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Abstract

The aim of this master thesis was to investigate the mechanical properties of Expanded

Polystyrene (EPS) through experimental testing. The strain was measured on the

specimenôs surface with Digital Image Correlation (DIC), in order to investigate how

the first principal strain at fracture initiation depends on the loading of the material.

To impose different loading conditions various tests were performed, such as biaxial

tension-compression, uniaxial tension and bending tests. The study was done with

four densities of EPS, 35, 50, 75 and 100 g/L. To investigate how strain and stress

at fracture initiation depend on temperature, the bending tests were performed at

three different temperatures, -20, 20 and 50 °C. All tests were performed in the Solid

Mechanics lab at KTH, Stockholm. For every experiment, five repetitions were made

to reduce the influence of the inhomogeneousmicrostructure of EPS and the stochastic

behaviour of fracture mechanics. The results indicate that the fracture initiation strain

decreases with increasing density of EPS, while the fracture strength increases with

increasing density of EPS. Further, the results indicate that the loading conditions have

an influence on the fracture initiation strain.
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Sammanfattning

M¬let med detta examensarbete var att undersºka materialegenskaper fºr EPS genom

att utfºra experimentell testning. Tºjningen mªttes p¬ provbitarnas yta med hjªlp av

DIC-teknik, fºr att undersºka hur fºrsta huvudtºjningen vid sprickinitiering beror p¬

belastningen av materialet. Fºr att belasta material p¬ olika sªtt utfºrdes olika tester,

s¬som enaxligt drag, biaxiellt drag och tryck samt bºjtester. Testerna gjordes med fyra

densiteter av EPS, 35, 50, 75 and 100 g/L. Fºr att undersºka hur tºjning och kraft

vid sprickinitiering beror p¬ temperatur utfºrdes bºjtesterna vid tre temperaturer, -

20, 20 and 50 °C. Alla tester utfºrdes p¬ institutionen fºr h¬llfasthetslªra vid Kungliga

Tekniska Hºgskolan i Stockholm. Varje experiment repeterades fem g¬nger fºr att

minimera inverkan av den inhomogena mikrostrukturen hos EPS. Resultaten tyder p¬

att brottinitieringstºjningen minskar med ºkande densitet av EPS, medan brottlasten

ºkar med ºkande densitet av EPS. Vidare indikerar resultaten att belastningen har en

inverkan p¬ brottinitieringstºjningen.
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Chapter 1

Introduction

EPS is a lightweight plastic that is usually moulded into a foam, it has the ability to

absorb a large amount of energy upon impact [12] [14] [18]. Its mechanical properties

makes EPS viable for a wide variety of applications, among these is for bicycle helmets

where it is the most common choice of material for impact absorption [14]. The EPS

redistributes the force from impact to a larger area [14], it also sets an upper limit of the

stress that will be transmitted to the protected object before the EPS ruptures. Because

of the cellular microstructure in EPS, the maximum transmitted force will always be

lower for the EPS compared to a solid specimen of polystyrene, for the same amount of

dissipated energy [14]. When a helmet is designed it is vital to predict the magnitude of

the forces that will be transmitted and to estimate when fracture initiation will occur.

To do so, experiments must be performed to determine material parameters and the

mechanical behaviour of the EPS.

1.1 Purpose

The purpose of thismaster thesis is to increase knowledge on themechanical behaviour

of EPS, primarily by deriving the parameters for the fracture òlocusò, which is an

illustrative surface that describes the threshold strain for fracture initiation of a

material, depending on how the material is loaded. The results should be able to be

implemented in future FE models to improve the ability to accurately predict fracture

initiation in EPS-based helmets. The experiments should also facilitate resembling

future experimental work with EPS.
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CHAPTER 1. INTRODUCTION

1.2 Goal

The goal of this project is to further understand a model on how the fracture initiation

strain depends on loading for EPS. This is obtained by performing experimental

testing. The tests include uniaxial tension tests, uniaxial and biaxial bending tests as

well as combined tension and compression tests. The tests are performed with four

different densities of EPS at different temperatures to investigate how the fracture

initiation strain depends on density and temperature.
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Chapter 2

Background

The Stockholm-based company Mips AB works with the development of helmets and

head protection. The most commonly used energy-absorbing material in helmets is

EPS. Mips AB wants to understand further the mechanical properties of EPS. Several

previous studies have tested and simulated the compressive behaviour of EPS, but

there is less available data regarding tension and fracture initiation. This study aims

to expand the knowledge in that area.

2.0.1 EPS-foam

There are both open-cell and closed-cell foams. Open cells consist of columns, whereas

closed cells consist of plates, illustrated in Figure 2.0.1 [1]. EPS is a human-made

foam with closed cell behaviour and is isotropic, unlike most naturally occurring

foams.

Figure 2.0.1: Different cell-structures of foams: a) opened-cell and b) closed-cell [1].
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CHAPTER 2. BACKGROUND

EPS is made of polystyrene beads which are expanded using pentane gas during

manufacturing [12] [7]. When the polystyrene expands different densities can be

obtained, which has a significant impact on the mechanical properties of the EPS

[6]. High-density foam has more beads per cross-sectional area compared to low-

density foam, leading to higher tensile strength. Youngôs modulus in both tension and

compression also increases with the density. The density has a considerable impact

on the stiffness, which in turn has an impact on the energy-absorbing capability [15].

High-density EPS can absorb high amounts of energy but has a risk of transferring

forces locally from the point of impact. A low density EPS, on the other hand,

distributes forces more widely but can absorb lower amounts of energy.

EPS is brittle and shows linear elasticity in tension [16] [1], in previous studies fracture,

has occurred at around 2-5 % tensile strain [12] [8] [6]. In compression, the material

behaves differently, and it can withstand much higher strains before the cell walls

collapse. The deformation of the material in compression can be divided into three

phases, as illustrated in Figure 2.0.2. First, the cell walls bend elastically, which gives

a linear stress-strain relation [1], the relation is linear up to a strain of approximately

4 % [21]. At the linear phase, the energy absorption is inefficient, and the stress

is transmitted to the protected object as shock waves [8]. In the second phase, the

cell walls buckle elastically and plastically. At this phase, the material can undergo

large strains at almost constant stress, allowing it to absorb kinetic energy without

transmitting high peak stresses [11]. In the third phase, the cell walls start to crush

into each other which gives a densification of the material. At this point, the stress

increases exponentially with increasing strain.
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CHAPTER 2. BACKGROUND

Figure 2.0.2: Typical stress-strain behaviour of EPS-foam exposed to compression.
Three different regions: (I) linear elastic, (II) plateau and (III) densification [1].

Since the deformation is both elastic and plastic beyond the linear elastic phase, the

material will only partially recover from large compressive strains. A study by Shah

et al. [19] showed that an EPS specimen compressed with a strain of 80 % recovered

to 50 % of its initial length after unloading. This means that an EPS-based helmet

partially loses its energy absorption ability and, thereby, its protective function after a

considerable impact.

When EPS is compressed the lateral expansion is much smaller than the compression

in the direction of the force, up to a certain amount of strain. According to a study by

Cui et al. [8], the lateral strain was found to be lower than 2 % for compressive strains

up to 95 %. Several studies have shown similar results [19] [14] [9], which indicates

that the Poissonôs ratio (�) is approximately zero in compression, which is a property

that is found in most low-density foams. In tension, the material is less compressible,

with a Poissonôs ratio of approximately 0.1 [21].

A bicycle helmet is intended to protect against impact at high speed, which can cause

high strain rates in the material. For sportswear and bicycle helmets, strain rates

typically range between 10/s and 100/s [7]. The strain rate has a significant influence

on the mechanical properties of EPS. The study by Shah et al. showed that the energy

absorption capacity increased for higher strain rates and that Youngôs modulus and
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CHAPTER 2. BACKGROUND

yield strength increased proportionally to the strain rate [19]. Another study by Chen

et al. [6] found that the ultimate tensile strength increased for higher strain rates and

claims that the rate dependency is more substantial in tension than in compression.

The increased compressive stiffness can be explained by the gas confined inside the

cells. When the foam is compressed, and the cell collapses at a high strain rate, the

gas cannot escape, and it contributes to a cushioning effect that increases the stiffness

of the EPS. One way of testing high strain rates is by using a drop tower. A weight is

dropped, and its kinetic energy causes the impact on the specimen. [24].

The mechanical properties of EPS can be affected by temperature changes. A study by

Tahir et al. [20] exposed the EPS to 45 temperature cycles between 24 °C and 80 °C,

which reduced Youngôs modulus by up to 50 %. In a study by Krundaeva et al. [14]

tests were performed at -20 °C, 20 °C and 50 °C. The study showed that the ultimate

strength of the EPS decreased by 21 % at 50 °C compared to at -20 °C.

Due to manufacturing EPS has a thin layer on its surface with increased density, called

the skin-layer [3]. The skin layer causes inhomogeneity in the material because of the

influence that the density has on the mechanical properties. In a study by Berezvai

and Kossa [3], tensile and compression tests were performed on EPS. In all tests, the

elastic modulus decreased by a significant amount when the skin layer was removed

compared to the specimens with the skin layer.

2.0.2 DIC

To construct the fracture locus, fracture initiation strains are needed. The strain field

in EPS is not necessarily homogeneous, therefore, measuring global strains can be

insufficient as it fails to represent the local strains correctly. The strain field can be

measured by using DIC. In a study on EPS by Tang et al. [21], uniaxial and three-

point bending tests were performed with the help of DIC. Neither of the tests showed

a homogeneous strain field. The results obtained with DIC were validated with FE

simulations.

DIC is a non-contact, optically based measurement method that is fully independent of

the material being tested or the length of the specimen [4]. Many different quantities,

such as full-field displacements, strains, and strain rates, can be obtained by use of

the method. It is used in many different practices when studying deformations in
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CHAPTER 2. BACKGROUND

structures.

DIC works by estimating displacements from a series of photographs on a surface

of a specimen, which is done by solving an optimization problem. An assumption

that has to be made when using DIC is that the deformation of the surface pattern

on the specimen coincides with the deformation of the specimen itself. From this,

photographs of the specimen during the test can be used to produce the desired

deformation measurement.

By using one camera, 2D coordinates of the surface can be obtained, and by the use

of two or more cameras, 3D coordinates can be obtained. If one aims to obtain 3D

coordinates, two or more cameras are placed at a stereo angle. For DIC to work

properly, the images of the test pieces should have a random pattern, a high contrast

and a range of intensity levels. This is usually obtained by spray painting the specimen

with a speckle pattern [5].

A DIC software code analyzes an Area Of Interest (AOI) containing measurement

points. Both the AOI and the amount of measurement points are defined by the user.

Usually, the measurement point is placed in the middle of a subset, which is a small

area of the image containing a sufficient amount of pixels. Themeasurement points are

placed at a regular spacing, and this is called step size. Here, the subsets could overlap

if the step size is made small. A reference image and one or more subsequent images

are needed. The reference image generally consists of the undeformed specimen, and

a subsequent image consists of the specimen under loading. The subsets are correlated

numerically from the reference image to the subsequent images.

The correlation works by making an approximation of the pattern in each subset by use

of an interpolant function. That function is then deformed from the reference image

based on a subset shape function. In order to match each subset from the reference

image to the subsequent image, a matching criterionwith subset weights is used. From

the correlation, the coordinate of the centre of each subset is obtained. From this,

the distance in x and y due to the deformation can be derived. In DIC, this distance

is often measured in pixels, however, a length scale can be introduced and therefore

displacements can be obtained. The most common though is the evaluation of strains,

which can be directly derived from the coordinate field.
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CHAPTER 2. BACKGROUND

2.0.3 Fracture locus

The fracture locus is a model that shows how the fracture initiation strain of a material

depends on two loading parameters called stress triaxiality and Lode angle [2] [17].

The model can be implemented into FE models to more accurately predict fracture

in EPS-based structures. By performing fracture tests with a wide variety of values

of stress triaxiality and Lode angle, the fracture initiation strain is obtained for those

combinations of the two parameters. Further, the model should be able to predict the

fracture initiation strain for any combination of the two parameters, by interpolating

between the data points from the tests and creating a surface. Stress triaxiality is

defined as

� =
�m

�eq

(2.1)

where �m is the mean stress and �eq is the equivalent von Mises stress. The Lode angle

is defined as

� =
1

3
arccos

�3
p

3

2

J3

J
3
2

2

�
(2.2)

J2 is defined in different ways in different pieces of literature, but in this work, J2 and

J3 are calculated from the principal stresses as:

J2 =
1

3
I1(�)2 � I2(�)

J3 =
2

27
I1(�)3 � 1

3
I1(�)I2(�) + I3(�)

(2.3)

The Lode angle parameter is normalized according to

� = cos(3�) =
3
p

3

2

J3

J
3
2

2

: (2.4)

The Lode �, is dimensionless and ranges between -1 and 1.
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Chapter 3

Method

Various experimental tests are performed to capture the mechanical behaviour of

EPS, primarily the first principal strain at fracture initiation. With tests in uniaxial

tension, biaxial tension and biaxial tension-compression, load cases that correspond

to different values of triaxiality andLode angles are obtained. These tests correspond to

triaxiality values between -1/3 and 2/3. To obtain higher triaxiality values, hydrostatic

tension would have to be applied. This would require a load to be applied to every

surface which would prevent the ability to record the surface and thereby prevent

the use of DIC. To obtain triaxiality values below -1/3, only compression would be

applied. This would likely not lead to fracture, but rather crushing of the material.

By measuring the fracture initiation strains for these tests, multiple data points are

obtained to construct the fracture locus surface.

All tests are performed in a Zwick/Roell bi-axial testing machine, with displacement

control at quasi-static strain rates. They are performed with EPS of the four densities

35 g/L, 50 g/L, 75 g/L and 100 g/L. Every test is repeated five times to minimize the

influence of random errors and the inhomogeneity of the microstructure of EPS. To

investigate the influence of temperature on fracture strain, the uniaxial and biaxial

tension tests are performed at temperatures -20 °C, 20 °C and 50 °C.

The fixture is designed to be clamped in the machine and mated to the EPS-specimen

with the two-component adhesive Araldite 2015. The fixture is made of aluminium,

and its surface is roughened to strengthen the attachment of the adhesive, see Figure

3.0.1.
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CHAPTER 3. METHOD

Figure 3.0.1: The aluminium fixture.

To capture the strain field of the specimen, DIC is used. A camera is placed

perpendicular to the specimen. The specimen is sprayed with white paint to create a

speckle pattern. An airbrush (Harder&SteenbeckEvolutionSilverline Solo) connected

to an air-pressure pipe is used. The airbrush is kept at a distance from the specimen

to obtain a high contrast and low repeatability speckle pattern. A very thin layer is

applied to minimize the possible influence of the paint adding additional stiffness to

the surface of the specimen. Figure 3.0.2 shows a number of specimens with added

aluminium fixtures as well as the airbrush used to produce the speckle pattern.

Figure 3.0.2: Specimens and the airbrush.
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CHAPTER 3. METHOD

3.1 Specimen

The specimens are milled out from blocks of EPS using a Roland MDX-540 milling

machine. During the milling, the surface is made as smooth as possible to allow a

clear speckle pattern to be applied, and also to avoid notches that could enhance crack

initiation. To reduce the influence of the inhomogeneity of the cell structure in EPS,

theminimum thickness of the specimens has to be large compared to the cell thickness.

According to the test standard ASTM D3574 E, the minimum thickness of a specimen

should be at least 12.5 mm [24]. During this work, no specimen was thinner than 20

mm.

3.2 Uniaxial tension test

The uniaxial tension test is performed by clamping the specimen in two opposing axes

in the Zwick/Roell biaxial machine. The cell structures can be seen in Figure 3.2.1 and

the dimensions of the specimen are shown in Figure 3.2.2. To avoid fracture adjacent

to the fixture, the specimen has a thinner cross-section area in the middle which is 35

X 25 mm.

Figure 3.2.1: The setup of the uniaxial tension test.
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CHAPTER 3. METHOD

Figure 3.2.2: The uniaxial tension test specimen.

3.3 Biaxial tension-compression test

In this test the bi-axial machine is used to impose compression and tension

simultaneously, the specimen is clamped in the machine according to Figure 3.3.1.

At equi-biaxial tension-compression force, the specimen is subjected to pure shear

stress, which corresponds to a triaxiality value of 0. The ratio between compression

and tension is varied with the aim to obtain triaxiality values between -0.33 and 0.33.

To ensure that fracture initiation occurs under a biaxial stress state, only specimens

that fail in the centre are regarded as successful tests. A surface free from loading and

constraints is stress-free perpendicular to the surface. If the crack initiates at the free

side of the specimen, it is possible that the stress state is uniaxial in that location. To

incline the specimen to fail in the centre it is made thinner there, which is a method

that has been used in previous biaxial experimental work [23]. The specimen is shown

in Figure 3.3.2.
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