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Abstract

With development of polymer science, demands of polymer based products are increasing in automotive
industries. As a part of product development a significant amount of efforts have been devoted towards
material modeling for polymers which represent the material behavior at different working conditions
using finite element analysis. In this thesis, we consider polymers with isotropic behaviour. The
method involves, raw material data from experimental tests, tensile tests and three-point bending
tests with the video extensometer at different strain rates and ambient environmental conditions. The
mentioned tests along with the data from the tests were established in a simulation model which
takes into account the theory of viscoelastic and viscoplastic behaviour of polymers in a finite element
software. For each simulation suitable material models were compared. The performance of material
model is evaluated with previously performed tests, considering variation of mesh size and element
formulations. The video obtained from the video extensometer during the tests were used to perform
Digital Image Correlation and was investigated for the potential prediction of the material failure
before it occurs. It was found that the currently used material model is not suitable after elastic limit
for polymers.

i



Acknowledgments

We would like to express sincere gratitude towards Thule Group AB and Structural Analyst Mr.Henrik
Alm, Thule Group, for giving us this opportunity and providing us with valuable feedbacks to carry out
this project. We would also like to express our sincere gratitude to researcher Johan Jansson, Jönköping
University, Jönköping, and Assistant Professor David Samvin, Jönköping University, Jönköping, for
the excellent guidance during our work. We would also like to thank Jacob Steggo, Development
Engineer, Jönköping University, and Mr.Esbjörn Ollas, Laboratory Technician, Jönköping University
for their valuable support during testing and manufacturing of fixtures. We would also like to express
our gratitude to Mr. Mikael Schill at Dynamore Nordic AB for his support with LS-Dyna. Our years
of study at Jönköping University has now come to an end and we would like to thank everyone who
have supported us throughout student life.

Rishab Karan Mehta
Orcid ID : 0000− 0002− 3999− 4351
Soniya Gatlewar
Orcid ID : 0000− 0001− 9984− 2061

ii



Contents

Abstract i

Acknowledgements ii

1. Introduction 1
1.1. Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2. Purpose and aim . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3. Delimitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2. Theory 3
2.1. Polymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2. Injection Molding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.3. Behaviour of Polypropylene . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.4. Continuum Mechanics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.5. Constitutive Behaviour of Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.6. Digital Image Correlation (DIC) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.7. Numerical Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3. Methodology 45
3.1. Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.2. Digital Image Correlation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
3.3. Numerical Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4. Results 52

5. Discussion and Conclusions 64
5.1. Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
5.2. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

6. Future Work 67

Bibliography 68

A. DIC Softwares 71

iii



Contents

B. Material model curves 73

C. Necking pictures 78

iv



1. Introduction

1.1. Background

Thule group is a public listed company and was founded in 1942 by Erik Thulin in Hillterstorp, Sweden.
The company started its focus on the automobile industry in the 1960s, and specialized in roof racks
and other accessories for automobiles, which support ease of transportation of outdoor equipments
and luggages. Today the company has spread to 136 countries worldwide. The headquarters of the
company is located in Malmö, Sweden.
Polymers have a high demand in the automotive manufacturing industries because of their ease of
manufacturability, resistance to corrosion, low density and high energy absorption. Polymers being
cheap, light, and durable makes it economically feasible. With increase in polymer based products
demands, comes higher structural integrity requirements and simulation becomes a vital tool in the
development process. The accuracy of a finite element analysis is highly dependent on the accuracy of
the material models used. For crash and drop applications it is vital to predict the material behaviour
at large strains and high strain rates.
In this thesis we have used laws of force balance, momentum balance and how a structural component
will respond which is strongly depended on the accurate constitutive model used for the analysis. Many
times we treat polymers like metals for simple analysis but polymers behave significantly differently
compared to metals. We have reduced such approximations in order to have a safe and optimized
product. If strength is overestimated, products become unstable for use. These are the main reasons
why one has to use the acceptable model. This thesis deals with a suitable constitutive models and
compares with traditionally used models.
The polymer used in the entire thesis is injection moulded, unfilled semi-crystalline polypropylene.
It is an impact copolymer, it has very high impact resistance, even at low temperatures, with good
stiffness and has good flow properties [34].
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1. Introduction

1.2. Purpose and aim

The purpose of this thesis is to investigate suitable material models available in the commercial finite
element solver LS-Dyna, to capture more accurate behaviour of polypropylene. The aim of the thesis is
to evaluate the influence of engineering simplifications such as applying pressure-insensitive plasticity
models to polypropylene which is pressure-sensitive. The sensitivity of the simulation results with
respect to the mesh density will be investigated all results are being compared with the experimental
data. With all this in mind we arrive at the following research questions,

• Does the behaviour of the material model samp-light match experimental results better when
compared with currently used mat24 for polymers?

• Does the industrial mesh size requirements give satisfying results when compared with experi-
mental results?

• Is it possible to predict necking using digital image correlation?

1.3. Delimitations

Polymers exhibit anisotropy, strain rate dependency and material behaviour will be dependent on
working conditions. But to avoid complications, the polymer was treated as isotropic and all exper-
iments were conducted in ambient environmental conditions at various strain rates. Crystallinity of
the material needs to be measured as it is one of the important parameter that affects the properties
of polymers. Digital Image Correlation was done on the entire gauge length, but not over the complete
deformation/time history, i.e. up until necking.
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2. Theory

2.1. Polymers

Polymers are made up of long and repetitive chains of monomers and are simple chemical units.
Polymers are classified into three types, natural polymers which are found in plants and animals, semi-
synthetic polymers which are naturally occurring polymers that have been processed and synthetic
polymers or man-made polymers. The main building blocks in the molecular chains are carbon atoms.
The properties of polymers depend on the structure of its monomer [32]. Polymers are also classified
based on the type of chain i.e., linear, branched-chain or cross-linked chain, on type of polymerization
i.e., addition polymerization, condensation polymerization, based on molecular forces i.e., elastomers,
fibers, thermoplastics, thermosetting polymers as represented if Figure 2.1 [7].

Figure 2.1.: Thermoplastics with individual linear chains (left), thermosetting plastics with cross-
linked chains (right) [38].

Thermosetting Polymers

Thermosetting polymers contain polymers made from long chains of molecules which are cross-linked
and they become irreversibly hardened on curing. These types of polymers have primary bonds
between molecular chains and are held together by strong cross-linked chains. They are synthesized
by condensation polymerization [7]. These are processed by compression molding or reaction injection
molding. These polymers generally have high melting point and tensile strength. Their molecular
weights are higher than thermoplastics. Some common examples are, handles for utensils, knobs,
footwear [8].
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2. Theory

Thermoplastics

Thermoplastics contain polymer chains strongly influenced by inter-molecular forces, which even after
curing can be remelted and reshaped. These types of polymers have a secondary bonds between
molecular chains. These are synthesized by addition polymerization [7]. These are processed by
injection molding, extrusion process, blow molding, thermoforming process or rotational molding.
They have lower melting point and have low tensile strength. Their molecular weights are lower
compared with thermosets. Some common examples are, polystyrene found in containers, bottles,
trays, teflon found in non-stick pots and pans [8].
Thermoplastics are semi-crystalline because they consist of both crystalline and amorphous regions.
In the crystalline regions, the chain molecules are regularly arranged. In between the crystalline areas,
there are amorphous regions. These regions do not have a regular structure [32]. Figure 2.2 illustrates
the principle of the semi-crystalline structure with crystalline and amorphous regions.
Figure 2.3 illustrates the deformation behaviour of thermoplastics. First, the amorphous regions are
uncoiled, and then the crystalline areas are rotated and separated. Thermoplastics can take large
plastic deformations because the chains can slide relative to each other [32].

Figure 2.2.: Plastics with amorphous and crystalline regions [26].
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2. Theory

Figure 2.3.: Deformation in polymers [35].

Amorphous Polymers

Amorphous polymers have a high degree of disorientation in their chain structures, which is why
amorphous polymers are flexible and elastic in nature. General properties of amorphous polymers are,
no sharp melting point, transparent, low shrinkage, poor chemical resistance, soft, low energy [25].

Figure 2.4.: Amorphous chains [40].

Crystalline Polymers

Crystalline polymers have highly ordered chain structures, which is the reason why crystalline polymers
are stiff and have high strength. General properties of crystalline polymers are, sharp melting point,
opaque or translucent, high shrinkage, good chemical resistance, hard, high energy. Polymers can
exist in 100% amorphous form but not 100% crystalline, they are usually semi-crystalline [25].
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2. Theory

Figure 2.5.: Crystalline chains [40].

Factors that Effect the Crystallinity of a Polymer

Glass transition temperature, ability of the polymer to crystallize, crystalline melting point, orientation
of the molecules, type and extent of cross-linking, different states of aggregation during a heterogeneous
blending [6].

Figure 2.6.: A- moderate molecular weight amorphous polymer, B - high molecular weight amorphous
polymer, C - lightly cross-linked, D - highly cross-linked, E - low crystallinity, F - high
crystallinity [26].
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2. Theory

Glass Transition Temperature

The glass transition temperature Tg, is the temperature below which the physical properties of plastics
change to glassy or crystalline state, and above which they are rubbery in nature. The transition
to glassy state at Tg, is described as the second order transition and the melting state at melting
temperature Tm, is described as first order transition in thermodynamics as represented in Figure 2.7.
The transition temperatures depends on molecular weight, the measurement method and the rate of
heating or cooling [1].

Figure 2.7.: Melting point and glass transition temperature of a polymers [1].

Polypropylene (PP)

Polypropylene is a semi-crystalline thermoplastic polymer which was developed in 1959, and is used in
a various industries. Polypropylene is a lightweight, rigid, tough thermoplastic produced by propene
(propylene) monomers with excellent chemical resistance. Polypropylene is one of the cheapest and
popular plastics used in the market today. It is used both as a plastic and as fiber reinforcements in
the automotive industry, industrial applications, consumer goods and the furniture market [36].

Figure 2.8.: Molecular structure of Polypropylene [36].
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2. Theory

Polypropylene is produced by polymerization of propene monomers, where the monomer is an unsat-
urated organic compound. It is produced by Ziegler-Natta polymerization or metallocene catalysis
polymerization [6].

Figure 2.9.: Polymerization of PP [36].

Depending on the position of the methyl group after polymerization, there are three basic chain
structures that are formed, atactic (aPP) - disordered arrangement of methyl group (CH3), isotactic
(iPP) - All methyl groups (CH3)are arranged on one side of the carbon chain, syndiotactic (sPP) -
Methyl groups (CH3) are arranged alternatively as in Figure 2.10 [6].

Figure 2.10.: Different types of chains of PP [36].

Types of polypropylene

Polypropylene is classified into the following,

• Polypropylene Homopolymer : It only contains propylene monomer in semi-crystalline solid

8



2. Theory

form. Mostly used in packaging, textiles, healthcare, pipes, automotive and electrical applica-
tions.

• Polypropylene Copolymer : Produced by polymerization of propene along with ethene.
These are further divided into:

– Polypropylene Random Copolymer : contains 6% by mass of ethene units, integrated ran-
domly with polypropylene chains. They are flexible and optically clear.

– Polypropylene Block Copolymer : contains 5 to 15% ethene units, co-monomer units are in
regular pattern making them tougher and less brittle than random copolymer.

Polypropylene, Impact Copolymer
PP impact copolymer is a propylene homopolymer which contains a co-mixed propylene random
copolymer phase with 45-65% of ethylene content. They have high impact resistance [36].
This thesis is based on polypropylene impact copolymers.

2.2. Injection Molding

Injection molding is a manufacturing process where molten plastic is injected into a mold under
high pressure. This manufacturing technique can also be applied to other such as metals, glasses
and elastomers. The injection molding process became widely used because of its high degree of
repeatability in fabricating parts with complex geometries at high production rates [41].
The basic concept of injection molding is that a thermoplastic is softened by heating, formed under
pressure, and then hardened by cooling.
In a reciprocating screw injection molding machine, granules of plastic resin is fed into hopper, a
feeding device, into one end of the cylinder, the melting device as represented in Figure 2.11. The
granules when forced against the walls of the barrel will melt due to frictional heat generated by, the
rotating screw, and conduction along the barrel from heating units (plasticized), and is then forced
out through the other end of the cylinder (while still in molten form) through a nozzle (injection) into
a relatively cold mold (cooling), held closed by a clamping mechanism. The melt cools and hardens
(cures), once cooled, the mold opens, ejecting the molded part (ejection).
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2. Theory

Figure 2.11.: Injection Molding [41].

Injection molding process is characterized into four phases as represented in Figure 2.12.

i. Filling

The clamping mechanism keeps the mold closed and the melt is forced in by the screw into the mold
cavity.

ii. Packing or Holding

Once the mold is completely filled, the screw is either held in the same position, that is the forward
position or it is moved with a small displacement in order to maintain a holding pressure, during
which the material cools down and shrinks, which makes room for additional material into the mold
which compensates for volumetric shrinkage of the material.

iii. Cooling

In the later stages of packing when the gates have completely cooled, the cavity pressure is reduced
to zero or a very low value. The part is allowed to completely cool down and solidify, while the screw
starts rotating and moving back to its initial position and the next plasticizing, that is filling and
packing stage takes place.

iv. Ejection or Demolding

After sufficient cooling time been allowed for the part to become stiff and solidify, the mold opens up
and the part is ejected out. The mold then closes and the next injection cycle starts.

10



2. Theory

Figure 2.12.: Feed system [39].

Feed System

The melt injected into the mold through the nozzle of the injection molding machine flows through
three parts, sprue, runner and gate, and then it finally enters the cavity. The sprue, runner and gate
together is what comprises the feed system as represented in Figure 2.13.

Figure 2.13.: Feed system [41].

Runners are further classified into cold runner and hot runner. The temperature of the mold for a
cold runner is similar to the mold temperature of the cavity. In this types, the material solidifies and
is ejected with each cycle. The temperature of the polymer in the hot runner is maintained by either
insulation or by heating which keeps the material fluid. The material is not ejected with each cycle
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2. Theory

[41].

Crystallization

Most of the polymers used are semi-crystalline in nature. During the molding process crystallization
occurs in two stages,

1. Nucleation : Crystals start to develop in a liquid phase where active nuclei initiate the crys-
tallization process. The homogeneity of the nucleation process depends upon how the nuclei
generates. If they are formed by thermal fluctuations in the liquid then there will be homo-
geneous nucleation. Whereas heterogeneous nucleation occurs when nuclei are formed on the
surface of a foreign particles or on the crystals of the same material within the melt.

2. Growth : The increase in the size of the particles to form into a crystal. During the formation
of crystals the polymer chains fold back and forth to form a lamellae of crystal. The amorphous
phase and this lamellae of a crystal arrange together to form semi-crystalline entities. They
range from microns to several millimeters. Most commonly found morphologies in injection
molding of polymers are spherulites.

In injection molding during filling phase, a flow induced crystallization is introduced to polymers.
During this there is a drastic change in crystallization due to orientation of polymer chains. The final
properties of a injection molded product are mainly depended upon flow induced microstructure i.e,
crystallinity, morphology and orientation [41].
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2. Theory

2.3. Behaviour of Polypropylene

There are many internal and external factors that effect the properties of a polymer in our case
polypropylene. The internal factors such as, molecular weight, crystallinity and crystal morphology,
cross-linking and branching, copolymerization, plasticization, molecular orientation [11].
The environmental or external factors that effect are, temperature, type of deformation (shear, tensile,
biaxial, etc.), time, frequency, rate of stressing, pressure, stress and strain amplitude, heat treatment
or thermal history, nature of surrounding atmosphere weathering [11].

Molecular weight

The molecular weight, molecular weight distribution and tacticity of a macro-molecule are mainly
influenced by the catalyst system used, prevailing the polymerization conditions and the hydrogen
content. In the present day, the quality of catalyst systems are high which generate isotacticity within
a certain range, which makes tacticity have minimal effect on the final properties of polypropylene.
Thus, the major driving criteria for the final properties like, stiffness, strength, temperature resistance,
etc, of polypropylene are controlled by molecular weight and its distribution [37].
One of the attempts made to establish relation between the molecular weight and mechanical properties
by Flory and he proposed an empirical formula,

P = A+ B

M
, (2.1)

where, P is the mechanical property, M is molecular weight, Aand B are constants. Another equation
was presented,M2+C instead ofM . More complicated equations fit more precisely to the experimental
points, however 1 is very simple and most useful than other other for practical purposes.
From the experiment carried out by Toshio Ogawa, it was evident that the tensile properties increases
with molecular weight, while compressive properties decreases with it. Strength and elongation at yield
increases with molecular weight, while elastic modulus in tension decreases. The extent of molecular
weight dependency on mechanical properties can be expressed as [30],

dP

dM
= − B

M2 . (2.2)
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2. Theory

Figure 2.14.: Molecular weight dependence on elongation at yield and elastic modulus in flexural test
[30].

Crystallinity

The mechanical properties of a polypropylene (semi-crystalline polymer) is related to crystalline re-
gions, amorphous regions and the tie chains which join the lamellar regions into mechanically inte-
grated structure. These tie molecules have a high level of stress and they break during deformation.
The entanglements of tie molecules in the amorphous thermoplastics is responsible for the strength
of a polymer and without which both types of polymers are weak. The amount of symmetrical chain
structures favours crystallinity. The irregularities in the molecular structure of a polymers limits the
extent of crystallization.
The degree of crystallinity is also affected by the rate of cooling during fabrication. If rapidly cooled,
maximum crystallization cannot be achieved. Consequently, if temperature is increased, it may con-
tinue to crystallize at a very slow rate. Mechanically stretching to align can also increase crystallinity
of a polymer.
In semi-crystalline polymers, the molecules with higher molecular weight crystallize first resulting in
molecular fractionation. The molecules with lower molecular weight accumulate at the crystallite
boundaries. The greater the crystallinity of the polymer, the greater is the softening point, stiffness,
tensile strength, modulus and hardness [11]. This is also experimentally proved where five samples of
injection moulded polypropylene with different crystallinity was experimented and the results showed
by A.Menyhard et. al. states the with increase in crystallinity there is a increase in modulus as
represented in Figure 2.15 [28].

14



2. Theory

Figure 2.15.: Modulus as a function of crystallinity [28].

Cross-linking and Branching

Cross-linking is an important factor when it comes to rigidity of the polymer. Higher the degree of
cross-linking more rigid the polymer becomes. The shorter the cross-links or the separation between
them, the stronger and more rigid the polymer becomes. Polymers which are lightly cross linked are
rubbery in nature whereas those heavily cross-linked are more rigid and may be brittle.
When the main polymer chain’s backbone has identical chemical composition branching occurs. The
length and the frequency of branching contributes to the properties of a polymer. The branches in
the polymer chain provides increased physical entanglement between the adjacent molecules which
improves the strength and rigidity. However, branching decreases the regularity in of chain and the
crystallinity of the polymer decreases. Branching occurs only during the processing of the polymer
and remain unchanged through out polymer’s lifespan. Above glass transition temperature Tg, cross-
linking and branching, improve modulus, yield strength, fatigue life, shear, flexural properties and
impact properties, whereas decreases elongation to yield, elongation to break and creep resistance
[11].

Copolymerization

Copolymerization occurs when two or more monomers are polymerized together such that the polymer
backbone contains alternating sequence of one repeating monomer and then the other. Different types
of copolymers are discussed in the types of polypropylene section above. The general purpose of
copolymerization is to decrease crystallinity by introducing more irregularity in a polymer. This
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2. Theory

changes Tg, where Tg lies between the parent homopolymers. Copolymerization process occurs only
during polymer processing and remain unchanged through out the polymer’s lifespan [11].

Plasticizers

Addition of plasticizers in a polymer lowers Tg, which increases the flexibility and toughness of the
material at ambient temperature. Plasticizers are low vapor pressure liquids, whose molecular weight
vary from 100 to 1000, which form a highly concentrated solution with polymers. The plasticizers
decrease the intermolecular forces between the polymer chains in the amorphous region allowing them
to slip readily over one another. In general, plasticizers decreases properties like tensile strength,
flexural modulus and yield strength which require strong inter-chain bonding, whereas properties like,
elongation at break and elongation at yield are increased which are assisted by chain flexibility [11].

Orientation

Orientation in a polymer can be achieved by stretching the polymer at or above Tg. Once they are
orientated they are cooled below Tg to fix their orientation and inhibit any chance of returning to their
random orientation. When a polymer is stretched in two directions perpendicular to each other then
it is said to be biaxially oriented. These when compared in unoriented materials have higher tensile,
tear and impact strengths.

Figure 2.16.: Stress-strain behaviour of polymer which are brittle in the unoriented state.
f
= tensile

stress parallel to direction of orientation. ⊥= stress perpendicular to the direction of
uniaxial orientation [11].
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2. Theory

Figure 2.17.: Stress-strain behaviour of ductile polymers, unoriented, measure parallel to the direction
of uniaxial orientation and measured perpendicular to the direction of orientation [28].

The tensile behaviour of brittle polymers is as represented in Figure 2.16. Polymers parallel to the
direction of orientation become ductile in nature and have high yield point and elongation, whereas
in perpendicular direction it becomes more brittle with low strength and elongation. The tensile
behaviour of ductile polymers is as represented in Figure 2.17. Oriented polymer when tested parallel
to the direction of orientation has higher yield strength but its elongation break maybe lesser than
oriented polymers tested in perpendicular direction. The reason for such high elongation is that on
stretching previously oriented material in perpendicular direction, the molecules deorient first and
then reorients in the direction of pull or force applied [11].

Material

Mechanical properties of all polymers are time and temperature dependent. Deformation evolves
through chain unfolding and sliding as represented in Figure below [35]. On initiation of loading,
firstly the amorphous regions are uncoiled, and then the crystalline areas are rotated and separated.
Thermoplastics go through large plastic deformations because the chains can slide relative to each
other. The crystalline regions give the thermoplastics strength, while the amorphous areas provide
flexibility to the material. During a uniaxial tension test, many engineering polymers start to neck at
relatively small strains and have a significant energy dissipation capacity after necking [15].
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2. Theory

Figure 2.18.: Stretching of molecular chains [35].
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2. Theory

2.4. Continuum Mechanics

Continuum mechanics is the branch of mechanics that deals with the bodies of solid or fluid which
are treated as a continuous media (i.e. disregarding the fact that they are made of atoms and are
discontinuous). To understand the mechanics of polymers we need to understand a few general theories
of continuum mechanics of polymers [3].

Kinematics

Consider a solid body Ω in its reference configuration Ω.0, at the time t = 0. The material distribution
in the initial configuration Ω0, is given by the positional vector X, and the corresponding position of
the deformed material particle Ωt, at the time t 6= 0, is denoted by x. The components of the vectors
X and x are the reference and current coordinates respectively. These are also denoted as Eulerian
and Lagrangian descriptions. The material variations at a fixed point are studied using the Eulerian
perspective, whereas the kinematics of particles are studied in Lagrangian perspective.

Figure 2.19.: Schematics Eulerian and Lagrangian descriptions [2].

The motion of the body is described by,

x = φ(X, t) or xi = φi(X, t), (2.3)

u = x−X. (2.4)

The function φ(X, t) maps the initial configuration into the current configuration at time t. In solid
mechanics, the stresses generally depend on the deformation history, thus an undeformed configuration
must be stated [2].
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2. Theory

Deformation of solids

In nonlinear continuum mechanics, the description of deformation and the measure of strain are the
indispensable parts. An important variable description of deformation is the deformation gradient F ,
which is defined as,

Fij = ∂φi

∂Xj
≡ ∂xi

∂Xi
or F = ∂φ

∂X
≡ ∂x

∂X
≡ (∇0φ)T . (2.5)

Mathematically, the deformation gradient F is the Jacobian matrix of the motion φ(X, t). Let us now
consider a infinitesimally small line segment dX in the current configuration given by,

dx = FdX or dxi = FijdXj , (2.6)

the Green-Lagrange strain is defined as,

Eij = 1
2

(
∂ui

∂Xj
+ ∂uj

∂Xi
+ ∂uk

∂Xi

∂uk

∂Xj

)
. (2.7)

Stress Tensor

Consider a general body exposed to external forces on its surface as represented in the Figure 2.18,
which shows the forces acting on the configuration of the body at time t.

Figure 2.20.: A body in deformed configuration Ωc loaded by external forces [3].

Let us now virtually cut the body along a plane. To satisfy the equilibrium of forces for the two parts
of the body there must be internal surface forces along the cut plane. The magnitude of these forces
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2. Theory

depends upon the direction of cut that is the normal to the surface denoted by n and the location x
of force which can be seen in Figure 2.19,

df = df(x, n), (2.8)

The surface forces or traction t acting on the surface element ds is given by,

df(x, n) = t(x, n)ds. (2.9)

Figure 2.21.: A virtually cut body and internal forces df to keep the body in equilibrium [3].

Cauchy’s stress theorem states that the traction vector t(n) can be determined for any plane in a
material point where the stress-state σ is known,

t(x, n) = σ(x)n, (2.10)

here, t(x, n) is the traction vector and

σ =
3∑

i=1
σin̂i ⊗ n̂i or (2.11)

σ =


σxx σxy σxz

σyx σyy σyz

σzx σzy σzz

 =


σx τxy τxz

τyx σy τyz

τzx τzy σz

 , (2.12)
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2. Theory

is Cauchy’s stress tensor.
Rotating the Cauchy’s stress tensor such that the shear components become equal to zero, we retrieve
the principal stresses on the diagonal,

σ =
3∑

i=1
σin̂i ⊗ n̂i. (2.13)

The traction vector and stress tensor in the 2.11 in the reference configuration can be written as,

T (X,N) = P (X)N, (2.14)

where T is nominal traction vector or first Piola-Kirchhoff traction vector, and P(X) is the nominal
stress tensor or first Piola-Kirchhoff stress tensor which can be written as,

P =
3∑

i=1
Pin̂i � N̂i, (2.15)

where, P is a two-point tensor.
The force vector in the reference configuration and current configuration has to be equal,

T (X,N)dS = t(x, n)ds, (2.16)

which gives,
P (X)NdS = σ(x)nds, (2.17)

The relation between Cauchy stress tensor and the first Piola-Kirchhoff stress tensor can be given by
Nanson’s formula ds = JF−1dS is given as,

P (X) = JσF−ᵀ, (2.18)

when solved for Cauchy stress
σ = J−1PF ᵀ. (2.19)

Another type of stress is the second Piola-Kirchhoff stress S. Applying F−1 on Cauchy surface traction
vector we get a traction vector in the reference configuration,

T̃ = F−1t = F−1σn. (2.20)

The traction vector T̃ is obtained from second Piola-Kirchhoff stress,

T̃ = SN. (2.21)
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The force vector in the reference configuration and the current configurations has to be equal,

SNdS = F−1σnds. (2.22)

From Nanson’s formula we get [10],

S = JF−1σF−T = F−1P. (2.23)

2.5. Constitutive Behaviour of Materials

Constitutive models are necessary to close the equation systems describing the behaviour of materials
when subjected to loading. Some of the most common ones which accurately describe plastics are
hyperelastic, viscoplastic and viscoelastic models.

Linear Elasticity

The characteristic of any elastic material is that when a load is applied and removed from the body,
the body returns to its original shape. Let F be the load acting on the body and if u, the displacement
at every loading or unloading stage is the same then the material is said to be in linear elastic region.
The slope of this curve or the ratio of load to displacement gives us the spring constant k. Almost
all engineering materials behaves elastic provided the external loads are not too large and it can be
described by Hooke’s law,

F = ku. (2.24)

Figure 2.22.: Hooke’s Law [24].

Generalized form of Hooke’s law in several dimensions for an isotropic material is given by,

σ = Cε, (2.25)
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here, σ is Cauchy’s stress tensor, ε is the strain tensor and C is the fourth order stiffness tensor [3].

Hyperelasticity

Hyperelasticity is a generalization of linear elasticity that is non-linear and is preferable for large strain
predictions. All constitutive models are formulated based on Helmholtz free energy per unit reference
volume , also known as the strain energy density or strain energy function or elastic potential. This
function and deformation are related by, Ψ = Ψ(F ), where F is the deformation gradient.
In pure deformation, the internal energy dissipation Dint, is zero thus, reversible process. Clausius-
Planck inequality for reversible process can be given as

Dint = σ : D − Ψ̇ = 0 =⇒ Ψ̇ = σ : D Current configuration, (2.26)

Dint = P : Ḟ − Ψ̇ = 0 =⇒ Ψ̇ = P : Ḟ , (2.27)

Dint = 1
2S : Ċ − Ψ̇ = 0 =⇒ Ψ̇ = 1

2S : Ċ Reference configuration, (2.28)

where, σ is the Cauchy stress tensor, D is the rate of deformation tensor, P is the first Piola-Kirchhoff
stress tensor, S is the second Piola-Kirchhoff stress tensor, and C is the right Cauchy-Green deforma-
tion tensor.
The rate of change of strain energy density can be expressed as follows,

Ψ̇ = P : Ḟ = S : Ė = 1
2S : Ċ = τ : D, (2.29)

where, E is the Green-Lagrange strain tensor and τ is the Kirchhoff stress tensor, with which the
material can be considered to be hyperelastic if and only if, rate of change of strain energy is equal to
stress power.
Further by evaluating the rate of change of strain energy Ψ(F ) we get,

Ψ̇(F ) = ∂Ψ(F )
∂F

: ∂F
∂t

= ∂Ψ(F )
∂F

: Ḟ . (2.30)

Substituting 2.29 in equation into internal energy dissipation 2.28 we get,

P : Ḟ − ∂Ψ(F )
∂F

: Ḟ = 0 =⇒ P : Ḟ = ∂Ψ(F )
∂F

: Ḟ . (2.31)

Finally,
P = ∂Ψ(F )

∂F
. (2.32)

Hyperelasticity can also be expressed in different ways, the one mentioned above is the first Piola-
Kirchhoff stress tensor P. In terms of Kirchhoff stress tensor τ is given by,

τ = Jσ = 2F ∂Ψ(C)
∂C

F T . (2.33)
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In terms of second Piola-Kirchhoff stress tensor S it is expressed as,

S = ∂Ψ(E)
∂E

= 2∂Ψ(C)
∂C

. (2.34)

[10]

Plasticity

When a material is loaded by an external force, the recoverable part after the forces have been removed
is characterized by elastic strain, and the part that doesn’t revert back or is permanently deformed is
the plastic strain.

Figure 2.23.: Uniaxial stress-strain response showing plastic behaviour [10].

There are different yield criterias used to model this behaviour and some of the most commonly used
are, von-Mises, Tresca, Drucker-Prager, Mohr-Columb’s,etc..
Kinematics standpoint, the theory of plasticity has been developed considering the two criterias,
plasticity with small deformation (infinitesimal strain), with (thermoplasticity in infinitesimal strain)
or without the effect of temperature (classical theory of plasticity), plasticity with large deformation
(finite strain), with (thermoplasticity in finite strain) or without the effect of temperature (plasticity
in finite strain)[10]

Hardening

The yield stress stress varies according to the plastic deformation and there are three ways in which
the yield stress varies according to plastic deformation,
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1. Yield stress increases proportionally to plastic deformation (strain-hardening)

2. Yield stress remains constant (perfectly plastic)

3. Yield stress decreases as plastic deformation increases (strain-softening)

Figure 2.24.: Hardening laws [22].

Strain-Hardening

There are three modes of strain-hardening

• Isotropic Hardening : The yield stress increases according to the effective plastic strain as

σY = σ0
Y +Hep, (2.35)

where epis the effective plastic strain and His the plastic modulus obtained from uniaxial stress-strain
relationship,

H = ∆σ
∆ep

. (2.36)

The objective of this thesis was to compare the experimentally obtained data with the finite element
analysis results. If H = 0, then the material is perfectly elastic.

• Kinematic Hardening : The yield surface is shifted in the stress space. The equation of the
yield surface can be obtained from one used initial yield surface by introducing a shift in stress.
The shift is called as back stress and is denoted by α. The back stress and the shifted stress are
deviatoric stresses and thus, the equation of the yield surface can be defined as,may fail and led
to major accidents to the end user or anyone associated with the product

n
η
n
−
√

2
3σy = 0, (2.37)
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where η is the distance from the center of the yield surface to the yield surface, η = s − α, and s is
the deviatoric stress. σY is the initial yield stress in kinematic hardening and it remains constant.
The back stress depends upon the current stress and the accumulated effective plastic strain ep. The
increment in back stress of linear kinematic hardening model can be defined according to Ziegler’s
rule,

∆α =
√

2
3H∆ep

ηf
η
f . (2.38)

Figure 2.25.: Hardening models in two dimensions [22].

• Mixed Hardening : The isotropic and kinematic hardening can be mixed infinitely many ways
and that type of hardening is called as mixed hardening.

Yield Surface and Yield Criteria

It is a surface in three dimensional principal stress space. When the stress state lies on the yield
surface, the loading is plastic.

Von-Mises Criterion

From Hooke’s law,

σ =


σ11 σ12 σ13

σ21 σ22 σ23

σ31 σ32 σ33

 , (2.39)

where, σ is the Cauchy’s stress tensor. The stress can be decomposed into two principal components.
The mean stress (or the hydrostatic stress), which is associated with volume change is defined as,

σv = 1
3(σ11 + σ22 + σ33). (2.40)
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The stress deviator, which is responsible for shape change is defined as,

σD = σ − σvI. (2.41)

Thus, standard plasticity theory posits that there is a limit to maximum size of deviatoric stress and
Richard von-Mises introduced the von-Mises stress or the effective stress as,

σE =
√

3
2σ

D : σD, (2.42)

and where σy is the yield stress in uniaxial tensile loading.
To visualize the von-Mises yield criterion we use the principal directions as coordinate axes. Thus the
physical coordinates are given by,

σ =


σ1 0 0
0 σ2 0
0 0 σ3

 . (2.43)

If all principal stresses are equal, σ1 = σ2 = σ3 = σ, then the volumetric stress, σv = σ and,
thus,

σ2
E = 1

2((σ1 − σ2)2 + (σ2 − σ3)2 + (σ3 − σ1)2). (2.44)

Thus, mathematically, eq.2.44 is the equation of the yield surface that describes a slanted cylinder in
the space of principle stresses and the principle stress confined within the cylinder is the von-Mises
model as represented in the Figure 2.25 [18].

Figure 2.26.: Three - dimensional principle stress space [10].
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Drucker-Prager Criterion

This criterion is similar to von-Mises criterion, with additional ability to handle materials with varying
tensile and compressive yield strengths. This model is widely used for polymers. Drucker-Prager
Criterion is represented as,

(
m− 1

2

)
(σ1 + σ2 + σ3) +

(
m+ 1

2

)√(σ1 − σ2)2 + (σ2 − σ3)2 + (σ3 − σ1)2

2 = Syc, (2.45)

where,
m = Syc

Syt
, (2.46)

and Syc,Syt are the uniaxial yield stresses in compression and tension respectively. If Syc = Syt then
the expression reduces to von-Mises criterion [9].

Figure 2.27.: Three - dimensional principle stress space [14].

Creep and Relaxation

When, a constant force is applied to a polymer will produce increase in strain over time, this phe-
nomenon is called as creep. On the other hand if strain is maintained constant the stress produced will
decrease over, this phenomenon is called as relaxation. In the study of creep, constant force is applied
and the strain response is measured over time. Similarly, in the study of relaxation, constant strain
is applied and reduction is stress is observed over time. These mechanisms can be seen in viscoelastic
polymers as represented in the Figure 2.27 [23].
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Figure 2.28.: Creep behaviour when a stress step is applied (left) and relaxation behaviour to a step
in strain(right) [23].

Creep and relaxation of polymers are dependent upon the viscoelastic nonlinear behaviour described
by the elastic and viscous part of the material. The elastic part and the viscous parts are often
compared as a spring and a damper in the rheological material models. The two simplest rheological
models that describe these behaviours are Maxwell and Kelvin models [23].

Viscoelasticity and Viscoplasticity

Maxwell model

Figure 2.29.: Maxwell model representing viscoelastic material [33].

It is a rheological material model in which a spring and a damper are coupled in series as represented
in Figure 2.28. Due to force equilibrium, the stress in the spring, σs, and the stress in the damper,
σd, must be equal.

σ = σs = σd. (2.47)
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The total strain in the system can be given by,

ε = εs + εd. (2.48)

The constitutive relation is,
σs = Eεs, (2.49)

with the flow rule,

ε̇d = 1
µ
σd. (2.50)

Thus, on the rate form,
ε̇ = 1

E
σ̇ + 1

µ
σ. (2.51)

In this model, the damper part takes the residual deformation from the loading-unloading cycle and
the elastic deformation reverted back to its initial state by the spring [17].

Kelvin model

Figure 2.30.: Kelvin’s model [23].

It is a rheological material model in which a spring and a damper are coupled in parallel. Here, the
strains in the spring, εs, and the damper, εd, will be equal.

ε = εs = εd. (2.52)

The stress is the sum of the individual stresses in the spring and the damper,

σ = σs + σd. (2.53)
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The constitutive relations is,
µε̇+ Eε = σ. (2.54)

In this model, the spring takes the residual stress and it slowly takes the deformation back to its initial
state [17][24].

Bingham’s model

Figure 2.31.: Maxwell model representing viscoelastic material [33].

While viscoelasticity is represented by maxwell and kelvin rheological models, viscoplasticity is repre-
sented by bingham’s model. For rate-independent plasticity, the slider is inactive as long as | σ |< σy,
where σy is the quasi-static yield stress. When| σ |> σy, the stress is transferred to viscous dashpot
when the frictional resistance of the slider has depleted. The viscoplastic strain in the slider and the
dashpot is represented,
may fail and led to major accidents to the end user or anyone associated with the product

Ψ = 1
2E(εe)2 = 1

2E(ε− εp)2, (2.55)

where εe = ε − εp is the elastic strain of the hookean spring with modulus of E. The constitutive
equation for the stress is given as,

σ = δΨ
δε

= E(ε− εp), (2.56)
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the dissipative stress is given by,

σp = − δΨ
δεp

= E(ε− εp) ≡ σ. (2.57)

A viscoplastic model includes strain rate dependency in the plastic area. Figure 2.31 illustrates
viscoplastic behavior in one dimension, where the yield stress increases with strain rate. The strain
rate ε̇ and σ0 represents the yield stress at a some strain rate. The viscous stress σV , is the increase in
yield stress because of an increase in strain rate [35]. The elastic stiffness is not sensitive to the strain
rate in a viscoplastic model. A viscoelastic model on the other hand, has strain rate dependency in
the elastic area. Polypropylene exhibits mostly strain rate sensitivity in the plastic regime, and should
therefore ideally be described by a viscoplastic model [12].

Figure 2.32.: Elastic-viscoplastic behaviour with linear hardening [35].

Crazing

Crazing is a physical phenomenon where the a network of fine cracks are produced on the surface
of the material. This occurs in polymers since the material is held together by weak Van der Waals
forces and stronger covalent bonds. The local stresses overcomes the Van der Waals forces allowing it
to form a narrow gap and once the backbone chain is taken out the covalent bonds holds the chains
together inhibiting further widening of the gap [29].
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True and Engineering Stress Strain

When a stress is defined in consideration of the actual area, A,then the stress is said to be true stress
and if its is related to initial area of cross-section, A0, then it is called a nominal or engineering stress.
The change in instantaneous gauge length, l, is true strain and the rate of change in cross-sectional
length, l0, is the engineering strain.

Relation between true(σT /εT ) and engineering (σ/ε)

Assuming that the material volume remains constant,

A0l0 = Al. (2.58)

For stress,

σT = F

A
= F

A

A0
A0

= F

A0

A0
A
, (2.59)

A0
A

= l

l0
= δ + l0

l0
= δ

l0
+ 1 = (1 + ε), (2.60)

σT = F

A0
(1 + ε) = σ(1 + ε). (2.61)

For strain,
εT =

∫
dl

l
= ln

(
l

l0

)
, (2.62)

εT = ln

(
l0 + ∆l
l0

)
=⇒ ln

(
l0
l0

+ ∆l
l0

)
, (2.63)

εT = ln(1 + ε). (2.64)
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Figure 2.33.: True vs Engineering stress-strain [21].

The comparison study is carried out based on force-displacement and not in true stress - strain,
since true stress - strain behaviour doesn’t hold good for polymers since the volume is not conserved
throughout the test [27]. However, true stress-strain is the only possible input for the material model
to perform finite element analysis.

2.6. Digital Image Correlation (DIC)

Under uniaxial tension tests, many engineering polymers start to neck at relatively small strains
and have a significant energy dissipation capacity after necking. Conventional extensometers are
inadequate since the stress and strain fields become heterogeneous. With the help of DIC the above
drawback can be resolved [15].
Digital Image Correlation is a non-contact optical technique for measuring displacements and strains
by comparing digital photographs of a component or test piece at different stages of deformation. By
tracking blocks of pixels, the system can measure surface displacement and build up full field 2D and
3D deformation vector fields and strain maps.
In this thesis a 2D DIC system was used. The first step is the preparation of a speckle pattern on
the surface of the test specimen, then a stabilized light source focusing the test specimen and image
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acquisition hardware. For accuracy in a 2D DIC system, the measured surface should be a flat plane,
and the optical axis of the imaging lens should be adjusted to be perpendicular to the measured plane,
and the light source must be and stable.
Digital Image Correlation generally consists of processing two successive images taken from different
loading stages. The images are decomposed into small subsets which is within the regions of interest
(ROI). The principle of the region of interest based DIC computational technique is based on tracking
the corresponding position between matching subsets in the reference and the deformed images [15].
3D DIC or stereo DIC is recommended in almost all tests since, any inadvertent out of plane motions
that is, due to test specimen thinning or buckling, rotations or translations induced by misaligned grips,
will cause errors in 2D DIC. Some of these errors can be compensated for by performing calibration but
with 3D DIC the errors would have significantly low effects on the results. 2D DIC is recommended
for those test specimens which are assumed to be planar and which remains planar throughout the
test which may not be the case when it comes to most of the real products [4].

Calibration

Calibration plays a vital role in DIC, if not performed accurately will lead to improper results. Calibra-
tion in 2D-DIC system is done to establish the image scale, i.e. the number of pixels in the image that
corresponds to a certain physical distance on the test piece, and to calibrate lens distortions. Whereas
for a 3D-DIC or stereo-DIC calibration is to determine intrinsic camera parameters like image scale,
focal length, image center, lens distortions, etc., as well as extrinsic parameters of stereo-DIC system
like stereo angle, distance between cameras, distance from camera to object etc [4].

2.7. Numerical Model

Finite Element Analysis

Finite Element Analysis (FEA)the method of simulating the physical phenomenon using numerical
techniques is called as Finite Element Method (FEM). This method is widely used by engineers
to reduce the number of prototypes and experiments to be conducted before having a optimized end
product which saves huge capital and speeds up the development process. The are quite a good number
of software available in the market today to aid with FEA. Some of the popular and widely used FEA
softwares are, LS-Dyna, Abaqus, Ansys, SimScale, COMSOL, Altair HyperWorks, NASTRAN.

LS-Dyna

LS-Dyna originated as DYNA3D a 3D FEA program by Dr. John O.Hallquist at Lawrence Liver-
more National Laboratory in 1976 with the purpose of impact loading analysis. Over the years the
development of DYNA3D took over a different level and became quite popular by 1988. This software
continued to be developed over the years and now it contains the possibilities of calculating various
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complex problems with its core competency lying in highly transient dynamic finite element analy-
sis using time integration. Today LS-Dyna is used in automobile, aerospace, construction and civil
engineering, military, manufacturing and bio engineering industries [16].

Material Models

Most suitable model for semi-crystalline polymers would be elastic plastic models. Most commonly
used material model for polymers is mat24 Piecewise Linear Plasticity. The drawbacks of this model is
that it uses constant poisson’s ratio and in polymers poisson’s ratio varies with strain and additionally
mat24 cannot differentiate between tensile and compressive behaviour.
mat124 Plasticity Compression Tension has similar issue where it considers constant poisson’s ratio,
but it can differentiate between tensile and compressive behaviour as yield criteria is defined with two
von-Mises cylinders [31].
The most closer models to be considered for analysis would be mat187 SAMP-1 (Semi-Analytical
Model for Polymers) and mat187 samp-light. mat187 SAMP-1,is a explicit model which needs data
from tensile, compression, shear and bi-axial loading conditions. It has its own damage modeling.
This model considers quasi-static loading.
mat187 samp-light is a lighter version of SAMP-1. It is drucker-prager’s model which considers plastic
poisson’s ratio and there is a possibility of incorporating damage modeling externally [13].

MAT24 Piecewise Linear Plasticity

It is an elasto-viscoplastic material model, which describe material behaviors with J2 plasticity i.e.
Von-Mises Cylinder with constant Poisson’s ratio of 0.5, which corresponds to constant volume [31].
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Figure 2.34.: mat24 - yield surface [31].

MAT124 Plasticity Compression Tension

It is an elasto-viscoplastic material model, can distinguish between different behaviours for tension
and compression in plastic state. Considers, two von-Mises cylinders and its double mat24.

Figure 2.35.: mat124 yield surface [31].

MAT187 SAMP-1

It is a visco-elastic model, developed for non-reinforced plastics. This uses tensile, compressive, shear
and/or biaxial tension, and the yield surface is described using either von-Mises cylinder (if only tensile
curve is used as an input), drucker-prager (tensile and a second curve), C-1 smooth yield surface (if
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tensile and two other curves are used).

Figure 2.36.: mat187- von-Mises stress as a function of pressure [31].

MAT187 samp-light

It is a visco-elastic model, developed for non-reinforced plastics and is a simpler version over SAMP-1.
This material behaviour is described with Drucker-Prager cone [31].
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Figure 2.37.: mat187 samp-light yield surface [14].
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Material
Model

Yield
surface

Visco-
elasticity

Visco-
plasticity

Compression
/Tension
symmetry

Plastic
Poisson’s
Ratio

mat24 Von-Mises X � X 0.5
mat124 2x von-mises � � � 0.5
mat187
SAMP-1

General over
traiaxiality � � � �

mat187
samp-light

General over
traiaxiality � � � �

Table 2.1.: Material model features.

Material
Model

Tensile
Curve

Compressive
Curve

Shear Curve Poisson’s
Ratio Curve

mat24 � X X X

mat124 � � X X

mat187
SAMP-1

� � � �

mat187
samp-light

� � X �

Table 2.2.: Material model input.

Model Implementation

In LS-Dyna, the material properties and conditions are defined using a set of cards. Each cards
describe their some material parameters as young’s modulus, density, poisson’s ratio or the conditions
to which the test specimen is subjected to like, boundary conditions, loading conditions, explicit or
implicit analysis, contacts, etc. This thesis is based on explicit analysis.

Material Cards

A simple explicit model for tensile and three-point bending test consists of several cards such as,

• *MAT000, a material card which defines the material properties like, young’s modulus, density,
poisson’s ratio, etc..

• *SECTION, section card, which defines the type elements (solid or shell) and type of element
formulation to be used

• *PART, this assigns section and material id’s to the test specimen

• *BOUNDARY_PRESCRIBED_MOTION_SET_ID, this describes the DOF (degree of free-
dom), type of motion, displacement or velocity

• *BOUNDARY_SPC_SET_ID, this describes the fixed boundary conditions
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• *CONTROL, for a simple simulation a simulation end time is set and time steps are defined
using some of the control cards. But, for having other types of accuracy and effects a cards need
to be defined,

– *CONTROL_TERMINATION, defines how long the simulation is to be carried out

– *CONTROL_TIMESTEP, defines the time stepping in a simulation

Other control cards, *CONTROL_ACCURACY, *CONTROL_ENERGY, *CONTROL_HOURGLASS,
*CONTROL_RIGID, *CONTROL_SOLID, *CONTROL_SHELL, *CONTROL_CONTACT,
*CONTROL_OUTPUT, *CONTROL_UNITS, are some commonly used cards of explicit anal-
ysis based on the conditions and output required.

• *CONTACT, a card used extensively to define any type of contact within the model. Commonly
used contact cards for three-point bending are, *CONTACT_AUTOMATIC_SURFACE_TO_
SURFACE, *CONTACT_AUTOMATIC_NODES_TO_SURFACE, *CONTACT_AUTOMATIC_SURFACE_
TO_ SURFACE_MORTAR.

• *DATABASE, this is card which is useful for post simulation works. Based on what is needed
these cards can be selected. Some commonly used cards, *DATABASE_ BNDOUT, *DATABASE_
NODOUT, *DATABASE_BINARY_D3PLOT, *DATABASE_EXTENT_BINARY.

• *DEFINE_CURVE, this is card that inputs the stress strain curve or poisson’s ratio curve
obtained from the experiment within simulation.

Mesh size is an important parameter when it comes to finite element analysis. The coarser the mesh,
the less accurate the results are, at the same time too fine mesh take much longer time for the solutions
to the problems which do not require such accurate values to decimal places.

Mass Scaling

One of the most common methods to reduce the cost for a simulation that is the time required for
complete a simulation in an explicit analysis is reduced by introducing mass scaling. It is a technique
to add nonphysical mass to the structure in order to achieve a larger timestep. There is one thing
to keep in mind while mass scaling to avoid the negative effects on the results that is to ensure that
the kinetic energy is very small relative to the peak internal energy, which has been ensured for each
simulations in this thesis. One of the ways to mass scale is by activating selective mass-scaling by a
command, IMSCL under the keyword *CONTROL_TIMESTEP and set it to 1 [13].

Hourglass Control

When one uses reduced integrated elements, hourglass effect can be an issue that is when the element
twists and looks like an hourglass. This is because the elements in the middle have only one integration
point and the strain cannot be detected and elements deform but with no strain and the deformation
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also known as zero-energy mode. To avoid this effect one way is to decrease the element size. But
one of the limitations for this thesis was to use a larger mesh size and thus its vital to use hourglass
control in order to avoid the influence of hourglass effect. One can activate and use hourglass control
under the keyword, *CONTROL_HOURGLASS [13].

Damage Modeling

From the beginning of the failure the microstructure of any engineering material will start to disin-
tegrate. The physical nature of this deterioration is not the same for all materials. The process of
successive material degradation can be modeled by damage theory. In case of polymer physical nature
of damage is breakage of bonds between long chains of molecules. Damage can be classified in different
forms ad Ductile damage, Brittle damage, creep damage, High-cycle Fatigue, and low Cycle Fatigue.
In this case of thermoplastic polypropylene ductile damage phenomenon with suitable Material model
can be used [33].
Ductile Damage: Damage begin with plastic strains after a threshold of plastic strain has been ex-
ceeded. Plastic strains and damage may localize at failure, as shown in Figure 2.38 [5].

Figure 2.38.: Damage process a) localization (necking) in a bar of ductile material, b) stress vs strain
characteristics [33]

In LS-Dyna commercial FEM Solver, various ductile damage model are available for different mate-
rial type, Like MAT_ADD_DAMAGE_DIEM AND MAT_ADD_DAMAGE_GISSMO. The above
damage models can be added with mat24 and samp-light and samp-1 has its own damage model [5].
There are various ways for modeling of damage according to material behavior (elastic or viscoelastic
nature or plastic or visco-plastic nature of material and yield criteria, detail explanation of each is
out of scope of this thesis [33]. Damage Modeling is available with both material models mat24 and
samp-light, and it is ignored, due to Thule’s requirement.
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Element Formulation

There are various solid element types available in commercial FEM solver LS-Dyna. Element type 1
(Hughes-Liu Integrated Beam), is constant stress solid element. Element form 1 is under integrated
constant stress efficient and accurate, needs hourglass stabilization. Stresses are calculated at the
mid-span of the beam. ELFORM=1 uses one-point gaussian integration (constant) stress [13].
Element type -1, fully integrated solid intended for elements with poor aspect ratio that is efficient
formulation. Element type -1 is selective reduced integrated brick element with poor aspect ratio in
order to reduce shear locking, efficient formulation and sometime have hourglass tendencies [13].

Mesh Size

Mesh density is one of the important factors for cost of simulation and solution time is one of the
most important characteristics in explicit analysis and hence mesh density must be exercised carefully.
Since the time step is controlled by wave propagation, the mesh should be graded gradually to likewise
allow a smooth wave propagation through the structure whenever possible [13]. Mesh Size is a factor
to be exercised to control cost and quality of samples. As per industry requirement, industrial mesh
was used and smaller or finer size mesh study was ignored.

44



3. Methodology

3.1. Experiments

Uniaxial tensile tests and three - point bending tests performed to obtain all material parameters
necessary for the finite element analysis. Test setups were built and finite element analysis was
performed with LS-Dyna and the results were compared.

Uniaxial Tensile Test

Uniaxial tensile tests were used to determine young’s modulus, poisson’s ratio, yield and tensile
strength of the material, etc.

Design of fixtures

Figure 3.1.: Design of tensile-test fixture.
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3. Methodology

Test Setup

The tensile specimen used in the experiments was dogbone shaped with a 80mm gauge length and the
dimensions in accordance with ISO 527-2 1A.

Figure 3.2.: Type 1A in accordance with ISO 527-2 [20].

Figure 3.3.: Dogbone 1A dimensions in accordance with ISO 527-2 [20].
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3. Methodology

For strain measurements a video extensometer was used. The steps undertaken for the setup and
calibration will be explained under section 3.2 Digital Image Correlation.

Three - Point Bending Test

Bending tests were used to determine the flexural modulus, flexural stress, and flexural strain of the
material.

Design of fixtures

Figure 3.4.: Design of fixture.

Test Setup

The tensile specimen used in the experiments was dogbone shaped with a 80mm gauge length and the
dimensions in accordance with ISO 178.
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3. Methodology

Dimensions in millimeters
Nominal thickness h Width ba

1 < h ≤ 3 25.0± 0.5
3 < h ≤ 5 10.0± 0.5
5 < h ≤ 10 15.0± 0.5
10 < h ≤ 20 20.0± 0.5
20 < h ≤ 35 35.0± 0.5
35 < h ≤ 50 50.0± 0.5

a For materials with very coarse filters,
the minimum width shall be 30 mm.

Table 3.1.: Values of specimen width b in relation to thickness h [19].

Figure 3.5.: Test specimen setup in accordance with ISO 178 [19].

Dimensions, radius of the loading edge, R1 = 5.0mm ± 0.1mm, radius of the supports, R2 =
5.0mm ± 0.2mm for test specimen thickness > 3mm, length, L = 80mm ± 2mm, width, b =
10.0mm ± 0.2mm, thickness, h = 4.0mm ± 0.2mm.
For strain measurements a video extensometer was setup. The steps undertaken for the setup and

calibration will be explained under the section 3.2 Digital Image Correlation.
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3. Methodology

Test Type Speeds
Tensile Test 1mm/s 10mm/s

Three-Point Bending 1mm/s -

Table 3.2.: Test Plan.

Test Plan

Tensile tests considering at least five specimens for each variation were performed. Different strain
rates considered were, 1mm/s and 10mm/s in a Zwick/Roell BUS-HYPU460.002 machine. For each
experiment, DIC was conducted and the results were compared with the experimental results, as well
as simulation results.
Three-point bending tests considering at least five specimens for each variations in the tests were
conducted. Strain rate of 1mm/s in Zwick/Roell BUS-HYPU460.002 machine.
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3. Methodology

3.2. Digital Image Correlation

A 2D DIC was performed under laboratory conditions. A 3mm checkerboard speckle pattern was used
for calibration. All tests were performed after calibration.

Figure 3.6.: Calibration Speckle pattern - each square is 3mm wide.

Post processing was performed with Digital Image Correlation Engine (DICe) and ParaView. An
ROI similar to the gauges set during DIC were marked and studied in DICe. Subset-based full-field
analysis mode and feature matching initialization method was used. Subset sizes used were 15pixels
and 21pixels. Dot density used were 8 pixels and 15pixels. Translation and normal stretch shape
functions were used. The results from DICe were post processed in ParaView with warp by vector,
delaunay 2D and plot settings were used to view the results.

3.3. Numerical Model

The tensile and three - point bending tests were established and an explicit analysis was performed
in LS-Dyna. A hexahedral mesh that is fully integrated efficient formulation which is denoted by −1
in LS-Dyna was used. ANSA was used as meshing tool, keeping industrial mindset the mesh sizes
considered for the study were 2mm and 4mm. Reaction forces (bndout) and displacements (nodout)
files generated from LS-Dyna and were used to plot results using JULIA.
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3. Methodology

Material Cards

Tensile: For 1mm\s, young’s modulus, E = 935MPa, η = 0.35, ρ = 9e − 10 ton/mm^3, elform −1
that is full integration with efficient formulation was used. Standard hourglass control for LS-Dyna
was used. All simulation were mass scaled and time scaled for faster results.
For 10mm\s, young’s modulus, E = 2500MPa, η = 0.41, ρ = 9e − 10 ton/mm^3, elform −1 that is
full integration with efficient formulation was used. Standard hourglass control for LS-Dyna was used.
All simulation were mass scaled and time scaled for faster results.
Three - point bending: Similar setting as tensile with, MAT - flexural modulus, E = 1133MPa, shell
elements for the bottom supports and plunger on the top. Contact setting used were automatic nodes
to surface with 80 as viscous damping coefficient. Elform −1 for the specimen and 2 for plunger and
supports.
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4. Results

The comparison study is carried out based on force-displacement and not in true stress - strain,
since true stress - strain behaviour doesn’t hold good for polymers since the volume is not conserved
throughout the test [27].

Material Model Comparison

Here mat24 is compared with samp-light at two strain rates, 1mm/s and 10mm/s for tensile test and
at 10mm/s for three - point bending test.
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Figure 4.1.: Tensile - mat24 vs samp-light at 1 mm/s strain rate.

Figure 4.1 represents tensile behaviour when modeled in material model mat24 and samp-light com-
pared at 1mm/s strain rate.
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4. Results
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Figure 4.2.: Tensile - mat24 vs samp-light at 10 mm/s strain rate.

Figure 4.2 represents tensile behaviour when modeled in material model mat24 and samp-light com-
pared at 10mm/s strain rate.
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Figure 4.3.: Three - point bending - mat24 vs samp-light.

Figure 4.3 represents three - point bending behaviour when modeled in material model mat24 and
samp-light compared at 1mm/s strain rate.
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4. Results

Strain Rate Comparison

This plot represents mat24 in Figure 4.4 and samp-light in Figure 4.5 with strain rates, 1mm/s and
10mm/s and meshes 2 mm and 4 mm mesh size for a tensile test.
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Figure 4.4.: Mat24 at 1 mm/s and 10 mm/s strain rate.

Figure 4.4 represents tensile behaviour when modeled in material model mat24 with 2mm and 4mm
mesh size and compared at 1mm/s and 10mm/s strain rates.
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Figure 4.5.: Samp-light at 1 mm/s and 10 mm/s strain rate.

Figure 4.5 represents tensile behaviour when modeled in material model samp-light with 2mm and
4mm mesh size and compared at 1mm/s and 10mm/s strain rates.
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4. Results

Mesh Dependency - Force - Displacement

These plots represents the mat24 and samp-light at different mesh sizes and strain rates with force -
displacement approach.

0 10 20 30 40 50 60
0

200

400

600

800

Mat24

Displacement [mm]

F
or

ce
 [N

]

Experiment
2mm Mesh
4mm Mesh

Figure 4.6.: Tensile - mat24 at 1 mm/s and different mesh size.
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Figure 4.7.: Tensile - mat24 at 10 mm/s and different mesh size.
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4. Results

Figure 4.6 and 4.7 represents tensile behaviour when modeled in material model mat24 with 2mm and
4mm mesh size and compared at 1mm/s and 10mm/s strain rates.
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Figure 4.8.: Tensile - samp-light at 1 mm/s and different mesh size.
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Figure 4.9.: Tensile - samp-light at 10 mm/s and different mesh size.

Figure 4.8 and 4.9 represents tensile behaviour when modeled in material model samp-light with 2mm
and 4mm mesh size and compared at 1mm/s and 10mm/s strain rates.
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4. Results
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Figure 4.10.: Three - point bending - mat24 at 1 mm/s and different mesh size.

Figure 4.10 represents three - point bending behaviour when modeled in material model mat24 with
2mm and 4mm mesh size and compared at 1mm/s strain rate.
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Figure 4.11.: Three - point bending - samp-light at 1 mm/s and different mesh size.

Figure 4.11 represents three - point bending behaviour when modeled in material model samp-light
with 2mm and 4mm mesh size and compared at 1mm/s strain rate.
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4. Results

Mesh Dependency - Engineering Stress - Strain

These plots represents the mat24 and samp-light at different mesh sizes and strain rates with engi-
neering stress - strain approach.
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Figure 4.12.: Tensile - mat24 at 1 mm/s and different mesh size.
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Figure 4.13.: Tensile - mat24 at 10 mm/s and different mesh size.
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4. Results

Figure 4.12 and 4.13 represents tensile behaviour when modeled in material model mat24 with 2mm
and 4mm mesh size and compared at 1mm/s and 10mm/s strain rates.
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Figure 4.14.: Tensile - samp-light at 1 mm/s and different mesh size.
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Figure 4.15.: Tensile - samp-light at 10 mm/s and different mesh size.

Figure 4.14 and 4.15 represents tensile behaviour when modeled in material model samp-light with
2mm and 4mm mesh size and compared at 1mm/s and 10mm/s strain rates.
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4. Results

DIC Result

The pictures with black backgrounds represents images just before and after breaking in a tensile
specimen. The image in the grey background represents the strain fields in a tensile specimen viewed
in ParaView.

Figure 4.16.: DIC.

The plots below shows the strain plot over time from experiment and DIC.

Figure 4.17.: Subsets with small dot density.

In Figure 4.17, a represents the pattern/dots at the beginning of the tensile test and b represents the
pattern /dots towards the end of failure. Here, the the entire pattern or all dots are not being tracked
until failure.
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4. Results

Figure 4.18.: Subsets with high dot density.

In Figure 4.18, a represents the pattern/dots at the beginning of the tensile test and b represents the
pattern /dots towards the end of failure. Here, the the entire pattern or all dots are being tracked
until failure.

Figure 4.19.: Strain with respect to time frame at 10 mm/s for different dot density in DICe.

In Figure 4.19, with high dot density the results yields up maximum of 0.54 strain but with small dot
density it yields up to 0.61 strain and experimentally maximum strain at 10 mm/s strain rate was
found to be 0.55 from Figure 4.13.
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4. Results

Figure 4.20.: Necking prediction, a - specimen at the beginning of the tensile test, b - specimen when
Paraview predicted potential point of failure as represented in c, c - prediction of failure
when specimen at b, d - necking in the specimen, e- necking the specimen in ParaView,
f - specimen at failure, g - specimen failure when viewed in ParaView.

Figure 4.20 represents various stages of material behaviour during a tensile test until material failure.

Figure 4.21.: Representation a, b, c, d, e and f on stress-strain curve

63



5. Discussion and Conclusions

5.1. Discussion

Material Model Comparison

From the Figures 4.1 and 4.2 it can be seen that, both mat24 and samp-light behaves same until the
yield point since both the models are linear elastic. After the yield point in mat24, the force drops
significantly with any further elongation which is not really the case in reality. Mat24 uses von-Mises
criteria which assumes incompressible plastic flow and thus the effect can be seen in Figure 4.1 and
4.2. Mat24 assumes 0.5 plastic poisson’s ratio which makes the model completely wrong for plastics.
In case of samp-light, the force keeps increasing and doesn’t drop down when it should, which also not
the case in reality. This behaviour of samp-light is because in the simulation model no damage has
been implemented, as for the experiment the curve dips since some part of the energy is lost during
crazing of the test specimen. Samp-light considers a curve of plastic poisson’s ratio.
From the Figure 4.3 it can be seen that in a three - point bending test, there is not much difference
between mat24 and samp-light’s behaviour with respect to the experimental values. This is due to
the reason that, in three - point bending test the test specimen is always below the yield point during
the experiment and thus they have identical behaviour for mat24 and samp-light.

Strain Rate Comparison

From Figure 4.4 and 4.5 it can be observed that, with change in strain rate the elastic modulus changes
as measured from the experiments. With higher strain rates the material yields at higher force. When
taken mesh size into consideration, with lower strain rate there is smaller change in result. With
fewer elements, the percentage of error in the results is higher. There needs to be a more detailed
investigation to better understand strain rate comparison between the two models.

Mesh Dependency

Figures, 4.6 to 4.15 represents mat24 and samp-light with 2 mm and 4 mm mesh and strain rates, 1
mm/s and 10 mm/s.
Figures, 4.6 to 4.9 represents mat24 and samp-light with force-displacement approach. No significant
difference can be see in the elastic region in mat24. For the plastic zone, the material model is not
suitable for analysis. In samp-light, no significant change was observed at lower strain rate whereas as
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5. Discussion and Conclusions

we move along the plastic zone, both 2 mm and 4 mm mesh does not converge with the experimental
values. At higher strain rates, the force-displacement plots are a bit off from the experimental plots.
In the Figure 4.7 and 4.9, there is a shift in force value from experimental results, this is also because
there was no compliance correction performed. For a compliance correction a standard specimen with
all known parameters needed to be tested and errors must have been complied. But regardless of
compliance correction the results were found to be a good match with the results. This puts in a small
amount of error in 4.7 and 4.9.
Figures, 4.12 to 4.15 represents mat24 and samp-light with engineering stress-strain approach. No
significant difference can be see in the elastic region in mat24 at lower strain rate. But at higher strain
rates, with increase in mesh size there was a significant change in the elastic modulus. For the plastic
zone, the material model is not suitable for analysis. In samp-light, there wasn’t a significant change
in the stress-strain behaviour with 2 mm and 4 mm mesh. At lower strain rate the model behaves
similar to experimental values until yield point. At higher strain rate the model behaves good until
elastic limit and is a bit off until yield point. To understand why it is a bit off, we need to investigate
further.

Digital Image Correlation

In the Figure 4.16, the region in the red color is where the strain is higher according to DIC which
can be seen when the test specimen is near its yield point, and that is approximately the same region
where the test specimen failed. Figure 4.19 shows the effect of dot density during DIC analysis. Here,
when considered high dot density the results yield up maximum of 0.54 strain but with small dot
density it yield up to 0.61 strain and experimentally maximum strain at 10 mm/s strain rate was
found to be 0.55. DIC results obtained yielded similar strain as with the experiment. Theoretically
smaller the dot density more accurate should be the results, this is because the DIC would be able
to track the smallest change in the test specimen unlike with higher dot density, where the change
could be seen only if it dot under observation crosses the dot density making a noticeable change.
But in our case the results are better with high dot density. During DIC all the subsets within the
ROI couldn’t be tracked for a small dot density, as Figure 4.17 indicates a lot of dots or subsets are
not in motion while other dots or subsets moved during displacement of the test specimen. This is
because the pattern used gets smudged after certain displacement and makes it harder to be tracked.
The smudges because, the dots in the pattern are stretched a lot and thus making resolution of the
dots low, low resolution implies the dots cannot be tracked. For high dot density as in Figure 4.18,
all the dots or subsets move during displacement of the test specimen and thus results become more
accurate.
Figure 4.20 describes the progression of failure in a tensile test specimen. When the test specimen is
at b, ParaView a post processing tool for DICe output files predicted potential failure location which
is later confirmed by step d where necking can be observed.
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5. Discussion and Conclusions

5.2. Conclusion

From the above observations it is evident that, samp-light is a better material model for polypropylene
compared to mat24. However, inclusion of damage within the model would have made it more accurate
in the plastic region. If crystallinity of the material would be measured then the anisotropy of the
material could be taken into account and probably we would yield better result. Higher strain rates
yields higher elastic modulus for polymers and thus the material is indeed viscoelastic and viscoplastic.
If a 4 mm mesh size is used in samp-light, it behaves similar to 2 mm mesh size and thus one can
use 4 mm mesh to obtain similar results when well within the elastic limit. If mat24 is used with
4 mm mesh instead of 2 mm mesh at higher strain rates the results obtained will be quite off from
reality. However, meshes smaller than 2 mm is out of scope and results would be more accurate at
the expense of time of analysis. The accuracy of DIC results is more dependent on all subsets or dots
being tracked rather than having a smallest possible dot density. With the help of DIC, it is possible
to predict necking zone. If we were able to track the entire deformation region with a better camera
then we might have been able to make the DIC results much accurate.
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6. Future Work

Material model samp-light looks promising for polymers, but to have its behaviour correlating with
experiment after the yield point, some damage needs to be involved with the model. Since crazing
is a physical phenomenon and to model this behaviour in simulation, introduction of damage is nec-
essary. If damage modeling is to be done, then some more material testing needs to done to get the
right damage parameters. Investigation needs to be done on these two steps to make the material
model more suitable even in the plastic region. The industrial mesh size gives satisfying results when
compared with experimental results. Further, a real component compatibility is to be studied using
this model. Digital Image Correlation sounds promising, and it is possible to predict necking before
a considerable amount of damage occuring in the material. DIC of a real component may be more
complicated and 2D analysis may not reveal significant amount of information. Thus, a 3D or stereo
DIC needs to be done for proper analysis. To perform the DIC of large deforming materials a pattern
study needs to be done such that the patterns do not smudge off. A camera with appropriate focal
length needs to be tested for if it can capture the entire range of deformation of polymers.
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A. DIC Softwares

DICe

DICe version 2.0-beta.15 (latest version) was used for analysis.

Figure A.1.: DICe.
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A. DIC Softwares

ParaView

ParaView version 5.8 was used for analysis.

Figure A.2.: ParaView.
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B. Material model curves

The raw data from the tensile test, stress - strain and poisson’s ratio vs strain curves were converted
into true stress - strain and plastic poisson’s ratio vs true plastic strain. The obtained curve was coarse
and had noise and based on the requirements for LS-Dyna moving averages method was performed
on the curves using Julia. Figure B.1 and B.2 represents the true stress - strain curve and plastic
poisson’s ratio vs true plastic strain curves for 1 mm/s strain rate. Figure B.3 and B.4 represents the
true stress - strain curve for 10 mm/s and Figure B.5 and B.6 represents the plastic poisson’s ratio vs
true plastic strain curves for 10 mm/s strain rate.
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B. Material model curves

Figure B.1.: Stress - strain curve for 1 mm/s strain rate
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B. Material model curves

Figure B.2.: Poisson’s ratio curve for 1 mm/s strain rate

75



B. Material model curves

Figure B.3.: Stress - strain curve for 10 mm/s strain rate

Figure B.4.: Stress - strain curve for 10 mm/s strain rate
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B. Material model curves

Figure B.5.: Poisson’s ratio curve for 10 mm/s strain rate

Figure B.6.: Poisson’s ratio curve for 10 mm/s strain rate
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C. Necking pictures

Figure C.1.: Mat24 at 1mm/s with 2mm mesh size

Figure C.2.: Samp-light at 1mm/s with 2mm mesh size

Figure C.3.: Mat24 at 10mm/s with 2mm mesh size
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C. Necking pictures

Figure C.4.: Samp-light at 10mm/s with 2mm mesh size

Figure C.5.: Mat24 at 1mm/s with 4mm mesh size

Figure C.6.: Samp-light at 1mm/s with 4mm mesh size
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C. Necking pictures

Figure C.7.: Mat24 at 10mm/s with 4mm mesh size

Figure C.8.: Samp-light at 10mm/s with 4mm mesh size
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