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Abstract

This thesispr esent s a s ummar Yy cieatific contrileutiomsut h or
bet ween 2012 (the dastsaefenmd) antd BOB0, iathd fieldof 6 s P |
experimental analysis and simulation of the mechanical behaviour of advanced
materials. The focus of the Habilitation is represented by the nuahenicdelling
approaches used for thermoplastic polymResults from other research topics that the
author was concern with will also be briefly presented.

The Habilitation thesis is divided tn three sections. The first section consists of
ashortinoducti on, where the authorodos scientif
presented, along with an outline of the thesis.

The second section of the thesigshich encompasses the main topic of the
Disertation,js composed of two chapteigiscoplasticityof thermoplastic polymeiand
Damage and failure of polymers

The first of the two chapters begins with a brief presentation of the experimental
results on various polymeric compound$e main focus was the showcasing of the
viscoplastic behaviour of ihclass of materials through both monotone and cyclic tests.
Two parameterswere identified as major factors for the Hiorear behaviour:
temperature and time (through the effects of the strain rate antelondpading). Apart
from the significant effet on stiffness and strength (which increase proportionally with
the strain rate and decrease with temperature), a peculiarity of thermoplastic polymers is
that, at different temperatures, the same compound can exhibit either brittle or ductile
characteriscs.

In the second part of this chapter, three formulations were evaluated for their
accuracy in modelling the stresgain response of thermoplastic polymers at different
strain rates and temperatures: the viscoelastic formulation, the-plasticformulation
and the viscoplastic formulatioRor the viscoelastic formulatipthe Wiechert model
showed the best results, when compared to the other investigated rheological models.
For the elastiglastic formulationsthree models were presented: theilli-Armstrong
model, the JohnseBook model and the Multinear hardening model, with the latter
exhibiting the optimal response. Two viscoplastic models were investigated: the
BinghamMaxwell model and the Twiayer viscoplastic model. Even though fFiev
modelcan yield the best results in modelling the viscoplastic effects, its calibration is
rather cumbersome. In consequence, for simpler applications, the MLH model is
recommended in the case of monotone loadings and the Wiechert model for thfe case o
cyclic loadings at low strains.

The chapter entitleddamage and failure of polymeiis concerned with the
experimental determination and numerical approximation of the failure of thermoplastic
polymers when subjected to various loading conditidine ®nsidered failure model



was initially developed for metals and it assumes that the failure in ductile materials is
caused by the nucleation and subsequent growth of voids in the material during straining
(phenomenon also observed in polymers). From a mmtieal standpoint, this
formulation considers that the critical plastic strain (responsible for the void nucleation)
is a function of three tensor invariants: the first invariant of the total stress tensor (the
hydrostatic pressure) and the secahdolugh the von Mises equivalent stress) and third
(throughthe Lode angle) invariants of the stress deviator tensor.

For the calibration of the model, several experimental procedures were
considered: tensile tests on flat notched specimens, compressiomtestsid notch
specimens and Arcan tests. Numerical analyses were performed with identical test
conditions in order to determine the critical plastic strain, stress triaxiality and Lode
angle parameter. The results were combined into a damage model thaitador a
wide range of stress triaxiality variation and it was evaluated using simulations that
replicate the compression of a metamaterial structure with open Kelvin cells, yielding
accurate results.

The third section of the thesis presents the dfieachievements (complete list
of publications and research Grants), the scientific development plan and results from
other research topicswhich are divided in three categories: polymeric faams
metamaterial structures and geopolymer compaosites

The esearch into polymeric foams was mainly centnedn-reinforced andong
fibre reinforced polyurethane rigid foams and was concern with the static and dynamic
characterization, morphology and microstructural analyses and damage/fiaotuhe
topic of metamaterial structures, various types of periodic geometries were analysed,
manufactured and tested, with the goal of determining optimal configurations.
Concerning the geopolymer composites topic, wood fibre reinforced fly ash composites
were investigate experimentally and concrete damage plasticity models were calibrated
with good results.

The scientific development plan contains a brief presentation of the future
research topics. The first topic represents a continuation of the current researah into th
viscosity, plasticity and fatigue of polymerEhe focus will be on the development of
yield surfaces and yield potentials specific for polymers and the investigation of the
ductile failure hypothesis for a wider range of materials. Another topic aksités
related tametamaterial structuresd the continued search for structure optimization in
terms of mechanical properties as well as manufacturing. The-soalé modelling of
woven fibre reinforced polymersill also be a priority, with the aim adeveloping
macrascale constitutive models for elasticity, plasticity and damage based on limited
data provided by pranpregnate manufacturers.
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1. Introduction

1.1. Scientific background

The research theme of the candidateos
themechanical properties of a seanystalline thermoplastic polymer and based on the
obtained experimental data, the development of a number of constitutive material models
that could accurately replicate the mechanical characteristics of the studiecginmateri
finite element analysis simulations. The main use of the studied material is Sports
industry as components of running footwear soles. The numerical material models have
been used in the footwear design process in order to obtain a sensible component
dimensioning (assurance of the required properties at the lowest possible mass). Thus an
experimental programme was developed that included tests which would account for the
viscoelastic nature of the polymer, namely the time and temperature dependgmy of
material properties. With the help of gathered data several software implemented
constitutive models were calibrated, each presenting both advantages and drawbacks
from an accuracy and time expenditure point of view. This research was the result of a
joint collaboration between four institutions:

APolitehnicad University of Ti mi koar a,
financial support (by means of a doctoral scholarship funded by the program
POSDRU/88/1.5/S/50783) as well as material resources;

Adidas Innovation Team(AIT), Adidas AG (Herzogenaurach, Germany)
proposed the research topic, provided the materials and offeredhavewegarding
material testing and simulation, the opportunity to perform a research stage at AlIT and
material resourcesuding the stay;

Sports Technology Institu(&TI), Loughborough University, United Kingdom,
offered knowhow in setting up the experimental plan and concerning material testing
as well as the opportunity to perform a research stage at STI and matetiatesso
during the stay;

Institut flr Leichtbau und Kunststofftechnikechnical University of Dresden,
Germany offered material resources and the opportunity to perform a research stage.

An important aspect regarding the practicality of this research igliteet
applicability of the results, the developed material models being usefidiolas
Innovation Teamn the process of designing sports footwear as early as the doctoral
studies and are continuing to use them to this day.
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After the conclusion of the dtoral studies the candidate maintained
collaborations with the partners. Through the collaboration protocol signed between
APolitehnicad Univerisity of Ti mi Koara at
candidate attended three research stagestitt fir Leichtbau und Kunststofftechnik
being integrated in a research project that aanghe development of glass fibre
reinforced cellular materials and the optimization of the manufacturing process by
increasing productivity. In the first stages, thendi dat eés tasks were
an experimental plan for the mechanical characterization of the studied composites in
order to determine the optimal parameters. The collaboration with Adidas continued in
the area of virtual material models usedfinite-element analysis by expanding the
developed material models, so that damage and failure models were included and by
developing material models for other hyperelastic materials (synthetic leather).

During the doctoral research the candidate waspted into a research team that
studied the determination and modelling of the mechanical behaviour of cellular
materials, this research being supported by the Grant UEFISCDI-ENPCE2011-
3-0456, contract number 172/2011. In this Grant the candidatesponsible for
developing 2D micromechanical models of the studied cellular materials, the
development of finiteelement analysis simulations in order to determine the influence
of the geometrical parameters on the mechanical properties as welldev¢hapment
of constitutive models at a macro scale for simulating parts and components
manufactured from the studied foams. Up until this point the research concluded by the
submission for reviewing of three articles at ISI journals.

Starting with the moth of May 2014 the candidate won a postdoctoral scholarship
offered by POSDRU (POSDRU/159/1.5/S/137070) that spans over 18 months,
foll owing a competition held by #fAPolitehnr
theme belongs to reseatadld of Products, Processes and Innovative Materjalgh a
principal research directicof Materials and Technologies for Energy Conversibine
project objective is the development of constitutive models used in simulation composite
sandwich structures.

In 2016, tle candidate was awarded anri8nth Grant for the project entitled
ATransfer of knowl ed gUp Disptay optimézatibnbtlraughd a n d
testing ad model | i ng of advanced materi al so,
Continent al Aut omot i v e l).Thembjddtves ofdhe projeatl ue o
were the determination of the static, dynamic and fatigue properties of 7 types of polymer
compounds ah composites used by ContinentAutomotive in  manufacturing
dashboards and heag display units. With the experimental results, material models
were developed for each compound, which are currently used by Continental in the
design process of the aforenti@ned components.
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In 2017, a consortium of 8 partners led by the Technical University of Krakow
was awarded a 3gonth EraNet L AC Grant for the project
ecofriendly composite materials based on geopolymer matrix and reinfoitbedaste
fiberso, the candidate being the coordin.
(UPT)team (partner budget of around 87.@)0The role of UPT in the project was the
investigation of the mechanical properties of fibeaforced geopolymerand the
development of constitutive models.

In 2018, the candidate was awarded ar@¥hth Grant for the project entitled
AfDevel opment-basedf metpnmatenaimstructures for safety equipment
applicationsodo, wher e s evsimuialed, theresultsbeing es w
validated by experimental procedures on prototyped models (budget of ~&5.000

1.2. Academicbackground

The candidate began his academic activity in 2010 as a volunteer, during his PhD
studies, holding applications in the topics of Strength of materials (Faculty of

Mechani cal Engineering, Pol it ermentalcaf Uni v
Mechanical Engineering (Faculty of Electrotechnical and Electroenergetic Engineering,
Politehnica University Timi Hoar a) .

While working as a scientific researcher, the candidate was employed as an
associate lecturer to the Department of MechaaidsStrength of MaterialBolitehnica
Uni ver si t yholding ledtuté® and applications in the topicsTok Finite

ElementMethodFacul ty of Mechanical Engine)ering,
and Fundamentals of Mechanical EngineeringRobotics (Faculty of Automation and
Computer Science, Politehnica University

In 2017, the candidate was appointed Lecturer at the Department of Mechanics
and Strength of Mat eri al s, Pol itehnica L
applicatbns in the topics of:

1 Introduction to Numerical Methods (Faculty of Mechanical Engineering,

Politehnica University Timi Hoar a)
T Numerical Analyses of Biomechanical Structures (Faculty of
Mechani cal Engineering, Politehnica
1 The Finite Eément Method (Faculty of Mechanical Engineering,
Politehnica University Timi Hoar a)

1 Numerical Methods in the Analyses of Thermomechanical Stresses
(Faculty of Mechanical Engineering,
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1 Numerical Methods in the Analyses of &tses (Faculty of Mechanical

Engineering, Politehnica University
1 Mechanical Engineering and Robotics (Faculty of Automation and
Computer Science, Politehnica Unive

From 2019, the candidate was appointed as Associate ProfefepbDapartment
of Mechanics and Strength of Mat eri al s,
similar topics to his Lecturer position.

1.3. Outline of the dissertation

The main topic of this dissertation is the presentation of the main results from the
continuation of the candidateds studies i
materials. The results are structured in two chaptéssoplasticity of thermoplastic
polymersandDamage and failure of polymers

The first chapter is divided into two sexts The firstone dead with the most
relevant experimental results that showcase the viscoelastic behaviour of thermoplastic
polymers, namely the significant influence of temperature and time on their response.
The second section will present severgrapches in modelling this behaviour, namely
viscoelasticity, elasplasticity and viscoplasticity.

In the second chapter, the modelling of progressive damage and failure of
polymers will be evaluated using the ductile damage model (which presumes that
damage occurs due to the nucleations of voids during straining). Several experimental
procedures on various specimens will be presented, that determine the failure strain for
different stress triaxiality values. The results will then be replicated using &l@ment
analyses, in order to obtain a valid damage model.

Other research topics not related to the study of polymers, that the candidate
studied after the completion of his doctoral studies will also be briefly covered.



2. Viscoplasticity of thermoplastic polymers

2.1. Introduction

The first step in the development of constitutive models is the determination of
their mechanical properties and their variation with different parameters such as time,
temperature, humidity etc. There is a very wide rasiggtandardized mechanical test
protocols designed for polymers, from standard tensile, compressive or flexural
loadings, to biaxial or multiaxial tests and fatigue to more specific procedures such as
crazing or scratch resistan¢g]. This work presents uniaxial and cyclic test data
performed on various polymers with the aim of determining their basic mechanical
properties (Youngbés modulus, strength, pl

The gathered experimental data is uisechlibrating constitutive models. Due to
the complex nature of the mechanical behaviour of polymers, there is an issue with
calibrating existing material models in order to account for strain rate or temperature
effects. This chapter presents variousetypf constitutive formulations (elasfitastic,
viscoelastic and viscoplastic), their calibration and the comparison between the
experimental data and the numerical results.

2.2. Experimental investigations

During his scientific career, the author perfornaddrge number of experimental
tests on a wide variety of polymer compounds, such as polyamides, ABS,
polycarbonates, PMMA, PBT, PPS etc.

The experimental investigation into the mechanical properties of thermoplastic
polymers presented in this work werarried out with the intent of determining the
influence of temperature and strain rate on the mechanical properties on both monotone
and cyclic loadings. This paragraph will briefly present experimental results gathered
from a variety of polymeric compods, with the aim of highlighting the particularities
of this class of materials.
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2.2.1.Monotone tests

Monotone tests were performed in order to determine the influence of the strain
rate and temperature on the stiffness, strength and yielding of polymers.

Strain rate dependency

The influence of strain rate was investigated for a wide variety of tests speeds,
from quasistatic to dynamic loadings. The typical stref®in response for various
strain rates is presentedhrigure2.1 for a polyamide compoun@].

As with other types of materials, the stiffness and strength of the polymers
increases with strain rate (as seenFigure 2.2), though the influence is more
pronounced & the mechanisms associated with this behaviour differ due to their
microstructure (consisting on long, covalent bonded entangled macromolecules).
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Figure2.1 Strain rate dependency for a PA compound
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There is a rather wide array of mechanisms associated with the deformation of
polymers[4]. A linear elastic region is usually observed at very small deformations (
T3t @ afa &), usually cause by the stretching of the macromolecules, which regain
their initial shape after the loading is ceased. Thelim@ar responseHgure2.3) can
have different causes, which can cause iimg reversible deformations (viscous
strains, caused by chain slippage, bond interchange or Thirion relaxation) or irreversible
deformations (plastic strains, caused by chain detanglement or fracture). For this reason,
it is often difficult to distinguish the reversible and irreversible strawhgch represents
a serious challenge in modelling the mechanical response.
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Temperature dependency

The influence of temperature on the mechanical properties of polymers was
studied for temperature intervals that the given compounds can be subjected during
service (from ¢ uld up tow 10). A typical variation of the stresstrain response Wit
temperature is presentedfigure2.4 for a PMMA compound.

Apart from the rather significant influence of temperature on the stiffness and
strength of the polymers (which is caused by their microstructure, as with the d&rain ra
influence), a phenomenon specific to thermoplastics is often observed. A ductile
polymer may become brittle at low temperatures and a brittle polymer may become
ductile at high temperature, as seefigure2.4.

In theory, evey thermoplastic polymers can have brittle as well as ductile
behaviour depending on the temperature. The transition between the two states is called
the glass transition temperature, and it can be determined with the help of specific tests
(DMA tests, wheh will be discussed in the next paragraph). The temperature influence
is higher in the vicinity of the glass transition temperature and thus, in order to obtain a
more predictable response, polymer compositions should be considered so that the GTT
is notnear the irservice temperature.
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Figure2.4 Temperature dependency for a PMMA compound
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2.2.2.Cyclic tests

The cyclic tests were performed in order to gain insight on the flow behaviour of
polymers and tay to differentiate the viscous strains from the plastic ones. Three types
of tests are presented: dynamic mechanical analyses (DMA), tensile cyclic tests at
variable strains and lowycle fatigue tests.

DMA Tests

Dynamic mechanical analyses represetypa of tests specifically designed for
polymers with the aim of the determination of the influence of temperature (and of the
glass transition temperature) and of the influence of frequigicyhe tests consist of
the appliation of a strain with a sinusoidal amplitude for a variety of loadings (tensile,
single or double cantilever, shear etc.) and the recording of the stress and of the phase
angle shift determined by the viscous nature of the polymers.

A typical temperatursweep DMA test result is presentedFigure 2.5 and it
highlights the variationf the dynamic stiffness (storage modulus) with temperature and
the glass transition temperature (corresponding to the peak region of the losssinodulu
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1200 s \‘ 80 _—0.16
— 1 A 701 [0.14 _
& 1000 o 5 [ -
= | Storage Modulus \ S 609 012 €
a 800 4 = = «| 0ss Modulus ? \ = L %
S T eesees Damping Coefficient # 5509 0.10 =
o 1 ’ 3 r 3
© 600 ' B 404 [0.08 O
T 1 4 = 1 low?2
’ 2 » 304 (006 £
g 400+ 0' .... 3 i g
L 1 P o — 204 004 ®
1) i) RSt | o
............ S<< 104 002
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Temperature [°C]

Figure2.5 Temperature sweep DMA test results for a ABS compg¢bhd

Frequency sweep DMA tests are performed in order to determine the viscoelastic
properties of the ggmers at high strain rates. A typical variation of the storage modulus
with frequency is presented iRigure 2.6 for a PGABS compound, for different
temperatures.
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Figure2.6 Frequency sweep DMA test results for a-R8S compound

Cyclic tests at variable strains

The cyclic viscoplasticity of thermoplastic polymers was investigated using
repeated tensile loadings at variable strains. Several test protocols were considered,
including constant stress increments (stress confrajure 2.7), constant strain
increments (strain control) and several blocks of repeated cycles at equal strain (strain
control Figure2.8) [6].

Stress [MPa]

0 ' T ' T T T ¥ T T T ”
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

Strain [mm/mm]

Figure2.7 Behaviour of a PA compound subjected to cyclic loading at variable sfrdins
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Figure2.8 Behavour of a PA compound subjected to several blocks of repeated cycles at equal

(8]

Results show that remnant deformations occur when unloading from a certain
strain, however, unlike metal plasticity, the unloading cusvaot linear as some strain
recovers instantaneously due to viscous effects.

For the cyclic tests with blocks of repeated cycles at the same strain, a gradual
softening is observed, which tends to stabilise after a given number of cycles.

Low-cycle fatigue tests

Low cycle fatigue tests were performed in strain control¥or 1t at different
frequencies and mean strains (situated in the inelastic region, bellow the strain
corresponding to the tensile strend®i)

The aim of the tests was to determine the induced softening and to investigate
whether the damage was recoverable or permanent. Thus, specimens were tested in
tensile loading immediately after the laycle fatigue tests were completed and after a
recovery time of 24 hours.

During the tests, several loadingloading cycles were recad after fixed
number of cycles. From the obtained curves, several characteristics were determined,
such as stress values, stiffness and dissipated energy.

A variation of the normalized stiffness (stiffness recorded at a given number of
cycles divided bythe initial stiffness) with the number of cycles is presentdeigare
2.9.
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Figure2.9 Low-cycle fatigue induced softenirig)]

The apparent stiffnegeduced substantially during the loycle fatigue tests due
to the drop in the recorded stress. In order to see if the drop in stress is caused by damage
to the microstructure or it was caused by stress relaxation, tensile tests were performed
immediatdy after the LCF tests were completed. Results show that the-strass
response was very similar to that of a previously untested speckigurg 2.10),
concluding that most of the softening observed was due to the viscou®fflthe
macromolecules. Furthermore, tests performed after 24 hours of the LCF completion
show an even greater degree of similarity to the initial material response, concluding that
a part of the observed softening was recovered due to viscous effects.
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Figure2.10 Low-cycle fatigue induced softening
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2.3. Numerical models

Due to the very large number of applications in which thermoplastic polymers are
used, there is a proportionally large number of typesoafiings that they can be
subjected to. The complex behaviour presented in the previous section is very hard if
nearly impossible to model using a universal material model. Thus, several formulations
are considered, each having its advantages and disadeanand, in consequence, are
suitable for specific types of loadings.

This chapter presents three types of constitutive models that the author used in
modelling the behaviour of thermoplastic polymers: viscoelastic rheological models,
temperatureand rae-dependent plasticity models and viscoplastic models.

2.3.1.Viscoelastic rheological models

Experimental observations which conclude that some materials have both an
elastic component and a viscous component of deformation was observed as early as the
19" century, through the work of Ludwig Boltzmann, who coined the term
OvVvi s c o e [l@.sRased ontthoge observations, James Clerk Maxwell and Sir
William Thomson, Lord Kelvin developed the first mathematical models, based on
rheological approach: the elasticity was modeled through a spring while the viscosity
was model through a dashgt0, 11]

The Maxwell fluid

The Maxwell model consists of a spring and a dashpot connected mEajiee
2.11). The total strain of the model equals the sum of the strains in the elements

(0 o
Sy - . = 2 2.1
” O ‘ ( )

and the stress is equal in beflements.

” ” ” (2.2)
Thus, the equation of motion of the Maxwell model is
A A . 0
EO— 0 — (2.3)

A %) ‘
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Figure2.11 The Maxwell rheological model

When subjected to creep, the model determines a linear increase in strain,
behaviour similar to that of a fluid, hence the name.

In order to determine the stress variation sitlain, Equatiorf2.3) can be solved
for a constant strain rate

-0 0 (2.4)
A .

~. 0 25
75 (2.5

resulting in the variation of stress with strain after an exponential law.

.- Q'p Q (2.6)

The Kelvin solid

The Kelvin model consists of a spring and a dashpot connected in pafigileb(
2.12). In this case, the strain is equal in both elements

- 27

while the total stress is the sum of the stresses in an element

A
: - ¢ C - 2.8
” O ” ” O :D N‘) O ( )

When subjected to creep, the modelermines a negative exponential increase in
strain, reaching an asymptote, behaviour similar to that of a solid.
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Figure2.12 The Kelvin rheological model

For a constant strain rate, the strgainrelation becomes:

,0 -00 ' (2.9)

The Zenner model

The Maxwell and Kelvin elements have simple formulations and are not capable
of accurately modelling complex material behaviour. To overcome this aspectlsever
models were developed, linking more elements. Such an exastpke Zenner model
(sometimes referred to as the Standard Linear Solid), which consists of a Kelvin element
linked in series with a springrigure2.13).

Figure2.13 The Zenner rheological model
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Similar to the Maxwell model, the stress in the elements is equal while the strains
add up

,0 , 0 , 0 (2.10
-0 -0 -0 (2.1
The stress in the Kelvin element was expressed before and the stress in the spring
foll ows Hookeds | aw
, 0 - 00 Aéo 0 (212
, 0 - 000 (213

From these equations, the strain in eglement is derived

1 ” b
- 0 _—
' Q (2.19
O "&o
o
.y 2.1
5 (219

The dashpot viscosity can be constant (Newtoniatogity), or nodinear,
expressed as a function of strain rate
A (2.16)

‘ 0 =-0
Ao

After some alegraic manipulations, the constitutive equation of the Zenner model
can be shown to have theam

‘ A— 0 0 ¢ 0! ‘ A— 0 O0n-¢
5 Ji¥e) Q,0 (0RO s 0 Q-0 (2.17)
? O O Q6 O ©° O ©° Qo

For a constant strain rate, Equat{@rl7) becomes

50 0.0 00 5Q O
" _ ¢ % 218
O 0 0o o 0 ° « (218

o
! O ©
This differential equation can be solved, réaglin the stress variation with strain
for the Zenner model at a constant strain rate
00 . 6 Q0 Q 219
o o o oPf (219
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In Equation(2.19), OHO IS and¢ are material constants. An example of the
constant fitting for a PA compound for various strain rate values is preserkiggiin

2.14.
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Figure2.14 Strain rate dependency of the Zenner model compared with experimental value

The Wiechert model

The Wiechert model, also referred to as the generalized Maxwell model consists
of a series of Maxwell elemets connected in parallel with a free sprifkigire2.15).

Figure2.15 The Wiechert rheological model
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For this model, the strain is equal for all elements while the total strédss $um
of the stresses in all elements

,0 , 06 , o , o E , o (2.20)
-0 -0 - 0o - o E - 0 (2.21)

The stresstrainrelationship can be written as
, 0 00- 00 o E o0 Ao (2.22

To

where the variation of the stiffness with time is expressed through Prony[Sgries
06 © 0Q | (2.23)
the relaxation times being defined as

t5 (2.249)

Consideringhe strain rate-- can be expressed as
I y-
1o Yo

an incremental numerical formulation for the constitutive equation can be Viigen

(2.25)

, (0! , (2.26)

where the instantaneous modulDis

O © ot Q : (2.27)
o P '
and the residual stress is
y
" 0o 00 - Q p | (2.28
y ; y
z Oof z oo
Q — Q Y- 2.29
| S5 P (229

oom (2.30)
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The presented model assumes linear viscosity and thus, the only masamet
required for calibration are the long term stiffness (free spiihgand the stiffnes®

and relaxation

timed of the elements. This model was calibrated for the same

experimental data as the Zenner model, yielding more accurates Egylire2.16).
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Figure2.16 Strain rate dependency of the Wiechert model compared with experimental[i&8lues

Cyclic loadings were also applied this model, resulting in rather accurate
results, presented Figure2.17.
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Figure2.17 Cyclic loading response of the Wiechert model compared with experimental value
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Spatial formulation

The implementation of the model in finite element analysis software requires a
spatial formulation, accounting for all the components of the stress, strain and
stiffness/compliance tensors.

Written in Voigt notation, Equatiorf2.26) can be expanded for the spatial
formulation as

) I I T
" ﬁ p n n n - "
I i o 1 p T[’ L L PO o X o
IP” 1'p 0 H’[ S o] - - |:|IP- 1'p II’" 'y 231
cef v p H G ) Ry O ( ’ )
et e '11-[ T T T p_ e et
ut % < 0 Lo ut o
L}T T T Tt Tt TU;
where the normalised stiffness matrix is
r-!? o s I T
1) P ’ n n n 1
|’| p T T LS
p ,
h nnm— n mn
_ e . | (232
P 1] noT n p n Il
l-'l-[ G Il
1l S - n p 'n
gt U
The equation for the residual stress tensor becomes
v K v ) ) v (04 |'v| v l,l
[ Y I Iy |’v|| Y
» 0 ¢ 06 = . Iy n
et Co 0o = e ] Q P rEorvp (233)
WY A ] vy e
vt o ur o u VY g
o Ao Lo
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| . | ot ¥ "
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2.3.2.Rate- and temperature-dependent elastieplastic formulations

Another approach in modelling the ntinearity of thermoplastic polymers is
through the use of rateand temperaturdependent elastiplastic formulations.
Viscoelastic formulations do not explicitly account for tenapare dependency and the
material parameters must be inpadividually for each set of temperature data. The
parameter values for temperatures different from the input values must therefore be
calculated through interpolations, increasing computationa.tin contrast, several
plasticity models account for temperature dependency (as well as for strain rate
dependency) through hardening function parameters integrated in the equation.

In this section, four plasticity models are presented, calibratedvaihgbéed for
tensile tests at different strain rates and temperatures

The ZerilliT Armstrong model

In order to model plasticity, Frank Zerilli and Ronald Armstrong developed a
mechanistic model based on dislocation mechdh#ls

oh, .,

\ R . (2.36)
” (0] :X2 0] I/I_ m h ” ”

where, is an additional stress dependent on the strain rate and micromechanical
characteristis

, 0 0 - (2.37)

while| andf are defined as

; (2.39)

] (2.39)
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This model has 11 const a®@theyeldstespe | y

andorEMM h A K and are material parameters that need to be determined.

For the same experimental data, the calibrated Z@&vrittistrong model yields the
results presented iRigure2.18 for the strain rate influence and kigure 2.19 for the
temperature influence.
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Figure2.18 Strain rate dependency of the ZesAlimstrong model compared with experimental valu
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Due to the interdependence between the strain rate influence and the temperature
influence expressed i n -Armstongmwodekid uhable®mqu at i
yield accurate results for both cases.

The Johnn-Cook model

The plasticity model developed by Gordon Johnson and William Cook is based
on the power law plasticity function, while accounting for the influence of strain rate and
temperaturgl5].

5

'O ” ”
5 8 51156 p v f
p Ab p ” ”

The model assumes normalized values for the strain rate and temperature, referred
to a kaseline value as

(2.40)

A A

Ry B

BP A (2.42)
Ad

where—- is the current strain rates- is the reference strain rate and

Y Y v 242

~ ~ (2.42
where”Yis the current temperaturéy is the reference temperature amd is the
melting temperature of the material.

The JohnsoitCo ok model has 7 paruusi@® the yiek: t he
stress, and the material constarii$o e i andd .

This formulation can model the strain rate effects independent of the temperature
effects, which makes it easier to calibrate for both scenarios. The results from the
calibrated model are presentedrigure2.20 for the strain rate influence andkigure
2.21for the temperature influence.

Though yielding more accurate results than the Zé&iinstrong model, the
Johnso-Cook model is still unable to model the high degree of-lnwarity of
polymers, as well as the strain rate dependent stiffness. For this reason, a new model is
proposed.
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Figure2.20 Strain rate depemahcy of the Johnse@ook model compared with experimental value:
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Figure2.21 Temperature dependency of the Johr€owk model compared with experimental value

Modified Johnson-Cook model

The modified dhnsorCook model is based on the exponential hardening
formulation (which results in an asymptotic curve represented by the mechanical
strength), as opposed to the power law. Experimental observations yielded that the
influence of strain rate and tempena on the stiffness, yield stress and mechanical
strength is similar, in the form of a power law. Thus both the linear elastic response and
the flow stress will be multiplied by the same factors to account for both dependencies:
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This model has 6 par amet erGstherdafehercer ef er

yield stress , the reference mechanical strength and the material constarit&x
and| .
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Figure2.22 Strain rate dependency of the Modified John€mok model compared with experiment:
values
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The results for the calibrated model are present&dyure2.22for the strain rate
influence and irfFigure2.23 for the temperature influence.

It can be observed that this model yields accueselts when accounting for both
strain rate and temperature effects. When subjected to cyclic loadings, the model
overestimates the remnant plastic deformation, as it cannot account for the material
recovery Figure 2.24).
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Figure 2.24 Cyclic loading response of the Johngbook model compared with experimental value

Multi -linear hardening model

The multilinear hardening model consists of a series of n elpkiitic networks
(SaintVenant elements) connected in parallel with a spriigure 2.25). Usually, the
limit strain - of the friction elements are arranged in ascending order (-

E - ). Consequently, a stress vabfe, situated between and, can be evaluated
with the relation

. (2.45)

The resulting hardening curve will consist of straight lines of varying slopes that
connect the yield stress values corresponding the-8aimnt elements.
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Figure2.25 Rheological model of the multinear hardening model

This model can include a large number of elements in order to determine accurate
results. In order to overcome this issue, the material hardening can be expressed through
a curve that describes the yield stress variation with plsstin, plastic strain rate and
temperature

!O T ”
"Q hé FY h (249
” - N)_ ” ”

For a given total strain, the plastic strain and the yiel¢staee evaluated and if
the values fall between the input data, linear interpolations are performed.

The most facile way to calibrate this model is to choose reference plastic strain
values and generate | ines wit hssthroughtrel op e
chosen points. The corresponding yield stresses are obtained through the intersection of
the lines with the stresstrain curvd?2].

As with other plasticity models, the linear elastic region is not strain rate
dependent. To overcome this issue, one <ca
determined by the tests performed at the highest straiamdtset the initial yield stress
very low. Thus, only a very small region will have linear elastic deformations as the
material softening occurs very early (similar to the experimental observations)

An example for such hardening curves is presentddguare 2.26 for the same
experimental data showcased throughout this section.
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Figure2.26 Yield stressplastic strain hardening curves for various strain rates

Numerical analysegerformed with this material model showed excellent
correlation with the experimental data for both strain fiaigufe2.27) and temperature
influence Figure2.28).
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Figure2.27 Strain rate dependency of the mditiear hardening model compared with experiment:
values
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The behaviour of the multinear hardening model subjected to cyclic loadings

loading is presented iRigure 2.29, yielding similar results to the modified Johnson
Cook model.
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Figure2.29 Cyclic loading response of the mdlitiear hardening model compared with experimenti
values
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Spatial formulations

During service, polymers are rarely subjected only to uniaxial loadings. In the case
of multiaxial loadings, the yielding of materials is usually evaluated with various
relations of equivalent stresses, based on several yielding hypotheses.

Classical metal plasticity assumes that the yield surface of a material is dependent
on the second invariant dfé deviatoric stress tenqa6]

- - (2.47)

N O

h

The most commonly used yield criterion was formulated by Richard von Mises,
who defined the yield surface as

o T (2.48
where, represents the yield stress of the material in uniaxial tension.

Thus hypothesis assumes that the material is isotropic and the yield strength in
tension is equal to the yield steein compression. For plane stress loadings, the von
Mises yield surface becomes an ellipse in the principal stress plaueg2.30). The
hardening of the material is evaluated in terms of equivalent stresses (E¢R&iBn
and strains

6 2 @ (249
o
wheret  is the deviatoric component of the strain tersor
£ £ ok E (2.50)

A particularity of some polymeric materials is that they exhibit different properties
in tension and compressi¢h7]. In order to model this behaviour, the influence of the
first invariant of the stress tensor

0 O , (2.51)

is accounted for in models such as the Dru¢k@ger criterion,

0 & &0 (2.52)
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where® and 0 are material constants deykent on the yield stress in tension and
compressiornl8]. The sign of the first invariant of the stress teri®afenotes weather

the body is subjected mainly to tensile loadings (positive sign) or compressive loadings
(negative sign).

30 g

30 L

Figure2.30Von Mises yield surface in plane stress

The shape of th®ruckerPrager yield function in the principal stress plane is
presented ifrigure2.31 for plane stress.

60 -

Figure2.31 DruckerPrager yield surface in plane stress
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An example of the variation in tensile and compressive behaviour modelled using
the DruckesPrager model is presentediigure2.32.
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Figure2.32 Tensile and compressive response modelled using the DiBckger model

Due to the manufacturing process, polymeric parts may exhibit anisotropy due to
residual streses, as seen Figure2.33[19].

Figure2.33 Residual stress in injected PA pl§t9]
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A commonly used criterion for modelling anisotropic plasticity was described by
RodneyHill and is expressed §20]

On ” O’l’Y ” O ” ” CUT CU T (253)
cut P

where tle material parameters are defined as

S B B
( ” ” ” c T

ofP P P P phy P g (254
C " i i ¢t

0 PP PP g Py
c ” ” ” c -|-

A generalized form of the Hill criterion borrows elements from the Hosford model
[21] and B expressed as a function of principal stresses as

“O,, ” "O,, ” "o ” ” 0 CH ” ”
i“) c" n n” 6 c” n” ” ”

(2.55)

The Hill yield surface in 2D principal stress space is exemplifidtignre2.34.

Figure2.34 Hill yield surface in plane stress
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Specimens cut from tHeA plate presented FFigure2.33were subjected to three
point bending tests and a difference in stiffness and strength was observed for specimens
situatel parallel and perpendicular to the injection direction. Numerical analyses
performed with the calibrated Hill model resulting in accurate respoRgrg€2.35).
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Figure2.35 Flexural results for experiments and simulations for a PA compound exteaitf
orientations
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2.3.3.Viscoplastic formulations

As their name implies, viscoplastic models include both viscous and plastic
elements. Throughout the years, a number of models were developed, starting from
simple rheological models to more complex forniolas that cannot determine explicit
stressstrain relationships and can only be numerically evaluated through incremental
procedures (i.e. the backward Euler integration metf2aj)

The Bingham-Maxwell model

One of the fist viscoplastic models was based on the Maxwell fluid but
incorporated a viscoplastic element, as described by Eugene C. Bifgjam

Figure2.36 BinghamNorton rheological mode

As with the Maxwell model, the stress is equal in both elements while the total
strain is the summation of the strains in each element. The constitutive equation of the
spring is that of a linear elastic material

, 0 0-0 (2.56)

The friction block of the rheological model assumes plasticity with a hardening
function™Q- |, so that the viscoplastic strain is 0 for stress values below the yield
point. For stress values above tleld point, the viscoplastic strain is evaluated with the
relation

= ‘O ” (‘) \ ”, \ (257)
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Thus, the total strain is

o ) o =2 20 - (2.59)
!O ‘ ” p ” (‘) .

The time variation is eliminated through derivation, yielding

A 3 p A 3 ” (‘) ” "Q_

B ° om° TP d

(2.59)

After some algebraic manipulation, the constitutive relation becomes

~ —_

, 0 QY ” "Q- p Q (2.60)

The results for the calibrated model, compared to the experimental results is
presented ifrigure2.37.

50 [ eveeee 0.000028/s Exp
P 0.0028/s Exp
eseves (0.28/s Exp
40 - ——0.000028/s Bingham  __eeiiieeeseses .
a5 ——0.0028/s Bingham ... essis
——0.28/s Bingham R VTR
@ 30 - o RRPILIL
o .
é 25| ..o o .
2]
@ 20 +
D 15 S
10 “
5 .
0 1 1 1 1 1 1 1
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Strain [mm/mm]

Figure2.37 Strain rate dependency of the tlayer vicoplastic model compared with experimenta
values
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Two-layer viscoplastic model

A more complex formulation, called the tvayer viscoplastic model, is
composed of an elastfastic model connected in parallel with a Maxwell model
(Figure2.38).

| — .

Figure2.38 Two-layer viscoplastic rheological model

In this case, the stress of the model equals the sum of the stresses form both
elements while the strain is equal. For strefsagbelow the yield point, the constitutive
relation equals the sum of the stiffness of the two springs multiplied by the strain of the
model. After, yielding, the stress can be evaluated with the relation

o ©O 5h,
” (0] . (2.61)
” p - - ' _g_h ” ”
where
A
- - 2.62
5 (262
is the strain rate. The elastic strain can be expressed as
© © 2.63
0 © P o o (263
and the total strain
© o 2.64
" o o ~ Po o o O (269
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The numerical results for the calibrated model are presentédune2.39 along
with the experimental data.
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Figure2.39 Strain rate dependency of the tayer viscoplastic model compared with experiment:
values

The simulation results for the cyclic loading is presentddgure2.40.
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Figure2.40 Strain rate dependency of the tlayer viscoplastic model compared with experiment:
values
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2.4. Conclusions

The experimental procedungsrformedshowed that thermoplastic polymers have
a very wide range of variation in mechanical properties due to their composition. The
temperature and strain rate can significantly alter their characteristic, so that the same
polymer can have a ductile behaviour aatigk high temperatures and low strain rates
and a brittle behaviour at relatively low temperatures and high strain rates.

Consequently, a material model that can universally predict the mechanical
behaviour of a polymeric compound is very hard to achémdewould require a great
number of parameters to calibrate.

Thus, it is recommended to develop material models specific for each type of
application. For cyclic loadings at small strains (where the polymer can still be
considered to be in the elastiaaain, with no plastic deformations), viscoelastic models
can yield very good results. Finite element analysis software have several viscoelastic
material models implemented in their code (the most common being the generalized
Maxwell/Kelvin model), which an be tuned to determine acceptable reflBks

For monotone loadings, the recommended approach is the calibration of elastic
plastic formulations than can incorporate strain rate and temperature dependency. The
multi-linear isotropic hardening model is a good contender, as it can predict the stress
strain relationship of polymers in a very accurate manner. This model requires a
relatively large number of material parameters, but their determination is facile and it
can be autmatically generated from experimental data with relative gdse

In the case of cyclic loadings at high strains, the only models that can determine
accurate responses are the viptastic formulations. Their calibration represents a
serious challenge and it often requires several edidor iterationg24].






3. Damage and failure of polymers

3.1. Introduction

The previous chapter dealt mostly with uniaxial loadings that are characteristic in
defining constitutive laws. The multiaxial response of the inyasd material was
evaluated using various equivalent stress formulations and vyield criteria, briefly
discussed in Chapter 2.

In this section, an idepth look into the multiaxial yielding, damage and failure
of materials is presented. In recent yeargestigations into the plasticity and damage
of ductile metals showed that their behaviour is dependent on three tensor iny2siants
26, 27] This aspect is more evident in the case of damage, as vatkésg states
determine significant differences in failure (i.e. tension versus compression or shear).

Two damage models will be presented (ductile damage model and shear damage
model), both expressing critical plastic strain as a function of various esmaased
on principal stresses and stress invariants.

The calibration of the damage models requires an extensive experimental plan,
with a large number of specimen tyg2s, 26] This aspect is relatively easyachieve
for metals, as almost all the required geometries can be obtained through machining. For
polymers however, this approach presents a challenge, as the heat generated through
machining often times influences the properties of the base materialuaride results
can get skewed. In addition, the availability of polymeric samples and specimens is
directly tied to the manufacturer, as most of the compounds used today are proprietary
blends.

A first step in under st antoliechsgyessstates pol vy
was to manufacture the desired geometries through rapid prototyping. Though the
properties differ substantially from their injected counterparts, this approach is meant to
provide an insight and to validate the method.
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3.2. Spatiadl state of stress

3.2.1.Tensor invariants

The modelling of plasticity, damage and failure is based on continuum mechanics
approaches and, in consequence, the formulations will be based on the Cauchy (true)
stress tensad.

s, T T
o]‘r;r,T (3.1)

The spatial state of stress can also be expressed in terms of principal stresses,
which represent the extreme values the stresses can reagjivanh atress state as a
consequence of coordinate transformation. The principal stresses represent the
eigenvalues of the stress tensor and are evaluated with the relation

” "O ” "O ” "O T[ (32)

whereO, "O andOare the tensor invariants.

0 OQ , (3.3
w P
O - noon ” ” (3'4)
G h
0 AAD® (3.5)

The Cauchy stress tensor can be decomposed into a deviatoric com@onent
(describing the change in shapktlre volume element) and a hydrostatic component
» (@ scalar quantity accounting for the change in volume).

aa , k (3.6)

0 =0 (37

Qlo
Qlo

P
o

As most plasticity formulations are based (at least in part) on the deviatoric stress
tensor, it is worthwhile to mention its invariants (expressed in terms of the principal
deviatoric stesses). The first invariant, which represents the sum of the principal
deviatoric stresses can be shown to be equal to 0.
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o O60QCe , , , T (3.8)

The second invariant is epgssed as

0 » ” ” (3.9

P P
e S

In terms of the principal stresses, the second invariant of the aléwvistress is

0o =, . wom ” (3.10

The third invariant of the deviatoric stress is the determinant of the tensor
0 AA@e , .., (3.1
In terms of the principal stresses, the third invariant of the deviatoric stress is

P
- . ” ” ” ” ” ” ” ” ” (3'12)
<X S q S

3.2.2.Haigh-Westergaard stress space

In order to gain more insight into the multiaxial behaviour of materials, the spatial
state of stress can be expressed in different coordinates. Apart from the prinegsal str
space, the most common used frames of reference are the\Magjbrgaard stress
space and the meridional profjEs].

The HaighWestergaard stress space is a cylindrical frame of reference defined by
the coordinates, ” andg. The axis of the cylinder can be chosen to be the hydrostatic
axis (, " » ), and the axial coordinaterepresents the orthogonal projection of
the stress onto the axis. The radial coordifiatethe magnitude of the stressviddor,
and the angular coordinate is called the Lode aiitglepresents the angle between the
projection of the principal stress and the segment corresponding to the given stress state.
Their mathematical expressions §i6]:
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By maintaining a constant axial coordinate, the Halgstergaard stss space is
reduced to a 2D space with a polar coordinate system, called the deviatoric plane or the
octahedral stress plafigigure3.1).

Figure3.1 Stress stare representatiorthie octahedral stress space

The principal stresses can be expressed in the HWdagtergaard coordinate
system as

- Al Il

” 1 1 R T '
L AL & o7 (3.14)
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'f‘l s Ju

while the principal deviator stress as
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Another way to define the HaiglVestergaard stress space is by using scaled
coordinates: the axial coordinate is the measure of the hydrostatic stress, the radial
coordinate is the Von Mises equivalent stress and the radial coordinate is transformed
into an adimensional parameter called the Lode angle parameter.
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U'p o

Nnooa (3.16)
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U .

wherei is a third invariant dependent equivalent stress (also measured in MPa) defined

C, " " C, N i C,, ., ., (317)
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3.3. Basis for damage onset in ductile materials

This section will briefly present the most common constitutive models insed
simulating the damage of ductile materials, namely the ductile damage model and the
shear damage model.

The first ductile damage model was proposed by Percy Williams Bridgman in his
1952 book fAStudies i n i withgpecialprplasisonthe f | ow
effects of hydrostatic pressurebo, wher e
dependent on the strain rate and the triaxial state of §28ksHe used analytical
methods in approximating the triaxial stafestress for various notches and assigned a
failure strain for each stress state. The concept behind this approach is that, at the onset
of damage, the local strain increases drastically when compared to the global strain of
the body Figure3.2).
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Figure3.2 Local strain variation with global strain according to the ductile damage hypothesi

These models introduce a damage initiation critgricend when the conditions
are satisfied1( p), the effective stres€l will be diminished through a damage
evolution parametée:

a p oa (3.18

The damage evolution parame@can be defineds a function of the dissipated
energy or of the plastic displacemef29]. The function varies from O to 1, at which
value the stress tensor becomes null and the material is considered to havEitaited (
3.3).



3.3. Basis for damage onset in ductile materialS5

F 3
g Damage initiation B
w=1D=0_ o == ==
/ ¢ =(1-D)7
Yield point /l
/ Failure energy
/
E /7 |E
/
/

, =1
54 €

Figure3.3 Damage evolution model

In the present day, finite element analysis software are able to predict the
invariants of the stress tensor with more accuracy, thus becomingemiaistool in
determining the damage parameters for the numerical models.

3.3.1.The ductile damage model

The ductile damage model assumes an initiation criterion based on the nucleation
of voids during straining (damage onset) and an increase in volune\dits (damage
evolution) that leads to failure. Though initially developed for metals, the failure
mechanism of some polymers proves to be simimufe3.4).

Figure 3.4 Void nucleation in a polyamid compound
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From a mathematical standpoint, the ductile damage model expresses the

equivalent plastic strain at damage ondetto be a functiorof the stress triaxiality-,
the Lode angle parameterand the equivalent plastic strain rafe.

- "Q-RhT (3.19

The equivalent pistic strain [ is the correspondent of the equivalent von Mises
stress and is defined as

T o i (3.20)
o

S ] . (3.21)
Vo

where- are the principaplastic strains.

The stress triaxiality is a scalar value that characterizes the spatial stress state,
being expressed as

, VIc

(3.22)

The damage initiation parameter for the ductile criterion is expressed as:
(o3
2r (3.23
T

During the analysesthe damage initiation parameter is evaluated at each

increment in every integration point, considering the triaxial state of stress, the Lode
angle parameter and the strain rate.
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3.3.2.The shear damage model

The principle behind the shear damage modéhésaccurrence of shear bands
during loading Figure3.5).

<—W—>

Figure3.5 Shear band occurrence during tensile loading

In this case, the critical equivalent plastic strdinis considered a function of the
shear stress ratie-and the equivalent strain ratgE [30]
T Q—hT (329
wherethe shear stress ratio is defined as

” TQ Ql
— 3.2
: (329
whereQ is a material parameter afid  is the maximum shear stress, defined as half

thedifference between the maximum and minimum principal stresses

t — (3.26)

Similar to the ductile model, the damage initiation criterion is evaluated with the
relation

or
— 3.2
r (3:27
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3.4. Calibration and validation of damage models

The first part of this section will deal with the investigations of the triaxial states
of stress on specimens found intétiire, and their corresponding failure strain. Due to
their rather complex shape, the specimens were manufactured through rapid prototyping.

3.4.1.Tensile tests on notched flat specimens

The investigated notched flat specimens were based on ISO 527 geomgtrie
a double notch radius in the middle regidtigre 3.6) [31]. Four notch radii were
chosen along théaxis & uw ah® & afp ™ & andp wx &) and the notches along
the g axis were designed so that each specimen would have the same cross section area
ofpmma (aa ¢gad).

111

Figure3.6 Nitched flat specimens models and specimens

The specimens were subjected to tensile loading at a constant strain rate of
¢ a afa "QeThe deformations of the specimens were evaluated with an extensometer,
recording the displacement obarti & calibraked length around the notched region. The
load displacement curve for the calibrated region are presenfeglire3.7.

In order to evaluate the triaxial state of stress, plastic strain and third invariant
distribution across theritical region of each specimen, finite element analyses were
performed on models representing the volume between the grips of the extensometer. Y
axis symmetry was applied to the bottom region of the specimens and a displacement
equal to the failure traVeecorded by the extensometer was applied to the top region.
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For the material, an elasttastic formulation was chosen, determined from tensile tests
performed on wmotched specimens.
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Figure3.7 Forcedeflection curves for the investigated specimens
Following the analyses, the equivalent plastic strain, stress triaxiality, equivalent

Von Mises stress and the third invariant of the deviatoric stress tensor (required to
evaluate the Lode angle paramgigere recordedHigure3.8 andFigure3.9).
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Figure3.8 Equivalent plastic strain and stress triaxiality variation in the middle of the specime
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Figure3.9 Equivalent plastic strain and stress triaxiality variation at the extremities of the specir

Considering the spatial configuration of the specimens, the variation of the
aforementbned parameters was recorded for the middigfor the extremities of the
specimens in the fracture region (corresponding with the minimum area for each
specimen). The simulation results showed a good agreement with the experimental data,
as seen ifrigure3.10.
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Figure3.10 Experimental data compared with simulation results
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Figure3.11 Equivalent plastic strai(a), stress triality (b) and Lode angle parameter (c) variation v
the distance from the centre of the specimen for the extremities

After the analysis of the equivalent critical plastic strain variation with stress
triaxiality for the middle and thex&remities of the specimens, it was observed that the
valuescorresponding to the extremities yielded better approximations. The values are
presented ifablel and the graphical variation of the equivalent plastic strain withsstre
triaxiality is presented ifigure3.12.

Tablel. Equivalent critical plastic strain and Lode angle parameter variation with stress triaxiality for the

notched flat specimens

Stress triaxiality | Equivalent critical plastic straif  Lode angle parameter
[-] [mm/mm] [-]
0.559 0.024 0.128
0.441 0.081 0.814
0.384 0.122 0.999
0.341 0.196 0.999
0.333 0.206 1




62 3. Damage and failure of polymers

0.25 -

0.20 |-

0.10 -

0.05 -

Critical plastic strain [mm/mm]

0.00 I 1 1 1
0.3 04 0.5 0.6

Stress triaxiality [-]

Figure3.12 Critical plastic strain variation witstress triaxiality for the notched flat tensile specime

3.4.2.Compression tests on notched cylindrical specimens

Similar to the tensile specimens, several notch radii were chosen
(P® Y& aho® ax ahp® Y afp 1@ & and infinite radius/umotched Figure3.13) for
the round compressive specimens, maintaining the critical surfacevaag & )
[25, 26] The specimens were subjected to compression at a constant strain rate of
¢a afa Q¢

Figure3.13 Notched cylindrical compressive specimens
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The compressive loadisplacement curves are presenteBigure3.14. The tests
for the specimens with radii o 3 dho® dt & andg® Yt & were stopped after the
specimens crackedFigure 3.15), even though they still maintained load bearing
capabilities.
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Figure3.14 Compressive foresdisplacement curves

Figure3.15 Specimen condition after the compressive tests

The specimens with the notch radius of 10 mm and theotched specimens
buckled before showing any signs of damage, tae critical plastic strain could not be
evaluated due to the modification of the stress state. This behaviour is highlighted by the
humplike shape of the foredeflection curve. In addition, the apparent softer response
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of the unnotched specimen is duo its larger height, as the deflection was considered
the variation of the grip separation.

As with the tensile tests, numerical analyses were performed on specimens with
identical geometries in order to determine the variation of the equivalent glaatig
stress triaxiality and Lode angle parameter. For this case, axial symmetrical elements
were chosen to simplify the analysisdure3.16).
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Figure3.16 Equivalent pastic strain and stress triaxiality distribution

The numerical results, compared with the experimental data, is preserigara
3.17, showing good agreement.
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Figure3.17 Experimental data compared with numerical results for the compression tests
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The variation of the critical equivalent plastic strain, stress triaxiality and Lode
angle parameter with the radius of the specimens in the critical area is preseigadein
3.18.
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Figure3.18 Equivalent plastic strain (a), stress triality (b) and Lode angle parameter (c) variation
radius

Considering the numerical data, the critiqgdastic strain and Lode angle
parameter variation with the stress triaxiality is presentd@bie2 andFigure3.19

Table2. Equivalent critical plastic strain and Lode angleapzeter variation with stress triaxiality for the
notched cylindrical specimens

Stress triaxiality | Equivalent critical plastic strail Lode angle parameter

[ [mm/mm] [
-0.578 0.3803 -0.365
-0.466 0.1209 -0.726

-0.394 0.0715 -0.947
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Figure3.19 Critical plastic strain variation with stress triaxiality for the notched cylindrical specin

3.4.3.Arcan tests

In order to gather information about the failure of the prototyped material in pure
shear loadingand other biaxial loading scenarios, Arcan tests were performed on
butterfly specimens. These specimens are characterized by a calibrated region with two
notch radii Figure3.20) so that the failure can be located in the middléhefregion.

The reduced thickness of the calibrated region assures that the stress aangshas
very small values compared with the other stresses and thus it can be considered null.

Figure3.20 The butterfly specimen
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Numerical analyses on the butterfly specimen determined vararabigations
of the principal stresses, as seefRigure3.21.

Figure3.21 Principal stress combinations achieveable through the Arcan test

Arcan tests were performed for entations ofrit fp vhd mmandt v, dhe results
being presented iRigure3.22
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Figure3.22 Forcedeflection curves for the Arcan tests
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For all the investigated configurationshe damage initiation mechanism
resembled the theoretical assumption, with voids occurring in the critical Fagese(
3.23.

Figure3.23Void occurrence during Arcan tests

In order to determine the magnitudes of the failure parameters (critical plastic
strain, stress triaxiality and Lode angle parameter) for the Arcan tests, numerical
analyses were performed on the butterfly specimen model for the given orientations. The
damage initiation strain was considered to be attributed to the deflection of the specimen
that corresponded to the deviation of the numerical results from the experimental values
(Figure3.24). The resulted values are presentet@ldble3 and the graphical variation in
Figure3.25

Table3. Equivalent critical plastic strain and Lode angle parameter variation with stress triaxiality for the
Arcan tests

Stress fiaxiality Equivalent critical plastic strail Lode angle parameter
[-] [mm/mm] [-]
0.349 0.18 1
0.244 0.513 0.944
0.086 0.78 0.476
-0.012 0.85 0
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Figure3.24 Experimental and numreical results fbe Arcan tests
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Figure3.25 Critical plastic strain variation with stress triaxiality for the Arcan tests
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3.4.4.Model validation for rapid prototyped polymers

The validation of the damage model wasrformed through the numerical
analyses of metamaterial structures with Kelvin cells subjected to compression.

The chosen Kelvin structure had a relative density of 0.1 and a fillet radius to strut
thickness ratio of 0.3, having v v cells and solidaces at the top and bottom.
The structure was manufactured using the
3D printer[32].
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Figure3.26 Variation of the critical plastic strain with stress triaxialities for all the investigated typ:
loadings

Figure3.27 Meshed model of the Kelvin structure
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The same model used for rapid prototyping was imported into the FEA software
Abaqus. For the material model, the elagl@stic ABS with the damage parameters
described above was implemented. Thesimconsisted @& yip mC3D10M elements
(Figure 3.27). Preliminary analyses showed a high degree of variation of the stress
triaxiality (Figure3.28), which prompted this study.

31 g ! i {

Figure3.28 Triaxial state of stress of the Kelvin structure during compression

With the updated material model, the analyses results were more accurate in terms
of stiffness, yield strength and plateakiglre 3.29). A comparison between the
experimental and numerical behaviour in compression of the structures is presented in
Figure3.30

Experiment
*eee Simulation

Stress [MPa]

o
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Figure3.29 Stressstrain curve for the experimental andmerical compression tests on the Kelvin
structure
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Max: 56530
Elem: KELVIN_005_R3-1.1383728
Node: 174845

Max: 87572
Eler: KELVIN_005_R3-1.1320
Node: 525513

d)
Figure3.30 Experimental and numerical deformation of the Kelvin structure for a displacement ¢
mm (a), 20 mm (b), 3fhm (c) and 40 mm (d)



3.5. Conclusions 73

3.5. Conclusions

In this chapter, the ductile damage model initially developed for metals was
proposed for the damage and failure prediction of polymeric materials, as the theoretical
basis for damage onset (the nucleation and growsbids during straining) is similar.

The determination of the critical plastic strain variation with stress triaxiality can
be obtained by performing various tests on notched specimens, where the failure locus
can be easily identified.

Considering the raer complex specimen geometries, the first step in
investigating if this approach is suitable was to perform tests on rapid prototyped
specimens. Tensile, compressive and shear tests were performed, determining the
variation of the equivalent plastic stmaistress triaxiality and third invariant with the
critical cross section of the specimens.

The validation of the developed damage models was evaluated with humerical
analyses on both the test specimens as well as on complex structures, yielding promising
results.

The next step in this direction is to manufacture the specific specimens through
injection. This aspect requires the manufacturing of specific injection moulds for each
geometry.
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4.4. Research stages
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4.5. Other research topics

This section briefly presents the research results of the author in fields not related
to the viscoplastic behaviour pblymers.

4.5.1.Research into polymeric foams

After the completion of the doctoral studies, the author waspted into the
research team of Prof. Liviu Mar Havina an
polyurethane rigid (PUR) foams. During his research career, the author studied a variety
of topics related to the properties, morphology and fracture of PUR foams. Apart from
the regular PUR foams, the opportunity of improving the mechanical properties by glass
fibre reinforcements was also investigated.

Static and dynamic mechanical charactedation of unreinforced and
reinforced polymeric foams

The first step in evaluating the mechanical behaviour of the investigated PUR
foams was the determination of static tensile and compressive properties. Tensile tests
were performed on ISO 527 specimdB8], the strain being recorded with a laser
extensometer, showing an elagtlastic behaviour with low failure strains. The
compressive tests were performed on cubes, showing the three stages of deformation
characteristic t@ellular materials: a linear elastic region, a plateau and a densification
region[34, 35] Figure2.1.

Logarithmic Strain [mm/mm]
L 1 1 1 1 1 1 1 1 Yal

-1.8 -1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0

True Stress [MPa]
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Figure4.1 Tensile and compressive strestgin behaviour of an unreinforced PUR foam



86 4. Scientific achievements

In addition, the influence of file reinforcements on the stiffness and mechanical
strength was also investigated for various fibre lengths and weight cd@@nSigure
4.2). It was observed that the weight content of fibres irsg@edhe stiffness and the
plateau stress of the composites, but no clear trends could be set for the increase in fibre
length, as the longest investigated fibres (50mm) yielded lower mechanical properties
than shorter variants (i.e. 25mm).

Unreinforced E
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——20% content 8 104
n |
O
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Figure4.2 Influence of fibreglass reinforcements on the static tensile and compressive behaviot
PUR foam[36]
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Figure4.3 Influence of fibreglass reinforcements on the dynamic tensile behaviour of a PUR fc
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As the main application of polyurethane foams as structural composeeksted
to their energy absorption capabilities, dynamic tests were also performed. Though
predominantly subjected to compression, structural parts that integrate PUR materials
can also be subjected to bending, thus both dynamic tensile and compeestsiveete
performed. The same trends were observed: the increase in fibre weight content and in
the density of the PUR foam determined an increase in stiffness and plateau stress, while
the optimal fibre length was around 25mm, the 50mm fibres determioingr
properties Figure4.3).

The modelling of polyurethane foams was performed using the Deshphaue
plasticity model, which assumes an elliptic yield surface in the meridian plane
(hydrostatic pressufieequivalent von Misestress plandB7], Figure4.4.

. . . 6 T (4.1)
where
oQ %Qc o) (42)
o —— (4.3)
(o (4.4)

[+ t
UHyd + UHyd

p

Figure4.4 Yield surface of a PUR foam in the ndiein plang35]

The flow potential of the Deshpanéieck model is defined as
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. (4.5)

The DF material model was calibrated using the experimental data and numerical
analyses were performed for both static and dynamic loading, yielding accurate results
(Figure4.5).

| Experiment
6| — Simulation
5k
g 4r
=
3t
£
D,
9. =
0 " 1 " 1 L 1 " 1 " 1 L 1 n 1 " ]
0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8

Strain [mm/mm]

Figure4.5 Experimental and numerical results for the dynamic compressive-strassvariation for
an unreinforced PUR foafB8]

For additional investigations into the dynamic properties of RidiRis, impulse
excitation and DMA tests were performed. The impulse excitation tests measure the
resonance frequency of the materials through the excitation generated by an impulse
strike[39], Figure4.6.

]
RFDA basic SUPPORT
INTERFACE | TRANSDUCER | | SAMPLE | [ mroser | SYSTEM

Figure4.6 Determination of dynamic properties of PUR foams using impulse exictation tecli8@jut
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Dynamical mechanical analyses were performed using a temperature and
frequency sweep. Using the experiment al
principle, the timgemperature superposition was generated, obtaining a variation of the
dynamic properties with frequency from very low valupsi( "O@ up to veryhigh
values p 1t "Oq, Figure4.7 [39].
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Figure4.7 Time-temperature superposition resulting in the variation of the storage modulus w
frequencyfor a PUR foanj39]

Studies regarding the influence of the morphology and microstructure of
polymeric foams on their mechanical properties

In order to gather more information regarding the mechanical behaviour of
cellular structures, studies were performed in order to link the microstructures to the
mechanical properties of the materials.

A first step in this direction was the development of microstructures with cell
parameters similar to those measured from SEM imdggsre4.8). The gather data
was used in determining various types of 2D (circles, squares, hexagdd€ptand
3D structures (hollow spheres, Kelvin tessellati®y).

The variation of the relative density of the structures with structural parameters
were investigated, in order to determine the respeci@fees for various densities
(Figure4.10).
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Figure4.8 Cell diameter measurments from SEM images for three PUR densities and geometric
[39, 40, 32]
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Figure4.9 Variation the structural parameters for various densities for 2D and 3D georf#Qir8g]

The resulting structuresvere subjected to numerical analyses in order to

determine whether the chosen parameters determine accurate results when compared to
the experimental valueEigure4.10).



4.5, Other research topics 91
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For the fibre reinforced PUR foams, SEM images and CT scans helped determine
the correlation between the microstructure and the mechanical propEidies¢.11).
The fibre orientabn and microstructural defects caused by the inclusions helped explain
the scatter in results and helped identify some manufacturing parameters that caused

these phenomerj36].

Figure4.11 SEM image of the fracture area and CT scan showcasing the glass fibre distr[B6lior
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Fracture and damage of polymeric foams

An i mportant topic of the reseanhehed coc
determination of the fracture properties of PUR foams for various modes and the
evaluation of several fracture mechanics criteria (averaged strain energy density, theory
of critical distances) for the gathered dgha, 42]

The authorés contribution in this rese¢
analyses that replicate the tests conditions of the experimental procedures and the post
processing of the results.

p
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Figure4.12 A sample of fracture mechanics tests specinihl

Another topic related to the fracture mechanics of PUR foams was the evaluation
of the properties on microstructural models. For this purpose, the micror@than
models developed earlier were subjected to finite element analysis with the introduction
of artificial cracks Figure4.13). The stress states in the cell walls were evaluated and
with the results, the stress intensity factwas evaluated and compared to the
experimental valueg3].
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Figure4.13 Crack simulation using micromechanical mofgi]

The failure of PURfoams was also investigated considering macroscopic
phenomena, namely, the influence of the triaxial state of stress on the critical plastic
strain [35]. The theoretical background regarding this approach was presented
extensiely in the previous chapter. For PUR foams, cylindrical specimens with various
fillet radii were obtain through turning, using profiled knivEgy(re4.14).

S

Figure4.14 PUR speanens used in the triaxial state of stregtical plastic strain study

Finite element analyses were performed on specimens with identical geometries
with the imposed displacement identical to the recorded fail travel. From the results, the
variation ofthe plastic strain, stress triaxiality and the Lode angle parameter with the
specimen diameter was obtained, resulting in the variations presefigdrie4.15.

The obtained damage models were evaluated on tests performeddanchan
structures with aluminium faces and PUR cdrey, yielding accurate results both in
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terms of the forceleflection curves and regarding the fracture mode of the composite
beamdq35].
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Figure4.15 Variation of the critical plastic strain with the stress triaxiality for PUR foams of twc
densities

Figure4.16 Simulation results for the validation of the failure mof&]
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4.5.2.Research into metamaterial structures

The micromechanical modelling of PUR foams opened up new research directions
for the Author, in the field ofnetamaterial structures that can be manufactured through
rapid prototyping. Through the research Grant awarded to the Author regarding this
topic, an indepth analysis was performed concerning the various types of structures that
can be prototyped.

The investigated structures consisted of tessellations of various cell types and
associated lattices. The most commonly used type of cell has a cubic geometry (prismatic
variants can be designed for anisotropy), as the tessellation is easily performed through
mirroring operationsKigure4.17). The cubic structures described in literature are based
on crystalline structures: the positions of the atoms represent connection nodes between
the structure trusses.

Facecentered cubic structure
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Diamond structure

Auxetic structure

Figure4.17 Cubic structures
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Several parametric cubic structures were investigataticentred, faceentred,
octettruss and diamond. In addition, a particular type of structure was also investigated,
consisting of reentrant elements that determine a negative Poisson ratio (auxetic).

Another type of structure that possesses a potdil shape is the Kagome. This
type of structure was influenced by Japanese basket weaves and is presEigackin
4.18.

Figure4.18 Kagome structure

The third type of ell that was studied was the regular dodecahedron (truncated
pyramid) also known as the Kelvin cefligure4.19). This structure is known to be one
of the most efficient natural occurring geometry, having one of the lowest stwface
volume ratiog§32].

Basic Kelvin structure
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Central and face reinforced Kelvin structure

Spherical Kelvin structure

Figure4.19 Kelvin structures






















































