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Summary

The work ains to characterize the quasatic mechanical behavior of the Ti6Al4V titanium
alloy at room temperature and to descrildgyia phenomenological model.

The thesis is divided in four parts. The first onesgntsa literature review of the basic fpro
ertiesof titanium and its alloys (crystal structure, classification, deformation mechanisms),
then it focuses on the specifitechanicafeatures of Ti6AI4V.It also proposesa state of art

in the field of the phenomenologicabnstitutive lawaused tomodel tle mechanical beka

iors of metals.

The second part deals with the experimental campaign conducted on a 0.6 mm thick Ti6Al4V
sheet. The devices and the tests are first described before giviegttiesults. The campaign
includes experiments with monotoraad complex strain patlfgension, compression, simple
shear, plane strain, Bauschinger tests, diEaping processes, layer compression teJtsg
experimental results show that the material displays anisotropy in yield strai®s and
hardening, a well as a strength differential effect between tension and compression.

The third part describes the implementation of the yield criteria CPBU6eke nortlinear

finite element code LAGAMINEdeveloped in MSM teamThese criteria are selected to
modeltheyield locus of Ti6AI4V since theare able to take into account both the anisotropy
and the tensiccompression asymmetry exhibited by the allSgveral parameter identifie

tions are performed using the classical simulated annealing algofitiey deermine that
CPBO06ex2 is required to represent the yield surface. The criterion is next associated-to diffe
ent hardening formulations: (1) Voce isotropic law; (2) mixed Voce isotrfiogicmstrong
Frederick kinematic law; (3) model taking into accountdfelution of the yield locus shape
with the deformation. The identification of the hardening parameters is achieved from the
monotonic and Bauschinger tesigher by inverse method, dry the simulated annealing
method.

The last part of the thesis propdse validation of the different modelings in the case of the
layer compression tests and the ddegwing processes.
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Introduction

Chapter 1 Introduction

1.1. General context of the thesis

Nowadays,Ti6Al4V titanium alloy iswidely used in various industrial secs (Figure 1-1)

for its high strengthto-weight ratio, itsgood corrosion restance and itdiocompatibility.

Many applications can be found in aerospace (turbine engine, airfEpleations), medtal
(surgical implants), luxury automotive (valves, valve springs, connecting rods, rocker arms)
and petrochemical industries (heat exchangers, reactorsiioseeet al. (1994, Lutjering

and Williams (200Y. For example, recent investigations have beewected to replacsteel

in aircraft engine parts by Ti6Al4V and to reduce by 10% the massditthcture (Wallon
Region project Winnomat 2 Fabulous, Seminetti (20.4)).

Ti fan vane frame

Ti compressor spool
front part)

Ti booster case

Driling Deftick~—
[

Semi-submersible fioating platform

Catan
ey moorings

Titanium
Drilling Riser

/-Blaw out Preventor
Subsea Well Head

Figure 1-1 Examples ofapplicationsusing Ti6AI4V titanium alloyin (a) aerospacg(b) defense
(c) petrochemical industry(d) medical industry.




The alloyconsists of ana -phase which is hexagonal closealcked (hcp) and & -phase

which isbody centered cubic (bcc). Thelumefractions may be different, depding on heat
treatment and interstitial content. The microstructur@ss affected by the mechanical trea

ment and can show different geometrical arrangements of both phas&héger 2. The
material exhibits a pronounced anisotropy and a strength asymmetry between tension and
compression.

Several studies have been performed to understand the mechanical beh@i@aidf and

to model it,in moderateas well asn high strain rates and temperatures (see for instanae

et al. (2004, Khanet al. (2007, Peirs (2012, Picu and Majorell (2002 Salemand Semiatin
(2009). However the developmenf phenomenologicayield criteria for hcp metals is not

very significant. Indeed anisotropic formulatiashsvelopedor materials with cubic structure

(Hill (1948), Karafillis and Boyce (1993 Ferronet al. (1994, Cazacu and Barlat (2003
Rabahallaket al. (2009) are still used in FEMiswulations involving hcp metalddowever
studies such aguwabaraet al. (2001) show that classic plasticity model3-flow theory,

Hill (1948)) are not able to capture the observed response. In order to overcome this lack of
phenomenological formulations adapted to hcp metals, new criteria which are able to take into
account both plastic anisotropy and tenstompression asymmetry have recentbei e-
veloped Cazacuwet al. (2006, Plunkettet al. (2008, Nixon et al.(2010).

Based orthis contextthe presenthesis whicthas been performed at tMS?F division from
the ArGEnCo department of the University of Liegpposes @omprehensive experimental
and theoretical investigation of the quatatic mechanical behavior of Ti6Al4V at roonmte
perature.In order to complete this work successfullgveral collaborationsvere led with
different scientific teams:

1 Prof. O. CazacuUniversity of Floridai REEF, USA) who helped in the development
and the implementation of the phenomenologamaistitutive law usethto the finite
element code LAGAMINEoO model hcp materials

1 Prof. T. Kuwabara (Tokyo University of Agriculture and Tegclugy, Japan), Prof. S.
Thuillier (Université de Bretagn8ud i LIMATB, France), Prof. G. Ferron
(Université Paul Verlaindletzi LPMM, France) and Prof. T. Balan (Arts et Métiers
ParisTechi LEM3, France) who helped in the achievement of some experimental
tests.

The thesis was also incorporated within the framework of the IAP project P6/24 (Physics
based multilevel mechanics of metals) which lasted from 2007 to Fuitther interactions

held in the orgoing IAP project P7/21 (INTEMATHE Multiscale mechams of interface
dominated materials, 2042017).

1.2. Objectives of the thesis

The main objectives of the thesis are the following ones:

1. The achievement of a large experimental campaign in order to characterize-the m
chanical behavior ofi6Al4V under monotoniand complex strain paths;
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2. The implementation od phenomenological model adapted to describe the mechanical
behavior of Ti6AI4V into the finite element code LAGAMINE;

3. The identification of the parameters included in the proposed phenomenologdetal mo
eling based on the experimental tests conducted on the material;

4. The validation of the phenomenological model by comparing the finite element results
with the experimental data obtained from the taatiercomplex strain paths.

1.3. Contributions of the thesis

Threemain original contributions provideday this thesis can be highlighted:

1. Generation of a large data base on the mechanical behaviarOo® mm thick
Ti6Al4V sheet This set of experimental datdlowed a better understandirgnd a
quantificationof the plastic anisotropy and the tensioompression asymmetry i
played by the material. In additidhe results fromayer compression tests (developed
from the works ofTuninetti (2014) and deegdrawing processes wetssed to study
the ability of the modeling to predict the response of Ti6AldVWas to be noted that,
in orde to acquire skills in thgractice oflaboratorywork, | conduced the tensile,
plane strainsimple shearBauschingeland layer compressioiestsat the Materials
and Structures Mechanics Laboratory, and | participated in the achievement of the
deepdrawing testsby Prof. T. Balan at LEM3.

2. Implementation of the CPBO6ewield criteria family associated to a hardening fo
mulation taking into account the evolution of the yield locus shape into LAGAMINE
code Since the experimental testsnducted on Ti6AlV revealed anisotropy in haw
ening, a model considering a dependence of the parameters with the plagtic defo
mation was developed with the help of Prof. O. Cazacu.

3. Development of a procedure to identify the material parameters based on thé-simula
ed annaling method The formulation of the yield criteria CPBOGedoes not enable
to easily determine the parameters from the experimental data (yield stresses and te
siler-ratios).For this reason, the classical simulated annealing algorithm was selected
andadapted to fit the theoretical yield locus using the experimental one.

1.4. Content of the thesis

The thesis is divided into eight chapters. The first isnthe present introduction whicted
scribesthe context, the objectives and the contributions of theshesi

Chapter 2eviews some physical and metallurgical properties of titanium alloys, therefocus
on the specific features of TIGAI4V.




Chapter Jresents a state of the art in the field of the phemmiogical yield criteria and the
hardening laws used to model the mechanical behavior of matériptrticular attention is
given to the yield criteria adapted to metals with a hcp crystal structure and to hardening fo
mulations taking into account theyolution of the yield locus shape with the plastic defo
mation.

Chapter 4lists the different devices which enabled the achievement of the expesinuent

ducted on Ti6Al4Vsheet The methodology used to analyse the regslteen described for

the different tests (tension, compression, plane strain, simple shear, compression of a layer
stack, deeglrawing).

Chapter Sdeals withthe results othe experimental campaigmhe material characterization
reveals the anisotropy in yield stressesatios and hardeningexhibited bythe studied
Ti6Al4V sheet as well as the strength differential effect between tension and compression.

Chapter 6describes the implementation ofettCPBO06 yield criterion and its extensions
(CPBO6ex family) into the finite element code LAGAMINE hese criteria are associated to
two hardening formulations. The first one considers Voce isotropic hardening law combined
to ArmstrongFredericks kinematitaw, while the second model takes into account theuevol
tion of the parameters included in the yield criteria with the plastic work.

Chapter 7presents the parameter identification. The principle of different optimizatiam met
ods is first explained. The identification of the initial and subsequent yield loci is then pe
formed using the classical simulated annealing algorithm, while the hardening parameters
involved in Voce and Armstrongrederick laws are determined by invensethod.

In Chapter § the validation of the different modelproposed in this work is investigated in
the case of the layer compression tests and thedfegpng processes by comparing the f
nite element predictions with th&perimental results.

Finally, Chapter Proposes conclusions about the thesis and suggests further studies.

Five appendicegan be foundfter Chapter 9Three of thesappendices concethe CPB06

yield criterionand particularly its convexitfappendix A), its insensitivity to hydrostatic pre

sure (appendix B) and the computation of the associated stress potential gradient (appendix
E). Theappendices C and D detail the determination of the sétem® curves relative to the

plane strain tests and the computation of the yield stresses for different strain patles, respe
tively.

The references are listed at the end of the manuscript.




Titanium and titanium based alloys

Chapter 2 Titanium and titanium
based alloys

A large part of this study concerns the experimental characterization of thestatiasime-
chanical response displayed by Ti6Al4V titanium alloyder different loading conditions
For any material, the observed behavior is intimately related to the physipattes and the
deformation mechanisms whiatan be activatedThereby it semed interesting to review
some basic characteristics of titanium and its alloys firstly, thetesaribethe specific fe-
tures of Ti6Al4V. This chapter provid@hysical and metallurgical data from liirre which
enable to understartie macroscopic meanical behavior of titanium alloyssecially the
investigated material

2.1. Crystal structure

In Table 2-1 are shown some basic propertastitanium (Lutjering and Williams (200)j.

Pure titanium displays a hexagonal clpeeked structureq-phase)elow 882°C (se€igure

2-1 andFigure2-2). At temperatures higher than this limit called thransus, an allotropic
phase transformation occurs, changing the hexagonal structure to-advtehed cubic strer

ture (b-phase). Titanium enters the liquid phase when reaching the melting temperature at
1670°C.

Melting temperature [°C] 1670
Allotropic transformationd -  &[°C] 882
Young modulus at room temperature [GPa] 115
Yield stress level [MPa] 1000
Density kg/m?3] 4500

Table2-1 Important propeties of titanium
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Figure 2-1 Unit cell and lattice parameters dhe a-phaseat room temperaturend the b-phaseat 900°C

1670°C

Figure 2-2 Allotropic transformation of titanium

Alloying elements can influencée b-transus of pure titanium and are usually classified into
three different types:

- Thea-stabilizing elementsincrease thé-transus withincreasing solute content (see
Figure 2-3). Aluminum is the most widely used alloying elem in titanium alloys
owing to its large solubility in both the- and 6-phases. Oxygen (used to modify the
strength level), carbon and nitrogen are other examplasstdbilizers.

- Theb-stabilizing elementsdecreases thé-transus withincreasing soluteontent (see
Figure2-3). They are divided into two categories:

0 b-isomorphous eleméns ( V, Mo , Nb, €) whiah make
tion of the b-phase to room temperature when used in sufficient comeentr
tions.

0 b-eutectoidet ments (Cr , Fe, Si, é) whirrch can

metallic compounds TA,.
- Theneutral elements(Zr, Sn) which haveo or a weaknfluence on the-transus.

T T T‘
B
i B i
P \a N/ P * TixAy
oL
/ o+ TixAy “*

Ti %a %b i %b Ti % neutral
o stabilizer 3 stabilizer neutral
[3 isomorphous | eutectoid
(AlLO,N,C) (V,Mo,Nb, Ta) (Fe,Mn,Cr,Ni,Cu,Si.H) (Zr,Sn)

Figure 2-3 Schematic phasediagrams showing the effect of alloying elemerftsitjering and Williams

(2007)
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Several binary phase diagrams, assillated inFigure 2-4, can be found irBoyer et al.
(1994 andLutjering and Williams (2007 Generally it is to be noted that most commercial
titanium alloys include more than two elements. In principle, ternaggaternary phase ali

grams (se&igure2-5) should be used. In practice, only binary diagrams are used as a-qualit
tive guideline.
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Figure 2-4 Ti-Al phase dagram (Lutjering and Williams (2007)
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Figure 2-5 Isothermal section®f the ternary TtAl-V phase diagam at different temperature@oyer et al.
(1994); the black dot corresponds to Ti6AI4V titanium alloy




2.2. Alloy classification

According to their position in a pseutbnary section through &isomorphous phase a
gram Figure2-6), commercial titanium alloys are generally classified as follows:

- a-alloys are characterized by satisfactory strength, toughness, creep resistance and
weldability. They are suitable for crgenic applications owing to the absence of a

ductile-brittle transformation. Thé-phase volume fraction is low-&%6).

- atb-alloys are widely used. They generally display high strength at room andrinode

ate temperatures. Their properties can be controlfedelt treatmentd he group of

a+b-alloys has a range from the/a+b phase boundary up to the intersection of the
Ms-line with room temperaturbappens The Ms-line represents the boundary from
which a martensitic transformatiarccurswhenfast cooling fom thef-phase domain

to room temperaturel' he 6-phasevolume fractionmay vary from 10 to50% at room
temperature.

- b-alloys are actually metastablé-alloys owing to their location in the equilibrium

a+b phase region They are interesting for their tegmeformability, but are unsuat

ble for low temperature applications. A characteristic feature of these alloys is that

they do not transform martensitically upon fast cooling frométpbase domain

i
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Alloy| o + [3 Alloy 3 Alloy B Alloy
|
I
o \~ ! B
e | N
T [
= 1N
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= | = y
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3 - Stabilizer Concentration

Figure 2-6 Schematic pseudbinary section through a-isomorphous phase diagrarti_ttjering and
Williams (2007%)

! Actually the stableb-al | oys do not exist as commerci al materi al
all oyso is commonly halboysd t o refer to metastable
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2.3. Deformation mechanisms

The plastic deformationf crystalline materials is related tioe slip of some crystallographic
planes which is due to the motion of dislocations. Usually, the slip piantkthe slip dire-
tionsare those with the highest packing denditythe case of single crystaldip systers are
activated when the applied stressreaches a critical value depending on the critical resolved

shear stres€CRSS){ ., the anglef between the Iading direction and the normal the slip

plane n, and the angld between the loading direction and the slip directior{seeFigure

2-7). Thiscondition s gi v en b yfor &chlslip sydtérscharaetevizeddoyand n:
t

sS§=—— ¢ 2.1
cosf .cos/ (21)

where cosf .cos/is called the Schmid factand ranges from 0 to 0.5.

o

N~ -
slip
2777170 | plane

Figure 2-7 Determination of the CRSS

In the case of polycrystalshe conventional dislocation glide on slip systems remains the
main source of plastic deformation, but the behavior significantly differs from the one of si
gle crystals. Indeed, polycrystiak materialsnclude numerous crystals with different ore
tations ad having commorboundariesin orderto satisfy the stress and strain continuity
acrosghegrain boundarieseveral slip systems aagetivatedandthe geometrically necessary
dislocatbnsappear due to strain gradient

In the following sections, thenain slip systemswhich can be activated in titanium and its
alloys are introduced. In additioepmedetails are given abotvinning which mayplay an
important role in the response of seematerials.

11



2.3.1. Slip systems

Before detailing the different slip systems in titaniuts advisable to giva brief summary
of the Miller index notation.

In crystallography, the lattice planes are defined by thiiler indices i.e. three integers
relatel to the intersections beten the plane and the coordinaies(Figure2-8). If a, a,,
a, denote these intersections, the Miller indi¢tesk , | are respectively given by

h:g’k :g,l .g_

a & &

2.2)

whered is the smallest common denominatoraf a,, a,. A lattice plane is designated by
(h k1) while the notéion {h k I} denotes the set dfieequivalent planes.

L

Figure 2-8 Miller indices

(a,,0,0)

In a similar way, the lattice directions are expressed by three intagersw proportional to
the componentsf the directional unit vectar A lattice direction is expressed t{ylVV\]

while the set of the equivalent directions is denotedoy w).
In the case of a hexagonal system, it is convenient to use four coordinate axes, as shown in
Figure 2-9. Thereby it is possible to use a faligit set of MillerBravais indices(h, k, i, 1)
wherei is a redundant index defined by:
1= h k (2.3)

The advantage dhis notation for labeling planesmd directionsn a hexagonal lattice is to
make the permutation symmetries apparent.

12
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The main slip directions observed in the hexaga@phaseof titanium and titanium alloys
are those of the typ<111_20> 2 dso named(a) -direction. Three different categories of slip

planes are associated to this direction:

- Thebasalplanes(0002)
- Theprismatic pIanes{lO_l(}
- Thepyramidal planes{lo_li}

It is also observed the presence(of+ a) dislocations (1123 direction) which is explained
by the fact that, when theaxis of a grain is oriented along the direotaf the applied stress,
(a) dislocations camot be activated owing to the null value of th8chmid factor. From the
possible slip plane{,10_12}<11_2$ and {11_2%<11_27§ slip systems are feasibleh& seond

one ismorelikely to be aadwated because afs high Schmidactor when the loading die
tion coincides with the-axis A schematic view of the different slip planewsslip directions
is given inFigure2-9. Table2-2 lists themain slip systems and their number.

Concerning the bco-phase, thenainslip systems ar¢l1G (11} and{113 (11} (seeTable
2-2). Some studiese(g. Gil Sevillanoet al. (1980, Turkmenet al. (2002) include other slip
systems such §423 (113}

- O

<c+a>=<1123> {1011} = pyramidal plane
{1122 — r——_—rm
= == Ul— {1010} = prismatic plane
[~
=
P
I
o | A
> NEA .
SRZ| <1120>
= C 7\ i | \ /
v a,
—————}||[[[Il”
basal plane %0002)” <
-~

a,

Figure 2-9 Representatiorof the different slip planes and slip directions in the hexagom@aphase(Lltjering
and Williams (2007)

Z1n Miller notation, a negative index is written tvia bar above the corresponding integer.

13



Number of slip system:
Total Independen

hcp -phasel (1129 (0002 3 2

Slip direction Slip plane

2

( 3
(1120 {1013 6 4
(112 6

1123 {1123 5
bece -phase|  (111) {119 12
(119) {113 12

Table 2-2 Main slip systems in the hcg-phase and bcé-phase

2.3.2. Twinning

Twinning is a @formation mechanism characterized by -@nientation of thecrystal lattice
(Figure 2-10). The atoms mov@ such a way that the initial lattice and the twinned part are
symmetric with respect to a plane caltedn plane This mechanism has the effect of clgan
ing the orientation of therystal lattice and consequently thessible slip planes with spect

to the external loading. Thereforayiag to this reorientaton, some dislocations cdre ack
vatedin the twinned part

LWL Y U Y Y Y W L WO W WL WL WL
A T T T T
Y Y WL Y W W W W L W1
0 Y Y Y Y YO Y YO Y O W . W
SEVTVEV VRV VRV
, ¢ M
N

Figure 2-10 Re-orientation of the crystal lattic@wing to twinning(Marketz et al. (2009: K; and /7l are the
twinning plane and shear direction, respectively

Twinning is a significant deformation mechanismcimmmercially pure (CPjitanium and
somea titanium alloys, but is almost inhibited im+b alloys dueto the small phase dime
sions(see Sectio.4.2, high solute content and presence @RI precipitates.

The main twinning systems observed in parétanium are{1013 (1013, {1123 (1126
and{ll_zg ( 11_2_:}. Under tension loading parallel to thexis, the first two modes are act
vated, the most frequent beir{1@;0_12}<10_1_jz twin mode. In the case of a compression along

the c-axis, {11_24 < 11_2_3 twins are actiated.As said previously, twinning plays a major role

in pure titanium or CP titanium with low oxygen concentrations. Indeed, the occurrence of
twins decreases when increasing the solute atom concentratianiganium, such as oxygen
or aluminum.

14
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2.4. Features of TiI6AI4V titanium alloy

Ti6Al4V, also named TAGBV ofi64, is the most widely used titanium alla@yne of itsusags
is found inthe aerospace industryfhe following list gives several applications in thed
(Boyeret al.(19949):

- engine components (blades, discs, wheels) ;

- complex housings ;

- airframe componentgcargehandling equipment, flow diverters, torque tubes for
brakes helicopter rotor hubs

- missile and space components (wings, missile bodies, optical sensor housings, o
nance).

This work focusing onhie mechanical characterization of Ti6Al4V, specific features of the
alloy are given in the next sections.

2.4.1. Chemical composition

As suggested byhe designation of the alloy, Ti6Al4V contains about 6% of aluminum and
4% of vanadium. e otherimportant alloying elementareoxygen,nitrogenand iron These
elements, in particular oxygen and nitrogen, increase the strength when increasingitheir co
tent. Conversely, it is possible to improve thectility thanks tolower additioys of oxygen,
nitrogen and aluminumrTable 2-3 lists the chemical composition of thaloy in different
studies.

Elements Ti [%] Al [%] V [%] O [%] N [ppm] C[ppm] HI[ppm] Fe [%)]
Follansbee and Gray,

(1989 Bal. 6.4 4.0 0.18 10 650 - 0.13
Philippeet al. (1995 Bal. 6.08 3.87 0.1474 71 231 - 0.15
Medina Perilla and 6.03 3.83 0.10 0.13
Gil Sevillano (199% Bal. 6.11 3.90 0.11 40:50 30-80 < 0.16
(Flugnggnbergeﬂ al. Bal. 6.08 3.87 0147 71 230 11 0.15
NematNasseret al. 6.21- 3.61- 0.19
(2001) Bal. 6.33 413 0.190.2 80-100 100200 6-20 0.21
Majorell et al. (2002 Bal. 6.31 4.06 0.18 80 160 9-14 1.16
Khanet al. (2004 Bal. 5.97 4.09 0.174 80 430 41 0.15

. 6.22- 3.93 0.19 80.0 86.0
Gilleset al.(2011) Bal. 6.07 400 0.20 60.0 90.0 100.0 0.16

Table2-3 Chemical composition of Ti6Al4V found in the literature
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2.4.2. Microstructure

As shown inFigure 2-5 andFigure 2-11, Ti6Al4V is an a+b alloy at room and higher rte
peratures (thé-transus is ~99% or 1268 K. The volume fractions of both and b-phases
and their geometrical arrangements may be different, depewoditige thermomechanical
treatment Figure2-11) andtheinterstitial content (mainly oxygenlsually, theb-phase vb
ume fraction does not exceed 10% €sEhilippe et al. (1995, Medina Perilla and Gill
Sevillano (1995 Fundenbergeet al. (1997, Bridier et al. (2005).

In general, three different microstructures can be distinguighgk(et al. (1994):

Lamellar structures are readily obtained by slow cooling into the {pltase domain
from above theb-transus. The nucleation and the growth of &hghase in plate form
starting fromb-grain boundaries mainly depend on the cooling rate.

Equiaxed microstructures can be produced by extensive mechanical working in the
a+b domain. This process causes thedtup of lamellara-grains into equiaxed-
grains. The saalled mill-annealedmicrostructure is obtained by subsequent aknea
ing at about 700°C. Another technique to produce equiaxed microstructures involves a
recrystallization annealing of 4h at 925°Qldwed by slow cooling, which results in
coarsea-grains.

Bimodal type microstructures consist of isolated primarg-grains in a transformed
b-matrix. They can be produced by a 1h annealing at 955°C followed by water
guenching or air cooling, and agingc@0°C.

Material: RN A M Y ., Thermal treatment with three
Ti-6A-4V ZIPFNET . o Sox7%  different cooling rates.
NENR T BN 24 b g \(

1050°C

850°C

~ 100x ~ 500x

Figure 2-11 Influence of thermal treatment and cooling rate on the microstructure of Ti6AlI4Rbfer et al.

(1999)
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2.4.3. Mechanical properties

2.4.3.1. Elastic properties

According tothe literature, Young modulus of Ti6Al4V varies from 189 130 GPa while
Poisson ratio ranges from 0.26 to 0.36 at room temperfBarger et al. (1994); Fukuhara
and Sanpei (1993Bruno and Dunn (199Y. The elastic coefficients are influenced by:

- the volume fraction of the phases and thus the thermomechanical treatment
- the specimen orrgation in textured rolled sheet

- the interstitial and substitutional elements

- ageing

2.4.3.2. Slip systems and twinning

Owing to the reduced number of available slip systems compared to bcc angstadattic-
es, hcp metalgenerally display a pronounceshisotopic behavior. This anisotropy is also
influenced by the initial texture of éhmaterial, as observed imowden and Hutchinson
(1975 in the case of Ti6Al4VKigure2-12). In general, he experimentabnalysis ofactive
slip systemsby EBSD or TEMreveals the following decreiag order of contribution
(Philippeet al.(1999; Fundenbergeet al.(1997); Bridier et al.(2009):

- Prismatic slip{101¢ { 1129
- Basal slip(0009)( 1120
- Pyramidal slip{1013 (1123

Another specific feature exhibited by hcp materials is the strength asymmetry bedngen t
and compressioas shownn Figure 2-13 (Graff et al. (2007); Lee et al. (2008; Kim et al.
(2008; Medina Perillaand Gil Sevillano (1995 Fundenbergeet al. (1997). For most of
them, this strength differential (SD) effes due tathe directionality of twinning. However,
because of its high aluminum contehiGAl4V displays few twins l(owden and Huticinson
(1979; Philippeet al. (1999; Medina Perilla and Gil Sevillano (1993-undenbergeet al.

(1997). Recently,Tirry et al. (2010 haveshown that only thélo_lq twin mode seems to be

activated for monotonic deformations, moderate strains and strain ratesyét low vd-
umefractionis measuredless tha 1%) Later Cogheet al. (2012 have investigated thenk
portance of twinnig in a Ti6Al4V titanium alloy subjected to statand dynamic compse
siontests Depending on the orientation of the loading direction with respect to the inkial te
ture, the twin fraction can reach a value of 4.8% in the static case and 8.9% in thecdynam

caselowden and Hutchinson (19y8uggested that th(e:+ a) dislocations play a significant

role in plasticiy of Ti6AI4V at room temperaturand can explain the SD effedt was -
served that their motion is asymmetiie, the CRSS is different in the forward and backward
directions, and unusually sensitive to hydrostatic pressure. Latees and Hutchinson

(1981) showed the occurrence of creslip when the(c+a) dislocations move of1013
planes in uniaxial compression along thaxis, while crosslip is not active in uniaxial te
sion. This results in asymmetry tine CRSS 01(C+ a) slip systems and thus also contributes
to the occurrence of SD effects.
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Figure 2-12 Initial texture ((0002) pole figure) and yield loci at different atyalent strains of two batches of

Ti6Al4V in sheet form (a) material with high density of basal poles along ND; (b) material with strongxmna

imum along TD (owden and Hutchinson (197). The theoretical yiel loci are determined using the method
in Lee and Backofen (1966
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Figure 2-13 Anisotropy in tensile and compressive yield stresses for Ti6AI4V &fterdenberger et al.
(1997): a significant tensioncompression asymmetry in yielding is observed along TD
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2.4.3.3. Effect of temperature and strain rate

Although this subject isat developed in this work, it hde benoted that Ti6AI4V is very
sensitive to temperature and strain rate (3gare2-14). Several studies ka been devoted

to understand and modigé mechanical behavior at high strain rates and high temperatures
(Khan et al. (2009); Khan et al. (2007); Macdougall and Harding (19%9Majorell et al.
(2002; Picu and Majorell (2002 etc.). InFigure2-14, it can be noticed that:

- the yield stress and the wehlardening respectively increases and decreases when i
creasing the strain rate
- the flow stress decreases when increasing the temperature
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Figure 2-14 Influence of the temperature and the strain rate on the mechanical behavior of Ti6AdfAd
correlations with KhanHuang-Liang (KHL) and JohnsorCook (JC) models(a) compression tests at diffe
ent temperaturesind 10° s*; (b) compression tests at room temperatuaned different strain rategKhan etal.

(2004)

In addition,Majorell et al. (2002 showed that the decrease in flow stress with temperature is
significant up to 1255 K. Above this value, the flotress becomes almasisensitiveto tem-
perature This marked dference in the mechanical behavior is due to the change i-micr
structure. Indeed, thé-phase volume fraction increases above 950 K untilbttransus. At

1230 K, the amount of-phase is larger than 50% and begins to play a sizeable role on the
material response.

2.5. Conclusion

This chapter definethe mainphysical and metallurgicgdropertes of titanium alloysand
especiallyTi6Al4V. The microstructure and its evolutiaturing the deformation of the neat
rial allow understandingand predictinghe mechanical behavior at the macroscht®. in-
stance, they can explain the dependence of thdeheng with the strain pattHowever in
this work, it is proposetb use gphenomenological analysihich has to be able to model the
macroscopic behavior of the material without modeling the microstructure evolution
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Chapter 3 Constitutive modeling of
sheet netal mechanical behavior

Theplasticbehaviorat macrosopic levelexhibited by materials can be described by different
approaches. In the industrial simulatioeigsticplastic models deveped in the framework
of the mathematical theory of plasticifg.g. Hill (1948, Barlatet al. (1991, Karafillis and
Boyce (1993) are often used owing to their simplicity to be implemented in a findaegit
code, their reasonable accuracy and moderate CPU time. @th#rehand, crystal plasttyi
based model¢e.g. Sachs (1928 Taylor (193§, Delannayet al. (2002, Van Houtteet al.
(2009) include phenomenological elastic/plastic models at the sangtal level and diffie
ent homogenization techniques to obtain the response of the polyciystsagxplains their
enhanced predictability of the mechanical behavior. Negledh,asthe micrscopic models
are not the subject of this work, theyll not be discussesince they are not the lgact of the
thesis.

All models are based on experimental observations concerning the onset of plastic defo
mation and its subsequent evolution under agpbad The onset of plasticity is describbg

an ardlytical yield functionwhile the hardening is characterized by a flow rule. Bothyiblel
function andthe hardening law allow the subsequent plastic deformations to be confputed
any loading and gewetry. Depending on thepecific mechanical propertieghich can be
displayed by materialgphenomenological yield criterions can be sorted in different ways:
isotropic or arsotropic formulations; symmetric or asymmetric functions; pressuigtisen

or insensitive dterig ~ é

This chapter is divided into 3 sections. The first one introduces the notgtres$ and strain
rate potentialswhile the second section deals wfttrmulations for the description of the
hardening The last section gives some clusions concerning the constitutive models.
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3.1. Stress and strainrate potentials

The onset of plastic flows generallydescribed by a continuowyseld function / ( %) , also

called stress potential amepending on the componerig of the Cauchy stress tensdhe
yield locus is defined by the following relationship:

j(§)= ¢ (3.1)

where s, is a reference stress (for instance the uniaxial yield stress in tension along a specific

direction).Basedon thepostulate stated byrucker (1950 which gives a general definition
of the stable worhardening materialst can be shown that this function must be conwex
the space of the stress componeAtsother consequence fke normality of the strain rate
vector to the yial surface, which inducekat the flow rule is associated:

er= 3.2
HS;
[isa positive scaldactorcalled plastic multipliewhile é’ijp are the omponents of the pta

tic strainrate tensarln most materialsthe associated flow rule ia valid asumption How-
ever, t can be violated, especiallly soil mechanics. In this case, a plastic potential function
F , different from the yield surface, must be defin@tie norassociated flow rule is then
expressed as:

o=t 33
“’S ij

Another feature ofmost yield criterions, mainly for metals with Igwerosity, is the hydrosta
ic pressure insensitivity. Mathematically, it means that the yield fungtismindependent of

the first invariant of the stress tensor=tr(d) =, .

Based on the plastic work equivaleneagpiple, Ziegler (1983 andHill (1987) proved thait
is possible to assoc&t strain rate potentigd ( 4}*) with any convex stress potentja( %‘) .

This strain rate potential is defined by:
y(€)="i (34)
with the following associated flow rule:

%

= (3.5)
HE;

S;= 93
It has to be noted that, = § and / = ' when the stress potential and the dual strain rate

potential y are homogeneous of degreeld.this sectionsome isotropic formulationare
first presented. Nexta review of few anisotropicformulations deined in the material
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Constitutive modeling of sheet metal mechanical behavior

orthotropyaxes,is propogd by choosing the followg conventiondirection 1 = rding di-
rection(RD), direction 2 = transverse directi¢iD), direction 3 = normal directio(ND). It

is worth noting that garticular attention igjiven tocriterionsadapted to describe the yield
locus of hexagonal closqehcked materialge.g. Cazacuet al. (2009; Plunkettet al. (2008,
é).

3.1.1. Isotropic formulations

The twobestknownisotropic yield criterions were developed by Von Mises and Tredea. T
first one assumes that tigeeld limit is independent of the thinnvariant of the stress deviator

J; :%tr(sﬂ. The Von Mises criterion is of the form:

/ :\/%g - §)2 (+ 2> '33)§ ( 1 S 1)-2 5‘6( s &, +2% g+§ (3.6)

sT beingthe yield stress under uniaxial tension. It can be formulated in the following way:
j =33, =8 (3.7)

1
where J, :Etr(sz) is the second invariant of the stress deviaten —Cl))tr( t) , | denoting

the seconarder identiy tensor It can be defined a dual potential which is written as:

28 -0\2 [ A2 [(:p\2 ol-p\2 .ol 1p\2 of - p)2 2.,
= 28e) 1 e 2 eds) oY) gei e @9

which is the definition of the Von Mises equivalent plastic strain rate.

In the Tresca yield criterion, the yield limit is linked to the maximal shear stress:
j=sud|s - 4) 2 (3.9)
]

where s, is thei-th eigenvalue of the stress tensorF{,2,3) and £, is the yield stress in
pure shear It can also be writteas:

i :4\123 -27J§ 3642\122 95v4ﬂ2 64=Y6 (3.10
where J, :%tr(sa) is the third invariant of the stress deviator.
The shape of the Von Mises yield locmsthe sections, =0 is an ellipse centered in the

origin whose major axis is inclined at 45° to theaxis. The Trescgield locus is a hexagon
inscribed in this ellipseF{gure3-1).
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Drucker (1949 proposed the following yield criterion:

j=3 <% K (3.1
. asT . . .
wherec is a constant andt? =27a=_.§ ¢- The convexity of the yield surface is ensured when
g -
2 @ Z.25.
8

Later,Hosford (1972 suggestedhe following formulation
J=ls - F |+s5 {s| + s~ :2( T%a (3.12

wherea is an integer 1 ands,, S,, S, are the principal stresses. Thigenion is reduced

to the Von Mises criterion foe =2 and to the Tresca criterion f@- © . The yield locus
for any intermediate value @f is locatedbetween the first two surfaces iodiuced previously
(see some exampleshkigure3-1).

1.5

1.0}

0.5 /

0.0f
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L | Z
7,
l 7,

1.0 —— Von Mises

- —— Tresca
—— Hosford 72 (a = 6)
— = Hosford 72 (a = 12)

145 -0 05 00 05 10 15

normalized o,

Figure 3-1 Comparison between Von Mises, Tresca ardsford (1972)yield loci in the biaxial plare s, =0

The yield loci described by the Von Mises, Trescaldndford (1972 criteria are symmetric,

i.e. the uniaxial yield stresses in tension and compression along a same direction are identical.
Nevertheles sme materialsuch as hcp metals display asymmetry between tension and
compression due to deformation mechanisms such as twinning or direction@ldiprd

(1993). In order to take into account this strength differential eff€etzacu and Barlat
(2004 proposed the following criterion

j=(3)% <y 2 (3.13)
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Constitutive modeling of sheet metal mechanical behavior

wherec is a material parameter which depends on the uniaxial yield stresses in tenSjon (
and compressiony(©):

o) (#)
ngT)B +( §)3 g

It is worth noting that the Von Mises yield criterion is recovered whe, i.e. s™ = s . In
order to ensure the convexity of the function, the rangerofist beg- 3\/§/2,3/_3/4 .

(3.14)

Cazacuet al. (2006 introduced another criterion of the form:

J=(s] ks)" (s W)" (| $ K (3.15)

where s, S,, S; are the eigenvalues of the stress deviatute a is the degree of homogen

ity and k is the strength differential pareeter.Similarly to the constant defined previos-
ly, k can be expressed in terms of the uniaxial yield stresses in tension and compression:

k=— &% (3.16)

with

N

Q

1

N
o] Qo
ﬂﬁm
(@] —
I-o: of

(3.17)

-Qice
-

(WD~ (D~ (D (D~ (s (D
9))

7))
o ol el edf R ?l s

VO&Q.)O
o)
I of’
N

It can be shown thdhe convexity is ensured whet? 1 and ki [ -1.0,1.q (seeAppendix A

for the proof. The Von Mises yieldriterion is recovered whek=0 (s™ = &, i.e.no ten-
sion-compression asymmetry) arsd= 2. Figure3-2 shows the shape of the yield locus in the
biaxial plane &, =0) for different values of the parametier(a is fixed to 2).lt canactually
be noticedthat, higherk is in absolute value, higher the strength asymmetry iseMer,it

can beobsenred that, 6r the upper and lower bound valueskof the yield function(3.15)
corresponds to a triangle with rounded vexic
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Figure 3-2 Influence of the parametek on the yield locus shape (sectiosy, =0 in the biaxial plane)

3.1.2. Anisotropic formulations

Generally, sheet metals diaglanisotropy owing to the texture developed in the rollireg pr
cesses. Two ways can be used to take into account the plastic anisotropy:

1 the generalized invariants approach which consists in constructing generalizations of
the invariants to anisotropic cditions;

1 the linear transformation approach which consis@pplying a fourtkorder symme
ric and orthotropic tensor on the stress tensor (or its deviator) or on the plastic strain
rate tensor.

The most famous anisotropic yield criterion was developedilby1948). It is usedn many
finite element codedue to its simplicity to implementhis criterion is an extension of the
Von Mises criterion to anisotropyhe yield function is of the form

. 1.
J :\lng( S - 3§)2 @( 3D '1])?9 H("‘ S 2}2 s2L 2.&.3 2K 2_1|_3 2N 212'*8 PS(318)

whereF, G, H, L, M, N are material parameters white- is the yield stress underiun

axial tension in a reference direction (in general the rolling dirgctio the case of a sheet,
the identification of the parameters can readily be achieved with three experimental tensile
testsalong RD, TD and 45° from RDt can be shown that the exact dual potential is given

by:

v=pla) S5 Fe Hegty ) e
whereD =FH FG H6G.

Barlatet al. (1991) proposedan anisotropicextension othe Hosford (1972 isotropic yield
criterion to a general stress state. The aropgtis introduced by applying a fourtiider
symmetric and orthotropic tensbr on the stress tensor:
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Constitutive modeling of sheet metal mechanical behavior

s=L:0 (3.20)

where fi: 0 denotes the doubl-ederctensotandacsecend pr o0
order tensor:

(L:0), = LS (321

In (3.12), the principal stresses are substituted by the eigenvaluss, s, of the transformed
tensors:

J=ls s s o st $-2(8Y (3.22)

Relative to the orthotropy axes (RD,TD,ND), the terisas represented by:

€t & % g g ¢
g 3 3 3
e.5 S'G & 4 g g
¢ 3 3 3
é 3 3 3
g 0 0 0 ¢ 0 O
é 0 0 0 O0¢c O
&0 0 0 0 0cg

wherec (i =1,2,..,€) arematerial parameters.

Karafillis and Boyce (1993used the same principle Bsrlatet al. (1991) to suggest the fo
lowing yield function:

j=<)f e, f2k7F (3.24)

whereb is the degree of homogeneity whifeand 7, are given by:

fi=ls sl |8 f [¢§ (3.25
_ 3 b b b
fo=gry (s s 1) (329)

Cazacu and Barlat (20p&xtendeddrucker (1949 yield criterion to orthotropy by replacing
theinvariants J, and J, bythe generalized invarianty) and JJ, respectively:

(3.27)
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where:

o _ & -c)? ¥ 2 s
J, = E(Sn 522) %( 2 35 66_ 15 3)-'. (3.28)
+ a45122 '|a5‘§3 & %
% = (b b)sh (b b) s #2(b b)+b bg,
) é(blszz -'bz %3) % é(bs ) bi' 1)5 2225
1,
- S8b b B)s, (B b-b)s, g5 (329

2 s2 .
+ §(b1 +b4)511522 S ‘§_3§2b9 2 b?a 335(2b9 b)' 11@‘

s2 . Sz .
- %QZblosss 'b5 S5, ('2b10 b'Q 2 Q? (b§ "b7)511 bs S5, b'7 35
+ 225,85

This criterion involves 18 material parametar 3D analysig6 for J; and 11 forJ3). It has

to be noted that the generalized invariants are developed based on rigorous mathesratical th
orems (se€azacu and Barlat (20)3

As explainedn Chapter 2and the previous sectiphcp materials exhibit both anisotropy and

asymmetryin yielding. In order to take into account these featutes,acu and Barlat (20p4
proposed to extentthe yieldfunction (3.13) as follows:

j=(3)" < # (3.30)
with J2 and J? defined hereabove tyquationg3.28) and(3.29), respectively.

In Cazaclet al. (2006, the isotropic yield criterioli3.15) is extended to orthotropy by appl
ing a fourthorder symmetric and orthotropic tensoron the stress deviatate. S, S,, S

are substituted by the principal valu8s, S,, S, of a transformed tensd# defined as:

In the orthotropy axe<; is representeih Voigt notationby:

e€Cy G, G, 0 0 0
gclz Cp, C3 0 0 O
C= gcls Cs G 0 0 O (3.32)
0 0 0 cCc, 0 0
€0 0 0 0 C, O
€0 0 0 0 0 C
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Constitutive modeling of sheet metal mechanical behavior

The resulting anisotropic yield criterion, called CPBO6, is of the form:

J=(8 k)5 (4 B,) (54 k4t (333)

As the isotropic formulation (Equation(3.15)), CPBO6 yield function is convex when
-1 &k Xandaz 1 (seeAppendix A.

Cazactet al. (2010 developed an asotropic strain rate potential for hcp metals which is the
exact dual of CPBO06 yield criterion with=2. This potential isalled SRPO@&ndis written
as(m denotes a scaling factor defined by the uniax@akile curve in RD chosen as nefe
ence)

€1 &3’ - 1k +3 g, - B, - (3k* 2k 9

S SRS s e

|

P e3k*+ 10k +3 : B, (3k2- 2k +3)

[ —— 2 2 2 f 5

?“"JBﬁBz T sl VBB & \Jo(+3 (3 4

1 eK’- 1k +3 g, . B, - (3k* 42k 3

iﬁ\/B§+B§ +e:3k2 2k 3 uz ' B2+ B! & ¢\/6(k2+3)(3k2 )
oy =) (3.34)

Ii\/B%Bg £ +10k 43 g i B, , (3¢ 2 )

Mk €32 2k 8 ¢ B8 & [oerg(a 9

i

I1 eF*- 10k +3 g, B - (3k* 42k 3

iﬁJB§+Blz J%‘E,k2 +2k 3 u2 " \/3124,522 +82 f/G(k2+3)(3k2 +J)

|

! SaAC+1k 43 g, B (3 - 2« )

i

|

S e B
g3k” -2k 3 \/5124,522 8’ \/6(k2+3)(3<2 +J)

where B, B,, B, are the principal values of the transformed strain rate teBsor : . H

is a fourthorder orthotropic tensor associated with plastic anisotrepgar C involved in
Equation(3.32). DenotingK the fourthorder symmetric deviatoric unit tensor defined by

K. zailk ﬁ]’+ ilqk dij k-
ijki 2 3

(3.35)

it can be proved thatl is the inversef the tensol. =CK .

Plunkettet al. (2008 have shown that by incorporating into the isotropic criterion given by
(3.15) additional linear transformations, an improved representation of the anisotropy can be
obtained. Ifn linear transformations operating on the stress deviator are considered)the ge
eral form of the anisotropic criteriooalled CPBO6ex, is:
j=af(¥ % Vs (336
=1

where
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f(Sg), 8, aﬁkc),a) (:@1) Sk()_(l))a 5(‘ (2)‘+g)si(2))a_ (‘ i‘ﬁ Q)Jg(g))g (3.37)

In (3.36) and(3.37), k® (i =1,2,.. h) are material parameters that allow for the description

of strength differential effectsa is the degree of homogeneity, whﬂsf), 9, ('§) are the
principal values of theth transformed tensor:

gl = @ (3.39)

It is worth noting that, although the transformed stress tensors defif@@1inor (3.38) are
not deviatoric, the yield function is prese insensitivegeeAppendix Bfor the prooy.

Recently,Lou et al. (2013 suggested a simple approach to take into account the strefigth di
ferential effect into symmetric yield functions by adding a weighted pressure term for-inco
pressible she¢emetals in plane stress staite yield criterion is of the form:

j =B(bl, +%) (339

where 5 is the equivalent yield stress associated to a symmetric yield function lviaitel

B are two material constants: the former modulates the strength differential effettiean
latter is a scaling factor determined by the reference sitema curve. The convexity of
Equation(3.39) is satisfied if the symmetric yield functioS, is convex since the Hessian

matrix of / is identical to the one df . It can be shown that the rangelois [ 1,]], corre-

sponding taa wide range of the ratis"/ & (0<s'/ & < ).

Equation(3.39) can be extended to take into account an anisotropic iségsit pressure.
The parameteb is replaced by two constanits and h, as follows:

j :B(@ s M s 45)5 (3.40)

The effect of these two parameters is to modulageratios of the tensile flow stress to the
compressive flow stress in RD and TD, respectively.

3.2. Hardening modek

Hardening is related to the evolution of the yield surfacthéwstress space with the plastic
deformation. From a phenomenological point of vidvetwo classical ways of dealing with
hardening are isotropic and kinematic hardening models. Isotrapiemingmodelsassume

a uniform size evolution of the yield locus withalisplacement of its centén the stress
space figure3-3 (a)). Conversely, kinematic hardeningpdelsdescribe théranslationof the

yield locus withouttaking into accounits expansionKigure 3-3 (b)). They are adapted to
depict the Bauschinger effecte. the decreasing of the flow stress after a strain revdrsal.
both cases, the shape of the yield surface remains unchaniged hardening models, ne
sisting in a combination of both isotropic and kinematic formulations, also exist and are very
often used in practice.
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Constitutive modeling of sheet metal mechanical behavior

In this work it is assumed that yielding is described as follows:
j(0- x@& 7% =(si-,%,"8) ¥ r7" (3.41)
where:

1 & is the effective stress according to the given yield criterion (sei@88.1);
1 &’ and &” are respectively the effective strain and strain rate associatgdusing

the workequivalence principleHill (1987)):
dw, =s,d ﬁ@ =dP° (342

The kinematic hardening is introduced through the isidss tensoiX and Y denotes a
threshold function whose evolution describes the size of the yield surface during the plastic
deformation (isotropic hardening). The next sections introduce some examples of hardening
plasticity and viscoplasticity modelespectively.

Figure 3-3 Schematic of the yield locus evolution and the associated sts&ssn curve under a tension
compression loading sequence when consideringg@a)isotropic hardening andb) a kinematic hardening,
respectively.
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3.2.1. Hardening plasticity laws

3.2.1.1. Isotropic hardening formulations
Swift

Swift (Swift (1952) proposed a power law which is suitable for describing the mechanical
response of materials whose behavicegtwt display saturation

Y(2°)=K( ¥ (3.43)
K, & and n are material parameters which must be determined for each material.

Voce

Voce law {/oce (1948) is expressed as:
Y(8°)=R +F (3.44)
where:
dR=¢(s -R &° (3.45)

R, is the initial yield stress while; and s; are respectively the isotropic hardening satur
tion rate and value.

Other isotropic hardeng formulations exisand can be found ithe literature (see fomnt
stance_emaitreet al. (2009). Depending on the scopé application, one or another of these
lawsis more suitabléo describe the hardening behavior

3.2.1.2. Kinematic hardening formulations

Prager

Prager Prager (195§ proposed a formulation agwing that the yield surface moves in the
direction of the plastic strain rates:

dX =cd? (3.46)
wherec is a material constant.

Prager hardening law is very simple to implement into a finite element code and make the
computational algorithms more stable and less -toresuming However, although the
Bauschinge effect is qualitatively neresented, the model is unalbte fit the experimental
behavor, especially the ratcheting effects.

Ziegler

According to Ziegle(Ziegler (1959), one shortcoming of Prager linear kinematic law is that
it providesresults which are not consistent for 2D and 3D cases. Indeed, if the yield l@cus in
3D space moves in the direction of its normal at the loading pbicen be shown thahe
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Constitutive modeling of sheet metal mechanical behavior

movement othe yield surface in a 2D spatakes placen another directionln addition, in
the case of a uaxial tension, Pragdaw predicts that the yield locus moves towards the-pos
tive direction of loading causing kinematic hardening of the métdmid also towards the
other directions causing a transverse softening;twis not observed in the experiments.

Ziegler suggested to modify Prager model as follows:

dX=(G - ¥dm (347

This formulation implies that the yield locus is translated alondthe ¥ direction. mis a
proportional scalar determined by the consistency condition.

Armstrong-Frederick

Armstrong-Frederick law Armstrong and Frederick (1996is a norlinear formulation d-
fined as follows:

dX =¢, (s, dF - XcB®) (3.48)

where ¢, and s, are the kinematic hardening saturation rate and value, respectively. The

first term in Equation(3.48) expresses a linear evolutiaf the backstress with the plastic
strainrates, as in Prager modelhile the second one is a recall term called dynamic recovery.

Depending on the applicationdnematic hardening can be described by other formulations,
such as the approach proposed by Chabdoheditreet al. (2009)) which consists in int-
ducing different bacistress terms with different saturation values and rates. Nevertheless the
three laws presented hereabovesaféicient in this study.

3.2.1.3. Mixed and distortionalhardening formulatiors

In order to take into @aount both thexpansion of the yield surface in the stress space and the
Bauschinger effectsotropic anckinematic hardening laws are very oftesupked (e.g. Swift

and Ziegler, Voce and Armstrotigr e d e r .iThkikcpupli@g is denoted amixed harda-

ing model. Nevertheless, these formulatiomgy be inappropriate to describe other nwacr
scopic effects such as the wdrkrdening stagnation and the watftening exhibited by
some polycrystalline metals under strpeth changeThis section introducesome examples

of distortional hardening laws.

Based on transmission electron microscopy observaftiauisjosiu and Hu (199propo®d a
model in the framework of continuum mechanics able to capture the-gathirdependent
hardening.This model wadirst developed for bcc monocrystalsi (1992). Later it was
successfully applied to IF steel sheétsierlin (2007, Li et al.(2003), dual phase steels and
aluminum Bouvieret al.(2002).

Themodel is based on a set of four in&mariables:

1 R:isotropic contribution to hardeningescribed by Swift or Voce laws (see Section
3.2.1.;
1 X: kinematic contribution to hardening (baskess tensor);

1 S: fourth-order tensorhich accounts for the directional strength of planar persistent
dislocation structures
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1 P: secondorder tensor which takes into account the polarity.

Denoting bys the equivalent effective stress associated to a stress potential, the yield criter
on is written as:

=35-R R fl§ 0 (349
where f is a material parametsuch thato¢ f d.

Theterm f||S| represents the contribution of the persistent dislocation structures tm+he is

tropic hadening while R; is the initial yield stress. The evolution law for the polarity tensor
P is written as:

dP=c, (N -P)de” (3.50)

C. characterizes the polarization rate of the persistent dislocation structuresNvisléhe
current direction of thelastic strain rate tensor:

N = ﬁ (351)

The backstress tensor evolves adldavs:

dXi= 8xsat ALY % (3.52)

where c, represents the saturatiogite of the baclstress deviatoXj and X, is a material

parameter characterizing the saturation vaIuH@(a‘{r. This latter parameter is given by:

=X L OYHSF (1) S (3.53)

where X, is the initial value of X, while r is a material paramete§, =N:S:N repre-

sents the strength of the dislocation structures associated with the currently active-slip sy
tems. When a strong patihange occursdislocation structures associated with the subs
quent strainrate direction casignificantlyevolve from the rest of the persistent structures. In
order to describe such process8ss split as follows:

S=SN:N 4§ (3.54)

with § being the part ofS associated with the latent part of the persistent dislocatiocr str
tures.S, and § are ruled by the following equations:

d de’
: S = cSLgssat ﬁ g 355

148, = 84 S - §) -hs gaf
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where ¢, and Cg, represent the saturation rate &f and § , respectively, whileS,,, de-

Sat

notes the aturation value ofS;. h describes the slight loss &, at the beginning of aer

versed deformation. Its value is significant only during a microplastic stage and is determined
by:

Xi:N _
S

1a
h== (356)
2% Xea(S- Xi):N

The function g describes the workardenilg stagnation and the resumption of work
hardening after a reversed deformation. Using the proje€jionP: N of the polarity tensor
on N, itis defined by:

5
71- C: % P, if P, 2
T Cop+Col S,

g=i ™ ) (357)
T ne o) .
11(1+ R) © 3 B otherwis
|

c Csp T Cp %at -
wheren, is a positive material parameter.

From Equatior(3.49) to Equation(3.57), it can be noticed that Teododtu hardening model
involves 13 materigbarametersi.e. R, (Cx, S:) or (&,n), f, ¢, Xo, o’ Cops S Nps

sat?
Cs., I and n_. The model has already proved its ability to describe the behavior of a large

diversity of polycrystalline materigle.g. alunmum alloys, ferritic steels, DP steels, TRIP
steels, HSLA steels, et(seefor instancerFlores (2005 Haddadiet al. (2006, Floreset al.
(2007)

Based on Teodosidu model, Wang et al. (2008 proposed an alternative formulation for
crosshardening. It is assumed that the dislamatstructures developing during loading can
also result in latent hardening during continuous sfpaih changesThe evolution of the
fourth-order tensolS is described as follows:

o

s
05=co{ 9(Sy -S) g @N:N &S‘esf—” 5s. ® (359
C “sat +

Using Equation$3.55) and(3.58), it can be shown that:

dS'- dS' =5 (dN:N N: i) (359

where S and S" are the tenso8 associated to Teodosku and Wang models, respeetiv
ly. The result of Equ#on (3.59) means that both models agree only for loading histories in
which the current directiol is constant.

Nomanet al. (2010 introduced another approach based on an evolutiation able to qa
ture theeffects of an evolving dislocation microstructure on the hardening behavior and the
shape of the yield surface. The yield functi®wf the form:
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j=JM X)HM %) R R-3 R + (3.60)

whereM denotes the Mandel stress tensor. The effective sfredepends on a fourthrder
tenor H evolving as follows:

dH = {H*™N:N H } de® ¢ F(K N=N) H} de (3.61)

with:
H, =(NH N)N:N =, N:N (362

and
H =H - N:N (363

where K is the deviatoric part of the fourtirder identity tensor (see Equatit®35)). H
andH, represent the "dynamic" and "“latent" parts of the tehkorespectively. The param
ters h;* and ¢, (resp.h*® and ¢ ) are respectively the saturation value and the saturation rate

associated tdd, (resp.H,). It can be noticed that Equati¢861) is andogous to Equation
(3.58). This model, unlike those of Teododilu and Wang, allows the shape of the yield su

face to changevith crosshardening However the additionaffects such as the hardening
stagnation after a reversed strpatth are not taken into account.

The yield locus oimost hcp materials does namiformly evolve. Indeed the hardenimg-
sponseis very dependent on the strain path, as it @lshown in the case @i6AI4V in
Chapter 5 Neverthelesshe distortional hardeng formulationsintroduced aboveare not
convenientfor physically descriting the mechanical behavior dfcp materialssince thee
modelswere developed on the basis of the intragranular deformation mechanisms involved in
bcc and fcc metaldn addition the latter are less prone to twinning than hcp mefalirst
approach to take into account ttestortion of the yield surface shape with plastic defo
mation consists in assuming that the parameferéi =1...N, N being the total number of

parameters) associated to the yield criterion are functions of the accumulated equivalent strain
e®, for instance as follows

p=a +f1 e°?) (3.64)

wherea,, b, and g are constants. This apprdewasappliedby Nebebeet al. (2009 using

the yield criterion(3.30), then byYoon et al. (2013 andlater byGhaffari Tariet al. (2014
(seeFigure 3-4) using the CPBO&ield criterion and its extensions (Equatiof333) and
(3.36)).
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o, (0.01*MPa)

Y
'
-

Ea Y
6, (0.01*MPa)

Figure 3-4 Yield surface evolutiorof AZ31B magnesium allowyith accumulated plastic straimp to 8%
(Ghaffari Tari et al. (2014)

Another modeling is proposed Bunkettet al. (2006) in order to describe the anisotropic
hardening behavior exhibited by hcp metals. The parameters are considered to evolve as a

function ofthe equivalent plastic straig”. They are determined for several levelsast,
namelye LB ¢ _3@), k=1...m, where 8" corresponds to initial yielding

and &"(™ corresponds to the highest level of equivalent plastic strain attainablenme-all

chanical tests. Next, for each of the individual legéf") , the equivalent stres$ associated
to the yield criterion used for the modeling is computed. To determine the yield surfaee corr
sponding to an tlermediate Ieve(ép'(") ¢8 ¢” ”)), a linear interpolation is used:

5= /( e) s-(l - )ék+l (3.65)
where/1 is a weighting factor defined as:

é p,(k+1) —é

h(_@):ﬁ

(3.66)

such thath (‘é"(")) =1 and#h (‘é?'(k”)) =0.

Based on the studies @ifll and Hutchinson (1992andHill et al. (1994, the plastic work per
unit volume W, can be used to define the different levieistead of the edqualent plastic

strain(see e.gGllleset al.(2011). The equivalent stress is thegtetmined by:

s=AW,)7Y {1 -(w)) "3 (3.67)
with
Wék+1) _ va
h (Wp) = Wék+1) i W’(Jk) (3.68)
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Yoon et al. (2011 proposed to apply the linearterpolation to calculate the anisotropy oe
ficients involved in the CPBO6 yield criterion or its extensions:

G =h(w )G {1 Aw)) ¢ (369)

If only one mechanism exists to account for the evolution of the yield locus shape, Equation

(3.64) is likely enoughto describe the distortional hardeninify several mechanismke

place simultaneously, Equatio(®&65)-(3.66) or (3.67)-(3.68) are more adapted. Nevertheless

the identification of these modeksbased on monotonic tests. Actually, tnelution of the

texture depends on the strain path, which means that the experimental results obtained from
different mechanicakssts correspond to different states of the matdtiabuld be interesting

to use a reliable microscopic model able to perform texture updates and to rebuild the yield

locus during finite element simulationseg for instanc®an Houtteet al. (2011)). However

such a model is difficult to develop in the case of hcp metals. VPSC could maybe serve this

purpose if twinning is well modeled.

3.2.2. Rate-dependent hardeninglaws

3.2.2.1. JohnsonCook

JohnsorCook (JC) model Johnson and Cook (1983s an empiricalaw which iswritten as
follows:

&’ BT,
Y eA 7P €-:In— —— 3.70
( ) B( }’ % é Trﬁjzlt- Troom ( )
where A, B, C, m and n are material parameters., T, andT_, are respectively the

current, room and melting temperais, while & is an arbitrary reference plastic strain rate.
In Equation(3.70), the flow stress is described as the product of tlaaers:

1 A+B(2")" represents the link with the plastic strain (hardening);

e’ . . o
1 1+CIn— is linked to the strain rate sensitivity;
eO

L
a C :
T 1- T~ Troom ¢ takes into account the thermal effects

G "melt = 'room

It has to be noted thételaw as expressed in Equati{$170) presents two drawbacks:

1. if 8P <7, the viscosity term induces a reduction of the yield stress ;
2. if T<T

room?

anumerical error will occur when the exponentis lower than 1.

In order to avoid these problems, it is requiredeterite JC model as:

Y(e*,"8)= eA 2 ] @ €n~)g T (3.70)
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Constitutive modeling of sheet metal mechanical behavior

with the following conditions:

éeP . ., -
. — if 8P2 7,
e p :ll éo (& (372)
b if 8P<7g
x Ie L Troom if T2 Troom
T =) Tmelt - Troom (373)
o if T<T

room

Since it is numerically robust and easy to incorporate into finite element, dade®del was
used in many studies to describe the plastic behavibicpimaterialssuch asmagnesium
(Altenhof et al. (2004); DucToan et al. (2010; Ulacia et al. (2011)) or titanium

(Jeunechamps (20p8Khan et al. (2004; Lee and Lin (1998f Meyer Jr and Kleponis
(200D); Milani et al.(2009; Peirs (2012, Seoet al.(2005)).

3.2.2.2. Zerilli-Armstrong

Zerilli-Armstrong (ZA) modelZerilli and Armstrong (198)) is expressed in two forms:

1. the first one is addressed to fcc materials:
Y(e"."8)=G +G(~"k & o7 ame’) (3.74)
2. the second one is addressed to bcc materials:

v(e",“8)=G 4 &™) g(—op (375)

whereC,, C,, C;, C,, C, and n are constant parametetsdnlike JC model, this law has a
physical sense because it is based on dislocation mechanics.

According toMeyer Jr and Kleponis (2001ZA modelused as empirical model since it does
not explicitly include hcp crystal structures canbiegter to describéhé strain rate hardening
behavior ofTi6Al4V than JC modeHowever, it is not recommended for temperatures above
about onehalf of the absolute melting temperature.

3.3. Conclusions

In this chaptersome phenomenological yield functions as well as hardenvsyuaed to e-

scribe the mechanical behavior of matenaéeintroduced In the framework of this thesis,
CPBO6 yield function and its gnsions will beused to model the yield locus ®f6AI4V

owing to their ability to take into account both the anisply and the tensieoompression
asymmetry displayed by the allo§oncerning the hardening behavior, it will be shown in the
experimental characterization ©f6Al4V (Chapter % that thematerialresponsas sensitive

to the stain pathand then the yield surface shape evolves with the plastic deformation. The
degree of anisotropy in hardening will be studied by comparing the experimental curves with
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FE results obtained when an isotropic hardening is used. tNexdvolution othe yield locus
shape will be modeled with the approach previously described by Equgiénsand(3.68).
The models proposed in this work to describe the mechanical behavVi@Ad4V have been
implemented into the nelmear finite element codeAGAMINE developed by the degar
ment ArGEnCo of ULg.

It has to benoted that, agi6Al4V is very sensitive to temperature and strain rate, it is also
essential taconsiderits viscous behavior in the modelingowever it was decided to focus

this thesis on the anisotropy and the tensiompression asymmetry exhibited the material
sinceviscoplastic investigations would increase a lot the number of tests in the experimental
campaign. In addition, research conducted bginetti and Habraken (20Ldonfirmed that,

at low strain rates (Ibs’ to 10" s') and medium temperatures (room temperature, 150°C
and 400°C), the anisotropy effects are dominant.
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Description of the experimental devices and the mechanical tests

Chapter 4 Description of the exper-
mental devices andthe mechanical
tests

The characterization of a matdrizeeds to carry out some experimental tests depending on
the number and the nature of the parameters involved in the model used to descrése its m
chanical behaviorThis chapter introduces all the devices which enabled the achievement of
the experimentsrothe studiedTi6Al4V titanium alloy. The methodology followed for the
different tests as well as theageetry of the specimens alescribed in the next sections. The
experimental results and their analysis will be giveGapter 5

4.1. Equipment

4.1.1. Testing machines

4.1.1.1. Zwick 100 kN

A very simple way to characterize the mechanical behavior of a material is to carry aut unia
ial tensile or compressive tests. hetcase of compression, care must be taken in the choice
and the design of the specimens as well as in the experimental procedure. Indeed,flat spec
mens have to be avoided unless solid plates are used in order to prevent buckling see for i
stance Sectiod.1.1.9. A cylinder shape is usually preferred but it requires lubricaten b
tween the tools and the samples to reduce barreling.

A Zwick 100 kN machine (seEigure4-1 (a)), available at théaterials and Structures ®
chanics Laboratorywas used to perform uniaxial tensile tests on Ti6AMfNMe main features
of the machine are listed fable4-1. The device is providedith amechanical extensometer
(Zwick Multisers Lightmodeli seeFigure4-1 (b)) which measures the current length of the
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specimen. In addition, the acquisition system is able to record the applied force, the crosshead
displacement and the standard stroke.

Specimen

.

Figure 4-1 xperimental device usef tensile tests: (a) Zwick 100kN machine, (b) detailed view of the grips
and the extensometer

Nominal load capacity +/- 100 kN

. Compression (between supports) 0to 1500 mm
Nominal stroke Tension 0to 1700 mm
Crosshead velocity 0.1 to 400 mm/min

100 kN hydraulic grips

Table4-1 Features of theZwick 100kN machine

4.1.1.2. Combshapeddiesapparatus

As specified in Sectio.4.3.2 hcp metals display a strength asymmetry between tension and
compression. In order to quantify this asymmetry in the cage6afii4V, compression tests

were required.Since the Materials and Structures Mechanics Laboratory has wnce de
adapted to perform iplane compression on sheet specimens, the tests were conducted at
TUAT (Japan) using the method and the ceshbped dies apparatusve®ped by Pr. T.
Kuwabara Kuwabaraet al. (2009). Additional tensile tests were also performaatd con-

pared with the results obtained in compression.

A schematic of theecently developed tension/compressionimgstievice is depicted iRig-

ure4-2. The lower die 1 is fixed and the lower die 2 is on a slide rail that enables it to move
smoothly in a horizontal direction. The sheet specimen is set on the lower dies and attached
by chuckingplates. The upper dies are placed on the specimen in such a way that the four
holes are aligned with the pins fixed to the lower dies, which enables a synchronized mov
ment. The lower die 2 is actuated in the horizontal direction by a-senteolled hydaulic
cylinder A. The hydraulic cylinder B applies a constant blaokling force on the specimen
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Description of the experimental devices and the mechanical tests

in order to prevent buckling. The blahbklding pressure is about 12 MPa. The specimen is
lubricated on both sides with Vaseline and Teflon sheets (0.05 mkméiss), thus reducing

the friction coefficient to 0.02. The longitudinal strain was recorded using a strain gauge (T
kyo Sokki Co., FCA1-11-1L) glued on the specimen. The compression force applied to the
specimen is measured using a load cell conndot#te right part of the lower die 2. Thetou

puts of the measured force and strain are monitored every second using A/D data acquisition
and a personal computer.

a

Upper d‘i_e

Teflon sheet

Figure 4-2 Schematic diagram of the com#haped apparatus: (a) configuration of the dies, (b) overview of
the apparatus (afteKuwabara et al. (2008

4.1.1.3. Biaxial madine

The mechanical behavior of a material can be better characterized by testing it under multi
axial and norproportional loads. A series of experiments were carried out with a biaaial m
chine designed by P. FloréBsl¢res (2008 Flores (200%) at theMaterials and Structures
Mechanics Laborator{fFigure4-3). This machine uses a verti¢d1) and a horizontal (A2)
actuators which enable the displacement of the grips (G). These actuators are controlled by a
computer either in force or in displacement.

Different tests can be performed with the biaxial machine:

- plane strain tests;

- simple $eartests;

- Bauschinger tests (simple shear in one direction, followed by simple shear & the r
versed direction);

- orthogonal test (plane strain in the vertical direction, followed by simple shear in the
horizontal direction);

- simultaneous plane strain asithple shear tests.

The current mechanical features of the system control are listeabla4-2. These characte
istics are essential in the design of the samples, in particular in the choice of the specimen
thickness.

45



Figure 4-3 Overview of the biaxial machine

Max/min Max/min displacement Max/min displacement  Max/min speed
force [KN] (sensor 1) [mm] (sensor 2) [mm] [mm/s]
Vertical motion +/- 100 +/- 10 +/- 25 5x 107/5x 107
Horizontal motion | +/- 100 +/- 25 5x 107/5x 10°
Table4-2 Main features of the system control

4.1.1.4. SCHENK Hydropuls 400 kN press

The study of the mechanical behavior under a biaxial state can be carriesingubther tets

ing techniques and specimen geometiiiasiyfabara (200)):
1. Hydraulic bulge test: a circular blank is bulged by applying a pressurized fluid with

an electric pump (sdéigure4-4). This technique is used in several investigatierts,
L £ z £ reteab(200]), Lemoineet al.(2011), Li et al. (2003, Thuillier (2008.

(a)

ND

Die ho 3
o~ ) Blank Pn

LY I3 WY
Blankholder Pn

ri3 Die

Blankholder

1
i
150
190

= S S

250

Figure 4-4 Schematic view of a bulge test (erale fromLi et al. (2003)
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2. Biaxial tension test using cruciform specimengdifferent geometries are proged in
the literature. A review of them can be foundimvabara (200)
3. Uniaxial/biaxial compression testusing a stack of sheets.

This last technique enables gtudy the behavior of the material under different stress states
(seeFigure4-5). Biaxial compression tests require an experimental device which is not very
common, while uniaxial compression can be performed with any press. However twd-difficu
ties can be encountered when compressing along RD and TD: (1) failure can occunby dela
ination of the stack; (2) owing to the low thickness of the layers, delamination can also arise
by buckling. For these reasons, uniaxial compression is usually carried out along ND. It has to
be noted that, if the friction between the specimen and the dibe afachine is low ani it

is assumed that the material response is insensitive to the hydrostatic pressure, thenkayer co
pression test is similar to a balanced biaxial tensile Gegifieters (201.

In order to determine the behaviorti6Al4V alloy under a biaxial stress state, a SCHENCK
Hydropuls 400 kN pressFigure 4-6) was used to compress stacks composed of several
Ti6Al4V sheet layers. The machine can be controlled in force, in displacement or in constant
strain rate. Its mechanical features are givehable4-3.

-y

D

Figure 4-5 Stress directions on thp-plane in the (RD,TD,ND) reference frame
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Figure 4-6 Overview of the uniaxial SCHENK Hydropuls 400 kN machine

Maximum capacity of the dyamometer +/- 400 KN
Maximum displacement of the punch +/- 125 mm
Machine deflection 1.4 mm to 350 kN
Speed 0.001 mm/

Strain rate range 0.0001/s to 0.1/

Table4-3 Characteristics of the SCHENCK Hydropuls 400 kN press

4.1.1.5. Zwick-Roell 1200 kN

When trying to validata constitutive modeling, it is interesting to simulate a forming process

in which different stress states are encountered and to compare the numerical predictions with
the experiment. In this context, cup daefrpwing tests wereonducted orTi6Al4V at LEM3

(Arts et Métiers ParisTechetz, France). The degfrawing process was carried out using a
Zwick-Roell 1200kN machine Figure4-7 (a)) and the experimental setup showrfigure

4-7 (b). The charactéstics of the device are listed Table4-4.

Maximum crosshead speed 400 mm/min
Crosshead position resolution 1 pum
Displacement sensor resolution 0.5 um

Table4-4 Characteristcs of the experimental device used in the delpwing process
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Figure 4-7 Experimental device usedf deepdrawing tests: (a) ZwickRoell 1200kN machine, (b) test setup

4.1.2. Optical measurementsystems

For some experimental tests, an optical measurement system was used in addition to sensors
in order to determine the displacement and strain fields by DIC. This technique iieldull
image analysis method which offers several benefits:

1 It affordsto visualize the strain gradients and hot spots which can occur when testing
non-homogeneous and anisotropic materials.

1 Some measurements, unrealizable with other techniques (strain gauges, extensometer,
etc.) are made possible.

1 As it is a norcontact syeem, some measurement errors (e.g. deflection of the testing
machine, slip of the specimen under the g

Owing to the increasing development of high resolution digital cameras, compact mechanical
design and computer technology, DIC hadely expanded in industry applications (deve
opment and design tools, production inspection) and proved its efficiency in numerais inve
tigations on material characterizaticinpckaert (200}, Florés (200% Duflou et al. (2008,
Thuillier (2008, Hogstrémet al. (2009, Merklein and Kuppert (20Q9Floreset al. (2010,
Libertiauxet al.(2011), Tuninettiet al.(2012).

4.1.2.1. Principles of DIC

DIC requires two digital cameras to locate a point in 3D space by triangulitgure4-8).

One camera can be enough in the case of a 2D analysis, but it is then regoiegatain the

tracked surface planar and atanstant distance from the cameira 3D analysis, the dete
mination of the object point position needs to know the orientations of the cameras-with r
spect to each other (distance and angle) and some additional parameters relative to systematic
image erors (translation of the principal point, lens distortions).
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Figure 4-8 Principle of a 3D measuring arrangement: the rectangular planes represent the cameras' chips,
O; and G; are the perspectives centersife x; and y; (respectively xand y,) are the coordinates of the point
P relative to the first (respectively second) came&OM (2002).

In order to track the displacement of points, a stochastic pattern with good contrast, as shown
in Figure4-9, is painted on the swafe of the test object. Different methods exist to apply the
stochastic pattern: colored spray paint, airbrush, printing, etc. It is worth noting that tke spec

le size distribution is very important since it affects the accuracy on the displacement field
measurementd_ecompteet al. (2006).

Figure 4-9 Examples of stochasticgiterns

Before carrying out an egpimental test, a picture (or more) of the undeformed state is taken
in order to define a reference and to divide the specimen's surfadadetscharacterized by

their grey level distribution. Then the optical system tries to track these facetsiorages
corresponding to every deformed configuration. The correlation is performed by applying a
transformation consisting in a combination of a translation, a rotation and a distortion. The
dimensions of the facets in the deformed configuration can bentieed by several methods,

e.g. Gaussian least squares adjustment, tangential model-replied, etc. Once theed
formed configuration is known, the deformation gradient terscand therefore the strain
field can be computed. [Pending on the pogirocessing software, different definitions of the
strain tensor for large deformations are proposed. All these definitions are based en the d
composition of the deformation gradient tensor into an orthogonal rotation tBnsod a
symmetric stretch tensdd (polar decomposition

F=RU (4.1)

If 1 denoteghesecondorder identity tensor, the main strain tensors are defined as follows
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- Biot or engineeringstrain tensori®? = U-
- _1f ¢ 1+
- Greern(-Lagrangg strain tensorﬁ—a( v} -)I E( F 9=

- Henckyor logarithmicor natural or true strain tensorid® =In |

4.1.2.2. Systems used for the experimental tests

The biaxial machine (see Sectidrl.1.3 was equipped with the Aramis® optical measur

ment system developed by GOMigure4-10). One camera was used to determine tlse di
placement and strain fields evolving on the surface of the samples since the latter are flat.
Aramis® has already proved its efficiency as measargmsystem in previous works (see
Knockaert (200}, Flores (2003and Florés (200%) and especially in experiments carriad o

on the biaxial machine.

Figure 4-10 Aramis® system: (a) camera, (b) computer hardware for the gasicessing

During the layer compression tests performed on the SCHENK press (see &4ciig) the
displacements and the strains of the specimens were determined with the LIMESS optical
system Figure4-11) and the VICG3D software. The setting up, pointing, focusing and cadibr

tion of the cameas were previously achieved by Victor Tuninetti in the framework of the
FABULOUS project (the details can be foundlimninetti and Habraken (20))1

Figure 4-11 Cameras of the system LIMESS
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4.2. Mechanical experiments

4.2.1. Definition of the reference systems

As the studied material is in sheetrh (seeChapter %, two reference frames are generally
considered:

- orthotropy or material axes(Xl, X,, X3) which coincidewith RD, TD and ND e-
spectively;
- local axes(xl, X, )g) .

X, and X, are chosen in the plane of the sheet dependinthespecimen anthe loading
conditions (see next sections) white coincides with ND. The angle@ defines the orieta-
tion of X, with respect to RO¥seeFigure4-12).

sheet

Figure 4-12 Definition of the dobal and material axes

If T isa 2 order tesor,its components in the orthotropand local frames are linked in the
following way:

Tlsox) =R Tl R 4.2)

(X1, %2, Xg % %, %)

where R is a rotation matrix defined as:

ecosa - sina O

R:gsina cosa O (4.3

g 0O 0o 1
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4.2.2. Uniaxial tests

4.2.2.1. Tension

Introduction

Tensile tests are the most simple to perform and widely tasstidy the material mechanical
behavi or ( ani s o.tlfthe lpading dineatiordisschasem glong téglaxis, the
general stress state in the local frame is expressed by:

=0 0 0 (4.4)

with s :% . F is the force applied to the specimen whie is the currentirea of the

cross sectionlThe latter can be deduced from the strain state:

&g 0 0
Cp(xllxm):go e, 0 (4.5)
g0 0 e

€, 6, €, are respdovely the axial, width and thickness logarithnoictruestrains,i.e.:

g=In— (4.6)
I0
e,=In— (4.7)
WO
t
e=In— (4.8)
Ly
wherel, w andt are respectively the gage lengthe width and the thickness of the sample
(the subscript A00 r ef e thereis o necking, the cuiratrgaa | v al
of the cross sectiorF{gure4-13) is given by:
A=wt =wtexple, +g (4.9)

Assuming an elastplastic regime, isotropic elasticity and volume conservation during plastic
deformation it leads to:

A=wt,exp; +B)exp(fe + )ewit, exp( 2 nle (4.10)

wherer is the Poisson ta.
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It can be noticed that this relationship requires the knowledge of the elastic constangs. An a
proximation can be made by considering volume conservation during all the deformation,

g+ £+, e6. The current area is then assessdolbsvs:
A =wtexp( &) (4.11)

The ratio between the exact and estimatedsasea

~

A s
=— = exp((1 2 ° 4.12
= eo((1 2) ¥ (412
with s’ :£. For € =1% (theelastic strain hardly exceeds this value in Ti6AI4V titanium

alloy) and 0.28¢7 ¢0.3%, 7 ranges from 1.003 to 1.004#e. a relativeerror lower than
1%, which provse the validity of the approximation.

Figure 4-13 Cross section oftte specimen: w is the width while t is the thickness

In the material frame, the stress and strain tensors are expressed as follows:

e scos a  sin eos a0

Gix, 5, :gssin acosa s a0 (413
€ O 0 0

egcos a ,aif 4, -g)sie cosa O

LO{xl,xz,xg) =g(91 - gsin @s a,sid@ Hacoke 0 (4.14)
& 0 0 e

In order to characterize the anisotropy of Ti6Al4V in tension, tests are perfamdide
Zwick 100kN machine (see Sectidil.1.) at room temperature arad a constant strain rate

of 3x10* s along eleven directions in the plane of the sifeetranging from 0° to 90° by
steps of 10° and2 =45 ). The specimens are cut by milling and have an overall length of
299.6mm, a gage length of 105 mmda gage width of 15 mnirigure4-14).
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299.6 mm
105 mm 80 mm
N 3
15 mm | 35 mm
/ 1773\n§m
10 mm
20 mm

Figure 4-14 Geometry and dimensiond tensile specimens
For each loading direction, the tests are duplicededtimes as follows:

- two tests up to failure;
- one test up to a strain of 5%;
- one test upd a strain of 10% (when failure occurs beyond this yalue

The specimens deformed at 5% and 109%tddin level are used to achieve texture measur
ments.

The appliel force is recorded by a load cell and the longitudinal steaiis measured with
themechanicaéxtensometer. The streésghen computed using:

I 4.1
x (4.15)

A’ is computed from Equatia@.11) with € being € .

In addition to the measurements performed by the extensometer, the strain field in the gage
zone is determined by the Ara®isystem in order to assess the tensile Lankford coefficient

or r-ratio. The latter is defined as the plastic width stratedivided by the plastic thickness
strainrate Because the thickness change involves large relative measurement uncertainty, the

axial strain (¢ ) andthe width strain (€,) are used with assumed volume constancy to infer
the thickness straing ). Thus,the Lankford coefficient is given by:

& '
R 2 (4.16)
&

o°

ap
—+

_'U

where the superscripp refers to plastic strain, and the subscriptsv andt refer to length,
width and thickness, respectively.

The effect of the strain rate on the mechanical behavior in tension is also investigated. Expe
iments are carried out along RD at“1¥', 10° s, 10° s* and 10' s*. In orderto check the
reproducibility, each test is reproduced at least two times.

Equipment validation
Before perfoming the tensile tests, it mus¢ checked that:

- the strain rate iactuallymaintained constant;
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- the data providedybAramis® are in good agreentewith the measurements of the
extensometer.

Strain rate constancy
The (logarithmic) strain ratelong the length directiois given by:
~ d
d
I

._da |1 o
g=ccan 2Ot (4.17
tg IO -

This relationship can be written as follows:

?zd(lnl) dt (4.18)

Since the machine is controlled in displacemsotying Equation(4.18) shows thata can-
stant strain rate is obtain@den the length evolves with time in an exponential way, namely:
1 (t) =1, exp(Ct) (4.19)

where C is the value of the desired strain rate. tdey to achieve this requiremetite cu-
rent length of the specimen is regulated by a PID controller.
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Figure 4-15 Evolution of the axial strain with time for a test at 810* s*

Figure4-15 shows the axial strain as anktion of time for a test a<d0* s™. It can be b-
served that the evolution is linear and the slope of the line is in agreemettievtfrescribed
strain rate.

Comparison of data recorded by the optical and mechanical
measurement systems

As explained previously, images of the specimen are snapped by the camera and compared in
order to compute the disglament and strain fields. Ararllgs able to export data along a
section defined by the user. An example is giveRigure 4-16 which shows the axial and
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transversal strain fields along the gage length of the sample and at different stagesof the d
formation. Tte strain peak is due to necking.
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Figure 4-16 Axial and transversal sain fields along the gage length of the specimga-direction, % = 0) at
different stages

As the extensometer measures the lengtivden the sensor arms (deigure4-17), the axial
strain determined by E¢4.6) corresponds to an average value.

€

ave

COMPARISON

A
v

EXTENSOMETER I CAMERA | » £(x)) » Sufj; e(x,) dx./l

[

Figure 4-17 Comparison of the axial strains computed from the data of both measurement systems

Based on the axial strain fielel(xl) computed by Arami® along the X, -axis (loading dire-
tion), it is possible to assess the average steginby:

_ fie(x) dx
e =

ave |

(4.20)

and to compare the results obtained withttihe measurement systentaqure4-17).
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Figure4-18 shows the evolution of the average strain with time accgrdirihe extensometer
and Arami®. It can be observed that both &gyas are in very good agreement
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Figure 4-18 Evolution of the average axial strain according to the extensometer andAiteamis® optical
system (test at810*s?)

4.2.2.2. Compression

In order toinvestigate the effect dhe loading orientation on the mechanical response and
quantify the tensiowompression asymmetry of Ti6Al4V, compression tests are required.
Using the same local frame as for tensile testsgeneral stress state is:

es 00
°(X1,X2,X3):§0 00 (4.21)
60 0 O

with s >0. Inthe material framehe stress tensor is given:by

€ -scos a - sin eos a0
¥ (X1, X5, Xs) :g s sin acos a -sih a0 (4.22
g 0 0 0

The axial, widh and thickness strains are computed as previouslyatiems(4.6), (4.7) and

(4.8)).

The material uniaxial response in tension and compression in thy@anm orientations,
namely inRD, 45° and TD, respectively, waseasuredy Pr T. Kuwabara and his t@arom
TUAT. The tests were carried out on the ceshiaped dies apparatus described in Section
4.1.1.2andrepeated three timés check the experimental reproducibiliiyhe sample dinte
sions are shown iRigure4-19.
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Unit : mm

Figure 4-19 Geometry and dimensions of the specimens used at TUAT

It has to be specified that the experimental device used at TU&dnhdoballow the control of
the strain rate. Nevertless, it is possible to keep the mean strain rate nearly constant. The
latter was fixed to 810° s*,

4.2.3. Biaxial tests

4.2.3.1. Tests carried out on the biaxial machine
Plane strain
Considering the configuration Figure4-13, the plane shin state assumes that:
e =0 (4.23)
and the strain tensor in the local frarméhen of the form:

& 0 0
q(xllxm):go 0 0 (4.24)
g0 0 e

Consequently, the general stress state alyspwo norzero components:

&, 0 0
¥ (ng):go s, 0 (4.25)
0 0 O

In the material frame, the stresgasirain tensors are respectively given by:

es,cos a+ ssif & , s, sin com 0

0, x, %) :2(5l -s)sin @os a ,sA # cas O (4.26)
& 0 0 0
€ gcos a ,8in @ &
Q(x - :gelsin &os a ,®8 ao (4.27)
g 0 0 e
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In practice, plane strain tests are performed by applying tension to a piece aohstaeatith
a high width to length ratio. The drawback of this simple technique is that the stress in the

transverse directiols, cannot be determined experimentally.

The tensile plane strain tests were carried out with the biaxdehime designed by P. Flores

(see Sectio.11.3. Two computers are used during these tests. The firstFogeré 4-10

(b) at the left) enables the control of the actuators. The computation ospiiaceément and

the strain fields is achieved thanks to the Aramis® measurement system which is installed on
the second computeFigure 4-10 (b) at the righ). The latter is connected to tlamera
(Figure4-10 (a)) used to snap pictures of the deformed sample.

The first plane strain tensile tests were performed with the specimen geometry bisgddn
(2005 (Figure4-20 (a)). The velocity of the vertical actuator was B)® mm/s while the ho

izontal actuator is maiained fixed.The samples are placed in the grips as showkfigare

4-20 (b). In order to determine the strain field by image correlation, a stochastic pattern is
beforehand painted on the gage zone located atangth (30 mnx 3 mm).

a
JZAGETE b
30
F}:"m’::e.'inz;'
F——
[L[o.0]a (L [o.01]4] Upper clamping 3 g
one
J— / 1
'l eoacaaaaaaan T V=3 mm '+ Meazurable zone
H “‘ -
Lower clamping 5
zone :

Figure 4-20 (a) Geometry and dimensions (in mm) of the specimens used for the first plane strain tests, (b)
configuration of a specimen inside the grips
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Figure 4-21 Axial and transversal strain distributions along the width of the gage zone at different stages of
the deformation (rectangular shape specimen)

Before proceeding the stress computation, it is required to check the homogetiatgtodin
distribution. Figure 4-21 depicts an example of the axiak (direction) and transversak{-

direction) strain fields along the width of the gage zone. It is noticechthgnificant strain
concentration is present at the center of the specimen, making complex the analysis of the
results. An observation of the frames at different stages of the deformBigure(4-22)

shows that the specimenadghs inside the grips, which explains the heterogeneity of the strain
distribution. This gliding is due to the fact that the clamping force is not uniformly applied, its
magnitude being slightly lower near to the gage zone than at the center of the claomgng
Thereby, given this defect in the machine and the mechanical properties of titanium (high
yield limit), it is very difficult to prevent the specimen from gliding.

Stage 000 Stage @0

Stage @0 Stagel20

Figure 4-22 Images of the gage zone at different stages of a plane strain test with a rectangular shape spec
men
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Based on the work d?ijlman (2002 andFloreset al. (2010, a new geometryHigure4-23)

was designed and experimented while controlling the occurrence of gliding. The specimens
have a rectangular shape as previously, but with notches demgjth. The gage zone is 25

mm wide and 3 mm high.

120
3
&
()

64

Figure 4-23 Geometry and dimensions (in mm) of the specimens used for the second plane strain tests

Tests were performed at a velocity of the actuators<df’8 mm/s. The axial anttansversal
strain fields along the width of the gage zone were provided by Ararkig@re4-24 shows
a typical distribution where two different areas can be distinguished:

1 a homogeneous central zone in plane strain state @hsversal strain is low oo
pared to the axial strain) whose size decreases as long as the specimen ig-being d
formed;

1 a heterogeneous zone at the edges of the specimen where strains evolve faster than
strains at the central zone.

0.25 ————

Stage 5
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Figure 4-24 Axial and transversal strain distributions along the width of the gage zone at different stages of
the deformation (specimen with notches)
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Description of the experimental devices and the mechanical tests

Since the strain field is not uniform, the edge effects must be taken into aotoim stress
computation. A methodology similar to the one proposeélbyeset al. (2010 was used. It
consists firstly in identifying the homogeneous strain field zone at the different stages of the
deformation process. Theoretically the strain distribution is uniform when:

LS Y (4.29)
I,

where €, denotes the axial strain. In practice, a ra[@e; ,]( inside which the strain field is
considered homogeneous is defined at each stage of the deformation. The c¢héR)de
then expressed as:

xR g (4.29)
4

The boundaryx is chosen as the average déwia of the strain gradien!t:% from zero at a

d =5 mmwide central zone of the specimee,:

(4.30)
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Figure 4-25 Determination of the homogeneous zone width,VWwhe red symbols represent the experimental
strain gradient which is fited by a # order polynomial (blue curve), while d andxare respectively the ce
tral zone of the specimen and the domain inside which the strain field is assumed uniform

The strain gradient is then fitted by using"aorder polynomial Figure4-25) and the homo-
geneous strain fieldidth W, is computed as follows:

W, = g™ - (4.31)
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with

min é’ e_|_1 6 ax :
X" = &glg =X g% X %
c fitted -

If W, denotes the total width of the gagene, the evolution of the ratid/, / W can be

(4.32)

X-
fitted

drawn as a function of the average strain at the center of the speginusiined as follows:

=C

1.
&:=3Nn gdx, (4.33)

Figure4-26 displays an example for a plane strain test along RD.
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Figure 4-26 Evolution of the homogeneous zone width to total width ratio with the average strain at the center
of the gage zone (plane strain test along RD)

With the previous results, the cross secti§n of the homogeneous mze can be determined
as follows:

A=Wt (4.34)
wheret, is the actual thickness of the homogeneous zone. The latter is computed by:
t, =t,exp( &) (4.35)

In Equation(4.35), t, is the initial thickness of the specimen. In addition, the plane strain
condition (&,, =0) and the volume conservatiog{= - g -, =;)are assumed.

The computation of the normal stresg under a plane strain state requires the determination
of the actual force acting on the homogeneous #gne
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Sll = E (436)
Based on the study @fn et al. (2004), Floreset al. (2010 suggests to expreds, in terms of

the totalforce F; applied to the specimen (measured experimentally by the biaxial machine)
and the width of the homogeneous zares,

F, =F, (FT ,WH) (4.37)

A numerical analysisbased on experimental data obtained for the studied Ti6AI4V alky,
performed in order to study the evolution Bf anddefine a relationship with the exper

mental data. It is shown lppendix Cthat the force applied to the homogeneous zone can be
expressed as follows:

F, W,
F—T—aw {1 3 (4.39)

where a is a coefficient, and thus the stress compognis given by:

F F F
=H =g T T 4.39
T Ty R 9

The coefficienta is determined by linear regression. Tleuit of the numerical analysis is
a=1.0154

Equation(4.39) is then used to compute the strsfigin response of Ti6Al4V in planerain
in RD, 45%direction and TD (seEigure4-27).

=) RD —> loading
direction

o t C DO # C DO =» C
! | !

plane strain RD plane strain 45° plane strain TD

Figure 4-27 Schematic of the plane strain tests in RD, 48itection and TD

Simple shear and Bauschinger tests
Compared to uniaal tension or compression, simple shear tests offer several advantages:

1 the specimens do not require complex shapes (a rectangular one as shaguren
4-20 (a) can be suitablier materials less stiff than the studied Ti6AMV

1 plastic instabilities existing in tension (localization, necking) or in compression (ba
reling) do not occur in simple shear;

1 alarge range of homogeneous strains can be achieved.
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Nevertheless, some problems can be encountered during the experinue@d, &s it will be

shown further, a part of the specimen clamped zones deforms, involving a sliding movement
under the grips. The extent of this sliding depends on the material and the quality of the grips.
Moreover, as depicted iRigure4-28, two opposite corners of the gage zone are subjected to
transverse tension or compression, causing premature failure and initiation of buekling r
spectively. More details about the advantages and drawbacks of simple shear tests can be
foundin Bouvieret al. (2006.

) clamped zone
compression

tension gage zone tension

compression
clamped zone

&

Figure 4-28 Area of the sample in transverse téas and compression during a simple shear test

Figure4-29 shows the initial and deformed configurations of a facet in simple shear state. The
deformation gradient tensér is expressed by:

el g 0
F=0 1 0 (4.40)
g0 0 1
where
d
g=tan q=t—) (4.41)

d represents the relative displacement of the facet while its height which is maiatned
constant. It has to be noted tragtF = 1 (see Equatioif4.40)), which means that the volume
is conserved.

xl
N
| d
b nitial 0 deformed
state state
Ixz
y=tan6=d/b

Figure 4-29 Schematic representation of simple shear
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In the local frame, the general forms of the stress and strain tensors in simple shear are given
by:

&s, t 0

G(XI’XZ’XS):gr s 0 (4.42)
60 0 O
ee, £ 0

9 _e

q(xl'XZ’XS) =&, £ 0 (4.43
60 0 O

with |, =| g| (volume conservation).
In the material frame, Equati¢a.2) yields to:

eés,cos a+ ssif a sih2 (a -§) sis cosa +ces2t¢
(%4 X, %) :g(sl -s)sin gos a+ces2 g sfs  tacéss  +sm2 t (4.44)
§ 0 0 0

d

ég,co§ a ,esif a,sn2 (g -g sinecos af, cas2 e |
=g(e11 - g)sin @s a&,@s2 asfe 4, a&bse F sim2 e (445
g 0 0 e,

o
L-{XDXZ’ X3)

In the case of small strains (elastic domaimg, stress state can be considered as pure shear:

o

(%, %)

t
0 (4.46)
0

B
o O O

The simple shear tests on Ti6Al4V were first carried out on specimens with a rectangular

shape Figure 4-20 (a)). The velocity of the horizontal actuator was19> mm/s while the
vertical actuator was fixed.

The homogeneity of the strain field along the width of the gage zone was studied leefore d
termining the stresstrain curves. An example of distributigerovided by Aramis®, is given

in Figure4-30. It can be noticed that the edge effect is very significant, making difficult the
stress computation. As for plane strain tensile tests, the heterogeneity of the strain field is due
to a significant sliding movement of the specimen inside the grips, as obseRigdne4-31.

In order to prevent gliding, a new specimen geomeiryure4-32) was designed and tested.
Compared to the prious ones, the length of the samples is shorter in order that the clamping
force applies on a smaller surface, increasing in this way the indentation of the grips in the

material. In addition, notches are machined at-lmmjth, decreasing the size oftigage
zone.
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Figure 4-30 Shear strain g distribution along the width of the gage zone at different stages of therdefo
mation (rectangular shape specimen)
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Figure 4-32 Geometry and dimensions of the specimens used for the second simple shear tests
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Figure4-33 shows the strain field at different stages of the deformation process when the new
specimen geometry is used. It can be observed that a wide zone of homogeneous btrain is 0

tained.

Figure 4-33 Shear strain g distribution along the width of the gage zone at different stages of therdefo
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In order to check that the specimen is actually in simple shear state, the different components
of the déormation gradient tensor in the sheet plane were exported with Aramis® anthe ce
ter of the gage zone and compared with the corresponding sheargst(&igure 4-34 (a)).

For each stage of the deformatjahe following results are obtained:

{ the component$;, and F,, are equal to 1 whild-,, =0;
1 F, =9 (see linear fitting irFigure4-34(a)).

These observations are in good agreements with the theoretical form of the defornaation gr
dient tensor given in Equati¢a.40).

Figure 4-34 (b) conpared the absolute values of the major and minor straiespectively
center.

denotede, and &,,
assumed in simple shear, which involveg:tha

at

t he

speci menos

el =| &

The results irFigure4-34 (b) showa good correlation with Equati¢a.47).

It is worth noting that, although it is possible to reach large striigarg4-33), the tests has
to be stopped when premature failure occurs at the areas subjected to tensibigusee

As

(4.47)

speci

4-35). The initiation of cracks can be detected by observing the-&tras curve. Indeed, as
shown inFigure4-36, the force applied to the specimen progressively decreases when failure

begins.

% The major and minor strairere defined as the maximal and minimal eigenvalues of the strain tensor in the

sheet plane.
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Figure 4-35 Cracks at the corners subjected to transversesion

70



Description of the experimental devices and the mechanical tests

7000 ———
: e ¥
6000f . =" 5+
—_ [ - i
= | = u—:
= 5000} - o
Q L - '
8 [ . 2
= F - e
S 4000F: 5
© [ g
T 3000 B
o - o
N [ E
S 2000 ==
= " o
1000 :
0.00 0.05 0.10 0.15 0.20 0.25 0.30

shear strain yat the specimen's center [-]

Figure 4-36 Evolution of the force applied to the specimen as a function of the strain at its center during a
simple shear test: the force gradually decreases from 16% of strain, when failure statt® areas in tension

Simple shear tests are performed in threplame orientations (seéigure 4-37). For each
loading direction, the tests are repeated four times in order to check the experimeatal repr
ducibility. It has tobe noted that the experiments in the-¢&&ntationare carried out in both

the forward and backward directions in order to observe a possible asymmetry in the-mecha
ical responseThe shear stress is computed by assuming therhogeneity of the strain field
over the whole gage zone width and the volume conservation:

r=br (4.48)

A

where F; is the total force measured by the load cell of the horizontal actuatoAargdthe

initial area of the cross section. The shear stgais detemined by calculating the average of
the strain field distribution at the center of the gage zone.

=) RD —> loading
direction

J = C J # C 1 ¢ C

simple shear RD simple shear 45° simple shear TD

Figure 4-37 Schematic of the simple shear tests in RD, 4Brection and TD

In addition to simple shear, Bsehinger tests were carried out on Ti6AI4V in order to study

the influence of a strain path change on the material behavior. Bauschinger tests are obtained
by reversing the loading direction during a simple shear test after the specimen has reached a
certan amount of shear strain in the forward direction. These tests were performed with a
horizontal actuator speed of 50° mm/s in RD with 10% prstrain. The specimens have the
same geometry and dimensions as those used in simple shear expefigarg32).
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4.2.3.2. Layer compression tests

In order to assess the mechanical behavior of Ti6Al4V under a biaxial state, layersompre
sion tests were performed using the SCHENK Hydropuls 400 kN press described in Section
4.1.1.4 The specimens were composed with 23 elliptic layers which were stacked in order to
form a cylinder (se€&igure4-38 (a)). The elliptic shape was chosen in order that the material
axes (.e.RD and TD) are not ralomly oriented when assembling the layers. Indeed the latter
were cut in such a way that the major and minor axes of the ellipses, respectively danoted 2
and D (Figure 4-38 (b)), coincide with RD and TD, respectively. The cugtiof the layers

was performed by WEDM which consists in using a thin metal wire constantly fed from a
spool. During the process, the sheet is being watered by a dielectric fluid which flushes the
cut debris away. WEDM enables a good surface roughnesoarddt alter the properties of

the material, excepted in fatigue.

ra

2
3 layers >

y

=P RD
(@) (b)

Figure 4-38 (a) shape of the specimens; (b) geometry of the cismsion: 2a and 2b denote the major and
minor axes of theellipse, respectively

During the compression of a statke outof-plane displacement and strain fields weee d
termined using three systems of two cameras placed around the specintaguisee39). A
stochastic pattern was p&ed on the free surface of the staEkg(re4-40) in order to track
the displacement of different points and to compute the strains by DIC.

2_0'.' 7 s
5%

bf° =
qc::/, sys 2
sys 1 @ sys 0

(@)

Figure 4-39 Experimentd setup: (a) schematic view; (b) actual configuration
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Figure 4-40 Specimen with a stochastic pattern on the lateral free surface

In order to maintain a constant strain rate during the deformation of ttiengipe a procedure
developed byruninettiet al.(2011) and taking into account the deflection of the machine was

used. The average true compression steairs given by:

ah
& =In (4.49)
oM

where h, and h are respectively the initial and current height of the specimen. The str@in
Is then written as:

ol

8 = (4.50)

A constant strain rate is obtained whee height evolves with time in an exponential way,
e

h(t)=h, € (4.51)

where C denotes the value of the constant. Theoretically, if the dies are assumed rigid, the
reduction in height of the specimen is given by the displacemaritthe punch, which leads
to:

z=h(1 -&) (4.52)
In practice,z includes two terms:

I the reduction in height dhe stack &), as previously mentioned;
1 the deflection of the machine since the dies are actually deformable pieces.

It resultsthat the strain rate appll to the specimen is different in the elastic domain. Indeed,
during the elstic regime, the load increases at a high rate, producing high deflections of the
machine. However, at larger strains, the strain rate is close to the targeted one since the i
crease rate of the force applied to the specimen is lower, inducing lessialeglect

Figure4-41 shows an example of the average axial strain evolution with time. The @mput
tion of the average axial strain is based on the data determined along the middéectioss

of the specimen,e. at mid-height ofthe stack. It can be observed that the strain rate is kept
quasiconstant (~9.10s* on average) during all the deformation.
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Figure 4-41 Evolution of the average axial strain with time during a layer corepsion test

Table4-5 lists some features of the different layer compression tests performed on Ti6AI4V,
namely:

1 the identification number of the test and the specimen;

1 the main dimensions of the specimen measured before amdhefteest (major and
minor axes of the middle cresgction, height of the stack);

1 the thickness of the paint layer placed on the lateral surface of the specimen and used
for DIC.

In addition, it is specified if the test was performed or not at a corsttairt rate.

The initial and final lengths of the major and minor axes were measured with a microscope (in
the case of the final dimensions, the central layer of the stack was used since the geometry of
the middle crossection is studied) while the iratiand final heights of the specimens were
determined with the help of a micrometer. Regarding the thickness of the paint layer, the la
ter was also assessed using the micrometer as follows:

1 after painting the stochastic pattern on the lateral surfadeedstack, the dimensions
of the crosssection were again measured three times in RD (major axis) and ifD (m
nor axis);

1 if the indicesO and p denote the measurements without and with taking into account
the paint layer respectively, the average thickness of the latter can be assessed by
t,=a, -g inRD andt, =b, -, in TD;

1 the average thickness around the cismstion, given irfrable4-5, is then ckulated

t +t
byt=-=2_"
y 2

Finally, it has to be noted that the first five experiments only helped to adjust the elisplac
ment of the punch in order to obtain a constant strain rate and to check that the opseal mea
urement system was in gooarking order.
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Description of the experimental devices and the mechanical tests

Test number 1 2 3 4 5 6 7 8 9 10
Snrijerﬁibrg?n 2 3 5 7 8 4 6 9 10 | 11
s(t:rg?: t;?; no no yes | yes | no yes | yes | yes | yes | vyes

Initi?rL]P;%ight 13.85| 13.83 | 13.81 | 13.81 | 13.92 | 14.07 | 14.10 | 13.55 | 14.16 | 14.16

Initial length

of the major 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0
axis [mm]

Initial length
of the minor 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0
axis [mm]

Final height

[mm] - 12.65 | 12.80 | 12.80 - 13.00 | 12.93 | 12.43 | 12.99 | 12.99

Final length of
the major axis - - 20.67 | 20.65 | 20.67 | 20.67 | 20.64 | 20.65 | 20.63 | 20.72

[mm]

Final length of
the minor axis - - 10.66 | 10.65 | 10.66 | 10.69 | 10.75 | 10.70 | 10.69 | 10.77
[mm]

Paint layer
thickness 0.15 | 0.125| 0.20 0.17 0.17 | 0.125 | 0.15 0.14 | 0.125| 0.18
[mm]

Table4-5 Features of the different layer compression tests

4.2.4. Deepdrawing tests

Figure4-42 shows a schematic view of the device which is useldEM3 (Arts et Métiers
ParisTechi Metz Campus, Francajuring a @epdrawing processThe latter consists in
drawing a sheet metal into a forming die with a punch. A blasiller is used to maintain the
sheet during the process in order to prevent wrinkling which can occur near theottlges
blankif the blankholderforceis nonexistent or too low. On the other hand, a too high force
can cause a failure of the sheenally a lubricant is placed between the specimen and the
tools in order to reduce frictiafyr~ 0.04)

Deepdrawing was perfanedby Prof. T. Balan and his teaom five Ti6Al4V circular blanks

with a diameter of 180 mm.e. a radiusR, =90 mm Table 4-6 provides the geometries of

the tools and the lubricant used for each experiaté@st.lt can be noticed that just the inte

nal and profile radii of the matrix, as well as the lubricant, were changed from one experiment
to another. The speed of the punch was fixedraris. During eacklrawing the force and

the displacement of éhpunch vere measured. Thehe earing profile of the deformed cup
was manually determine@eeFigure4-43). Since failure occurs before the complete drawn

of the sheetor all the tests, the earing profile corresponds to theusaaof the cup as a fan

tion of the orientation with respect to RD.
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Figure 4-42 Schematic view of the experimental device used for déegwing

Test 1 Test 2 Test 3 Test 4 Test5
Radius of the punch R, 49.25 49.25 49.25 49.25 49.25
[mm]
Profile radius of the
punch r. [mm] 10 10 10 10 10
Internal radius of the
blank-holder R, [mm] 50 50 50 50 50
Internal radius of the
matrix R, [mm] 55 55 50 50 50
Profile radius of the ma-
trix ., [mm] 10 10 8 8 12

) . Ooil + . Ooil + Oil +

Lubricant Oil Teflon Oil Teflon Teflon
Blank-holder force [KN] 75 75 75 75 75

Table4-6 Features of the different deedrawing tests: dimensions of the tools and lubricant
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Figure 4-43 Determination of the earing profile (test 4)
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Experimental campaign

Chapter 5 Experimental campaign

In order to understand the mechanical behavior of Ti6AdNium alloy, several studies
have been conducted as well in moderate than in high strain rates and temperatures. Here is
given a non exhaustive list tifese investigations:owden and Hutchinson (19yperformed
tensile, compression and plane strain compression tests on six ltotegerial with diffe-

ent textures and observed a large strength differential effect for conditiare Wiec-axis
deformation is involvegrollansbee and @y (1989 carried out ompression tesist tempe-
atures between 76 and 495 K, and strain rates between 0.001 and'3G0Xishara and
Sanpei (199B8studied the evolution of the elastic moduli (Young modulus, shear modulus,
Poisson ratio, € ) Medhria tPdrilla tarid €5l $eeiliam é10pdestedrthe |
material under different quastatic stress states (tensionmpuession, simple sheai}yuno

and Dunn (199/measured the elastic constants for Ti6Al4vrbeans of neutron diffraction;
Lee and Lin (1998bandLee and Lin (1998astuded the effects of the strain rate (500 s

¢ & (3000 ') and the temperatuf@, . ¢ T ¢1100 °C) on the plastic deformation beha

ior; Macdougall and Harding (19%%arried out torsional tests over ade range of strain
rates (between 300 and 100€) sn thinwalled tubular specimen&jajorell et al. (2002 in-
vestigated the mechanical response under low and moderate strain rated (00069 as
well as various tempenate conditions (650 1340 K); Khanet al. (2004 and laterKhan et
al. (2007 studied the quasitatic, dynamic, multiaxial and negroportional loading respsn
es of Ti6Al4V at different strain rates and temperatufésys (2012 charactezed the impact
dynamic behavior of the material (strain rates between 100 and 1p06der tension, shear
and torsion; €

In this chapter, a comprehensive experimental investigation of the mechanical response of
Ti6Al4V is presented. The studied magns first introduced. Next the anisopy exhibited

by the alloy at room temperature is examined under different-gt&igi strain loading comd

tions and then for different strain rates in tension.
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5.1. Description of the material

TheTi6Al4V titanium alloy studied in this works in 0.6 mm thicksheetform designated as
ATI METAAETI6t ani um Tl e A®r o SlQechenica comppo® duced
tion is listed inTable5-1. The sheet was mill annealed one hour at 760°C.

Ti[%] Al [%] Vv [%] O[%] Nppm] Clppm] Hlppm] Fe[%]

TOP Bal. 6.22 3.93 0.19 60 80 100 0.16
BOTTOM Bal. 6.27 4.00 0.20 60 90 86 0.16

Table5-1 Chemical composition of tb Ti6Al4V alloy investigated (data provided by TIMET)

The microstructure and the initial texture of thereseived material were determined by
EBSD and XRD It is observed that the-phaseand b-phasevolume fractions are respeativ

ly of ~90% and ~10%Higure5-1). The average grain size is of ~u for thea-phasegsee
grain size distribution ifrigure5-2) while it is of ~1 pum for the -phaseThe analysis of the
(0002) pole figure shows that the material is initially anisotropic fsgare5-3). Indeedthe
texture displays two density peaks (between 5 and 6 m.r.d.) a8%from the plate normal
direction (ND) as well as a peak along TD (~3 m.r.d.)

TD

RD

Gray Scale Map Type: Image Quality
30.236..88. 482 (30.236..88.482)

Color Coded Map Type: Phase
Total Partition
FPhase Fraction Fraction
I Titanium (Alpha) 0882 0882
[ Titanium (Betay 0093 0093

Boundaries: =none=

Figure 5-1 Initial microstructure of Ti6Al4V (EBSD scan): thea-grains andb-grains are respectively colored
in red and in green
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area fraction []

1.2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
grain size (diameter) [um]

Figure 5-2 Grain size distribution of theg-phase

8 10 13 16 20

Figure5-3 Initial texture of TBAI4V ((0002) pole figure) measured by XRD; the scale Vs gi
enin m.r.d.

5.2. Study of the anisotopy

5.2.1. Anisotropy in tension

Figure5-4 shows the axial forceé longitudnal displacement curvasbtained in uniaxial &
sionfor eleven loading directions with respect to RB. from 0° to 90° by steps of 10° and
45°, The force $ measured by the load cell while the displacement is given igehbleanical
extensometer. It can already be noticed that the material displays an anisotropic behavior.

It has to be noted the small oscillations which are due to the regulation paramesteneiok.

In order to maintain a constant strain rate, the machine crosshead undergoes a series of acce
erations and decelerations, causing fluctuations which may be significant when choosing a
wrong set dregulation parameter3able5-2 lists the values used to inhibit as much as-po

sible the amplitude of these oscillations.
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Elongation control 0.005
Force control 0.2
Position control 0
Deceleration 10

Table5-2 Regulation paraneters used in tensile tests

Each curve plotted ifrigure 5-4 corresponds to an average of the four tests performed for
each loading direction. An example showing the eixpemtal and average curves for B@-
loadingdirectionis given inFigure5-5. The standard deviation ialso computed in order to
assess the experimental errdfgy(ire5-6).
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2 TA6V| 3
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=, :/ 3
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= E E
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L - -
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U PO T T T I O L b Ll g g | Ll s | Ll s 1 |:

0 2 4 6 8 10

displacement [mm)]

Figure 5-4 Force-displacement ctves in uniaxial tension along eleven loading directions in the plane of the

sheet
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Figure 5-5 Experimental and average foredisplacement curves in tension along the 3ditection
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Figure 5-6 Average forcedisplacement curves witterror bars for each loading direction
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Based on the measured force and displacement, the true stress and the logarithnaiestra
determined by using Edq4.15) and (4.6) respectively. The average stresdsin curves for
eachloadingdirection are depicted iRigure 5-7. The same experimental results with error
bars are given ifrigure 5-9. The stresstrain curves exhibit the standard concdegn a-
pearanceile. steadily acreasing hardening rate). In all tests, shear type fracture is observed
(seeFigure5-8).
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Figure 5-7 Stressstrain curves in uniaxial tension along eleven loading directions

Figure 5-8 Fracture of a tensile specimen
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Figure 5-9 Averagestressstrain curves witherror bars for each loading direction
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Elastic anisotropy

Young modulus is determined by linear regression on the elastic part of each tensie stress
strain curveFigure5-10 shows the average values as well as the standard deviationst€eompu
ed for each loading direction. #tan be noticed a low anisotropy, the largest and smallest
moduli (respectively 113 GPa and 105 GPa) being observed in the transverse direction and
the 50¢direction. Nevertheless, it will be assumed in this study that the material is isotropic

elastic witha Young modulusE given by the average over all the tested directioas,

E=E0+2E10 28, 2E, 2E, 2B, 2BEf 2Bt 2B, +2E, 1,

51
0 (5.1)
which leads toE =109 GPa.
120x10° ——r
S TA6V
=, 115
7)) - '.
= ! L
3 110% §
3 _
= [ % i
g 105] L3
= ' |
3 [ |
> [
ool v
0O 10 20 30 40 50 60 70 80 90

loading direction [°]

Figure 5-10 Young modulus as a function of the specimen orientation: the bold symbols are the aver&ge va
ues while thebars represent the standard deviation

Plastic anisotropy

The observation of the tensile strésstrain curves shows thasticanisotropy displayed by
TiBAI4V. In order to characterize this anisotropy, the uniaxial tensile yield séresa each

direction & with respect to RD is assessétierolling direction yield stress definedby the
offset method (seEigure5-11). The choice of the offset is fixed to a plastic strainvea),

usually 0.2% corresponding to a plastic wovk,” given by:
p_ oS _ bx p
W' =) S;d ¢ —Onsj (5.2

wheres and e’ are the axial stress and plastic strain, respectively.
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B
L

a

Tensile test RD

(_Ty'

LR

P
A £

[ar)
-

Figure 5-11 Determination of the tensé yield stress along RDL"(y = J0) by the offset method~(orés (2005)

For the other orientations, the weekuivalenceprinciple Hill (1987)) is used to dtermine
the yield stress (se®ppendix D. It hasto be noted that this technique will next be applied to
define the iitial yield limit for other stress states (deigure5-12).
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Figure 5-12 Determination of the yield stress for different stress states using the vegukivalence principle
(Florés (2009)

The material anisotropy can albe characterized by theatios The average axial and tsan
versal plastic strainalong the gage lengthre determined by using the data provided by
Aramis®. In all the tests, it is observed that the evolution of the plastic strains with time is
almostlinear as long as necking doest occur (see example éingure5-13). Ther-ratio can
thereby be considered as being constamt.each test, the following procedure is performed:

- atrend line is fitted on the linear part of kauastic strairtime curve;
- the axial and transversal plastic strain rates are given by the slope of the trend lines;
- ther-ratio is computed by using E@.16).
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Figure 5-13 Evolution of the axial and transversal plastic strains with time (test along-g&ction)

Figure5-14 andFigure5-15 respectivelyshow the anisotpy of the tensile yield stresses and
r-ratios as a function of the loading direction. It can be noticed that-jplane anisotropy in

initial yield stresses is moderate. An anisotropy ratictiertensile yield stregsdefined by

the ratio of the yial stress in the transverse direction (the largest one measured) to that in the
50°-direction (the smallest one measured) is 1.094. However, the anisotropsalines is

very stong, the r-ratio in the 60<direction (the largesbne being more than doublie r-

ratio in the 10<direction (the lowesbne.
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Figure 5-14 Anisotropy in tensile yield stresses: the bold symbols are the average values while the bars repr
sent the standard deviation

88



Experimental campaign

30—
:|TA6V|
[ $
2 ;
L } [ ]
T 20f 8
L2 [
© [ 3§
I 15[
X ']
®
0.5 : - - - - - - -
0 10 20 30 40 50 60 70 80 90

loading direction [°]

Figure 5-15 Anisotropy in rratios: the bold symbols are the average values while the bars represent the
standard deviation

The results ofigure 5-15 are compared with the @gafrom Fundenbergeet al. (1997 and
Medina Perilla and Gil Sevillano (19p6n Ti6Al4V, seeFigure 5-16. Ther-values dete
mined in this work are higher than those of both stydig®ly due to a different
thermomechanical treatment in the production of the shelewwever, it has to be noted a
very similar trend between the three sets of data.
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Figure 5-16 Comparison of the measuredratios withthe data fromFundenberger et al. (1997and Medina
Perilla and Gil Sevillano (199p

From Figure5-7, it can be observed that the hardening Qte g/ ¢ s different from one
loading direction to another. However the oscillations exhibited in the -stireés curves
make its computation rather difficult. Although different smoothing techniques were used
with the software IGOR Prdt was not possible to deteme with sufficient accuracy the
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evolution of Q during the deformatioand then the different hardening stages. Nevertheless,
in order to assess the influence of the loading direction on the hardening rate, a single proc
dure was pdormed and consisted in fitting a trend line on each ss&am curve in a deth-

ited strain range, namely between 1% and 6% in the present caség(se®-17). The ave

age hardening rat® is then provided by the slope of the line. The results Fagigre 5-18)

show that, when uniaxial tension is appli€ is maximal along RD and TD while it is mi
imal along the 45%irection, pointing outigainthe anisotropic behavior of Ti6AI4V.
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Figure 5-17 Example of linear fitting on a stresstrain curve in the strain range between 1% and 6% (test
along TD)
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Figure 5-18 Influence of the loading direction on the hardening rate when Ti6AI4V is subjected to uniaxial
tension
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Experimental campaign

5.2.2.

Anisotropy in compression

The average experimental curves in compression obtained by TUAT along R@iretiin
and TD are shown ifrigure 5-19 and Figure 5-20 while the yield stresses in each direction,
determined by the wor&quivalence principle, are givenkigure5-21 (a). As prevously, the
average hardening rate was also computed by fitting a straight line on each experimental
curve in the strain range from 1% to 6% for tensile tests and from 1% to 9% for compression
tests. The results are givenkigure5-21 (b). Regardless of the loading orientation, theanat

rial is strongest in TD (seleigure 5-19), the material anisotropy in tension being more- pr
nounced than in compression. Comparison between the tensile and compressinsesesp
along each of these loading directions show that the material displays teosipression
asymmetry in yielding and hardeninggure5-20 andFigure5-21).
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Figure 5-19 Uniaxial test results (left panel: average curves; right panalerage curves with error baysn
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Figure 5-20 Comparison between the tension and compression response in (a) RD, (wiregtion, (c) TD,
respectively
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