without a pre crack. On the contrary, fewer works can
be found in testing for determination of shear continuum and fracture properties.
Two of the most commonly used shear test procedures are Iosipescu and V Notched
rail tests. However, these tests require additional ﬁxtures [2–4]. This paper aimed to use
a modiﬁed shear test specimen earlier developed by authors of this article [1] to ﬁnd a
method to determine the shear fracture toughness KIIC. Previously, a similar shape of
shear specimen was proposed by Banks-Sills et al. [5] and modiﬁed by many authors,
including Gao et al. [6] to be used for polymer material. The HDPE studied here has
excellent ductility and large work hardening that develops stable necking when it undergoes plastic deformation [7]. This makes the shear testing difﬁcult by mixing of normal
loading prior to failure. Kwon and Jar [8,9] used side-grooved double edge notched
(DEN) specimen to guide the Iosipescu test of HDPE toward pure shear.
The theory of essential work of fracture (EWF) has been applied in this work.
EWF has recently been used to ﬁnd the energy consumed to create new fracture
surfaces [10–13]. Based on the EWF concept, the double edge notched tensile
(DENT) test method is mostly used to determine mode I fracture toughness when
necking in the fracture process zone is small [14]. The speciﬁc work of fracture
(SWF) is extrapolated to zero ligament length in order to get the KIC value. A range
of usable ligament length in relation to the specimen width and thickness was found
to be between 5t (t is the thickness) and 3w (width) [10]. There is a debate on the
range and some authors have claimed the maximum ligament length to be 2w [15].
However, in pure shear case, the range differs depending on testing method. In
standard Iosipescu tests, it was found that the minimum ligament length is the same
as the thickness (t), but no study of maximum limit was mentioned [8].
This study aimed to investigate the process to propose the shear fracture toughness determination method for a modiﬁed shear test specimen by taking HDPE as
an example. Based on shear testing specimens proposed by earlier authors [5,6], a
further modiﬁcation of specimen geometry was done by means of intensive trial and
error optimization of different shape parameters in numerical analysis. Specimen
shape that has highest shear to tensile stress ratio with minimum unwanted mixed
mode loading or twisting was chosen. This modiﬁed shear test specimen was then
used successfully together with EWF theory for shear fracture toughness determination. A suitable ligament length range was proposed. The approach used was a combination of physical experiment and numerical simulation.

Experimental Method
The geometry of the modiﬁed shear specimen in this study is shown in Fig. 1. After
an optimization study of the effect side grooves, notch distance, notch length, notch
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FIG. 1

3

Shear test specimen geometry. (a) Whole specimen and (b) effective test specimen.

angle by experiment, and complemented by numerical simulation, the geometry was
proposed by the authors previously and modiﬁed further for this study [1]. Specimens were prepared both by CNC machine and high precision water jet from commercial Grade HDPE pellets supplied by GE plastics. The HDPE had a density of
952 Kg/m3, melting temperature 404 K, Youngs modulus (296 K) 1000 MPa, yield
stress (296 K) 26 MPa, melt mass ﬂow rate (463 K/ 2.16 kg) 6.5 g/10 min and was
manufactured by injection molding. CNC cut provided a better surface ﬁnish over
the water jet cut. Different lengths of notches were cut in the specimens separately
with the help of a sharp knife. The effective test specimen that can be imagined as
cross section containing the notch edges [4] is referred to as zone of interest (ZOI)
in later discussions. The remaining part of the specimen acts to hold the ZOI in
proper orientation to load it in shear. Thickness of the specimen was 1 mm and
notches with length a were within an angle of 30 . For EWF study, w is the specimen
width and w-2a is the ligament length L0 Fig. 1b. Notches were cut to get samples of
specimens with ligament lengths of 1, 2, 3, 4, and 5 mm.
An MTS QTest universal testing machine with 2 kN load cell was used for uniaxial loading of specimens. The laboratory temperature was 296 K with 50 % humidity. The specimens were vertically oriented and two ends (5 mm) were ﬁxed with
hydraulic grips of 0.5 MPa. The load was applied by lifting up the upper grip at a
speed of 10 mm/min to induce tension. The shear test response of HDPE largely
depends on the strain rate; a general tendency is to increase the stress with increases
strain rate [16]. However, in this study, this effect was not tested. Finally, a minimum three repeatable force-displacement curves were obtained for each ligament
length.

Finite Element Simulation and Essential Work
of Fracture
The aim of the complementary simulation was both to check the usability of proposed specimen and reduce the number of tests required to perform the regression
and extrapolation on SWF. The shear specimen with the exact geometry and dimension was constructed in commercial ﬁnite element analysis software Abaqus 6.13
[17]. In the FEM simulation, the material parameters were used from previous
related publications [1,18] that could replicate the experimental shear load
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displacement curve for this specimen. An elastic-plastic progressive damage constitutive model was used. A key material property during shear failure, i.e., shear strain
at failure was chosen as 0.75. Abaqus was explicitly used for analysis that enables
propagation of crack along notches. Solid element C3D8R 8 node brick was chosen
with optimized mesh size. Boundary conditions were same as physical testing.
In order to determine the fracture toughness, the theory of EWF has been
applied. As described before, the method has been mostly used in the mode I study
of fracture. For example, for DENT test, the energy balance equation can be
expressed as:
wIf ¼ wIe þ bIp wIp L0

(1)

where:
wIf ¼ SWF,
wIe ¼ speciﬁc essential work of fracture,
wIp ¼ density of plastic work,
L0 ¼ ligament length, and
bIp ¼ the shape factor of the plastic deformation zone. The superscript I indicates
mode I fracture.
For determination of shear fracture toughness of HDPE, use of EWF
was adopted earlier by Kwon and Jar [8,9] with a standard Iosipescu test. They proposed an SWF expression as in Eq 2. There are two shape factors, b, one depending
on ligament length and another on thickness. Superscript II indicates shear
deformation.
wIIf ¼ wIIe þ bIIp;L wIIp;L L0 þ bIIp;t wIIp;t t0

(2)

As it is pointed out by Shaﬁqul et al. [1], the proposed shear specimen has a similar
loading case compared to a standard Iosipescu test. Therefore, the same approach
was adopted on this modiﬁed shear test specimen. Extrapolation of SWF (wf) to zero
ligament length gave an estimation of EWF. A second extrapolation was performed
on EWF to zero thickness. It was a two-point extrapolation using specimen thickness
0.5 and 1 mm. The ﬁrst extrapolation eliminated speciﬁc energy consumption by ligament rotation and second excluded plastic deformation energy [8].
For EWF determination, numerical load-displacement was calculated for ligament length L0 of 0.3, 1, 2, 3, 4, and 5 mm and thickness t of 1 and 0.5 mm. In the
post-processing of the test result and video, visual deformation and mode change
was observed as well as relevant stress, and area under stress-displacement curve,
i.e., SWF was calculated. Experimental SWF values for ligament length 1, 2, 3, 4, and
5 mm and thickness 1 mm was validated for ﬁnite element usability check.

Result and Discussion
Specimen deformation started with a pure shear loading in the ZOI, but failure
depended on notch length.
When there was no notch or the notch was very small compared to the width
“w,” initial shear loading (mode II) shifted to a tensile loading (mode I) on the ligament and the specimen failed at overall large strain with signiﬁcant necking.
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FIG. 2 Deformation at different applied displacement in an ongoing tensile test of shear specimen with 0.5 mm notch.

With the increase of notch length, this shift of mode started to reduce till a value
of “a/w” when dominantly mode II loading and failure can be claimed. A set of
deformations during one of the tests is shown in Fig. 2, Since the key observation
was to ﬁnd this threshold range value of the ligament “w-2a,” a series of simulation
and experiments were performed with varying notch length “a” with ﬁxed width “w”
as well as varying thickness. Fig. 3 shows the force and displacement curves for different notch length from the experiment. It was found that the notch length has a
signiﬁcant effect on mode change; generally, a larger notch encourages greater shear
stress than normal stress at the onset of failure. Without notches or with very small
notches, the specimen is initially also loaded in shear at small strain, but as the strain
increases, ZOI rotates its orientation to go through a mixed mode I and II fracture.
Eventually, before failure, mode I dominates.

FIG. 3
Force versus displacement
response for experiment on
different notch length.
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FIG. 4 Partial views of mode shift in FEM. To left 1 mm notch (no shift), to right without notch (shift).

Sharp mode change was visible for the zero notch length as a wave in the force
displacement response shown in Fig. 3. The mode mix during loading was then
examined by numerical simulation.
Fig. 4 shows the partial view of the shift from mode II to the mixed mode of I
and II in numerical simulation as the notch length is reduced to zero.
Table 1 shows the changes of the mode of failure in numerical simulation. It had
been deﬁned by roughly comparing the tensile (r22) and shear stress (r21) components along the shear band connecting the notch tips. It can be found that the notch
length had a signiﬁcant inﬂuence to the fracture mode which conﬁrmed the experiment results. It presents the trend of the effect of notch length on mode shift. The
threshold “L0” was found to be above 1 mm and below 4 mm when thickness was
1 mm.
SWF from experiment is shown in Fig. 5a and compared with that from numerical simulation in Fig. 5b. A practice in mode I fracture is to consider the linear range
of value to extrapolate SWF for EWF determination [15]. When compared to Fig.
5b, the stable range of ligament length usable for EWF determination is between 1
and 4 mm for 1 mm thick specimen (as this region shows a linear relation). Above
and below this range induces mode mix which is also supported by the result presented in Table 1. Numerical simulation helped to get the SWF values for 0.5 mm
thick specimens of the same range of L0 as 1 mm thick specimen and the results are
shown together in Fig. 5b. A probable reason for having an unsuitable range of ligament length for EWF determination in the proposed shear specimen is mode shift.
The observation suggests the usable range to be 2t < L0 < w=2. It is important to
observe that this range was chosen because it is satisﬁed for both thickness.
TABLE 1
Numerical failure behaviour at different ligament length (t ¼ 1 mm).
L0
Mode of Failure
r22 (MPa)
r12 (MPa)

1

1.5

2

3

4

5

I þ II

II

II

II

II

I þ II

14
19

8.6
18

7
18

3
14.8

5
19

11
16
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FIG. 5 Experimental speciﬁc work of fracture at different ligament length. (a) experimental and (b) experimental and numerical.

By extrapolation of ligament length, EWF for 1 mm thickness was 11 KJ/m2 and
for 0.5 mm thickness, 9.3 KJ/m2. Secondary extrapolation to zero ligament thickness
provided essential work of fracture without inﬂuence of ligament length and also
thickness, which was 7.6 KJ/m2.
A linear elastic fracture mechanics (LEFM) study of HDPE done on the modiﬁed shear specimen by Shaﬁqul et al. [1] proposed a geometry correction factor for
stress intensity factor determination as Eq 3:
a

a


a

¼ 1:291 sin 1:033
þ 2:607 þ 0:1429 sin 45:53
 5:742
gII
w
w
 w a

þ 2:27
(3)
þ 0:06811 sin 75:49
w
Essential work of fracture in LEFM is equal to the J integral, which is equivalent to
energy release rate (GII). It is related to stress intensity factor according to Eq 4.
J¼G¼

2
KIIc
E

2
Keq
¼ KI2 þ KII2

(4)

(5)

Fracture toughness was predicted by this method based on physical experiment is
between 6 and 10 KJ/m2 [1]. This is comparable with the prediction through EWF.
It is noticeable that there are always some degree of mode mixture and the mixing ratio varies along the evolution of loading. The mixed mode components, I/ II,
can be decoupled into individuals [19]. For example, in a SE(B) specimen, the sum
of the individual mode I and II stress intensity factors is comparable with combined
mode I/ II [20]. A similar approach was adopted to show by FEM simulation, the
evolution of mode mixity as the equivalent stress intensity factor Keq calculated
according to Eq 5 increases to equivalent fracture toughness.
Fig. 6 shows an increased mode mixity as the stress intensity factor reaches the
critical value. When the ligament length is increased or decreased from this
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FIG. 6
Evolution of stress intensity
factor mixity against
normalized equivalent stress
intensity factor for 1-mm-thick
specimen with 3 mm ligament.

FIG. 7 Examination of shear strength reduction in CDM. (a) The specimen and (b) force-displacement response.
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optimum value for this given geometry, mixity becomes more prominent following
the trend of stress mixity shown in Table 1.
A PRACTICAL APPLICATION OF THE SHEAR SPECIMEN

The proposed modiﬁed shear specimen was used for ﬁnding the ultimate shear
strength of a special epoxy adhesive known as controlled delamination material
(CDM). An aluminium (Al) specimen was divided into two symmetric halves along
ZOI and later joined together by CDM. With the application of dc volt to the conductive substrates, the CDM joint weakens. This phenomenon was tested and the
ultimate shear strength reduction was observed.
Fig. 7a shows the partitioned specimen which was glued by CDM. Fig. 7b shows
force-displacement response of tensile shear test on the glued specimen before and
after electrifying (applying dc voltage). An alternative to measure this shear strength
can be according to ASTM B769-11 [21].

Conclusions and Future Works
In this study, a method to measure the shear fracture toughness was introduced together with the shape of a suitable specimen. The proposed specimen shape has a limitation of mode shift from mode II to a mixed mode I þ II, as shown by
simulations and experiments. A means of avoiding this by introduction of sharp
notches within certain length limits was discussed. The essential work of fracture
can be determined with stable ligament length in a range from 1 to 4 mm for 1 mm
thickness of proposed specimen geometry, which roughly matches the shift range
from mode II to mixed mode I þ II from numerical observations. It was also found
that suitable ligament for EWF determination together with proposed specimen was
2t < L0 < w=2. Fracture toughness was obtained by double extrapolation of the speciﬁc essential work of fracture within the ligament length range. A more complete
study of the thickness effect can be carried out to support the ligament range ﬁnding.
The fracture toughness values were comparable with that obtained by a linear fracture mechanics study of HDPE. Finally, this specimen was used to ﬁnd the shear adhesion strength of the CDM joint in Al interface as a practical application.
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Abstract: The laminate composed of polymer and metal has been widely used in different industrial
application. By laminating suitable metal film and polymer layers with empirically selected layer
thicknesses, material can be designed for the different mechanical requirements. Several research
works related to fracture mechanics behavior in polymer and metal laminate are collected and
discussed in this paper. A typical packaging laminate, consisting of LDPE (Low Density
Polyethylene) and Al-foil (Aluminum foil), is applied to simulate the failure due to necking in
substrates and interfacial delamination under loading. A coupled elasto-plasticity damage and
fracture constitutive model is incorporated into the finite element code and utilized to simulate a
uniaxial tension in the laminate with an interfacial pre-crack. The new combined constitutive
model is proper to study the failure due to necking and interfacial delamination in the laminate. It
is also found that interfacial delamination mode in pre-crack tip could be influenced by fracture
toughness ratio of mode I, II.
Keywords: Polymer and Metal Laminate; Fracture, Delamination; Constitutive Model; FEM;
Uniaxial Tension.
1. Introduction
Laminate composed of polymer and metal has been widely used in different industries
application, e.g. packaging design [1-4], flexible electronics [5], flat-panel displays [6], paper-like
displays, sensitive skin and electronic textiles that described in [7], printable thin-film solar cells and
skin-like smart prostheses mentioned in [8], thin-film antennas [9] and flexible RFID tag [10]. It has
been observed, discussed and concluded in several works that when the thin metal (from 100 nm to
10 mm) laminated by a polymer substrate (from 10-100 mm), the mechanical properties such as stress
and strain at break [11, 8], the energy required to onset a fracture of one or both layers [12] can be
increased. Another work to characterize the fracture properties of the similar laminate by tensile tests
combined with Digital Image Correlation techniques with an industry related specimen has also
supported the above suggestion [13-14].
A series of experimental and numerical simulation works in [5, 8, 10, 15-20] have been performed
to consider the polymer/metal laminate under a uniaxial tension with a defect in the metal film or
debond between the layers as illustrated in Figure 1. The influence of depth of the V-notch defect and
initial Young’s modulus of substrate [5], the length of the debond [15], the compliance of the substrate
[16], the interfacial adhesion strength [8, 17], the grain boundaries of the metal film and interfacial
adhesion [18], the metal film’s thickness [10] to the strain at rupture and the ductility of the laminate
are discussed. One of the important conclusion that “necking of the film is mainly accommodated by
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the interfacial sliding” [17] has been experimentally studied in [19] and later analyzed in [20]. More
fundamentally works can be found in [21-26] and later in a review of [27].

Figure 1. Three different cases: (a). Defect in the metal film, (b). V-notch on the metal film surface,
(c) Debond between the layers and the neck-in.

In this paper, a laminate consisting of LDPE (Low Density Polyethylene), Al-foil (Aluminum
foil) applied in liquid packaging industry is studied. In this laminate, each layer contributes with
certain properties to the complete material structure. During production, the laminate goes through
different processes such as printing, coating, creasing, laminating, perforation etc. To become a liquid
food package, it also needs to be formed, folded, filled, etc. Before reaching the consumer, it has to
tolerate loading during transport and distribution. In this work, the laminate has been mechanically
loaded to extreme loading way beyond normal loading conditions to provoke defects such as failure
due to necking in substrates, and interfacial delamination, as shown in Figure 2.
Necking

Delamination

Figure 2. Micrographs of necking and delamination in LDPE, Al-foil packaging laminates [19].

2. Theoretical and Numerical Modeling
The failure due to necking in LDPE/Al-foil packaging laminate under loading mainly refers to
both aspects, necking in LDPE and Al-foil, and interfacial delamination. In order to simulate necking
and delamination of the laminate, a theoretical model should be created to capture accurately the
materials responds during loading at first. After that, the developed model will be incorporated into
the commercial finite element packages ABAQUS to fulfill its application.
In engineering, necking is a mode of tensile deformation where relatively large amounts of strain
localize in a small region of the specimen or structure [28]. Because the local strains in the neck are
large, necking is often closely associated with yielding, a form of plastic deformation associated with
ductile materials, often metals or polymers [29]. In another words, material necking, i.e. strain
localization, is the comprehensive results of stress concentration and material degradation i.e.
softening. Softening refers to the degradation of material stiffness. Therefore, all these deformation
mechanisms, such as elastic deformation, plastic flow, strain hardening, and softening should be
considered. The corresponding theories should also be employed in constitutive model to describe
material behavior correctly during deformation.
Interfacial delamination is one of the most common failure modes for composite structures
because the remote loadings applied to composite components are typically resolved into interfacial
tension and shear stresses at discontinuities that create interfacial delamination [30-32]. As described
above, interfacial delamination does occur in packaging material studied here. Therefore, it becomes
another important physical mechanism to influence mechanical toughness. To characterize the onset
and propagation of interfacial delamination, damage mechanics or fracture mechanics could be
utilized.
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2.1. Elasto-Plasticity Damage Mechanics
Material necking is due to the stress concentration and material damage of stiffness. Stress
concentration could be caused by various defects, such as cracks, inclusions, and so on. Softening
refers to the degradation of material stiffness. In this work, an elasto-plasticity damage constitutive
model is suggested to demonstrate the failure due to necking of substrates, LDPE and Al-foil.
In the constitutive model, linear elastic model based on Hooke’s Law is used to describe material
elastic behavior. The von Mises yield criterion, isotropic hardening, and associated flow-rule, to
reveal material plastic flow. The elasto-plasticity constitutive model is related to equation (1) to (6).
σ = Dep : ε

(1)

Dep = Del + Dpl

(2)

ε = ε el + ε pl

(3)

σ = Del : (ε − ε pl ) = Del : ε el

(4)

f (σ,  ) = f (σ ) −  = q − ( 0 +  ) = 0

(5)

ε pl = 

f (σ,  ) 
= ε pln
σ

(6)

Here, 𝜎̇ and 𝜀̇ are total stress rate and strain rate, Dep, Del and Dpl are material elasto-plasticity,
elastic and plastic stiffness, respectively, moreover 𝜀 ̇𝑒𝑙 and 𝜀 ̇𝑝𝑙 are elastic rate and plastic
(inelastic) strain rate.
Equation (5) is von Mises yield criterion with isotropic hardening, and q = (3 2)S : S is the von
Mises equivalent stress, s is the deviatoric stress, 𝜎0 is the yield stress, 𝜑 represents one or more
hardening parameters. Equation (6) is associated flow-rule since von Mises yield function 𝑓(𝜎) is
̇ is
used to be as flow potential, and 𝑛 = 3𝑺/2𝑞 represents the direction of the plastic flow, 𝜀̅𝑝𝑙
equivalent plastic strain rate.
Damage mechanics is concerned with damage of materials that is suitable for making engineering
predictions about the initiation, propagation, and fracture of continuum materials or interfacial
delamination of composites without resorting to a microscopic description that would be too complex
for practical engineering analysis [33]. In this work, continuum damage mechanics will be employed
to describe damage both in LDPE, Al-foil layers. A damage criterion is composed by damage
initiation and damage evolution. Most of the work on damage mechanics uses state variable to
represent the effects of damage on material stiffness [34]. By using a damage state variable, the flow
stress after damage could be reevaluated by equation (7).
σ = (1 − D)σ

(7)

Where 𝜎̅ are flow stress of damaged and undamaged substrates respectively, D is a scalar
damage state variable, representing the overall damage of materials. When material point has
completely failed, namely fracture occurs.
2.2. Energy criterion and the stress intensity approach
In this work, fracture mechanics will be used to depict interfacial delamination. The energy criterion
and the stress intensity approach are the two most common approaches to the fracture analysis. Here,
the energy criterion which was proposed by Griffith [35] will be adopted and a 2D fracture modemix criterion based on power law [36] is used.
f =(

GI am
G
)
+ ( II ) an  1
GIc
GIIc

(8)

Where f is effective energy release rate ratio. Once equation (8) satisfies, interfacial delamination
occurs.
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In equation (8), G , G and G , G are strain energy release rate and fracture toughness of mode I,
II and am, an, are relevant parameters respectively. In this work, am, an, are equal to 1.
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2.3. FEM Modeling
As described above, the failure of laminate under loading mainly refers to two aspects, failure
due to necking in substrates, and interfacial delamination induced by the mixed-mode cracking of
mode I, II. By means of related theories including continuum mechanics, damage mechanics, or
fracture mechanics, a coupled elasto-plasticity damage and fracture constitutive model, governed by
equation (1) to (8), is therefore formulated and could be used to capture correctly the two kinds of
material behavior.
In this work, a commercial finite element code ABAQUS [37] is employed to handle the
constitutive model. In ABAQUS, all the behaviors described by equation (1) to (7), i.e. elastic
behavior, plastic flow and softening due to damage, can be utilized in the fundamental function
module of ABAQUS. VCCT (Virtual Crack Closure Technique) available in ABAQUS, is used to
model the interfacial delamination.
3. 2D-Simulation of the Laminate Loaded by a Uniaxial Tension
Since the theoretical model of LDPE/Al-foil packaging laminate under loading is combined and
the constitutive model can be realized by fundamental function and VCCT technique in ABAQUS.
Then, the combined model is used to simulate a uniaxial tension in the laminate with an interfacial
pre-crack to validate the model and study the fracture in LDPE, Al-foil layers and interfacial
delamination.
3.1. Model setup and Parameters
Here, a uniaxial tension in the laminate with an interfacial pre-crack is carried out by ABAQUS.
The laminate is composed of a two layer composite build up by LDPE and Al-foil. Figure 3 illustrates
the 2D-simulation FE-model with the corresponding constitutive material behavior in Figure 4.. The
interfacial pre-crack is regarded as imperfect bonding and is assumed in the center with a total length
of 0.005 mm at the middle of interface. Therefore, stress concentration and necking will arise around
it in the uniaxial tension simulation. Two simulation results under different amount of displacements,
0.004 and 0.005 mm, are used to compare with theoretical case [20].
To model elasto-plastic behavior of laminate described in ABAQUS, the Young’s modulus of
LDPE and Al-foil are 34201 MPa and 136.63 MPa respectively. The Poisons ratio of both material is
set to same value, 0.3. The non-linear material behavior of both material are shown in Figure 4.

0.005 mm
Fixed
End

Al-foil

Pre-crack, 0.005 mm
0.020 mm

LDPE

Uniaxial
Tension

0.050 mm

Yield Stress [MPa]

120

LDPE
Al-foil

100
80
60
40
20
0
0.00

0.02

0.04

0.06

0.08

0.10

Plastic Strain

Figure 3. 2D model of the packaging laminate.

Figure 4. The non-linear material behavior
of LDPE and Al-foil.

In this work, the continuum damage model with the sub option of ductile damage model in
ABAQUS is adopted to depict damage mechanism, the fracture strain, stress triaxiality and strain
rate in the model, are required to define damage initiation. Moreover, a linear damage evolution law
based on energy is also used to define the post-damage material behavior. All the related parameters
are listed in Table 1.
VCCT technique in ABAQUS is used to model interfacial delamination. For VCCT technique,
power law expressed by equation (8) is adopted to work as the interface debonding criterion. The
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fracture toughness, G , G and am, an should be specified to define the fracture criterion. In this
work, a set of normalized parameters of G /G are used to validate the model and analyze the
delamination mode of pre-crack tip.
IC

IIC

IC

IIC

Table 1. Material parameters of ductile damage model used in FE-similation

Material
Al-foil
LDPE

Fracture Strain

Stress Triaxiality

Strain Rate

0.036

-5

0

0.036

5

0

0.90

-5

0

0.90

5

0

Fracture Energy
(N/mm)
1
0.01

Figure 5 displays the FEM model based on VCCT. In this model, the interfacial pre-crack can be
realized by initial debonding part of Slave-Master Contact Pair, shown as a white line. In order to
activate the crack propagation capability, a small-sliding, slave-master contact surfaces in
ABAQUS/Standard is used. Moreover, an initial contact condition is used to identify which part of
the slave surface is initially bonded and will debond once the fracture criterion is met. In the model,
the four-node quadrilateral plane strain elements, type CPE4, are used in both layers with the
matching elements along the interface.
Al-foil
Pre-crack
LDPE

Figure 5. FEM model based on VCCT technique.
4. Simulation Results and Analysis
A displacement boundary condition on the right side of the specimen is applied when the clamp
is moved in tension. Meanwhile, all DOF (Degree of Freedom) of the left side are constrained, i.e.
encastred in ABAQUS, as a fixed end. The material model is elasto-plasticity associated with damage
consisting of von Mises yield criterion, isotropic hardening and associated flow-rule for both
materials. The property of interface is defined respectively according to the principle described
above.
Figure 6 (a) shows the deformation results of simulation without interfacial delamination. For the
comparison, the theoretical analysis results, in which interfacial delamination is not considered, are
also presented by using slip-line theory from [20], in Figure 6 (b). Simulation results are closely
consistent with that of theoretical analysis. That means material behaviors, including elastic
deformation, plastic flow, strain hardening, softening could be captured accurately by the model.
Figure 7 shows interfacial pre-crack extends progressively along the interface during uniaxial
tension. In ABAQUS, the fracture energy release rate G , G could be computed by using VCCT
technique and used to get effective energy release rate ratio f by equation (8).
That means the fracture criterion based on power law is satisfied, therefore interfacial
delamination initiates, as shown in Figure 7. The case without delamination at crack tip is also
provided for the purpose of comparison.
I

II
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(a) Simulation results

(b) Theoretical results [20]
Figure 6. Deformation results of simulation and theoretical analysis.

without delamination

magnify

with delamination

Figure 7. Interfacial delamination at interfacial pre-crack tip.

Figure 8 shows the influence mechanism of fracture toughness on interfacial delamination in precrack tip. The mode I of delamination is prominent, i.e. (G /G )/f=1 when interfacial fracture
toughness of mode I, II is equal, (G /G )=1. The G /G is decreasing progressively from 1 to around
0.6 with the increasing of G /G . It means the mode II turns to be important with increasing of fracture
toughness ratio G /G .
IC

IC

IC

IC

IIC

IIC

IIC

IIC

Delamination mode factor, (GI,II/GIc,IIC)/f

IC

IIC

1.0

(GI/GIC)/f

0.8
0.6
0.4
0.2

(GII/GIIC)/f

0.0
1

2

3

4

5

Fracture toughness ratio, GIC/GIIC

Figure 8. Influence curve of fracture toughness on interfacial delamination at crack tip.

5. Conclusion
In this work, a coupled elasto-plasticity damage and fracture constitutive model is combined to
describe failure due to necking in substrates and interfacial delamination of a packaging laminate
during loading. The proposed model is incorporated into the FEM code ABAQUS and employed to
simulate a uniaxial tension in the laminate with an interfacial pre-crack. The study results are
concluded as follows:
(1) The new combined constitutive model is proper to study the failure due to necking in substrates
and interfacial delamination in the laminate. The deformation in simulation agrees well with
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theoretical results. Material behaviors, including elastic deformation, plastic flow, strain hardening,
softening and interfacial delamination could be captured accurately by this model.
(2) The interfacial delamination mode in pre-crack tip could be influenced by the ratio of fracture
energy of mode I, II. The mode I of delamination is prominent when interfacial fracture toughness of
modes I, II are equal. The mode II turns to be important with relative decrease of its fracture
toughness.
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Abstract
Thin laminates of Aluminum (Al) foil and Low Density Polyethylene (LDPE) film are essential constituents of food packages
where these two substrates are bonded together with a thin layer of LDPE acting as adhesive. Noticeably, Al is a low
ductile/quasi brittle material, whereas LDPE is highly ductile. The mechanism of delamination and strength of bond between the
interfaces dictates the continuum and damage behavior of this composite. However, measuring the shear delamination properties
is challenging as conventional test methods have limitations when the substrates are very thin and flexible. This study explains a
tentative method that uses uniaxial tensile testing on the pre-cracked specimen of this composite to find energy dissipation due to
shear delamination and successfully uses it in Finite Element Simulation in Abaqus. The delamination was observed in a narrow
strip-like region close to fracture surfaces and measured with special visualization aid. A similar response was found in FEM
simulation. Scanning Electron Microscopic (SEM) study of delaminated interface confirms the delamination to be shear in
nature. In a cohesive zone modeling in Abaqus, the measured shear delamination energy was used as input parameter along with
an arbitrary bi-linear cohesive law for validation of the experimental measurement.
© 2016 The Authors. Published by Elsevier B.V.
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1. Introduction
The adhesion level in composite effects the overall behavior of laminates significantly. Measurement of adhesion
property in bi-material interface has been studied by many authors including Chen et al. (2003). For experimental
determination of adhesive properties, methods like Double Cantilever Beam (DCB) or End Notch Flexure (ENF) are
used. ENF is a popular testing method for Energy Release Rate (ERR) determination with respect to adhesive shear
deformation at crack tip of composites with relatively thin adhesive layer and stiff substrates and was adopted by
many authors for instance Alfredsson (2004). These methods prove to be inconvenient when the substrates are thin
flexible films. Because of the simplicity of concept and geometry, peel testing (Fig. 3 (b)) is adopted instead for this
purpose as mentioned by Thouless et al. (2008). However, some researchers, O'Brien (1998) among them, argued
that the apparent shear energy release rate measured by conventional methods is inconsistent with the original
definition of shear fracture. This claim was based on the observation that there is tensile failure of the adhesive fiber
during shearing, which is not practically sliding of two planes relative to each other.
Tensile testing of thin flexible laminates with pre-defined center crack of varying length is common practice for
determination of relation between mechanical property of the laminate and adhesion level and similar study was
done by Kao-Walter et al. (2004). Close observation of the propagation path of the pre-crack showed noticeable
delamination around this area which should result in additional energy dissipation during the test. The key idea in
this study was to claim that this additional dissipation due to delamination can be separated as the difference of work
of fracture in a pre-cracked laminate and single layer substrates. Further study of the delaminated surface with the
help of Scanning Electron Microscope (SEM) showed the delamination to be of shear in nature. This article
addressed this observation to find an alternative method for separating the delamination energy using work of
fracture. Several attributes and assumptions of such a method were described here and finite element simulation was
used as validation tool.
2. Test method
Materials used for this investigation were thin and flexible Aluminum (Al) foil and Low Density Polyethylene
(LDPE) film provided by a packaging industry. Al foil was manufactured by rolling till 9 μm (microns) of thickness.
LDPE was extruded on to Polyethylene Terephthalate (PET) film in very high speed that induced material
orthotropy due to polymer chain orientation. When LDPE film was separated from PET, film thickness was 27 μm.
At a later stage, Al and LDPE were laminated with a 5 μm thin layer of additional LDPE. The specimens cut from
the laminate were 230 mm in length, 95 mm wide and total thickness was 41 μm. Sharp blade was used to cut the

Fig. 1. Laminate test, (a) Tensile test of LDPE-Al laminate when Al pre-crack started to propagate; (b) Stretching and delamination of LDPE near
crack tip; (c) Highlighted delamination area of one strip (out of four).
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Fig. 2. Laminate combined Al, LDPE response.
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Fig. 3. (a) SEM of delamination area; (b) Stretch LDPE in 0° peel.

specimens and the center pre-cracks. All tests were performed with a MTS QTest universal testing machine with a
100 N load cell. Laboratory temperature was 295 K and humidity was 50%. Single test speed of 10 mm per minute
was adopted and effect of strain rate was not studied. Laminate of LDPE-Al and the substrates were tested with
predefined 45 mm center crack. The purpose of the crack was to control the crack propagation path and induce stress
concentration to ensure minimum plastic dissipation away from the vicinity of the crack propagation path. After the
failure, both separated parts were examined along propagated crack path and delamination was observed. To ease
the measurement of delaminated area, the whole delamination zone was highlighted using bright color shown in Fig.
1 (c). Magnified image of the delamination area and use of plot discretization software helped to find the area for all
four delamination strips. It was also observed that the four strips similar to Fig. 1 (c) were approximately similar.
During loading, LDPE layer showed large local deformation and thinning near pre-crack due to stress concentration.
Large stretching of LDPE can be attributed to its molecular structure. It has stochastic distribution of long polymer
side chain studied by Schrauwen et al. (2004) and as a result, substantially large hardening through fine and coarse
chain slips. Microscopic study of the post-fracture substrate provided better understanding of the substrate fracture
and delamination mode. A slice of the specimen can be examined at a time and it was prepared using a sufficiently
sharp cutting blade from manufacturer Leica to avoid undesired influences. The SEM equipment used was a
Hitachi-Tabletop Microscope, TM-1000 operating at 15 keV. Fig. 3 (a) shows the SEM image which was further
discussed later.
3. Finite element analysis
Finite element simulation of the subjected composite was used to check the delamination mode and the boundary
conditions to support the assumptions made. As mentioned earlier, the experimental and SEM study showed the
sliding of LDPE layer over the Al foil near crack tip once the crack in the Al layer is fully propagated. LDPE layer
slides locally over the stiffer Al foil because of its large straining that results from necking. Necking is closely
associated with material plasticity and the compressive result of stress concentration and softening i.e. material
stiffness degradation. For a meaningful validation of the nature of delamination in finite element solver, it was
necessary to model the material that reflects the above characteristics. Although the Al layer is very stiff compared
to LDPE, from the experimental observation, the Al foil is found to have little plastic dissipation where delaminated.
To capture this dissipation, it was necessary to use a detailed material model of Al, similar to LDPE. For this
purpose, tensile test data from pre-cracked and continuum substrates’ specimens of similar dimension as previous
were post processed. The interface was modeled as cohesive zone and its normal ERR was measured by a 90-degree
angle peel test. Shear ERR was defined according to experimental procedure proposed in this article. Abaqus 6.14-2
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(ABAQUS 2016) static general solver was used with acceptable mesh density. Finite strain shell element S4R was
used to model substrate and cohesive element COH3D8 for cohesive zone modeling. Only one fourth of the
specimen was sufficient to simulate taking the advantage of geometric symmetry. Boundary conditions were applied
to replicate physical test which included prescribed displacement.
4. Discussion
It was assumed that the behavior of the substrates is similar during the test whether they are in a laminate or
single layer. For validation of the separation of the shear delamination energy method, this assumption was further
studied. A noticeable difference in experimental force-displacement response was the sharp peak of composite force
response in early loading compared to the summation of single layer Al and LDPE force response at that
deformation (Fig. 2). Observation of the experiment shows that Al foil in the laminate breaks near that sharp force
peak. As cracked top and bottom part (Fig. 1 (b)) of Al separates, it leaves small strip of LDPE fixed by the adhesive
to it. This small strip is approximated in this study as a very small LDPE specimen with pre-crack. This leads to
high strain localization and hardening of this LDPE region due to polymer chain slip at very small displacement.
The hardening peak is close to the peak load carrying capacity of the pre-cracked Al foil in the displacement
domain. Which explains the reason for the maximum force response of laminate being close to the summation of
peak load carrying capacity of individual substrates at an early stage of loading. Given the cross section and the
maximum force response in the laminate, the stress induced away from the crack is well below the yield stress of
both substrates hence there is no dissipation of plastic energy for loading and unloading of these regions.
Noticeably, single layer LDPE elongates 30% above the one in laminate (Fig. 2) this can be contributed to the stored
elastic energy of the soft film that is used to drive the pre crack. As test speed is relatively low, it can be assumed
that the all the elastic energy was used to drive the crack. After test measurement of single layer LDPE and laminate
showed same length which indicates no plastic dissipation from continuum domain of single layer LDPE. It gives a
base to consider the fracture energy of the pre-cracked LDPE film to be equal in a single layer and in a laminate.
Propagation of crack in a single layer pre-cracked Al layer and in laminate with very compliant LDPE observed to
be same from study of the vicinity of propagated crack. An independent similar study on the same laminate by
Andreasson et al. (2014) reported that Al foil crack surface shows very small plastic deformation zone in the vicinity
which is confined in a region of 20-30 μm and rest of the specimen experiences only elastic deformation. After the
separation of substrates and laminate energy the difference can attributed to the additional mechanism that occurs in
a laminate test which is delamination. An average calculation of the energy release rate was 216 J/m.

Fig. 4. FEM simulation results (a) Simulated delamination zone (b) Shear response and (c) Normal response of a cohesive element.

While this shear ERR was used the force displacement responses from experiment and simulation can be
approximated beyond the peak responses with delamination (Fig. 5). Study of the delaminated cohesive element
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Fig. 5. Comparison of experimental force-displacement response with FEM simulation.

shows (Fig. 4 (b), (c)) the stress state of the shear and normal component during cohesive damage process. The
interfacial strength in the cohesive definition was chosen to be 10 MPa in all direction. The stress and displacement
responses were studied in a delaminated cohesive element that shows delamination occurred due to shear with
negligible normal effect. Quantitatively, shear ERR is 215.3 J/m and normal ERR of delamination was 0.012 J/m
from simulation. This means the test setup provides excellent boundary conditions to facilitate shear delamination.
Same conclusion can be achieved form the Scanning Electron Microscopic study (Fig. 3 (a)) of the delaminated
LDPE surface close to Al. The fine surface finish of LDPE in the SEM image indicated shear delamination.
5. Conclusion
The additional fracture energy dissipation in the pre-crack laminate compared to its substrates can be concluded
to arise from interfacial delamination. The delaminated area can be measured and energy release rate can be
calculated for a laminate. Nature of the delamination is also shown by FEM simulation and SEM to be shear.
Assumptions were made that the substrates behave same and dissipates same energy whether as a single layer or in a
laminate. Although additional source of the energy difference may present, this method provides a mean to get a
rough estimate of interfacial shear delamination energy release rate and was supported by the FEM analysis.
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1 Introduction
The essential work of fracture (EWF) of tear in thin
polymer films has increased popularity to characterize out-of-plane shear fracture toughness (Wong et al.
(2003)). Polymers films of low-density polyethylene
(LDPE) and polyethylene terephthalate (PET) are
widely used in packaging industries, and tearing is a
common method of package-opening. Although there
are many existing in-plane mode I studies on single
layer as well as laminates of these thin polymer films,
not many out-of-plane investigations could be found
in literature (Bjerkén et al. (2006); Andreasson et al.
(2014); Zhang et al. (2016); Kao-Walter et al. (2006); Islam et al. (2016); Kao-Walter et al. (2009); Kao-Walter
et al. (2011); Andreasson et al. (2013); Kim and KargerKocsis (2004) and Martı́nez et al. (2010)). The two-leg
trouser tear test which was first used by Rivlin and
Thomas (1953) with rubber, rapidly became a preferred
test method for tear testing of thin sheets and films.
Trouser tear test will be referred simply as tear test
later in this article. However, there are some associated challenges with this test. One of the challenges is
when highly extensible materials are tested, it is hard
to separate the elastic + plastic deformation in the legs
clamped in the tensile device from the plastic deformation in the vicinity of the crack with the crack propagation. Mode mixing is another challenge. Wong et al.
(2003) described mode III tearing EWF to be very similar to that of mode I and attributed this to the fact
that mode III tearing at the crack tip becomes a mixture of mode I and mode III due to high local deformation (Kim and Karger-Kocsis (2004); Mai and Cotterell
(1984)). Brny, T. studied EWF of PET for mode I and
mode III and found similar correlation between them
(Bárány et al. (2005)). Further, both the materials ex-
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amined in this study was determined to be anisotropic.
This anisotropy results in deviation of the tearing crack
from its initial path as it propagates.
The total fracture energy from a tear test can
be separated into geometry dependent (non-essential
work) and geometry independent (essential work) contributions to characterize EWF. For energy separation
in a tear test, a two-zone model was proposed by Wong
et al. (2003). The authors showed that the plastic zone
width increases with progress of tearing up to a certain
length (zone one) from the initial crack tip; and for any
further tearing, the plastic zone width remains constant
(zone two). This research was extended by Kim and
Karger-Kocsis (2004), who included a third zone that
divides ‘zone one’ proposed by Wong et al. (2003) into
two separate zones, wherein the new ‘zone one considers the crack tip deformation prior to any crack propagation during a tear test. A two-zone model was selected as the foundation of this study, and additional
observations were incorporated, as discussed in section
4. During a tear test, the specimen legs bends plastically close to the crack tip and along the leg width in
some cases. Dissipation of energy from the work done by
plastic bending and straightening of trouser-legs during
tearing is non-essential work of fracture. It was considered for EWF calculation by Mai and Cotterell (1984)
for metal with constant curvature of leg bending. Kim
and Karger-Kocsis (2004) later reported that dissipation of energy due to plastic bending and straightening is negligible for polymers; they did not report any
measurement on this. However, for PET, LDPE, and
their laminate, the bending was observed to vary from
the crack tip to along the width of the specimen leg.
This phenomenon was considered for calculating work
of plastic dissipation in section 3, and its magnitude
was determined to be significant to EWF as shown in
section 4.
Studying tearing of LDPE-PET laminate becomes
involved as the films in the laminate respond differently
under load compared to individual layer; this has been
investigated by several authors (Bjerkén et al. (2006),
Andreasson et al. (2014), Zhang et al. (2016), KaoWalter et al. (2006), Islam et al. (2016), Kao-Walter
et al. (2009) and Kao-Walter et al. (2011)). Kao-Walter
et al. (2011) investigated the same laminate under tearing as this study and observed delamination in the interface which increases along with tear crack propagation.
The tear testing on the polymer films and their laminates was performed through a cyclic loading and unloading of a two-leg trouser tear test-specimen. This
proposed test method demonstrated that a single testspecimen can be sufficient to characterize EWF in thin
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polymer films. This study has also investigated the significance of delamination in a laminate while calculating laminate EWF.
The article is organized as follows: Experiments on
standard tear test and its extension to cyclic tear teat
is presented in section 2. Section 3 describes the application of a existing plastic energy dissipation (nonessential work of fracture) theory to non-uniform bending of trouser-legs. Theory of tearing EWF was adopted
for thin LDPE, PET films and their laminate and EWF
of tearing was calculated in section 4. Section 5 presents
some SEM observations of fracture surface and delamination of the tested materials. Results are discussed in
section 6 and the paper ends with some conclusions.
2 Experiments
A laminate of LDPE-PET film supplied by a packaging
industry, which is a constituent of liquid food packaging, was examined in this study. Molten LDPE was
extrusion coated on top of the PET film to produce
the laminate. Separation of the LDPE layer from the
PET film in the laminate was done manually in the laboratory to perform single layer tests. Specimens were
cut from a roll of film as shown in Fig. 1 (a). A sharp
surgical blade was used to cut the specimens and the
pre-cracks.
Cyclic trouser tear test was performed to determine
tear EWF in single layers and in the laminate. To complement the calculation of tear EWF and to find a relation between tear and mide I fracture, tensile tests were
performed on the continuum and center crack specimens of the same materials, respectively.
Experimental tests were performed using an MTS
Qtest universal tensile testing machine with appropriate load cells and grips for specimen mounting. The
films to be tested were kept at a controlled laboratory environment with a temperature of 23 ◦ C and
50 % humidity for at least 24 hours before specimen
preparation. All tests were displacement-controlled. For
any experimental results presented, at least three tests
were performed. Because of anisotropy inherited from
the production process, substrates and laminate were
anisotropic which was also reported in the literature
(Andreasson et al. (2013)). The elastic modulus and
yield stress of LDPE and PET were observed to be
isotropic. Anisotropy of ultimate stress was significant
in PET but not substantial in LDPE. The Young’s
modulus (EL ), Poisson’s ratio (ν), initial yield stress
(σb ), work-hardening parameter (α) and film thickness
for LDPE and PET in MD are presented in Table 1.
The Youngs modulus of the laminate can be calculated using the theory of the elastic mechanics of com-
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Fig. 1 (a) Material orientation for test samples of the anisotropic films and (b) studied specimen geometry.

posite materials (Kao-Walter (2004)); this was determined to be ELAM =1.09 GPa in MD.
All tests were performed in five different material
directions (orientations), as depicted in Fig. 1. Angles
of orientation were measured from MD; the direction
90 degrees from the MD is referred to as cross direction
(CD).

2.1 Trouser tear test
To assess the tear EWF of the substrates and the
laminate, a two-leg trouser tear standard test method
was adopted according to ASTM D1938-93 (Standard
(1993)). The specimens were marked along expected
crack propagation path which is a straight line extending the pre-crack (Fig. 2). This helped to record the
propagated crack length at any point during a test.
The dimensions used for the specimens were an effective length (between grips) of 95 mm and a width
of 30 mm (Fig. 1 (b)). The pre-crack was 35 mm.
A minimum of 25 mm of the legs were mounted to
the hydraulic grips. The test was performed until the
crosshead moved 20 mm to produce a 10 mm crack
propagation. These tear tests were performed with the
substrates and the laminate to assess the influence of
material anisotropy on the tear peak load response, the
deviation of the tear propagation path, and delamination due to tear. Tear crack deviation and delamination
can be observed in the post-test LDPE-PET laminate
in MD (Fig. 2 (b)). Since all specimens corresponded
with the same dimension, peak force was directly proportional to the stress at fracture, Fig. 3 presents force
response rather than stress. The Laminate exhibited
larger anisotropy compared to the individual layers. A

Fig. 2 Tearing of films: (a) A laminate under trouser tear
test and (b) a post-test laminate specimen.

latter portion of this article explains the result through
the crack deviation and delamination in the laminate.
Tear crack propagation deviated significantly from
the initial direction for both laminate and PET (Fig. 4
(a) and Fig. 5) but was within 1 to 2 degrees for LDPE.
These deviations were measured and presented in Table 2 along with the delamination area in the laminate
caused during the tearing. The area of delamination was
measured based on the photographs (Fig. 4 (b)) using
a desktop application ‘plotdigitize’ (JA (2010)).
For EWF calculation, the specimens were torn in
MD to a larger extent through five incremental loading
and unloading cycles. Fig. 6 illustrates this incremental
tearing through loading and unloading. Noticeably, the
crack propagation can be expected to be nearly half
of the leg separation. However, this is not practically
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Table 1 Comparison of mechanical and geometric properties of the tested materials in MD.

LDPE
PET
Laminate

E (MPa)

σy (MPa)

σb (MPa)

ν (-)

α (-)

t(µm)

172
1550
1090

5
32.8
-

12.2
72
-

0.45
0.40
-

0.0058
0.0364
-

25
50
75

Fig. 3 Force displacement response of tearing (a) PET, (b) LDPE and (c) laminate. (For explanations of the colours in these
figure legends, please refer to the web version of this article.)

Fig. 4 (a) Crack deviation during tearing of laminate; (b) delamination during tearing of laminate.

Trouser tear testing of thin anisotropic polymer films and laminates

5

Table 2 Crack deviation in PET and laminate together with delamination due to tearing in degrees (Small crack deviation
of LDPE was disregarded).

Crack angle-PET
Crack angle -Laminate
Delaminated area (mm2 )

MD

22.5◦

45◦

67.5◦

CD

12
7-8
6.30

2-4
6-7
5.32

1
1
3.30

-(3-4)
-(1-1)
5.572

-6
-(4-6)
7.66

neglected for PET and laminate. It was also not considered for LDPE in this study.

3 Bending Dissipation of Tear

Fig. 5 Crack deviation during tearing of PET.

Fig. 6 Cyclic test method for incremental tearing.

the case because the bending of the legs increases as
load increases, and there is invariably some deviation
to the crack due to anisotropy. Specifically, at the end
of the first cycle, crack propagation length is significantly smaller than expected as the specimen needs to
bend before the crack can begin to move. Therefore, to
assess the exact length of the propagated crack, it was
necessary to record the crack length after each cycle
(inspecting the markings on the specimen). At the end
of loading in each cycle, a pause of 30 seconds in test
machine cross head movement was programmed; this
pause was used to photograph test specimens to measure the current curvature of bending (Fig. 7). Since
the tear load response is very small (Fig. 3) when compared to the tensile test response shown in AppendixA, the elongation of the trouser-legs can be reasonably

During tearing, the trouser tear specimen legs endured
beam-like bending and straightening, which may result
in plastic energy dissipation (Gdb ). Gdb is a function
of bending curvature and the width of the trouserlegs. Kinloch et al. (1994) presented mathematical expressions for this bending dissipation for a bi-linear
isotropic hardening material as a function of normalized
curvature k0 (Kinloch et al. (1994)). Depending on the
maximum normalized curvature (k0 ) of the beam in a
loading history, three probable cases may arise (Kinloch
et al. (1994)),
Case 1: For 0 < k0 < 1, bending involves elastic
loading and elastic unloading with no plasticity.
Case 2: For 1 < k0 < 2, bending involves elasticplastic loading and elastic unloading, but no reverse
plasticity.
Case 3: For k0 > 2, elastic-plastic loading and reverse plastic deformation are involved.
Tensile responses of the materials shown in
Appendix-A indicated that the hardening could be assumed bi-linear for both materials in MD orientation.
Furthermore, if isotropic hardening is assumed, then expressions by Kinloch et al. (Kinloch et al. (1994)) could
be directly adopted to measure dissipation of plastic
bending and unbending in the trouser test if bending
of the legs was uniform. Instead, bending is non-uniform
(Fig. 7), and it is highly probable that along the width
(b) of the trouser-legs bending, the material will experience all three possible cases of plastic energy dissipation
with gradual changes in curvature, from inner to outer
curvature ((Fig. 8)).
According to Fig. 7, the inner curvature kmax and
outer curvature kmin were measured from the tear test
image using the application plotdigitize. It was further assumed that for a small increase in torn ligament
length (la ), the curvatures remain same at steady state.
The inner and the outer curvatures were then normal-
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ized based on Eq. 1.
k0

k1 =

kmax
; k0
k1

=

max

min

kmin
k1

=

(1)

2εy
t

(2)

Here, εy is the initial yield strain and t is trouser-leg’s
thickness. Assuming a linear propagation of curvature
along the width of the legs, the normalized curvature
can be expressed as a function of width b (Eq. 3). The
leg width can be divided into three zones as illustrated
in Fig. 8.
k0 (b) = k0

−

max

b
(k0
bmax

max

− k0

min )

Fig. 7 Side view of trouser tear specimen, measuring the
inner and outer tear bending curvature from images.

(3)

Analytical beam model for plastic energy dissipation
due to bending used by Kinloch et al. (Kinloch et al.
(1994)) takes the following form for non-uniform bending:
(k0 max −1)
; no plastic dissipation.
Case 1: For b < bkmax
0 max −k0 min
Gdb1 = 0

(4)

Case 2: For

bmax (k0 max −1)
k0 max −k0 min

"

Gdb2 = Gemax (1 − α)

2(1−α)

<b<

bmax [k0 max − (1−2α) ]
k0 max −k0 min

#

k0 (b)2
2 (1 − α)2
+
−1
3
3k0 (b)

(5)

Fig. 8 Dividing the trouser-leg’s width (b) based on level of
plastic loading.

2(1−α)

Case 3: For b >
Gdb3 = Gemax
+Gemax

"



bmax [k0 max − (1−2α) ]
k0 max −k0 min

4 Essential Work of Fracture


4
α (1 − α)2 k0 (b)2 + 2 (1 − α)2 (1 − 2α) k0 (b)
3


3

4 (1 − α) 1 + 4 (1 − α)
3 (1 − α) k0 (b)



As discussed previously, a two-zone model (Wong et al.
(2003)) was adopted for tear EWF calculation. In this


− 2 (1 − α) 1 + 4 (1 − α)2
model, total work of fracture for tear is calculated as
follows (Wong et al. (2003)):
#

(6)

Here, Gemax is the maximum elastic energy in the
peel arm (for unit width, per unit peeled length).
Gemax =

1 2
Eε t
2 y

(7)

Finally, bending dissipation per unit ligament length
(la ),
Wdb
=
la

Z

b2

b2

max

Gdb2 db +
min

Z

bmax

b3

Gdb3 db

WT F = WT E + WT P = wT e la t + wT P Spa t

(9)

WT F is total work of tear fracture, WT E is total essential work of tear fracture and WT P is total plastic work
of tear fracture. Here, tear crack propagation length
is referred to as ligament length (la ). Plasticized area
(Spa ) is the area of plastic zone near the crack propagation path (Fig. 9 (a), (b)). Some additional observations and considerations were incorporated into this
model and are presented next.

(8)

min

Since this dissipation is non-essential work of fracture, it was also subtracted from the total work of fracture to determine EWF.

4.1 Separation of plastic dissipation from bending
Plastic dissipation due to bending Wdb (Eq. 8) in the
trouser-legs was demonstrated to be significant in the
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current case. It is a function of leg width, leg thickness,
and force to tear, which is a function of total work of
fracture (WT F ), hence Wdb = Wdb (b, t, WT F ). With
these considerations, the expression in Eq. 9 can rewritten as follows:
WT F − Wdb (b, t, WT F ) = WT E + WT P

= wT e la t + wT P Spa t

(10)

Wdb (b, t, WT F ) can be calculated from experimental
observations based on Eq. 8 as described in section 3.

4.2 Evaluation of EWF from only Zone I
During a tear test, a plastic zone is developed close to
the propagated crack. The width (h) of the plastic zone
increases as the crack tip progresses in a certain manner
depending on the mechanical and geometric properties
of the material. This is illustrated in the schematic of
Fig. 9 (a). It is visible in a teared LDPE specimen as
wrinkles of increasing width (Fig. 9 (b)) and as a thin
white zone close to crack surface for PET teared specimen (Fig. 9 (c)). Zone I of a post-tear specimen is the
small zone ahead of initial crack tip where plastic zone
width increases sharply. Observation of post-test tear
specimens (Fig. 9 (c)) indicates that the plastic zone
area (Spa ) for PET (for the tested thickness) was small
and barely spread from the crack surface. The subsequent SEM study made similar observations. However,
LDPE plastic zone width increased faster in zone I (Fig.
9 (b)). In zone II (Fig. 9 (b)), the plastic zone width
increased slowly and steadily with the increasing ligament length. The triangularly shaped plastic area in
zone I (Fig. 9 (b)) can be calculated as Spa = α0la 2 .
The plastic area multiplier, α0, as presented by Wong
et al. (2003) is the slope of the ligament width outer
boundary with respect to crack path in zone I (Fig. 9
(a)). Therefore, Eq. 10 can be written as follows:
WT F − Wdb (b, t, WT F )
= wT e + wT P α0la
la t

(11)

The quantity wT e + wT P α0la is simply referred to as
specific work of fracture in the remainder of the description. Note that the non-essential work of fracture due
to bending is separated from this new quantity. The left
side of Eq. 11 can be calculated based on experimental
measurements. If several experiments can be performed
within the zone I ligament length (la ), Eq. 11 can effectively be used to extrapolate the expression for zero
ligament length and quantify the specific essential work
of fracture (wT e ).
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4.3 Evaluation of EWF from only Zone II
For PET, if contribution from the very small zone I is
ignored, the model in Eq. 11 could be directly used for
evaluation of EWF using zone II (zone II is treated as
zone I). However, in a post-tear LDPE specimen, la in
zone I is small but significant and zone II is present.
As illustrated in Fig. 9 (a) and (b), LDPE had a zone
I (length l1 ) with a sharp increase in ligament width
(slope α0), followed by zone II (length l2 ), in which
width of the ligament increases comparatively slower
(slope α00). As in Fig. 9 (a), it is possible to extend
zone II backwards to achieve zero ligament width at a
distance of l2 0 from the beginning of zone II. Further
total work of fracture can be partitioned as zone I and
zone II work of fracture. The total work of fracture in
zone I (WT F −I ) can be experimentally quantified using
Eq. 11. It is then possible to plot a relation between
WT F −II = W T F − Wdb − WT F −I and l2 = la − l1 . Fig.
9(a) implies that specific plastic work of fracture (wT P )
is zero at l2 = −l2 0. Hence according to Eq. 12, extrapolating this curve to l2 = −l2 0 (la = l1 −l2 0) provides
the specific essential work of fracture.
WT F −II − Wdb
= wT e + wT P (h + α00l2 )
l2 t

(12)

The length of l2 0 can be calculated by measuring the
zone II slope (α00) and maximum zone I width (h),
l20 =

h
2α00

(13)

At l2 = −l02 , the contribution from non-essential plastic
dissipation wT P becomes zero.

4.4 EWF in laminates
In the laminate, as in Fig. 2 (b), PET layer crack deviates; however, it does so less than as a single layer
(Table 2). The LDPE layer in the laminate follows a
common deflected crack path with PET as long as the
delamination is small near to initial crack tip (Fig. 2
(b)). Since the PET layer is significantly stiffer and
thicker than LDPE, it controls the laminate crack deviation. At the same time, since LDPE is more isotropic,
this restrains the deviation of the laminate crack and
results in less PET crack deviation in laminate than
stand-alone tear at the beginning for tear. With increasing crack propagation, delamination increases, and the
LDPE crack path deviates from that of PET. Importantly, the LDPE crack eventually deviates at least as
much as PET or more because of the constraint that
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Table 3 Specific work of PET fracture calculation for different cycles using Eq. 11 (WT F −I =0.3144 [N-mm]; for h=0.7 mm
and α00 =0.034, l20 =10.3).
PET (MD)

Ligament length
(la ) [mm]

Total work of fracture
(WT F ) [N-mm]

Bending dissipation
(Wdb ) [N-mm]

Specific work of fracture
wT e + wT P α0la [N/mm]

Cycle-1
Cycle-2
Cycle-3
Cycle-4
Cycle-5

6.80
11.30
15.40
20.00
24.40

2.04
3.66
5.24
6.84
8.41

0.28
0.28
0.29
0.28
0.29

5.20
5.49
5.71
5.72
5.75

Table 4 Specific work of LDPE fracture calculation for different cycles using Eq. 12.
LDPE (MD)

Ligament length
in zone II
(l2 ) [mm]

Total work of fracture
in zone II
((WT F − WT F −I )) [N-mm]

Bending dissipation
(Wdb ) [N-mm]

Specific work of fracture
in zone II
wT e + wT P (h + α00l2 ) [N/mm]

Cycle-1
Cycle-2
Cycle-3
Cycle-4
Cycle-5

4.80
9.50
14.00
18.50
22.90

2.51
5.78
9.36
12.99
16.78

0.10
0.10
0.10
0.12
0.13

20.11
23.51
25.88
27.22
28.44

Table 5 Specific work of laminate fracture calculation for different cycles.
Laminate
(MD)

Ligament length
(la ) [mm]

Total work
of fracture
(WT F ) [N-mm]

Bending
dissipation
(Wdb ) [N-mm]

Delamination dissipation
Wdel = wdel Sdel [N/mm]

Specific work of fracture
wT e + wT P α0la [N/mm]

Cycle-1
Cycle-2
Cycle-3
Cycle-4
Cycle-5

6.60
11.5
15.50
20.20
24.80

4.32
9.05
14.52
20.41
26.64

0.97
1.06
1.18
1.15
1.21

0.0179
0.04
0.06
0.08
0.15

6.63
8.07
9.62
10.45
11.13

the stiffer PET layer places in softer LDPE in a laminate. This behaviour increases the amount of delamination with crack propagation and results in smaller crack
propagation in LDPE than PET (Fig. 2 (b)). For convenience of laminate EWF calculation, the propagated
crack length up to the common crack path of LDPE and
PET was assumed. The non-essential energy dissipation
due to delamination (Wdel ) must also be considered in
the calculation and included in Eq. 14.
WT F − Wdb − Wdel = WT E + WT P = wT e la t + wT P Spa t

(14)

Wdel = wdel Sdel

(15)

The area of delamination (Sdel ) can be measured from
the post-tear specimen image, and wdel can be calculated from peel tests as in Appendix C.

gle cyclic tear test with loading to a certain ligament
length of tearing and unloading to zero reaction force.
Then subsequently reload for tearing to new ligament
length greater than the first cycle and unload again.
This cyclic loading and unloading described in section
2 can be performed an arbitrary number of times. Fig.
6 describes the test method. For any arbitrary length of
tearing, the area under the load-unload curve provides
the total work of fracture due to tear; additionally, if
the tearing length is known, this can be used to calculate specific total work of fracture using Eq. 11 or Eq.
12 for a single layer and Eq. 14 for laminate. The area
under the curve for loading in cycle 1 is regarded as
AL−c1 and as AU −c1 for unloading after crack propagation of length la1 . Specific total work of fracture for
the tear in first cycle is as follows:
wT F 1 =

4.5 Incremental cyclic tear test and calculation of
EWF
Total work of fracture for different ligament lengths
(crack propagation) can be quantified through a sin-

WT F 1
AL−c1 − AU −c1
=
la1 t
la1 t

(16)

The loading for the second cycle can be considered to
follow the same load-displacement path, initially, as for
first cycle (Fig. 10) and eventually tear to a new ligament length la2 . Specific total work of fracture for the
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Fig. 10 Cyclic loading-unloading test response for tear;
Laminate consists of LDPE and PET layers. (For explanations of the colours in this figure, please refer to the web
version of this article.)

Fig. 9 Zones in a tear test. (a) Schematic for post-tear LDPE
where la = l1 + l2 (b) post-tear LDPE (c) post-tear PET.

tear from this cycle wT F 2 is as follows:
wT F 2 =

WT F 1 + WT F 1
WT F 1 + AL−c2 − AU −c2
=
la2 t
la2 t
(17)

Specific total work of fracture can be calculated for a
number of ligament lengths conveniently from a single
cyclic test. Necessary calculations for specific work of
fracture are shown in Tables 3-5 as an example. Noticeably, bending dissipation (Wdb ) accumulates in subsequent cycles.
Specific essential work of fracture (SEWF) (wT e )
for PET tear using zone I model and with no consideration of bending dissipation was calculated as 5.44
N/mm; when considering bending, it was calculated as
4.80 N/mm; having a difference of 11.6 %. For LDPE
tear fracture with and without consideration of bending
dissipation and using zone II model, SEWF were 11.84
N/mm and 11.1 N/mm respectively; this corresponds
with a difference of 6.25 %. However, specific essential
work of laminate tear fracture was 4.524 N/mm, which

Fig. 11 Tearing specific work of fracture for different materials.

is strikingly low (Fig. 11). In the current case, SEWF
for laminate appeared to not represent the laminate
property correctly. A zone I model was used for this
calculation. Further investigations could address this
issue.

5 Scanning Electron Microscopy
In the post-test tearing specimens (in MD) three sections were cut perpendicularly to the initial crack at
1, 7, and 13 mm away from the initial crack tip, as
illustrated in Fig. 12 (b). The cross sections were cut
with sharp scissors and were gold-coated in a Hitachi
E-1030 Ion Sputter Coater. A Field Emission (SEM)
Hitachi S-4800 electron microscope was utilized.
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Fig. 12 Schematic of (a) Post-test trouser tear specimen of
the laminate (b) section for crack tip SEM observation and
(c) delamination and substrates’ deformations.

The SEM image of a section (section 1 according
to Fig. 12 (b)) near crack tip in Fig. 13 (a) shows significant delamination due to tearing. Observations of
PET fracture surface in Fig. 13 (b) demonstrated that
the nature of PET fracture is less ductile and that the
plastic zone barely spreads from the fracture surface.
The thinning of PET prior to failure is also local to the
fracture surface.
LDPE crack surface fracture appeared highly ductile (Fig. 13 (c)); more importantly, there was a significant reduction in thickness which indicates damage on
LDPE in the laminate is due to thinning.
Further observing section 1, 2 and 3 according to
Fig. 12 (b) illustrated that the spread of this thickness
reduction increases with tear crack propagation. An increase in the area that experiences reduction in thickness with crack propagation is equivalent to an increase
in ligament length width (h) (Fig. 9 (a)). This thinned
area creates the plastic zones. Fig. 12 (c) schematically
and Fig. 13 (a) in SEM crack tip section view of a torn
laminate illustrates significant local strain with thickness reduction in the LDPE layer, relatively smaller
thickness reduction, and strain of the PET layer and
delamination of the interface. With increasingly torn
ligament, more area is delaminated, and width of delamination is increased. As a result, more LDPE is unconstrained and therefore available for thinning (Fig. 2
(b)).

6 Results and Discussion
Material anisotropy of PET and LDPE affects trouser
tear load response; therefore, this also affects EWF.
However, the deviation in tear crack propagation may
also be related to anisotropy. The tear crack deviation
appears to correlate well with the weakest mode I fracture toughness direction of the material (Figs. 14 (a)
and 15). Details of the center crack panel test for frac-

Fig. 13 SEM-micrographs of (a) crack tip and (b, c) fracture
surface of LDPE-PET laminate in machine direction.

ture toughness determination can be found in Appendix
B. Constrained by LDPE, PET tear crack deflected less
in laminate than as a single layer. The more the PET
orientation aligns with 45 degrees, the weaker the material becomes for cracking in mode I according to Fig.
14 (a) and tear crack deviation reduces according to
Table 3. The crack tends to remain straighter close to
45-degree orientation. For a tear orientation that differs
from 45 degrees, the crack changes direction toward the
left or right (approaching from MD or CD) to a certain degree until a saturation is reached. This relation
between mode I and mode III were expected; as with
crack propagation, tear becomes a mixture of mode I
and mode III. Noticeably, in a MD tear specimen, the
mode I loading is in CD; this 90-degree shift holds for
all other directions. The amount of delamination is positively correlated with the deviation of the crack in a
laminate (Fig. 14 (a), (b)) meaning smaller delamination in the laminate for smaller crack deviation.
LDPE layer in the laminate is more ductile than
PET layer. As a result, the spread of the plastic zone
(Fig. 9 (b)) is significantly larger than that of PET.
In a laminate, the LDPE film is constrained by the
interface, and the plastic zone cannot spread as in a
stand-alone layer. This causes the laminate total work
of fracture to be lower than that of individual layers
combined (Fig. 16) for lower ligament length. However,

Trouser tear testing of thin anisotropic polymer films and laminates

11

Fig. 14 Anisotropy during tearing (a) crack deviation in
PET and laminate and (b) delamination in laminate. (For
explanations of the colours in these figures, please refer to
the web version of this article.)

as the crack propagated, delamination was observed to
increase along the trouser-legs widths (Fig. 2 (b)). This
increases the volume of unconstrained LDPE that can
be plasticized. Also, there is additional energy dissipation from delamination. As a result, the TWF of
laminate is higher than PET and LDPE TWF combined at a larger ligament length (Fig. 16). So, material
anisotropy causes tear crack deviation anisotropy (different tear deviation at different material orientation)
which results in delamination anisotropy. This explains
the reason for laminate being more anisotropic in tear
compared to its constituents.
Plastic dissipations in the trouser-legs during tear
are regarded as non-essential work of fracture. Measuring the dissipation from the leg bending curvature
renders the calculated SEWF more independent of leg
width. This method of measurement can be beneficial
when it is practical to minimize the number of tests by
not testing for multiple leg width to omit any width
effect. The formulation provided in this study can be
applied to both uniform and non-uniform curvature distribution.
SEWF measured from the proposed cyclic tearing
provided comparable results for PET from the literature. The calculated SEWF for 50 µm PET was 4.80
N/mm in this study and 6.35 N/mm for 250 µm PET
in the literature (Kim and Karger-Kocsis (2004)). The
current value was smaller because the dissipation of
bending was regarded as non-essential work of fracture.
The literature reports that smaller tear SEWF for thinner PET is expected (Kim and Karger-Kocsis (2004)).
LDPE was divided into two zones based on visual inspection, and the proposed zone II method bypasses
any necessary calculation for near crack tip plastic dissipation in relation to crack propagation. This method
is applicable to materials that develop long ligaments
with steadily increasing plastic zone width during tear.
The authors did not find SEWF for LDPE tear reported
in the literature. However, the specific essential work of

Fig. 15 Fracture toughness of the tested materials at different orientations (a) PET, (b) LDPE and (c) laminate. (For
explanations of the colours in these figures, please refer to the
web version of this article.)

Fig. 16 Tearing total work of fracture for various materials.

fracture for blown LDPE film in mode I was reported
to be approximately 16 N/mm for 150 µm thick LDPE
film. The SEWF is more anisotropic for thinner LDPE,
and it ranges between 9 and 43 N/mm for 15 µm thick
LDPE (Rennert et al. (2013)). Macroscopic crack tip
observation of a tear test suggests that since LDPE is
more ductile and flexible, it tends to shift mode, and
load more in mode I; therefore, a relation can be expected with mode I SEWF. In this study, the calculated
SEWF of tear for 25 µm LDPE was 11.1 N/mm, which
is comparable. The calculated SEWF of the laminate
of LDPE-PET was significantly low and necessitates
further investigation. Moreover, although the thickness
can also exert a significant effect on SEWF value (Kim
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and Karger-Kocsis (2004)), merely one particular thickness for each film was tested.
The tear tests were performed such that trouser-legs
were separated vertically, which caused the tail of the
tear to hang and bend down due to gravity (Fig. 2 (a)).
This can cause the bending curvature at the bottom
leg to be larger than the top one. This can contribute
to additional tear crack deviation. Particularly in the
laminate, if the more compliant LDPE side is facing upwards, delamination width increases faster with tearing
relative to when the PET side faces upwards. This can
affect the SEWF and worth further investigation. This
effect can be negated by pulling the tear specimen sidewise such that the tail hangs vertically.

7 Conclusions
Trouser tear test of PET, LDPE films, and the corresponding laminate have been examined in this study
in five different material orientations. Propagation of
tearing in these thermoplastics demonstrated deviation
from the initial and parallel crack path with a mixed
mode I and mode III. This was determined to be caused
by the material anisotropy, and the deviation can be
related to the difference in mode I fracture toughness
at different material orientations. The crack tends to
deflect toward the weakest material orientation. The
amount of delamination was also discovered to be influenced by the material orientation.
The proposed cyclic tear test method for SEWF
measurement could produce results comparable to
those reported in the literature. Energy dissipation due
to non-uniform bending of the trouser-legs was demonstrated to be significant in the tearing SEWF calculation and was therefore considered in this study. Analytical expressions for the calculation of non-uniform bending energy dissipation for a bi-linear isotropic hardening
material model were presented. A variation of a twozone tear model was proposed to bypass any plastic dissipation calculation for SEWF calculation in LDPE. To
measure the SEWF of laminates, delamination energy
dissipation was accounted for. However, delamination
appeared to expose more unconstrained LDPE that effects the laminate behaviour more than that caused by
energy dissipation due to delamination. Further study is
necessary to use EWF for characterization of laminate
tear fracture. Also, this study particularly focused on
thin LDPE, PET and their laminate. Additional studies
are necessary to check the applicability of the presented
methods and formulations for other different polymers
and level of adhesion in their laminates.
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Appendix A: Tensile test results
The tensile tests were performed according to the standard
ISO 527-3 (Standard (2018)). Specimen length between the
tensile grips was 100 mm, width was 25 mm (Fig. 1 (b))
and test speed was 20 mm/min. Representative force vs. displacement results, presented in Fig. 17 (a), indicate significant
anisotropy both in maximum displacement and peak force for
PET. The deviation in peak force for LDPE tensile test responses was relatively small, but material oriented close to
MD was determined to withstand higher strain (Fig. 17 (b)).

Fig. 17 Mechanical tensile test of a) PET film and b) LDPE
film. (For explanations of the meanings of the colours in these
figure legends, please refer to the web version of this article.)

Trouser tear testing of thin anisotropic polymer films and laminates
Table 6 Peak force at different material orientation of the
tested materials.

Peak loadLDPE (N)
Peak loadPET (N)
Peak loadLaminate (N)

MD

22.5◦

45◦

67.5◦

CD

4.72

4.70

4.47

4.77

4.38

53.60

47.49

47.15

52.10

54.98

60.16

51.08

50.30

55.32

57.23

Appendix B: Center crack (CC) panel test

Fig. 18 Center crack test results at different material orientations. (a) PET F-D response (b) LDPE F-D response and
(c) Laminate F-D response. (For explanations of the colours
in these figure legends, please refer to the web version of this
article.)
The center crack specimen dimension used in an early
study was adopted as a reference (Kao-Walter (2004)). However, because of the dimension of the produced LDPE-PET
laminate, the CC specimens were downscaled by a factor of
2.3 to fit the material width in this specific case. Finally,
100 mm-long and 41 mm-wide CC specimens of LDPE, PET,
and laminate were tested with a center crack of 20 mm. The
crack preparation technique affects the fracture property significantly (Martı́nez et al. (2010)); since this effect was inevitable, it was ensured that the specimens preparation conditions were repeatable. Fig. 18 presents the force displacement (F-D) responses of these tests, and Table 6 displays the
peak forces.

Appendix C: Peel test
The adhesion between PET and LDPE can be quantified
based on a peel test. Fracture energy of delamination was
determined using Kinloch’s theoretical model of peel (Kinloch et al. (1994)). 50 mm-wide peel specimens were used,
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and LDPE film was peeled off at 90 and 180 degrees until
a steady force response had been achieved. Steady force of
peeling was the only quantity used from the peel tests. Tensile properties of LDPE were calculated based on the tensile
test performed in this study. Fracture energy of delamination
from peel was calculated to be 33 J/m2 .
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ABSTRACT
Large displacement peel was studied for cases where a compliant substrate leads to
a large value of the root rotation. An existing simplified beam model to calculate the
peel fracture energy was modified to allow for a kinematic hardening beam model of
the foil. The steady state peel force and the root rotation are used as input data to
the resulting analytical beam model. Test results from the literature were analysed.
A more elaborate finite element model was also studied, using cohesive elements for
the interface layer between the foil and the substrate. The cohesive zone parameters
used were the fracture energy, the cohesive strength and a shape parameter. An
optimization scheme for the cohesive zone parameters was developed and optimized
against experimental steady state peel force and root rotation. The method yields
similar values of fracture energy, Gc , for the two peel angles, with the one for 180◦
beeing slightly higher than for 90◦ . The optimization scheme presented in the work
was effective to characterize the cohesive parameters including Gc . Optimized Gc
for both peel angles agreed well with analytical estimation. The difference in Gc for
different peel angles suggest that the fracture energy can be mode dependent.
KEYWORDS
peel; laminate; fracture energy; cohesive law; optimization

1.

Introduction

During the last decade finite element (FE) simulation has been more widely used in
packaging industry to facilitate development in the early design phase. FE-models
CONTACT M.S. Islam. Email: shafiqul.islam@bth.se

are producing accurate prediction at application level in different length scales (1 ).
Specifically, thin flexible laminates which are important in liquid food industry are
experimentally and numerically studied by many authors (2 –7 ). To begin with, it is
necessary to know material properties for constituents of laminate. Additionally, the
cohesive properties of the interface between layers are important and it was the focus
of this study. Specifically, adhesion between aluminium foil (Al-foil) and low-density
polyethylene (LDPE) is studied. Several existing studies addressed the interface of
similar material laminates (2 , 8 , 9 ).
Cohesive properties are more difficult to capture for thin laminates than for more
rigid adherends. For comparatively rigid adherends, test geometries allowing for purely
elastic deformation can be designed. This makes it possible to easily measure the energy
release rate (ERR) as a function of cohesive deformations. Cohesive relations are then
obtained by differentiation of experimentally obtained ERR with respect to cohesive
deformations (10 –12 ). In (13 ) a similar method is proposed for 90◦ peel. However,
the method requires the peel arm to be elastic. Thus, the method is not applicable for
peeling of thin laminates for which cohesive separation of the layers is often associated
with plastic loading and elastic-plastic unloading of the layers.
The peel test setup is simple which makes it one of the most widely studied test
methods (2 , 14 –32 ). It is commonly used to determine the fracture energy associated
with peeling. In the present work, peeling of Al-foil from LDPE is studied where both
of the layers are only microns thick. For this case the peel arm experiences predominantly bending deformation. A method, based on large displacement beam theory, to
determine the fracture energy from experiments was presented in (2 ). In that method,
the deformation of the peel arm is assumed to governed by linear isotropic hardening.
Here, the solution in (2 ) is modified to allow for linear kinematic hardening. A more
elaborate FE-model of the peel test is also used here, in order to obtain more detailed
information about the cohesive properties of the interface. A trapezoidal cohesive law
is assumed and the cohesive zone parameters used are the fracture energy, Gc , the
cohesive strength, σc0 , and a shape parameter, r. An optimization scheme for cohesive
zone parameters of simulation is developed and optimized against experimental steady
state peel force and root rotation.
The present article is organized as follows: The two different models used are briefly
described in section 2. A beam theory solution, for a linear kinematic hardening peel
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arm material model, is presented in section 3. The finite element model and the optimization procedure to determine cohesive properties is outlined in section 4. Experimental observations from the literature are recapitulated in section 5. In section 6, the
experiments are evaluated in terms of fracture energy and other cohesive properties
using the methods described in sections 3 and 4. The results are discussed and the
paper ends with some conclusions.

2.

Models of laminate

The materials tested are the constituent of liquid food packaging with multiple layer
of films and foils (Fig. 1). The most widely used packaging materials in liquid food
packaging industries are low-density polyethylene (LDPE), aluminium foil (Al) and
paper board. Each of the layers of a package has its own role. For example, the paperboard, which is considerably thicker than the other layers, bears the load when the
package is filled, folded and gripped, while the Al-foil isolates the liquid inside from
light and diffusion (8 ). The outer decor layer of LDPE protects the paper and print
on it from moisture-related damage. It is important that the inside layer which is in
contact with the product inside does not react or dissolve with it and contaminate
the product during its expected lifetime. LDPE layers are used to serve this purpose.
The layers are combined together in several steps. The Al-foil is produced by thinning
Al-sheets by rolling them several times. Also, during the manufacturing process LDPE
is extruded and rolled with other layers. The laminate of LDPE film and Al-foil are
most important among the layers. The adhesion between them dictates the load carrying capacity and allowable strain in the laminate. This makes the study of adhesion
between them very important in packaging applications and many previous works have
addressed this phenomenon (3 , 4 , 6 , 7 , 33 –36 ).
Firstly, a simplified analytical beam theory model of this multi-layed packaging
material was considered for the peel study in this work. This model is depicted in the
left lower part of Fig. 1. The decoration layer, paperboard layer and laminate layer
are modelled as a rigid base. The aluminium layer, inside adhesion layer and inside
layer considered as a single layer peel arm (Fig. 1). The peel arm was assumed to be
represented by only stand-alone aluminium layer. It was motivated by the assumption
that the LDPE part in the peel arm does not play an important role in the peeling
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process due to its low Young's modulus and higher ductility. The deformation of the
substrate is assumed to be concentrated to the interface between the Al-foil and the
laminate LDPE-layer.
Secondly, a corresponding FE-model was considered, cf. the lower right part of
Fig. 1. The Al-foil is modelled with beam elements and cohesive elements model the
interface between the Al-foil and the laminate LDPE-layer. The top face of the cohesive
elements were connected to the beam elements of Al peel arm by beam connectors.
This is needed since the nodes of the beam elements are located at the centroid of the
beam.

Figure 1. Beam modelling

The analytical beam model was used to get an estimate of the fracture energy
of peeling using the beam theory solution presented in section 3 and experimental
results presented in section 5. The FE-model was used to get information about the
cohesive properties of the interface between Al and LDPE through optimization. The
FE-model results also helped to validate the analytically calculated fracture energy.
The two models used are discussed in more detail in sections 3 and 4.1.
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3.

Beam theory solution

In (2 ) a method to evaluate the fracture energy from a peel test is developed. The
method is based on large displacement beam theory and the assumption of a linear
isotropic hardening of the material in the peeling arm. Here, a similar solution for
linear kinematic hardening is presented, cf. Fig. 2b. This is believed to be a more
accurate model for a peeling arm in the form of a metal foil. As in (2 ), it is assumed
that plasticity due to bending of the peeling arm is dominant, i.e. plasticity due to
stretching of the peeling arm is not included. This assumption can be inappropriate
for small values of the peel angle, θ. However, for the experimental settings studied in
the present work, the assumption is appropriate.

Figure 2. a) Geometry of peel test b) Kinematic hardening stress-strain relation of foil material.

Steady state crack propagation is considered. The fracture energy, Gc , is formed as
Gc = Ge − Gp

(1)

where Ge is the energy release rate1 (ERR) for the present loading configuration, if
all points of the system are subjected to monotonically increasing loading. As shown
in (2 ), elastic unloading and reverse plastic loading can take place in the peeling arm.
Thus, in such cases, the plastic energy dissipation rate, Gp , must be subtracted from
Ge to achieve the fracture energy.
In Appendix A, the J-integral is used to derive Ge . With the assumption of small
1 The

energy released for a unit increase of the crack length.
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elastic strain at the loading point of the peeling arm,
Ge =

P
(1 − cos θ)
b

(2)

Figure 3a depicts the deformation of the peeling arm under steady state crack propagation. Consider a point, O, located far to the right of the crack tip. At this point the
foil is undeformed, i.e both the bending moment and the curvature are zero. As we
move to the left of point O, elastic bending of the foil is experienced and a cohesive
zone is formed. At some point, A, within the cohesive zone, the bending stress in the
foil has reached the elastic limit, σy , cf. Fig. 2b. As we move further to the left, the
foil is plastically deformed and the bending moment increases. Following the methodology in (2 ), the maximum bending moment is assumed to be reached at the current
position of the crack tip, denoted B in Fig. 3a. To the left of the crack tip, the foil is
unloaded from a plastic state. Between points B and C, the unloading is elastic.

Figure 3. a) Bending deformation of peeling arm. b) Resulting relation between bending moment M and
curvature, 1/R.
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Figure 4. Definition of area ADCBF in Eq. 4.

To the left of point C, the unloading involves reverse plasticity. At point D, located
far from the crack tip, the peeling arm is straightened by the tensile peel force. This
means that the curvature is zero at point D. The points O, A, B, C and D are indicated
in Fig 3b, where the bending moment, M , is shown as a function of the curvature,
1/R, where R is the radius of curvature due to bending. During steady state crack
propagation, a material point in the foil will experience the entire history of events
displayed in Fig. 3b. This means that the energy dissipated due to plastic deformation
is proportional to the area AOABCD in Fig. 3b. As described in (2 ), this means that the
plastic energy dissipation rate is given by,
Gp =

AOABCD
b

(3)

The specific form of the moment-curvature plot (Fig. 3b) for a linear kinematic hardening foil is derived in Appendix B. In order to determine the plastic energy dissipation,
Gp , the conditions at the crack tip, B, must be known. Here, a modified version of the
solution in (2 ) is proposed. The solution is based on large displacement beam theory
for the deformation of the peeling arm. As shown in (2 ), the bending deformation of
the peeling arm (from point B to point D in Fig. 3a) is governed by
ADCBF = P [1 − cos(θ − θB )]

(4)

where θB is the rotation at the crack tip (root rotation), cf. Fig. 3a. The area ADCBF
depicted in Fig. 4 is a function of the curvature at the crack tip, 1/RB . In the following,
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a normalized version of the curvature is used,
k=

Rp =

Rp
R
h
2y

(5)

(6)

where Rp is the curvature at first yield. Thus, in Eq. (4), ADCBF on the left hand side is
a function of kB and the right hand side is a function of θB . In (2 ), the deformation of
the foil to the right of the crack tip (Fig. 3a) is estimated from a model consisting of a
linear elastic beam on a linear elastic foundation, where the stiffness of the foundation
is given by the transverse stiffness of (half of) the foil. This leads to a linear relation
between θB and kB . Attempts have been made to accomplish a similar solution for the
present case, by considering the compliant substrate as an elastic foundation. However,
due to substantial plastic strain in the foil and large root rotations, such a linear model
has proven to be unsuccessful. Instead, the value of the root rotation, θB , is obtained
from experimental observations. Thus, kB is the only unknown and can be solved from
Eq. (4).
As mentioned previously, the present solution considers plastic deformation due to
bending of the foil only. For small values of the peel angle, θ, plasticity due to stretching
of the peel arm can be important. The smaller the value of θ, the smaller the values
of θB and kB . This means that the solution may be inappropriate for small values of
kB . However, for the sake of completeness, the solution for all values of kB is presented
here. As shown in Appendix D, the solution consists of three separate cases:
Case 1: For 0 < kB < 1 peeling involves only elastic bending of the foil, i.e. no plastic
dissipation is involved, Gp = 0. For this case, points B and A coincide and points C
and D coincide with point O. Thus, the area ADCBF in Fig. 4 is of triangular shape. As
shown in Appendix D, Eq. (4) takes the form,
kB2 =

6P
[1 − cos(θ − θB )]
E2y bh

(7)

after a minor rearrangement.
Case 2: For 1 < kB < 2 peeling involves elastic-plastic loading and elastic unloading,
but no reverse plasticity. This means that, also for this case, ADCBF is triangular. As
shown in Appendix D, Eq. (4) takes the same form as for Case 1 above. That is, Eq.
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(7) applies also for Case 2. The plastic energy dissipation rate2 of Eq. (3) takes the
form,

 2

k
Gp
2
= (1 − α) B +
−1
Gn
3
3kB

(8)

1
Gn = Eh2y
2

(9)

where

is used as a normalizing factor.
Case 3: For kB > 2 reverse plastic deformation is involved. As shown in Appendix
D, Eq. (4) takes the form,



6P
8
− 12 + αkB2 =
(1 − α) 6kB +
[1 − cos(θ − θB )]
kB
E2y bh

(10)

and the plastic energy dissipation rate of Eq. (3) takes the form,



Gp
10
= (1 − α) 2kB +
−5
Gn
3kB

(11)

Summing up, the procedure to calculate the fracture energy is as follows: Equations
(7) and (10) are separately solved numerically for kB . The two roots are denoted kB1
and kB3 , respectively. If 0 < kB1 < 1, Case 1 applies and Gp = 0. If 1 < kB1 < 2, Case
2 applies and Gp is given by Eq. (8) with kB = kB1 . If kB1 > 2, Case 3 applies and
kB3 > 2. Gp is calculated from Eq. (11) with kB = kB3 . The fracture energy is finally
calculated using Eqs. (1) and (2).

4.

Optimization of cohesive parameters

A FE-model of the peel test was used in order to obtain more detailed information
about the cohesive parameters of the interface in the Al-LDPE laminate. The FEsimulations were performed on the θ = 90◦ and θ = 180◦ geometries used in the
experimental setup, cf. section 5. The input parameters of a trapezoidal cohesive law
were optimized to the experimental results in terms of the steady state peel force and
root rotation. An Artificial Neural Network (ANN) was trained base on simulation
2 Note

that Gp in Eq. (8) differs slightly from Eq. (11) in (2 ). Since Case 2 does not involve any reverse

plasticity, they should be equal. It is noted that, in Eq. (8) for all values of α, Gp → 0 when kB → 1, as
expected. This is not the case for Eq. (11) in (2 ).
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results and integrated inside a Genetic Algorithm (GA) optimization code in search
of an optimal cohesive parameter set (optimum Gc , σc0 and r).

4.1.

FE-modelling of peel

The peel setup was modelled using beam elements for the Al-foil and zero thickness
cohesive elements for the interface between the Al-foil and the LDPE-film. Connector
elements were used to connect the beam elements and the cohesive elements, cf. Fig. 1.
The results of this simplified model has been compared to a more detailed FE-model,
where all layers present as described in sections 2 and modelled with 2D-elements. The
two models show comparable results, which motivates the use of the computationally
less expensive beam model.
The dimensions of the FE-model were chosen as small as possible, still capable of
achieving steady state conditions. The peel arm length in the initial configuration was
4 mm and the length of the portion of the Al-foil connected to ground through cohesive
elements was 1 mm. The element length in these two portions of the model were 4
µm and 1 µm, respectively. The out-of-plane thickness was 15 mm. Beam elements of
Timoshenko type was used (Abaqus element type: B21). An elastic-plastic constitutive
model based on Hooke0 s law, von Mises linear kinematic hardening, was used to model
the Al peel arm. The details of the model are described in section 5.
The cohesive elements (Abaqus element type: COH2D4) of the interface was modelled with a trapezoidal cohesive law. A trapezoidal cohesive law was advantageous
over a commonly used triangular law in this case as the size of the plateau (Fig. 5) can
control the softening and hence root rotation. This was important in the optimization
scheme as it could decouple peel force and root rotation to some extent. A short description of the cohesive law is given here for the case of pure normal separation, i.e. no
shear separation. The normal cohesive separation is denoted δ and the normal cohesive stress σc . The key cohesive input parameters in Abaqus were the fracture energy
(Gc ), the interfacial strength (σc0 ), the initial stiffness (c) and a ratio (r) governing
the shape of traction-separation relation, cf. Fig. 5. The ratio is defined as,
r=

δ2 − δ1
δ3

(12)

For a given set of Gc , σc0 and c, the effect of the ratio r is as demonstrated in Fig. 5.
The separations defining the cohesive law are expressed in the input parameters
10

according to Eq. (13), (14) and (15)
δ1 =

σc0
c

δ2 = δ1 + rδ3

δ3 =

2Gc
(1 + r)σc0

(13)

(14)

(15)

To respect the condition δ1 < δ2 < δ3 , r should be within the following limit,
0<r<

A=

1−A
1+A

2
σc0
2cGc

(16)

(17)

Figure 5. Definition of a trapizoidal cohesive law and the effect of the change in the parameter r.

In Abaqus, the cohesive law is defined through a damage variable, D. This means
that the cohesive response is written as
σc = (1 − D)cδ

(18)

For the present trapezoidal cohesive law, the damage evolution, for a monotonically
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increasing δ, takes the form,

D=










1


1−






0

for

− σcδc0
σc0 δ3 −δ
cδ δ3 −δ2
1

0 ≤ δ ≤ δ1

for δ1 ≤ δ ≤ δ2
for δ2 ≤ δ ≤ δ3
for

(19)

δ ≥ δ3

In Abaqus, the input data are given as tabular values of D as a function of δ − δ1 .
Multiple points of values between the δ1 to δ2 and δ2 to δ3 ranges were necessary for a
smooth simulation response.
The cohesive separation in the peel test is prediminantly normal separation, i.e. only
small shear separation is encountered. In the cohesive model, it is assumed that the
traction-separation relation for pure shear separation is the same as for pure normal
separation. For mixed mode loading, a damage initiation criterion of the cohesive
element was chosen as quadratic nominal stress (Abaqus type: QUADS). The damage
evolution and hence the fracture energy is defined to be independent of the mode mix.
Steady state peel force and root rotation were measured as simulation outputs. Later
the inputs were optimized for objective (experimental) peel force and root rotation.
The three cohesive input parameters, fracture energy (Gc ) interfacial strength (σc0 )
and the ratio (r) were updated in the abaqus (37 ) input file through a Matlab interface.
At the end of the simulation, the steady state peel force response was recorded. Measurement of the root rotation involved several steps. Damage parameter (In Abaqus:
SDEG) was requested for several potential crack tip cohesive elements. The end node
(closer to crack tip) on the top face of the latest fully damaged cohesive element was
considered as the crack tip. The node numbering of the cohesive elements and adjusted
peel arm elements were recorded prior to the simulation along with their connectivity.
Additionally, the rotation of the peel arm nodes those are connected to cohesive elements were requested during the simulation. The root rotation was obtained from the
beam node rotation located at the crack tip.
The simulation process was set such that Matlab could automatically take the cohesive parameters and make the calculations for input file, write the input file, read the
necessary outputs, make the calculations for root rotation, take decision (optimize)
based on simulation results and finally update the input file again until a desired
accuracy was reached.

12

Figure 6. Optimization framework.
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Table 1. Ranges of variables used for optimization.

4.2.

Variable

Lower bound

Upper bound

Unit

Gc

50

65

(J/m2 )

σc0

8

12

(MPa)

r

0.4

0.75

(-)

Optimization framework

The optimization framework of this study was divided into three sequential steps and
is summarized in Fig. 6. The adopted method of using an ANN inside a GA was
successfully adopted earlier in several optimization studies (38 , 39 ). Based on the
calculated fracture energy and a coarse exploration by FE-simulation (step-1 in Fig.
6), a narrow range of the input parameters were selected for further exploration by
ANN and GA (Table 1).

4.3.

Training the ANN

A well trained and validated ANN can replace the necessity of additional costly FEsimulation during an optimization procedure and can perform fast evaluation of peel
force and root rotation for a given set of input cohesive parameters. The chosen ranges
of cohesive parameter inputs represents the design space (Table 1). FE-simulation
results at points in the design space (that corresponds to sets of three input cohesive
parameters) can help to explore the design space. Such 30 different peel simulations
for each peel angle were found to be sufficient for initial training of the ANN. In order
to select the distribution of simulation input variables, the Latin hypercube sampling
method (40 ) was used. This method is good for generating a small yet representative
sample of cases (41 ). Results from all the training simulations were collected as in
Table 2 and 3. The trained network was hoped to behave as a close enough function to
output the steady state peel force and root rotation response when any set of cohesive
parameters is called by. A three-layered feed forward ANN with back propagation
can be used to train any non-linear relationship with arbitrary accuracy (42 ). Hence,
an input layer with three neurons, one hidden layer with 6 neurons and an output
layer with 2 neurons were adopted. For 30 training simulations with chosen inputs
and output numbers, 6 hidden layer neurons were checked to be ideal in the present
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case. This is more than the maximum recommended hidden layer neuron number,
Nh =

Ns
β(Ni + No )

(20)

according to (43 ). Here, Ni = number of input neurons, No = number of output neurons, Ns = number of samples in training data set and β = an arbitrary scaling
factor usually between 2-10. Training, validation and testing ratio of 85/100, 10/100
and 5/100 were used respectively. Levenberg-Marquardt backpropagation algorithm in
Matlab optimization toolbox was found to increase the accuracy of ANN predictions.
This ANN traning procedure is depicted in step-2 of Fig. 6.
The simulation cases were run in Abaqus 6.14 with an Intel Xeon processor workstation(6 cores, 2.50 GHz). For beam element model, 30 peel simulations (90◦ or 180◦ )
took about 2 days to complete. When simulation results were checked with a more
detailed 2D FE-model, simulation time was several times higher.
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Table 2. Design space exploration for θ = 90◦ peel simulation.

Sample case

Gc

σc0

r

Peel force

θB

case

(J/m2 )

(MPa)

(-)

(N)

(◦ )

S1

64.25

9.00

0.59

1.61

43.58

S2

62.25

9.80

0.48

1.59

43.99

S3

63.75

11.66

0.45

1.64

41.59

S4

57.75

9.66

0.51

1.51

40.82

S5

51.75

11.93

0.63

1.43

33.72

S6

50.25

9.53

0.44

1.38

38.46

S7

53.25

8.60

0.42

1.41

41.76

S8

64.75

8.86

0.72

1.61

43.47

S9

59.25

9.93

0.60

1.54

40.48

S10

57.25

11.53

0.74

1.53

34.49

S11

51.25

10.33

0.68

1.41

34.12

S12

62.75

11.26

0.67

1.62

37.55

S13

61.25

10.20

0.52

1.58

42.13

S14

54.25

9.40

0.73

1.45

37.54

S15

60.75

8.06

0.58

1.53

44.17

S16

55.25

9.13

0.46

1.46

41.36

S17

63.25

10.73

0.41

1.62

43.82

S18

61.75

11.80

0.56

1.61

37.72

S19

55.75

10.60

0.65

1.49

37.07

S20

50.75

10.86

0.40

1.40

38.24

S21

56.75

11.00

0.53

1.51

38.89

S22

59.75

8.33

0.55

1.52

44.39

S23

52.25

11.13

0.66

1.44

33.72

S24

58.25

8.20

0.54

1.49

42.71

S25

52.75

9.26

0.47

1.42

39.89

S26

58.75

10.46

0.62

1.54

38.48

S27

53.75

10.06

0.70

1.45

35.57

S28

60.25

11.40

0.49

1.58

40.20

S29

56.25

8.73

0.61

1.47

41.14

S30

54.75

8.46

0.69

1.44

39.49
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Table 3. Design space exploration for θ = 180◦ peel simulation.

4.4.

Sample

Gc

σc0

r

Peel force

θB

case

(J/m2 )

(MPa)

(-)

(N)

(◦ )

S1

55.25

8.33

0.62

1.07

56.97

S2

55.75

11.13

0.49

1.10

51.49

S3

50.25

8.46

0.55

1.01

54.37

S4

57.75

8.60

0.72

1.10

56.13

S5

61.75

8.06

0.66

1.13

63.68

S6

58.75

10.86

0.70

1.13

50.66

S7

54.25

9.66

0.59

1.07

52.56

S8

62.25

10.60

0.74

1.17

54.08

S9

62.75

11.00

0.40

1.17

58.09

S10

50.75

9.13

0.56

1.02

53.88

S11

60.25

9.80

0.47

1.13

59.18

S12

52.25

10.33

0.45

1.05

52.90

S13

53.75

8.86

0.42

1.05

57.20

S14

60.75

10.73

0.44

1.15

58.68

S15

61.25

9.40

0.48

1.14

59.13

S16

57.25

11.66

0.51

1.12

50.78

S17

63.25

8.73

0.61

1.16

63.10

S18

58.25

10.20

0.52

1.12

55.32

S19

63.75

8.20

0.53

1.16

67.40

S20

51.25

9.26

0.68

1.03

49.64

S21

64.75

9.53

0.46

1.18

62.48

S22

56.75

9.00

0.65

1.09

56.27

S23

52.75

9.93

0.41

1.05

52.97

S24

51.75

11.53

0.54

1.05

48.43

S25

59.75

11.93

0.73

1.15

49.69

S26

53.25

11.80

0.58

1.07

47.83

S27

64.25

11.40

0.60

1.19

53.21

S28

56.25

11.26

0.69

1.10

47.09

S29

59.25

10.46

0.63

1.13

54.90

S30

54.75

10.06

0.67

1.07

52.17

Optimization by the genetic algorithm (GA)

GA is a gradient-free optimization method for global optimization which is based on
stochastic approaches. This is an efficient method for non-linear, non-differentiable
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objective functions (38 , 44 ). GA requires a large number of function evaluation which
is a major limitation if the function evaluation involves time costly simulations (38 ).
Like in this study, performing that much simulation can be an obstacle. One solution
to this problem is to replace the simulation by a well trained ANN. The optimization
objective was set to minimize the sum of the mean square difference between ANN
output values and experimental values (peel force and root rotation),
error = P2

1
2

k=1 [obj(k)]

2
X
i=1

[net [(Ij )] (i) − obj(i)]2

(21)

where, obj is the objective values for peel force (obj (1)) and root rotation (obj (2))
(Table 4). Ij is a set of cohesive input parameter where I1 is fracture energy (Gc ), I2
is interfacial strength (σc0 ) and I3 the ratio (r). The function net [(Ij )] is expected to
produce simulation alike peel force and root rotation for given input set Ij from the
trained ANN, net. Finally, the squared sum of the differences between net responses
and objectives are normalized by the sum of the square of both objectives to obtain a
relative error.
This classical aggregative method, which combines all objectives into a weighted sum
was used to get a singular optimum solution. Genetic algorithm code from MATLAB
Optimization Toolbox (45 ) was implemented. Scattered type crossover and Gaussian
mutation function was adopted. The termination criterion was set to an average change
in fitness value less than 1e−7 . The ranges of variables used for optimization were as
presented in Table 1.
The new set of optimized parameters after every GA evaluation were used for additional FE-simulation to test the prediction of the current ANN. If this new simulation
result was found to be acceptable the optimization procedure was stopped and if not,
the new simulation result was added to the ANN training data set and the network
was re-trained. Always the default Matlab weights and biases were used for consistent
training of the ANN with additional simulations in this step. New prediction from the
ANN was again tested by FE-simulation and the procedure was repeated until a desired accuracy was obtained, cf. step-3 of Fig. 6. After ten iterations optimum cohesive
parameters for 90◦ peel were found and results are presented in section 6. Similarly,
optimum cohesive parameters for 180◦ peel simulation are obtained as presented in
section 6. Optimized cohesive parameter sets for 90◦ and 180◦ peel were different by
some margin. Finally, a common cohesive parameter set that satisfies 90◦ and 180◦ peel
18

objectives was sought. It took minimization of the summation of the error functions
for 90◦ and 180◦ peel.

5.

Test results

Peeling of Al-foil away of LDPE-film was performed at the laboratory of Division of
Structural Mechanics, Lund University, Sweden, and were reported in (8 ). An Instron
tensile testing machine was used to perform the peel tests. The laboratory environment was controlled at 23 Degree and 50 percent humidity for 24 hours before specimen
preparation and peel testing. Peel specimens were cut into 15 mm wide strips. For convenience of mounting the specimens, the paperboard that is attached to the laminate
during actual package production is kept intact (8 ). Three peel angles were studied;
0◦ , 90◦ and 180◦ . The test setup for peeling of 180◦ and 90◦ tests are illustrated in
Fig. 7. The 0◦ peel test was reportedly not possible to complete because the Al-foil
failed before the adhesion could be separated due to the foil stresses becoming to large.
Results on peel force response and root rotation for 90◦ and 180◦ peel were reported
in (8 ). The results are also given here, cf. Figs. 8 and 9 and Table 4.
It should be noted that the peel arm visible in Fig. 9 consists of the aluminium
layer, the inside LDPE layer and the inside adhesion layer, cf. Fig. 1. The variation
of thickness of the peel arm, especially in Fig. 9b, is due to deformation of the inside
LDPE layer. The inside LDPE layer is located on the compressed side of the peel arm,
which leads to an increase of the thickness due to the Poisson’s effect. This increase
in thickness is larger near the root where the curvature is large.

Figure 7. Experimental setup for peel test (8 ). (a) θ = 180◦ and (b) θ = 90◦ .
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Figure 8. Force-Displacement response for peel of Al-foil from LDPE (8 ). (a) θ = 90◦ and (b) θ = 180◦ .

Figure 9. Root rotations from experiments (8 ). (a) θ = 90◦ and (b) θ = 180◦ .

Peel angle

Steady state force (N)

Root rotation

90◦

1.38

40◦

180◦

1.18

57◦

Table 4. Experimental steady state peel force and root rotation.

In order to evaluate the peel experiments, the stress-strain relation for the Al-foil is
needed, cf. sections 3 and 4. Tensile testing of the 6.3 µm thick Al-foil was performed in
the work presented in (46 ). Due to anisotropy inherited during the production process
of the substrates and lamination, the final laminate is anisotropic. The tensile test
data were obtained from the machine direction (rolling direction during production).
In subsequent analysis of peel test data, all the materials were treated as homogeneous
and isotropic with the properties obtained for the machine direction.
Figure 10 shows the stress-strain curve. Analysis of the initial linear elastic part,
gives an elastic modulus3 of E = 55 GPa. The Poissons ratio of the specific Al-foil has
3 The

value of E differs considerably from bulk values. The reason for the discrepancy is that the thickness of
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been reported to be 0.3 (46 ). The yield stress of Al-foil was σy = 63 MPa. For strains
higher than 0.008, a behaviour close to linear hardening is displayed, cf. Fig. 10. The
linear hardening parameter is estimated to α = 0.012, cf. Fig. 2. Unfortunately, the
Al-foil fails at a relatively small value of the strain, i.e. about 0.014. This is due to local
failure emanating from small cracks at the edges of the foil. The strain due to bending
of the foil during the peel tests, is higher than 0.014. In lack of information about the
stress-strain relation at higher values of the strain, linear hardening is assumed also
for strains higher than 0.014.

Figure 10. Stress-strain relation from Al-foil tensile test (46 )

6.

Results and discussion

The methods described in sections 3 and 4 are here used to evaluate the peel experiments reported in (8 ) and in section 5.
In the beam theory solution of section 3, the experimental values of the steady state
peel force, P , the steady state root rotation, θB , and the peel angle, θ, are used as the
input data. The results for the two different peel angles are given in Table 5. For both
peel angles, the normalized root curvature kB > 2, i.e. reverse plastic deformation is
encountered. This means that Case 3 in section 3 is used to calculate kB and the plastic
the foil is less than the normal size of aluminium crystals, cf. (3 ).
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dissipation rate, Gp . The method yield similar values of fracture energy, Gc , for the
two peel angles, with the one for θ = 180◦ beeing slightly higher than for θ = 90◦ .
Table 5. Evaluation results for beam model.

θ

P (N)

θB

kB

Ge (J/m2 )

Gp (J/m2 )

Gc (J/m2 )

90◦

1.38

40◦

68

92

28

64

1.18

57◦

200

157

86

71

180◦

Through the FE-optimization scheme presented in section 4, the fracture energy
(Gc ), interfacial strength (σc0 ) and the cohesive displacement ratio (r) of a trapezoidal
cohesive law were estimated. The peel root rotation in addition to the steady state peel
force was considered as optimization objective. The use of two objectives, increased
the chance of the optimum cohesive parameters to be more unique. A common set of
values for (Gc ) , (σc0 ) and (r) could not be achieved that satisfied 90◦ and 180◦ test
results very closely, cf. Table 6 and Fig. 11. However, when the cohesive parameters
were optimized for single peel angle individually, a close agreement of peel steady state
force and root rotation was achieved between FE-simulation and experimental results
cf. Table 6 and Fig. 11. The optimized Gc for 180◦ peel in this case was higher than
that for 90◦ peel; similar to the analytical estimation, cf. Table 5.

Figure 11. Optimized simulation force response compared with experiments
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Table 6. FE peel response from optimized cohesive parameters.

Optimization

θ

Gc (J/m2 )

σc0 (MPa)

r (-)

P (N)

θB

90◦

90◦

51

9.0

0.50

1.38

38◦

180◦

180◦

63

11

0.44

1.18

58◦

90◦ and 180◦

90◦

55

9.0

0.53

1.44

41◦

90◦ and 180◦

180◦

55

9.0

0.53

1.07

57◦

The cohesive model used here is defined to have a mode-independent fracture energy.
The FE-simulations show that the case of 180◦ is associated with a larger part of the
fracture energy being related to shear separation than for the case of 90◦ . Several
earlier studies in different laminates reported shear fracture energy to be more than
that of for normal fracture (47 –49 ). Thus, the difference in Gc for different peel angles,
suggests that the fracture energy can be different in normal and shear mode of fracture.

7.

Conclusions

In this work, peeling of a metal foil from a compliant substrate was studied. To this
end, two supplementing models, analyzing test results from steady state peel, were
introduced. The input data from steady state peel test results are the peel force and
the root rotation. The first model is based on large displacement beam theory and
provides analytical expressions for the fracture energy associated with peel. It is a
modification of the method developed in (2 ). The method presented here is based
on a linear kinematic hardening model of the peel arm, unlike the linear isotropic
hardening model used in (2 ). The second model is a finite element (FE) model, where
beam elements are used to model the peel arm and the substrate is modelled using
cohesive elements. With this model, the properties of a trapezoidal cohesive law are
extracted from test data. Besides the fracture energy, the properties constitutes of
the cohesive strength and a shape parameter. A method to determine the cohesive
properties was developed. In the method, an Artificial Neural Network (ANN) was
trained based on simulation results and integrated inside a Genetic Algorithm (GA)
optimization code.
The two methods were used to analyze data from tests where an aluminium (Al) foil
was peeled from a low density polyethylene (LDPE) film. The tests were conducted
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using the peel angles 90◦ and 180◦ and have previously been reported in (8 ). The
analytical model yields fracture energies which are slightly higher than the FE-model.
Both methods indicate that the fracture energy is slightly higher for the 180◦ peel angle
than for 90◦ . This indicates that the fracture energy is mode-dependent. Reported
orders of magnitude of the fracture energy and cohesive strength are 50-70 J/m2 and
10 MPa.
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Appendix A: Energy release rate
This is a generalization of the derivation made in (13 ) to the case of an arbitrary
peel angle, θ. In in (13 ), the special case θ = π/2 was studied. Figure 12a shows the
deformed configuration and the current loading and 12b the undeformed configuration
and the current loading. The energy release rate can be calculated using the path
independent J-integral, evaluated along the counter-clockwise integration path, C, in
the undeformed configuration. For large displacements (50 ),
J=

Z 

W δ1j − Pji

∂ui
∂X1

C



Nj dC

(A1)

where W is the strain energy density, δij is the Kronecker delta, Pij is the first PiolaKirchhoff stress tensor and Ni is the normal vector in the undeformed configuration.
Further,
∂ui
= Fij − δij
∂Xj

Fij =

(A2)

∂xi
∂Xj

(A3)

where Fij is the deformation gradient tensor. The stress vector for the current load on
the undeformed configuration is given by Ti = Pji Nj . This means that Eq. (A1) can
be written as
J=

Z 

W N1 − Ti

∂ui
∂X1

C



dC

(A4)

Thus, only the parts of C having either N1 6= 0 or a non-zero Ti contributes, for this
case only the loaded end of the foil where
N1 = −1

(A5)

T1 = −P cos θ/bh

(A6)

T2 = P sin θ/bh

(A7)
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The deformation gradient is formed using polar decomposition,
Fij = Rik Ukj

(A8)

where Rik is the rotation tensor and Ukj is the right stretch tensor. For the present
case, with a coordinate system aligned with the peeling arm, cf. Fig. 12b,



cos θ

sin θ 0







Rij = − sin θ cos θ 0


0
0
1


λ1 0 0




Uij =  0 λ2 0 


0 0 λ3

(A9)

(A10)

where λi are stretches; λ1 in the direction of the peeling arm, λ2 perpendicular to the
peeling arm and λ3 out of the plane. Inserting Eqs. (A9) and (A10) into Eq. (A8) and
comparing the result with Eqs. (A2) and (A3) yields
∂u1
= λ1 cos θ − 1
∂X1

(A11)

∂u2
= −λ1 sin θ
∂X1

(A12)

Now, Eqs. (A7) and Eqs. (A11) and (A12) are inserted into Eq. (A4), resulting in,
J=

P
(λ1 − cos θ) − hW
b

(A13)

where λ1 and W are evaluated at the loading point. The stretch is defined as λ1 = 1+a ,
where a is the engineering strain.
The present study is confined to cases where no plastic deformation takes place at
the uniaxially loaded end of the peel arm. That is, a < y and hW = P a /2b. Equation
(A13) then takes the form,
J=


P 
a
1 + − cos θ
b
2

(A14)

For small peel angles, the term including a is important. Here, the peel angle, θ, is
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assumed to be large enough to ensure that 1 − cos θ >> a /2. Under these conditions
the energy release rate takes the simple form,
Ge =

P
(1 − cos θ)
b

(A15)

The assumptions made regarding the size of a is also motivated by the fact that the
method to determine the plastic energy dissipation rate, Gp , is based on the neglection
of plastic strain due to stretching of the peeling arm.

Figure 12. a) Current load on undeformed configuration. Integration path for J-integral. b) Current load on
deformed configuration.
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Appendix B: Moment- curvature relations
The bending normal stress in the foil is denoted σ and is defined as a function of the
distance y from the neutral axis, i.e. σ = σ(y). The resulting bending moment,

Zh/2
M = 2b
σ(y)ydy

(B1)

0

can be represented in normalized form, m, according to
m=

M
Mp

(B2)

where
1
Mp = bh2 Ey
4

(B3)

is the collapse moment for a non-work hardening material (α = 0). Introduction of
the normalized coordinate,
ζ=

2y
h

(B4)

σ̄ =

σ
Ey

(B5)

and the normalized stress,

means that the normalized bending moment in Eq. (B2) takes the form,

m=2

Z1

σ̄(ζ)ζdζ

(B6)

0

For a foil subjected to pure bending deformation, the strain distribution is linear
through the thickness of the foil,
=

y
R

(B7)

where R is the radius of curvature due to bending. The curvature of the bended foil is
defined as 1/R. A normalized curvature, k, is defined in Eq. (5). From Eqs. (B7) and
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(5) it follows that
¯ =


= kζ
y

(B8)

For monotonic loading (increasing ), the stress-strain relation can be written as

σ=




E

for  < y

Ey f (/y ) for  > y

(B9)

Here, a bilinear stress-strain relation is used,

f (/y ) = 1 − α + α/y
Thus, for monotonically increasing k, the normalized stress is given by

 kζ
for 0 < kζ < 1
σ̄(ζ) =
f (kζ) for
kζ > 1

(B10)

(B11)

where

f (kζ) = 1 − α + αkζ

(B12)

Thus, the stress-strain relation σ() shown in Fig. 2 are translated to σ̄(kζ)
The loading-unloading sequence is divided into four stages related to Fig. 3b: (i)
Elastic loading between points O and A. (ii) Plastic loading from point A to point B.
(iii) Elastic unloading between points B and C. (iv) Reverse plastic deformation from
point C to D.
(i) Elastic loading (OA): According to Eq. (B11), the entire foil is elastically deformed for k < 1, i.e.
σ̄(ζ) = kζ for 0 < ζ < 1

(B13)

The normalized bending moment follows from Eq. (B6)
mOA (k) =

2k
3

for 0 < k < 1

(B14)

(ii) Elastic-plastic loading (AB): When k is monotonically increased beyond k = 1,
a plastic zone is formed starting at the outer fibres of the foil. For a given value of k,
the current interface between the elastic and plastic zones is situated at ζ = 1/k, cf.
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Eq. (B11). Thus, according to Eq. (B11), the stress distribution reads


 kζ
for 0 < ζ < 1/k
σ̄(ζ) =
f (kζ) for 1/k < ζ < 1

(B15)

The normalized bending moment follows from Eq. (B6),



1
2αk
+ (1 − α) 1 − 2
mAB (k) =
3
3k

(B16)

(iii) Elastic unloading (BC): As the normalized curvature, k, is decreasing from the
maximum value, kB , at point B, all points in the foil are elastically unloading. The
interface between the elastic and plastic zones is situated at ζ = 1/kB . The stress
distribution is given by

σ̄(ζ) =




kζ
for 0 < ζ < 1/kB
f (kB ζ) + (k − kB )ζ for 1/kB < ζ < 1

(B17)

The normalized bending moment follows from Eq. (B6)



2kB
1
2k
+ (1 − α) 1 −
− 2
mBC (k) =
3
3
3kB

(B18)

This solution is valid until reverse plastic deformation is initiated at the outer surface
of the foil. For the kinematic hardening model employed here, the condition for this is
σ̄(ζ = 1) = f (kB ) − 2. With Eq. (B17) the value of k at the onset of reverse plasticity
is
kC = kB − 2

(B19)

(iv) Reverse elastic-plastic unloading (CD): As the curvature is decreased below kC ,
there are three different zones through the thickness of the foil: (a) the elastic core,
0 < ζ < 1/kB , (b) the zone of elastic-plastic unloading, 1/kB < ζ < ζ̄, and (c) the zone
of reverse plasticity, ζ̄ < ζ < 1. For a specified value of k, the position of the interface
between zones (b) and (c) is given by
ζ̄ =

2
kB − k
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(B20)

For a given position, ζ, reversed plasticity starts at the following value of the curvature,
k̄ = kB −

2
ζ

With these new entities, the stress distribution is



kζ


σ̄(ζ) =
f (kB ζ) + (k − kB )ζ



f (kB ζ) − 2 + (k − k̄)αζ

(B21)
written as
for 0 < ζ < 1/kB
for 1/kB < ζ < ζ̄
for

(B22)

ζ̄ < ζ < 1

and the normalized bending moment follows from Eq. (B6)
mCD (k) =

2αk
+ (1 − α)
3



8
1
−
−1
3(k − kB )2 3kB2



(B23)

The four moment-curvature relations, mOA (k), mAB (k), mBC (k) and mCD (k) are used
in Appendix C.
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Appendix C: Dissipated energy due to plastic bending
From Eq. (3) and Fig. 3, the plastic energy dissipation rate can be expressed as
Gp =

1
b

Z

Md

 
1
R

(C1)

where the integration is performed over the entire deformation history. By use of Eqs.
(5), (8) and (B2),
Gp
=
Gn

Z

m(k)dk

(C2)

For Case 2 (1 < kB < 2),
Gp
=
Gn

Z1

mOA (k)dk +

ZkB

mAB (k)dk +

1

0

Z0

mBC (k)dk

(C3)

kB

With mOA , mAB and mBC from Appendix B, Eq. (8) follows.
For Case 3 (kB > 2),
Gp
=
Gn

Z1

mOA (k)dk +

0

ZkB

mAB (k)dk +

1

ZkC

mBC (k)dk +

kB

Z0

mCD (k)dk

(C4)

kC

With mOA , mAB , mBC and mCD from Appendix B, Eq. (11) follows.
The area ADCBF in Fig. 4 is mathematically expressed as

ADCBF =

ZMB

dM
R

(C5)

MD

It may be expressed in terms of the normalized bending moment, m, defined in Eq.
(B2),
ADCBF
=
bGn

ZmB

k(m)dm

(C6)

mD

where Gn is defined in Eq. (8).
For Case 1 and Case 2 (see Section 3), the area is triangular and the slope of DCB
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is m0 (k) = 2/3, Thus,

ZmB

mD

1
k2
k(m)dm = m0 (k)kB2 = B
2
3

(C7)

which by use of Eq. (C6) is inserted into Eq. (4). This results in Eq. (7).
For Case 3, it follows from Eq. (3) and Figs. 3 and 4,

ZmB

mD


 1
Z
ZkB
Gp
+ mB kB −  mOA (k)dk + mAB (k)dk 
k(m)dm =
Gn
0

(C8)

1

where mOA and mAB are given in Appendix B. By use of Eqs. (4) and (C6), Eq. (10)
follows.
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Systèmes Simulia Corp., Providence, RI, 2014.
(38) Laurent Magnier and Fariborz Haghighat. Multiobjective optimization of building design
using trnsys simulations, genetic algorithm, and artificial neural network. Building and
Environment, 45(3):739–746, 2010.
(39) T Morimoto, T Takeuchi, and Y Hashimoto. Growth optimization of plant by means of
the hybrid system of genetic algorithm and neural network. In Neural Networks, 1993.
IJCNN’93-Nagoya. Proceedings of 1993 International Joint Conference on, volume 3,
pages 2979–2982. IEEE, 1993.
(40) Michael Stein. Large sample properties of simulations using latin hypercube sampling.
Technometrics, 29(2):143–151, 1987.
(41) J McKay. Sensitivity and uncertainty analysis using a statistical sample of input values.
Uncertainty analysis, 1988.
(42) Kurt Hornik, Maxwell Stinchcombe, and Halbert White. Multilayer feedforward networks
are universal approximators. Neural networks, 2(5):359–366, 1989.
(43) Martin T Hagan, Howard B Demuth, Mark H Beale, and Orlando De Jesús. Neural
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ABSTRACT
Packages are the means of preservation, distribution and convenience of use for food, medicine and
other consumer products. The introduction of a
new package-opening technique for a better opening experience requires additional prototype development and physical testing. In order for the design
process to be more rapid and robust, finite element
(FE) simulations are widely used in packaging industries to compliment and reduce the amount of
physical testing.
The goal of this work is to develop some building
blocks for complete package-opening FE-simulation. To begin with, the study focuses on mechanical
testing of packaging materials’ fracture and delamination; especially shear fracture. Use of tools like
digital image correlation (DIC) and scanning electron microscope (SEM) greatly aided to the strain
measuring technique and observation of fractured
and delaminated surfaces respectively.
A modified shear test specimen for polymer sheet
testing was developed and its geometry was optimized by FE-simulation. A geometry correction factor of shear fracture toughness for the proposed
specimen was derived based on linear elastic fracture mechanics (LEFM). It was found that the speci-

men ligament length should vary between twice the
thickness and half the ligament width of the modified shear specimen to measure the essential work
of fracture.
Thin-flexible laminate of low-density polyethylene
(LDPE) and aluminium (Al) is another key packaging material addressed in this study. The continuum
and fracture testing of individual layers provided
the base information and input for FE-modelling.
The FE-simulation material parameters were calibrated from the physical test response through inverse analysis. Identification process of the laminate
interface fracture energy (Gc) from peel tests was
studied experimentally and theoretically. A successful FE-simulation optimization framework using artificial neural network and genetic algorithm was
developed for the calibration of Gc. To address the
challenge in quantifying shear Gc of laminate with
very thin substrates, a convenient test technique
was proposed. In a separate case, the tearing response of LDPE/PET (polyethylene terephthalate)
laminate was studied to examine crack propagation,
crack path deviation and delamination of the laminate in mode III fracture. Several tear EWF evaluation theories were proposed along with a cyclic
tear test method.
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