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Abstract

The present doctoral Thesis investigates the yield surface idatitificand its evolution in
functional metallic materials under complex loading paths, reflectindgfia@mation histories.
The experimental study focuses on -TP (Commercially Pure Titanium), CRBu
(Commercially Pure Copper), -Gu bimetal, and SS316Lashless steel, offering significant
insights into their anisotropic mechanical behaviour and sh@idening mechanisms. The
research addresses the lack of comprehensive data on the impaetefopneation on yield
surface evolution, a crucial aspectiesign engineering and manufacturing processes.

The experimental methodology employs the single specimen approach combined with the
sequential probing technique, where the yield surface was identified at various plastic offset
strains. Th &crifenon was ptiliz8astdk yield gurface approximation. The initial
yield surface and its subsequent evolution were determined aftdefar@nation induced by
uniaxial tension and combined tensioyclic torsion loading. The results reveal that-pre
deformation substantially influences the size, shape, and position of the yield surface, with
distinct effects depending on the loading path and material type.

The findings of combined tensiaryclic torsion loading on the mechanical properties of CP

Ti, CP-Cu, and T+Cu bimetal indicate a significant reduction in axial stress, with the magnitude
of softening increasing with torsional strain amplitude and frequency. Moreover, the anisotropic
nature of the initial yield surface of €R, likely resulting from nanufacturing processes, was
confirmed through EBSD texture analysis. Whereas, the size of subsequent yield surfaces after
pre-deformation of the CHi were reduced in all directions, except of that representing the pure
tension. In the case of GRu, predeformation through monotonic tension resulted in kinematic
hardening, shifting the yield surface in the-pteiin direction. Conversely, combined tension
cyclic torsion predeformation induced anisotropic hardening at lower torsional amplitudes and
anisotopic softening at higher amplitudes. The dominant influence of torsional strain amplitude
over frequency highlights the complex interplay between loading direction and strain path. For
the THCu bimetal, the yield surface evolution reflects the combinedhamnical properties of

its constituents. The observed kinematic hardening following monotonic tension and kinematic
softening after combined loading indicate the critical role of microstructural changes in the
bimetal's mechanical response. EBSD analgsidirmed that shear strain magnitude during
combined loading triggers recrystallization and the activation of additional slip systems, leading
to yield surface anisotropy. The investigation of SS316L explored the yield surface evolution
in both wrought att LPBFprinted (Laser Powder Bed Fusion) specimens across different
printing orientations. The layday-layer additive manufacturing process introduced directional
dependencies in yield strength, withodented specimens exhibiting the lowest mechanical
performance. Preeformation through monotonic tension resulted in varying degrees of
softening, influenced by both material morphology andgprain level.

The findings of this esis contribute to the broader understanding of anisotropic plasticity and
yield surface evolution in metallic materials, offering valuable data for the development of
advanced constitutive models in computational mechanics. The experimental validation of the
Szczepi ki yield criterion h i fa hpredicting the i ts
mechanical response of materials under complex multiaxial stress states. The outcomes of this
study hold significant implications for the design, manufacturing, and structural optimization

of functional materials in aerospace, automqtared biomedical applications.
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Streszczenie

Tytudg rozprawy:

|l dentyfi kacj a powierzchni plastycznoSci ma t
uwzgl ndni aj Ncej wprowadzonN historin defor ma
Niniejsza rozprawa doktorskhot yczy i1 dentyfi kacj i powi erzchn
funkcjonal nych mat eri agach met alicznych pod
r-Unymi rodzajami obci NUenia. Badania -przepr
Ti), komercyjnie czy®ej miedzi (CPCu), bimetalu TiCu oraz stali nierdzewnej SS316L,
uzyskuj Nc istotne dane opisujNce zar-wno 1ic
obci NUeniach, jak i mechani zmy wumocnienia ¢
wzbogacenia wiedzyan t e ma't wpgywu wstnpnego odksztagc
plastycznoSci, co stanowi Kkl uczowe znaczeni e
nowych proces-w produkcyjnych.

W badani ach powierzchni plastycgad$onczepspos
obci NUane | sekwencyjnie, w wyniku r-Unych
of fsetu pl astycznego. Ksztagt [ wymi ary p

wykorzystujNc kryterium plastycznoBlca kapdeog
badanego materiadgu wyznaczano poczNtkowN po

wprowadzeniu w materi al e wstnpnej def or mac
rozci Ngania | ub kombinacij. jednoogiedSweaqnm I ez
ewolucjn. Wyniki pokazagy, Ue wsthnpne odkszt
ksztagt i pogoUenie powierzchni ©plastycznoS$S
obci NUenia i rodzaju materiagu.

Wy ni ki kombinacj i jednoczesnego -skbadicM eNriyan
prowadzi go do i stotnej redukcij i wartoSci na
bimetalu TiCu, przy czym wiel koSi osgabi emd Siciwmr a:
odksztagceni a skrntnego. Ponadt o, anizotro
plastycznoSci tytanu, prawdopodobnie wynikaij
zostag potwierdzony przez analizn trezkiart ury w
kol ejnych powierzchni plastycznoSci po wstinp
wszystkich rozpatrywanych ki erunkach, z Wy
rozci Ngani e W przypadku czystej] maezreegoz | WS |
rozci Ngania spowodowada powstanie efektu ki-t
przesunifncie poczNtkowe | powierzchni pl astyc
kol ei , kombinacja monotonicznego adzicgagami
wywogani a ef ektu ani zotropowego umocni eni a
ani zotropowe osgabieni e przy wyUszej ] ej
odksztagceni a skrintnego w por - wnaniu do W
zidentyi kowal zgoUonN interakcjn mifndzy kierunki
przypadku bimetalu FC u ewol ucj a powi erzchni pl astycz
wjgaSci woSci mechani czne jego skgadni k- w. Ot
monotonicznymr oz ci Ngani u i ki nematyczne osgabienie

wskazuj N na istotnN rolfn zmian mikrostruktu




Analiza EBSD potwierdzi §ga, Ue wielkoSi odk

obciiNtUewmnywoguje rekrystalizacjn i aktywacjn o
do ewol ucj i powierzchni pl astycznoSci ws k azt
materi al e. Badania stali@i ni erdzewne | SS316|
pastycznoSci zar-wno w pr-bkach materiagu w
kucia, jak drukowania metodN | aserowego spi ¢
r-Unych orientacjach procesu. Zastosowany

wprowadz § zal eUnoSci kierunkowe w wartoSciach

zorientowane w Kkierunku Z wykazywagy naj ni
deformacja przez monotoniczne rozci Nganie sk

wpgyiwagna zar - -wno morfol ogia materiagu, | ak i
Wy ni ki prezentowane wW rozprawie stanowi N pr z
anizotropi. pl astycznej oraz ewolucj.i powi e
metalowyd , of eruj Nc cenne dane mogNc e znal e¥i
zaawansowanych modeli konstytutywnych w mechanice komputerowej. Eksperymentalna

walidacja kryterium plastycznoSci Szczepi Esk
narzndzzaeaewiddoywami a odpowi edzi mechanicznej

naprfnUenia. Przedstawione wyniki bada@ mogN
wytwarzaniu i optymalizacj. struktural nej meé

motoryzacji,jak i w zastosowaniach biomedycznych.
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Chapter 1

Framework of the Thesis

This chapterpresents the motivation and objectives of the Thesis, describing the
scientific background and methodological approach used to achieve the research aims. It
provides an overview of the Thesis structure, highlights original contributions, and outlines the
potential applications of the findings in advancing anisotropic yield criteria in engineering
fields.

1.1 Introduction

The experimental investigation of metallic materials plays a pivotal role in understanding their
mechanical properties and behaviour endarious loading conditions. Metallic materials
exhibit a wide range of properties, including strength, ductility, toughness, and thermal
conductivity, making them indispensable across numerous engineering applications. The
variety of metallic materialssuch as ferrous alloys (steel, cast iron) andfeomus alloys
(aluminium, copper, titanium), offers personalised solutions for different industrial
requirementsThese materials are extensively used in automotive, aerospace, construction,
energy, and mdical industries due to their superior performance and reliability. Experimental
investigations, including uniaxial tensile tests, biaxial tests, and shegrasstessential for
characteri;g the yield behaviour, strain hardening, and failure mechenisf metallic
materials. Understanding these properties enables the development of accurate constitutive
models and enhances the prediction of material performance under complex loading scenarios.

1.2 Motivation

The accurate identification of yield suréscof materials under complex loading conditions is

a crucial aspect of modern mechanics of materizspite significant advancements in yield
criteria and plastic deformation theories, experimental studies examining the influence of pre
deformation history on subsequent yield surfaces remain relatively underexplored, especially
in the context of complestress state pr@eformation.In many engineering applications,
materials experience paeformation due to prior loading histories, such as uniaxial tension or
cyclic torsion or complex multiaxial loading, which can significantly alter their yield betavio
Figure 11 presents some of the examples of evolution of the yield surface reflecting the pre
deformation in materials.

In the realm of manufacting, understanding theffects of praleformation undecomplex
loading on vyield surfaces can improve procsssech as metal formingand additive
manufacturing. For instance, in sheet metal forming, the material undergoes significant plastic
deformationand the resulting anisotropic hardening can affect the final product's dimensional
accuracy and mechanical properties

From an engineeringlesign perspective, the ability to predict the onset of plastic deformation
and its evolution under complex loadiconditions is crucial for ensuring the safety, reliability,
and durability of engineering components. Traditional design approaches often rely on

1
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conservative estimates of material behavimaged on the uniaxial testghich can lead to over
engineering ad increased costs. Understandighe material behaviour under complex stress
loading andthe impact of predeformation on yield surfaceallows for the optimization of
material performance, extending the lifespan of components and minimizing the risk of failure.
This knowledge is critical for designing lightweight yet durable components, particularly in
industries where weight reduction and safate paramount such as automotive, aerospace,
military, and others.
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Figure 1.1. Evolution of the yield locus.

One of the major challenges in computational mechanics is the development of advanced
constitutive models capabld oapturing the anisotropic hardening softeningbehaviour
induced by complex loading historiegdodern computational tools, such as finite element
analysis (FEA), rely heavily on accurate material models to simulate complex loading
scenariosAccurate yeld surface identification by a yield criterion serves as the cornerstone for
formulating such modelsExperimental data igssentialfor validation of these advanced
constitutive models, thereby enhancing the numerical simulations of material behaviour i
engineering applications.

The aforementioned observationave inspiredas the foundation for thereparation of this
doctoral ThesisThis research addresses a critical gap in the understandimg wéld surface
identification of metallic materials and its evolutiemder predeformation induced by uniaxial

and complex loading conditionsvhich are commonly encountered practical engineering
applications The primary motivation lies in understiing how predeformation alters the

initial yield surface and how these changes can be accurately described by appropriate yield
criteria. By employing the Szczepi GEGski yield
through linear gess termghis researchims to offer a more refined approach to modelling the
plastic behaviour of metallic material§he outcomes will not only advance the scientific
understanding of plasticity in metallic materials but also support the development -of next
geneation materials and structures in engineering design and manufacturing processes.
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1.3 Objectives

In this Thesis the experimental identification gfeld surfaces for various functiahmetallic
materials issystematically presented h e Sz ¢ z e piiteiesnk gropoged e 11903, is
employed to determine the onset of plastic deformation. This yield criterion extends traditional
isotropic yield models by incorporating the effects of material texture and deforaraticsed
anisotropy, enabling it to acately capture the anisotropy present in the maitdried nitial
anisotropyarises predominantly from manufacturing processes, which induce texture evolution
and consequently change the mechanical properties of the material, deviating from isotropic
behaviour. Materials in their aseceived state, often without subsequent heat treatment post
manufacturing, tend to exhibit anisotropy due to processes such as rolling, drawing, or
extrusion, commonly used in producing metal sheets, bars, or prEfigimesring applications
involving such materials must account for both the inhomogeneous mechanical properties and
the undesirable features of anisotropic behaviour, including premature fracture and shear
banding

It is widely recognizedhat the characterisation of materiatmsed solely omniaxial testing
methods provides limited data, that are not sufficient to identify all aspects db¢hewiour,
particularly those related to texture and anisotropy induced by manufacturing processes
Therdore,

the aimof thisThesis is to carry ot comprehensivexperimental and theoretical
analysis of the physical mechanismssponsible for the plastic deformation
resulting from the complex mechanical loadiimg functional materials The
materials willbe testedothin thar asreceived state and after prior deformation
induced bymonotonic or cyclic loading. The yield surface concept will be used to
identify the initial texture of the tested materials afor analysing subsequent
modifications intheir properties by its evolution due #appliedloading history
induced.

Thus, to achieve the objectives of this doctoral Thetkie following methodology is
implemented

1 Stateof-the-art assessments concerning material charactierisander complex stress
states focusing on materials with varying manufacturing processes and crystal
structures. The selected materials include: titanium (HCP), copper (FEQ),Bimetal
(HCP-FCC), and wrought SS316L (FCC) produced through conventional methods,
while LPBFprinted SS316L (FCC) is manufactured via additive manufacturing

1 Fabrication of SS316L specimens in XY, ZX, and Z orientations using the laser powder
bed fusion (LPBF) technique with optimized printing parameters

1 Evaluation of the mechanical propegiof the cheenmaterias.

1 Development of thepecimen geometrider strength tests in a complex state of stress
caused respectively axial loadand torque.

1 Determination of the initial yield surface with the use of stress components resulting
from actng of axial forceand twisting moment. Depending on the loading combination
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the yield surfaces will represent cresections of stress ellipsoid showing the values of
yield point of the material in the @sceived or aprinted state.

Development of éoading program cotining monotonic tension with cyclic torsion
introducepre-deformation.

Analysisof the condition of the tested materials on the basis of secondarystteess
curves from determination of the yield surface of materials with loadstgrki

Determination of the secondary stress ellipsoid of the tested materials reflecting an
influence of the loading history induced.

Microstructural analysis of the tested materials in both the@sved state and after
pre-deformation, providing insig into the underlying mechanisms responsible for
anisotropy and texture evolution

1.4 Contents of the Thesis

The Thesis is systematically organized into nine chapters, each addressing distinct aspects of
the research:

l

Chapter 1: Introduction T This chapter outlines the general framework of the Thesis,
providing the motivation, objectives, original contribution, and scope of the study.

Chapter 2: Literature r eviewi A comprehensive review ¢iistorical development of
yield surface analysis andfect of pre-deformation processes on material properties is
presented. A comparative analysis of mechanical properties in-tbeaged and pre
deformed states is provided, along with an overview of the most commonly used
functional materials.

Chapter 3: Experimental techniquesi The experimental methodologies, including
guasistatic tension tests and combined monotonic tersyshc torsion tests, are
detailed. The chapter discusses the stftthe-art techniques, yield point definitions,
specimen gemetries, and strain control methods adopted during the experiments.

Chapter 4: Yield criteria 7 The fundamental principles of yield criteria are introduced,

with a concise discussion of historical and widely used models such as Tresca and von
Mises. TheSzzepi EBs ki yield criterion i-sheaf)or mul ¢
stress space, aligning with the experimental framework of the Thesis.

Chapter 5: Experimental investigations on CPTi i The mechanical response of
commercially pure titanium (GPi) under biaxial stress states is explored. The initial
and subsequent yield surfaces in theea®ived and prdeformed states are identified,
accompanied by microstructural analysis to assess texture evolution

Chapter 6: Experimental investigations onCP-Cu i This chapter presents the initial
yield surface of commercially pure copper (CRB) and the subsequent yield surfaces
following predeformation. The mechanical response under biaxial stress states
involving combined tensicoyclic torsion loadingd examined, with emphasis on
anisotropic hardening and softening phenomena.
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1 Chapter 7: Experimental investigations on TiCu bimetal i The mechanical
behaviour of THCu bimetallic structures is analysed under the proposed loading
conditions. A literature r@ew on various bimetallic structures is included, along with
the effect of monotonic tensile and complex stress statdgioemation on the initial
yield surface and microstructural changes.

1 Chapter 8: Additive manufacturing and experimental investigations of SS316L
The additive manufacturing of SS316L stainless steel using the LPBF (Laser Powder
Bed Fusion) technique is presented. The initial yield surfaces of both wrought and
additively manufactured SS316L in XY, ZX, and Z orientationsdastified, and their
evolution due to tensile plastic pdeformation at various strain levels is discussed in
detail.

1 Chapter 9: Conclusions and recommendation$ The final chapter summarizes the
key findings of the Thesis and provides recommendatianms fiture research,
highlighting potentl directions for betteunderstanding of yield surface evolution in
functional materials

1.50riginal contributions
The original contributions carried out in this Thesissamamarised as follows:

1 Design,evaluation, and validation of experimental methodologies for strengthgtest
under complex stress states induced by axial fancktorque

91 Design and additive manufacturing of SS316L specimens using LPBF technique with
optimized printing parameters, ensig high-quality fabrication

1 Development and presentation of initial and subsequent yield surfaces and curves for
selected materials, capturing the impact of-geérmation on their mechanical
response

1 Validation of the Szczepinskiyield criterion through its effective application in
capturing yield surfaces in both-eeceived and prdeformed states under varying pre
strain conditions, across materiaigth different manufacturing process and crystal
structures.

1 Comprehensive microstructural argi/of CRTi and T+Cu bimetal using the Electron
Backscatter Diffraction (EBSD) technique to identify texture evolution and grain size
changes resulting from peformation

1.6 Applications
Possible application of conclusions and observations includégt iThesis are as follows:

1 This research not only advances fundamental understanding of multiaxial plasticity and
anisotropy but also offers practical guidance to industries requiringpeidormance
materials under complex loading. By integrating thdselings into design,
manufacturing, and simulation workflows, engineers can achieve safer,-lastieg,
and more efficient structural components
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1 The insights into torsional strain amplitude in cyclic loading in combination with
monotonic tension foCP-Ti, CP-Cu and TiCu bimetal contribute to more accurate
fatigue life predictions and failure analyses in components subjected to vibrational and
multiaxial operational conditions, such as turbines, pressure vessels, and piping
systems.

1 The LPBFprintedSS316L results emphasize the influence of build orientation and pre
straining on mechanical anisotropy. This is particularly valuable in industries utilizing
additive manufacturing, such as biomedical implants, nuclear components, and high
performance indstrial equipment.

1 The correlation between microstructural changes and yield behaviour opens avenues for
materials scientists to engineer grain structures and crystallographic orientations that
optimize strength, ductility, and fatigue resistance based niitigated loading
conditions.

Thefindingspresented in this Thedimve already been publishedwo peefreviewedjournal
articles[1,2]. The first article(DubeyVP, Kopec M, GkowaledBki i 2028), a n d
Yield surface identification of CPi and its evolution reflecting préeformation under
complex loadingInternational Journal of Plasticity, 167, 1039 reports on how the yield
surface of CFTi was identified and how it evolves when the material isqef®rmed under
complex loading conditiong he second articlKopecM, Dubey VP, Pawlik M, Wood P, and
Kowalewski ZL (2024), Experimental identifieatiof yield surface for additively manufactured
stainless steel 316L under tendicompressioftorsion conditions considering its printing
orientation, Manufacturing Letters, 41,-22) focuses on experimentally determining the yield
surface of additivelymanufactured stainless steel 316L, with a particular emphasis on how
different printing orientations affect its mechanical respoisee the content of these articles
coincides with the material presented in this Thesis, some chapters, especiallysChapigr

8, include content that directly reflects thpsslications. Elsewhere in thén@sis, the material
originating from the articles has been expanded upon and integrated into a broader discussion
to provide additional context and depth.




Chapter 2

Literature review

This chapter provides a comprehenshistorical review of experimental techniques
developed to charactes the yield surface of engineering materials. Additionally, to illustrate
the broad applicability of preleformation effects proposed in thishésis, various pre
deformation processesandh ei r i nfl uence on material 6s mec
The discussed techniques include -faesion, precompression, prgorsion, and their
combined applications. Additionally, a literatdbased overview of the key mechanical
properties of rmast commonly used functional materials is provided, highlighting their
performance improvements and underlying microstructural mechanisms.

2.1 Introduction

The increasing demand for metallic materials exhibiting enhanced mechanical properties and
stability under diverse operating conditions has driven the field of materials science to develop
innovative solutions. Among these, the application ofgg®rmaton has emerged as a widely
adopted technique over the past two decadesdéfoemation involves the intentional
introduction of plastic strain into a material during pesicessing to modify its microstructure

and, consequently, enhance its mechanicdbpeance. This approach can be executed using
various deformation techniques, either individually or in combinabipirommon exploitation
processes such as forgjrgndrolling or typical laboratory loads due to tension, and torsion for
example.

The comept of the yield surface has lopiayed a key role irunderstanding of material
behaviour under complex loaj conditions. As a fundamentement in theorgf plasticity,

the yield surface defines the limit beyond which a material undergoes irrdeelsibrmation.

The historical development of yield surface determination reflects the broader evolution of
continuum mechanics, materials science, and experimental methods, tracing a path from early
phenomenological models to sophisticated anisotropic raalfiaxial formulatios. Early

efforts to characternisyielding began in the ¥&nd early 20 centurieswith the classical yield
criteria, such as those proposedHyber, Trescaand von Mises, which offered simplified but
powerful tools for predictig material failure under combined stresses. These models, rooted in
macroscopic observations of ductile metals, laid the groundwork for subsequent refinements
that incorporated microstructural influences and anisotropic effects. With advances in
experimeral techniques, particularly the development of biaxiatl anultiaxial testing
machineshave enhanced the understanding of yield behaviour, enabling the empirical mapping
of yield loci for a wider range of materials. Throughout the 20th century, the uictrod of
numerical methods and computational plasticity significantly accelerated the modelling and
interpretation of yield surfaces. Researchers began to explorassoniated flow rules,
pressuresensitive criteria, and the influence of texture andilog path history. Yield surface
determination thus evolved from simple graphical constructs into complex, multidimensional
representations informed by both theory and experiment. This chapter presents a comprehensive
literature review divided into two maisections: the first outlines the key historical milestones
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in the experimentaidentification and characteaion of yield surfaces, while the second
examines the effects of pdeformation on the mechanical properties of materials.

2.2 Historical assesment of experimental identification of yield surfaces

The determination of the yield surface of materials under multiaxial stress states is critical to
understanding plastic deformation. Traditionally, yield surfaces have been modelled using
theoretical onstructs (e.g., von MiseTresca), often assuming perfewterial behaviour and
isotropy. In his 1958 study, P. M. Nagh8] explored the initial and subsequent yield surfaces

in plasticity, with a specific focus on the Bauschingiéect and strakihardening anisotropy in
materials subjected to combined torstensionreversed torsion loading paths. Utilizing 27
tubular specimens of extruded 248 aluminium alloy, the research aimed to establish a
detailed understanding of yietirfaces under multiaxial loading. The testing was conducted
with precision equipment, including a combined torgiemsionreversed torsion machine and
advanced data recording tools. The results revealed that the initial yield surface closely
resembled tb Mises yield condition, while subsequent yield surfaces obtained after two
predetermined torsional plastic deformation, exhibited a notable Bauschinger effect, especially
near the shear stress axisgure 21). This behaviour supports the need for anisotropic strain
hardening theories to explain material responses, yet the findings also emphasize the role of
isotropy in the experimental outcomes. Thd¢ udy 6s i nsights into vyi
contribute significantly to the development of plasticity models under complex loading
conditions.

The paper by H. J. lvey in 1961 marks a pivotal contribution to the experimental understanding
of yield surfacs in aluminium alloys (Aklloys) subjected to complex multiaxial loadii#yg.

Using a systematic series of tenstomsion experiments, the research prés a novel
methodology for mapping initial and three subsequent yield surfaces for 19S aluminium alloy.
The subsequent yield surfaces were obtained after three different torsiostipresalues.

The hardness variation across the specimens in adsstamained withinid.0%, indicating

high material uniformity. One of the most significant findings is the clear, smooth translation
of the yield surface in the direction of strain hardening, with no evidence of sharp corners or
singularities, as shown iRigure 22. This directly supports incremental plasticity theories,
particularly the Misegiencky model, which was validated through accurate prediabi

plastic strains even under nproportional loading paths. The study reveals a pronounced
Bauschinger effect, characteribby a diminished elastic range upon stress reversal, particularly
near the shear stress axis. However, it also confirms teae@bsf croseffects, as tensile yield
strength remained unaffected by torsional-graining. All observed yield surfaces were
convex, and subsequent surfaces no longer enclosed the origin, indicating permanent plastic
deformation even after completeloading. Importantly, the initial modulus of secondary
loading matched the elastic modulus, confirming the absence of yield surface "carhiesrs."
comprehensive experimental methodology and validation of smooth, convex yield surfaces
without invoking corer singularities represents a critical evolution from earlier, less conclusive
studies.
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In 1964, Mair and Pugh presented a detailed experimental investigation into the fgfieet o

strain on the yield surfaces of annealed copper, offering novel insights into the hardening
behaviour of metals under combined loadig By employing a controlledxperimental setup

for combined stress and highly isotropic copper, the authors established yield loci after
controlled tensile and torsional ps&ains. A key innovation lies in comparing multiple
definitions of yield, revealing that the choice of yietderion significantly affects conclusions,
particularly regarding the presence of crbasdening effects. Unlike prior studies, this work

clearly demonstrates a strong cre$fect: torsional prestrain increases tensile yield stress and
viceversa.Fo i nstance, tensil e yfifteol dl 4spsDabdbsdonali ncr e
pre-strain rose from 0.25% to 3.0%, confirming Asatropic hardening. The results also show
inflation, distortion, and translation of the yield surface, quantified giraleviations from the

von Mises <circl e, S uppor tisotrome hatdering enddel overo mb i n
simpler theories. Notably, no vertex formation was observed at tkstrpie point, challenging

some slipbased theories. This work significantigvances the understanding of yield surface
evolution in workhardening metals, with implications for forming processes.

The series of studies by Szczepinski, Miastkowski, and Marjanowic between 1965 and 1975
significantly advanced the experimental untlrding of yield surface evolution in metals
under complex loading path$i8]. Their research, grounded in meticulous biaxial and
multiaxial testing, offers valuable insights that challenge clagsardiening models and shape
modern plasticity theory. In their 1965 study, Szczepinski and Miastkowski conducted a
systematic investigation of the effects of 4steaining on M63 brass using biaxial loading
through internal pressure and axial fof@e Employing 28 thiawvalled tubular specimens, they

were able to construct the initial and threebsequent yield surfaces corresponding to
equivalent plastic strains () ranging from 0.01% to 0.5%-(gure 23). The novelty lies in the
systemat investigation of how both the shape and orientation of yield surfaces evolve due to
different prestrain paths, a feature rarely quantified in prior studies. A major breakthrough of
the study was the observation that yield surfaces evolved differepiéydimg on the direction

of prestrain, particularly at low strain levels. The results show that while-stigin yield
surfaces{ = 0.5%) were largely unaffected by the loading path, eadlg surfaces like the
proportional limit and = 0.02% e&hibited significant rotation, highlighting sensitivity to pre

strain direction. This rotation contradicts predictions from classical isotropic or kinematic
hardening models. Furthermore, the study includes an analysis of strain increment vectors,
showing that while plastic strain directions generally conformed to the normality rule,
deviations occurred, possibly due to material heterogeneity. These insights enhance the
understanding of pattlependent plasticity and challenge existing hardening theories.

Expanding on this patdependence theme, their 1968 paper examined how varyirgjrane

histories influence the yield surface in an aluminium alising 56 flat specimens subjected to

various complex loading pathBigure 24). This time, they introduced an innovative method:

large sheets were pstrained along different trajectories, then small samples were cut in
various directions and tested to map postgbrain yield loci. A key advance lies in quantifying

how differentoading histories with identical final stress state affect the yield locus. The results
showed that when the final segment of the loading path was significantly longer than the initial
one, the materi al ef fecti vel# VYiéldsarfagg®oin sicht h e i
cases became nearly identical, regardless of the initial paths taken. For example, when the final

|l oading (18 kFRpmmple3t exiceed®&d kB/ mm|]) by 28.6
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l oci di sappeared. This Amemory fadingo effec
hardening models, which predict persistent yield surface translation. Although the kinematic
model corectly estimated the threshold at which the memory fades i.e., when the final loading
exceeded the prior one by about 28.6%, it failed to capture the actual shape of the
experimentally derived yield lociF{gure 24b). Thus, while some aspects of the classical

models held, this work revealed their critical limitations and provided essential experimental

data to guide the refinement of patbnsitive placity theories.

Circumferential stress oy kB mm ™2

Axizl stress g, kG mm™”

Figure 2.3. Limit curves for the initial material (dashed lines) and-pteained material until
point A (continuous linegp] .

The 1975 study by Marjanowic and Szczepinski marked a further step by investigapingtthe
cyclic yield behaviour of M63 brass under negproportional, cyclic loadind8]. Unlike
previous experiments that focused on monotonic or unidirectional paths, this study
reconstructed yield surfaces based on radial stress paths afterprgloading Figure 25).

One of the most important findings was observed the evolution of the yield locus after a few
cycles of moderate amplitugthe material exhibited fully elastic response within a stabilized
yield surface. This phenomenon, resembling structural shakedown, indicates that even though
the material was exposed to macroscopically homogeneous cyclic stress fields, but it responded
with internal stress redistribution leading to a new stable yield domain. This observation
confirmed that cyclic plasticity is governed not only by macroscopic conditions but also by
microstructural heterogeneity. Furthermore, the research offered a patbwayantify
shakedown behaviour in terms of cycle amplitude and number of cycles, which has direct
implications for fatigue prediction in structural components.

These three studies form a comprehensive experimental foundation for understanding how yield
surfaces evolve under various complex loading scenarios. By exposing the inadequacies of
classical hardening theories and introducing new empirical methods, the work of Szczepinski
and collaborators provide a valuable experimental framework for futuresyiglite modelling

under norproportional, multiaxial loading conditions.

11
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The research by Williams and Svensson in 1970 and 1971 provides a foundational contribution
to the understanding of yield surface evolution in XEG®mmercifly pure aluminium under
tensile and torsional pr&train[9,10]. These studies collectively highlight the complex nature

of yield surface distortion, anisotropy development, and the role of underlying microstructural
mechanisms in defining yield behaviour.

In their 1970 study, Williams and Svensson conducted-deth investigation into the effects

of tensile prestrain on the yield locu]. One of the important findingss the significant
geometric distortion of the yield surface following plastic deformation. After tensHstrae,

the yield locus exhibited pronounced flattening in regions oppisite loading direction and

the development of sharply rounded cosrerand beyond the loading poikigure 26a). This
distortion became more evident as the amount ofspeen increased, as demonstrated by
compari®ns between theoretical and experimental loci at 1%, 3%, 7%, and 14%gine A

novel observation was the appearance of additional corners away from the primary loading
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direction, indicating that the yield surface distortion is a global phenomenom tagmea
localized one. Interestingly, the researchers found no substantial rotation of the yield surface,
contradicting some earlier theoretical expectations and minimal-effeg$, which was in
contrast to the behaviour under torsional-gtrain. A plenomenological model proposed in

this study successfully linked the yield surface changes to internal parameters responsible for
the observed distortion. These parameters were found to decay rapidly beyond approximately
100 e€in/in pr othécosclusioa that distodian s predorinamilyg a feature of
early-stage plastic flow. Additionally, the study revealed that the Bauschinger etiasidered

using a parameter, steadily increased with tensilstpain, while the anisotropy effect pedke

at 7% before decreasing sharply, a trend not previously reported.

Building upon this, the 1971 followp studyof Williams and Svenssofocused on torsional
pre-strain and its influence on the yield surf§&@]. This research extended the prior findings

by applying 1%, 3%, 6%, and 10% torsional plastic strains to aluminium specimens and
analysing the resulting yield lo&. major contribution of this work was the use of a statistically
derived yield criterion that closely matched the experimental outcomes. Torsiostigimedid

not lead to noticeable rotation of the yield surface or clear corner formation at the joaiding
Nevertheless, the yield surfaces still exhibited severe flattening, especially in regions opposite
the prestrain direction, mirroring trends observed under tensilespeen Figure 26b). A
particularly noteworthy result was the presence of a stronger-effess, indicative of latent
hardening, under torsional psérain. The authors attributed this to differences in the activation

of slip systems between the two loading madggrsional loading, characteed by fewer but

more intensely activated slip systems, led to higher jog and dislocation densities. In contrast,
tensile prestrain produced a broader, more evenly distributed slip gctivth less pronounced
individual slip. This insight into microstructural behaviour adds depth to the interpretation of
macroscopic yield surface changes.

In 1971, Hecker conducted a comprehensive experimental analysis of yield surface evolution
in strainhardening materials, specifically 1200aluminium and annealed OFHC copper,
subjected to uniaxial and multiaxial stress states via simultaneous axial tension and internal
pressurdgl1]. The study systematically examined how the magnitude, direction, and sequence
of pre-strain influence subsequent yield surfaces. The research highlights that the definition of
yielding significantly affects yield surface shape: small proof strain defnsitiproduce

ani sotropic surfaces that reflect the mater.|
(e.g., 0.2%) result in nearly isotropic surfaces, effectively erasing prior influences. Yield
surfaces following tensile pi&rain were defined bymall proof strains, demonstrated
consistently expansion and translation in the direction eEpeen and were visibly distorted

near the loading point. Additionally, muliirectional prestrain sequences induced a
pronounced negative cresffect, anabgous to the Bauschinger effect, emphasizing -path
dependence of plasticity. These findings expose the limitations of traditional continuum
plasticity theories. Both isotropic and kinematic hardening models fail to capture the observed
anisotropic small sain behaviour, though isotropic hardening performs adequately for large
strain responses.
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Figure 2.6. Comparison of initial and subsequent yield loci obtained post tensHst@ms
(a); and torsional prestrains (b)[9,10].

The pioneering studies conducted by Phillips and his collaborators in the 1970s and 1980s laid

a transformative foundation in the experimental exploratbryield surface behaviour,
especially under noersothermal conditions, cyclic loading, and pa#épendent prstressing

[12i 20]. These studies focused on commercially pure aluminium (Q)Q@sing thirwalled

tubular specimens loaded in combined tension and torsion, and appliegpadurgon, single

specimen method to derive consistent, fgghsitive yield surfaces at both roamd elevated
temperatures ranging from 70AF to 325AF. On
studies is the introduction of a new operational definition of the yield point, based on the
proportional limit. In contrast to the more commonly uséded or backwareextrapolation
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methods, which often lack physical grounding or depend heavily on arbitrary strain thresholds,

the proportional limit definition adopted here is rooted in the intersection between a linear
elastic line and an incipient stnahardening line formed by the first three deviating points in

the stressstrain curve. This procedure minimizes subjective judgment and allows for early
detection of plastic behaviour. With instrum
ad plastic incursions |imited to approxi mate
that ensures the minimal distortion of the evolving yield surface.

A distinguishing methodological decision in these experiments was the use of a single specimen
for mapping the entire virgin and subsequent yield surfaces. By avoidingsamgre
variability, the researchers eliminated scatter, which had plagued previous investigations. This
approach proved crucial in capturing subtle but important phenomehaastite Bauschinger

effect and asymmetries in hardening behaviour. The consistent and repeatable results obtained
across different loading paths and temperatures validate the utility of this method in exploring
the true physical characteristics of yieldface evolution.

In their 1972 study, Phillips and Tang investigated the evolution of yield surfaces in pure
aluminium subjected to tensile pget r e s si ng at el evated tempera
3 0 5 Kigure (27) [12]. They introduced a hardening law combining rigmty motion and

drecti onal deformation of the yield surface,
progressive prstressing. Using five specimens, they demonstrated that initial yield surfaces

form ellipses lying on isothermal sections of a truncated ellipticain e i n (a, U, T)
an apex extrapolated near the annealing tetl
subsequent yield surfaces did not pass through thetmss points and did not enclose the

origin, even at minimal plastic strainsaslawds 45 ¢ U, indicating path
[12]. Additionally, they observed the absence of cleféscts i.e. post prstrain yield linits in

shear remained unchanged from their initial

undefined, suggesting that under certain conditions, aluminium undergoes continuous creep
without an elastic range, defining a temperatigpendent upper limiof the existence of yield
surfaces. Additionally, the study confirmed the tigtability of yield surfaces, ruling out time
dependent effects.

In a concurrent 1972 publication, Phillips et al. extended their investigation to combined tension
andtorsionladi ng at both room and e[l13 Wiadizing thirt e mper
walled tubes to ensure a uniform biaxial stress state, they precisely mapped yield surfaces for
both virgin and torsional prstrained material. Key findings included the absenceragsc

effects at all temperatures and-gteain levels, the nenonvex nature of yield surfaces that did

not enclose the origin, and the observation that yield surfaces did not pass througistitesgre

point [13]. These results challenged traditional plasstitheories and highlighted the critical

influence of temperature on yield behaviour. The proposed dteggerature yield surface
methodology, verified against isothermal data, offered a consistent framework for modelling
yield phenomena in thermallydded metals.

In 1974, Phillips et al. examined the evolution of yield surfaces in commercially pure
aluminium in the annealed state subjected to complex loading paths at elevated temperatures,
using thinwalled tube specimerjd4]. A key novelty was the examinati of normonotonic
pre-stressing histories, specifically, cyclic torsion and tension with path reversal. They observed
that prestressing toward the origin of the stress space led to a widening of the yield surface in
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the direction of the prior load, a @homenon not captured by traditional isotropic or simple
kinematic hardening models. This supported a previously proposed hardening law,
demonstrating its predictive capability under reversed paths. Importantly, they identified the
existence of negativegadtic strains, where plastic strain opposes the direction of applied stress,
signifying a highly patldependent material response. The study also introduced the concept of
a fAzero deformation |l ocus, 0 a theoruefdace c al
remains unchanged despite loading. Offset yield surfaces, defined through a fixed strain offset,
were found to align closely with the envelopes formed by proportional limit yield surfaces,
reinforcing their utility in practical material modelling.
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Figure 2.7. Initial yield surfaces for pure aluminium at various temperafdd .

In 1976, Phillips and Ricciuti validated their earlier hardening law against three nontrivial pre
stress paths, confirming its accuracgept in cases where the gteess path intersected the

yield surface at very small anglgs5]. Importantly, they confirmed the normality rule for
plastic strain rate vectors i.e. the plastic strain rate vector remained normal to the yield surface,
reinforcing its applicability even under complex multiaxial statég. §tudy also addressed post
pre-strain creep behaviour, showing that while initial creep strain vectors aligned with the
plastic strain rate direction, they could deviate over time, indicating evolving deformation
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mechanisms. For permanent strains beld#; plastic deformation adhered to the constant
volume hypothesis, whereas creep strains conformed to this only at early stages.

In 1977, Phillips and Moon shifted the focus to the tangency condition between yield and
loading surface$16]. They identified that yield surfaces become tangential to the loading
surface over time. This observation challenged theqaalcy of thesdominant hardening
models specifically introduced by Prager, Mroz, and Ziegler, which failed to accurately
describe experimental data. In contrast, the findings suggested that the previously introduced
hardening law by Phillips required mdidations, especially when the ps&ressing path was
nearly tangential to the yield surface. They asserted that, in situations of conflict between the
tangency condition of the yield surface and the hardening law, the tangency condition takes
precedenceynderscoring the dominant role of geometrical consistency in plasticity fi€&dry

The study confirmedhat the plastic strain rate vector remains normal to the yield surface and
adjusts to become normal to the loading surface as the yield surface aligns tangentially. In 1979,
Phillips and Lee expanded this concept, proposing that the loading surfaceabisuasiary

layer rather than a distinct, sharp delineating bounfafly Their observation that yield and
loading surfaces may not intersect immediately, even with extended stress exposure, refined
the understanding of how plastic strain accumulates, especially under strains of approximately
1%. They also noted thebsence of corners on yield surfaces, streamlining modelling efforts
and indicating a smoother evolution than previously expected.

In 1984, Phillips and Kawahara further explored the effects of thermal and mechanical loading
by analysing isothermal and masothermal loading paths at room temperatil@®. They
extended equilibrium stresdrain airves to account for both increasing or decreasing stress and
thermal effects. Experimental results demonstrated that plastic strain always follows-the pre
stress direction, regardless of whether thegbressing is directed towards or away from the
origin. Their experiments showed timee pendent pl ast i®aftersl2 ho@s ns up
under i sother mal ¢ o®ruddertthiermal syclimgn adtributipg these to28 1T 1 0
combination of creep and plastic[t8]. This affirmed the role of temperature in yield surface
penetration and deformation evolution. In a parallel effort in 1984, Phillips and Lu conducted
tensiontorsion experiments under loadnd straircontrolled conditions on pure aluminium
specimeng$19]. They successfully mapped initial and evolvinglgisurfaces during loadings.

The loadcontrolled experiment allowed for a precise understanding of how the yield surface
moves as the stress path progresses. By monitoring the simultaneous increase in strain, they
demonstrated that the yield surface beesrtangent to the loading surface, providing deeper
insight into how the loading surface itself may be influenced by the amount of plastic strain
accumulated during loading. In the stramntrolled experiment, continued stress relaxation

was observed abé end of each segment of the strain path. The stress path remained within the
loading surface, and plastic strains predominantly accumulated near the loading surface,
providing further evidence of the material's response under controlled strain. This stud
enriched the conceptual framework of yield and loading surfaces and provided empirical data
guantifying the evolution of these surfaces under various loading regimes.

In perhaps one of the most expansive studies, in 1985, Phillips and Das systencatigadlyed

yield and loading surfaces in commercially pure aluminium andduéteng brass under varied
pre-stressing condition20]. The study intnduces several novel aspects that mark an important
contribution to understanding the evolution of yield surfaces under differerstrpss
conditions. One of the primary innovations is the systematic comparison between yield surfaces
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and associated loadj surfaces under muldimensional stress states, with a clear operational
definition of yielding basfad &) Th procedwet ed p
ensured that the yield surface strictly encloses the purely elastic region, providagnecise

and physically meaningful yield criteria than traditional definitions. A major novelty lies in the
threedimensional prestressing path applied, combining tension, torsion, and internal pressure.
Previous investigations largely relied on tdimensional stress states; thus, this work
significantly extends the experimental database to more complex stress conditions, closer to
realworld applications. The study carefully traces how initial yield surfaces and subsequent
yield surfaces evolve undénreedimensional loading, something rarely achieved before. A
major contribution was demonstrating that the yield surface evolves anisotropically based on
pre-stress direction. It confirms that when {steessing is directed away from the origin, the
yield surface contracts along the fsteessing direction, whereas if pggessing moves towards

the origin, the yield surface expanf0]. This dynant behaviour validates theoretical
predictions made in Phillipsdé earlier works
evidence across different loading paths and temperatures. The study -cottireg brass
offered valuable comparative insightgith brass displaying Tresdike yield surfaces while
aluminium followed Misedike behaviour. This materi@lependent divergence strengthened

the general applicalty of the proposed framework importantlyh&experimental findings

also reinforce the &k of crosseffects, meaning that stress components not directly involved in
the prestress path do not significantly influence the motion of the yield sudace key
assumption in plasticity theories. The observed-tezagential relationship between pligced

yield surfaces and corresponding loading surfaces strengthens thsurface plasticity
models.

In 1985, Stout et al. presented valuable insights into the yield and flow behaviour of 1100
aluminium, emphasizing the interplay between microstructargre, and plastic flow under
various deformation regimg21]. One of the keydvances presented is the identification of
distinct yield regimes at different strain levels, highlighting the transition from microstructural
to texturedominated behaviour. At strains below those that induce shear bands, the yield
behaviouris charactdse d by “‘affsdt VieldOcriterion, governed by the formation of
dislocation cell substructures. The yield locus is observed to distort and translate in the direction
of the applied stress, indicating that the developing cell structure carries arynaintbe
directional history of deformation. This novel finding underscores the importance of
microstructural evolution in the early stages of deformation. In contrast, at larger offset yield
criteria (back extrapolation technique), the yield locus is thstorted and does not exhibit
significant translation, aligning with predictions from textbesed polycrystal plasticity
theory Figure 28). This suggests that for largeale yielding, the texture of the material
becomes the dominant factor, overshadowing the influence of microstructural changes. The
paper further explores the onset of shear band formation, which occurs at a von Mises effective
strain of approximately 0.5 for aluminium in rolling. Once shear bands form, texture alone no
longer governs the large offset strain yielding. Insteadarsbhands introduce anisotropy

plastic flow, independent of texture, likely due to relaxed conssran deformation and the
specific orientation of the shear bands. This transition signifies a crucial shift in the material's
deformation mechanism, where microstructural and textural factors no longer act in isolation
but insteagdlinteract in complex ways to influence the flow behaviour.
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In 1986, Helling et al. investigated the srrsthain offset yield behaviou
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0 aluminium, 70:30 brass, and 2024 aluminium alloy under various multiaxial ps&ress

and prestrain paths involving combinations of normal and shear stresses, with von Mises
effective prestrains ranging from 1.2% to 32f#2]. The study revealed that the final direction

of the prestrain path, dominantly influences the distortion & tteld locus, rather than the
pre-stress direction alond-igure 29). A notable observation was that yield loci could distort
without translating, particularly in brass and 2024 challenging traditional assumptions in
plasticity models. Moreover, these twaaterials exhibited a strong memory of their complete
pre-strain history and showed primarily kinematic hardening behaviour, with the yield locus
translating in stress space. In contrast, 1AGuminium showed less memory effect and
mainly isotropic hattening, with the yield locus expanding rather than shifting. The-2024

alloy also uniquely demonstrated shrinkage of the yield surface following plastic deformation.
These findings underscore the matesiaécific nature of yield surface evolution anghiight

the limitations of conventional models that overlook the influence e§{paén direction. The
results emphasize the need for constitutive models to incorporate both distortion and memory
effects, and to account for differences in hardening méstmaracross materials. Additionally,

they suggest that microstructural factors beyond dislocation activity may be responsible for the
observed behaviours, underscoring the complexity of accurately modelling yield surfaces in

engineering metals under comypleading histories.

In 1991, Wu and Yeh conducted a detailed investigation into the yield surface evolution of

annealed AISI 304 stainless steel usingasereont r ol | ed
p r o o[23]. Sheirstaircontrdlledf ekxpariménts successfully captured

(5110 )

hydraulic test

the dynamic behaviour of yield surfaces under various loadinglittons, despite the
challenges posed by the sensitivity of such small strain measurements to factors like probe
orientation, data resolution, and loading path. The experiments explored three primary loading
paths- pure axial, pure torsional, and proponal axiattorsional- each involving loading,
unloading, reloading, and cyclic steashate phases. The study revealed that the yield surface
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undergoes both translation and distortion during plastic deformdtigaré 210). Translation
occurs in the direction of pigrain or prestress, while distortion patterns are also influenced
by these directions. A significant finding is that the-giress pmt becomes part of the evolving

yield surface, acknowledging its role in continuous loading histories. As loading proceeds, the
yield surface inflates at the forward end and deflates at the rear, forming a sharp front and blunt
rear. Upon load reversahdse regions swap, illustrating the reversible and directional nature
of yield surface evolution. Notably, the deflation rate at the rear is greater than the inflation rate
at the front, leading to an apparent yield surface size reduction during monlottig,
although the size remains relatively constant in unloading and reloading cycles. The
Bauschinger effect is clearly observed, while the cross effect remains weak. Their work
emphasized that probe orientation, particularly its perpendicular alignadre prior loading

path, is crucial to minimize Bauschinger related bias in yield point determination.
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Figure 2.9. A comparison of the yield loci of 70:30 brass after different stress/strain paths
[22].

200

W First Sub. Y. S.
® Second Sub. Y. S.
100 a Third Sub. Y. S.

/ W Fourth Sub. Y. S.

Shear stress, MPa.

=100 1 !
=100 0 100 200

Axial stress, MPa.

Figure 2.10. Subsequent yield surfaces during proportional ateasional loading for 304
stainless steqP3].
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In 1992, Kim presented significant advances in the investigation of yield surface evolution for
cold-drawn SAE 1020 steel tubes subjected to different shear gi2dijpg he study provides
valuable insights into the material's orthotropic behaviour during twisting and itslgeels
evolution. Key findings highlight that the orthotropy of the material is maintained during
twisting, with the orthotropic axes (x and y) continuously rotating into new orientations.
Notably, within a shear strain of up to 30%, thexts remains ayned with the orientation of

the mechanical fibers, indicating the stabil
deformation. The study also reveals that the plane stress yield locus in the biaxial plane evolves
towards an ellipsoidal spae , with the major axis ,pRsSition:

showing a significant change in the yield surface geometry as shear strains increase. Hill's
guadratic yield function is confirmed as an effective representation of the material's prthotro
anisotropy at each stage of twisting, esifiig a more precise charactatisn of the yield
behaviour under neproportional loading. While the paper emphasizes that work hardening is
pathrdependent and cannot be solely attributed to plastic workplibervations serve as a
valuable foundation for future experimental studies. A particularly promising area for further
investigation is the measurement of the yield locus for tubular specimens subjected to a
combination of elongation, expansion, and twigtich could provide deeper understanding of

the material's overall work hardening behaviour.

In 1993, Khan and Wang introduced the concept of the equimodulus surface to enhance the
experimental investigation of yield surfaces, particularly after largetpaeing[25]. Using

fully annealed,copperthin-walled tubular specimens subjected to large torsional loading
followed by combined tensiotorsion loadings, they experimentally determined the
equimodulus surface and subsequent yield surfaces under various offset strain conditions. The
equimodulus surface, defined based on the hardening modulus at the point of maximum
preloading, was found to lie significantly outside the von Mises loading surface, especially for
large von Mises offset strainBi§ure 211). This sugges the necessity of adjusting hardening
modulus values when using tvgorrface plasticity theories, particularly after load reversals.
Their study also demonstrated that subsequent yield surfaces evolve with translation, distortion,
and expansion after poglding. When smaller offset strains were applied, more severe
distortions appeared; a rounded corner developed at the torsional preloading point, while the
region opposite flattened. In contrast, larger offset strains produced yield surfaces that better
aligned with the equimodulus surface, expanding beyond the von Mises surface and reflecting
more stable plastic behaviour. Interestingly, while von Mises offset strains caused the yield
surfaces to pass through the original von Mises loading surface, Diféseastrains did not,
highlighting the importance of the offset strain definition in yield surface determination.
Furthermore, the baedxtrapolation method yielded subsequent yield surfaces nearly
completely outside the von Mises surface, yet closeth® Tresca surface, indicating
divergence in prediction models. The study also examined plastic strain increment vectors
following sudden changes in loading path and found that these vectors tended to align with the
deviatoric stress direction more closely the offset strain increased, ultimately coinciding at
high strain levels. These findings highlight the complex interactions betwestrgirehistory,

offset strain magnitude, and material response in defining accurate yield surfaces.

In 1997, Dietrith and Kowalewski conducted an-diepth experimental investigation on the
effects of predeformation on the yield surface evolution of aged pure copper under two distinct
loading conditions: (a) tension creep at elevated temperatures and (b) monotonit &nsi
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ambient temperaturf26]. The yield surfaces were determined using a probing technique
applied to a single specimen, ensuringsistency across comparisons. A lestpiares fit using
an anisotropic yield condition further quantified the evolution of the surfaces.
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Figure 2.11. Subsequent yield surface of copper after large torsional preloading and its
variation with the offset strain&5].
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Figure 2.12. Comparison of the initial and subsequent yield surfaces of tensigtjaieed
copper[26].

Initial yield surface of material was well represented by the isotropic HJls&s yield
criterion and virtually no shift from the origin, providing a reliable baseline for comparison.
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Upon subjecting the material to monotonic preloading at ambient tatapereven a small
plastic prestrain of 5% led to significant distortion of the yield surface. The major and minor
axes expanded disproportionately, and the axis ratio decreased substantially, eventually
stabilizing at a constant value with further ireses in prestrain up to 15%HKigure 212). In

addition to dimensional changes, a clear translation of the yield surface centre was observed in
the diection of preloading, indicating the development of directional anisotropy. When the
same level of prstrain was induced via tension creep at elevated temperature, changes in the
yield surface were still evident but noticeably less pronounced. This phsaneis attributed

to the hightemperature exposure, which changes microstructural evolution and affects
hardening behaviour differently than room temperature deformg&jnThe findings reveal

that while plastic pratrain, regardless of its origin, can significantly distort the yield surface,
the dimensional ratio tends to stabilize with increasing strain, suggesting a foetmagfoural
convergence.

In 1997, Ishikawa presented significant insights into the behaviour of yield surfaces of 304
stainless steel after tension and/or torsion preload®1. The study investigated the
subsequent yield surfaces under different loading condgio by wusing a 50 & m/
definition of yield. A key advancement is the exploration of three distinct starting points for
probing the yield surface, leading to the identification of three types of subsequent yield
surfaces. The surface probednfrds current centre is confirmed as valid based on the proposed
formula, providing a reliable framework for yield surface analysis. The paper demonstrated that
during proportional loading, the subsequent yield surface undergoes compression in the
direction of prestress, accompanied by a translation of its centre. This transformation is
captured by an elliptical shape, with the plastic strain experienced being a defining factor in the
evolution of yield surface. In the case of qaneportional loading, thetudy observed more
complex transformations, including distortion, translation, and rotation of the yield surface.
This highlights the notinear nature of material response under mixed loading conditions. The
paper 6s proposed f os timudhape of allcsebeeguerit vidldl syrfacesa pt u
except after unloading, where a slight expansion of the surface is noted. This behaviour under
unloading conditions provides valuable insights into material recovery and potential
irreversible changesinthemma& r i al 6 s structur e.

Il n 1997, Kowal ewski and $liwowski conducted
alloy steel to examine how plastic pteformation induced by cyclic loading and monotonic
tension affects yield surface shape and dimend@8is Initially, in its asreceived state, the
material showed nearly uniform lower yield limits in all directions within the astiabr plane,

though the shape and position of the yield surface indicated inhersoirapy. Cyclic loading
introduced a significant softening effect, visibly reducing the yield locus size. This softening
was directiordependent, with the maximum reduction always aligned with thestpa

direction. The study notably quantified the sofhg caused by monotonic tension, revealing

that it exceeds the softening from cyclic loading by over 11% when applied in the same
direction and with similar plastic straifigure 213). Yield surfaces were constructed using
sequenti al probing of a single speci men an
anisotropic yield criteriof29]. These findings highlight the strong influence of loading history

on ansotropic behaviour and yield surface evolution.
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Figure 2.13. Comparison of the initial yield surface (0) with yield surfaces for the material
pre-strained in the same direction due to cyclic loading (1), and monotonic lo&)iiZg] .

Akhtar S. Khan's work on yield surface evolution, particularly in the context of materials such

as aluminium alloys, has contributed significantly to our understanding of how materials
respond under various loading conditiof3®i 32]. One of Khan's most notable studies,
conducted in 2009, examined the evolution of the yield surface in AF66611 (a low work
hardening alloy), by using a 1s0rfaced)whicleweieat i on
experimentally determined under proportional loading paths: tension, torsion, and combined
tension torsion[30]. The initial yield surface closely followed the von Mises prediction, while
subsequent gid surfaces showed translation, distortion, and contraction in size with negative
crossef f ect s. A Ainoseo feature became prominen
tension and combined loading, and surfaces became flattened in the reversendirect
Importantly, yield surfaces obtained after linear, bilinear, and nonlinear unloading paths were
smaller than the initial surface but larger than those obtained during prior loading, indicating

path dependendB0]. Thee | asti ¢ modul i (Youngds and sheat
surface and found to decrease slightly with plastic deformation, much lower than previously
reported, due to improved experimental procedures includingut relaxation periods and
remountedstrain rosettes.

In 2010, Khan extended this work to annealed 1100 Al, a high work hardening3lloy

Unlike Al 6061T6511, the 1100 Al showed yield surface expansion, positive-eftesds, and
pronounced noses in the loading direction. Yield susasere determined under both
proportional and noproportional loading paths, revealing significant differences such as non
proportional loading caused shrinkage, compounded distortion, and smallereftects

compared to proportional paths. After unlmay] surfaces translated in the loading direction

and retained positivecrogesf f ect s. The Youngodés and shear mo
strain, more so in combined tensitorsion and this trend was consistent across both
proportional and noproportional loadings. Kinematic hardening was initially dominant but
diminished with strain, while isotropic hardening increased.

A further 2010 study investigated yield surfaces under tentgosion stress space in axial,
hoop, and combined loadings forth@lloys[32]. The s ame efhifonwddused f s et
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Yield surface behaviour in this space followed prior observations such as AITGE341

showed contraction, negative crasféects, and strong kinematic hardening, while annealed
1100 Al showed expansion, positive cre$tects, and ismopic hardening. The yield surfaces

for 1100 Al had sharper noses in axial and hoop directions, and more blunted shapes under
combined loading. The elastic modulus decreased by less than 5% after 6% strain in-Al 6061
T6511 and after 12% strain in 1100 AThese comprehensive studies filled a gap in
experimental data on yield surface evolution under finite plastic deformation and complex
loading paths, offering valuable benchmarks for constitutive model development in plasticity.

In 2012, Dietrich and Sochavestigated the degradation of A336 GR5 structural steel under
cyclic loading, focusing on yield surface evolution and mechanical property cja@gécheir

study revealed that cyclloading along both proportional and Aproportional paths in strain
space leads to isotropic softening, manifested as a shrinkage of the yield surface in stress space,
due to increased inelastic response. This softening indicates a reduced yield fatiguees
damage accumulates. Notably, the direction of cyclic loading had little impact on the damage
rate, which was instead governed by load magnitude. However, proportional loading introduced
plastic anisotropy, with the most significant softening ogogrin the direction of applied load.

In contrast, notproportional loading paths, such as circular paths, resulted in a higher rate of
damage accumulation than proportional paths with the same strain amplitude. These findings
enrich the understanding bbw complex cyclic loading affects yield behaviour and fatigue
induced softening.

In 2014, Kowalewski et al. conducted a detailed investigation into the multiaxial cyclic
behaviour of metallic materials, particularly focusing on the evolution of thestieldce under
nonproportional loading34]. A key observation was the additional hardening effect in 2024
aluminium alloy during notproportional loading along a circular strain path, an effect absents
during proportional loading, indicating strong dependence of material behaviour on the
loading path. The study also revealed a significant phase shift between peak strain and stress
signals, which varied with material type, strain amplitude, and frequency, highlighting the
complex nature of cyi deformation. Through experiments involving torsrenersetorsion
superimposed on monotonic tension in X10CrMoVNbSteel and Cu 99.9 E copper, the
authors identified a notable reduction in axial stress associated with increasing shear strain
amplituce. However, yield surface analyses using a 0.005% offset strain revealed that this axial
stress reduction was not permanent but transient, disappearing once the cyclic torsion ceased.
This behaviour demonstrated that stress drops resulted from loadiogy higther than
irreversible material degradation. Additionally, experiments under square strain path non
proportional |l oading showed stress reducti on
and Maciejewski thresurface model was successfully apglio predict hysteresis loops and
stressstrain behaviour under square, circular, and combined loading paths, further confirming
the importance of cyclic loading history in shaping yield surface evolution. This work provided
critical insight into the tragient, historydependent nature of yield surface changes in metallic
materials under complex multiaxial loading.

These above reported investigations establish a comprehensive experimental and theoretical
basis for analysing the evolution of yield surfacesler various prstrain conditions. The
findings emphasize the significant influence of loading path, microstructural evolution, and
early-stage plastic deformation on the geometry and progression of the yield surface. Such
insights have direct implicains for the accurate charactatisn and predictive modelling of
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materials subjected to multiaxial and Ammportional loading conditions. Furthermore, by
highlighting the sensitivity of yield surface determination to the choice of yield definition and
loading sequence, these studies reinforce the necessity for advanced constitutive models. These
models should incorporate the underlying physical mechanisms of plasticity to enable more
accurate predictions of material response, particularly in the lownsteggime where
conventional formulations often fall shofitable 21 summarize the historical development of

the yield surface determination.

Table 21. Summary timeline of yield surface analysis

Period Key developments Materials Focus

Simple friction and tension tests, basic

yield criteria (Coulomb, Tresca) Metals, soils

18th 19th century

Multiaxial stress experiments (Bridgman

. Ductile metals
pressure dependence studies

Early 20th century

Anisotropic yielding (Hill), pressure

. . Metals, soils, concrete
sensitive models (DruckdPrager)

Mid-20th century

Cyclic loading, evolving yield surfaces,

. Metals, soils
largedeformation

Late 20th century

DIC, micro/nano testing, true triaxial test Metals, composites,

21st century high-rate effects soils, rocks

2.3 Effects of predeformation on the mechanical properties

Predeformation has been shown to induce notable charigeshe microstructural
characteristics of materials. For instance, it refines the grain structure, introduces dislocation
networks, and can facilitate the formation of deformation bands ofgrsuis. These
microstructural alterations enhance the yieldrggth due to increased resistance to dislocation
motion while potentially reducing ductility. The influence of joieformation on mechanical
behaviour has been extensively investigated in the literd85242]. Researchers have
examined the effects of various g®ain levels on overall mechanical properties including
yield strength, ultimate strength, ductility, fatigue life, and creep resistance. Such studies are
critical for optimizing the mechanical perforne@e of materials in demanding engineering
applications.

During the manufacturing of structural components, engineering materials often experience
pre-deformations as a result of their processing history. This mechanical prehistory, commonly
referred to agre-straining, significantly alters the subsequent mechanical behaviour of the
material. Prestraining induces dislocation multiplication, work hardening, and residual
stresses, which collectively influence the yield strength, ductility, fatigue resistensep
behaviour, and plastic deformation capacity of the material. The magnitude of these property
modifications is closely associated with the degree of inducedgicemation and the nature

of the loading conditions that induce fsteain.
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An illustrative example of preleformation application is the work conducted by Piao et al.
[43,44] who developed a method to control the transformation temperature in shape memory
alloys through pre-deformation. This advancement has practical implications in the
manufacturing of pipe couplings and sealing components, where precise control over phase
transformation behaviour is crucial. The initial observation of this phenomenon was made by
Melton et al.[45,46], while subsequent detailed investigations were carried out by Zhao et al.
[47,48] Their research demonstrated that -geformation could effectively tailor the
functional properties of alloys, making them more suitable for specialized industrial
applications.

Figure 2.14. Ways of causing prdeformation in a material.

In summary, praleformation is a critical processing technique that has proven instrumental in
enhancing the mechanical performance and functionality of engineering matewals. B
comprehensively understanding the relationship betweesdgioemation, microstructural
evolution, and mechanical properties, researchers and engineers can optimize material
processing strategies to meet the stringent requirements of modern induglicatiaps. Pre
deformation processes can broadly be classified into two categories: (a) labscalery
mechanical testing methods, including uniaxial tension, compression, torsion, and bending; and
(b) industrialscale or processiAglated techniquesuch as rolling, extrusion, forging, and
drawing. The former group is primarily employed in research settings to investigate the
fundamental deformation mechanisms and microstructural evolution under controlled
conditions, while the latter represents re@lrld applications where materials are subjected to
complex strain histories during manufacturing.
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In the context of this fiesis, experiments have been systematically performed through three
laboratorybased loading mod@éstension, compression, and torsiofihese modes were
selected due to their relevance in evaluating anisotropic plasticity and yield surface evolution
in metals in a biaxial (hormahear) stress space. Accordingly, the literature review presented
in the subsequent sections focuses spetlifian the effects of tensile, compressive, and
torsional predeformation, as illustrated figure 214. This targeted review aims to provide a
scientific foundation for understanding the influence of these deformation modes on the
mechanical response and microstructural behaviour of metadtierials.

2.3.1 Effects of predeformation caused by tension

Thissection of thelzapter examines the influence of tensile-geéormation on the mechanical
behaviour of various materials. Yang e{48] conducted a detailed investigation into the effect

of tensile predeformation on the mechanical properties of the aluminium alloy AA2219. In
their study, specimens were subjected to differensspreen levels of 0%, 3%6%, 9%, and

15%, with a deformation speed of 2 mm/min. Following thisgefrmation process, the
samples underwent stress relaxation aging for 720 mintabte 22 presents the strength data

of AA2219 alloy subjected to various levels of qpleformation. The results indicate that
increasing the predeformation level from 0% to 3% leads to a notable pob@ent in
mechanical properties, with ultimate tensile strength (UTS) and tensile yield strength (TYS)
increasing by 12.9% and 38.9%, respectively. However, further incrementsdafprenation

from 3% to 9% result in only marginal improvements, with LA TYS increasing by an
additional 3.0% and 5.0%, respectively. Beyond this range, atdefwemation level of 15%,

the strength exhibits a slight decline. The strengthening effect of tensiiefor@nation can be
attributed to its role in promotindié nucleation and growth of the primary strengthening
phases, such as d° precipitates, during the
refinement enhances the dislocation interaction with precipitates, thereby improving strength.
However, excesge predeformation, such as the 15% level, can lead to the formation of
precipitatefree zones (PFZs) and coarsening of precipitates. These microstructural defects
reduce the dislocatiepinning effect, resulting in a decline in mechanical streigfh These
findings suggest that tensile pdeformation can either enhance or diminish the strength of
materials, depending on the magnitude of the appliedtpa@. There exists an optimal pre
deformation level that maximizethe strengthening effect, beyond which the material's
mechanical performance deteriorates due to adverse microstructural changes.

Table 22. Mechanical strength of the AA2219 alloy under variousge®rmations.

Predeformationevel Tensile yield strength (MPa Ultimate tensile strength (MPe

0% 259.55 401.00
3% 360.10 453.00
6% 366.20 458.33
9% 378.05 466.75
15% 375.38 456.42

28




Literature review

Wang et al.[50] examined the effect of 4% tensile mteformation on the mechanical
properties aluminium alloy AA7093 subjected to ar@idute preaging treatment. AA7093 is

a novel zinecontaining 7XXX series aluminium alloy that has been specifically dpeel to

meet the higkperformance requirements of structural components in the aerospace and
automotive industrie§51]. The study revealed that the hardness of the alloy increased by
approximately 30%, the tensile yield strength improved by nearly 12%, and the ultimate tensile
strength exhibited an increase of 4.3% after thetgmsion ad preaging treatments. These
improvements in mechanical properties can be primarily attributed to two synergistic
mechanisms: (1) the formation of fine, uniformly dispersed strengthening precipitates during
the preaging process, which act as effectivestalgles to dislocation motion; and (2) the
introduction of dislocations during the ps&etching step, which increases dislocation density
and promotes dislocatigmarticle interactions, thereby enhancing resistance to plastic
deformation. The combinedfett of these microstructural changes leads to enhancement in the
material's mechanical performance.

Hu et al.[52] conducted a comprehensive study on the influence efepigon strain on the
mechanical properties and microstructural ettotuof hotrolled magnesium alloy (M&n

Zn). Specimens were subjected to-ptains of 0%, 3%, and 10% at room temperature,
foll owed by isothermal aging for 48 hours at
di mensions of 1 8wemprephred@long bothithe dllinmdirection (RD) and

the transverse direction (TD). Uniaxial tensile tests were subsequently carried out on these
specimens at a crosshead speed of 0.5 mm/min. The corresponding mechanical properties are
summarized inrable 23. The experimental results revealed that with increasingemsson

strain, the strength of the magnesium alloy increased, but at the expehsaildy. This
strengthening trend was consistently observed in both RD and TD samples. The enhancement
in strength was attributed to multiple microstructural factors induced bytepsgon
deformation.

Table 23. Mechanical properties of hot rolled Mgjloy at various preension deformation

level.
Direction Pretension TYS (MPa) UTS (MPa) Elongation (%)
0% 196 278 17.7
Rolling 3% 233 294 14.1
Direction
10% 260 296 10.6
0% 189 279 17.3
Transverse 3% 228 284 16.0
Direction
10% 263 299 12.2

Prestraining was found to weaken the basal texture of the [@8}yintroducing a high density
of dislocations and a limited number of tensile twins. These deformatioiced defects
facilitated the heterogeneous nucleation of.$tg precipitates during aging, which acted as
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effective barriers to dislocation motion. Taeistence of tension twins in adverse orientation

has also been reported in the literaf 57], suggesting that twin formation may contribute

to anisotropic mechanical responses in magnesium alloys. The overall strengthening effect can
be attributed to thregrimary mechanisms: (1) precipitation strengthening due to the formation

of Mg@.Sn precipitates, contributing approximately +22 MPa with 10%tqmeion; (2)
dislocation strengthening resulting from an increased dislocation density; and (3) texture
weakening, which slightly reduces the strength by approximat&$ MPa with 10% pre
tension[52].

Park et al[55] investigated the effects of ptension on the mechanical behaviour oftaiked
magnesium alloy AZ31 (M@AI-1Zn) with prestrain levels of 0%, 2%, 5%, an0% applied

along the rolling direction. The rootemperature compressive behaviour of-gtr@ained
cylindrical samples 6mm x 9mm) was evaluated under a strain rate d534,0as shown in
Figure 215. The initial stage of compression testing revealed that all samples exhibited a
characteristic concavepward stresstrain curve. This behaviour was primarily attributed to
twinning-dominatel deformation. The prension process produced an insignificant volume
fraction of twins; however, the ptrained grains were favorably oriented to supportX29

tensile twinning during subsequent compression along the rolling direction. With teaseacr

of pretension, the compressive yield strength exhibited a progressive increase, with values of
66 MPa, 79 MPa, 95 MPa, and 116 MPa corresponding istraia levels of 0%, 2%, 5%, and
10%, respectively. This enhancement in compressive yield strémngtbsociated with the
increased dislocation density generated duringtgmeion. The accumulation of dislocations
raises the critical shear stress required for the activation e12}@ensile twinning, thereby
delaying twin initiation and enhancing e&hmaterial's resistance to plastic deformation.
Although, twinning acts as main mode of deformation mechanism under compression, but basal
slip was also observed to contribute significantly to plastic deformation, accounting for
approximately 35% of the evall deformation within twinninglominated regions. This
observation is consistent with the findings of other research g8fywhich suggest that basal

slip can complement twin propagation, leading to a more complex deformation mechanism in
magnesium alloys.
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Figure 215. Compressive stressrain curves of Mg alloy AZ31 at various gension levels.
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Park et al[55] also studied the effects of prension on the fatigue behaviour of rotled
AZ31. During cycle deformation, all samples showedrasgtric hysteresis loops, which were
attributed to the {12} twinning-detwinning activity occurring in the compressive region of
the stress cycle. This behaviour is characteristic of hexagonalpgaoked (HCP) magnesium
alloys due to their limited slipystems and the ease of twinning under compressive stress.

It was observed that, following the first loading cycle, both the tensile and compressive peak
stresses increased with increasingteresion. This increase in peak stress was primarily driven
by the elevated dislocation density introduced during thetgmsion process. Further
evaluation of the cyclic deformation behaviour revealed that during the initial 50 cycles,
samples prestrained to 10% exhibited cyclic strain softening, whereas the umnakedo(0%
pretension) samples displayed cyclic strain hardening. The strain softening in-tegored
samples was likely due to the rearrangement and annihilation -eikjsténg dislocations, as

well as the activation of twinnindetwinning mechanisnthat facilitated plastic deformation.

Table 24. Low cycle fatigue response of AZ31 at varioustpresion levels.

No.of Pretension Tensile peak stress Compressive peak stre¢ Mean stress

cycles level (MPa) (MPa) (MPa)
0% 174.73 -55.73 46.80
2% 208.25 -67.20 59.35
. 5% 234.57 -83.44 65.62
10% 272.07 -105.41 75.03
0% 194.68 -85.35 44.44
2% 211.44 -89.17 52.03
w0 5% 222.60 -101.60 51.76
10% 247.34 -114.97 58.30
0% 228.19 -108.28 52.29
2% 234.57 -109.24 53.07

100
5% 232.98 -115.92 52.55
10% 249.73 -125.48 55.69

Conversely, the strain hardening in the undeforsaadples can be attributed to the progressive
accumulation of dislocations during cyclic loading. Interestingly, after 100 cycles, the
differences in fatigue response among the samples with varyistignsien levels diminished,

as shown immable 24. This convergence in fatigue behaviour suggests that the microstructural
evolution during cyclic loading mitigates the initial variations induced byspeen. The
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findings of this study55] suggest that preension can be employed as a processing technique

to enhance the compressive yield strength ofbitleéd magnesium alloys without significantly
compromising their lowcycle fatigue sength. This is particularly important for structural
applications where improved yield strength is desired alongside satisfactory fatigue resistance,
such as in automotive and aerospace components made from magnesium alloys.

Zheng et al[59] conducted a detailed investigation into the effect ofgbretching prior to
artificial aging (200UC for 24 hours) on th
composition Mgl1Gd2Nd-0.5Zr. Prestrains of 0%, 5%, and ¥®were applied to the samples

before aging. The ageardness measurements were performed using a load of 49 N and a dwell

time of 30 s, as summarizedTiable 25. The results indicated that pdeformation enhanced

the hardness of the alloy, increasing from 74.55 HV for the 0%tpe&ch condition to 76.1

HV and 80.0 HV for the 5% and 10% ps&retch conditions, respectively.

The aging kinetics weralso significantly influenced by pigretching. In the 0% prstretch

samples, the peak hardness of 117 HV was achieved after 64 hours of aging. In contrast, the
peak hardness was attained within a reduced aging time 322 Bdurs for the 5% prstretch

samples (117 HV) and the 10% gwteetch samples (118 HV). This acceleration in aging
response can be attributed to the introduction of dislocations and deformation twins due to pre
stretching, which serve as heterogeneous nucleation sites for the précipip n o f b" a
phases. These phases predominantly governthh age deni ng be h aphaseur , wi
has a relatively minor influence before peak agb#ij. However, during prolonged aging, the
heterogeneous r e c i pi t a phiase at disldcatiandaad twin boundaries becomes more
pronounced, advancing the peak aging time.

Table 25. Age hardness of Mg alloy at 0%, 5% and 10% geéormed specimens.

Vickershardness value (HV)

Aging time (h)
0% predeformed 5% predeformed  10% predeformed

0 74.55 76.17 80.00
1 92.52 93.46 99.89
10 108.47 110.89 113.43
100 11531 114.77 113.84
300 111.96 109.68 106.86

Table 26 presents the tensile properties of the-geormed and aged specimens tested at
various temperatures. The tensile tests were conducted on rectangular specimens (2 mm x 3.5
mm x 15 mm) at atgain rate of 1 mm/mifg9]. At t emper atures up to 25
a progressive increase in strength with increasingdpfermation. Under peakged

conditions, the yield strength increased by 24% and Bd%e 5% and 10% préeformed

samples, respectively, compared to the 0%dafermed samples. However, this strength
enhancement was achieved on the expense of 20% and 44% loss in doctitiey 5% and

10% prestretch conditions, respectively. Thisadeoff between strength and ductility is
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primarily attributed to the presence of deformation twins, increased dislocation density, and
heterogeneous prphasd gongttvart boundaries. Serra ¢f@d,61f also
demonstrated that in hexagonal clpseked (HCP) metals, twins can act as effediaiers

to basal slip, thereby enhancing strength. However, when the testing temperature exceeds

250AC, a decl i ne-deformed shneplessid absemegl,tfdlling délow phat ef
undeformed samples. This degradation in strength is primarilyodapid overaging, which
coarsens the strengthening precipitates, and the activation-ti&sahslip systems at elevated
temperatures, facilitating plastic deformation. These observations align with the findings of
Ahmad et al[62], further emphasizing the temperatatependenhature of magnesium alloys.

Table 26. Tensile properties of Mg alloy specimens at various temperatures.

Condition Temper at TYS(MPa) UTS (MPa) Elongation (%)
Room Temperature 222 336 2.5
200 - 339 9.9
0% predeformed
250 - 300 11.2
300 - 251 12.9
Room Temperature 276 351 2.0
200 - 348 6.3
5% predeformed
250 - 328 8.2
300 - 250 14.6
Room Temperature 298 381 1.4
200 - 365 5.0
10% predeformed
250 - 336 7.1
300 - 247 15.2

2.3.2 Effects ofpre-deformation caused by compression

This section of the lapter presents the influence of compressivedpfermation on the
mechanical behaviws of various materials. Mehmanparast et 3] conducted a
comprehensive investigation into the influence of-g@mpression on the mechanical
properties of Type 316H stainless steel. Specimens were subjected to -8&mpression

strain at oom temperature, and their properties were subsequently compared-rateiasd

(AR) material. Table 27 presents the tensile behaviour of AR ané-gympressed (PC)
speci mens at 550AC. The resul ts i ndicat e
(approximately 50%) in PC material compared to AR material. This increase is attributed to
work hardening induced by room temperature-gompression,which results in strain
accumulation and microstructural modifications. Microstructural analysis revealed that the

a
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cracking mode in PC specimens exhibited brittle intergranular charactd6s8fic®espite the
enhanced yield stress, the elastic Youngos
nearly identical between AR and PC materials, although PC specimens exhibited reduced
failure strain. A similar trend was reported by Davies efedl], who observed comparable
behaviourat4% pre o mpr essi on in 316H stainless steel

Table 27. Tensile properties of agceived and 8% pre o mpr essed materi al s

Material state Y o u nrgodwus (GPa) TYS (MPa) UTS (MPa) Elongation (%)

AR 140 177 432 46.70

8% PC 140 259 441 40.24

The study further examined the effects of-poenpression on uniaxial creep deformation and
creep duct [63].iTable 28astowssHe bddidg conditions and creep behaviour of
AR and PC materials. AR sgienens experienced significant plastic strainsi(@%) under
nominal stress levels of 26300 MPa, whereas PC specimens exhibited predominantly linear
behaviour under identical conditions. This discrepancy is due to the lower yield stress of AR
material,which facilitates plastic strain development during loading at elevated temperatures.
In contrast, the hardened PC specimens demonstrated limited plasticity owing to prior strain
hardening.

Creep ductility was evaluated using axial failure strain and tesuof area (ROA)
measurements, as described by equations 2.1 and 2.2. The ROA method provides localized
measurements in the failure region, typically resulting in higher ductility values compared to
the average strain values obtained from the axialr&aistrain approach, as summarized in
Table 28.

Uniaxial creep strain at failure (known as creep ductility) using axial elongation and reduction
of area can be defined §5];

. s (2.1)

- S — - (2.2)

where,Y = total displacementy = axial displacement during loadiny, = creep
displacementf = initial gauge lengthp = initial crosssectional area) = final cross

sectional area at failure, and;, = axial plastic strain at the end of loading.

The true failure strain and stress can be written as;

- I Tp - (2.3)

” ” p - (24)

where,, is theengineerindi.e. nomina) stress and Is the engineng strain.
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Table 28. Comparison of load up strain and creep ductility for AR and PC specimens.

” - "k - Axal - Axal - ROA - ROA

Material (MPa) (’I,V| PA) (%) (%) (%) (%) (%) (%)

335 356 6.20 5.96 12.14 11.46 17.56 20.79

300 313 435 4.07 13.39 12.56 21.35 25.34
AR 290 304 4.75 4.60 10.97 10.41 22.73 27.27

280 293 442 418 - - - -

257 264 290 2.69 14.99 13.97 29.24 35.82

300 301 0.24 0.03 3.41 3.35 23.04 26.20

280 281 0.28  0.07 2.93 2.89 11.33 12.04
8% PC
270 271 0.25 0.05 3.07 3.02 8.62 9.02

257 258 0.19 0.01 1.20 1.19 4.25 4.34

a Prematurely stoppage of test prior to final failure.

He et al[66] explored the effects of compressive-gdeformation on the mechanical properties

of hotextruded AZ31 (MeBAl-1Zn) alloy. Precompression was applied at a constant rate of
10“ s, with strain levels of 0.5%, 1.5%, 1.7%, and 3.0% along the extrusion direction (ED).
The mechanical responses under tensile and compressive loading are summaabexaa.
Tensile yield stress initially decreased sharply with increase afgmpression strain from 0%

to 1.5%. However, beyond this level of gm&ain, tensile yield strength followed a gradual
decline. This behaviour is attributdd detwinning within twinned regions generated by
compressive prdeformation. Conversely, compressive yield stress increased consistently with
pre-compression strain. This increase results from crystal reorientation from soft to hard
orientations and theequirement of higher stress levels for continued twin growth. The evolving
texture impedes deformation, necessitating greater stress for further twin actj@atiasi.

Yield asymmaty between tension and compression decreased before 1.5€6rppeession

but increased thereafter. This finding highlights the potential for controlling compressive pre
strain levels to minimize yield asymmetry in AZ31 al[6%].

Sarker and Cén[69] investigated the effects of poempression along the extrusion direction
(ED) in extruded magnesium alloy (AM30). Specimens werepeened to 1.5%, 2.3%, 4.0%,
5.8%, 7.5%, and 8.2% at a strain rate of 1.25 %sttand room temperatur&igure 216
displays the compressive properties of-gir@ined samples subjected tecaampression until
failure along ED (denoted x%EED) or transvese direction (TD) (denoted xX%EDD), where

X represents the pigrain level. The compressive yield strength (CYS) increased linearly with
pre-strain in X%EDED samples (e.g., from 91 MPa at 0% to 232 MPa at 8.2%t@m). In
contrast, CYS in X%EED samples increased nonlinearly, showing saturation beyond 5.2%
prestrain.
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Table 29. Strength of samples in tensile and compressive state at varicesmpgaession
levels.

Loading Mode Precompression (% Yield strength (MPa) Ultimate strength (MPa)

Compression 0 125 418

0.5 129 407

CompreSSion 1.5 140 419

then

compression 1.7 149 423

3.0 163 415

Tension 0 202 326

0.5 194 312

1 150 320

Compression 15 125 322
then tension

1.7 120 325

3.0 118 332

500
400 - ,
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Figure 2.16. Compressive properties of pstrained extruded AM30 alloy.

Figure 216 also demonstrates that the effect of-pompression on ultimate compressive
strength (UCS) of AM30 alloy depends greatly on theampression loading direction. UCS

of X%ED-ED samples decased linearly with the increase of fgteain level, whereas, UCS of
X%ED-TD samples initially increased and then reached to saturation. The increase in CYS and
UTS in X%EDTD samples is attributed to the formation of new twins durirgorapression

along TD, which resulted in grain subdivision and a refinement effect. In contrast, re
compression along the same direction (xX%ED) led tolinear change in CYS and UCS due

to twin boundary coalescence, twin growth, or twin disappearance (also reported kst ldbng
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[70]). Twin growth is facilitated by interactions between dislocations and twin boundaries,
which depends on the driving stress and characteristics of dislodai®@8]. Furthermore, it

has been found that extension twins formed duringcprepression along ED can recover
(known as detwinning) upon reverse loading along TD. This detwinning behaviour has been
reportel by Park et al[74i 76] and other researchefg7i 81]. The evolution of twinning
detwinningand twin boundary dynamics significantly impacts the anisotropic mechanical
behaviour of magnesium alloys under differentgtrain and loading conditions.

2.3.3 Effects of predeformation caused by torsion

Torsional deformation is an effective method for introducing large plastic strains dominated
primarily by shear deformatiof82]. Compared to conventional tensile and compressive
deformation, torsional prstraining can accumulate higher plastic strain while avoidingnstrai
localization and premature fractuf@3,84] This is particularly advantageous for achieving
uniform deformation across the specimen.

Jieet al.[85] investigated the effect of torsional piteformation on the mechanical properties

of commercially pure titanium at room temperature. The torsionadtpa@ing was conducted

at a rotational speed of 3Pm, with samples subjected to 1, 2, and 3 full rotations, designated

as Torsionl, Torsion2, and TorsiofB, respectively. The micrbardness of the pr&trained

and unstrained samples was measured along both transverse and longitudinal sections using a
Vickers indenter under a 4.903 N load with a 15 s dwell time, as depickeguire 217. The

results indicated a significant increase in hardnegsamtincreasing number of torsional turns,

which is attributed to the progressive grain refinement. The average grain size reduced from 70
em i n-dteffeorumed sample to approximatel yl, 60 &m
Torsion2, and TorsiorB sampes, respectively.

a b
( )A 250 Transverse section ( )A 250 Longitudinal section
>
7 230 - = 230
2 %
2210 A 2210
e )
= 3
<= 190 - = 190 A
& £
2 170 1 —e—Undeformed Torsion-1 9 170 1 —&—Undeformed Torsion-1
s Torsion-2 Torsion-3 > Torsion-2 Torsion-3
150 L S s me e o L 150 — T T T T T T T
0O 1 2 3 4 5 6 7 8 9 10 11 0 1 2 3 4 5 6 7 8 9 10 11
Positions Positions

Figure 2.17. Variation of Vickers hardness of torsional pteformed titanium.

Furthermore, Jie et a[85] examined the combined effects of torsional and tensile pre
deformation on hardness. Tension-deformation was conducted at a strain rate of 4§

with the tensile pretrained samples referred to as Tondd-Tension, Torsiofl-Tension,
Torsion2-Tension, and TorsieB-Tension. The hardness results, shownFigure 218,
revealed that the combined torsiamsion predeformation samples exhibited a more
pronounced increase in hardness, with increments of approximately 48 HV, 56 HV, and 65 HV
compared to wadeformed samples. Whereas, the increment in hardness of deformed samples
by singlemode deformation was about 50 HV by torsion deformation, which is higher than that
by tension deformation (about 40 HV). Microstructure analg&sconfirmed that torsion pre
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deformation effectively enhanced grain refinement, which was further intensified when
combined with subsequent tensile deformation. The Toi#idansion sample exhibited the
finest gr ai n s igzherefmémeri &hie/ed throsgh singieds tension (40
em) and torsion (40 e€m) processes.

a b
@ 260 Transverse section ® 260 Longitudinal section
5250 b EZSO 1
<240 A =240 A
£ 230 - £ 230 -
e =
£ 220 - 2220 -
;“E 210 -~ —e—Torsion-0-Tension _% 210 + —e—Torsion-0-Tension
2 —e—Torsion-1-Tension 2 —e—Torsion-1-Tension
=200 A —e—Torsion-2-Tension = 200 A —e—Torsion-2-Tension
190 . . I—Q—Torsj?nfjfl"rcnslign - 190 _ .+.T0rs.mn-3.-Ten.Si0n. _
01 2 3 4 5 6 7 8 9 10 11 0O 1 2 3 4 5 6 7 8 9 10 11
Positions Positions

Figure 2.18. Variation of Vickers hardness of combined torsiension predeformed
titanium.

The tensile properties of the torsipre-deformed titanium samples are summarizedable

2.10. The results demonstrated a significant increasedhl wtrength and ultimate tensile
strength with an increasing number of torsional turns, while the ductility exhibited a declining
trend. Fractographic analygB5] revealed that samples subjected to combined totsiasion
pre-deformation displayed larger and deeper dimples compared to thesefprmed by
tension alone. With increased gteformation, noruniform plastic deformation zones became
more prominent,gggesting an enhancement in local toughness.

Table 210. Mechanical properties of prdeformed titanium samples after twisting different

turns.

Predeformation TYS (MPa) UTS (MPa) Elongation (%)
TorsionsO 365.06 503.81 21.1
Torsion1 457.45 564.19 19.6
Torsion2 517.77 614.29 13.5
Torsion3 545.90 660.74 9.84

Many researchers have investigated the effects oftpaen at room temperature on the
mechanical properties of magnesium all{§$,66,76,8689] and steel alloy$90,91] Guo et

al. [92] investigated the effect of ptersion on the tensile and compressive properties of
extruded magnesium alloy AZ31 and its microstructural evolution. Cylindrical extruded AZ31
rods were twisted3t6A, ndmiAnalanalndl4dedA aft @GAcor
2rpm. Duetoelasticsprifgac k, the actwual twisted angl es
130A, respecti vel y0 P86 BF72vand T144d respectivedydTerssile P T
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and compress# tests were performed along the extrusion direction (ED) at a strain rate of
13 10° s, with the mechanical properties summarize@able 211.

Theresults highlighted the notable yield asymmetry characteristic of extruded AZ31, defined
as the ratio of compressive yield strength (CYS) to tensile yield strength (TYS). With increasing
torsional angle from OA t o indtéaded, peakngatPR nsi | e
before decreasing at PI#4. The TYS values increased by 6 MPa, 23 MPa, and 16 MPa for
PT-36, PF72, and PT144 samples, respectively, compared to(PTonversely, the CYS
demonstrated a continuous increase with thegngan angle, with increments of 12 MPa, 21
MPa, and 35 MPa, respectively. The enhancement in yield strength under both tensile and
compressive loading was attributed to the increased dislocation density and the activation of
twinning deformation during prrsion. Additionally, pretorsion weakened the pexisting
extruded fiber texture in AZ31 alloy, which contributed to the observednmaotonic
variation in TYS. Texture weakening reduced the basal plane alignment parallel to the loading
direction, therebyncreasing the stress required for basal slip and enhancing CYS. The decrease
in yield asymmetry with increasing ptersion was primarily attributed to the weakened fiber
texture, which reduced the dominance of basal slip and facilitated the activiation-lmasal

slip systems[92]. However, preorsion increases the ultimate compressive strength but
decreases ultimate tensile strength. Additionally, it should be point out thatgien reduced

the strainvalues at failure.

Table 211. Tensile and compressive properties of AZ31 at variousqeston levels.

Yield Ultimate . _
Pre Conditions strength strength Ductility  Yield asymmetry

. o _
deformation (MPa) (MPa) (%) (CYSITYS)
Tension 196 321 10.0
PT-0 0.61
Compression 119 337 14.0
Tension 202 309 8.9
PT-36 0.65
Compression 131 375 13.8
Tension 219 317 6.4
PT-72 0.64
Compression 140 359 12.3
Tension 212 316 8.0
PT-144 0.73
Compression 154 370 14.9

Overall, pretorsion processing is a promising technique for enhancing the mechanical
properties of magnesium alloys and titanium by promoting grain refinement, increasing
dislocation density, and altering crystallographic texture, ultimately reducing yield asymmet
in hexagonal clospacked (HCP) metals.
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24 Concluding remarks

Over the decadegijeld surface determination has undergone significant evolution, driven by
the need to accurately describe plastic deformabehaviour under complex loading
conditions. The literature reaks a transition from simplifiechodels, such as von Mises and
Tresca, to more sophisticated and physically grounded approaches that incorporate
microstructural characteristics, anisotropy, and -qugeendene. Notably, advanced
characteriation techniques and comptibnal methods have enabledievelopment of more
accurate constitutive models that better reflect real material beinavio parallel, pre
deformation has emerged as a highly effectivehnepe for enhancing the mechanical
properties and stability of metallic materials. Research findings suggest that a balance between
pre-deformation intensity and peptocessing treatments is essential to maximize mechanical
performance while minimizinggiential drawbacksThe key findings can be summarized in
below points:

1 Microstructural refinement and strengthening

By introducing controlled plastic strain before subsequent processing or aging
treatments, preeformation increases dislocation densigfjnes grain structure, and
facilitates the precipitation of strengthening phases, leading to improved yield strength
and hardness.

1 Need of optimal strain levels for maximum performance

While moderate preleformation enhances mechanical properties, exeepsestrain
can lead to microstructural defects, such as precigiag¢ezones (PFZs) and coarsened
precipitates, which adversely affect ductility and fatigue resist&atancing prestrain

is thus critical.

1 Material -specific effects

The effects of pe-deformationand subsequent yield behaviowary across different
alloys. For instance, in aluminium and magnesium alleykibit enhanced aging
responses with psstrain, while stainless steels benefit primarily through work
hardening and dislocatiaocumulation

1 Advancemaents in yield surface characterigtion

The evolution of experimental techniques, such as Bauscheftgat tests, digital
image correlation, and biaxial testing alongside computational modeling has enabled
deeper insights into yield locus evolution, anisotropy, and kinematic hardening
phenomena.

9 Industrial relevance and future research

Predeformations$ widely applied in aerospace, automotive, and structural applications.
Future investigations should focus optimizing deformatiofprocessing sequences,
guantifying the influence of loading paths on evolving yield surfaces, and understanding
long-term inplications for fatigue, corrosion, and service.life
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Chapter 3

Experimental techniques and their methodology

A general summary of the experimental techniques for material characterisation under
guaststatic conditions iseported. The experimental methods include uniaxial tension and bi
axial stress space loading conditions, where-geéormation methods are applied. These
methods simulate realistic stress conditions, with a focus on yield surface determination to
define naterial limits. The relations required to obtain material characteristics under different
loading conditions are given. Additionally, microstructural testing, which complements
mechanical tests by analysing structural changes at the microscopic levetisskd. The
study of the literature concerning the tests discussed is also included.

3.1 Introduction

Understandingof material behaviour under various loading conditions is fundamental for
developing and designing materials that meet the demands akengg applications. Irhis
chapter the experimental framework used in the Thesis are described. The discussed
experiments are applied to characterise the Thesis materials. Studynoe thealdfodnsation

in uniaxial and biaxial stress space offers uable insights into how materials respond to
different stress combinations, yielding critical data that directly influences the optimization of
materials for strength, durability, and other essential performance parameters. Although the
basic principles ofthe testing techniques are rather straightforward, interpretation of the
experimental results is less obvious. By defining and analysing yield surfaces, determining yield
strength, and conducting microstructural evaluations, the framework provides a&bengive

view of both mechanical and structural material characteristics. This introduction outlines the
significance of these techniques, their implementation, and their role in advancing material
science.

The strength tests are performed to determinentbehanical characteristics of the materials.
However, the mechanical testing of these materials is still primarily performed under simple
stress conditions in research and commercial facilities. The most common form of testing is
tension and compressiohawlid cylindrical specimens. Such types of testing can only generate
limited results concerning the mechanical strength and damage of materials in a single direction
which does not simulate the reabrld stress conditions encountered by materials int mos
engineering applications. Therefore, this Thesis also aims to report complex stress loading
experiments to understand the physical mechanism accountable for plastic deformation caused
by monotonic tension and teosiassisted by cyclic torsion of theaterialsconsidered

The experimental programme comprised of following steps:

Uniaxial tensile testfor determining the mechanical properties of the materials;
Determination of the initial yield surface of theraseived material;

Introduction of theplastic predeformation in the specimens;

Determination of the subsequent yield surfaces of thelpi@med specimens;
The microstructural analysis of the-t@seived and prdeformed specimens.
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Experimental techniques and their methodology

The uniaxial tension test is conventional test used torobtic characteristics of the material

T details in Section 3.2. Under quasatic tension loading the testing procedure is normalized
and well established for severaaterials. Material charactegigson under complex stress states
requires a detailedparoach to accurately capture the str&sgin relationships, yield criteria,

and deformation mechanisms that materials undergo under load. Such experimental data is
indispensable, especially for applications in aerospace, automotive, civil enginesdinther

fields where materials must withstand higihess conditions without compromising
functionality. In these industries, materials are often exposed to multiaxial loading
environments, where stresses do not act purely in one direction but instdadectoncreate
complex load paths. Traditional uniaxial testing methods, while useful, provide only a partial
understanding of material behaviour, highlighting the importance of biaxial ststs®gtin a
complete characteasion. This combined approashpports the development of materials with
predictable and reliable properties, leading to safer and more efficient applications.

One of the experimental techniques included in this framework is the introduction-of pre
deformation in materials, a criticaep for simulating the effects of initial stresses or loads that
materials may experience during processing oseirvice application. Pyéeformation
influences material properties by introducing residual stresses or dislocation structures that alter
theway materials respond to subsequeatling. Pe-loadingof materials in uniaxial or biaxial
directionsenables researchers to assesm#flnence of prior deformation on yield behaviour,
fracture toughness, and fatigue life, all of which are crucialufmerstanding longerm
performance and durability. This approach is especially relevant forstigihgth and ductile
materials that are used @tructures subjected to cyclic combined stress states, such as in
pressure vessels, pipelines, and tbading components.

A primary goal of the experimental framework is to determine yield strength under different
stress states and map the yield surface for materials subjected to biaxial stress loading. Yield
strength, the point at which a material begingleéform plastically, is a critical property that
influences the overall structural integrity and performance of the material in practical
applications. Different loading conditions can alter the yield strength, affecting how the material
performs under reakorld stress scenarios. Uniakiesting provides basieformation on yield
properties in a single direction, while biaxial testing captures more complex yield behaviour,
allowing for a complete understanding of material responses in multidimensiesal gpaces.

By exploring the yield surface, or the boundary in stress space where yielding occurs, this
framework aims to predict material performance in more intricate and realistic stress
environments.

To accurately identify hownaterialsbehave under testing, we need to carefully consider factors

like external conditions, friction, and boundary constraints, as these elements significantly
affect the results. The material 6s response
alo influenced by the test setup and the structural aspects of the sample being tested. Advanced
measurement techniques are essential for capturing the intricate interactions between external
conditions and material behaviour. Additionally, new methods fath lconducting and
interpreting these tests are key to providing a more complete and accurate picture of how
materials perform under different stresses. Working with experimental data requires a lot of
attention to detail, especially in setting up tesédipecating equipment, and choosing the right
measurement methods. The shape of the test samples also plays an important role; choosing the
optimal geometry can minimize potential inaccuracies. Without careful attention to these
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factors, experimental data@wald introduce errors that compromise the reliability of theoretical
models and conclusions.

Equally important to the mechanical tests is the microstructural analysis, which complements
and enhances the understanding gained from stress tests. Microatrigdting investigates

the internal changes that materials undergo during deformation, such as dislocation movement,
grain boundary behaviour, and phase transformations. These microstructural features provide a
link between the macroscopic properties miead in mechanical tests and the fundamental
atomic and molecular interactions that define material behaviour. Techniques such as scanning
electron microscopy (SEM), transmission electron microscopy (TEM), aray Xiffraction

(XRD) reveal critical insigts into how structural changes at the micro and fewels
influence the overall mechanical properties of the material. In the Thesis, fractured surface of
materials was analysed using SEM, whereas, grain orientation and texture evolution was
observed usig Electron Backscatter Diffraction (EBSD) technique.

The implications of this experimental framework areriaching, as the data obtained from
these tests directly impacts the design, selection, and application of materials in engineering
fields. The albity to predict material behaviour under complex loading is invaluable for
industries where structural failure could lead to catastrophic outcomes, such as in aerospace and
civil engineering. In these higstakes applications, understanding the yield bielba of
materials ensures that components are reliable, durable, and meet safety standards.
Additionally, as new materials are developed with tailored properties for specific applications,
the experimental techniques outlined in this chapter provideralébion for evaluating their
suitability under realorld stress conditions.

3.1.1 Determination ofthe yield strength

Yield strength is a fundamentatoperty that defines the stress threshold at which materials
transition from elastic to plastic behaviotYield strength is commonly determined through
tensile testing, where a sample is subjected to increasing uniaxial stress until it begins to deform
plastically. However, realorld applications often involve complex stress states, requiring a
more nuanoe understanding of yield strength across different loading conditions. When stress
is applied in more than one direction, t he
compared to uniaxial loading. For instance, in biaxial or triaxial stress conditielusstrength

can be influenced by thateraction of mangomponents of the stress tensor, leading to yield
criteria that vary depending on the combination of stresses involved. Traditional criteria, such
as theHuber,von Mises and Trescaare commoly used to predict yield behaviour der
complex stress states. They arelgful to construct yield surfaces, providing a visual
representation of yield points across different stress combinations, which is crucial for
designing components subjected to tidirhensional loads. Various examplesyadld criteria

are given in Chapter 4 of the Thesis.

The yield strength of a material is affected by various factors, including surface characteristics,
internal structure, and geometry, all shaped by productionmeuthanical treatments. These
processes can result in residual stresses, voids, and irregularities, which may weaken the
material. Heat treatments, such as annealing, can help normalize the material's structure and
reduce internal stresses.
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It is importantin strength testing thaamples usetaveto be free of surface defectince
imperfections like scratches or voids introduceaa of local stress concentratideading to

early deformation. A polished surface generally enhances yield strength byizmgi the

stress concentration points, while rough surfaces with mioracks reduce it. Surface
treatments, such as anodizing or carburizing, can further increase yield strength by hardening
the material 6s surface. Ihdchinclesionsglay aycriticadreld, e c t s
with dislocations potentially causing atomic slip, although strain hardening can counteract this

in coldworked materials. However, clustered dislocations at grain boundaries can create
localized stress points.

The geomey of the sample is also equally crucial;, ®amplefi d ddgne o0 shapes in
testing minimizes stress concentration at the grips and teadsuniform deformation across

the gauge length. However, in samples with notches or complex shapesmsiydssalize,

resulting in premature yielding at these points. Thickness also plays a role; thinner samples may
exhibit a phenomenon known as size effect, where yield strength appears higher due to a more
limited number of slip systems available for defation. This is especially true in mieror

nancescale samples, where surface effects and grain size can significantly influence yield
behaviour. Thus, optimizing sample preparation is essential to accurately determine yield
strength values.

Yield strengh refers to the stress level at which a material begins to undergo irreversible plastic
deformation, indicating the limit of its elastic behaviour. It is crucial to clearly define the
specific type of yield when using terms such as "yield," "yield strghgth"yield point" to

avoid misunderstandings and inaccurate measurements. The selection of a suitable technique
for determining yield points under different loading conditions is essentidhéoasccurate
identification of the yield surface. There areweral distinct methods available to define the

yield point, each designed for specific material behaviours and testing conditions. Here are
some of the most common approaches:

1 Upper and Lower Yield Points: In some materials, like lovwarbon steel, a clear yield
point phenomenon clearly occurs on the stetssin curve, where an initial peak (upper
yield point) is followed by a lower, steady stress (lower yield péifigure 3.1Here,
the yield point care taken as either the upper or lower yield stress, depending on the
intended application.

Upper Ultimate strength
yield
point
Lower Fracture point

<«—»  yield
Luders point
strain

Stress ———p

Strain  ——p

Figure 3.1. Stressstrain curve for lowcarbon steel.
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1 Designated Offset Strain: The most widely used approach, especially for metals,
where a line is drawn parallel to the initial linear portion of the ss&am curve, offset
by a predetermined amount of strain (example: 0.2% strain). The point where this line
intersects thestressstrain curve defines the yield poirit Figure 32. The onset of
yielding may be identified with the beginning of inelastic strain, as defined in Eq.3.1:

- - - (3.2)
where,- - offset strain value; -total strainanE-Youngo6s modul us.
Ultimate strength
\ Fracture point
Yield point at
0.2% strain
2 offset
L
P
0
| | Strain ——
0.2%

Figure 3.2. Designated offset strain method to define the yield point.

1 Backward Extrapolation or Double Secant Line:In this method two lines are drawn
on the stresstrain curve, where one line reflects the elastic deformation behaviour and
the other reflects the plastic stage deformation behaviour. The point of intersection of

these two secant lines corresponds toytekel pointi Figure 33.

. Y]e].d point at Ultimate strength
intersection of tangents

/

Fracture point

Stres§ —————p

Strain —»

Figure 3.3. Double secant line method to define the yield point

1 Thermoelastic Effect: Specimeriemperature is measured during loading condition and
the stress corresponding to the minimum change of the specimen temperature defines
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the yield pointi Figure 34. The thermoelastic method is a Rroontact, fultfield
experimental technique conducted under adiabatic conditions, highly sensitive to small
plasticity, capable of detecting yield points even without a clear mechanical indication,
and effetive for accurate yielgointdetection in metals, composites, and thin shéets

has to be mentioned, however, that this method can only be used for materials having a
positive thermal expansion coefficient.

— 1
= 0.8
2
g 0.6 1
2 0.4 -
g
2 0.2 A
e OO
g
g,-0.2 1 Yield point
.04 -
@

_0-6 T 1 I 1 T

0 100 200 300 400 500 600

Stress [MPa]

Figure 3.4. Thermoelastic effect method to define the yield point.

1 K-S entropy approach: The K-S entropy approach (Kolmogor&inai entropy
method) is a statistical technique used to identify the yield strength of materials during
tensile testing. This method relies detecting the transition from elastic to plastic
deformation based on entropy changes in the sstess data. The transition between
these two states corresponds to the vyield point, where significant internal
rearrangements occur (e.g., dislocationveroent, slip activation). For materials
showing the physical yield point, the&entropy method enables its clear identification
by marked drop of the metric entrofgntropy of measurement datalrigure 35.

700 1.2
600 L
500 Ultimate
strength || Fracture [ 0-8
— 400 i
5 point L 0.6
S 300 4 T Yield point 2
Z - 04 S
£ 200 - =
100 - 0.2
——Nominal stress —— Entropy
0 T 0

0 0.05 0.1 0.15 0.2 0.25 0.3

Strain (mm/mm) —»

Figure 35. K-S entropy approach to define the yield point of C45 (medium carbon
steel).
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The K-S metric entropy for a discrete probability distribution is exprelsgeide Eq.3.2:
'Y B i 1§ (3.2)

where,”Yi the metric entropyd) i the number of suintervals into which the data set
of measurement results was divided agnd the probability of the results ifinterval,
(where by definitom} 1T HI 0n=0). f

In the Thesis, the designated offset strain method was used to obtain the yield point since it was
found as the most reliable for Thesis materials. The yield point determined for different values
of the offset strain equal to:

1 0.2% for uniaxial tension test,ighvalue of the offset strain represeatsnmonly used
standardn the availablditerature to report the yield strength of materials;

1 0.001%, 0.005%, and 0.01% for the complex stress state test. Such a small offset strain
for the definition of yieldshouldbe usedduring determination othe yield surface
applying a single specimeinm order to reduce an effect pfastic strairaccumulabn
from the previous loading patiio negligible small amount(detailed explanation is
provided in Section 3.3.2).

The subsequent sections will explore into each experimental technique in detail, illustrating
how these methods collectively contribute tolaust understanding of material behaviour and
provide a basis for the design and optimization of materials in engineering applications.

3.2 Uniaxial tension test

The uniaxial tension test is one of the most fundamental and widely used methods foingvalua

the mechanical properties of materials. By applying a controlled tensile load along a single axis,
this test provides valwuable insights into th
elastic and plastic behaviour, and fracture chansties. The stresstrain curve generated

from the test serves as a comprehensive toc
modulus, yield strength, tensile strength, ductility, and elongation at break. These properties are
essential for material sdtion, quality control, and engineering design.

The uniaxial tension test is particularly suitable for isotropic materials, as the uniform stress
state allows accurate determination of mechanical properties. However, precise results require
careful considration of specimen geometry, as it directly influences stress and strain
uniformity. Thin rods with constant cresgctions or optimized delgone geometries fulfil

these conditions, ensuring accurate measurement of applied load and surface displabhement. T
simplicity and reliability of this test method have madthé primary tool for charactens)
materials, offering a standardized approach to comparing properties across different materials
and applications.

One of the significant advantages of theantral tension test is its straightforward interpretation.

The simple stress state ensures that results can be directly compared with data from literature
and other materialsThe experiment involves application aftensile force to a specimen,
typically dog-boneshaped, with standardized dimensions. This geometry is specifically
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designed to ensure uniform stress and strain distribution across the gauge length, minimizing
stress concentrations at the gripping ends. The gauge section, with its reduceeatross
ensures that deformation and failure occur in this region, making it the focal point of the
analysis.

The standardpecimen wh adiameter of 6 mnm the gauge lengtivas used for determination
of material tensile characteristics under consttairsrate of 0.005°5 Engineering drawing

of thetubular specimen is shownkigure 36. All the specimens were machined in a Computer
Numerical Control (CNC) lathe machine to ensure precise dimensions.

95
= 28.6
=
1)
G
O
S

Figure 3.6. Engineering drawing of the solidthular specimen for uniaxial tensile tests
(dimensions in millimeters).

All mechanical testing were performed on the MTS 858 selgctrohydraulic biaxial testing
machine with maximum capacity of Figure23i0ak N ax i
andFigure 310b). The testing machine employs a load unit that features two vertical columns
with maximum stroke of N 50 mm and a gener ol
which enables easy specimen mounting. The load unit uses an integral crossheset

linear actuator with an attached manifold. This provides oseled servovalves and
accumulators for improved performance and reduced pressure fluctuations. The testing machine
was properly calibrated to operate at constant rates of crosshead motiog. thartest, the

axial forceF is recorded directly from the testing machine, whereas, the axial elongan 0 i s
measured bganMTS extensometer on the gauge sectidfigure 37.

Figure 3.7. MTS extensometer used to measure axial elongation.
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To eliminate the effect of sample geometry on the response of the material, thetsdiess
relation is given in the engineerifigominal) coordinates:

0 — (3.3)
1 a a (3.4)

" — (3.5)

- — (3.6)

where,0 T initial gaugelengthcrosssectional area® 1 initial diameter of the specimen
the gauge lengthli i axial elongation¢ti current gaugdength of the specimen during
elongationg i initial gaugdength of the specimep; I engineering stres¥i axial force
and- I engireering strain.

Each est was repeated three times to guarantee the reliability of the results obtained.sThe test
wereper f ormed at room temperature (23AC).

3.3 Complex stress state test

The complex stress state test isduanced method for charactergsmaterial behaviour under
multi-axial loading conditions, where stresses are applied simultaneously along different
directions. Unlike uniaxial tests, which provide valuable data under simple stress states,
complex stress state tests simulate-vealld scenarios where materials often experience
combined stresses, such as tension, torsion, and compression. These tests are essential for
understanding material responses in applications involving structural components, pipelines,
and rotating machinery, wheneulti-axial loads and cyclic stresses are common.

The primary objective of the complex stress state test is to capture the material's yield and
failure behaviour undernemni f or m stress distributions. I n
mechanical progrties under the complex path of loaditepsioncyclic torsionandtension
torsiornrcompression testaere employed. As a result of these complex stress stites,
material's yield surface wabtained, which defines the boundary between elastic anticplas
deformation in multaxial stress space. These data are critical for developing accurate
constitutive models, which predict material behaviour under service conditions.

3.3.1 Introduction of the pre-deformation

Predeformation refers to the applicatiohan initial strain or deformation to a material before
subjecting it to subsequent loading. This process plays a critical role in understanding and
tailoring the mechanical behaviour of materials, as it alters their initial microstructure, stress
distribution, and mechanical properties. In industrial applications;dgi@mation is
commonly encountered during forming, machining, or other preparatory processes, making its
study essential for predicting the material's performance under service conditiertetailed
analysis of predeformation is provided in Chapter 2 of the Thesis.

The processes that causes initial plastic deformations are also oneeakibe®f the acquiring
of undesired anisotropic properties in the material, which are diffiouletnove by heat
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treatment. Therefore, it is important to study experimentally the influence of the load history

on evolution of mechanical properties. In the Thesis;dgfermation is explored under
monotonic tensiormnd combined tensiceyclic torsionloading conditions. The monotonic

tension predeformation provides insights into the material's behaviour under uniform,

unidirectional loading, while the combined tensmytlic torsion introduces complex, multi

axial stress states that simulate more s&alloading paths. These experiments heipentify
how the predeformation affects the yield surface, and anisotropic behaviour of the material.
Understandingf these effects is crucial for developing predictive models and optimizing
materials for aplcations where they are subjected to sequential or cyclic loading after pre
deformation, ensuring enhanced performance and reliability.

Figure 3.8. Strain controlled complex loading programme with monotonic tension and cycl
amplitudes

were introduce in the material:
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In a combined monotonic tensidrcyclic torsion predeformation a specimen wasubjected
to axial tensiorwhile cyclic torsional loads werapplied simultaneously, allowing for the
evaluation of the material's response to combined stalidamamic stresses.

Complex loading tests were performed on the-tialed tubular specimen&ngineering
drawing of the thirwalled tubular specimen ghown inFigure 39. The wall thickness of the
thin-walled tubularspecimen watarge enough to satisfy the thivalled tubecriterion and to
avoid buckling during sequential loading.

60.0
20 o 0.63

———————————————— =} ——r— 1.25

—_ e — . _) . T _._v/i

Figure 3.9. Engineering drawing of th#nin-walled tubular specimen for complex loading
tests and yield surface determination (dimensions in millimeters).

@12.0
?8.40

Vishay 120q temperature compensated strain g
tubular specimens to measure and control axiakrshnd hoop straifrigure 310c andFigure
3.10d. Two sets of strain gauges were used:

1 The axial and shear strain components were measured usingethreeme n t 45 A
rectangular rosette EBA5-125RA-120 with a gage length equal to 3.18 mm.

1 The hoop strain was measured using linear pattern rosetE3BA2AK-120 with a
gauge length equal to 1.57 mm.

Both gaiges were produced by Vishay. Thaiuges were bonded using-Bbond 610 adhesive
produced by Measurements Group Inc. The Heleementrectangular rosette was arranged in

a manner, that one strain gauge cemented along the longitudinal axis of the specimen was used
as the quarter bridge circuit to measure the axial strain, whereas, the other two strain gauges
| ocat ed ats A+ Zdabtiigebpent tb the longitudinal axis of the specimen were used

as the hatbridge circuit to measure the shear strain. The hoop strain was measured using a
linear rosette by means of the additional {maifige circuit perpendicular to the longitudinal

axis of the specimen.

This strain gauges measurement systems enabled independent monitoring of strain. Since they
were directly connected to the machine controller, the precise strain control of tests was
ensured. Before each test, bridge circuits were reald to guarantee the high accuracy of the

test.
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Axial strain

gauge system
= v
(@ Hoop strain
gauge system
Shear strain - IS
gauge system

.'!:-’l'

Figure 3.10. Setup of the MTS 858 biaxial testing machine with the strain gauges bonded to

the thinwalled tubular specimen (a); and its magnified view (b); image of thengjeaiges

bonded to the thiwalled tubular specimen (c); schemes of the strain gauge circuits on the
specimen (d).

3.3.2 Determination ofthe yield surface

Yielding process and strain hardening effect are the primary issues studied in the framework of
the material plasticity. An evolution of the initial yield surface well illustrates the characteristics
of plastic deformatio{93]. In order to better understand and describe fairly accurately a
mechanical behaviour of the material in question, it is important to carry out the comprehensive
experimental investigati@nof subsequent yield surfaces after different loading histories. A
challenge in the initial yield surface determination and its evolution due to deformation history
have received much attention in the literature. Triternal area ofyield surface can be
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described as a region in the stress space where the material always behaves as elastic. The
effects of yielding, along with that of isotropic and kinematic hardening, can all be described

by using the yield surface. It was found, that various materialbitedha wide range of shapes

of the yield surface in the stress spf8¥34] The positiondimensionsand shape of the yield

surface of a material are substantially impacted by the experimental probe technique (single
specimen b multiple identical specimens) used, the loading paths, and a definition of the
yielding [94].

Table 31. A comparative table summarizing the kif§erences between singdpecimen and
multiple-specimen techniques for yield surface determination.

Factor Singlespecimen technique  Multiple-specimen technique

Multiple specimens, each teste:
under a specific loading
condition.

Number of specimens One specimen tested unde
required various loading paths.

Cost Lower overall testing cost. H|gher(.:ost due to prepargtlon
and testing of several specimen
Moretime-consuming due to the
need to test each specimen
separately.

Relatively faster, as a single

Time Requirement specimen is used for all test

Comparatively lower, as the
specimen might accumulate Higher, as fresh specimens ar¢

Accuracy and additional plastic strain from used for each loading path,

Resolution . : : )
previous loading paths durin ensuring accurate results.
sequential loading.
Suitable for materials with Preferred for materials sensitive
Applicability minimal degradation under prior deformations or for highly

sequential loading. anisotropic materials.

Lower reproducibility, as the
Reproducibility speci menbs <co
during testing.

Higher reproducibility, as each
test uses an undisturbed specim

Requiresapplication of small
Experimental offset strain as definition of Requires careful preparation tc
Challenges yielding to limit an influence ensure all specimens are identic
of loading history

Yield surfaces can be determined by testing a single specimen or multiple identical specimens
which are loaded in different stress directi¢®4]. Previous experiments show, that results
obtained using multiple identical specimens are qualitatively best in comparison to the single

53




Experimental techniques and their methodology

specimen technique. It should be mentioned, howevernibkiple specimens method for a
single yield surface make the experiment costly and machining of geometrically identical
testing specimens is nearly impossip®b]. The comparison of both probe techniques is
summarized iMable 31.

The disadvantage of single specimen probe technique is the accumulation of additional plastic
strain from the previous loading direction on Hane specimen. However, this disadvantage
can be successfully overcome if loading in one direction is carried till very limited measurable
plastic strain that leads to defining the yield point at small offset plastic strain and also the
loading path is fdbwing a specific sequence to determine the yield surface.

Researchers have followed different sequences of loading paths to obtain the yield surface
among which the most preferable are:

i starting from zero stress level, the specimen is gradually loadkd tensile direction
of a defined stress space and after achieving the desired level of plastic strain, further
loading stops and the specimen is unloaded to zero stress level, then this-loading
unloading cycle is repeated in the exactly opposite dnedif the same offset strain in
the stress space defined. The next loading path differs from the previous path by a
chosen angular incremeinFigure 311[96];

Torsion
loading

Compressive 8 g Tensile

loading O D loading
— B —_—
2 0 ‘ 0 A

o ¢ 9,
6 O
4

Reverse
Torsion
loading

Figure 3.11. Schematics of yield locus determination adopted by Khan [@04l.

1 the loading sequence follows a predetermined proportional (or radial) loading path,
starting from zero stress, the specimen is first loaded in tensieatidir only till
yielding occurs and then the specimen is completely unloaded and again loaded with
some angular increment in the tenstorsion direction of a fixed defined stress space.
This loading sequence is carried out till it reaches again thegmatsenting the tension
direction onlyi Figure 312[33].
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Torsion
loading

Compressive Tensile
loading loading
— s

Reverse
Torsion
loading

Figure 3.12. Schematics of yield locus determination adopted by Dietrich and Socha
[33].

The second sequence is the most suitable for the single specimen technigueas pesults
obtained using the first one introduces the Bauschinger §#glct

The yield surface concept in the tlomensional stress spacdg, ¢) was applied to identify the
impact of plastic preleformation on the material by evaluation of the yield points. Yield points
were determined by the technique of sequential probes of the-spegtanen along different
paths in the plane stress statert8tg from the origin, loading in each direction took place until

a limited plastic strain was observed (in our case it was 2k T@e limited plastic strain of 2

x 10* (0.02%) was employed for probing in individual loading paths to ensure, thdaghie p
offset strain falls within the appropriate range of yield definition assumed. The loading
components were strain controlled maintaining a constant ratio of the strain components.
Subsequently, the unloading was carried out under stress contratarotiforce and torque

were reached. The experimental procedure was performed along 17 stresBigaths3(3),

starting with simple tension andishing with tension in the same direction. The loading and
unloading were carried out for the following strain path8®, 4%, 6, 9¢, 120, 13%, 150,

18CF, 210, 22%, 240, 270, 300, 319, 33@, 36Finthe g , of p & R ) strain plane,
Figure 313. Separate specimens were utilized for each yield surface (initial awleforened)
following the aforementioned sequential loading palthshould be noted, that all specimens
after prestrain in tension or combined tensitmrsion were relaxed for 1 hour, and then,
subjected to the yield surface determination procedure. By incorporating the relaxation step, it
was aimed to limit the effectf different strain rates during poeformation and probing since
metals have relatively high strain rate sensitivity.
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Figure 3.13. Loading sequence of strain paths for yield points determination in the biaxial
strain space.

One should highlight the importance of careful selection of the plastic offset strain value as a
definition of yield pointin the yield surface characteaatgon. In several investigations presented

in the literature, the plastic offset definition of yielhging from 0.0005% to 0.2% was often
used for determination of the yield surfg26,23,27,30,98100]. A small plastic offset strain

is recommended for the yield definition when only single specimen is used to determine the
yield surface. This is due to the fact that the accumulation of additional plastic strain from the
previous loading path should besssall as possible to be treated as neglidikg. Therefore,

to provide a more realistic elastio-plastic transition, the yield &8s was defined as the
equivalentplastic offset strain equal to 0.005% and 0.01% #mheof the loading directions
considered. The chosen plastic offset strain definition of yield in this investigation exceeded
the 0.001% used in Khan et [80] due to the selection of a different sequential probing path
for yield surface determination. However, yield stress definition of 0.001% plastic offset strain
was used in the investigation of SS316L due to application of threstrare levels on a single
specimen. The vyield surfaces investigated using these prphnagneters showed negligible
effect from the history of previous loading paths of the same specimen. The yield surface is
formed using yield point values determined for 16 different loading directions in the strain space
under consideratior{gure 313). The last loading path, designated as 17, corresponds to pure
tension, and it coincides with the initial loading path, denoted as 1. It was asshatelf t
different directions of loading in the stress space would be sufficient for determination of a
yield surface shape represented by the ellipse.

Szczepinski anisotropic yield condition was applied for the numerical calculation of yield
surfaceg29]. To fit theexperimental yield points by the Szczepinski anisotropic yield equation,
the least squares method was used. The aforementioned methodology was applied to determine
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the initial and subsequent yield surfaces. Szczepinski anisotropic yield condition aed appli
methodology have been comprehensively outlined in Chapter 4 of the Thesis.

When an arbitrary solid body oriented in a Cartesian coordinate system is subjected to a number
of forces in different directions such that the net force (i.e., the vector salirfmtes) acting

on the body is zero, the body is said to be in static equilibrium. Uhdee conditions, the

stress and strain states can be systematically expressed using tensors in a matrix form as:

A

a 1 / T e - - - (3.7)

During all tests, the stress state components were defined by the followingnawth
relationship for thirwalled tubes:

, — (3.8)
T —_— (3.9)

The equivalent stress is computed from the following equation based upon the distioetion
theorem (also known as the sheaergy or von Mises theory):

(3.10)

Complex stress state tests were performethéntension and torsiostress conditions, i.e.
except, andt , all otherstresscomponents were equal to zero. Thelieglent stress
becomes:

. ” o T (3.11)

Theequivalenst r ai n was determined from the:gener al

e e e e e e ¢ e e e
(3.12)
which leads withe e ne ande e Ttto the relationship
i ] - (3.13)
- 0n 6 QU O dDLHEE Oii ONRWQE (3.14)
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! (3.15)

The effective Youn g 6frem theoindtial lineas regiomfshe egeitalent mi n e d
stressequivalent straircurves corresponding to each loading path employed iyieka point
determination, as illustrated in Figure 3.It3juantifies the stiffness of a material and is defined

as:

0 — (3.16)

where,, - axial stressF - axial force;D - initial outer gauge diameter of the spren;d -

initial inner gauge diameter of the specimé&n; - shear stressT - twisting moment;,

equivalent stress; - equivalent strain: - total axial strain;- - total shear strain;

- 1 equivalent fastic strainlO -effeciveYoungoés 'm@dubksesnods -ratio
hoop strain.

The Poisson6s ratio for the testing materi a

value of ratio of hoop (circumferential) to axial (longitudinal) strain values 8EL5). These
strains components were precisely recorded by the strain gauges attached to the surface of the

specignemges | ength. The average value of the
Eq. 3.13 for a given range of plastic deformatiotedained for the material in preliminary
tests.

The use of Eqns3(8)-(3.16 was solely intended for controlling the tests in order to obtain a
predetermined prstrain value. It is important to note, that these equations did not have any
influence on tk actual mechanical response of the material during the loading program, which
was the main focus of the study. However, during the experiments, individual components of
stress and strain were recorded as the function of time. On their basis, the compbsteass

are recalculated as functions of the corresponding strain components.

3.4 Microstructural test

Microstructural analysis is an essential component of materials science, providing
understanding of a material és internal Struc
and thermal conditions. The microstructural test connects the macroscopic Tachan
properties of a material with its microscopic characteristics, including grain structure, grain
orientation, phase distribution, and defects like dislocations and vdntkerstandinghese
characteristics is crucial for predicting material behavienihancing mechanical performance,

and customizing materials for specific applications.

In the Thesis, one of the key motivations for conducting microstructural tests is to study the
effectsofpred e f or mat i on on a mat daefarnatiod whethenthreughn al s |
monotonic tension or combined tensioyclic torsion, induces significant changes in the
microstructure, particularly in grain size and texture or grain orientation. These changes can
influence mechanical properties, such as yietdngjth, ductility, and fatigue resistance, by

modi fying the material és ability to accommod

Microstructural tests are performed using advanced techniques such as optical microscopy,
scanning electron microscopy (SEM), electron baattec diffraction (EBSD), and
transmission electron microscopy (TEM). These techniques provide detailed visualization and
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guantification of grain size, shape, and orientation, as well as the identification of phase
boundaries and defects. For example, EBSParticularly effective in mapping texture and
assessing changes in grain orientation, enabling researchers to link the observed microstructural
characteristics to the deformation history of the material. Additionally, knowledge of grain
orientation andexture evolution is critical in processes such as rolling, forging, and additive
manufacturing, where the mechanical properties of the final product are strongly connected to
its microstructure.

In the Thesis, the microstructural analysis was performedsinga FEI Quanta 3D field

emission gun scanning electron microscope (FEEB/) operated at 20 kV. The Quanta 3D

SEM was equipped with an energy dispersive spectroscopy (EDS) and an electron backscatter
diffraction (EBSD) systems. The specimens wereectdld from the central part of the gauge
lengtharea and were prepared by conventional metallographic procedures for metals, including,
grinding, initial polishing and electypolishing. The specimens were ground in a sequence (low

to high granulation si2dy using 600, 800, 1200, and 2400 SiC graded papers. In the next step,
initial polishing was performed with diamont
Finally, electrepolishing was conducted with following conditions: an electrolyte of 95%

acetic acid and 5% perchloric acid, a voltage of@DV, and a temperature ofiléd6 AC. The
samples for EBSD analysiequirea highly polished flat surface to obtain reliable and high

quality results. Any contamination, deformation, or oxidation nearnitiace can significantly

hinder the process, as EBSD signals depend on electrons diffracted from only a few tens of
nanometres beneath the specimen surfagere 314 represents a schematic of the specimen
planes [Extrusion direction (ED) Transverse direction (TD) Radial direction (RD)] of the
thin-walled tubular specimen for EBSD observations. In the Thesis, EBSD scan was acquired
for EDT RD plane.

RD

[ TD
ED

EBSD observation
— (ED - RD Plane)

Figure 3.14. Scheme of the thiwalled tubular specimen planes for EBSD.

In the Thesismicrostructural tests are conducted on materials subjected to monotonic tension
and combined tensieryclic torsion loadingsThesdests aim to characteeshe differences in
microstructure evolution under simple and complex loading conditions. For monotonic tension,
the focus is on understanding how uniform strain affects grain elongation and texture. For
combined tensiomyclic torsion, the analysis explores how mudiiial stress states and cyclic
loading lead to unique texture patterns.

By correlating microstructural changes with mechanical performance, these tests provide a
comprehensive understanding of material behaviour. Tfermation is invaluable for
developing predictive models that account for microstructural effects and for optimizing
processing conditions to achieve desired mechanical properties. Ultimately, microstructural
tests are an important component of modertenas research, enabling the design of advanced
materials which fulfil the demanding requirements of various engineering applications.
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3.5 Concluding remarks

This dapter has provided a comprehensive review of the experimental techniques and
methalologies employed to charactegis t he Thesi s materi al s be
loading conditions, highlighting their significance in understanding mechanical properties and
microstructural evolution. From determining yield strength through uniaxial and costpgss

state tests to analysing pdeformation effects and microstructural changes, each experimental
approach contributes to building a comprehensive understanding of how materials respond to
various mechanical stimuli.

The uniaxial tension test, widetegarded as a fundamental tool of mechanical testing due to
its simplicity and ability to derive fundame
and tensile strength. However, the limitations of uniaxial testing under idealized conditions
necessitate more advanced methods, such as complex stress state tests, to sirawlate real
multi-axial loading scenarios. The complex stress state test allows to obtain more data points in
the stress space because it applies combined loaddygsising abiaxial stress state,
experimental yield points can be measured in both the positive and negative ranges of the stress
axes.

Through microstructural testing, the framework provides a comprehensive understanding of the
materi al 6s st r uoo the mola dof granhsauctare, ane tektuwe im inflsencing
material performance. By correlating mechanical test results with microstructural changes, such
as those induced by pdeformation, the insights gained are invaluable for optimizing materials
for specific applications.

Overall,the experimental methods described in this chapter are crucial for improving material
design and performance. They provide the data needed to ensure materials behave reliably
under reaworld conditions, supporting advancements across industries like aerospace,
automotive, and construction, where safety and durability are crucial. These techniques are not
only tools for scientific discovery but also for driving innovation in engineering and
marufacturing.
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Chapter 4

Yield criteria

The study ofhe yielding and failure behaviour of materiads crucial in solid
mechanics and materials sciend@éis chapter presents an overview of yield criteria, forming
the theoretical basis of the Theicyieldcriter®e f or e |
(1993), techniques for yield surface visualization are outlined. Historical and widely used yield
models, including Tresca and von Mises, are briefly discussed, emphasizing their evolution.
The Szczepi Eski c r i t eeBauschinger effect and ansatropg,usnt s  f
simplified for biaxial (axialshear) stress space to align with the Thesis experiments. This
approach provides a practical framework for interpreting experimental data and evaluating
the anisotropic properties ofseed materials.

4.1 Introduction

Research into the strength of materials and structures plays a pivotal role in the design and
safety assessment of various engineering applications. The accurate evaluation of material
strength under complex stress statesessential for ensuring structural integrity and
performance. The strength of materials is influenced by several factors, including temperature,
loading rates, and the applied stress state. Understanding how these factors interact poses a
significant sciatific challenge, particularly under multiaxial loading conditions. Materials,

both in nature and engineering applications, are frequently subjected to complex stress systems,
which can be represented as a point or a cubic element subjected to combsssk in its

faces. These combined stresses are described by nine stress components, of which only six are
independent due to the symmetry of the stress tensor. This complexity makes it difficult to
derive a universal solution for material strength undeitrary loading conditions, even when

the problem is simplified to three principal stresses in isotropic materials.

Principal stresses, which represent the normal stresses acting on specific planes with zero shear
stresgs form the basis of many yielditgria. The threelimensional representation of principal
stresses, often referred to as triaxial stresses is shokigure 41. The uniaxial and biaal

stress states are special cases. Understanding the behaviour of materials under these stress
conditions is fundamental for predicting the onset of plastic deformation and designing
structures that can withstand diverse loading scenarios.

“0—2

fg/ , B 7
rd
| A

Figure 4.1. Principal stresses acting on an element.
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Different materials exhibiistinct mechanical behaviour, charactexisby theiuniaxial stress

strain curves, which vary significantly depending on material propeftesyield pant in a

uniaxial stresstrain curve represents a critical threshold where materials transition from elastic
(reversible) to plastic (irreversible) deformation. This yield point marks the limit of linear
behaviour, beyond which permanent deformation acdihen extended to threemensional
complex stress states, the mathematical representation of the yield point is described by the
yield criterion.

The yield criterion is a cornerstone concept in solid mechanics, serving as the theoretical basis
for undestanding the loatbearing capacity of materials and the development of elastoplastic
constitutive relations. It provides a mathematical framework to predict the onset of plastic
deformation under applied stresses. In engineering applications, partiéofarigtals used in
structural, automotive, and aerospace industries, accurate yield models are critical for designing
components that balance strength, durability, and weight efficievigld criteria are
indispensable for describing the complex intergégtresses that govern material behaviour
under multiaxial loading conditions. They allow engineers to anticipate material performance,
optimize structural designs, and ensure safety under various service conditions. For example,
in structural engineerq) yield models guide the design of beams and columns to prevent
permanent deformation under load. In the automotive and aerospace sectors, yield criteria
enable the development of lightweight yet resilient components, enhancing both energy
efficiency andcrashworthiness. The continuous advancement of yield models, integrating both
experimental and computational methods, is essential for addressing the demands of modern
engineering applications.

The scope of thislapter encompasses a range of approachésstribing yielding, starting

from classical isotropic criteria, such as the Tresca and von Mises criteria, to contemporary
anisotropic models that account for the directi@pendent behaviour of metals. While
isotropic criteria assume uniform propertiesall directions, anisotropic criteria consider the
influence of factors like texture, grain orientation, and prior deformation history, which are
particularly significant in processed metals such as rolled sheets and extruded profiles.

The objective ofthis dhapter araewofold:

1 To trace the historical development of yield criteria and highlight key theoretical
advancements.

1 To compare isotropic and anisotropic yield criteria, discussing their assumptions,
applications, and limitations. Discussion of theczepinski yield criteria used in this
Thesis for yield surface visualization.

4.2 General formulation and visualization of yield criteria

In uniaxial stress states, the onset of plastic deformation is defined by the yield strength limit
or yield point,where materials transition from elastic to plastic behaviour. However, for
complex stress states, yielding occurs only when the components of the stress,tensor (
satisfy a specific function known as the yield criterion. This yield criterion, exquébsough

the yield function'Q, , defines a hypersurface in the stress space dependent on the stress
tensor components.
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The yield function can be formally expressed as:

Q, T O Qa &IiOAWNQE 6 | (4.1)

Q, i O Qadii f & windE®nQE oIl (4.2)

The condition™Q,, mtholds no physical meaning, as yielding is not possible beyond the
yield surfaceThe equationQ, Tt defines a yield sudce in thesix-dimensionalstress
space.

The dress tensog is a secongbrderCauchy stress tensaepresenting the general state of
stress at a point and can be writéen

” T 1

) . T (4.3)
t ot

The three eigenvalues (), h, ) of the stress tensoepresent the principal stresses, wtiah
be described as the normal stresses acting on iaypartplane (principal planes) wittero
shear stresseBrincipal stresses are abtedas the three roots tfie characteristic equation

” "Q1 "Q1 "O .'-[ (4'4)
Principal stresses can be preserdsd

" m Tt
” -'-[ ” -'-[ (4_@
mn 1 ,

The three invariants@CHO) of the stress tensor atgiven point are scalar quantities that
remain invariant under coordinate system transformations, making them independent of the
orientation of the chosen axes. These invariants can be expressed in terms of the components
of the Cauchy stress tensor or thncipal stresses:

‘0 ., y w , o1, (4.6)
- 01, o1, 4.7
0 AAO ., (4.9

However, for practical applications jatasticity, the stresensor { ) is often decomposedto
the mean or hydrostatic stress tengof ( ) and the deviatoric stress tensdf ). The relation
can be expressed:as

” bl Y (4.9)

where,the mean stressnd the Kronecker delta are defined as

" -, " " - ” " — (4.10)
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p T T
1 mT P T (4.11)
T T P
andthedeviatoricstress tensaran be determined as:
” n T T
Yoo, L T v T (4.12)
T T ” ”
also, thedeviatoric strestensoron the principal planean be defined as
” ” n T[
“Y T[ ” ” T[ (4'13)
T[ -r[ ” ”
The deviatoric stredgvariants are given by
L o0iY ™ (4.14)
0 - “Y “Y - ” ” ” ” ” ” (4'15)
0 A A“® ” ” ” ” ” ” (4'16)

The yield function is typically expressed in terms of the invariants of stress tensor and its
deviator, as they are independent of the coordinate system. The general form of the yield
criterion can be writteas:

NOXO VN VI 1 (4.17)

This formulationfor an isotropic materiatan begeometricdl interpreted within the three
dimensional principal stress space, where the principal stresses serve as the coordinate axes, as
illustrated inFigure 42. This conceptual representation was first introduced by Haigh and
Westergaard in 192[101,102]and is often referred to as the Hdibtestergaarépace. The
primary advantage of this space lies in its simplicity and the intuitive visualization of the stress
state. In this principal stress space, each point correspondsitpua stress state characteds

by its three principal stress componentsh( h, ). The vyield criterion is represented by a
surface, known as the yield surface, which delineates the boundary between elastic and plastic
behaviar of the materiallf a given stress point lies inside the yield surface, the yield function
satsfies f < 0, indicating that the material remains in the elastic regime. When the stress point
reaches the yield surface, the yield function becomes zero, f = 0, signifying the onset of yielding.
Stress states outside the yield surface are not physicalbjype for perfectly plastic materials
Figure 43. This geometric interpretation simplifies the analysis of yielding under multiaxial
stress statespffering valuable insights into material behaviour under various loading
conditions.
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Space diagonal
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Figure 42. Threedimensional representation of a yield surface.
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Figure 4.3. The yield curve in the plarstressstate ([ =0).

4.3 Historical development of yield and failure criteria

The development of yield and failure criteria has evolved gradually over several centuries, with
significant contributions from pioneering scientists. The earliest documentestigations into
material strength can be traced back to Leonardo da Vinci {1839) and Galileo Galilei

(1564 1642)[103]. Da Vinci hypothesized that the strength of an iron wire was influenced by
its length, while Galileo proposed that fracture occurs when a critical stress threshold is reached
[104]. These early observations laid the groundwork for what later became known as the
maximum normal stress strength theory, often regarded as the first strength feory
subsequent advancements in yield criteria were marked by the emergendeusf treories
addressing different aspects of material behaviour. The maximum strain strength theory
proposed in 1686 by Marriott, though published posthumously, introducedistsed failure
conditiong105]. A significant contribution was made by Charkasgustin de Coulomb (1736

1806), who extended the maximum shear stress theory in 1773 by incorporating the effects of
normal stress on shear failufg06], which became the basis for the Md&wulomb yield
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criterion. Coulomb's work profoundly influenced the mechanics of elastic bodies and the
analysis of materials in gemthnical engineeringl03]. Later, the maximum shear stress
strength theory was developed by Henri Tresca in 1864, which playetiamientafole in

describing ductile material behaviour under multiaxial stress 4teQ&% Further refinements

were introduced with the shear strain energy strength theadgpéndently proposed by Huber

in 1904 and von Mises in 191808,109] This theory emphasized the role of deviatoric stress

in yielding, leading to the development of the widely applied HuberMisesHencky (HMH)

criterion. The singleshear sength theory, introduced by Christian Otto Mohr in 1900, was a
critical mi |l estone that provided a geometric
circle[110].

In the latter half of the 20th century, more advanced models emerged to address anisotropic
materials and directional dependencies. The anisotropic yield criteria proposed by Hill in 1948
accounted for texturenducedvariations in yield behavioyid11]. Additionally, he twinshear

stress yield criterion, developed by MEong Yu in 1983extended earlier singiehear models

to provide nore comprehensive descriptions of yieldidd2]. The cotinuous evolution of

yield criteria reflects the increasing complexity of material behaviour observed in experimental
studies and the need for more accurate predictive models.

Modern yield criteria are often categorized based on various factors, including:
1 Material Effort: Stresdased, straibased, or energlyased formulations.

1 Yield Surface Geometry: Cylindrical (Huber), conical (DrueReager), or paraboloid
(Theocaris) shapes.

1 Directionality: Isotropic or anisotropic response.
1 Material Type: Metals, glymers, rocks, soils, ceramics, or composite materials.

The development of yield criteria has been pivotal in advancing our understanding of material
behaviour under complex stress states. The concept of yielding, or the onset of plastic
deformation, emeyed from early experimental observations and gradually evolved into robust
mathematical models. This section traces the historical milestones in yield criterion research,
focusing on the key theories and their implications for isotropic and anisotrogdatsat

4.31 Tresca citerion (1864)

Henri Tresca made one of the earliest significant contributions to yield theory by proposing a
mathematical formulation of the yield criterion in the ri@th centuryf107]. His pioneering

work focused on the flow of metals under compression, whepeoposed that yielding occurs

when the maximm shear stress witha material reaches a critical valdéis concept marked

a departure from earlier ideas that relied solely on normal stress considerations, offering a more
refined perspective on materiéilure. Subsequent refinements to Tresca's model were
introduced by Guest, who simplified the criterion to enhance its applicability to a broader range
of ductile material§113]. The Trescasuest criterion, alsceferred toas the maximum shear
stress criterionis mathematically expressed:

Q, ksl Aghh T ELRHbB s, (4.18)

. sl Agh N i El h h s (4.19)

s -
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T — (4.20)

where,, isthe equialent uniaxial yield stress arid is the yield shear stress of the material.

This hypothesis aligns well with the observation that shear stress, rather than normal stress,
governs plastic deformation in duetimaterials. Consequently, Tresca's criterion provided a
more practical and experimentally verifiable method for predicting material yieldidgr
uniaxial and multiaxial loading conditions. The shape of Tr&&gest criterion is a hexagonal
cylinder in hie 3dimensional principal stress space as showfigare 44. The TrescaGuest
criterion exhibits certain limitations. It tends to overestimagdd strength under multiaxial
loading conditions and fails to account for the influence of intermediate principal stresses.
However, its straightforward nature makes it highly suitable for analytical calculations in cases
involving simple stress states

Figure 4 4. Graphical representation of the TresGuest criterion.

4.3.2Mohr -Coulomb aiterion (1900)

The MohrCoulomb criterion extends the Tresca approach by incorporating the effects of
normal stress on shear failuf@oulomb hypothesized that failuoecurs due to sliding along

specific planes within a materidde proposed that failure initiates when the shear stress along

a plane exceeds the material's inherent cohesive resistance, combined with the frictional
resisance generated by the normal stress acting on that 86 The Mohr hypothesis

further refined this understanding bsgtablishing a functional relationship between shear stress

and normal stress on the failure plane. According to Mohr, failure occurs when the stress state
on a plane reaches a critical combination of shear and normal stresses, which can be represented
asa failure envelope in stress spdté&0,114] The MohrCoulomb citerion mathematically
expresses this relationship as a linear failure enveligarg 45), given by the equation

t &, OAl (.21
The MohrCoulomb criterion in terms of principal stresses:

y ., . OBl cdAi«O (4.22)
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where,t = shear stress on the failure place, cohesion (inherent shear strength), =
normal stress on the failure plames angle of internal friction, = maximum principal stress,
and, = minimum principal stress.

Tt  Failure envelope

<@ o

-~ 03 01

Figure 45. Mohr diagram and failure envelope.

The MohrCoulomb criterion introdusetwo material constantso@ande ), unlike the Tresca
criterion, which relies on a single material constant (the yield shear sthastslply, whenthe

angle of internal friction becomes zero, htMohrCoulomb criterion reduceinto the Tresca
criterion, indicating that the critical shear stress is no longer influenced by normal $tiess
highlights the versatility of the MokCZoulomb criterion in describing a broader range of
material behaviours. However, both the Tresca and Maulomb criteria shara significant
limitation: they do not account for the intermediate principal stress. This omission can lead to
inaccuracies in predicting material failure, as the intermediate principal stress can influence the
stress state and failure characteristicsnaterials, even when its value is zero. Despite its
limitations, the MohHCoulomb criterion remains widely used in geotechnical, structural, and
geological engineering due to its simplicity and effectiveness in modelling the failure of
frictional materia [115]. In threedimensional principal stress space, the MGbulomb
criterion takes the form of a hexagonal pyrankidy(re 46).

O3 . o'

Figure 4.6. Graphical representation of the Mol@oulomb criterion116].
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4.3.3 Hubervon MisesHencky criterion (1913)

The HuberMisesHencky(HMH) yield criterion, also known as the von Mises isotropic yield
criterion, is a fundamental orparameter model widely used to predict the onset of yielding in
metallic materials that exhibit identical yield stresses in tension and comprdssgoaiterion

is particularly applicable to isotropic materials, which exhibit uniform mechanical properties in
all directions, and assumes that yielding is insensitive to the hydrostatic stresslieastviH
criterion is based on the conceptligtortion enegy, which suggests that yielding begins when
the energy associated with the change in shape (distortion) of a material reaches a critical value.
The development of the HMH criterion has a rich historical background. It was first proposed
by James Clerk Mavell in 1865[117], who laid the groundwork for the concept of energy
based yield criteria. Later, it was inagmlently refined by Huber in 1904, Richard von Mises

in 1913, andHencky in 1924108,109,118]These contributions culminated in the formulation

of the HMH criterion, which states thgelding of materials begins when the second invariant
of the deviatoric stress tensor reaches a critical value. The HMH criteiaéso known as the
maximum distortion energy criteripras it focuses on the energy associated with shear
deformation rather than volumetric changBise HMH criterionis expressedhathematically

as:

QO kO — T

(4.23)

(4.24)

(4.25)

Whereas, in an arbitrary system refference the HMH isotropic criterion is expressed as

follows:

ot

.I.

T (4.26)

The yield limit in shear according to the uniaxial yield stress can be expressed as:

T =

n

(4.27)

In threedimensional principal stress space, the von Mises criterion is represented as a circular
cylindrical yield surface of infinite length, with its axis equally inclined to the three principal
stress axed-{gure 47).The von Mises criterion is widely used for isotropic materials due to its
ability to account for the influence of all stress componentsviding a more comprehensive
description of yielding compared to the Tresca criterion, which only considers the maximum
shear stresdt is useful in engineering design and analysis due to its good correlation with
experimental data for many ductile r@aals. It provides a more accurate prediction of yielding
compared to the Tresca criterionder complex loading conditions, including multiaxial stress
states Despite its widespread use, the HMH criterion has limitations. It is not suitable for
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materids that exhibit pressuréependent yielding (e.g., soils, polymers, or composites) or
anisotropic behaviour (e.g., rolled metals or fibeinforced materials).

02
Hydrostatic axis

¥ Von Mises yield
surface

\ 7 Plane / Deviatoric plane

O'1+O'2+(T3:O

Figure 4.7. Cylindrical yield surface predicted by the HMH critan.

Anisotropic criterion by von-Mises (1928):

Later, in 1928, votMises generalized his yield function to consider the anisotropy in materials
[119]. The criterion can be presented as:

¢cQ, k., 0 p O ana p (4.28)

In Eq. (4.28), no prior assumptions are made regarding the isotropy characteristics of the fourth
order tensor, represented by contain the yield parameters of the mate@a@mpaments of1

are indexed b¥YQQ deach ranging from 1 to 3 in 3D space, resulting‘in 81 components.

By an adequate selection of the components afong material axes, this tensor can describe

a full anisotropy, orthotropy, transversally isotropy or, even, an isotropy yield condition. Also,
EQ. (4.28) is directly written in terms dfé stress tensor, denoted@yandnot in terms of its
deviatort part,-||, so the equation is able to predict yield under either hydrostatic or deviatoric
stresses.

Eq. (4.28) is presented using classical tensor notation. However, when dealing with actual
calcul ations, the Voi gt 0 $Withntastformaty Eqf (428)nmsar¢ i S n
written as Eq. (4.29), where tensor indices now span in the i@he{1, 2, 3, 4, 5, 6}.Here,

the fourthorder tensoof yield parameter§ is written as a 8 6 square matrixLt), while the
secondorder tensor of stres3is written as 6 1 column matrix, ), presented in Eq. (30).

¢Q, k,uv, p o Lk p (4.29)
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As EQgs. (4.28) and (4.29) are a quadratic form) jrand quadratic forms generally exhibit
insensitivity to the skeveymmetric part oft, choosinglt to haveasymmetrc matrixdoes not
affect the generality of the equation. Thus, for the fully anisotropic ¢akas 21 independent
components, reflectqithe anisotropic nature of the material under consideration.

~

QD 0O 0 0 0 0.
o T o oo T,
I & U :: @ oo Qo (4.30)
” IT |:| . ‘Q ;Q ;Q :->: .
0 . 0 Qn
ut U i o6 ¢

Inserting Eq. (80) into Eq.(4.29) and expanding the quadratic form, results in the scalar yield
criterion given by Eq. (43.

~ ~

¢, k Q, Q ., Q 0t 0t Q 1
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, t Tt ft Tttt Ot ¢ P (4.3))

The anisotropic von Mises criterion is limited ia ability to describe different elastic limits of
materials under tension and compression loading conditions. Since the criterion remains
invariant when the sign of all stress components is reversed, making it unable to capture the
phenomenon of the Bausinger effect. As such, the anisotropic von Mises criterion may not
provide a complete and accurate representation of the behaviour of materials under various
loading conditions.

4.3.4 Drucker-Prager aiterion (1952)

The DruckefPrager yield criterion ian elastoplastic isotropic mod#tat servess a smooth
approximation of the Moh€oulombcriterion. It is specifically designed to predict the onset

of plastic deformation in pressusensitive materials, such as soils, concrete, and rocks
[120,121] Unlike the HubeiMisesHencky criterion, which is independent of hydrostatic
pressure, the Druckétrager criterion explicitly incorporates the influence of mean stress
(hydrostatic pressure) on the shearing resistance of a material. This makes it particularly
suitable for modelling the behaviour of brittle materials, although it has also been applied to
metals under specific conditions, such as {pgkssure environments asnous materialfl22i

125]. The DrucketPrager criterion is based on the asption that the octahedral shear stress

at failure depends linearly on the octahedral normal stress through material constants.
Mathematically, the criterion isften expressed as:

~

QCy k|0 0 @ m o O |0 Q (4.2)

where| and™Qare material constants.
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DruckerPrager model can be also expressed by using the principal stresses:

-, L . ., ko) (4.33)

In threedimensional principal stress space, the Drudkeger criterion is repsented as a
conical yield surfaceHigure 48). This conical shape reflects the criterion's dependence on
hydrostatic pressure, with the yield strengtbreasing as the hydrostatic pressure increases.
Unlike the Moh¥Coulomb criterion, which has a hexagonal pyrashdped yield surface with
sharp corners, the DruckBrager criterion provides a smooth failure envelope. This
smoothness avoids numericd#fidulties associated with sharp corners in stress space, making
it more computationally efficient for finite element analysis and other numerical simulations
The DruckefPrager criterion is particularly valuable for modelling the behaviour of
geomateris and other presswsensitive materials under complex loading conditions. It
provides a more accurate prediction of material behaviour compared to the HMH criterion for
materials like soils and rocks, where the influence of hydrostatic pressure omgieddi
significant. Howeverthe criterion has notable limitatians

1 The DrucketPrager criterion tends to overestimate material strength for general stress
states, particularly in triaxial extension (where the intermediate principal stress is
significantlydifferent from the minimum principal stress).

71 Due to its conical failure surface, the criterion is only accurate within a limited range
of hydrostatic stress. It fails to properly describe matéehlavioumear the apex of
the cone, where the hydrostgtiessure is very high or very low.

1 The criterion assumes isotropic mateti@haviouy which limits its applicability to
anisotropic materials or materials with complex microstructures.

o,k
@) () : ,
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~0, 1 S tension
L .

-~ Uniaxial
compression

7 || .
_Gj: - Gz Qi\h— -
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Figure 4.8. Yield surface of DruckePrager criterion in the principal stress space (a), in the
plane of, 1[126].

4.3.5Hill's criterion for anisotropic m aterials (1948)

Hill 6s anisotropic yield criterion, pr oposec

advancement in plasticity theory by extending the von Mises yield criteriacdount for

material anisotropy Hi | 1 6s criterion i ntr ocmpaoaestheani so
directional dependence of material properties. This makes it particularly suitable for materials
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such as rolled metal sheets, extruded componentsfilzarereinforced composites, which

exhibit distinct mechanical properties along different axes due to their microstructure or
manufacturing processgtkl1]. Unlike the von Nkes anisotropic criterion (Eq. (4.28)) which
employs a fourtborder tensor of yield parameters ( ), Hill instead directly derives a scalar
expression that is quadratic in the differences between the normal stress components and every
single sheastress. As a result, the Hill criteridocuses exclusively on the deviatoric part of

the stress tensor and does not account for the influence of hydrostatic stress on ¥ilkisling
simplification is consistent with the assumption that yielding is pilyndriven by shear
deformation rather than volumetric changdathematically, the general form of the Hill yield
criterion can be expressed as:

C“QH k “O” ” “O” ” "O ” ” CDT
cO T cO¥ P (4.34)

where, GIQiICDN ¢ ¢ B arecoefficients representing the anisotropic material constants. If
'O 'O O pandd O O o, the Hill criterion will turn into HubeMisesHencky
isotropic yield criterion.

Hi l |l 6s criter i o-suited for oghatropid roatetiatsr wWhgre thee rhalterial
properties are symmetric along three mutually perpendicular axes. It has been widely applied
in industries such as aerospace, automotive, and manufacturing, wheralméke rolled

metal sheets and fibeeinforced composites are commonly us&dus the Hill criterion, as
defined by Eq. (44, only captures orthotropic behaviour but not full anisotrdjys restricts

its applicability to materials with more cqiex directional properties.

Similarly, to the von Mises anisotropic criterion (Eq. ®)3 linear term in the stress is not
present inte Hill criterion (Eq. (4.3) ) . The quadratic nature of
changes in the signs of stress poments do not affect the yield condition. This can lead to
inaccuracies in predicting yielding under certain stress states, such as biaxial-tension
compression or cyclic loading.

To address some of these limitations, Hill proposed a generalized yieltofumt 1979
[127,128] This extended formulation is naquadratic and expressed in terms of the principal
stress components, allowing for a better approximation of material behavider complex
stress states. The generalized Hill criterion can be written as

“@1 n s “@1 ” s "%1 ” s i‘)& n n n S i“) g ”
” ” S 6 & ” ” ” s n (4'$)

where,d is the material parameter with  p.

However, this dterion is limited to stress states where the directions of the principal stresses
are aligned with the orthotropic axes of the material. This restriction reduces its applicability
for materials subjected to arbitrary loading directions

4.3.6Contemporary developments and advanced odels

Modern research in plasticity theory has led to the development of advanced yield criteria that
integrate experimental data, computational methods, and microstructural considerations. These
advancements are driven by theed to accurately predict the plastic behaviour of materials
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under complex loading conditions, such as uniaxial tension;kéaxial tension, negplane

strain, and pure shear, which are commonly encountered during manufacturing and engineering
applicatios. To address these challenges, researchers have developed new vyield criteria or
modified existing ones to better capture the plastic anisotropy and siaesslependence of
materialg129]. Someof the most notable contributions in this figlte presented as follows:

Hosford yield criterion: In 1972, William F. Hosford proposed an isotropic yield criterion that
generalized the HubéWlisesHencky criterionwhile emphasizing the role of stress triaxiality
[130]. The criterion introdued a materiatlependent exponent to better fit the yield behaviour

of facecentered cubic (FCC) and bodgntered cubic (BCC) metals. Later 1980, Logan

and Hosford proposedhanisotropic yield criterion which is a special case of generalized Hill
criterion (Eq. (4.8)), specifically designed for planar anisotropy in sheet m¢ias$]. It
accounts for differences in yield strength between rolling, transverse, and diagonal directions.
The model provides more realispeedictions in deep drawing and other forming operations.

Barlat yield criterion: Fr ® d ® r iand coBemgués advelopaderies of anisotropic critefia
including YLD 89, YLD91, YLD200G62d, and YLD2004132i 135]. These dteria improve

upon earlier models like the Hill and Hosford criteria for the case where the directions of the
orthotropic axes are not coincident with the directions of the principal str@$m= criteria

offer more accurate predictions of yield sugador materials with pronounced anisotropic
properties, such as aluminium alloys, steels, and textured nfatalsxample, the YLD2000

2d criterion is widely used for sheet metal forming applications. It incorporates linear
transformations of the stregsnsor to better capture the anisotropic yield surface, making it
highly accurate for predicting yield behaviour under complex loading conditions. The Barlat
criteria have become a standard in industries such as automotive and aerospace, where precise
modédling of anisotropic materials is critical.

Gursoni Tvergaardi Needleman (GTN) vyield criterion: The GTN vyield criterion is a
mesomechanical model developed to predict the ductile fracture behaviour of porous materials
under plastic deformationThe criterionwas initially proposed by Gurson in 197736] to

model the plastic flow and fracture of ductile metals considering the effects of hydrostatic stress
and later modified by Tvergaard and Needleman in 18&ugh introducing three additional
fitting parameter$137i 139]. This criterion describes the influence of void nucleation, growth,
and coalescence on the yielding and failure of ductile materials.

Crystal plasticity-based yield criteria: Crystal plasticity has emerged as a powerful
framework for understanding the plastic behaviour of polycrystalline materials by considering
their microstructural characteristics, such as grain orientation, slip systems, and
crystallographic texture. Unlike conventional vyield criteria, which treat materials as
homogeneous and isotropic, crystal plastibiédged models account for the anisotropy and
heterogeneity of individual grains. These models are particularly useful fieriata like
metals, alloys, and single crystals, where microscopic deformation mechanisms play a critical
role in macroscopic behaviauCrystal plasticitybased yield criteria use crystallographic
texture and intrinsic singlerystalline anisotropy asuits to model phenomena such as: micro
crack initiation and propagation, fatigue and creep in sgatalle plasticity, texture evolution
during deformation, damage parameter calculation, fracture criteria for crystabitezials

[140i 142]. These models are often implemented in finite element simulations to predict the
deformation and failure of matersadit both the microscopic and macroscopic scales. They have
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found applications in material design, process optimization, and failure analysis, particularly in
industries where precise control over material properties is essential, such as aerospace,
automadive, and additive manufacturing.

4. 4 Anisotropic yield criterion by Szc

Woj ciech Adam S2040 evasi asadminent (Pbli8h2 stientist who made
significant contributions to the fields of mechanics and theory of plasticity. In 1993,
Szczepi Eski proposed an anisotropic yield c
models by incorporating the effects of material texture and deformatioiced anisotropy

[29]. His work was particularly focused on addressing the Bauschinger effgoenamenon

observed in metals where the yield strength in one direction (e.g., tension) differs from that in

the opposite direction (e.g., compression) after plastic deformation. This effect is critical in
materials subjected to cyclic loading or reversading conditions, such as in metal forming

and fatigue analysis.

Szczepi BGskids criterion builds upohb)whiche von
is a quadratic function of the stress components. However, unlike the von Mises criterobn, w
does not account for the Bauschinger effect or directional dependence of yield strength,

Szczepi EBski introduced | inear terms with re
condition. This modification allows the criterion to better capture #yenaetric yielding
behavioum bser ved in anisotropic material s. Mat h e

be expressed as:

~ ~ ~

Q, Q " Q " Q ., "

¢t Q ., Q ., ., ¢t Q i Q ,

, CT '?'Q , , '?‘Q , , 'F'Q _'_ 'F'Q _'_

ot ot P (4.35)

where,Q and® are coeficientsrepresenting the anisotropic material constants.

The Szczepi EBski 6s vyi el d 6)dsrdintplégiediaccording toehe e nt e d
experiments performed for yield surface identification of materialshis Thesis. he
experiments were penfimed in the plane stress conditions for which exgeptandt , all

other components of stress were equal to zero. So, yield condition for the plane stress is
simplified as follows:

~ ~

Q, 0 Q. caot QT o o ,
o t 0 (4.37)

Physical interpretation of some of the coeffici€ftsandc can be expressed as:

~

Q-
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ko) - (4.38

where,® hd hd are the yield limits under uniaxial tension @hdfd o  are the absolute
values of yieldimit under uniaxial compression in X, y, z directions, respectivély;is the
yield limit under simple shear by positive shear stfessand"Y is the absolute value of yield
limit under simple shear by negative shear stress

Takinginto account the physical interpretation of anisotropic coefficiétsand® can be
written in following coefficients:

~ ~

6 @ o —

6 o)

6 Q — (4.39
cO & o — —

coO o — —

After replacing the coefficienf® andd in Eq. (4.3) by the coefficients A, B, C, D and F

from Eqg. (4.9), the second order equation representing the yield surface in lsesglane
can be written as follows:

0,, co, T ot cO, ¢ P (4.40)

It can be observed that coefficieritsand O are related to axial yield limits for tension and
compression, whereas, coefficiedtand ‘Orepresents functions of yield limits under torsion
and reverse torsion. However, the coefficiénhas no simple physical interpretation and it
cannot be determined by a simple uniaxial test. It is proportional to the rotation of the yield
surface with espect to the biaxia) ( it ) co-ordinate axes. Its value can only be obtained by
performing at least one test in combined astaar loading condition.

The yield surface for the anisotropic materials can be determined by the five main ellipse
parameters, that can be expressed by coefficients of the above mentionedweenrduation
in the following way:
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(1) Co-ordinates of the ellipse centre:
W _— (4.41)
W —_— (4.42)
(2) Rotation angle of thellipse axes with respect of ( ,T ) co-ordinate system:
noo- 0o we— (4.43)

(3) Major and minor ellipse seraixes:

. y
W - (4.44)
. y
w - (4.45)
where,
y 6 6 ¢ 6 O O6 O 06 O & (4.46)
1 o 0 0O (4.47)
W - 0 O 0 O T 6 (4.48)
& - o6 6 6 6 1 6 (4.49)

To fit the experimental data by the equation of ellipse, the least squares method is used to
calculate all coefficients of the egtion @.40. As a result of this approach, all values of the
coefficients can be calculated, and necessary data regarding the anisotropic properties of the
tested material can be captured. One should
for plane stress (Eq. @0)) can be turned into the von Mises anisotropic yield criterion by
imposing D = F = 0 and the Hill criterion by imposingB=D =F =0.

4. 4.1 Key featurremnof Szczepi EGski ds ¢
Main features of the criterion can semmarized as follows:

1T By introducing |inear terms in the stress
the asymmetric yieldindbehaviourof materials, which is essential for accurately
modellingthe Bauschinger effect.

1 The criterion accounts for thenisotropic nature of materials, particularly those with
textureinduced anisotropy, by including terms that reflect the directional dependence
of yield strength.

T Szczepi BGskibdbs criterion can be viewed as
yield criterion, extending its applicability to materials with deformaiiotuced
anisotropy and kinematic hardening.
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4.4.2 Applications and significance

Szczepi BGski 6s yield criterion has found appl
cyclic loading, and fatigue failure, where the Bauschinger effect and anisotropic behaviour play

a significant role. It is particularly useful for materials such as rolled metals, textured alloys,

and composites, which exhibit pronounced directional dependenciein rhechanical
properties. The criterion provides a more accurate prediction of yield surfaces and plastic
deformation under complex loading conditions, making it a valuable tool for engindesiigg

and material characteason.

4 .4.3 Limitations

While Szczepi BGski 6s criterion represents a sigd
some limitations:

 The accurate determination of material constafs &nd @ ) requires extensive
experimental data, which can be thim@nsuming and costly.

1 The criterion is primarily designed for materials with textimduced anisotropy and
may not fully capture the behaviour of materials with more complex microstructures or
pressuredependent yielding.

1 The inclusion of linear terms increases the matheadatiemplexity of the criterion,
making it more challenging to implement in numerical simulations compared to simpler
models like the von Mises criterion.

4.5 Concluding remarks

This dhapter provides a comprehensive overview of various yield criteriatasiscribe the

onset of plastic deformation in materials under complex stress states. The study traces the
historical evolution of yield models from classical isotropic theories to advanced anisotropic
models, highlighting the critical role of yield crnite in engineering applications. The chapter
emphasizes that understanding yield behaviour is essential for accurate material performance
predictions in structural, automotive, aerospacel manufacturing industries.

Thefindings of this bapter stress #t the choice of a suitable yield criterion depends on factors
such as material anisotropy, loading conditions, and computational complexity. The chapter
also acknowledges the ongoing advancements in gieldelling particularly the integration

of experinental methods and numerical simulations to refine existing models.
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Chapter 5

Yield surface identification of CP-Ti

This dapter presents the results of experimental investigations conducted-on CP
(Commercially Pure Titanium) followinghe methodology discussed @hapter 3. Basic
mechaical properties were characteesl, including equivalemhechanical parameters under
combined loading conditions, such as tensiorsion. The mechanical response of Titanium
under multiaxial stress states was explored. The initial yield surface was determined from tests
on the asreceived material, followed by an analysis of subsequerd gigifaces after pre
deformation. Additionally, Electron Backscatter Diffraction (EBSD) analysis was performed to
assess microstructural changes induced by-gefrmation.These findings contribute to
understanding the deformation mechanics and anisatrgipid behaviour of Pure Titanium.

5.1 Introduction

Titanium and its alloys have been widely used in significant engineering disciplines such as
medicine[143], aerospace, and marine engineefidy], due to their i[yh specific strength,
corrosion resistance, high impact resistance, and other properties. However, the mechanical
testing of these materials is still primarily performed under simple stress conditions in research
and commercial facilities. The most commimnm of testing is tension and compression of
solid cylindrical specimens. Such types of testing can only generate limited results concerning
the mechanical strength and damage of materials in a single direction which does not simulate
the realworld stress conditions encountered by materials in most engineering applications.

In recent years, many researchers have performed complex loadings on metals to investigate
their behaviour under metal forming conditions. Combined tension/compressaygion

loading experiments have been conducted on Mg alloys using solid spedidérik46]as

well as thinwalled tubular specimend47,148] It should be stressed, however, that solid
specimens are not adequate feede experiments since the shear stress and strain distributions
along the specimen's radial direction are not uniform. For the rolled Mg alloy AZ31B, the
maximum strength is in simple tension (300.1 MPa) and simple compression (297.2 MPa)
whereas the lovst strength is in torsion with slight tension (169.3 MPa), and the strength in
other loading paths falls in between. This can be attributed to enhanced tension twinning in the
tensiontorsion loading patiil49]. Multiaxial loading tets performed on the sintered porous

iron reveal, that strength during uniaxial loading conditions was slightly lower than that
obtained under combined tensitmrsion proportional loading tests with a maximum variation

of 10%. Furthermore, the sintered nr@xhibited significantly higher strength during non
proportional loading tests in comparison to that captured under proportional loading paths with
a maximum aberration of 35%. Such behaviour indicates the presence of additional hardening
[150]. One $&ould highlight, that the evolution of damage in porous sintered metals follows a
two-stage process. In the initial stage, plastic deformation primarily occurs at the pore edges,
while in the subsequent stage, bulk deformation becomes the dominant maciiNwotgbly,
micro-cracks always originated from pores oriented with their major axis perpendicular to the
direction of tensile loadin§l50,151] Commercially pure copper has also been tested under
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combined tensiotorsion bading condition$152]. The results showed, that the magnitude of
tensile and shear stresses assessed at a given strain were significantly lower in the combined
loading conditions compared to the simple tensionuoe porsion conditiongsigure 51. The
ultimate tensile str es9%waseqgualthh2ZMPaiwheehseundee nsi o
pure torsiorc o n di t i 9, shear $trbss was 6qual to 160 MPa. One should mention, that
for combined loading conditions including tensiro mi nat ed | Peaadditalsppn ( b =
domi nat ed | oatHeitengle sfréss of 214 NPa &nd 223 MPa and sheas of

102 MPa and 141 MPa were obtained, respectiM&g]. Furthermore, it &s been observed,

that the simultaneous tenstorsion deformation of pure copper leads to the formation of an
ultrafine-grained microstructure with higéingle boundaries. The fractured surface of the
specimens subjected to pure torsion exhibited ducilde with oval cavities. However, under
combined tensioforsion loading, the fracture mode transits to a mixed fracture pattern,
featuring equiaxial dimples and oval cavitj@53,154]

300
o
(=l
2200 -
s ¢
= \0\
[*] Y
g 100 + * Tension
% # Shear
0 } { }
0 30 60 90 120

Biaxial loading angle, B (®)

Figure 5.1. Variation of the ultimate stress under different states of stress of commercially
pure coppefl53].

Fatigue life assessment of different materials had been performed underaxiallti
proportional and noproportional loading conditiorfd55,156] Conventional uniaxial fatigue
techniques frequently overestimate the fatigue life of engineering components, which might
have adverse effects during their critical aggtions. Over the past few decades, multiaxial
fatigue testing has been more important for the goal of a reliable and safe design. Additive
manufactured IN718 nickddased alloy shows slightly lower fatigudetimes in the
perpendicular to the buildingirdction during tests under combined proportional tersion
torsion loading (5295 cycles) than during tensiompression (6081 cycles) and pure torsion
(5442 cycles) loading conditions at the equivalent strain amplitude of 1%. It has been found
[157], that fatigue lifetimes under ngaroportionalcyclic loading are significantly lower
(maximum of 87% decrease) than those in proportional cyclic loading obtained at the same
equivalent strain157]. Unlike other metals, there have been very limited experimental
investigations conducted on Ti and its alloys under complex stress loadagsity of these
investigations did not involve an effect of the multiaxial loading on the mechanical properties,
in particular, yield strength using the concept of yield surface.

The literature review performed in the area of materials and existing asefthroyield surface
identification enabled to highlight the novelty of tiisesis whichis mainly expressed by:
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(a) a new database from investigations oRTCRIloy carried out under complex stress state;

(b) complex stress loading experiments to usi@derd the physical mechanism accountable for
plastic deformation caused by monotonic tension and monotonic tension assisted by cyclic
torsion in the CHTi;

(c) application of the yield surface approach to assess the variation of mechanical properties in
the asreceived and prdeformed material;

(d) identification of the optimal loading parameters under which tension of titanium could be
performed under lower forces. This aspect is directly related to the potential applications in the
industrial forming proesses.

5.2 Materials and Methods

The material investigated in this research wasTC&loy. The titanium bars are classified as

grade 2 (3.7035/UNSR50400/ASTM B348 EN10204/3.1) and undergo a sequence of heat
treatments. This includes a processofsaftana | i ng at temperatures bet
foll owed by stress relief heat treat ment W
experimental investigations conducted on -TPinvolved four stages following the
methodology discussed in Chapter 3:

1 determination of the basic mechanical properties of GP
1 introductionof thefollowing plastic predeformation in the specimens:
(a) monotonic tension up to 1% permanent strain at constant strain rate of% x 10
st
(b) combination of monotonic axial tension up @ permanent strain at constant
strain rate of 5 x 10 s?, and torsiorreversetorsion cyclic loading for two
magnitudes of s®ramdNG. 4%pl atudwo (HDfRer
frequency (0.5 Hz and 1 H#&jgure 52.
1 determination of the initial yield surface of theraseived material and yield surfaces
of the predeformed specimen
1 determination of the microstructure and texture evoludiver predeformation.

The selection of plastic p@eformation values was based on the material properties and
experimental limitations, with the objective of attaining controlled deformation in the

speci mens. Strain gauges attachedoretaccuratehe s p
monitoring and control of prdeformation strain than compared to depending only on the
testing machinebds crosshead movement. Attach

Chapter 3. A 1% axial prstrain level was chosen based onttsile stresstrain behaviour

of CP-Ti and the operational range of the strain gauges, ensuring a consistent and limited plastic
strain value. However, tests involving combined monotonic tension and cyclic torsion showed

that CRTi was unable to achiewtbe 1% axial prestrain value when the shear strain amplitude

was NO.8% and more at frequeHMgare 83sThi®resultdD . 5 ar
demonstrates that the response of IT#5 significantly influenced by the cyclic shear strain
amplitude. At higher cyclic shear strain amplitudes, -TP exhibits preferential plastic
deformation in the shear direction, reducing axial stragtumulation. This effect is
strengthened by its rate sensitivity and limited strain hardening, which increase resistance to
axial plastic flow under multiaxial loading conditionSonsequently, to ensure stable-pre
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deformation during bdirectional stress o adi n g, cyclic shear strai.l
NO. 4% at frequencies of 0.5 Hz and 1 Hz wer
target axial strain level of 1%.
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Figure 5.2. Strain controlled complex loadingggramme with monotonic axial tension and
cyclic torsion with strain amplitudes 8D.2% (a); and\D.4% (b) at a frequency of 0.5 Hz.
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Figure 5.3. Response of GIi in axial direction during monotonic tension assisted by the
torsionr ever se torsion cycles of strain amplitu
of: (&) 0.5 Hz and (b) 1 Hz.

Only one specimen was used to determine the initial and subsequent yield surfaces-after pre
deformation. The specimens were loaded taltwred value of plastic strain and then linearly
unloaded to zero stress state. Subsequently, yield points for each path at 0.01% and 0.005%
plastic offset strains were determined. The vyield surface was obtained by fitting the
experimental yield points ith the Szczepinski anisotropic yield equat[@8] using the least
squares method as discussed in Chapter 4.

5.3 Results and discussion
5.3.1ldentification of the basic mechanical parameters of the material

The room temperature tensile properties oflCPan bedetermined on the basis of stretsain

curve Figure 54a), they are listed iable 51. Tensile tests were carried out using solid tubular
and thinwalled tubular specimens. The variation of the results obtainédume 54a for both

types of specimen was attributed to the specimen geometry differences. It is challenging to
compare the findings given here with those in the available literature presented, since the
mechanich properties of commercially pure titanium are significantly dependent on the
microstructure, interstitial elements (O, N, C) concentration and manufacturing method. As the
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reference, the yield and tensile strengths published in earlier dtL68e461]fall in the ranges
of 170550 MPa and 24050 MPa, respectively. One can indicate, that the values of these
parameters for the material tested are within those ranges.

Table 51. The mechanical properties of €R.

0.2% Yield Tensile . Young
Elongation
strength strength (%] modulus
[MPa] [MPa] [GPa]
Solid tubular specimen 390 (N503 ( 29 (K 107 (K
Thin-walled tubular specime. 400 (K 531 ( 37( N 100 (F
ASTM standard 350- 450 > 485 > 28 103

5.3.2Equivalent mechanical parameters of the material tested under combined loading

Figure 54b shows the equivalenstressstrain curve for the comparison of material
characteristics determined on the tialled tubular specimen subjected to tension (1), tension
torsion (2) and purtorsion (3). It can be observed from fhigure 54b that all three curvedo

not coincide themselves.e. material characteristics variesdifferent loading conditions for

the same material. These differences are probably the result of initial anisotropy introduction to
the material during the manufacturing process. This anisotropy will be further discussed in

details using the yield surfacef -réeacsei ved 6 mat er i al i n the sec
(a);_;; 600 (b)§ 400

= 500 *,""------’_"""'"----.{___ S 300 - . . Torsion

2 400 4/ ~ = Tension-torsion S

£ 300 4 Thin- 5200 - ) \

ED 200 1 walled ; Tension

5 2100 A

2 100 1 =

L%” 0 ————— Er 0 . .

0 0.05 0.1 0.15 0.2 025 0.3 0.35 0.4 0.0% 0.1% 0.2% 0.3%

Engineering strain (mm/mm)

Equivalent strain

Figure 5.4. Tensile stresstrain characteristics of solid tubular and thimalled tubular
specimen of CHi (a); Comparison of material characteristics of pure titanium fofed#nt

loading paths: simple tension; tenstwrsion and pure torsion on thiwalled tubular
specimen (b).

5.3.3 Results of the material under complex loading

An influence of the cyclic torsion of different strain amplitudes and frequencies on the
monotonic tension of GFi was investigated. The main objectives of these tests were to
introduce plastic preeformation of the material and to investigate variatbrihe tensile
characteristics in the presence of torsiemersetorsion cyclesFigure 55a andFigure 55b

clearly show that tensile characteristics of pure titanium significantly varies if tension is
associated with cyclic torsion. A tendency of decreasing axial stress, looking like the goftenin
effect, can be clearly observed with the progressive increase of the cyclic strain amplitude. Also,
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an increase of the frequency |l ed to the decr
torsion strain amplitude and frequency of 0.5 Hz, tmesite stress for 0.2% axial strain
decreased from 205 MPa to 181 MPa. For the same level of axial strain in the case of cyclic
torsion strain amplitude of Fighird 554 %he ®ftectis decr
strengthened for higher value of frequency. The respective values of tensile stress at strain of
0.2% equal to 205 MPa, 178 MPa and 90 MRgure 55b. The magnitude of axial stress

dropped nearly 46% and 56% in the case of frequency equal to 0.5 Hz and 1 Hz, respectively,

in comparison to that obtained at tension only for the axiahstgual to 0.2%.

This decrease in tensile stress is expected due to the introduction of shear stress indeed. To
address the effect of shear stress on the egumistress in the three cases of loadiRigure

5.5¢ andFigure 55d provide the equivalent stresgain curves. These curves depict the
material's response under different loading conditions. The courses of equivalerdtsiiess
curves variation clearldemonstrate a softening effect in the material's response as the cyclic

torsion strain amplitude increases. This further emphasizes an influence of shear stress on the
material's behaviour during simultaneous tension.
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Figure 55. Comparison of standard tensile curve with tensile characteristics and curves
representing equivalent stress captured during monotonic tension assisted by the torsion

reverse torsion cycles oahdNDt A% ra namg Irietqwee cg
0.5 Hz and (b, d1 Hz.

The aforementioned tendency of decreasing tensile stress is shBigare 56 for 0.5% axial

strain at both cyclic torsion strain amplitude and frequency (Note that the 0% cyclic torsion
strain amplitude represents monotonic tension). The same effect has also been reported for Mg
alloy (AZ31B) [149], commercidly pure Cu[153] and aluminium alloy (A6061T6) [162]

due to typical reduction of the tension twining vokufmaction in Mg alloy and shallow more

elongated dimples on Cu fracture surface with the increase of cyclic torsion strain amplitude
during combined tensietorsion loading.
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Figure 5.6. Variation of the tensile stress corpending to the 0.5% axial strain value, in
response to combined monotonic tension and cyclic torsion of strain amplitude equal to:
NO. 2% and NO. 4% (a) and frequency of

5.3.4 Yield surface of the pure titanium in the ageceived state

The yield points describing initial yield surface of-CRvere determined by loadingnloading

of a single specimen in different strain directions (agrear strain) through the specified offset
strain methodFigure 57 shows the pure titanium response in biaxial stress plane straime
controlledloading program discussed in Chapter 3. It can be observed, that there is negligible
deviation from linearityluring loading and unloading for egghth The total plastic strain was

equal to 0.02%. The Poissonés ratio for all
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Figure 5.7. Stress responses to teeain-controlledloading program used for determination
of the initial yield surface of GIi.

85




Yield surface idetfication of CRTi

A graphical representation of the wvreceivedt i on
pure titanium specimen under plane stress loading in various directions isiatféigure 58.

The maximum variation of this parameter is approximately 10%, which emphasizes the
existence of texture even for theragseived mateal. The material texture can be identified by
comparison of characteristics determined in all directions considered&&ls often exhibit
directionality due to preferred texture or crystallographic orientation, as their crystal structures
are frequeny anisotropic[163]. I n previous studies, it has
moduli of aluminium and some hexagonal metals, schtanium and magnesium, exhibit
relatively uniform variation compared to other metals such as steels and copper, which exhibit

a significant degree of anisotrof464,165] However , the differences
different directions in plane stress alone do not provide a satisfactory explanation of the initial
anisotropy oberved in the aseceived pure titanium specimen under examination.

Considering the low magnitude of the plastic strain probing involved in the study, such variation

of the Youngbés modulus can have a sinlgthda fi can
Youngds modul us of i ni ti al elastic curve is
performed the experiment while using the initial elastic curve for each direction during plastic

strain probing but the obtained results were deemed yptatde. Specifically, for a limited
plastic strain (0. 02%) i n each direction, W
equivalent strain was necessary in directions other than the inikalom he Youngads mc
obtained for the initial direction ithe lowest among the directions examined, as shown in

Figure 58. When this variatiooftheYoungo6és modul us i gnored, spec
plastic strain in other directions than the-gedined value. Therefore, to account for the elastic
anisotropy in the estimation of plastic strain during probing in different stress directions, the
effective Young's modulus specific to each respective direction is utilized. Through this
approach, the authors sought to improve the accuracy and reliability of their analysis by
considering the elastic anisotropy and its impact on the estimation ot @asin during

probing in various stress directions.
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The vyield surfaces of the pure titanium irethsreceived state were determined using a
sequential loading procedure on a single specimen at 0.01% and 0.005% offset strain, as shown
by the continuous line and dotted line, respectivel§igure 59a. These yield surfaces show

the dependence on the chosen definition of yield. After obtaining the yield loci for different
directions from experimental results, ellipses were obtained by fitting the A, B, C, D, and F
coefficients using a least squaresleation method, as explained in Chapter 4. The main ellipse
parameters for the initial yield surface of the titanium at both selected offset strain values are
listed inTable 52. The results for the agceived state of the titanium indicate some level of
initial anisotropy, as the yield surfaces are shifted in the compression direction and the axis
ratios are significantly lower than 1.73 (the valoedn isotropic material according to the von
MissesHuber yield condition).

Table 52. Five ellipse parameters that define the initial yield surface fofTCP

Rotation angle Semtaxes

9 Fe e Axis ratio
Yield definition Ce”{;ﬁpﬁlm o (PO ©
[Radian] [MPa]
0.01% offset strain  -11.36, 1.15 0.14 293.61, 237.11 1.24
0.005% offset strair -16.82, 1.99 0.22 270.25, 227.17 1.19
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Figure 5.9. Yield surface of CHi in the asreceived state determined by least square fitting
method of yield points (square and triangular points) obtained using a sequential loading
technique for two values of plastic offset strain, 0.005% (dotted red line) @i 0.
(continuous blue line) (a); comparison of the initial yield surface (0.01% offset strain) of the
CP-Ti (continuous blue line) with the yield surface assuming isotropic material (dashed red
line) (b).

In order to compare the yield surface of-TiPan isotropic yield surface was determined by
fixing the yield point in tension (direction 0) of the 0.01% offset initial yield surface of pure
titanium. The isotropic yield surface was centred at the origin, lmdcaotationangle, and

had an axis ratio df.73 according to the von Missekiber yield criterionFigure 59b shows

the resulting yield surface. It can be observed fragare 59b, that the initial anisotropyf the
material is mainly a distinct hardening behaviour in the shear strength and that is likely a result
of the thinwalled tubularspecimen manufacturing process from solid specimen or material
production process applied to theraseived state of the material.
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5.3.5 Yield surface of the pure titanium in the predeformed state

The effect of monotonic tension and complex monotaearsioncyclic torsion plastic pre
deformation on the mechanical parameters off[CRas assessed based on the evolution of the
initial yield surface. All predeformations of specimens were carried out until an axial strain of
1% was achieved. Subsequenttile yield surfaces of the pdeformed specimens were
determined using the same procedure as was previously used for¢ceiged specimen at a
0.01% offset strain.

The vyield surface determined for 1% tensile-gedormed titanium is shown irigure 510 as

a dashed line. The shape of the yield surface is similar to the initial one, but with an increase in
the tensile direction. This indicates tmabnotonic tensile deformation has induced kinematic
hardening of the titanium. The yield point increase in tension is about 45 MPa, which is
approximately a 16% greater in comparison to the initial value.

Figure 511 shows the yield surfaces determined after plastiedpfermation caused by
monotonic tension assisted by torsi@versetorsion cyclic loading. These yield surfaces are

plotted together ith the initial yield surface (continuous line) of the material tested. The
combined preloading leads to anisotropic hardening of the material. For the torsional strain
amplitude of NO.2%, the subsequent edandd d sur
significant reduction of the compressive yield at frequency of 0.5Hitpue 511a), which

decreases in both directions when the frequéngyreased to 1 H&{gure 511c).
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Figure 5.10. Comparison of the yield surface for pure titanium after tensiledefermation
to the initial yield surface. Both were obtained at 0.01% offset strain.

On the other hand, for the torsional s-train
defamed material is reduced in both the compression and shear directions, but there is an
increase in the tensile direction at a frequency of 0.5 Figufe 511b). However, at an
increased frequency of 1 HEigure 511d), it is interesting to note that the compressive vyield

is nearly the same as thatserved for the initial yield surface, with a further reduction in the

shear yield stress. When the frequency is increased from 0.5 Hz to 1 Hz for monotonic tension
assisted by cyclic torsion of straiast@sapl i tu
is compensated by an increase of axial stress. One sizsddvethat regardless the introduced
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pre-deformation, including monotonic tension and combined tersyohc torsion, an increase

of the tension stress and a decrease in shear stig@gher torsional strain magnitudes in the
titanium could be found. Many studies have been conducted on the effectsdefqraation

on materials, but most of them focus on changes in cumulative mechanical pr¢p@6éties7]

while only a few researchers have published theltseselated to changes of directional
mechanical properties, specifically using the yield surface evolution appi@acsd]
Therefore, it is difficult to make an exact comparison to the findings of this work. A similar
tendencyof pronounced kinematic hardening after 1% tensiorspeen (shown irfFigure 510)

was also observed in P250GH and S235JR Elé8] and aluminium alloy (Al 606T6511)

[32], and it was stated that the existence of incoherentshearable precipitates, which serve

as an obstacle to dislocation motion, maytadbate to this effect. On the other hand, the
evolution of the yield surface after monotonic tension assisted by cyclic torsion was rarely
studied by researchers. The yield surface evolution of X10CrMoVIN$&i2el and Cu 99.9 E
copper[34] dueto combined monotonic tensiaryclic torsion predeformation is in good
agreement with the findings of this work, as the size of the subsequent yield surfaces is smaller
in all directions except that representing pure tension.
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Figure 5.11. Comparison of the initial yield surface of rto the yield surfaces of pre
deformed titanium due to combined monotonic tension and cyclic torsion of strain amplitude
equal to: NO. 2% and NO. Hé&ndakHzdc, d),respgaivelpncy of :

The least squares method was used to calculate the coefficients of the yield equation by fitting
the experimental data. The yield surface equation coefficients (A, B, C, D, F) were taken to
describe the ellipse represergithe approximation yield surface of the tested material. The
fitting errors obtained while minimizing the sum of squares of the distances of experimental
points from the approximation curve were presented inTdide 53 for each yield surface
determined.
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Table 53. The fitting errors for the yield surfaces in-eeceived state and after pre
deformation caused by monototension; combined monotonic tension with cyclic torsion of
strain amplitude equal to: NO. 2% and NO.

A received Mtoe':;tlzrr‘]'c No.2% RoO.4% RNO.2% RNO%atl
Hz deformed Hz deformed Hz deformed Hz deformed
deformed
2.31E01 5.73E02 1.06E01 1.07E01 1.62E01 5.01E02

The fitting error values obtained for each yield surface were found as minimal, indicating an
accurate match between the experimental data and fitted ellipse. Such low fitting errors confirm
the suitability, accuracy and reliability of the yield surfaceagipn as well as the quality of the

yield surface approximation.
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Figure 5.12. Variation of the yield surface parameters of-CRdue to predeformation
caused by monotonic tension (0% strain amplitude); combined monotonic tension with cyclic
torsion of strain amplitude equal to:1NO. 2%
Hz (d, e, f), respectively.
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Figure 512 illustrates the variation in the ellipse parameters that represent the yield surface

(YS) of CRTi in the pe-deformed state. Psgeformation caused by monotonic tension is

denoted by 0% cycliotsion strain amplitude. The axiatio of the yield surface was compared

to that representing the initial yield surfadalple 52) and Hubewon MisesHencky isotropic

yield surface (HMH YS) (1.73) ifigure 512b andFigure 512e. The results indicate that the

yield surface obtained following monotonic tension combined with a cyclic torsion strain
amplitudeof NO. 4% aligns more closely with the HN
frequencies compared to other material statese@asved or preleformed). This observation

is further supported by thenearer o r ot ati on angl etof(J] At 9f t he

co-ordinate system, as shownFkigure 512c andFigure 512f.

Subsequently, the analysis of the centre of all the yield surfaces was perféigued 613).

One should highlight the presence of back stress components which is often observed in
materials that have undergone plastic deformattogure 513 shows, that thdackstress
components are minimal in the-aceived state, however, for the leformed state they
increased significantly. The back stress arises due to the formaiisiarfations, which can

block the movement of other dislocations and create areas of high stress in the material.
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Figure 5.13. Analysis of the yield surface origin position ofTPin the asreceived state and
after predeformation caused by monotonic tension; combined monotonic tension with cyclic
torsion of strain amplitude equal IltHa.: NO. 2%

Figure 514 depicts a cumulative representation of the evolution of the initial yield surface in

the axialshear stress space that were obthifrem experimental results following pre
deformation of the material at 0.5 Hz and 1 Hz. It can be observed, that the yield surfaces have
distinct shapes on the one hand and the size of the subsequent yield surfaces decreases in the
direction opposite tohe predeformation loading on the other. As showrFigure 514, the
subsequent yield surface for monotonic tension exhibits the largest dimensions.
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Figure 5.14. Evolution of the initial yield surface of CR due to predeformation caused by
monotonic tension; monotonic tension assisted by cyclic torsion of strain amplitudes equal to:
NO. 2% and NO. 4% at frequencies equal

By examiningFigure 514, it becomes evident that the gieformed material exhibits both:

- kinematic hardening towards the applied axialgeérmation directiom comparison to the
asreceived material surface;

- kinematic softening after the introduction of cyclic torsion during monotonic tensHe pre
deformation in comparison to the yield surface of the material deformed due to monotonic
tension.
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This is demostrated by the decrease of subsequent yield loci compared to those for monotonic
tensile predeformation. For example, the yield surface obtained after combined teysian
torsion with a st r-deformat@meghibitsia sirdilar shedeld §iréngt® % p r e
but a decrease of axial yield strength compared to that obtained for monotonic tension
deformation. Conversely, in the case of combined tersychc torsion with a strain amplitude

of N O .-défesmation ethe opposite trend is observ@ihilar tendencies can be observed

for both frequencies of 0.5 Hz and 1 Hz, respectively. The shape analysis of these subsequent
yield surfaces reveals that the dimensions of the yield surface are dependent on the preloading
direction.

5.3.6 Microstructural characteristics of the pure titanium in the asreceived and pre
deformed state

The microstructure of titanium in its-asceived state and its evolution after deformation was
presented in the form of Inverse Pole Figure (IPF) maps and (0001) poksfagishown in

Figure 515 andFigure 516. Each map was related to the specific yield surface presented in
Figure 514. The mateial of dl specimens wasfully recrystallized after preleformation and

exhibited similar average grain size. In thereseived state of the materi&igure 515a and

Figure 516a), two ED split basal texture could be observed. The stronger basal texture with
most of theeaxes is incilbHAe) farom t(h2e0ATD towards
distribution in the extrusion direction EDD plane and a weaker texture component whth

c-axes inclined ai (45 A0A) from TD t owfarrthe 4% Eriile prelo we v e
deformation Figure 515b andFigure 516b), both texture componenith the caxis tend to

align parallel to the TD as inclination towards the ED decreaggdma x i mum of 3 0A.
material is deformed witbombinedtensioc y ¢ | i ¢ t or si on wi tFigurdl0. 2 %
5.15¢c andFigure 516c), the weaker texture component is intensified andatg€aligned more

towards the TDIt should be noted, thalhe other texture component is weakened. However,

with the increase of frequency from 4z to1 Hz Figure 515e andrigure 516e), the pevious

weaker texture component disappeared and a new texture component widixighdistributed

narrowly in the negative extrusion directioficD) i RD plane appears. Simultaneously, the
stronger texture component shifts towards negative RD. One acbskéalve a new basal texture

with most of the @axes aligned parallel to the TD and rest distributed in the positivé[ED

plane when preleformation caused by combined monotonictensionc | i ¢ t or si on wi
strain amplitude was appliedrigure 515d andFigure 516d). In the case oNO . 4 % st r ai
amplitude at the frequency equal to 1 HEg(re 515f and Figure 516f), a significantly

different grain orientation was observed. The bssdure was distributed widely with the c

axis in the whole EBYD plane with 3 different higintensity orientations. First, with most of

the caxes is inclined st ( 5088 A) from the TD towar-ddés the F
aligned to be parallebtthe TD and third, withtheax es i ncl ii8@A) atr em( 4 b A
towards the positive EIRD plane. These results clearly support the presence of anisotropy and
evolution of the initial yield surface of CH due to predeformation, presented igure 514,

as texture evolution and preferred grain orientation can be clearly obseigdria 515 and

Figure 516.
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Figure 5.16. Pole figure maps of the asceived material (a)after 1% monotonic tension
(b); and monotonic tension with cyclic torsi
NO. 4% (d, f) at frequencies equal to O

5.4 Concluding remarks

Presented in thishapter, an experimental approach was performed to investigate the effect of
monotonic tension and combined monotonic tensimlic torsion on the pure titanium
behaviour using the single specimen method. The 0.01% plastic offset strain was adopted as
yield definition. Such approach was found to be suitalbleequentiaprobing paths during the
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