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ABSTRACT

Metamaterials have become a highly researched area in recent years because they enable
customisation of mechanical properties in manufactured components, which would not be
possible when using conventional materials. To safely utilise metamaterials in operation, it
is necessary to describe their behaviour under load. The presented master’'s thesis deals
with a description of the fatigue behaviour of a 3D printed polymeric metamaterial structure.
The thesis is divided into theoretical and practical part. In the theoretical part, a review
of metamaterials and their classification is presented, followed by a review of 3D printing
methods suitable for polymeric materials, and the basics of mechanical behaviour of polymers.
In the practical part, steps are taken to estimate the fatigue life of the proposed metamaterial
structure using four criteria. Mechanical properties of the additively manufactured material
are measured in a series of experiments. The measured properties are used as input data for
a numerical model. The boundary conditions and loading of the model are set to correspond
to the real loading conditions. The numerical model is used to assess critical locations within
the structure and to predict the fatigue lifetime. Stress and strain values representing steps
of cyclic loading are recorded at two critical locations. These values are used to predict the
fatigue life.

KEYWORDS

metamaterial, fatigue, lifetime estimation, numerical modelling, finite element method, addi-
tive manufacturing

ABSTRAKT

Metamaterialy jsou v poslednich letech velmi ¢asto zkoumanou oblasti, jelikoZ umoznuji pfizpl-
sobeni mechanickych vlastnosti vyrabénych soucasti, které neni mozné ziskat s vyuzitim kon-
vencnich materidld. Aby bylo mozné metamateridly bezpecné vyuZivat v provozu, je nutné
popsat jejich chovani pri zatézovani. Prezentovana diplomova prace je zaméfena na popis
Gnavového chovani 3D tiSténé polymerni metamateridlové struktury. Prace je rozdélena na
teoretickou a praktickou Cast. V teoretické Casti je provedena reserse metamaterial a jejich
rozdéleni, poté reserse metod 3D tisku vhodnych pro polymerni materialy a nakonec jsou pred-
staveny zdklady mechanického chovani polymer. V praktické Casti jsou postupné provadény
kroky pro urceni odhadu Gnavové Zivotnosti uvazované metamateridlové struktury pomoci Ctyr
kritérii. Pomoci experimentalnich testl jsou naméreny mechanické vlastnosti uvazovaného ma-
terialu, které jsou vlozeny do vytvoreného numerického modelu. Okrajové podminky a zatizen{
modelu jsou zvoleny tak, aby odpovidaly redlnym podminkam pfi zatéZovani. Numericky model
je vyuzity pro urceni kritickych lokaci ve struktufe a pro predikci inavové Zivotnosti. Ve dvou
kritickych mistech jsou zaznamenavany hodnoty napéti a pretvoreni predstavujici jednotlivé
faze cyklického zatézovani. Tyto hodnoty jsou pouzity pro predikci Ginavové Zivotnosti.

KLICOVA SLOVA

metamaterial, Gdnavové zatizeni, odhad zivotnosti, numerické modelovani, metoda kone¢nych
prvki, 3D tisk
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1 Introduction

The mechanical behaviour of the material plays a crucial role in the design process of
an engineering application. Mechanical parameters are widely and extensively studied,
and materials are newly created or altered to obtain values of properties that would meet
the requirements needed for a given application. These range widely from aerospace en-
gineering requiring strong and lightweight durable materials to biomedical applications
recreating the mechanical properties of human tissue. Traditional materials have proper-
ties given by their composition and structure, often an area of material engineers, where
grain size or alloying change the properties of material less, or more significantly. This
approach is well established and is used commonly, however, there are limitations in
manufacturing processes, that restrict the creation of customised mechanical properties.

The solution to the customisation of mechanical properties might have appeared during
the last decades, with the evolution of mechanical metamaterials. Metamaterials allow for
customisation of behaviour, gaining their properties not only by structure and composition
as traditional materials but, more importantly by their geometry. The topology of the
structure allows for custom, tunable, or non-convential mechanical properties. This area
offers a very lucrative manufacturing scheme, with properties that fit the requirements
perfectly for a given application.

Metamaterials became highly researched thanks to the development of additive manufac-
turing (AM). The principle of this fabrication process lies in creating the geometry, layer
by layer, based on a computer-aided design (CAD) model that allows for great precision
and complex geometry to be created. CAD enables geometry changes to be easily made,
which changes the properties when manufactured. AM methods range from fused fila-
ment fabrication (FFF) for large-scale units through selective laser sintering (SLS) to Vat
photopolymerisation for components as small as several micrometres.

To further increase the applicability of metamaterials together with AM, different base
materials are used. Many mechanical metamaterials are fabricated from polymer materi-
als. These have areas of properties where they exceed conventional engineering materials,
such as metals, or ceramics. In addition, they are accessible and lightweight. Using a
range of materials, modern manufacturing methods and a process of creating metamate-
rials with custom mechanical properties creates a nearly unlimited area of applicability.

However, given the elaborate topology of the structures, the resulting stress state in a
loaded component can be complex. To safely use the mechanical metamaterials, we need
to know the short- and long-term behaviour of the structure. This must be evaluated for
every structure that will be used in an application to ensure a safe operating conditions
and prevent complications. A metamaterial structure that allows for tunable stiffness
fabricated by FFF was analysed, its mechanical properties were measured for a given
geometry configuration and a material model was created. Fatigue properties were mea-
sured and lifetime was predicted using a combination of experimental tests and numerical
modelling.

10



2 Problem situation analysis and thesis goals

2.1 Problem situation formulation

Additive manufacturing of polymers is becoming a regular manufacturing process as meth-
ods advance and finished products become more suitable for engineering applications.
These methods allow for fabrication of intricate design features that are not available
by common fabrication methods (extrusion, blow moulding, etc.). The manufacturing
of metamaterials has progressed with improvements in additive technologies, resulting in
the ability to create complex geometries with unusual or tunable properties. To safely
put metamaterials into practice, short-term behaviour must be described and long-term
lifetime must be predicted, as for any other mechanical part. However, that is not a trivial
task for metamaterials due to the complexity of their structures.

To predict the lifetime of the proposed metamaterial structure, the behaviour of the ma-
terial must first be described under static and cyclic loading. Therefore, one of the thesis’
goals is to execute quasi-static and fatigue laboratory tests while considering various
printing orientations. Based on the results obtained from the static testing of standard-
ised specimens, the material model will be constructed. Numerical modelling is used to
obtain a detailed description of the stress states at the critical locations of the meta-
material structure. The fatigue lifetime of the metamaterial structure will be estimated
using numerical simulations and material fatigue test results by applying criteria from the
literature. These estimations will be validated by laboratory fatigue tests of the whole
structure.

2.2 Problem formulation

Predicting the fatigue lifetime of a metamaterial structure using numerical modelling in
combination with experimentally obtained data.

2.3 Thesis goals

Goals set for the thesis include;

o Research the topic of additive manufacturing and fatigue life prediction criteria for
polymers.

o Carry out quasi-static and fatigue experiments on 3D printed specimens to define
the material model.

o Create a numerical model of the metamaterial structure using data from experi-
ments.

o Apply fatigue lifetime prediction criteria and evaluate their appropriacy using vali-
dation experiments of the metamaterial structure.

11



3 Metamaterials

Metamaterials are a branch of materials that gain their properties through the detailed
and precise architecture of their geometry, on top of the properties of a given material. As
a result of this precise design, metamaterials can mimic the behaviour of a different struc-
ture or material or exhibit properties that are considered unnatural for commonly found
materials. These properties include e.g. a negative Poisson’s ratio, a negative refraction
index, and negative electrical permittivity and magnetic permeability. These properties
cannot be obtained using common means of fabrication either. They are most commonly
manufactured using a base ’cell” that is repeated to create a complete structure. Fig-
ure 3.1 shows three examples of metamaterial structures that vary in size and fabrication
method. The idea of metamaterials originated for the first time in the electromagnetics
area, where theoretical investigation of materials with simultaneous negative values of the
dielectric constant and magnetic permeability was conducted in the 1960s [1].

Fig. 3.1: Examples of different metamaterial structures varying in sizes and fabrication
process. (a) Transformable origami-inspired metamaterial actuated by pressurizing its
unit cells. (b) Hollow Ni-P microlattice synthetsized by Self-Propagating Polymer Waveg-
uides, electroless plating and polymer etching. (c) Metamaterial with ultra large bulk
modulus to shear modulus ratio fabricated using Two-Photon Lithography. [2]

Although metamaterials have originated in electromagnetics, they have gained much pop-
ularity, especially in recent years, because of their versatile potential to be used in various
fields, not purely focused on electromagnetics. The progress of fabrication processes drives
the expansion of metamaterials as more complex structures can be created, which again
creates pressure to get higher resolution and better quality of manufacturing. The main
categories of metamaterials, as described in [3], are;

o Electromagnetic metamaterials
e Acoustic metamaterials

o Thermal metamaterials

e Mechanical metamaterials.

12



3.1 Electromagnetic metamaterials

As stated above, electromagnetic metamaterials were groundbreaking in the area of ma-
terial structures with unconventional characteristics. Electromagnetic metamaterials can
have negative electrical permittivity or magnetic permeability or both. Conventional ma-
terials with both of these parameters positive are called Double-Positive materials (DPS).
Metamaterials with one of these variables being negative are called Single-Negative meta-
materials (SNG). The combination of complimentary negative-permittivity material and
negative-permeability material leads to a left-handed electric field, magnetic field, and
phase vector [1]. This resulted in these metamaterials being called Left-Handed Mate-
rials (LHM) [3] or Double-Negative metamaterials (DNG) [4]. Negative values of these
parameters result in a variety of uncommon behaviours.

The negative refractive index can be observed at an interface between standard (DPS)
matter and DNG materials, where the refracted wave has a negative angle and propagates
"backwards', as shown in Fig. 3.2 [4]. The reverse Doppler effect can be observed in
electromagnetic metamaterials, where the approaching wave source results in a lower
frequency [1; 4]. Electromagnetic metamaterials are used for optical applications, such as
a "super-lens' that focuses the light at a point smaller than the wavelength of the used
light [1], antennas that allow scanning in all directions including sideways and backwards,
radar absorbers, etc. [1; 3; 4].

Incident Reflected
Wave Wave

X

>

Transmitted Transmitted
Wave in DNG Wave in DPS
Medium VZ Medium

Fig. 3.2: Geometry of the scattering of a wave on a DPS-DNG interface [4].

3.2 Acoustic metamaterials

Acoustic metamaterials deal with sound waves and vibrations, which are generally very
difficult to manipulate. The work with sound waves is usually done by transforming them
into electronic forms and using electronic appliances [5]. Acoustic metamaterials present
a way to alter sound waves using the material without external devices. The wave prop-
agation is governed by the bulk modulus and the mass density of the material /structure.
The evolution of acoustic metamaterials occurred hand in hand with the evolution of
electromagnetic metamaterials, as a simple analogy can be proposed where bulk modulus
is analogous to magnetic permeability and mass density is analogical to electric permit-
tivity [6]. Materials observed in nature have both of these parameters positive; however,
metamaterials allow the building of negative bulk modulus and/or negative mass density
structures.
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Acoustic imaging is one of the proposed applications that is analogous to super-lens men-
tioned in Section 3.1. The negative refraction index allows for high-precision imaging
using acoustic waves, which could detect small cracks in buildings or early stage tu-
mours [5]. Metasurfaces consist of coiled elements or resonant membranes and act as
wavefront shaping devices that allow controlling the wave and focusing the sound [5; 6].
Negative refraction was obtained using a metasurface with coiled elements as shown in
Fig. 3.3. In general, various porous materials are used for sound absorption. The lower
the frequency of the sound wave, the thicker the material must be to successfully absorb
the waves. Acoustic metamaterials use very high energy density structures coupled with
impedance matching, which allow high absorption at very small thickness, creating acous-
tic cloaking [5]. Active acoustic metamaterials allow for tunability of the structures in
real time as a response to incoming sound waves [5; 6].

SRR
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Fig. 3.3: Metasurface structure generating a negative refraction of the transmitted wave.
Simulation result of pressure (Left), Experimentally measured pressure map (Right Top),
Metasurface structure with coiled elements (Right Bottom) [6].

3.3 Thermal metamaterials

Thermal metamaterials alter the flow of heat in an environment. Metamaterials are
utilised in this area in two ways; creating thermal properties of structures that are not
found in nature (this category is discussed in Section 3.4.3), or manipulating the heat
transfer. Controlling the flow can be used to generate work, used for cooling or heat-
ing, or create thermal equilibrium [7]. Design approaches for thermal metamaterials can
be divided into macroscopic phenomenological theory and microscopic photonic/thermal
photonic theory.

Macroscopic approaches utilise the transformation theory, in which conductivities are
mathematically predicted for a desired state and tailored to reach the desired behaviour [8].
These metamaterials are commonly fabricated using so-called "binary-layered structures',
where currents perpendicular and parallel experience two materials in series and in par-
allel, respectively [7]. This transformation allows for the creation of thermal devices
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(depicted in Fig. 3.4) such as cloaks, where the structure copies the thermal gradient
of the environment, concentrators, where the temperature gradient is condensed into a
smaller region, or the rotator which changes the direction of the temperature gradient
within the structure [7; 9]. Other devices such as a bilayer thermal cloak or multiphysics
invisible sensor have been manufactured [9].

Fig. 3.4: Temperature gradient within different thermal metamaterial devices. (a) Cloak,
(b) concentrator, (c) rotator [7].

Microscopic theory controls heat transfer through photons, which are the heat carriers in
semiconductors and insulators [8]. By altering the photon behaviour, the thermal prop-
erties can be manipulated. Thermal crystals have been used to block photon frequency
bands by scattering [8], thus manipulating thermal behaviour. Nanophotonic metamate-
rials utilise local resonances to govern thermal conductivity [9].

3.4 Mechanical metamaterials

Mechanical metamaterials provide an alternation of mechanical properties of structures
that would not be possible to obtain with conventional materials and components. Me-
chanical metamaterials have been studied extensively in recent years because of their
high practicality. Traditional mechanical metamaterials follow the ideas of the families
of metamaterials mentioned above, creating a zero or negative value of the mechanical
properties, such as negative Poisson’s ratio (also called auxetic metamaterials), negative
compressibility, or negative thermal expansion [2; 10; 11]. A special feature of mechanical
metamaterials is tunable stiffness. Furthermore, mechanical metamaterials are not limited
to switching between two states, but can reach any state in between due to combinations
of counterintuitive properties [11].

3.4.1 Negative Poisson’s ratio

Poisson’s ratio yu is defined as p = —Z—f, with er and €, being the strains in transversal and
loading direction, respectively [11]. Standard materials exhibit a value of Poisson’s ratio
between 0 (cork) and 0,5 (rubber). When the load is applied, the longitudinal length in-
creases and the transverse length decreases, or vice versa. Auxetic structures (alternative
name for negative Poisson’s ratio structures) use different principles to reach a negative
value of Poisson’s ratio, which results in elongation/contraction in both directions when
load is applied. Five main categories (as shown in Fig. 3.5) are re-entrant, chiral, rotating,

15



crupmled sheets, and perforated sheets [10]. The negative value of p can help prevent
indentation with high energy absorption, provide tunable stiffness or resist shear [2].

()
Fig. 3.5: Categories of auxetics metamaterials (a) re-entrant, (b) chiral, (c) rotating, (d)
crumpled sheets, (e) perforated sheets in their undeformed state (upper row) and deformed
state in tension (bottom row) [10].

3.4.2 Negative compressibility

Compressibility describes the relative volume change of a material during pressure change [11].
Standard materials show positive compressibility, which means that they contract under
compression and expand under tension. Negative compressibility occurs in nature in only

a very limited number of crystals [2], where the unit elongates in at least one direction
when pressure is applied (as shown in Fig. 3.6). In man-made structures, it can occur
only when loading induces a transition from a stable state to a different metastable state,
similar to the bistability of a structure in mechanics [11]. Several mechanisms have been
proposed for obtaining negative compressibility, ranging from bimaterial strips through

a particular geometry or constraints to a force potential mechanism. These have the
ambition of being used in actuators, force amplifiers, or protective devices [11].

Conventional Anomalous

O

O Q0

ﬂ o O 5 @)
O @) Q
© CSDO 00O OO\W-O
w 00 VOO

(b)
Fig. 3.6: Mechanical response to hydrostatic pressure in (a) conventional material, (b)
anomalous material with negative linear compressibility [11].
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3.4.3 Negative thermal expansion

The conventional exhibit of a positive thermal coefficient is elongation upon heating.
Some cases of a negative thermal expansion (NTE) coefficient include water between 0° C
and 4° C, where heating induces compression. Negative thermal coefficient metamaterials
are produced by combining materials with distinctively different thermal coefficients in
the structure (examples of NTE structures are shown in Fig. 3.7). This different response
to heating then induces rotation or bending, which results in overall contraction [12].
Thermal expansion coefficient can be tuned for different values in different temperature
ranges, allowing applications in dental fillings, laminates, or precision instruments [10; 12].

(&) (b)

Fig. 3.7: Negative thermal expansion structures: (a) and (b) modified bi-material chiral
structures, (c) foam cellular metamaterial with bi-material ribs inverted hexagonal cell
[11].

3.4.4 Tunable stiffness

Many mechanical metamaterials can be created with tunable stiffness. Origami-inspired
metamaterials exhibit low stiffness in the folding phase of deformation and high stiffness
in the post-locking folding phase of deformation [2]. Given metamaterials with struts,
such as lightweight structures or chiral structures, the stiffness is tuned by changing the
thickness of the struts [13]. Metamaterials that use pattern transformation with holes
offer stiffness tunability by changing the shape, size, or location of holes [11]. These types
of metamaterials are shown in Fig. 3.8. The change in stiffness is induced by changing a
geometry parameter. This can result in a change of other properties, such as the Poisson’s
ratio, or a change in stiffness in one direction can induce its change in another direction.

o Y Y ——
’/\U\,ﬁfx )000000000(
INTINININ )000000000(
)000000000(
)000000000(
)000000000(
)000000000(
)000000000(
000000000 (
)000000000(
CAI AT ATATA )O000000000(
AN AY AN AN A )000000000(

(b) ()

Fig. 3.8: Examples of metamaterial types with tunable stiffness and their unit cells. (a)
Origami-inspired metamaterial "Miura-ori" in folded and unfolded form [2]. (b) Trichiral
metamaterial structure. (c¢) Pattern transformation metamaterial "holey sheet" [11].
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Fleisch et al. [13] have designed a metamaterial geometry with independent tunable stiff-
ness in each direction (Fig. 3.9(a)). The structure consists of cubic nodes connected by
struts in three spatial dimensions. By altering geometric features: cube size, distance
between cubes, strut thickness, radius of fillets, and overhang of cubes, the stiffness can
be changed independently locally, axially, or globally. This structure can be created as
isotropic, orthotropic, or even anisotropic. Stiffness can be increased locally with smooth
transitions of stiffness between cells. This structure is investigated in the practical part
of the thesis.

Fig. 3.9: Metamaterial structure with independently tunable stiffness [13], which is inves-
tigated in this thesis.
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4 Additive manufacturing of polymer materials

4.1 Polymer materials

Polymer materials have changed the world. Like many other inventions, the main ex-
pansion of plastics occurred during the Second World War, where they were used for the
production of parachutes, ropes, armour, and more [14]. Due to its versatility, the mate-
rial group is used in many different applications ranging from everyday items to precisely
manufactured industrial components.

There are many different categories and families of polymer materials that differ in their
properties and intended usage. The main categories are thermoplastics, thermosets, and
elastomers [15; 16].

o Thermoplastic materials solidify when cooled, but once reheated, the free move-
ment of the chain molecules is allowed again. There is no cross-linking of molecules
created during cooling, and the molecules can move independently of other molecules.
Thermoplastics are further divided into amorphous and semi-crystalline. The struc-
ture of amorphous polymers solidifies in a disorder of molecules, resulting in a ran-
dom molecular structure. Semi-crystalline polymer molecules begin to arrange in
order when they cool, forming spherulites with lamellae of arranged crystalline re-
gions and amorphous regions between them (Fig. 4.1). These spherulites could be
compared to grains in metallic materials. Approximately 85% of polymers produced
are thermoplastics [15; 17].

o Thermosetting polymers’ molecules cross-link during cooling and create a solid
network that does not allow any movement of the individual molecules. These cross-
links are not influenced by any subsequent reheating, and thus, the material flow is
restrained even after reheating. Cross-links are made up of chemical bonds (ionic
or covalent), physical bonds (van der Waals forces), and hydrogen bonds.

o Elastomers get cross-linked during cooling. However, this cross-linking is only
light and allows for a very large extension of the molecules. These bonds prevent
the molecules from sliding and make even large deformations reversible.

/7
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Fig. 4.1: (a) Schematic of a semi-crystalline structure in a spherulite, (b) Spherulites in
polypropylene [15].
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Additive manufacturing uses all three categories of polymers as feedstock. Feedstock can
be in the form of liquid polymers, polymer powders, filaments, sheets, or pellets [18].
The materials can be used plain or reinforced with fibres. Some of the commonly used
polymers for 3D printing are polylactic acid (PLA), acrylonitrile butadiene styrene (ABS),
polyether ether ketone (PEEK), and polyamides (PA).

Polylactic acid (PLA) is an organically sourced polymer, produced from corn starch
or sugar cane [19]. It can be produced as amorphous or semi-crystalline. The mollecular
structure, molecular orientation, and crystallinity all affect the mechanical properties of
the finished product. The properties can thus be altered to suit a specific application. In
general, PLA has good mechanical properties comparable to those of synthetic polymers
such as polypropylene (PP) or polyethylene (PE). It tends to be more fragile than those
materials, and plasticisers are often added to improve flexibility and impact strength [18].
PLA is a popular material for 3D printing in the general population. It is suitable for
most additive manufacturing methods including vat photopolymerization and material
jetting. As a result of its low melting temperature, PLA is commonly used in fused
deposition modelling (FDM). The printed layers have good adhesion and the finished
product can be painted or machined. However, the material degrades over time and has
low heat resistance, making it less suitable for engineering applications [18]. It is a popular
starting filament for home printers to create household items or decorations. Due to the
biocompatibility of the material, PLA is used for the printing of biomedical parts [19].

Acrylonitrile butadiene styrene (ABS) is a copolymer made of three polymers: acry-
lonitrile, butadiene, and styrene. It is an amorphous polymer produced by three different
techniques. Each of them results in slightly different mechanical properties of the mate-
rial [19]. In general, ABS has very high strength (including impact strength) and tough-
ness. It has good resistance to abrasion, insulating properties, and dimensional stability.
The versatility of colour and surface texture allows for a wide variety of applications [18].
The main disadvantage of ABS is its poor environmental resistance and low resistance to
UV light and heat. ABS is another very common filament for additive manufacturing.
The low melting temperature of this amorphous polymer and its easy processing make it
well suited for extrusion-based methods. Compared to PLA, ABS is less brittle and has
more available finishing techniques. ABS is popular for printing concept models, fixtures,
and even interlocking parts, such as gears, because of the toughness of the material.

Polyether ether ketone (PEEK) is an organic aromatic thermoplastic polymer. It
is semi-crystalline and its exceptional properties rank it among high performance poly-
mers [18]. The melting point of PEEK is above 300 °C, which makes the thermal resistance
very high. Continuous use is possible at temperatures up to 250 °C [19]. The resistance to
solvents and chemical inertness result in a very stable material. PEEK is very tough and
withstands dynamic loading as well as abrasion and wear. The downsides are low UV re-
sistance and expensive production, making PEEK more suitable for targeted applications
requiring high performance, such as aerospace parts [18]. PEEK requires more powerful
printing tools than PLA and ABS because of its high melting temperature. It can be used
in sheet lamination or material extrusion methods. The stability of temperature must be
ensured to keep the material properties good for the whole structure. PEEK can be used
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as metal replacement or end-use parts for industries such as automotive or aerospace. The
biocompatibility of the material and the good mechanical behaviour make PEEK suitable
for the replacement of metal or ceramic implants [18].

Polyamides (PA), also called nylons, belong to the family of engineering resins (together
with Acrylonitrie Butadiene Styrene (ABS) or Polyethylene Terephthalate (PET)). They
are created as homopolymers including only one type of monomer, copolymers which con-
sist of a mixture of monomers or reinforced polyamides, which consist of a reinforcement
that increases the mechanical parameters of the finished product. Reinforcement is usu-
ally realised by glass fibres in varying ratios. Polyamides are semi-crystalline and tend
to be very tough. Good abrasion, impact, and wear resistance make them suitable for
engineering applications [18]. The nature of the polymer allows for the creation of bulk
products as well as very fine filaments. This versatility results in a wide range of applica-
tions for polyamides. PA is a widely used material for 3D printing by extrusion methods.
The printing process is as easy as for PLA and ABS, but the mechanical properties are
good enough for engineering applications. In powder form, PA is commonly used for se-
lective laser sintering. Polyamides are easily mouldable and extruded, allowing complex
shapes to be created. They exhibit good electrical insulation, corrosion resistance, and
toughness, so they can be used for electrical applications, housings, or cable ties [20].
Fibre production allows the manufacturing of polyamide fabrics.

4.2 Additive manufacturing methods

Additive manufacturing (AM) is the process of creating 3D structures by printing them
layer by layer. The desired part is created as a computer-aided design (CAD) model and
is used as a source for the machine, which builds on the layers to "print" the full volume.
This process has become widely popular due to its variability, which allows for highly
customised shapes or batch making. 3D printing, which is an interchangeable term for
additive manufacturing, is applicable to many different materials, ranging from metals,
ceramics, to polymers. An ISO/ASTM standard [21] was created that separates AM
processes into two types of processes, which are single-step and multi-step processes (see
Fig.4.2).

» Single-step processes are processes in which the intended shape and the targeted
mechanical properties are reached within a single-step operation. This type contains
processes defined by the fusion of similar materials. Additive manufacturing of
polymers is often realised in a single-step process.

e Multi-step processes require two or more operations to reach the final product.
The first step usually provides the geometry, whereas the mechanical properties are
reached with the consolidation of the material during the second step.

These processes are further divided by the standard into seven basic categories of man-
ufacturing processes, which are binder jetting (BJT), directed energy deposition (DED),
material extrusion (MEX), material jetting (MJT), powder bed fusion (PBF), sheet lam-
ination (SHL) and vat photopolymetrisation (VPP). Of these, all categories are relevant
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Fig. 4.2: Assortment of single-step and multi-step AM process and the materlal used [21].

to polymer materials, except for directed energy deposition, which is used for metallic
materials.

There are numerous ways in which a 3D printed polymer object can be created. The type
of bonding is one of the fundamental aspects of the chosen process, which is then further
divided by the material feedstock (in what state is the material delivered to the system),
and how is the material distributed into the individual layers. This then determines the
manufacturing process. The overview of the single-step processes of polymer materials is
shown in Fig. 4.3.
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Fig. 4.3: Overview of single-step AM processing principles for polymer materials [21].
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4.2.1 Binder Jetting (BJT)

Binder jetting is a chemical reaction type of 3D printing process. Instead of using heat
to fuse the material particles together, a liquid binder is used to bond the powdered bulk
material together. In the first step, the bulk material is layered onto the base, and in the
second step the printhead distributes the binder to glue the particles together to form a
layer of the part as defined by the source CAD model. The base is then moved downwards
by the thickness of one layer, and steps one and two are repeated until the whole part is
created. The residual powder in each layer remains on the base and provides temporary
support for the part, so no structural supports need to be created. Fig. 4.4 shows a
schematic representation of the binder jetting machine and process.

© ©

o] =

®

®

Fig. 4.4: Binder jetting apparatus consisting of (a) vertically movable base platform, (b)
printed model embedded in supporting powder bed, (¢) inkjet printing head, (d) support
material feed stock, and (e) roller for powder distribution [22].

Choosing the right binder is a crucial part of the process, and many requirements are
placed on the binder, such as low viscosity, good powder interaction, and long shelf life [23].
The binder for polymer feedstock is commonly a solvent/solvent mixture, which swells
the polymer powder and causes entanglement of the polymer chains within the particles.
Another option is to use film-forming polymers or polymer dispersions as binders [22].
Binders can be used in two ways; In-liquid or In-Bed. In-Liquid binders are present in
the jetted medium and are used mainly for metallic and ceramic powders, while in-bed
binders are often used in polymers such as poly(vinyl alcohol) (PVA) or poly(lactic acid)
(PLA) [22]. The binder is activated by the jetted ink, which is clear of binders, which
helps prolong the print head lifetime as there is no risk of binder creating clusters that
would clog the system.

Green parts, as are the initial products manufactured by BJT called, are highly porous,
as the in-bed binders generally dissolve and leave voids in the structure [23]. As a result
of this, metallic and ceramic parts are often sintered after binder jetting to densify the
material and enhance the mechanical properties. That is difficult for many polymeric
structures, although some research has been concluded [24]. BJT is thus more suitable
for the creation of structures where porosity is desired or for the creation of models for
concept modelling that do not require good mechanical properties.
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4.2.2 Material Extrusion (MEX)

As the name suggests, parts manufactured by material extrusion are created by layer-by-
layer extrusion of the feedstock, which can be polymer filaments, viscous inks of polymer
pellets, through a nozzle onto a base platform where they solidify [25]. After each layer,
the base moves down/the nozzle moves up by the thickness of one layer and new layer of
the CAD source model is printed. Material extrusion has become one of the most widely
used manufacturing processes, since the apparatus and operation are straightforward,
affordable and available to the general public. Many extrusion-based 3D printers are sold
for low-scale printing at home or in an office environment [22]. Fused deposition modeling
(FDM), and direct ink writing (DIW) can be found within this category.

» Fused deposition modelling (FDM)

Thermoplastic polymer filaments or pellets are fed through a heated nozzle and
brought above melt temperature before the layer is printed on the base plate/pre-
vious layer [25]. The nozzle is usually 0D so the 2D layer is produced by printing
packed 1D lines of the material to create the whole layer. The fused deposition mod-
elling process is shown in Fig. 4.5, where two nozzles are used to print the model
and the support structures. In recent applications, the supports are often printed
using the same material as the model and are removed later.

Fig. 4.5: Fused deposition modelling machine consisting of (a) vertically movable base
platform, (b) tempered extrusion printing head for deposition of (¢) model and (d) sup-
port material stored in (e) feedstocks containing filaments or pellets of thermoplastic
materials [22].

The critical parameters of fused filament fabrication (FFF), which is an interchange-
able term with FDM, are the melt rheology, the processing temperature, the build
speed, and the CAD model shape parameters [22]. The correct combination of
these parameters is crucial to manufacture a good quality product, and is different
for each material. Complete fusion for the material needs to be ensured, rather than
surface adhesion, which would result in a much weaker material prone to cracking
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and delamination. The main disadvantages of the method lie in the narrow window
where all parameters are aligned properly to produce a strong component. The
size of the nozzle determines the roughness of the finished product, which is usually
quite high, and the process tends to leave voids in the structure after printing.

FDM is a fabrication method suitable for the manufacturing of metamaterials. The
technique allows multiple materials to be extruded simultaneously, which is used
e.g. for dielectric metamaterials [26]. The feedstock can be prepared with various
fibres/particles to change the behaviour of the material, and the method allows pre-
senting discontinuities in printing and thus locally changing the behaviour of the
material [26; 27]. Multimaterial nozzles have been introduced to the market, which
also opens new possibilities for printing metamaterials [25].

« Direct ink writing (DIW)
Although direct ink writing is also an extrusion manufacturing process and the
machines may look quite similar, DIW does not need, unlike FDM, any heating of
the used material. The material is pushed through the nozzle using pressure, and
thus any material can be used as long as it meets the requirements of flowability [28].
This allows a wider range of materials to be used. The binding of the printed layers
occurs after the deposition and solidification period using solvents or heat cure [25].

4.2.3 Material jetting (MJT)

Material jetting, also called inkjet printing, is an additive manufacturing process that
uses a liquid material as an ink and creates the CAD source model replication by layering
the material onto the surface [25]. The ink is distributed either in a continuous regime,
where a consistent flow of droplets is present, or in a drop-on-demand regime, where
individual droplets of the material are laid onto the surface when the system is triggered.
The liquefied polymer must have a viscosity that is low enough to allow the forming of
droplets.

The manufacturing apparatus of a trademarked PolyJet MJT machine is shown in Fig. 4.6.
The multi-nozzle inkjet head deposits the model material and the support material. The
model material is a photopolymer ink that is cured with UV light after each completed
layer. The support material is applied in every layer to provide support for overhanging
parts of the model. Unlike BJT, the supporting material must have a dense volume
to provide sufficient support to the individual droplets [22]. The supporting material is
disposed of after the product is finished.

Material jetting allows for multi-material printing. This is well suited for the manufac-
turing of metamaterials. MJT is popular for the construction of acoustic metamaterials,
due to the easily altered frequency response of the material [27].
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Fig. 4.6: Material jetting machine PolyJet consisting of (a) vertically movable base plat-
form, (b) multi-nozzle inkjet head, (c¢) layers of support material, (d) layers of model
material, and (e) UV light source attached to inkjet head [22].

4.2.4 Powder bed fusion (PBF)

In powder bed fusion, the model material is used in its powder form. A layer of powder
is applied, and a localised heat source is used to melt the particles so that they coalesce
and form a solid layer of the product. This is done for each layer of the model until the
part is finished. The powder is applied as a consistent layer on the whole area and the
uncoalesced particles act as supports for any overhanging sections [25]. The entire powder
bed is often kept at elevated temperatures (but still below softening temperature) to allow
stress relaxation and prevent distortions caused by internal stresses within the particles
and layers [22]. The most prominent manufacturing process of polymers within the PBF
is selective laser sintering (SLS).

Powder bed fusion processes are commonly used for manufacturing metamaterials as they
allow complex structures to be created. These methods have, for example, been employed
to create metamaterials with various Poisson’s ratios [2; 27].

+ Selective laser sintering (SLS)
The general procedure of SLS has been explained above. Unlike another common
method — selective laser melting (SLM), which is often used for metals and which
melts the powder particles completely, SLS only softens the material to allow sin-
tering of the particles. The selective laser sintering process in Fig. 4.7 shows com-
ponents for layer distribution and heat transmission.

SLS is one of the most widely used methods because of its high applicability to
many materials. Virtually any material can be used as long as the particles are
sinterable [25]. The manufactured parts also show good mechanical properties and
are suitable for use in engineering applications [22]. The mechanical properties of
the printed material are governed by the base material, the particle size, sintering
temperature, and layer thickness. Most of the parts show a certain level of porosity,
and the surface can be rough. These can become weak spots of the structure and
are reduced by post-processing and/or coatings.
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Fig. 4.7: Selective laser sintering machine consisting of (a) vertically movable base plat-
form, (b) heated powder bed with embedded, sintered model layers, (c) laser source and
(d) optics, (e) powder feedstock and deposition hopper, and (f) blade for powder distri-
bution and levelling [22].

4.2.5 Sheet lamination (SHL)

Sheet lamination methods work on the basis of layering individual sheets of material on
top of each other and subsequently laminating them in every step, while cutting out the
model layers. Most commonly used methods include laminated object manufacturing
(LOM), also called laminated layer manufacturing, and selective deposition lamination

(SDL).

o Laminated object manufacturing (LOM)

Laminated object manufacturing is a combination of additive and subtractive meth-
ods. A schematic build of the machine is shown in Fig. 4.8. A sheet of material
(ranges anywhere from paper, polymers, to metals or fabrics) is stretched over the
working area and adhesive is uniformly distributed over the whole area (this is the
main difference between LOM and SDL, where SDL uses selective deposition of ad-
hesive only on the cross section of the part, whereas LOM bonds together the outer
material as well either by layering adhesive on the working area or using adhesive-
coated sheets). The layers are laminated by a hot roller, and the cross section of
the layer is cut out with a laser. The outer material is cut into cross-hatch for
future disassembly and the base moves down by one layer thickness. This process is
repeated until the entire part is created. Then the cross-hatch sections are removed
and the finalised structure is obtained.

LOM is more suitable for creating full-volume structures without internal cavities,

as these are very complicated to make [25]. The process also creates a lot of waste,
which makes it less advantageous for complicated structures, such as metamaterials.
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Fig. 4.8: Laminated object manufacturing (LOM) machine consisting of (a) vertically
movable base platform, (b) material feedstock of sheet rolls, (c) residual material collec-
tion, (d) laser and (e) laser optics, and (f) heated roller [22].

4.2.6 Vat photopolymerisation (VPP)

The vat photopolymerisation methods are built on the principle of curing photosensitive
polymer resins in a layer-by-layer manner using a light source such as a laser or digital pro-
jection that induces the polymerisation of initially liquid material. These methods include
e.g. stereolithography, digital light processing, continuous liquid interface production, or
two-photon polymerisation.

» Stereolithography (SLA)
One of the early 3D printing methods is called stereolithography. A laser beam is
used to cure photosensitive polymer resins in a layer-by-layer manner. The resin is
stored in a vat, and the moveable platform is used as a base layer of the part. There
are two approaches to SLA printing, as shown in Fig. 4.9. The terminology is not
clearly established in the literature as it varies between publications [26; 27; 29; 30].
In this work, the terminology defined by Askari et al. [26] is used.

The top-down approach starts with the platform under the resin surface by the
thickness of a layer. A laser beam then cures the layer as defined by the CAD
model and the platform moves down by a layer thickness again. In this manner, the
whole structure is printed, while the previously printed layers are submerged in the
uncured resin vat. Bottom-up mode utilises a transparent non-adherent plate under
the resin vat to apply the light source to the layer and polymerise the monomers,
and the base platform then moves upwards, so the structure suspends from the
platform outside the resin [26].

« Digital light processing (DLP)

The manufacturing process of digital light processing is very similar to that of stere-
olithography. However, rather than using a single-point laser source and rastering
the layer point-by-point, DLP uses a projection of the whole layer, which allows
curing of the whole layer at once. The light is emitted using a digital micromirror
device (DMD), which consists of an array of mirrors that project light on each pixel
and control the on/off state [27]. This allows for much higher speeds of production
compared to SLA. Top-down or bottom-up approaches may be used [27].
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Fig. 4.9: Stereolithography printing process in a (a) bottom-up manner, (b) top-down

manner consisting of a vat of polymer resin, base platform that retracts from the resin
surface and light source (PDMS stands for polydimethylsiloxane) [31].

« Continuous liquid interface production (CLIP)

The continuous liquid interface production process is built on digital light process-
ing and stereolithography principles. The manufacturing process is the same as in
bottom-up DLP, but instead of non-permeable plate, an oxygen-permeable one is
used. Oxygen inhibits the polymerisation of the resin in the vicinity of the plate,
creating a "dead zone' of resin that remains liquid even after being exposed to the
light source [22]. Since recoating the cured structure with a new resin layer is the
most time-consuming step, this method results in a huge increase in the manufac-
turing speed: up to 30 cm/h for a resolution lower than 100 pum (as opposed to an
order of cm/h for DLP) [22]

+ Two-photon polymerisation (2PP)
Unlike the other vat photopolymerisation methods, two-photon polymerisation uses
a completely different approach. It is built on the two-photon absorption process,
where the resin cures only when two photons are absorbed simultaneously [27]. This
happens at the focal point of a very strong laser. Subsequently, any point in the
vat can be chosen to be cured without curing its surrounding resin by changing the
location of the focal point of the laser in three directions [22]. 2PP offers the best
resolution of all the methods listed, as features below 100 nm are common [22]. This
method is widely used in the creation of metamaterial structures that require very
detailed features and tunability [26; 27].
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4.3 Additive manufacturing of polymer mechanical meta-
materials

Of the methods mentioned for printing polymer materials, some are more common and
advantageous for printing metamaterials. The PolyJet material jetting system allows the
printing of resins with varying stiffness side by side, which governs the final properties of
the cured material [27]. When the ratio of the different resins is changed, the properties
of the material can be tailored to an extent. Auxetic metamaterials have been manufac-
tured using inkjet printing, utilising the fact that the method allows very complicated 3D
patterns and structures to be printed [26].

Selective laser sintering is common in mechanical metamaterial manufacturing. The
method is simple and straightforward and suitable for a wide variety of materials, al-
though the surface quality is lower and volume or surface defects may occur.

Similar characteristics are applicable to fused deposition modeling, where the manufac-
turing machines are available at lower cost, although the resolution might be lower than
that for the parts manufactured by SLS. FDM methods allow a relatively easy and fast
production of mechanical metamaterials where the properties depend on the structure,
such as auxetic materials or materials with energy absorption [26].

Vat photopolymerisation methods are suitable for printing highly detailed small-scale
structures. These high-resolution methods are limited to photosensitive resins that are
cured by a light source. They have been applied in creating auxetic structures or meta-
materials with enhanced mechanical properties [26; 32].

The metamaterial structure researched in the practical part of this thesis (described in
Section 3.4.4) was printed using FDM. The method was chosen because of the availability
of the printing machine and filament and the easy manufactuing process, since many
specimens and structure models had to be printed.
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5 Mechanical behaviour of polymers

5.1 Quasi-static behaviour

The elastic behaviour manifests itself in two ways. FEnergy elasticity is realised by in-
termolecular forces between individual chain molecules, which hold the structure in its
original shape until it is overcame by external loading. Since there are more possibili-
ties for folded molecules than for straight molecules, the thermodynamic force drives the
molecules to curl and entangle back after loading, resulting in higher entropy. This is
called entropy elasticity [33].

In amorphous polymers, the chains untangle and arrange in the direction of the load,
where they further stretch (Fig. 5.1(i)) [33]. In semi-crystalline polymers, the deformation
mechanisms of the amorphous regions are interlammelar slip, interlammelar separation
and stack rotation (Fig. 5.1 (ii)-(b),(c)) [34]. The deformation of the crystalline regions is
achieved by crystalographic slip. The slippage of the crystals results in their separation
into blocks and, when further loaded, the formation of fibrils (Fig. 5.1(ii)-(d),(e)).

(i)

Fig. 5.1: Tensile behaviour of (i) amorphous polymers, (ii) semi-crystalline polymers
where (a) is the initial stage, (b) represents the lengthening of amorphous regions, (c)
the rearrangement of crystalline regions, (d) the separations into blocks, and (e) the
formation of microscopic fibres (microfibrils) [33].

5.1.1 Viscoelastic behaviour

Polymer materials exhibit the behaviour of solids, as well as liquids. This is because the
materials deform gradually as the chain molecules unravel over time. The response of the
material depends on factors such as loading speed, temperature, or environment. The
two main features of viscoelastic behaviour are creep and stress relaxation. Creep is the
plastic flow of material loaded with constant stress (Fig. 5.2(a)). Stress relaxation is the
decrease of stress over time while strain is kept constant (Fig. 5.2 (b)) [15].
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Fig. 5.2: Viscoelastic behaviour of polymers: (a) creep, (b) stress relaxation [35].

5.2 Fatigue behaviour of polymers

Fatigue is a damage process that occurs when the material is subjected to repeated al-
ternating stress (e.g. mechanical, thermal) [16]. Failure occurs after a number of cycles
depending on the material properties, loading conditions, and loading intensity. It is im-
portant to investigate the fatigue behaviour of a material, as parts can fail at much lower
stresses when subjected to cyclic loading, compared to monotonic loading.

Fatigue of metals has been researched since 1837 and Woéhler’s work on coach axles formu-
lated fatigue principles used to this day [36]. Cyclic loading can be graphically described
by a sinusoidal wave (Fig. 5.3(a)). This load can be controlled by stress or strain (a fur-
ther description will consider stress-controlled fatigue; however, strain-controlled fatigue
has analogous principles). A cycle is defined by its mean stress o,,, amplitude o,, and

R-ratio calculated as o
R _ Ymin : (51)

O-max

defining the loading conditions. During one cycle, the material undergoes the full loading
scheme consisting of reaching the maximum stress o,.x, decreasing until the minimum
stress o, and returning to the initial value of the mean stress o,. The stress-strain
plane is used to plot the values during one cycle creating the hysteresis loop (Fig. 5.3(b)),
which describes the material behaviour within each cycle. This allows the quantification
of elastic and plastic strains within one cycle.
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Fig. 5.3: (a) Schematic illustration of cyclic loading in time. (b) Hysteresis loop [16].
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Fatigue can be divided into low-cycle and high-cycle regimes. In low-cycle fatigue, signif-
icant plastic strain is present and the yield stress is exceeded during loading. High-cycle
fatigue is the subject of the practical section of this work, so it will be described in more
detail.

The most common way to describe high-cycle fatigue are Wohler curves (Fig. 5.4), also
called S-N curves, that can be described by equation

o, =A- NfB, (5.2)

where o, is the stress amplitude, N is the number of cycles to failure and A and B
are material parameters. An endurance limit o, can be denoted for most engineering
materials. When a given material is subjected to cyclic loading with amplitude lower
than the endurance limit, the accumulated damage is too low to cause the material to fail
and the material will reach the so-called "infinite life".
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Fig. 5.4: Wohler (S-N) curve with (A) and without (B) endurance limit [16].

The microstructure of polymers consists of long entangled polymer chains. When sub-
jected to cyclic loading, these chains behave differently from crystalline metallic struc-
tures. The two mechanisms of fatigue damage recognised and used in the literature are
self-heating (thermal) fatigue failure and mechanical fatigue failure [15; 37; 38; 39].

5.2.1 Self-heating fatigue failure

Self-heating governs the fatigue failure when loading conditions lead to a severe increase in
the material temperature. The viscoelastic nature of polymers induces energy dissipation
in the form of heat during loading [40]. If the conditions are set up in a way that the heat
transfer from the material to its surroundings levels up with the heat produced within, the
material reaches the so-called "thermal equilibrium" after a certain temperature increase
and stabilises at this temperature (Fig. 5.5 ¥— V). Mechanical properties are altered by
this increase, but the fatigue failure mechanism is mechanical (see Section 5.2.2).
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Fig. 5.5: Temperature rise during uniaxial cycling of polyacetal at R = —1, f = 5 Hz for
stress amplitudes o, ¥: 15.0, x: 16.0, A: 17.4, 0: 19.7, V: 21.6, e: 22.4, +: 27.8 MPa [38].

However, when loading creates more heat than the amount of heat transferred to the
surrounding environment, thermal equilibrium is not reached and the temperature of the
material increases until the properties of the material degrade so much that the material
cannot withstand the load and fails (Fig. 5.5 e,4+) [37]. In this case, the failure is caused
by excessive self-heating (also called thermal fatigue failure). The failure mechanism
depends not only on the amplitude of the stress, but also on the loading frequency, where
increasing the frequency increases the risk of overheating, as the material does not have
enough time to transfer heat to its surroundings. This effect of frequency is portrayed
in Fig. 5.6. Tensile mean stress reduces the allowable stress amplitude to reach thermal
equilibrium, specimen geometry, internal friction, and the heat capacity of the material
influence the speed of heat transfer [37; 38; 40; 41].
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Fig. 5.6: S-N curves of acetal depending on the loading frequency for frequencies f +:
0.167, v: 0.5, 0: 1.67, o: 5.0, A: 10.0 Hz [38]. T marks a failure caused by self-heating.
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5.2.2 Mechanical fatigue failure

Mechanical fatigue failure represents the "conventional' fatigue behaviour known from
metallic materials. The fatigue process has three distinct stages [16]:

1. Crack initiation
2. Crack propagation
3. Final fracture.

A fatigue crack usually initiates in an area of localised plastic deformation or a surface
craze, developed due to defects in the part or stress concentration sites [41]. These may be
fabrication defects or geometry features in which localised plastic deformation develops.
Two mechanisms of polymer failure are crazing and shear yielding [42].

Craze develops as a result of the untangling and elongation of polymer chains. This
mechanism is accompanied by an increase in volume due to voiding of the material [42].
In areas of stress concentration, the material develops a zone of localised stress, where
the craze develops. Crazing begins with the formation of microvoids in amorphous inter-
spherulitic regions, as the intermolecular bonds within them are weaker than those within
spherulite lammelae [37; 43]. Crazes grow normal to the principal tensile stress. The
spherulites in the bulk material around voids bisect into lammelae, whose chains elongate
and create one-directionally orientated fibrils. With further load, these fibrils continue to
stretch until they break, resulting in crack formation [37; 44]. The schematic of the craze
and crack is shown in Fig. 5.7. Repetition of the described process propagates the formed
crack. Once the crack reaches a critical length and the ligament cannot withstand the
load, the final fracture of the part occurs. The craze is not an area of fractured material,
as the fibres still have some bearing capacity [37; 44]. Crazing was initially reported for
amorphous polymers only; however, further research has shown that crazing mechanisms
occur in semi-crystalline polymers as well [42].

Microvoid

deformation formation

Crack > Craze ——— 3

Fig. 5.7: Craze and crack formation [37].

Shear yielding is an intensive plastic deformation of the material mass in the form of
shear bands. Shear bands (Fig. 5.8) are localised deformation zones that propagate along
the shear planes [37]. The creation of shear bands is not accompanied by any volume
change, which means that this mechanism alone does not produce any internal surfaces
or cracks [42]. Cracks have been reported to start in several possible ways [45]. Cracks
can initiate by voiding at the intersections of shear bands, where the highly strained
fibrils of one shear band are further stretched in another direction by another shear band,
resulting in disentanglement or scission of the polymer chain, nucleating the crack. Coarse
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microshear bands can slide on each other and create fibrous sheets that are prone to
cracking under tensile load. However, voiding of material at shear band intersections can
also form a craze. If the shearing is highly localised around the crack tip, the crack will
propagate and result in a brittle fracture. If the shear yielding is relatively homogenous,
the polymer hardens and ductile failure occurs [37; 45].

7 AN —

Fig. 5.8: Shear bands in polystyrene [37].

Whether the crazing or yielding mechanism prevails is a subject of many variables. The
material properties and cross-linking, the applied load, and the testing temperature all
influence the failure mechanism present. At very high and very low temperatures, crazing
will occur by disentanglement and scission, respectively. Increasing the thickness of the
specimen results in plane strain conditions, which favour craze creation. Higher chain
entanglement, high molecular mass, and short chain branching with reduced crystallinity
promote the shear yielding mechanism [42]. The two mechanisms can also occur simul-
taneously, creating the so-called "epsilon plastic zone" consisting of a leading craze and a
pair of shear bands [46].

5.3 Fatigue lifetime estimation criteria

Two well-established approaches for fatigue lifetime estimations are adapted from metals.
The concept of Woéhler curves [47] has been used extensively over the years. Abdelkader et
al. [48] measured the Wohler curve of high-density polyethylene. Bernasconi et al. [49] in-
vestigated the effect of fibre orientation in short glass fibre reinforced polyamide-6 through
Wohler curves. If the failure mechanism is through crack growth, the concepts of fracture
mechanics can be applied as described by Moore, Pavan, and Williams [50]. Arbeiter
et al. [51] measured the fracture mechanics properties of PLA additively manufactured
specimens.

When considering multiaxial fatigue, the failure mechanisms are more complex and various
criteria have been presented to predict the lifetime. Wang et al. [8] applied four criteria
used for the metallic materials: Fatemi — Socie (shear strain-based critical plane), Smith
— Watson — Topper (SWT) criterion (tensile strain-based critical plane), Chen — Xu —
Huang criterion (combined energy density and critical plane), and modified SWT criterion
on experimental data of PEEK in different loading paths, and found some of them to
be applicable for the semi-crystalline polymer. The principal stress criterion, the von
Mises criterion, and the energetic criterion were applied to reinforced polybutylene and
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polyethylene mix PBT-PET GF30 and reinforced polyamide PA66 GF35 by Klimkeit et
al. [52].

In the following sections, criteria chosen for estimating the fatigue lifetime of the polymer
metamaterial structure in the practical part of the thesis are presented. The first prin-
cipal stress criterion and the von Mises criterion were chosen because of their simplicity
and applicability with minimum required material parameters. A criterion proposed by
Berrehili et al. [53] has been successfully used to estimate the lifetime of high-density
polyethylene (HDPE) subjected to multiaxial loading. A criterion by Nitta et al. [54] was
proposed to assess the lifetime of 304 stainless steel. However; the approach is generic,
and its application to polymer materials can show its transferability to these materials.
Furthermore, all chosen criteria require data that can be obtained by testing the available
specimens.

5.3.1 First principal stress criterion

The basic assumption of the first principal stress is that fatigue is governed by the first
(maximum) principal stress [52]. The crack initiates in the location of the highest value
of the first principal stress and grows perpendicularly to its direction. The amplitude of
the principal stress over one cycle is used. The criterion can be written as follows:

Oeq = 010 = Of - fol/m, (5.3)

where the equivalent stress oo equals the amplitude of the first principal stress at the
investigated location oy ,. Nt is the estimated number of cycles to failure. of and m are
material parameters identified from the Wohler curve of the material. The values of the
stress amplitudes for the lifetime prediction of the metamaterial structure will be obtained
from numerical simulations of the structure.

5.3.2 von Mises criterion

Analogously to the principal stress criterion, the von Mises criterion is also based on a
Wohler curve equation. Instead of using the first principal stress as the equivalent stress,
von Mises stress is considered the governing mechanical parameter for fatigue damage [52].
Using its amplitude over one cycle, the criterion can be written as

Oeq = OayM = O - f_l/m, (5.4)

where o, v is the amplitude of von Mises stress at the critical location and Ny is the
estimated number of cycles to failure. of and m are material parameters derived from the

Wohler curve of the material.
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5.3.3 Berrehili et al. second invariant criterion

Berrehili et al. [53] proposed a criterion that utilises the second invariant of the deviatoric
stress tensor J5, which provides information about shear and accounts for the influence
of mean stress. The criterion is based on the von Mises criterion with additional terms
considering the second invariant of the stress tensor. The criterion can be expressed as
follows:

A
Ueq = \/\72,max +a- \72,111 S B + cha (55)

where «, 3, A, and ¢ are parameters. This criterion requires two Wohler curves of the
material. Wohler curve in fully reversed loading at R = —1, for which Ja , is zero, allows
identification of parameters 3, A, and c¢. These can be fitted using the right-hand side of
the equation. « can be identified from a Wohler curve in pulsating tension, R = 0.1 is
used in the practical part of the thesis.

5.3.4 Nitta et al. strain energy density criterion

Nitta et al. [54] presented a criterion that uses parameters based on the strain energy
density W to calculate the fatigue lifetime. This criterion has different formulations
depending on the crack mode and loading type. In this thesis, the proportional loading
and crack propagation in Mode 1 (opening mode) are considered. Thus, the criterion can
be written as follows:

A
AW, = % Aey = A, - NP1, (5.6)

where A; and f; are material parameters that can be obtained from the Woéhler curve
of the material. Aco; and Ae; denote the range of the first principal stress and the first
principal strain, respectively.
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6 Problem-solution approach

As stated in chapter 2, the aim of this work is to predict the fatigue lifetime of the
proposed metamaterial structure. Fig. 6.1 shows schematics of the sequence of tasks and
the procedures used to obtain the fatigue lifetime estimation.

‘ Specimen testing ‘

Y Y Y Y
Tensile Compressive Impulse Temperature
testing testing excitation testing testing

E, E, H Fatigue

| ¢ | testing

Metamaterial structure ¢
. . . S-N curve
numerical simulation
Structure  Stress & strain state
response in critical locations
|
= Y
2
*Ee‘; Lifetime estimation
i criteria
g
=3
”qg Number of cycles g
E to failure g
=2
<
Structure Number of cycles =
response to failure g
=
f f =
Compressive Fatigue
testing testing
A A

‘ Metamaterial structure testing ‘

Fig. 6.1: Schematics of the workflow to obtain fatigue lifetime prediction. Laboratory
testing is indicted in blue, calculations in red. Obtained parameters are blank, where FE
and FE. are elastic moduli in tension and compression, respectively, and p is Poisson’s
ratio. Yellow are verification and validation procedures.

Microsoft Excel [55] and MATLAB R2022a [56] were used for data analysis, numerical
simulations were performed in the ANSYS 2023 R2 [57] and 2024 R1 [58] software in
Workbench and Classic environments (programming language APDL - Ansys Parametric
Design Language was used in the Classic environment).
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7 Experimental testing of the material

The proposed metamaterial structure is manufactured from (PA12) filament by FDM.
PA12 is one of a few relevant filaments for engineering applications with FDM. It has good
tensile strength, impact strength, and fatigue endurance. It is chemically and thermally
stable and exhibits high UV resistance [18]. Furthermore, PA12 is a commonly used
material for SLS, allowing a comparison of the manufacturing methods in future research.

Additive manufacturing influences the mechanical properties of the manufactured parts.
Instead of using the properties of the filament material, laboratory tests of 3D printed
specimens were conducted to assess the required model of material. All additively man-
ufactured specimens and structures were sourced from the Polymer Competence Center
Leoben (PCCL), where they were printed using printer Qidi X-Max.

7.1 Tensile testing

Dogbone specimens were made from PA12 with the same printing settings as the metama-
terial structure. The layered nature of FDM influences the behaviour; therefore, specimens
were manufactured in six groups of different printing orientations for comparison. These
are flat 90°/90°, flat 0°/0°, flat 0°/90°, flat 45°/135°, upright 0°/90°, and upright 45°/135°
(Fig. 7.1(b)). The dimensions of the dogbone samples (Fig. 7.1(a)) are set according to
the ASTM D638-2022 standard [59].

The tensile test was used to measure the tensile elastic modulus E;. The test was carried
out according to the ASTM D638-2022 standard with a test speed of 5 mm/min. Multiple
specimens from each printing orientation group were tested using an INSTRON E3000
computer-controlled testing machine. A diplacement gage was used to measure the
diplacement.

Data from all curves within one group were averaged in one curve using linear interpolation
(Fig. 7.2(a)), recalculated to true values, and the tensile elastic modulus E; was calculated
according to the ISO 527-1:2019 standard [60] using the formula

JoN - 7.1

' € —Ei (7.1

where o; is the stress measured at the strain value ¢ = 0.0005 and o; is the stress
measured at the strain value ;5 = 0.0025. The comparison of the measured tensile

elastic modulus of each printing orientation group is shown in Fig. 7.2(b). Flat printed
orientations exhibit comparable modulus values. However, upright printing orientations
exhibit much lower values of the modulus.

7.2 Compressive testing

Block specimens for compressive testing were printed in the four different flat printing
orientations. The methodology of compressive testing of plastics and specimen dimensions
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Fig. 7.1: (a) Dimensions of the used dogbone samples, (b) Groups of dogbone specimens
based on printing orientation.
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Fig. 7.2: (a) Average engineering and true tensile stress—strain curve for flat 0°/0° spec-
imens, (b) Mean values and standard deviations of tensile elasic modulus for individual
printing orientation groups.

(10 x 4 x 10 mm) are dictated by the ISO 604:2002 standard [61].

Given that polymers can exhibit different behaviours under tension and compression,
compression tests were conducted to capture any differences in behaviour and obtain
the correct compressive modulus of elasticity E.. The testing followed the ISO 604:2002
standard with a test speed of 1 mm/min. Several specimens of each group were tested.
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Data were processed in the same way as for the tensile testing mentioned in Section 7.1,
giving a resulting compressive elastic modulus F..

A representative average compression curve for flat printed 0°/0° specimens is shown in
Fig. 7.3(a); the values of the compressive modulus for each tested group are shown in
Fig. 7.3(b). The printing orientation groups are again comparable, with the flat 0°/0°
orientation showing a slightly lower value. Compressive testing of the block specimens
was conducted at the PCCL.
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Fig. 7.3: (a) Average engineering and true compressive stress—strain curve for flat 0°/0°
specimens, (b) Mean values and standard deviations of compressive elasic modulus for
individual printing orientation groups.

7.3 Impulse excitation testing

Impulse excitation testing was used for measurement of the Poisson’s ratio of the flat 0°/0°
specimens. The test followed the ASTM E1876-22 standard [62] and used thin block speci-
mens with dimensions 50 x 15 x 1 mm. The experiment was carried out by IPM colleagues
on an IMCE HT1600 test machine with the data processed in RFDA Professional software.

Multiple specimens were tested and the averaged Poisson’s ratio of the measured flat 0°/0°
printed material is © = 0.43. This value corresponds to results from literature [63; 64].

7.4 Fatigue testing

ASTMT7791-22 standard [65] was followed for the fatigue testing of the material. Dogbone
samples described in Section 7.1 were used for the testing, as the specimens required
by the standards are identical. The tests were performed using an INSTRON E10000
electrodynamic testing machine.

The standard prescribes a test frequency between 1-25 Hz. However, as discussed in
Section 5.2.1, polymers can suffer a significant temperature increase during cyclic loading
leading to failure due to self-heating. Temperature measurements were taken for the
flat 0°/0° printed specimens at loading frequencies 5, 10, and 15 Hz at an R-ratio of 0.1
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and loading amplitudes 2, 4, 6, 8, and 10 MPa. The tests showed that the PA12 material
used is not highly sensitive to the loading frequency within the investigated range and
the applied load. The temperature testing graphs are shown in Appendix A.

Therefore, a test frequency of 10 Hz was chosen as a sufficient compromise between the
testing time and the increase in the material temperature. Cyclic loading with R-ratio
R = 0.1 was applied. The infinite life of the dogbone specimens was considered to be
Nt limit = 105 cycles. Wohler curves were measured for each printing direction group
and are plotted in Fig. 7.4. Similarly to tensile behaviour, significantly worse fatigue
endurance can be observed in the upright printing direction groups.
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Fig. 7.4: Wohler curves of the respective groups of dogbone specimens tested at f = 10 Hz
and R = 0.1.

7.5 Model of material

The material parameters obtained from the testing are:

e Tensile elastic modulus E}

o Compressive elastic modulus F.

» Poisson’s ratio p

o Woéhler curve with the corresponding fatigue endurance limit o..

Based on the poor performance of the upright printed specimens, avoiding this printing
direction within the metamaterial structure is necessary. The absence of these printing
directions can be confirmed by checking the printing orientation of the metamaterial
structure (Fig. 7.5). Furthermore, by analysing the printing directions within the structure
with respect to the loading conditions (marked with blue arrows in Fig. 7.5), the struts
can be investigated. With the applied load, the struts experience the highest stress. The
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direction of printing that best matches the struts with respect to the load is the flat 0°/0°
one. The model of material will thus be created on the basis of the experimental testing
of the flat 0°/0° printed specimens. Its parameters are listed in Tab. 7.1.

Fig. 7.5: Printing directions within a cut of the metamaterial structure and the direction
of applied load.

Tab. 7.1: Measured material parameters of the flat 0°/0° 3D printed material used for
creation of the model of material.

Material parameter | Value | Unit
Tensile elastic modulus F; 1107 | MPa
Poisson’s ratio u 0.43 -
Compressive elastic modulus F. | 641 | MPa
Fatigue endurance limit o, 4,5 | MPa

44



8 Numerical modelling

Finite element method (FEM) was used for numerical modelling of the metamaterial
structure. This method allows for a detailed analysis of the stresses and deformations
within the structure. In this chapter, the development of the numerical model of the
structure is described with the applied loading and boundary conditions.

8.1 Model of geometry

The PCCL provided a CAD model of geometry of the full structure with 7x7x7 cubes
(Fig. 8.1(a)). In order to reduce the material used for manufacturing the structures, a
model reduction was desirable. Thus, a reduced structure with 3x3x3 cubes was proposed
(Fig. 8.1 (b)). This structure needs to be sufficiently equivalent to the full-size structure.
Therefore, the dimensions of struts and cubes were kept identical. The values of the first
principal stress along the sides of the upper and lower struts of the centre cube were
analysed for this assessment.

Fig. 8.1: (a) CAD model of the full-size structure, (b) proposed reduced structure model,
with details of the upper (red) and lower (blue) strut of the centre cube respective for
each structure.

Both structures were meshed with the same parmeters. Linear model of material was
used with parameters listed in Section 7.5. Both structures were loaded by displacement
causing a compressive strain of ¢ = 0.01. The first principal stress o; along the outer
and inner faces of the strut above and below the centre cube (as shown in Fig. 8.1) was
plotted for both cases. The results are plotted in Fig. 8.2.

The stress profiles along the strut faces can be clearly compared in the plotted figures.
Even though the maximum difference of the first principal stress along the strut face is ca.
30 %, the stress distribution is comparable. Thus, the full-size structure can be substituted
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Fig. 8.2: Values of the first principal stress along the (a) outside and (b) inside face of

the centre cube upper strut, and (c) outside and (d) inside face of the centre cube bottom
strut.

by the reduced model. Moreover, manufacturing and computational time, as well as the
consumed material, will be greatly reduced. After consultation with colleagues from
PCCL, some further changes were made to the model of geometry to ensure printability
of the structure by FDM. The final reduced structure, used for further experimental
testing and numerical simulations, is shown in Fig. 8.3.

T\i‘i (b)

Fig. 8.3: Reduced model of the metamaterial structure with 3x3x3 cubes with altered
geometry parameters for printing reasons.
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8.2 Discretisation

The stresses and strains within the structure are calculated using FEM. Therefore, the
model of geometry must be divided into elements, and mesh must be created. The quality
of the mesh will directly affect the accuracy of the results.

The mesh was created in the Workbench interface of the ANSYS software [57]. Quadratic
elements SOLID 186 and its tetrahedral form SOLID 187 were used for the entire structure
to describe the evolution of the stress field along the geometry better. The geometry was
separated into cubes and struts. Since struts are the main domains of interest, a regular
fine mesh was created, which further refines the accuracy of the results in these locations.

8.2.1 Mesh size sensitivity analysis

To ensure the sufficiency of the created mesh, a sensitivity analysis was carried out.
The effect of the element size of the struts on the maximum value of the first principal
stress was investigated. The general rule of sensitivity analyses states that the results are
representative once the difference between the results of an initial model and a model with

doubled mesh density is less than 5%. Meshes of the three calculated cases are shown in
Fig. 8.4.

Fig. 8.4: Mesh density of the struts for a strut element size of (a) 0.3 mm, (b) 0.15 mm,
(c) 0.075 mm.
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A boudary condition of 1 mm compressive displacement of the top face was set for each
case. The maximum first principal stress on the struts is the monitored solution param-
eter, as it is the crack opening stress. The parameters of each case including the element
size, number of elements in the model, the computational time, the maximum value of
the first principal stress, and the difference between cases is listed in Tab. 8.1.

Tab. 8.1: Dependence of the maximum first principal stress on the strut element size,
with respective number of elements and computational time for each case.

Element size [mm] | No. of elements [-] | Runtime [hh:mm:ss] | o1 [MPa] | Difference [%]

0.3 346 833 00:04:10 22.775 -
0.15 987 280 00:13:50 22.354 1.86
0.075 4 730 391 01:49:00 22.284 0.29

The results show little difference between the simulated cases. The number of elements
increases rapidly with decreasing element size and with that increases the computational
time of the numerical simulation. The refined mesh with an element size of 0.075 mm
improves the result only by 0.29 %, but the runtime increases almost eight times. As a
result of this, the medium element size was chosen for further simulations.
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Fig. 8.5: Mesh of the entire metamaterial structure with a detailed view of the fine regular
mesh on the struts.

8.3 Boundary conditions

In order to calculate the results of the stress and strain corresponding to the real loading of
the structure, the loading and boundary conditions of the structure must be set correctly.
The structure is loaded in compression, so the necessary boundary conditions need to
represent

e The flat base the structure is located on
e The fixed rotation of the structure on the flat base
e The uniform compressive loading on the top face.
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Further modelling was performed in the Classic interface of the ANSYS software [57].
Fig. 8.6 shows the schematics of the boundary conditions applied on the structure. To
represent the flat base under the structure, the displacement of the bottom face is re-
stricted in the z-direction. Two nodes in the centre of the bottom face are fixed to
prevent rotation of the structure. Vertices on the top face are coupled together in the
z-direction to model the uniform compression of the structure that would occur during
the real loading.

(a)
Fig. 8.6: Schematic representations of the boundary conditions applied on the top (a) and
bottom (b) face consisting of force load and coupled z-displacement on the top face, and
fixed support of two vertices and restricted z-displacements on the bottom face.

8.4 Tension and compression element models of material

As described in Chapter 7, the 3D printed material behaves differently in tension and
compression. The numerical model thus needs to be adjusted to reflect this behaviour.

Due to inability to set different tensile and compressive properties within one model of
material using ANSYS, two linear models of material were created; a model with tensile
properties and a model with compressive properties. The models of material were then
assigned to each element based on their response to loading. This process followed the
scheme in Fig. 8.7.

First, all elements were set to the tensile model of material. The structure was then
loaded, and for each element, the volumetric strain was calculated following the equation

AV
€y = —— = €1 + &9 + €3. (8.1)

Vv
The volumetric strain e, represents the change in volume of an element. In case of
negative volumetric strain, the element model of material was changed to compressive.
The calculation was then repeated with the resulting arrangement of elements with the

respective models of material from the previous calculation, and the same process was
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Fig. 8.7: Process of assigning the model of material to each element respective to its
volumetric change.

followed. A total of 10 iterations were calculated to stabilise the response of the structure.
The resulting distribution of the models of material within the structure is shown in
Fig. 8.8.

@ tension 'compression

Fig. 8.8: Arrangement of elements with tensile and compressive models of material within
the numerical model of the metamaterial structure.

8.5 Numerical model verification

Compressive testing of two printed structures was performed to verify the numerical
model. The structures were tested at a test speed of 5 mm/min and the stress-strain curves
are plotted in Fig. 8.10. The compressive testing was performed by an IPM colleague on
a machine INSTRON 8862, where the displacement was measured with a displacement

gage.

The measured compressive curves can be divided into three distinct regions. In the first
region, until e, ~ 0.04, the functional deformation of the struts occurs (Fig. 8.9(a)). Once
the struts are extensively plasticised, they lose their function, which can be observed by
the plateau region of the compressive curve. In the plateau region, the failed struts are
compressed until the structure is compact and behaves cohesively (Fig. 8.9(b)). After
that, from e, ~ 0.1, the compact structure starts to deform (Fig. 8.9(c)).
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Fig. 8.9: Behaviour of the metamaterial structure under compression, (a) elastic deforma-
tion of the struts, (b) struts lose function and the structure gets compacted, (¢) compacted
structure deforms as one unit.
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The simulation of a compressive test was performed using a deformation boundary con-
dition. A displacement of 1 mm was applied to the coupled nodes on the top face of
the structure, equal to a compressive strain of €. = 0.035. The simulation consisted of
ten substeps in which the reaction force in the z direction was noted. Using this force,
the pressure that needs to be applied to the top face to result in the respective strain is
calculated. This dependence is plotted along the experimental curves in Fig. 8.10. The
response obtained from the numerical modelling aligns well with the experimental data.
This verifies the created numerical model. The fatigue lifetime will be estimated in the
region of linear behaviour up to pressure magnitude ~4 MPa; therefore, the linear model
of material is sufficient for further analyses.

8 T T r I T
printed structure 1

printed structure 2

6 numerical model of the structure | -|

/

c

pressure magnitude |o_| [MPa]
N

0 | | | | | | _
0 0.02 0.04 0.06 0.08 0.1 0.12

compressive strain €, [-]

Fig. 8.10: Pressure-compressive strain curves of the tested metamaterial structures and
the numerically simulated response of the structure.
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8.6 Assessment of critical locations

Critical locations within the structure must be specified for the description of fatigue
behaviour and the prediction of fatigue lifetime. The first principal stress was chosen as
the defining parameter, as it is the crack opening stress. After loading the structure with
a compressive displacement of 1 mm, the first principal stress was plotted (Fig. 8.11). As
expected, the highest stress acts on the struts. Two distinct types of critical locations
can be recognised: Location 1 on the vertical faces of the struts and Location 2 on the
sloped faces of the struts. For these locations, the fatigue lifetimes will be estimated using
criteria from the literature. The upper-centre strut will be used for these predictions, as
the least stress relaxation is possible.

B: Static Structural

Maximum Principal Stress
Type: Maximum Principal Stress
Unit: MPa
Time: 15
Custom
Max: 82
Min: -48

Fig. 8.11: First principal stress acting on the metamaterial structure with a detailed view
of the upper-centre strut with two marked types of critical locations.

8.7 Simulation of cyclic loading

To predict fatigue lifetime using the criteria described in Section 5.3, the stress and strain
conditions at the investigated locations must be known. All chosen criteria are evaluated
for an amplitude of alternating stress (strain) due to the applied cyclic loading. The
linearity of the system requires simulations of two loading cases in order to describe the
response of the linear section of the model for any load magnitude.

To obtain the amplitude of the resulting stress (strain), the response of the structure
is examined for the minimum and mean compressive forces representing a loading cycle
(Fig. 8.12). Note, that the minimum compressive force results in the maximum stresses
and deformations in the structure, which may be counter-intuitive. Pressure magnitudes
of 4 and 3 MPa were chosen from the linear region of Fig. 8.10.

The minimum compressive force Fg min, corresponding to the chosen stress, is calculated
using the basic stress equation
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Fig. 8.12: Compressive forces representing the loading cycle for characterisation of the

metamaterial structure response during cyclic loading.

Fc,min = O¢ - Aa (82)

where o, is the applied pressure and A is the area of the top face. Using the stress
asymmetry ratio R and the minimum compressive force, the mean force F, can be
calculated with equation

Fom = R (8.3)

The stress asymmetry ratio R was set to be the same as in the case of fatigue testing of
the 3D printed specimens described in Section 7.4. However, as the structure is loaded
in compressive regime, the corresponding R-ratio is 10. Note, that the stress asymmetry
ratio I? at the critical locations is R = 0.1. Parameters F'c i, and F'¢,, are used as load
input parameters for the simulations of the structure. The amplitude of the loading force
is given by a simple equation

Fa,c = |Fc,min| - ’Fc,m|- (84)
For each critical location and load case, stress and strain tensors are recorded in the

global and principal coordinate system. Furthermore, von Mises stress is recorded at
both locations for the von Mises criterion.
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9 Fatigue lifetime prediction

Once all numerical calculations are performed and the stress and strain tensors and von
Mises stresses are recorded, the fatigue lifetime for the two critical locations can be pre-
dicted using the four criteria discussed in Section 5.3. The respective criteria formulations
are presented again for clarity.

9.1 First principal stress criterion

As discussed in Section 5.3.1, the first principal stress criterion is defined by an equation

Oeq = 014 = Of - fol/m, (9.1)

where the amplitude of the first principal stress oy, is the equivalent stress considered.
o¢ and m are fatigue material parameters.

The material parameters can be obtained from the Woéhler curve of the material. The
model of material’s parameters were established from the flat 0°/0° printing direction
specimens. Therefore, the Wohler curve used for the lifetime estimation is also of the
flat 0°/0° printed specimens. The considered Wohler curve is plotted in Fig. 9.1. The
parameters or and m are derived from the Woéhler curve, and their values are listed in
Tab. 9.1.

Tab. 9.1: Fatigue material parameters of the flat 0°/0° 3D printed material.

Material parameter ‘ Value ‘ Unit

fatigue strength coefficient oy | 74.58 | MPa
fatigue lifetime exponent m | 5.435 -
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~~~~~~~ O flat 0°/0°, runout
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Fig. 9.1: Wohler curve of the flat 0°/0° printed dogbone specimens.
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The amplitude of the first principal stress at the investigated location is the last required
input for this criterion. For this, the stress tensors in the principal coordinate system for
forces Fy, and F;, are used. The amplitude is calculated as

Ulza = UlaFmin - Ul,Fm (92)

Using these input parameters, the lifetime can be predicted for each location at both
pressure levels. The formula for calculating the lifetime estimation according to the first
principal stress criterion is as follows

Ny = (Thfmn ZO0En ) (9.3)

Ot

The lifetime predicted by the first principal stress criterion for both loading cases at
critical location 1 (vertical face) and critical location 2 (sloped face) are listed in Tab. 9.2.

Tab. 9.2: Estimated numbers of cycles to failure at investigated locations for pressure
magnitude |o.| = 4 and 3 MPa according to principal stress criterion.

Estimated lifetime Nt [-]
Location 1 \ Location 2

4 172 402 46 365
3 823 301 221 414

Pressure magnitude |o.| [MPa]

9.2 Von Mises stress criterion

The von Mises stress criterion is analogous to the first principal stress one and was dis-
cussed in Section 5.3.2. The proposed criterion formula is defined as

Oeq = OyMa = Of - fol/m, (9.4)

where the governing stress is the von Mises stress o\ at the investigated location. Sim-
ilarly to the first principal stress criterion, o and m are fatigue material parameters
derived from the Woéhler curve of the material.

The considered Wohler curve is the same as in the previous case. Therefore, the material
parameters are identical. The amplitude of the von Mises stress at a location can be
calculated from the results of von Mises stress for the minimum and mean loading force
obtained from numerical calculations as

OvM,a = OvM,Fmin — OvM,Fpn- (9-5)

The resulting formula for the lifetime estimation for a given location and pressure using
the von Mises stress criterion follows. The predicted lifetimes at the critical locations
according to the von Mises criterion are listed in Tab. 9.3.
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N — (aVM, meg— OyM, Fpn ) - (9.6)
f

Tab. 9.3: Estimated numbers of cycles to failure at investigated locations for pressure
magnitude |o.| = 4 and 3 MPa according to von Mises stress criterion.

Estimated lifetime Ny [-]
Location 1 \ Location 2

4 1034 95 736
3 4 942 457 190

Pressure magnitude |o.| [MPa]

0.3 Berrehili et al. second invariant criterion

A more complex criterion, referred to as the second invariant criterion, was discussed in
Section 5.3.3. This criterion is prescribed by a formula

A
Oeq = \/Fomax + 0 o < B+ Ve (9.7)

where Jomax and Ja., are the second invariants of the deviatoric parts of the stress
tensor Jo at minimum (the minimum force produces the maximum stress) and mean
load, respectively. Parameters 3, A, and ¢ can be derived from a Wohler curve in fully
reversed loading (R = —1). « can be derived from a Wéhler curve in pulsating tension.

An experimentally measured Woéhler curve is available only for a stress ratio R = 0.1.
Therefore, in order to derive the material parameters, the curve is transformed using a
formula proposed by Smith, Watson and Topper [66]

Oa—1 = \/Ua,o.l (0201 + Omo.1); (9.8)

where 0, _; is the load amplitude of a fully reversed cyclic load (R = —1), which results
in damage equivalent to a load cycle in pulsating tension (R = 0.1) with mean stress
omo.1 and amplitude 0,1. Although this formula was proposed for metals, it has been
successfully used for plastics by Hutar and Travnicek [67]. The stress amplitude and the
stress ratio are known, and the mean stress of the pulsating cycle is calculated from the
amplitude using equation [67]

1+ R
Om,0.1 = m *0a,0.1- (9-9)

The second invariant of the deviatoric stress tensor Js is zero for fully reversed loading.
Thus, the Equation (9.7) is simplified to a form

P A
Oeq = \72,max,—1 S 6 + ch (910)
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The general formula for calculating the second invariant of the deviatoric stress tensor is
[68]

(011 = 022)° + (092 — 033)° + (033 — o11)?] + 01y + 053 + 03y

Jo =
(9.11)

D= =

(o1 = 02)* 4 (02 — 03)* + (03 — 01)?].

The maximum stress for a fully reversed loading equals the stress amplitude. Since the
loading is uniaxial, the second invariant of the deviatoric tensor can be calculated as

1
j2,max,—1 =5 0-2,71, (912)

3
where 0, _; is the load stress amplitude. With this parameter calculated for each data
point, the dependence of |/ 75 max on the number of cycles to failure N can be expressed
and the parameters 3, A, and ¢ determined.

Next, the parameter o can be determined using a Wohler curve in pulsating tension.
Again, the experimentally measured Wohler curve of the flat 0°/0° printed specimens,
shown in Fig. 9.1, is used. For each data point, the maximum and mean second invariant
is calculated using equations

1
jQ,max,O.l = 5 : O-IQnin,O.h (913)
1 2
Jomo1 = g *O0m,0.19 (9-14)

where the mean stress oy, 1 is calculated using Equation (9.9). Equation (9.7) can be
reorganised in a form

AN 2
- Jomo1 = (5 + NC> — J2,max,0.1- (9.15)
f

All parameters are known on the right side of the Equation (9.15). Its value is calculated
for each point in the data set. Then, the value of « is calculated using the least squares
method to solve the system of linear equations in the MATLAB software [56]. All material
parameters necessary for this criterion are therefore calculated and their values are listed
in Tab. 9.4.

Tab. 9.4: Material parameters required for the Berrehili et al. second invariant criterion.

Material parameter ‘ Value ‘ Unit

B 3.87 | MPa
A 768.08 | MPa
c 0.463 -
o) -1.795 -
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To estimate the fatigue lifetime at a critical location, Ja max and J2, must be calculated
from the results of the numerical simulation according to Equation (9.11).The resulting
formula for fatigue lifetime prediction is

N =« A : (9.16)
\/u72,max+a/ : \72,m - ﬁ

where A, a, 3, and c are taken from table 9.4. J max is calculated as

jZ,max =

(011, min — <722,rnin)2 + (022.min — 033,min)2 + (033 min — Jll,min)Q] (9.17)

2

1

6

+o + o3 + o2
12,min 23, min 31,min>

and Ja 5, is calculated as

(9.18)

where individual stress values are taken from the stress tensor in the global coordinate
system for minimum force T'; giopal ., and the stress tensor in the global coordinate
system for mean force T'; giobal,F,,, Tespectively. The resulting lifetime predictions for
both critical locations and load cases are listed in Tab. 9.5.

Tab. 9.5: Estimated numbers of cycles to failure at investigated locations for pressure
magnitude |o.| = 4 and 3 MPa according to Berrehili et al. second invariant criterion.

Estimated lifetime Ny [-]
Location 1 \ Location 2

4 5 570 86 905
3 12 743 378 134

Pressure magnitude |o.| [MPa]

9.4 Nitta et al. strain energy density criterion

The criterion proposed by Nitta et al. was discussed in Section 5.3.4. The previously
presented criterion formula is

A
AWl = %Azfl = A1 : Nf_ﬂl, (919)

where A; and f; are material parameters, which can be derived from the Wohler curve
of the material. Again, the Wéhler curve of flat 0°/0° printed specimens was used. The

strain range in the elastic region is defined as
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Ae = — (9.20)

where F is the elastic modulus of the material. Substituting the strain range in the
criterion Equation (9.19) by the term in Equation (9.20), the formula results in

A
AW[:%'A€1 :Al'Nf_Bl
Aoy Ao _
_ 21 '7E1 = A, - N7? (9.21)
Ao? _
:2.;7:141.]\@51_

The Wohler curve was measured under uniaxial tension, therefore the load nature corre-
sponds with the proposed criterion. The tensile elastic modulus of the material is used.
Using the experimentally measured data, the left term in Equation (9.21) can be calcu-
lated and the material parameters A; and (5 can be derived using a power fit of the data
points. The resulting parameters are listed in Tab. 9.6.

Tab. 9.6: Material parameters required for the Nitta et al. strain energy density criterion.

Material parameter ‘ Value ‘ Unit

Ay 10.05 | MPa
B4 0.368 -

To estimate the lifetime at the investigated locations, the first principal stress and strain
ranges must be calculated. The first principal stress range is calculated as

AO’l =2 (Ul,Fmin — ULFm), (922)

the first principal strain is calculated analogously as

A?El =2 (51,Fmin - 51,Fm>; (923)

where the stress and strain values for the minimum and mean force are taken from the
stress and strain tensors in the principal coordinate system.

The formula for estimating the lifetime at the investigated locations is presented in Equa-
tion (9.24). The predicted cycles to failure for each of these locations corresponding to a
given pressure magnitude are listed in Tab. 9.7.

_s|Aoq - Ae
-8 1 1
Ne= S (9.24)
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Tab. 9.7: Estimated numbers of cycles to failure at investigated locations for pressure
magnitude |o.| = 4 and 3 MPa according to Nitta et al. strain energy density criterion.

Estimated lifetime Nt |-]
Location 1 \ Location 2

4 7 650 110 446
3 36 562 526 028

Pressure magnitude |o.| [MPa]

9.5 Validation of the lifetime prediction criteria

Compressive fatigue testing of the 3D printed metamaterial structure was performed to
validate the lifetimes predicted by the individual criteria. The test frequency was the
same as for the dogbone specimens f = 10 Hz. The stress assymetry ratio R = 10,
as the loading is compressive. This matter was previously discussed in Section 8.7. An
infinite fatigue life of the tested structure was assumed after Ny, = 5-10° cycles without
visible damage to the struts. The measured Wohler curve of the structure is shown in
Fig. 9.2. The number of cycles to failure is presented in relation to the amplitude of
pressure applied on the top face o.,. The failure in all structures was caused by cracks
propagating from the second critical location (sloped strut face).
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Fig. 9.2: Wohler curve of the 3D printed metamaterial structure of 3x3x3 cubes.

9.6 Results of the lifetime predictions

The linear dependence of the stress and strain response of the numerical model can be
expressed from the realised pair of load cases (maximum pressure magnitude |o.| of 4
and 3 MPa). The values were interpolated to obtain the model response at a maximum
pressure magnitude of 3.25, 3.5, and 3.75 MPa. For all of these loading levels, the fatigue
lifetime was predicted to plot the respective dependencies. The resulting fatigue lifetime
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predictions for all criteria at critical locations 1 and 2 are shown in Fig. 9.3 and Fig. 9.4,
respectively. The lifetime of the printed structure was plotted in the same graph to allow
the possibility of comparison of the criteria and the assertion of their suitability. The
fatigue lifetime is plotted as a function of the amplitude of pressure o .

—h— 1% principal stress o, | =+ von Mises o, , —0— Nitta et al. AW
O Berrehiliet al. J, — @ tested structure
— —— ——

13 L L N R S R | : L N S S R | I L [ S T R | L L U T

10° 10* 10° 10° 10’
N:[-]

Fig. 9.3: Predicted fatigue lifetimes at the first critical location (vertical strut face) ac-

cording to each criterion and the observed fatigue lifetimes of the real printed structure.
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Fig. 9.4: Predicted fatigue lifetimes at the second critical location (sloped strut face)
according to each criterion and the observed fatigue lifetimes of the real printed structure.
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10 Analysis of the results and discussion

The results of the lifetime predictions according to each criterion can be analysed and
their appropriateness discussed thanks to the experimentally measured Wohler curve of
the printed structure.

10.1 Compatibility of the criteria

First, the results for the second critical location are discussed. The lifetime estimations
obtained using all criteria are comparable, showing that they are suitable for the stress
state present at this location. Furthermore, the results are conservative, meaning that
the lifetime predictions are on the safe side and that the real structure will not fail sooner
than predicted. The stress state at this location can be considered biaxial, given the low
magnitude of the third principal stress. The dominant stresses are the first and second
principal stresses. For illustration purposes, the stress and strain tensors in the principal
coordinate system at the second critical location for the loading case of the minimum
force corresponding to a pressure magnitude of 4 MPa is shown below.

2295 0 0
T,=1| 0 1452 0 | MPa
0 0 0.025

0.0151 0 0
T. = 0 0.0042 0
0 0 —0.0145

The criteria considering more aspects predicted the fatigue lifetime better than the first
principal stress criterion, which is built on only one parameter. However, even this simple
criterion predicted the fatigue lifetime comparably with the other criteria. Both Berrehili
et al. and von Mises criteria work with all components of the stress tensor and describe
the present stress state better. Nitta et al. predicted the fatigue lifetime the best at the
second critical location.

A higher discrepancy is observed in the fatigue lifetime predictions at the first critical
location. Upon inspection, the stress state at this location is also biaxial. However, as
opposed to the second critical location, the dominant principal stresses are the first and
third one. Furthermore, the third principal stress has a very high negative value. The
stress and strain tensors in the principal coordinate system at the first location for the
loading case of the minimum force corresponding to a pressure magnitude of 4 MPa is
shown below.

18.02 0 0
T,=1] 0 0.005 0 MPa
0 0  —34.47
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0.0512 0 0
T. = 0 0.0110 0
0 0 —0.0659

For this location, the criteria using more parameters were not useful. Both the von Mises
and Berrehili et al. criteria failed to predict the increased lifetime at the first critical
location. The opposite occurred, as these criteria predicted a much shorter fatigue life-
time at this location. Different hypothetical stress states were assumed, and their lifetime
was predicted to describe the behaviour of the criteria. The difference between the two
dominant principal stresses is the governing parameter in these criteria, where a higher
difference decreases the ability of the criteria to correctly predict the lifetime. Further-
more, both of these criteria simplify to the first principal stress criterion for uniaxial and
equibiaxial stress states. The hypothetical stress states and their predicted lifetimes are
listed in Appendix B. Nitta et al. criterion, which is based on the strain energy density,
also failed to better predict the fatigue lifetime. Upon inspection of the principal stress
and strain tensors, it can be stated that although the first principal stress is lower at this
location, the first principal strain is much higher than at the previous location. However,
the precise reason for the criterion inacurracy at this location is unclear. A possible expla-
nation might be related to the first principal stress and strain ratio at the given location.
However, the first principal stress criterion produces estimates sufficient for a high-cycle
fatigue regime. This criterion is also the only one that correctly predicted the increase in
fatigue lifetime at the first critical location.

10.2 Experimental measurement observations

As noted previously, the failure of the printed structures was due to cracks originating at
the second critical location. Consequently, it is understood that the fatigue lifetime at the
first critical location would likely be longer than observed. However, the fatigue lifetime
predictions obtained for both critical locations were compared with a single measured
curve from an experiment in which failures occurred only at the second location. This
should be taken into account when analysing the results at the first critical location.

Additionaly, some comments can be drawn from the validation experimental measurement.
First, the precision of placement of the critical locations that were selected in Section 8.6.
Photos of the tested structures were taken at times during and after the experiments. All
tested structures had initiated cracks mainly at the second critical location, from where
they grew inward and caused the strut failure (Fig. 10.1). This observation aligns with
the distribution of the first principal stress along the strut, which is higher at the second
critical location, and the crack begins to initiate earlier.

Furthermore, some more remarks should be made considering the measured and predicted
Woéhler curves. The lifetime predictions were made using the stress and strain values of
one strut before cracks began to initiate. Thus, the predicted lifetimes only account for
one strut, not taking into account the effect of the whole structure. In contrast to this,
the behaviour of the printed structure is highly affected by this. Once a crack initiates
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Fig. 10.1: Failed layers of struts due to cracks initiated at the second critical location and
growing through the strut.

on one strut and the strut loses some of its bearing capacity, the load is redistributed
among the other ones. The crack growth is thus somewhat even along all struts, and the
structure failure is noted as a failure of the whole layer of struts. This can be observed in
the development of the minimum displacement of the machine piston in each cycle during
the experiment, which is plotted in Fig. 10.2. The displacement decreases slowly until
the entire strut layer fails. At that point, the displacement decreases dramatically as the
failed struts are compressed. This number of cycles is recorded as the number of cycles
to failure Ng.

3 | | |
0 0.5 1 1.5

N [ N %108

|
2 2.5

Fig. 10.2: Displacement measured during a fatigue test of a printed metamaterial struc-
ture. The point in red circle is considered as the number of cycles to failure V¢, as it
marks the failure of a full layer of struts of the structure.
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10.3 Printing repeatability

All specimens and structures investigated in this thesis were printed using a Qidi Tech
X-Max FDM printer. More structures were printed using a printer of the same brand but
with a different model, the Qidi Tech X-Plus, to test the repeatability of the printing. All
printing parameters were set identically, only the printer model and its location changed.
One printed structure from each printer was scanned using an X-Ray scanner Tescan
UniTOM XL at Technical University Graz. This provided layer-by-layer imaging of the
structures, which could be reconstructed into 3D models of the printed structures, as
shown in Fig. 10.3

5 53
(a) (b)

Fig. 10.3: 3D models of the scanned printed metamaterial structures printed with (a)
Qidi Tech X-Max, (b) Qidi Tech X-Plus.

The differences in structures were investigated. Special attention was paid to the struts,
as these are the main areas of interest. The structures printed with Qidi Tech X-Plus
have on average 15.6% thicker struts than the original structures printed with Qidi Tech
X-Max. This can dramatically change the behaviour of the structure. Furthermore, the
structures printed with Qidi Tech X-Plus are on average 7.8 % heavier, 1.3 % thicker,
0.4 % wider and 0.7 % higher. All of these contribute to an increase in stiffness by 38 %.

Fatigue tests were performed on the second set of structures under identical testing con-
ditions. The cracks initiated at both locations with prominent damage at the first critical
location (Fig. 10.4). The cause of this difference in behaviour can be linked to the in-
creased structure stiffness and the thickness of the struts. Greater thickness makes the
struts less prone to bending and the first critical location (vertical strut face) more pro-
nounced. The Woéhler curves of both structures are plotted in Fig. 10.5. The Wohler
curves show the significant increase in fatigue lifetime for structures printed with Qidi
Tech X-Plus. The change in thickness thus causes not only a change in the dominant
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Fig. 10.4: Front view of the structure’s failed struts with cracks initiating at both the
first and second critical locations. Printer used: Qidi Tech X-Plus.

critical location but also a significant increase in the lifetime. However, it also shows
the main disadvantage of FDM, which is the low resolution and dimensional inaccuracy.
Individual machines might produce different dimensions of a printed part while using the
same source geometry. The method can also be sensitive to environmental conditions,
depending on the source material used.
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Fig. 10.5: Measured Wohler curves of 3x3x3 structures printed with Qidi Tech X-Max
and Qidi Tech X-Plus with identical printing setting.
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Conclusion

This thesis focuses on the topic of fatigue behaviour of an additively manufactured meta-
material structure. The main objective of the thesis was to predict the fatigue lifetime of
a 3D printed metamaterial structure with tunable stiffness.

The topic of metamaterials was introduced in the theoretical part of the thesis. Addi-
tionaly, the AM methods of polymer materials were described and their advantages for
metamaterial production were highlighted. The mechanical behaviour of polymers was
discussed to lay the basis for the practical part of the thesis. Four criteria were presented
for fatigue lifetime prediction: the first principal stress criterion, von Mises criterion,
Berrehili et al. second invariant criterion and Nitta et al. strain energy density criterion.

The practical part of the thesis includes steps that lead to a fatigue lifetime prediction
of the proposed metamaterial structure. First, the material parameters necessary for
the material model were obtained experimentally. Standardised 3D printed specimens
including dogbone, cube, and rectangular specimens were manufactured in six different
printing orientations to quantify the directional effect of the printing.

Then, based on the experimentally obtained data, the numerical model was created.
The full-size model was reduced to minimise the amount of material consumed. Mesh
sensitivity analysis was performed to ensure the validity of numerically calculated results.
The boundary conditions were applied, and the tensile/compressive model of material
was applied to individual elements according to each element’s response to load. The
numerical model was verified using an experimentally measured response to compressive
loading, which aligned with the response obtained from the model. Two critical locations
were assessed based on the value of the first principal stress, which is the crack-opening
stress. The structure loading scheme to simulate cyclic loading was presented.

The stress and strain values obtained from the numerical simulation were applied to
the lifetime prediction criteria presented. The results were plotted against a measured
Wohler curve of the structure for validation purposes. The more complicated criteria
proved useful at the critical location with a compact Mohr’s circle, indicating a more
uniform stress state. Here they predicted the lifetime with more accuracy than the first
principal stress criterion. In contrast, the other critical location exhibits a much larger
difference between the two principal stresses, resulting in an elevated stress state, which
neither of the complex criteria could capture. The large principal stress range proved to
be the main obstacle to a correct prediction of the lifetime. However, the first principal
stress criterion predicted the fatigue lifetime sufficiently well in both locations, while being
very straightforward and not requiring many input parameters.

This thesis can also serve as a good base for further research, where geometrical imper-
fections or crack growth can be included in the numerical model. The environmental
influence could also be investigated and a new criterion could be proposed with experi-
ments required to describe the stress state correctly in both critical locations.
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A Cyclic loading temperature measurement

This appendix addresses the measurement of temperature increase mentioned in Sec-
tion 7.4. The experiments were carried out for loading frequencies f = 5, 10, and 15 Hz
for loading amplitudes 2, 4, 6, 8, and 10 MPa, with R = 0.1. The experiments were
performed using an INSTRON E3000 computer-controlled testing machine. Two ther-
mometers were used to record the temperature in the room and on the surface of the
specimen, respectively.

A loading scheme was set for each specimen for a given loading frequency. A two-hour
idle interval was set at the start of a test to allow for stabilisation of temperatures after
sample and thermometer mounting. After that, the machine alternated between intervals
of 30 000 cycles at a given stress level and intervals of two-hour idleness. The loading was
applied in an ascending manner. The number of cycles withstood in an interval was noted.
In case of a specimen failure, the number of cycles for a given interval was recorded, and
the test was stopped. The temperature was measured at both locations for the entire
duration of the test.

The data obtained for temperature and number of cycles were analysed. The continuous
temperature data were split into intervals of idleness and loading using measurement time
stamps, number of cycles, and loading frequency. A temperature increase was calculated,
as well as its derivative, which describes whether the internal heating is substantial and
the loading conditions would lead to self-heating fatigue failure.

Graphs of the temperature increase and its derivative for a loading frequency of f = 5 Hz
are shown in Fig. A.1, for f = 10 Hz in Fig. A.2, and for f = 15 Hz in Fig. A.3.
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B Criteria response to different stress states

To analyse the behaviour of the von Mises and Berrehili et al. second invariant criteria
for different stress states, the original stress state at each location was altered into dif-
ferent variations, and the lifetimes predicted for each of these variations. Lifetimes were
estimated using the two investigated criteria, as well as the first principal stress criterion
to compare the results. The Wohler curve of the tested structure is also plotted in the
graphs. The first principal stress was always kept at the original value, and the second or
third principal stress was changed, respectively (third principal stress for the first critical
location and second principal stress for the second critical location). For the first critical
location, the third principal stress o3was altered into 0.5 - 03, 0.25- 03, 03 = 0, —0.25 - 03,
—0.5 - 03, and —o3, respectively. For the second critical location, the second principal
stress was altered into 0.5 - 09, 0.25- 09, 09 = 0, —0.25 - 09, —09, and 1.5 - 04, respectively.

It can be concluded that these criteria are highly dependent on the stress range present
at the given location. When the stress range increases, the ability of the criteria to
predict the lifetime decreases. Larger difference between the principal stresses results in a
larger internal shear, which can be seen in the respective Mohr’s circles (Fig. B.1). This
might reduce the capability of the criteria to correctly predict the lifetime. Furthermore,
for uniaxial and equibiaxial stress states, both of these criteria are reduced to the first
principal stress criterion.

(a) (b)

Fig. B.1: Mohr’s circle of the (a) first critical location, (b) second critical location rep-
resenting the stress state of each location for the loading case of the minimum force
corresponding to a pressure magnitude of 4 MPa.
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Fig. B.2: Lifetime estimations according to the first principal stress criterion, von Mises
criterion, and Berrehili et al. second invariant criterion for different biaxial stress states
at the first critical location. Note that for uniaxial (d) and equibiaxial (f) stress state the
Berrehili et al. and von Mises criteria reduce to the first principal stress criterion.

90



- @ — tested structure

st . . . -
—A— 17 principal stress 7,4 —+— von Mises o, , —&— Berrehili et al. J,

Half 0, : 0, =23.0 MPa, 0, = 7.3 MPa

Original : o, = 23.0 MPa, 0,= 14.5 MPa
181 ! ' ' 181
‘© ‘T q
o o
= 16¢ = 16+ .
= . =, .
© ©
[¢) K [3) oy
S “, © ""o
14+ et 1471 s
[ ) [ ]
10° 104 10° 108 107 10° 10% 10° 108 107
N, [ N, [
(a) (b)
Quarter 0,10, = 23.0 MPa, o,= 3.6 MPa Zero 0,0, 23.0 MPa, 0,= 0 MPa
1.8 . 1 1.8} .
= =
a a
= 16 = 16 ",
— “, @ —_ X J
© ©
bo o.""‘ bO u‘..
14F “ 147
[ ] [ ]
10° 10% 10° 108 107 10° 10* 10° 108 10’
N, [ N, [
(c) (d)
Negative quarter 0,:0,= 23.0 MPa, 0,= -3.6 MPa Negative original o, : o, =23.0 MPa, 0, = -14.5 MPa
1.8} . 1.8} ] .. .
T : T B
o a
S 16} e S 16¢ 8 0
© ©
o | N =
141 1.4} :
[} [ ]
10° 104 10° 108 107 108 104 10° 108 107
N [] N; [-]
(e) (f)
One-and-half 0,:0,= 23.0 MPa, 0,= 21.8 MPa
181 6',“ 1 | ‘
é 1.6 Q& {
(6] ‘.,
S ] .
./ ‘ujﬂ
[ )
3 4 5 6 7 X
10 10 10 10 10 Location 2
N, [

(g)

Fig. B.3: Lifetime estimations according to the first principal stress criterion, von Mises
criterion, and Berrehili et al. second invariant criterion for different biaxial stress states
at the second critical location. Note that for uniaxial (d) and equibiaxial (g) stress state
the Berrehili et al. and von Mises criteria reduce to the first principal stress criterion.
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