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Résumé

Les alliages de titane sont utilisés dans différents secteurs industriels, notam-

ment dans l’aéronautique et le biomédical. Leur utilisation croissante est princi-

palement due à des caractéristiques mécaniques spécifiques élevées, une très bonne

résistance à la corrosion et une bonne conservation de leurs performances à haute

température. À température ambiante, les alliages de titane peuvent présenter des

microstructures différentes et sont généralement classés suivant trois catégories :

les alliages α (structure hexagonale compacte), les alliages β (structure cubique

centrée) et les alliages α+β. Les propriétés mécaniques telles que la ductilité ou

encore la formabilité sont largement dépendantes de leur microstructure.

Ce travail porte sur l’étude du comportement mécanique des alliages de titane

β métastables de plus en plus utilisés dans les applications aéronautiques, en rem-

placement des alliages de titane α+β. L’objectif principal est d’étudier l’influence

de la microstructure, en particulier la texture, sur la formabilité de ces matériaux.

Les alliages β métastables Ti21S et Ti5553 ont été sélectionnés.

Différentes microstructures ont été obtenues en faisant varier le taux de lam-

inage et les traitements thermiques appliqués. Une analyse de ces microstruc-

tures incluant de la fractographie, le suivi de la taille des grains et de la texture

a été menée. Une caractérisation mécanique (écrouissage et formabilité) de ces

différentes microstructures est tout d’abord effectuée à partir d’une campagne

d’essais de traction uniaxiale.

Les résultats obtenus montrent que le taux de laminage et la précipitation α

affectent la formabilité. Un modèle numérique de type Marciniak et Kuczyński (M-

K) est ensuite proposé afin de prédire des courbes limites de formage complètes

pour les différentes microstructures étudiées. La valeur du défaut géométrique du

modèle M-K est calibrée à partir des résultats des essais de traction uniaxiale.

Une campagne expérimentale avec un dispositif de mise en forme de type

Marciniak est enfin menée pour la nuance Ti21S afin de parcourir différents chemins

de déformation et de discuter le caractère prédictif du modèle proposé.

3





Abstract

Titanium alloys are widely used in industries (aeronautics, biomedical . . . ) due

to their high specific mechanical characteristics, very good corrosion resistance and

high temperature performances. At room temperature, titanium alloys can exhibit

different microstructures and are generally classified into three categories: α alloys

(hexagonal compact structure), β alloys (centered cubic structure) and α+β alloys.

Mechanical properties such as ductility or formability are largely dependent on

their microstructure.

This work focuses on the study of the behaviour of β metastable titanium alloys

increasingly used in aeronautical applications as a replacement for α+β titanium

alloys. The main objective is to study the influence of microstructure, in particular

texture, on the formability of such materials. The metastable alloys Ti21S and

Ti5553 are selected for this study.

Different microstructures controlled by the rolling rate and heat treatments are

obtained. An analysis of these microstructures including fractography, analysis of

grain size and texture is carried out. First, a mechanical characterization (hard-

ening and formability) of these different microstructures is carried out thanks to

a campaign of uniaxial tensile tests.

The results show that both the rolling ratio and the α precipitation impact

the formability. A numerical model based on the Marciniak and Kuczyński (M-K)

theory is proposed for the prediction of the whole forming limit curves, for the

different studied microstructures. The value of the geometrical imperfection of the

M-K model is calibrated from the uniaxial tensile tests.

Finally, an experimental campaign on a Marciniak-type set-up permits to follow

various strain paths for the Ti21S grade and discuss the predictive character of

the proposed model.
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Abstract 5

List of Figures 11

List of Tables 17

Notations 19

Introduction Générale 21

General introduction 25

1 Applications, microstructures and mechanical properties of tita-

nium alloys 29

1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

1.2 Applications of titanium alloys in aviation industry . . . . . . . . . 32

1.3 Classification of titanium alloys . . . . . . . . . . . . . . . . . . . . 35

1.3.1 Introduction of the classification . . . . . . . . . . . . . . . . 35

1.3.2 α alloys (x ≈ 0) . . . . . . . . . . . . . . . . . . . . . . . . . 35

1.3.3 Near α alloys (0 < x < 0.3) . . . . . . . . . . . . . . . . . . 36

1.3.4 α+β alloys (0.3 < x < 1.5) . . . . . . . . . . . . . . . . . . . 36

1.3.5 Metastable β alloys (1.5 < x < 3) . . . . . . . . . . . . . . . 36

1.3.6 β alloys (x > 3) . . . . . . . . . . . . . . . . . . . . . . . . . 37

1.3.7 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

1.4 Microstructure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

1.4.1 Phases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

1.4.2 Texture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

1.4.3 Fractography . . . . . . . . . . . . . . . . . . . . . . . . . . 46

1.5 Mechanical properties of titanium alloys . . . . . . . . . . . . . . . 48

7



8 Contents

1.5.1 Effect of heat treatment on mechanical properties . . . . . . 48

1.5.2 Influence of phase arrangement . . . . . . . . . . . . . . . . 51

1.5.3 Anisotropy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

1.5.4 Anisotropic yield criterion . . . . . . . . . . . . . . . . . . . 54

1.5.5 Hardening laws . . . . . . . . . . . . . . . . . . . . . . . . . 56

1.5.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

1.6 Experimental FLC . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

1.6.1 Nakazima and Marciniak tests . . . . . . . . . . . . . . . . . 58

1.6.2 Factors affecting forming limit curve . . . . . . . . . . . . . 59

1.7 Predicted FLC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

1.7.1 Models for predicting FLC . . . . . . . . . . . . . . . . . . . 62

1.7.2 Marciniak-Kuczynski model . . . . . . . . . . . . . . . . . . 63

1.7.3 FLC for titanium alloys . . . . . . . . . . . . . . . . . . . . 66

1.7.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

1.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

2 Microstructure and mechanical properties 69

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

2.2 Experimental procedure . . . . . . . . . . . . . . . . . . . . . . . . 71

2.2.1 Materials, thermomechanical treatments and tensile tests . . 71

2.2.2 EBSD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

2.2.3 Method of plotting forming limit points . . . . . . . . . . . . 74

2.2.4 Method for calculating Lankford coefficients r . . . . . . . . 76

2.3 Microstructure of Ti21S and Ti5553 alloys . . . . . . . . . . . . . . 79

2.3.1 Grain size of Ti21S and Ti5553 alloys . . . . . . . . . . . . . 79

2.3.2 Texture of Ti21S and Ti5553 alloys . . . . . . . . . . . . . . 79

2.3.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

2.4 Tensile tests of Ti21S and Ti5553 alloys . . . . . . . . . . . . . . . . 85

2.4.1 Tensile results of Ti21S and Ti5553 alloys . . . . . . . . . . 85

2.4.2 Forming limit points and r-values of Ti21S and Ti5553 alloys 90

2.4.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

2.5 Fracture analysis of Ti21S and Ti5553 alloys . . . . . . . . . . . . . 93

2.5.1 Fractographs of Ti21S . . . . . . . . . . . . . . . . . . . . . 93

2.5.2 Fractographs of Ti21S+ . . . . . . . . . . . . . . . . . . . . 95

2.5.3 Fractographs of Ti5553 . . . . . . . . . . . . . . . . . . . . . 96

2.5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

2.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97



Contents 9

3 Prediction of forming limits at necking 99

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

3.2 Numerical M-K model . . . . . . . . . . . . . . . . . . . . . . . . . 101

3.2.1 Definition of the FE M-K model . . . . . . . . . . . . . . . . 101

3.2.2 Failure criterion of M-K model . . . . . . . . . . . . . . . . . 102

3.2.3 Comparison of numerical and analytical predictions of form-

ing limits from M-K model . . . . . . . . . . . . . . . . . . . 104

3.2.4 Effect of the initial imperfection factor f0 . . . . . . . . . . . 105

3.2.5 Identification of Ludwik’s hardening law . . . . . . . . . . . 106

3.2.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

3.3 Anisotropy characterization of Ti21S . . . . . . . . . . . . . . . . . 110

3.3.1 Lankford coefficients of Ti21S 0 . . . . . . . . . . . . . . . . 110

3.3.2 Anisotropy parameters of Ti21S 0 . . . . . . . . . . . . . . . 111

3.3.3 Validating the anisotropy of Ti21S 0 by simulation . . . . . 111

3.4 Predicted FLCs of Ti21S, Ti21S+ and Ti5553 . . . . . . . . . . . . 113

3.4.1 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . 113

3.4.2 Predicted FLCs of Ti21S L,0, Ti21S L, Ti21S T, Ti21S+

and Ti5553 . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

3.4.3 Predicted FLCs of Ti21S L,0, Ti21S L,50 and Ti21S L,75 . . 116

3.4.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

4 Characterization of the formability of Ti21S titanium alloy by

Marciniak test 121

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

4.2 Presentation of Marciniak test . . . . . . . . . . . . . . . . . . . . . 123

4.2.1 Marciniak test device . . . . . . . . . . . . . . . . . . . . . . 123

4.2.2 Marciniak test specimen . . . . . . . . . . . . . . . . . . . . 124

4.2.3 Experimental validation of the Marciniak test dimensions for

titanium alloys . . . . . . . . . . . . . . . . . . . . . . . . . 125

4.3 Simulation and optimization of the Marciniak test . . . . . . . . . . 127

4.3.1 Finite element model of Marciniak test . . . . . . . . . . . . 127

4.3.2 Parametric study . . . . . . . . . . . . . . . . . . . . . . . . 130

4.3.3 Effect of fillet radius of blank holder rb . . . . . . . . . . . . 131

4.3.4 Effect of different fillet radius of punch rp . . . . . . . . . . . 135

4.3.5 Effect of the shape of specimen . . . . . . . . . . . . . . . . 138

4.3.6 Effect of different thicknesses of intermediate part Ei . . . . 139

4.3.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

4.4 Marciniak test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143



10 Contents

4.4.1 Experimental characterization of the formability on Ti21S

alloy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

4.4.2 Difficulty of detecting the forming limit . . . . . . . . . . . . 143

4.4.3 Modified fitting method . . . . . . . . . . . . . . . . . . . . 145

4.4.4 Results of Ti21S . . . . . . . . . . . . . . . . . . . . . . . . 147

4.4.5 Discussion and conclusions . . . . . . . . . . . . . . . . . . . 150

4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

Conclusions et Perspectives 152

Conclusions and Perspectives 154

Appendix 157

Bibliography 161



List of Figures

1.1 The cost index of some common structure materials . . . . . . . . . 31

1.2 Applications of titanium in U.S . . . . . . . . . . . . . . . . . . . . 32

1.3 Application of Ti21S in the nozzle area of Boeing 777 . . . . . . . . 33

1.4 Ti5553 alloy in the Boeing 787 main landing gear . . . . . . . . . . 34

1.5 Superplastically formed TA6V engine nacelle component for the

Boeing 757 from a single sheet . . . . . . . . . . . . . . . . . . . . . 34

1.6 Three-dimensional phase diagram of Ti alloys . . . . . . . . . . . . 36

1.7 The comparison of mechanical properties of α+β titanium alloy and

β titanium alloy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

1.8 Different heat treatments according to the temperature in the phase

diagram of α+β alloys and metastable β titanium alloys . . . . . . 38

1.9 TTT diagram of Ti21S . . . . . . . . . . . . . . . . . . . . . . . . . 39

1.10 Processing route of Ti21S . . . . . . . . . . . . . . . . . . . . . . . 39

1.11 SEM microstructure of Ti21S . . . . . . . . . . . . . . . . . . . . . 40

1.12 Tensile true-stress-true-strain curves for the solution treated and

the precipitated microstructures . . . . . . . . . . . . . . . . . . . . 41

1.13 TTT diagram of Ti5553 . . . . . . . . . . . . . . . . . . . . . . . . 41

1.14 Microstructures of Ti5553 . . . . . . . . . . . . . . . . . . . . . . . 42

1.15 Tensile curves of Ti5553 with pure β phase, α+β phases and TA6V 43

1.16 Stereographic projection of orientation relationship from β to α

transformation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

1.17 Main rolling texture fiber of bcc materials in ODF . . . . . . . . . . 44

1.18 ODF of the section ϕ2=45◦ with a strong γ fiber . . . . . . . . . . . 45

1.19 Young’s modulus parallel to the tensile axis of single crystal in 28

orientations obtained from both considered β-phase single crystal

elastic constants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

1.20 Fracture surfaces of Ti5553 of powder metallurgy (PM) and ingot

metallurgy (IM) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

1.21 Fracture surfaces of Ti5553 after solution treated at 830°C plus aged

at 520°C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

1.22 Processing routes HT1 and HT2 on Ti5553 alloys . . . . . . . . . . 50

11



12 List of Figures

1.23 Tensile curves of Ti5553 and Ti-12Nb alloy under HT1 and HT2

treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

1.24 Effect of texture on the anisotropy of Young’s modulus in Ti-6Al-4V

alloys . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

1.25 Effect of tensile directions on the anisotropy of yield strength and

ductility RA in Ti-6Al-4V alloys . . . . . . . . . . . . . . . . . . . . 53

1.26 Effect of r-value on the yield surface . . . . . . . . . . . . . . . . . . 53

1.27 The influence of texture and r-value on the necking and fracture

behaviour on tensile test by using TA6V . . . . . . . . . . . . . . . 55

1.28 Edge cracking on the radius . . . . . . . . . . . . . . . . . . . . . . 57

1.29 Four points to detect forming limit curves . . . . . . . . . . . . . . 58

1.30 Nakazima and Marciniak tests . . . . . . . . . . . . . . . . . . . . . 59

1.31 Forming limit curves by different testing methods . . . . . . . . . . 60

1.32 Strain paths from different methods . . . . . . . . . . . . . . . . . . 60

1.33 Influence of strain path on the forming limit curve . . . . . . . . . . 61

1.34 Influence of temperature on the forming limit curve . . . . . . . . . 61

1.35 Influence of punch speed on the forming limit curve . . . . . . . . . 62

1.36 The classification of theoretical models for predicting forming limit

curves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

1.37 Representation of the M-K model . . . . . . . . . . . . . . . . . . . 64

1.38 Predicted FLC for Ti-6Al-4V for different strain rates from theoret-

ical M-K model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

1.39 Comparison of predicted FLC from M-K model and the Marciniak

test results for TNW700 titanium alloy . . . . . . . . . . . . . . . . 67

1.40 Experimental results of FLC for several titanium alloys . . . . . . . 67

2.1 Tensile specimen . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

2.2 Mechanical and heat treatment applied to Ti21S and Ti5553 alloys 73

2.3 Specimen geometries and the corresponding strain paths of FLC . . 75

2.4 Detecting forming limit strain from ISO 12004-2 . . . . . . . . . . . 76

2.5 Comparison of limit points from ISO 12004-2 and modified method

proposed by Chu . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

2.6 Position of the five selected points on the specimen Ti21S L,0 . . . 77

2.7 Strain range of 50%-75% of maximum strain for the specimen Ti21S

L,0-1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

2.8 Evolution of ε2 and ε3 of the 5 points chosen on specimen Ti21S L,0

and its averaged strain evolution curve . . . . . . . . . . . . . . . . 78

2.9 EBSD IPF maps of Ti21S and Ti5553 alloys (X direction is along

rolling direction) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

2.10 Distribution of grains diameter of Ti21S alloy . . . . . . . . . . . . 81



List of Figures 13

2.11 Distribution of grains diameter of Ti5553 alloy . . . . . . . . . . . . 81

2.12 Inverse pole figure of Ti21S (a) 0% reduction rate, (b) 50% reduction

rate, (c) 75% reduction rate (X0 corresponds to the rolling direction) 82

2.13 Inverse pole figure of Ti5553 (a) 0% reduction rate, (b) 50% re-

duction rate, (c) 75% reduction rate (X0 corresponds to the rolling

direction) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

2.14 ϕ2=45◦ section of ODF of Ti21S (a) 0% reduction rate, (b) 50%

reduction rate, (c) 75% reduction rate . . . . . . . . . . . . . . . . . 84

2.15 ϕ2=45◦ section of ODF of Ti5553 (a) 0% reduction rate, (b) 50%

reduction rate, (c) 75% reduction rate . . . . . . . . . . . . . . . . . 85

2.16 Comparison of tensile curves of Ti21S alloys: (a) L direction, (b) T

direction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

2.17 Comparison of tensile curves of Ti21S 0 and Ti21S+ 0: (a) L direc-

tion, (b) T direction . . . . . . . . . . . . . . . . . . . . . . . . . . 87

2.18 Comparison of tensile curve of Ti5553 alloys: (a) L direction, (b) T

direction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

2.19 Average forming limit points and r-values for Ti21S and Ti5553 alloys 91

2.20 Ti21S 0 SEM images . . . . . . . . . . . . . . . . . . . . . . . . . . 93

2.21 Ti21S 50 SEM images . . . . . . . . . . . . . . . . . . . . . . . . . 94

2.22 Ti21S 75 SEM images . . . . . . . . . . . . . . . . . . . . . . . . . 94

2.23 Ti21S+ 0 SEM images . . . . . . . . . . . . . . . . . . . . . . . . . 95

2.24 Ti5553 SEM images . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

3.1 (a) M-K analytical model and (b) 1/8 of the M-K model and its

dimensions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

3.2 Finite element model of the M-K model . . . . . . . . . . . . . . . . 102

3.3 Identify the necking of Ti21S L,0 . . . . . . . . . . . . . . . . . . . 103

3.4 The effect of different critical increment ratios on predicted FLC of

aluminium alloy AA6111-T4 . . . . . . . . . . . . . . . . . . . . . . 103

3.5 Validation of finite element model by comparing numerical and an-

alytical results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

3.6 Effect of different initial imperfection f0 on predicted forming limit

curve of AA6056 aluminium alloy . . . . . . . . . . . . . . . . . . . 106

3.7 Definition of fitting zone . . . . . . . . . . . . . . . . . . . . . . . . 107

3.8 The fitting of Ti21S L,0, Ti21S+ L,0 and Ti5553 L,0 . . . . . . . . 108

3.9 The fitting of Ti21S L,0, Ti21S L,50 and Ti21S L,75 . . . . . . . . . 109

3.10 r-value of Ti21S 0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

3.11 Finite model for validation r-value of Ti21S 0 . . . . . . . . . . . . 111

3.12 Method of calculating r-value in simulation . . . . . . . . . . . . . . 112

3.13 Comparison of the r-value of Ti21S 0 from simulation and experiment112



14 List of Figures

3.14 Schematic of plotting the whole FLC by using different S values . . 114

3.15 Comparison of experimental point and predicted FLC assuming (a)

isotropic Ti21S, (b) anisotropic Ti21S L and Ti21S T . . . . . . . . 115

3.16 Comparison of experimental point and predicted FLC of (a) Ti21S+,

(b) Ti5553 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

3.17 Comparison of experimental point and predicted FLC of Ti21S L,0,

Ti21S L,50 and Ti21S L,75 . . . . . . . . . . . . . . . . . . . . . . . 118

4.1 Marciniak test device . . . . . . . . . . . . . . . . . . . . . . . . . . 124

4.2 Dimensions (in mm) of Marciniak device . . . . . . . . . . . . . . . 124

4.3 Dimensions of Marciniak test specimen with three thicknesses (0.8mm,

1.5mm and 2mm) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

4.4 Specimen painted with a speckle pattern . . . . . . . . . . . . . . . 126

4.5 Forming limit curve and the corresponding specimen of Marciniak

test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

4.6 Uniaxial and plane strain TA6V specimens before and after Marciniak

tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

4.7 Marciniak test parts of the model . . . . . . . . . . . . . . . . . . . 127

4.8 Three thickness zones and mesh of Marciniak specimen . . . . . . . 128

4.9 Plastic strain - stress curves of TA6V and Ti40 . . . . . . . . . . . 128

4.10 Mises stress distribution on the TA6V specimen when the maximum

reaches 1131 MPa . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

4.11 Mises stress distribution on the specimen Ti40 when the maximum

reaches 627 MPa . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

4.12 Definition of center (C), bending center (B,c) and bending edge (B,e)131

4.13 Distribution of Mises stress for Ti40 uniaxial specimens with differ-

ent fillet radius of blank holder rb . . . . . . . . . . . . . . . . . . . 132

4.14 Evolution of the equivalent plastic strain (PEEQ) with different

fillet radius of blank holder rb. Red vertical line indicates the punch

displacement when the maximun Mises stress is reached . . . . . . . 133

4.15 Effect of the fillet radius of blank holder on the G value . . . . . . . 134

4.16 Distribution of Mises stress for Ti40 uniaxial specimens with differ-

ent fillet radius of punch rp . . . . . . . . . . . . . . . . . . . . . . . 136

4.17 Evolution of equivalent plastic strain (PEEQ) with different fillet

radius of punch rp. Red vertical line indicates the punch displace-

ment when the maximun Mises stress is reached . . . . . . . . . . . 137

4.18 Effect of the fillet radius of punch on the G value . . . . . . . . . . 138

4.19 Section of the new specimen shape with curved surface . . . . . . . 138

4.20 Distribution of Mises stress for Ti40 uniaxial specimens with curved

surface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139



List of Figures 15

4.21 Distribution of Mises stress for Ti40 uniaxial specimens with differ-

ent thicknesses of intermediate part Ei . . . . . . . . . . . . . . . . 140

4.22 Evolution of the equivalent plastic strain (PEEQ) with different

thicknesses of intermediate part Ei. Red vertical line indicates the

punch displacement when the maximun Mises stress is reached . . . 141

4.23 Effect of intermediate thickness on the G value . . . . . . . . . . . . 142

4.24 Marciniak specimens of Ti21S . . . . . . . . . . . . . . . . . . . . . 144

4.25 Section and the fitting on the Marciniak specimen 3u . . . . . . . . 145

4.26 Comparison of the standard fitting curve fitted with the specimens

which have high level strain distribution and low level strain distri-

bution along the section . . . . . . . . . . . . . . . . . . . . . . . . 146

4.27 Distribution of major strain after Marciniak test (specimen 3u) and

its fitting curve with the modified method . . . . . . . . . . . . . . 147

4.28 Marciniak test results of all experimental points on Ti21S . . . . . . 148

4.29 Comparison between the predicted FLC and all the points on Ti21S 148

4.30 Marciniak test of Ti21S uniaxial specimen and its strain path . . . 149

4.31 Marciniak test of Ti21S plane strain specimen and its strain path . 149

4.32 Marciniak test of Ti21S equibiaxial specimen and its strain path . . 150

4.33 ODF of Ti21S 0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

4.34 ODF of Ti21S 50 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

4.35 ODF of Ti21S 75 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

4.36 ODF of Ti5553 0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

4.37 ODF of Ti5553 50 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

4.38 ODF of Ti5553 75 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160





List of Tables

1.1 Application of specific titanium alloys in selected parts of aviation

industry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

1.2 Mechanical properties of Ti5553 . . . . . . . . . . . . . . . . . . . . 42

1.3 The phases, heat treatment and yield strength of some β titanium

alloys . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

1.4 Tensile properties of Ti5553 . . . . . . . . . . . . . . . . . . . . . . 50

1.5 Predicted plastic anisotropy by textures . . . . . . . . . . . . . . . 54

1.6 Hardening laws of metallic materials . . . . . . . . . . . . . . . . . 56

2.1 Definition of parameters in detecting limit strain . . . . . . . . . . . 75

2.2 Statistics of average grain size and standard deviation of Ti21S and

Ti5553 alloys . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

2.3 Mechanical properties of Ti21S and Ti5553 alloys (1 of 2) . . . . . . 89

2.4 Mechanical properties of Ti21S and Ti5553 alloys (2 of 2) . . . . . . 90

3.1 Fitting parameters by Ludwik’s law . . . . . . . . . . . . . . . . . . 107

3.2 Fitting parameters by Ludwik’s law of Ti21S with different rolling

reduction rates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

3.3 Anisotropy parameters of Ti21S 0 . . . . . . . . . . . . . . . . . . . 111

3.4 Properties of the materials used in simulation of isotropic Ti21S

L,0, anisotropic Ti21S L, anisotropic Ti21S T, Ti21S+ and Ti5553 . 114

3.5 Minimum S value and imperfection f0 used in predicted FLC of

isotropic Ti21S L, anisotropic Ti21S L, anisotropic Ti21S T, Ti21S+

and Ti5553 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

3.6 Properties of the materials used in simulation of Ti21S L,0, Ti21S

L,50 and Ti21S L,75 . . . . . . . . . . . . . . . . . . . . . . . . . . 116

3.7 Minimum S value and imperfection value f0 used in predicted FLC

of Ti21S alloys with different reduction rate . . . . . . . . . . . . . 118

4.1 Dimensions of Marciniak specimens . . . . . . . . . . . . . . . . . . 125

4.2 Ultimate tensile strength (UTS), Young’s modulus (E) and Poisson

ratio (υ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

17



18 List of Tables

4.3 G value and displacement of the punch (H) when ultimate tensile

strength is reached with different fillet radius of blank holder rb . . 134

4.4 G value and displacement of the punch (H) when ultimate tensile

strength is reached with different fillet radius of punch rp . . . . . . 135

4.5 G value and displacement of the punch (H) when ultimate tensile

strength are reached with different thicknesses of intermediate part

Ei . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142



Notations

DIC Digital Image Correlation

FLC Forming Limit Curve

FLD Forming Limit Diagram

M-K Marciniak and Kuczynski

SPF Superplastic forming

Y S Yield strength

UTS Ultimate tensile strength

E Young’s modulus

A Elongation

x Ratio of equivalent molybdenum [Mo]eq(%) and equiv-

alent aluminium [Al]eq(%)

d Interparticle spacing of α phase

r Lankford coefficients

σij Stress components

F,G,H,L,M,N Constants related to the component of the stresses in

Hill48 criterion

Rij Anisotropy parameters

rθ Lankford coefficients with the angle θ to the rolling di-

rection.

σ̄ Equivalent stress

ε̄ Equivalent strain

ε̄p Equivalent plastic strain

n Strain hardening coefficient

K, K1, K2 Strength coefficient

19



20 List of Tables

A, B, C Material parameters in hardening laws

σ0 Initial yield stress

ε0 Initial strain

f0 Imperfection factor in M-K model

ea0, eb0 Thickness of the sheet corresponding to the homoge-

neous region (zone a) and the region of the groove (zone

b)

∆εkij Strain component increment

∆ε̄kp Equivalent plastic strain increment

Wl, Wr Width of left fit window (Wl) and right fit window (Wr)

ϕ2 One of the Euler angle

u, v Displacement along the longitudinal direction u and

transversal direction v of the numerical M-K model

S Ratio of displacement in two different directions (v/u)

σm Maximum true stress

εm Plastic strain when the stress reaches its maximum value

σm

R, Rm, Re, Rc Radius of the machining on the specimen

W Width of the Marciniak specimen

rp, rb Fillet radius of punch (rp), Fillet radius of blank holder

(rb)

H Displacement of the punch in simulation

Ec, Ei, Em Thickness in the center, intermediate and clamping part

corresponding

υ Poisson ratio

ε̄c Equivalent plastic strain in the center part of the

Marciniak specimen

ε̄B,c Equivalent plastic strain in the bending center of the

Marciniak specimen

ε̄B,e Equivalent plastic strain in the bending edge of the

Marciniak specimen

a, b, c, d Constants in fitting equations



Introduction Générale

De nombreuses propriétés intrinsèques sont à l’origine d’une utilisation perfor-

mante des alliages de titane pour diverses applications. Dans l’industrie aéronauti-

que, leurs caractéristiques mécaniques spécifiques élevées, à la fois pour la résistance

et la rigidité, sont des atouts considérables lorsque des réductions de masse sont

requises. Les procédés de mise en forme des tôles métalliques sont très répandus

pour la production de composants divers. La faible formabilité de certains matériaux,

comme pour certains alliages de titane à température ambiante, peut limiter leur

utilisation. Les alliages de titane présentent différentes microstructures suivant la

taille et l’agencement des deux phases α et β. La microstructure affecte les pro-

priétés mécaniques des tôles et notamment la formabilité pour les alliages de titane.

Sous certaines conditions, les alliages β peuvent présenter une bonne formabilité

qui peut diminuer après vieillissement en raison de la précipitation de la phase α

qui améliore la résistance mécanique au détriment de la ductilité.

Afin d’optimiser les paramètres des procédés de mise en forme, des outils de

prédiction des limites de formabilité doivent être définis. Ces outils nécessitent

une bonne connaissance du comportement rhéologique des matériaux. Compte

tenu du lien existant entre la microstructure et le comportement mécanique des

alliages de titane, il est indispensable d’évaluer et d’optimiser la contribution de la

microstructure sur l’aptitude du matériau à supporter des niveaux de déformation

élevés. Peu d’études existent dans la littérature scientifique concernant la car-

actérisation de la formabilité des alliages de titane et l’effet de la microstructure

n’est jamais quantifié.

Le Diagramme Limite de Formage (DLF) est l’outil habituellement utilisé pour

évaluer la formabilité des tôles métalliques. Malgré quelques inconvénients, cet

outil reste très répandu compte tenu de sa simplicité d’utilisation. Il a fait l’objet

de nombreux travaux scientifiques, dans le cadre d’approches expérimentales, an-

alytiques ou numériques. Un grand nombre d’outils prédictifs a été proposé pour

tracer des Courbes Limites de Formage (CLFs). Ces CLFs doivent couvrir une

21



22 List of Tables

large plage d’états de déformation. La plupart de ces outils sont basés sur la

théorie de Marciniak et Kuczynski (M-K). Cette approche suppose la présence

initiale d’un défaut géométrique, responsable de l’apparition d’une striction. Les

principales difficultés liées à la mise en œuvre de cette approche restent la cal-

ibration du défaut géométrique et la modélisation du comportement mécanique

du matériau (écrouissage, anisotropie, . . . ). L’utilisation de la théorie M-K pour

prédire les CLFs des alliages de titane reste très limitée dans la littérature.

Les tests de mise en forme de type Nakazima et Marciniak sont classique-

ment utilisés pour la détermination des CLFs expérimentales des tôles métalliques.

Cependant, cette procédure de caractérisation est très longue et nécessite la mise à

disposition de nombreuses éprouvettes de forme différente afin de suivre plusieurs

chemins de déformation. Pour ces raisons, beaucoup d’efforts sont consacrés à la

mise en œuvre d’outils prédictifs fiables des limites de formabilité. Ainsi, le re-

cours aux caractérisations expérimentales n’est pas systématique pour construire

des DLF mais il reste indispensable pour évaluer le potentiel des outils prédictifs

pour les nouveaux matériaux. Le principal objectif de ce travail consiste à étudier

l’effet de la microstructure sur la formabilité des alliages de titane β métastables

qui sont de plus en plus utilisés pour des applications aéronautiques, en remplace-

ment des alliages α+β classiques. Cette étude s’appuie sur un travail expérimental

réalisé à partir d’essais conventionnels de traction et de mise en forme pour deux

alliages de titane de type β et disponibles sous différentes microstructures : le

Ti21S et le Ti5553. Une modélisation numérique du modèle M-K est proposée

afin d’effectuer une comparaison de limites de formabilité prédites et obtenues

expérimentalement.

Dans le premier chapitre, une revue bibliographique est proposée. Après une

présentation succincte des principales applications et de la classification des alliages

de titane, un point est réalisé sur la microstructure et sur les propriétés mécaniques

macroscopiques de ces alliages. La dernière partie de ce chapitre est consacrée à

la caractérisation expérimentale et à la prédiction des CLFs, avec un focus sur les

alliages de titane.

Le chapitre 2 est consacré à la présentation des résultats de caractérisation

de la microstructure et des propriétés mécaniques des alliages Ti21S et Ti5553.

Différentes microstructures sont obtenues en modifiant la microstructure d’origine

par laminage à froid avec des taux de réduction de 0%, 50% et 75% en épaisseur du

matériau brut de réception, suivi d’un traitement de mise en solution. Une analyse

EBSD (Electron Back Scattered Diffraction/Diffraction d’électrons rétrodiffusés)

est effectuée pour étudier la taille des grains et les textures pour chaque condi-

tion. Des essais de traction conventionnels sont réalisés pour toutes les condi-

tions afin de caractériser les différents comportements élastoplastiques ainsi que
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les déformations limites associées à un état de traction uniaxiale. La méthode de

corrélation d’images (DIC: digital image correlation) est employée pour calculer les

champs de déformation sur la surface des éprouvettes. Suivant la microstructure,

différentes valeurs de limites de formabilité sont mesurées. L’analyse des faciès de

rupture par microscopie (SEM: scanning electron microscope) à la fin du chapitre

fournit des éléments complémentaires quant au lien existant entre formabilité et

microstructure.

Dans le chapitre 3, un modèle prédictif numérique des limites de formabilité

est proposé. Il est basé sur la modélisation par la méthode des éléments finis du

modèle M-K. Les différents comportements élastoplastiques identifiés à partir des

résultats des essais de traction sont implémentés dans les simulations. La valeur

du défaut géométrique est également calibrée à partir des essais uniaxiaux. Le

caractère anisotrope de l’alliage Ti21S est évalué et son influence sur la prédiction

des limites de formage est discutée.

Le chapitre 4 présente les résultats expérimentaux obtenus pour le Ti21S à

partir d’un dispositif d’essai de type Marciniak. Au préalable, une optimisation

de certaines dimensions du dispositif est réalisée afin de maximiser les chances

d’observation de la striction et de la rupture dans la zone d’étude des éprouvettes.

Compte tenu de la faible ductilité des alliages étudiés, cette précaution s’est avérée

essentielle. Une comparaison entre des CLFs prédites et expérimentales est réalisée

à la fin du chapitre afin de discuter la validité de l’outil prédictif.





General introduction

Titanium alloys find a wide range of uses due to the combination of very

favourable characteristics. In aeronautical industry, their high specific mechanical

properties (strength and stiffness) are strong assets for mass reduction require-

ments. Sheet metal forming processes are very common for the manufacturing of

diverse components. The low formability of some materials, like some titanium

alloys at ambient temperature, can significantly limit their applications. Titanium

alloys exhibit different microstructures by controlling the size and arrangement of

the two phases α and β. The microstructure affects the mechanical properties,

including the formability of the sheets made from titanium alloys. Under some

conditions, β alloys can exhibit good formability which can be reduced after aging

because of the precipitation of the α phase which improves the mechanical strength

and decreases the ductility.

In order to optimize the forming process parameters, predictive tools for the

forming limits need to be defined. These tools require a very good knowledge of

the rheological behaviour of the material. Due to the link between microstruc-

ture and mechanical behaviour of titanium alloys, it is essential to evaluate and

optimize the contribution of the microstructure on the ability of the material to

reach high deformations. Few studies can be found in the literature concerning the

characterization of formability of titanium alloys and the effect of microstructure

is never quantified.

The usual tool to evaluate the sheet metal formability is the Forming Limit

Diagram (FLD). Despite some disadvantages, the method remains widely used due

to its simplicity and it has been the subject of extensive experimental, analytical

and numerical research works. In order to plot Forming Limit Curves (FLCs)

which cover a wide range of strains states, many predictive tools have been pro-

posed. Most of them are based on the Marciniak and Kuczynski (M-K) theory.

This approach assumes a pre-existing geometrical defect which induces the onset

of necking. The main difficulties with the use of this method remain the calibra-
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tion of the geometrical defect and the modelling of the mechanical behaviour of

the material (hardening, anisotropy . . . ). The applications of the M-K theory to

predict FLCs for titanium alloys are very seldom in the literature.

The Nakazima and Marciniak forming tests are widely used for the determina-

tion of experimental FLCs for sheet materials. However, the experimental charac-

terization is a very time consuming procedure and requires a lot of specimens with

different geometries in order to follow various strain paths. Therefore, significant

efforts have been made on developing reliable predictive models for the forming

limits of sheet materials. Consequently, experimental tests are not systematically

used to build FLDs but they remain essential to discuss the predictive capability

of the proposed tools for new materials. The objective of this work is to investi-

gate the effect of the microstructure on the formability of metastable β titanium

alloys which are increasingly used in aeronautical applications, replacing common

α+β titanium alloys. This study is based on an experimental database built from

conventional tensile tests and forming tests for two β titanium alloys Ti21S and

Ti5553, for different microstructures. A numerical modelling of the M-K model is

proposed in order to compare predictive and experimental forming limits.

In chapter 1, a bibliographical review is proposed. After a short presentation

on the applications and classification of titanium alloys, a focus is made on the

metallurgical microstructure and macroscopic mechanical properties of these al-

loys. The last part of this chapter is dedicated to the experimental characterization

and prediction of FLCs, more specifically for titanium alloys.

Chapter 2 presents the results of the characterization of the microstructure and

mechanical properties of Ti21S and Ti5553 alloys. Different microstructures are

obtained by modifying the original microstructure by cold-rolling with reduction

rates of 0%, 50% and 75% in thickness of the as-received material, followed by

solution treatment. EBSD is conducted to observe the grain sizes and textures for

each condition. Conventional tensile tests for all the conditions are conducted to

characterize the different elastoplastic behaviours and limit strains for the strain

path associated to uniaxial stretching. Digital Image Correlation (DIC) method is

used to calculate the strain fields at the surface of the specimens. Different values

of forming limits are measured, depending on the microstructure. The analysis

of the fracture surfaces by SEM at the end of the chapter provides additional

information about the link between formability and microstructure.

Chapter 3 presents a predictive numerical model of the forming limit curves

based on the modelling of the M-K model with the finite element method. The

elastoplastic behaviour of the different materials is identified from the results of

the uniaxial tensile tests and implemented in the simulations. The value of the

geometrical imperfection is also calibrated from the uniaxial tensile tests. The
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anisotropic behaviour of the Ti21S alloy is characterized and its influence on the

prediction of the forming limits is discussed.

Finally, the chapter 4 presents the results of experiments on Ti21S specimens

with a conventional Marciniak setup. At first, an optimization of some dimensions

of the Marciniak device is proposed in order to observe the onset of necking and

fracture in the gauge area of the specimens. Considering the low ductility of

titanium alloys, this precaution is essential. A comparison between predictive and

experimental FLCs is shown at the end of this chapter in order to discuss the

validity of the predictive tool.





Chapter 1

Applications, microstructures and

mechanical properties of titanium

alloys
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1.1 Introduction

Titanium alloys have become increasingly competitive materials, because of their

high strength-to-weight ratio, resistance to embrittlement at low temperature, low-

thermal expansion, high corrosion resistance and heat resistance.

Titanium is widely distributed which content exceeds 0.4% of the earth’s crust,

and its global proven reserves are approximately 3.4 billion tons, ranking the 10th

among all elements, the 4th richest structural metal.

One of the major barriers which limited its application is the price [1]. Com-

pared to other common alloys, the price of titanium alloys is over twenty times

higher than steel, over five times than aluminium and magnesium alloys. Figure

1.1 shows the comparison if we consider the different index: cost/kg, cost/dm3,

cost/specific strength.

Figure 1.1: The cost index (cost/kg, cost/dm3, cost/specific strength) of some

common structure materials (2003, steel=1) [1]

Titanium alloys have their importance in various fields such as aviation in-

dustry, transportation, biological technology, etc. But the application in aviation

industry is the most significant. It is also attributed to the term ”Light alloys”

when talking about its usage in aviation industry.

This chapter proposes a general introduction to main industrial applications

of titanium alloys. Then, the most frequently encountered microstructures and

the associated mechanical properties are presented. Finally, a literature review on

the formability of titanium alloys is presented. The experimental, theoretical and

numerical methods for characterizing forming limit curves (FLCs) are introduced.
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1.2 Applications of titanium alloys in aviation

industry

The aviation industry consumes the largest part of titanium [2]. The applications

of titanium in U.S recently are schematically showed in Figure 1.2 [3]. Almost

84% of the titanium is used in the field related to the aviation industry. Titanium

alloys are widely used to reduce fuel consumption [4].

Figure 1.2: Applications of titanium in U.S [3]

Titanium alloys can be used not only in air-frame structures but also in gas

turbine engines. The metastable β titanium alloys are one of the important parts

used in the aviation industry due to their excellent mechanical properties, which

are attributed to their microstructures [5]. It has successfully gained the attention

of researchers all over the world these years. The application of specific titanium

alloys in some specific parts of aviation industry is shown in Table 1.1.

Boeing Company uses Ti21S for parts of the nozzle (Figure 1.3) for better

resistance to corrosion from the hydraulic fluid. This part is vulnerable due to the

hydrogen embrittlement if it is made by other materials. Ti5553 alloy is used in

the 787 main landing gear (Figure 1.4) [3]. Airbus A330 plans to use this material

in his PW4168 engine [10]. Ti5553 is also suitable for connected components of the

wing and the pylon for carrying the engine on the aircraft [11]. These materials

are used because of their high fracture toughness and high resistance to fatigue.

Components in an airplane may be manufactured through casting, machining,

forming, etc. Casting is used to fabricate components with very complex shapes
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Table 1.1: Application of specific titanium alloys in selected parts of aviation

industry

Systems and parts Materials

Hydraulic tubing Ti-3Al-2.5V [6]

Fan disks Ti-6Al-2Sn-4Zr-6Mo [7]

Forgings, fasteners Ti-5Al-5Mo-5V-3Cr; Ti-3Al-8V-6Zr-4Mo-4Zr [7]

Springs Ti-3Al-8V-6Cr-4Mo-4Zr; Ti-15V-3Cr-3Al-3Sn [8]

Exhaust system Ti-35V-15 Cr [7]

Wing box Ti-6Al-4V [7]

Landing gear Ti-10V-2Fe-3Al [9][10]; Ti-5Al-5Mo-5V-3Cr [3]

Windows frames Ti-6Al-4V [10]

Mid-fuselage bulkhead Ti-6Al-2Zr-2Sn-2Mo-2Cr-0.25Si [10]

Compressor stators Ti-35V-15Cr [10]

Figure 1.3: Application of Ti21S in the nozzle area of Boeing 777 [10]
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Figure 1.4: Ti5553 alloy in the Boeing 787 main landing gear [3]

and less requirement on the mechanical properties. Machining is often used for

small components but it has a relatively lower utilization rate of materials. Form-

ing is an important method for fabricating aeronautic parts. It is a near-net

method that can greatly reduce the waste of materials compared to machining.

Superplastic forming (SPF) is a forming method designed for titanium with

poor formability at room temperature such as TA6V. A high temperature is ap-

plied which is nearly half of the melting point (0.5Tm, about 900°C for titanium)

[12]. However, the strain rate is very low (from 10−1s−1 to 10−4s−1) and the de-

formation is primarily due to creep [10]. The materials can be deformed beyond

their usual limit of formability with this method, approximately 200% to the ten-

sile test. Heating not only can increase the formability of titanium alloys but also

can reduce the spring back of the components after taking off the mold. However,

it needs a complex heating system and device on the forming dies. The forming

temperature depends on the deformation [13]. Figure 1.5 shows the application of

a superplastically formed part from a single titanium sheet [14].

Figure 1.5: Superplastically formed TA6V engine nacelle component for the Boeing

757 from a single sheet [14]
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1.3 Classification of titanium alloys

Titanium alloys can be divided into several groups according to their composition.

Each group may have different microstructures obtained from different processing

procedures. These microstructures may have an effect on the mechanical properties

of titanium alloys. The following section will introduce the different types of

titanium alloys and microstructures.

1.3.1 Introduction of the classification

Various elements can form a solid solution in titanium alloys. Some of them

(Sn, Zr) are considered neutral, some (Al, O, N, C) called α stabilizers can make

the α phase (Hexagonal Close Packed) more stable and increase the β transus

temperature. Some (Mo, V, Nb, Ta) are isomorphous and can be in solid solution.

Others (Fe, Mn, Cr, Co, Ni, Cu, etc.) are eutectoids. The last two types are β

stabilizers which decrease the β transus temperature.

The effect of additional elements on the stability of β phase (Body Centred

Cubic) can be translated in terms of equivalent molybdenum [Mo]eq(wt.%):

[Mo]eq = [Mo] +
[V ]

1.5
+

[Cr]

0.6
+

[Fe]

0.35
+

[Cu]

1.3
+

[Nb]

3.6

Aluminium is an important element for commercial titanium alloys. The per-

centage of Al in titanium alloys usually reaches 7% to 9%. With the same method

as equivalent molybdenum, the equivalent aluminium [Al]eq(wt.%) can be calcu-

lated :

[Al]eq = [Al] +
[Zr]

6
+

[Sn]

3
+ 10[O + C + 2N ]

The ratio of these two values ([Mo]eq, [Al]eq) allows to distinguish the five types

of titanium alloys:

x =
[Mo]eq
[Al]eq

With the different functions of alloying elements, titanium alloys can be clas-

sified into α alloys, near α alloys, α+β alloys, metastable β titanium alloys and β

alloys. A schematic graph of classifying titanium alloys is shown in Figure 1.6.

1.3.2 α alloys (x ≈ 0)

α alloys are single-phase alloys, which are strengthened by the solid solution of

other elements in α phase. Wear and corrosion resistance are higher than pure
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Figure 1.6: Three-dimensional phase diagram of Ti alloys (Ti-Al-V schematically,

Ms: martensitic start temperature) [10]

titanium. α alloys have not cold brittleness and are suitable for use in a low-

temperature environment. But the microstructure can not be modified by heat

treatment. The α alloys have good creep resistance but the strength is not high

at room temperature.

1.3.3 Near α alloys (0 < x < 0.3)

Near α alloys contain small part of β phase (<2%). Some elements are added to

strengthen the alloys, without sacrificing the creep strength. The heat treatment

and processing of these alloys are very similar to α alloys.

1.3.4 α+β alloys (0.3 < x < 1.5)

α+β alloys contain both α and β stabilizers. Various microstructures and mechan-

ical properties can be realized through different mechanical and heat treatments.

The annealed microstructure is dual-phase α+β. They have a good combina-

tion of mechanical properties (high fracture toughness and fatigue strength), high

strength, good heat resistance, and are heat-treatable. The most used alloys belong

to this class: TA6V (Ti-6Al-4V), SP700 (Ti-4.5Al-3V-2Mo-2Fe), Ti6246 (Ti-6Al-

2Sn-4Zr-6Mo).

1.3.5 Metastable β alloys (1.5 < x < 3)

The β phase of these so-called alloys can be retained from β solution treatment

with a fast cooling rate. The strength of the solution treated condition is not very

high, but they can achieve high strength through the precipitation of fine α phase
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after aging. β metastable alloys show good formability in the solution treated and

quenched condition, but it reduces after aging because of the participation of α

phase which improves the strength and reduces the ductility [15]. They have a

good combination of strength and fracture toughness [16]. Ti17 (Ti-5Al-2Sn-2Zr-

4Mo-4Cr), Ti-10-2-3 (Ti-10V-2Fe-3Al), Ti21S (Ti-15Mo-3Nb-3Al-0.21Si), Ti5553

(Ti-5Al-5Mo-5V-3Cr-0.5Fe) belong to this class.

1.3.6 β alloys (x > 3)

β alloys contain enough β stabilizer elements like V, Mo, Nb, Fe, Cr, or Ni to get a

single β phase. They can be easily deformed at a relatively low temperature. They

have good corrosion resistance, high strength at room temperature, but unstable

microstructure at high temperature, poor heat resistance and welding performance.

1.3.7 Discussion

The amount of α and β stabilizers decides the type of titanium alloys. Different

types of titanium alloys have different characteristics of microstructures and me-

chanical properties. Metastable β titanium alloys can offer better fracture tough-

ness than α+β alloys for the same level of strength. They also have better forming

behavior than α+β alloys. Figure 1.7 shows these differences [12].

(a) Fracture toughness - strength figure of

α+β titanium alloy and β titanium alloy

(b) Flow stress - strain rate figure of α+β

titanium alloy and β titanium alloy

Figure 1.7: The comparison of mechanical properties of α+β titanium alloy and

β titanium alloy [12]

Considering the recently developed materials, two metastable β titanium alloys

Ti21S and Ti5553 are chosen for this study. They are introduced in detail in this

chapter. Their microstructures and mechanical properties are presented.
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1.4 Microstructure

1.4.1 Phases

As long as metastable β titanium alloys are concerned, their microstructure can

vary depending on the mechanical processing and heat treatment. The phase

transformation of titanium alloys is very complex and the thermal processes are

diverse, resulting in many types of microstructure. Figure 1.8 shows an example of

different kinds of heat treatment according to the temperature in α+β alloys and

metastable β titanium alloys [12][17]. The heat treatments for α+β alloys and for

metastable β titanium alloys are different.

Figure 1.8: Different heat treatments according to the temperature in the phase

diagram of α+β alloys and metastable β titanium alloys [17].

The commonly used heat treatment method is solution treatment, and then

aging at 450 ∼ 650◦C. The α phase will precipitate in the original β matrix to form

a fine dispersed second phase, which is a strengthening mechanism of the β alloys.

The interface of α and β phases hinder the movement of dislocations, leading

to high strength at room temperature. Researchers revealed that rapid solution

treatment allows obtaining a small β grain size (∼10 µm) which can achieve the

balance of ductility and strength. They also found that a slower heating rate at

aging disperses α phase and makes the material reach high strength [18].

1.4.1.1 Ti21S

Ti-15Mo-3Nb-3Al-0.21Si (Ti21S) is a metastable β titanium alloy, which was in-

troduced by TIMETAL in 1989 for its high oxidation and corrosion resistance.

The molybdenum equivalent value of Ti21S is [Mo]eq(Ti21S)=12.0. Due to fine

α precipitates, it can have high strength both at room temperature and at high
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temperature [19][20]. It also has high creep resistance. This material is used in

some aircraft engines [21] and also in missile launch canister [22].

The TTT (Time Temperature Transformation) diagram of Ti21S is shown in

Figure 1.9 [23][24]. Its β transus temperature is 795–810◦C. The cooling speed

after solution treatment and the aging temperature is crucial to control the final

microstructures. Figure shows different phases generated with different cooling

rates: air cooling (AC) and air cooling + furnace cooling (FC). When the aging

temperature is below 425◦C, the embrittling ω phase will form. When the ag-

ing temperature is above 650◦C, α phase will mainly nucleate and grow at grain

boundaries [25].

Figure 1.9: TTT diagram of Ti21S, shows the different phases evolution when air

cooling (AC) + aging at 593◦C and furnace cooling + aging at 593◦C [23][24]

According to the TTT figure, the classical treatment of this material is ho-

mogenization, deformation (hot rolling or cold rolling), recrystallization and then

aging. This processing route is shown in Figure 1.10 [26].

Figure 1.10: Processing route of Ti21S [26]
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Mechanical treatment of 50% rolling reduction rate, followed by solution treat-

ment at 850◦C for 30 min [19] can make Ti21S alloys totally recrystallized. The

α phase is soluted in the β matrix. Water quenching keeps this metastable β

phase at room temperature. This condition is called solution treated state. Good

formability can be achieved by this method [27].

There is an additional treatment called aging, at 593-690◦C for 8 hours [23]

to produce α precipitates. This is called precipitated state. The comparison of

microstructures in solution treated state and precipitated state are shown in Figure

1.11 [28].

Figure 1.11: SEM microstructure of Ti21S: (a) solution treated state (b) precipi-

tated state [28]

In the SEM figures of Ti21S, the microstructure of solution treated state is

full β phase. In the precipitated state, there are fine α phase precipitates in the

β matrix. The α phase is dispersed inside the grains but coarse in the grain

boundaries.

Researchers studied the tensile properties of Ti21S with different microstruc-

tures. Figure 1.12 shows the true stress - true strain curves of Ti21S [28].

The red tensile curves of solution treated and precipitated in Figure 1.12 rep-

resent the tensile properties corresponding to the microstructures in Figure 1.11.

From the tensile curve of solution treated state, large elongation, relatively low

Young’s modulus and strength are revealed. This curve also exhibits a low strain

hardening rate. However, the precipitated state (precipitated) is on the contrary.

High Young’s modulus and strength but low elongation can be observed.

1.4.1.2 Ti5553

Ti-5Al-5V-5Mo-3Cr-0.5Fe (Ti5553) is a metastable β titanium which was intro-

duced by VSMPO in the 1990’s due to its combination of both good ductility and

strength [29]. The molybdenum equivalent value of Ti5553 is [Mo]eq(Ti5553)=9.6.

Its origin alloy is Ti-5Al-4.5Mo-4.5V-1Cr-1Fe (VT22) [23][30][31].
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Figure 1.12: Tensile true-stress-true-strain curves for the solution treated (red

curve in left figure) and the precipitated (red curve in right figure) microstructures

[28]

The TTT (Time Temperature Transformation) diagram of Ti5553 is shown in

Figure 1.13 [32]. The mechanism that leads to the increase in strength is related to

the onset of fine-scale α precipitates nucleated from dislocations, grain boundaries,

voids [30][33]. Its β transus temperature is 820–880◦C.

Figure 1.13: TTT diagram of Ti5553 [32]

Ti5553 alloy contains more α stabilizers than Ti21S and it can form a larger

fraction of α phase, which makes its microstructures more diverse. A solution

treatment just below β transus temperature after deformation and then aging will

form bi-modal microstructures, which consist of equiaxed (primary) α phase in
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lamellar α+β matrix. A solution treatment above β transus temperature after

deformation and then aging will result in lamellar microstructures [10]. Figure

1.14 shows the comparison of the microstructure from these two procedures [32].

Ti5553 shows great microstructural temperature sensitivity [34].

Figure 1.14: Microstructures of Ti5553: (a) bi-modal microstructure from sub-

transus solution treatment, followed by aging at 540-600◦C; (b) lamellar mi-

crostructure from super-transus solution treatment, followed by aging at 540-600◦C

[32]

Table 1.2 lists the mechanical properties of these two states [26]. The yield

strength (σ0.2), ultimate tensile strength (UTS) and fracture toughness (KIC) are

almost the same for β annealed and bi-modal microstructures, but elongation (A)

of bi-modal is higher than β annealed.

Table 1.2: Mechanical properties of Ti5553 [26]

Microstructure σ0.2 (MPa) UTS (MPa) A (%) KIC (MPa m1/2)

β annealed 1100 1145 6.4 66.1

bi-modal 1090 1150 13.4 65.8

The comparison of tensile curve of Ti5553 with pure β phase and with α+β

phases, as well as TA6V are shown in Figure 1.15 [35]. Evident differences can be

found. The Ti5553 with pure β phase from the solution treated state has good

elongation and relatively low yield strength. The Ti5553 with α+β phases in the

figure is obtained from the solution treatment + aging. This phenomenon also can

be explained by the effect of α precipitation, which is the same in Ti21S.
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Figure 1.15: Tensile curves of Ti5553 with pure β phase, α+β phases and TA6V

[35]

1.4.2 Texture

1.4.2.1 Introduction

The textures can be influenced by deformation and recrystallization. The stress

applied to every crystal and the slip of dislocation in each crystal are different. It

will cause hardening, deformation and rotation of the grains.

In recrystallization, the nucleation of new orientations during heat treatment

follows Burger’s relationship [36][37]. β to α follows: {0 0 0 1}α‖{1 1 0}β and

〈1 1 2 0〉α‖〈1 1 1〉β (see in Figure 1.16). The closed-packed planes of these two

phases and the close-packed directions of these two phases are parallel during this

transformation. These structures can be formed by diffusion with the least driving

force during recrystallization. The atomic distance of basal plane of {0 0 0 1}α
is slightly larger than {1 1 0}β. This will cause a slight atomic distortion in the

crystal. A little increase of volume during this transformation can be observed.

Consequently, this transformation will cause specific microstructures.

The Orientation Distribution Function (ODF) [38] is a convenient method to

express textures. Euler space has been widely used for analyzing texture compo-

nents [39][40]. During the processing of metallic materials, the texture components

in Euler space are often gathered into several specific fibers. Plotting the intensity

of the orientation distribution along these fibers is more efficient when analyzing

the texture. For bcc metals, α-fiber, γ-fiber, and ε-fiber are the most studied.

Figure 1.17 shows that the main texture fiber of bcc materials in ODF.
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Figure 1.16: Stereographic projection of orientation relationship from β to α trans-

formation

Figure 1.17: Main rolling texture fiber of bcc materials in ODF [41]
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1.4.2.2 Effect of mechanical and thermal treatment on textures of ti-

tanium alloys

The {1 0 0}〈1 1 0〉 and {1 1 1}〈1 1 2〉 textures are the main deformation textures

of β titanium alloys [42][43]. The {2 1 1}〈1 1 0〉 texture is formed during recrys-

tallization after severe cold deformation [44]. Besides, a texture component of

{5 5 4}〈2 2 5〉 is found in β titanium after recrystallization, near the direction of

{1 1 1}〈1 1 2〉 [45][46]. This texture has a beneficial effect on yield strength [47].

A study of Ti–10V–4.5Fe–1.5Al shows the β phase concentrate on types of re-

crystallization textures: {0 0 1} fiber such as {0 0 1}〈1 1 0〉, and γ fiber such as

{1 1 1}〈1 1 2〉. These components are also affected by the annealing temperatures

[48]. A study of Ti–Nb based β titanium alloy shows a strong recrystallization

texture after 90% warm rolling with {1 1 1}〈1 1 2〉 texture component [49]. Figure

1.18 shows the corresponding ODF of the section ϕ2=45◦ with a strong γ fiber.

Figure 1.18: ODF of the section ϕ2=45◦ with a strong γ fiber [49]

In general, the common texture of titanium alloy after recrystallization belongs

to two fibers: α-fiber and γ-fiber. α-fiber is a group of textures whose 〈1 1 0〉
axis are parallel to the rolling direction. The main components of this fiber are

{0 0 1}〈1 1 0〉, {1 1 2}〈1 1 0〉 and {1 1 1}〈1 1 0〉. γ-fiber is a group of textures whose

〈1 1 1〉 axis are parallel to the sheet’s normal direction. The main components of

this fiber are {1 1 1}〈1 1 0〉, {1 1 1}〈1 1 2〉 and {1 1 1}〈1 2 3〉.
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1.4.2.3 Effect of textures on titanium alloys

The textures can cause anisotropic behaviour in strength, Young’s modulus, elon-

gations. This is due to the critical value of the shear stress for slip on crys-

tallographic plane [50]. The Schmid factors are different in grains which affect

the activation of slip systems. That is to say, the plastic anisotropy of polycrys-

tals is determined by the different values of the Schmid factor in each direction

[51][52][53][54][55].

The anisotropy can be controlled by the temperature and time of the solution

treatment after severe deformation through texture control [56]. The effect of

texture components on Young’s modulus can be calculated by an elasto-viscoplastic

self-consistent (EVPSC) model with different Zener factors, as shown in Figure 1.19

[57].

(a) The numbering of 28 orientations of sin-

gle crystals

(b) Young’s modulus of these 28 orientations

Figure 1.19: Young’s modulus parallel to the tensile axis of single crystal in 28

orientations obtained from two different β-phase single crystal elastic constants

(SEC) (A = 2.4 and A = 3) [57]

1.4.3 Fractography

Fractography is a method of observing and analyzing the macrostructure and mi-

crostructure of the fracture surface. This method is often used to analyze the frac-

ture mechanism and related microstructures of the material. Figure 1.20 shows

an example of fractograph which indicates the cleavage facet, river pattern, tear

ridge and dimples in Ti5553 alloys.

The β titanium alloys with β solution treatment after deformation and followed

by aging show a mix-mode fracture after the tensile test. It contains intergranular
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Figure 1.20: Fracture surfaces of Ti5553 of powder metallurgy (PM) and ingot

metallurgy (IM): (a) macroscopic scale of PM; (b) and (c) microscopic observations

show the cleavage facet, river pattern, tear ridge and dimples; (d) macroscopic scale

of IM; (e) and (f) microscopic observations show the dimples [58]
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and ductile fracture [16][59]. The α precipitation from aging process results in

small dimples; however, the precipitation at grain boundaries leads to separation

of grains [60][61].

Figure 1.21: Fracture surfaces of Ti5553 after solution treatment at 830°C plus

aging at 520°C [62]

1.5 Mechanical properties of titanium alloys

1.5.1 Effect of heat treatment on mechanical properties

The mechanical properties depend on the microstructure, including the arrange-

ment of α and β phases, grains and texture. Table 1.3 shows the results presented

in different studies where different microstructures have been submitted to specific

heat treatments. As one can see, heat treatments but also microstructures lead to

a large variety in the yield strength reached.

The mechanical properties of metastable β titanium alloys can be controlled

by heat treatments. For example, Ti5553 are usually found under two different

heat treatments. HT1 is solution treatment above β transus temperature and

step-quenched to 600◦C and then aging for 600 min, furnace cooling; HT2 is heat

treatment below β transus temperature, air cooling to room temperature and

aging at 600◦C for 600 min, air cooling. The processing routes of these two heat

treatments are shown in Figure 1.22.

The tensile properties, such as ultimate tensile strength (UTS), yield strength

(Y S), Elongation and Young’s modulus (E) for these two conditions are shown in

Table 1.4 and Figure 1.23 [68]. They all belong to precipitated state. E is almost

the same. Ti5553 HT2 has higher UTS and Y S but lower elongation than HT1.

The heat treatment HT1 aims to obtain the maximum ultimate tensile strength.

The step-quench to 600◦C can increase the nucleation rate of α phase and finally



1.5. Mechanical properties of titanium alloys 49

Table 1.3: The phases, heat treatment and yield strength of some β titanium alloys

Materials Conditions YS

(MPa)

Ref.

Ti–15V–3Cr–3Al–3Sn β: ST at 810 °C (1 h); WQ. 701 [63]

Ti–15V–3Cr–3Al–3Sn β+α: ST at 810 °C (1 h); WQ;

500 °C (8 h); AC.

1179 [63]

Ti-10V-2Fe-3Al β: ST at 850 °C (1 h); WQ. 576 [63]

Ti-10V-2Fe-3Al β+α: ST at 850 °C (1 h); WQ;

500 °C (8 h); AC.

932 [63]

Ti–5V–5Al–5Mo–3Cr β: ST at 900 °C (1 h); WQ. 461 [63]

Ti–5V–5Al–5Mo–3Cr β+α: ST at 900 °C (1 h); WQ;

500 °C (8 h); AC.

1107 [63]

Ti-5Al-5Mo-5V-1Cr-1Fe β+α: ST at 850 °C (1 h); FC;

750 °C (2 h); AC; 650 °C (4 h);

AC.

1170 [64]

Ti-5Al-5V-5Mo-3Cr-0.5Fe β+α: ST at 821 °C (3 h); AC;

621 °C (6 h); AC.

1245 [65]

Ti-3.5Al-5Mo-6V-3Cr-2Sn-

0.5Fe

β: ST at 830 °C (3 h); 830 °C
(0.5 h); AC.

908 [62]

Ti-3.5Al-5Mo-6V-3Cr-2Sn-

0.5Fe

β+α: ST at 775 °C (3 h); AC;

440 °C (8 h); AC.

1624 [62]

Ti-5Al-5Mo-5V-3Cr-1Zr β+α BM: ST at 790 °C (2 h);

AC; 600 °C (6 h); AC.

1248 [66]

Ti-5Al-5Mo-5V-3Cr-1Zr β+α LM: ST at 860 °C (2 h);

AC; 600 °C (6 h); AC.

1118 [66]

Ti-15V-3Sn-3Al-3Cr β: ST at 800 °C (20 min); WQ. 723 [67]

Ti-15V-3Sn-3Al-3Cr β: ST at 800 °C (20 min); WQ;

CR(80%).

1025 [67]

Ti-15V-3Sn-3Al-3Cr β+α: ST at 800 °C (20 min);

WQ; CR(80%); 450 °C (4 h).

1483 [67]

YS: Yield Strength AC: Air Cooling

ST: Solution Treatment WQ: Water Quenching

FC: Furnance Cooling BM: Bimodal Microstructures

LM: Lamellar Microstructures CR: Cold Rolling
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Figure 1.22: Processing route of HT1 and HT2 on Ti5553 alloys [68]

Table 1.4: Tensile properties of Ti5553 [68]

Condition UTS (MPa) Y S (MPa) Elongation (%) E (GPa)

Ti5553 HT1 1147± 54 1052± 56 10.3± 5.6 114± 5

Ti5553 HT2 1440± 13 1369± 24 4.7± 0.7 116± 4

Figure 1.23: Tensile curve of Ti5553 and Ti-12Nb alloy under HT1 and HT2

treatment [68]
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refine the α precipitation [69]. The heat treatment HT2 leads to bi-modal mi-

crostructure with primary α phase and fine α laths. It has the only purpose of

maximizing ultimate tensile strength at any cost. This process sacrifices the duc-

tility of Ti5553.

1.5.2 Influence of phase arrangement

In titanium alloys with α and β phases, equiaxed microstructures have the lowest

yield strength and the highest final strain, which means this microstructure will

make the materials more ductile. Lamellar microstructures present a strong re-

sistance to cracking [70]. Bi-modal microstructures result from the combination

of equiaxed and lamellar microstructures. They also combine their advantages.

Fine-scale microstructures increase the strength, which can be realized by increas-

ing the cooling rate [71]. Coarse microstructures can increase the resistance to

creep and fatigue. Fine grains increase the ductility [10].

In β alloys, the tensile strength mainly depends on the second phase particles.

The tensile yield strength (Y S) and the interparticle spacing of α phase (d) can

be linked by the following relationship [72]:

Y S(MPa) = 850 + 70/d−1(1/µm)

This can explain how fine α particles can increase the yield strength, by pre-

venting the movement of dislocations.

An inverse relationship between strength and toughness is found in metastable

β titanium alloys [73]. But a good combination of these two parameters can be

realized by controlling thermo-mechanical treatment. If the formation of coarse α

plates is controlled during the process of aging, β alloys can achieve very high yield

strength such as 1500 MPa. However, if the material is over-aged, its ductility may

be reduced close to 0. Therefore, the choice of an appropriate temperature of aging

and cooling rate is essential [74].

1.5.3 Anisotropy

The rolling process form the textures and change the grain size and shape in

metallic sheets. Recrystallization can eliminate this effect of the grains from de-

formation but recrystallization textures still have their affections. This will cause

the anisotropy of mechanical properties.

Figure 1.24 shows the anisotropy of Young’s modulus of strongly textured Ti-

6Al-4V alloys [10]. The Basal/Transverse texture has lower Young’s modulus in

all directions. For all the textures, the Young’s modulus along transverse direction

(TD) is the highest and along rolling direction (RD) is the lowest. The textured
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titanium sheets can have different mechanical properties because of the relationship

between the crystal arrangement and the direction of the load.

Figure 1.24: Effect of texture on the anisotropy of Young’s modulus in Ti-6Al-4V

alloys (T: Transverse texture, B/T: Basal/Transverse texture) [10]

The loading along different directions of the hexagonal unit cell of titanium

alloys makes the obstacles to slip different. This causes the difference in yield

strength and ductility. Figure 1.25 shows the anisotropy of yield strength and

ductility RA in different tensile directions of Ti-6Al-4V alloys [26]. The 45◦ is

where yield strength reaches its lowest value while ductility the highest. This can

be explained that the tensile is 45◦ to the basal and prismatic planes so the shear

stress is easy to reach its critical value. The displacement of dislocations can be

activated easily.

Anisotropy is an important factor affecting plastic behaviors of the materials,

this can have a great influence on forming. Lankford coefficients r are used to

quantify anisotropy in metal sheets. These coefficients are defined by:

r =
ε2

ε3

where ε2 is true width strain which is transverse to the loading direction. ε3 is

true through thickness strain.
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Figure 1.25: Effect of tensile directions on the anisotropy of yield strength and

ductility RA in Ti-6Al-4V alloys [26]

The Figure 1.26 shows effect of r-value on the yield surface [75]. The r-value is

equal to 1 when the material is isotropic. A material with a high r-value has good

resistance to thinning, especially in the biaxial strain condition.

Figure 1.26: Effect of r-value on the yield surface [75]

If the tensile specimen is cut along the rolling direction, the calculated Lankford

coefficient can be regarded as r0. For the same principle, r45 is calculated at 45◦

from the rolling direction and r90 is calculated for a tensile specimen along the

transverse direction. The average r̄ can be calculated as:

r̄ =
r0 + 2r45 + r90

4

Planar anisotropy coefficient ∆r or planar r-value can be calculated as:
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∆r =
r0 − 2r45 + r90

2

High r̄ value is good for formability. High ∆r is linked to the high dispersion

of r-value in the different directions.

The anisotropy of a metal sheet can be affected by crystallographic texture.

The predicted r̄ and ∆r value of each texture component are listed as follows:

Table 1.5: Predicting plastic anisotropy by textures [76]

{h k l}〈u v w〉 Euler angle (ϕ1, φ, ϕ2) r̄ ∆r

{0 0 1}〈1 1 0〉 (45, 0, 0) 0.45 -0.88

{1 1 2}〈1 1 0〉 (0, 35.3, 45) 3.33 -5.37

{1 1 1}〈1 1 0〉 (0, 54.7, 45) 2.80 -0.44

{1 1 1}〈1 1 2〉 (90, 54.7, 45) 2.80 -0.44

{5 5 4}〈2 2 5〉 (90, 60.5, 45) 2.87 1.53

{1 1 0}〈0 0 1〉 (90, 90, 45) 25.43 49.38

These parameters are calculated from the Taylor model. The textures with

different Miller indices have different r-values, which may result in different forma-

bility in materials. It depends on the intensity of the texture components. The tex-

ture components with high r̄ value and low ∆r value are preferable. It can be con-

cluded that the texture components {1 1 2}〈1 1 0〉, {1 1 1}〈1 1 0〉 and {1 1 1}〈1 1 2〉
have a good effect on the forming. {1 1 0}〈0 0 1〉 is not suitable because of its high

∆r value.

Some researchers have pointed out the effect of texture on the deformation

and fracture behavior of the materials (Figure 1.27). It can be understood by the

plastic anisotropy (r-value) affected by the texture. A high r-value can increase

the limit strain by resisting the through-thickness slip [77].

1.5.4 Anisotropic yield criterion

1.5.4.1 Yield criteria used for titanium alloys

Hill quadratic yield criterion is often used for the modeling of the anisotropic yield

behavior of titanium alloys [78]. This criterion can be seen as the expansion of

Von Mises yield criterion [79].

F (σ22−σ33)2 +G(σ33−σ11)2 +H(σ11−σ22)2 + 2Lσ2
23 + 2Mσ2

31 + 2Nσ2
12 = 2f(σij)

2

(1.1)



1.5. Mechanical properties of titanium alloys 55

Figure 1.27: The influence of texture and r-value on the necking and fracture

behaviour on tensile test by using TA6V [77]

Where F,G,H,L,M,N are constants that are related to the stress components:

σij. This is the so-called Hill48 criterion. Hill also presented Hill79 [80], Hill90 [81]

and Hill93 [82] yield criteria. These may have a better fitting with the experiment

results but makes the calculation more complex.

Hill48 yield criterion was used by many researchers in simulation of titanium

alloys [83][84][85][86][87][88][89][90][91]. Hill’s conventional anisotropic yield crite-

rion is applied in the research of textured titanium alloys by Yamashita [92].

Other criteria such as YLD2000-2D criterion [93][94], or Cazacu 2006 criterion

[95][96] were used but Hill’s criterion is very simple to implement for titanium

alloys and offers a good level of accuracy.

1.5.4.2 Calculation of the parameters of Hill48 yield criterion

Assuming that the axes of material anisotropy are orthogonal, F , G, H, L, M ,

and N are the material parameters. When F = G = H = 1, L = M = N = 3,

Hill48 criterion returns to isotropic Von Mises criterion. These values are generally

defined through anisotropic parameters R11, R12, R22, R13, R23 and R33.

F =
1

2
(

1

R2
22

+
1

R2
33

− 1

R2
11

);G =
1

2
(

1

R2
33

+
1

R2
11

− 1

R2
22

);H =
1

2
(

1

R2
11

+
1

R2
22

− 1

R2
33
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L =
3

2R2
23

; M =
3

2R2
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3

2R2
12

(1.3)
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These anisotropic parameters are calculated from Lankford coefficients r0, r45

and r90 through the formulations below, assuming R11 = R13 = R23 = 1:

R22 =

√
r90(r0 + 1)

r0(r90 + 1)
; R33 =

√
r90(r0 + 1)

r0 + r90

; R12 =

√
3r90(r0 + 1)

(r0 + r90)(2r45 + 1)

(1.4)

1.5.5 Hardening laws

During the plastic deformation of metallic materials, the stress usually changes

with the plastic strain. This phenomenon is due to the work-hardening, recovery,

recrystallization during the deformation. This phenomenon can be affected by the

strain hardening rate (n), strain rate (ε̇) or temperature (T). The choice of the

constitutive model is essential for finite element models and can affect the accuracy

of the prediction of forming processes.

Many models exist, however, the strain rate (ε̇) and temperature (T ) are not

considered in this work. Therefore, the strain-stress curve of the material can be

defined by material models which accuracy depends on mathematical expression

and parameter identification.

Table 1.6: Hardening laws of metallic materials

Names Functions Year Reference

Hollomon’s law σ̄ = Kε̄n 1945 [97]

Swift’s law σ̄ = K (ε̄+ ε0)n 1952 [98]

Você’s law σ̄ = A+B(−e−Cε̄) 1948 [99]

Ludwik’s law σ̄ = σ0 +Kε̄np 1909 [100]

Hartley and Srinivasan’s law σ̄ = σ0 +K(ε̄p + ε0)n 1983 [101]

Ludwigson’s law σ = K1ε
n1 + exp(K2 + n2ε) 1971 [102]

σ̄: equivalent stress ε̄: equivalent strain

ε̄p: equivalent plastic strain n: strain hardening coefficient

K, K1, K2: strength coefficient A, B, C: material parameters

σ0: initial yield stress ε0: initial strain

In the Table 1.6, Hollomon’s law is simple and only dependent on K, n [103].

Swift law, as well as Hollomon’s law, can not realize the strain hardening of the

materials with complex strain path [104]. Você’s law is not suitable for modeling

wide strain range [105]. Ludwik’s law is proposed for isotropic materials but is
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often chosen to identify the behavior of anisotropic materials [106]. Recent study

shows that it is the most suitable law to model titanium alloys in uniaxial tension

[107]. Hartley and Srinivasan’s law is more suitable in large deformation [101].

Ludwigson’s law is suitable for steel and the fcc metals which have low stacking

fault energy. This law has some deviations at low strains [108]. Considered the

cases above, Ludwik’s law is chosen for fitting in our work because it has good

performance in fitting with titanium alloys and has simple parameters. It also

gives better prediction in some specific conditions [109]. Ludwik’s law is easy to

implement and is defined with three parameters (σ0, K, n). It is therefore chosen

in our works.

1.5.6 Conclusion

The modeling of material behaviour can have a strong influence on the accuracy

of predictive models of forming processes. Microstructures clearly influence the

mechanical properties. In this situation, a suitable mechanical and heat treatment

must be chosen wisely. In the modeling of titanium alloys, Hill48 criterion and

Ludwik’s hardening law appear suitable for our research in titanium alloys.

1.6 Experimental FLC

In sheet metal forming processes, the onset of defects follows the evolution of

plastic deformation in the sheet material. The over deforming aggravates the

damage inside the material, leading to the failure of the sheet [110]. Many kinds

of processing defects are produced in various conditions. Figure 1.28 shows several

edge cracking during the forming procedure [111].

Figure 1.28: Edge cracking on the radius (A), edge cracking after hole flanging or

collar forming (B), shearing crack at the deep-drawn edge (C), edge cracking at

the flange (D), and edge cracking at the open head (E) [111]
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The most useful tool to characterize formability is the Forming Limit Diagram

(FLD) [112]. This diagram represents a plot of Forming Limit Curve (FLC) of

major versus minor principal strains in the plane of the deformed sheet at the

onset of necking. For a specific strain path, the material is safe when the strain

condition is under the FLC. When the strain condition reaches the FLC, the

necking happens. If the deformation continues growing, the failure of the material

will occur rapidly [113]. This curve is the standard method to characterize the

formability of a sheet metal [114][115]. The metal forming process can be controlled

according to FLC.

The FLC contains the strain paths from uniaxial tension to equal-biaxial ten-

sion. It usually has its lowest point for plane strain condition. Four points can be

defined to plot forming limit curves which are presented in Figure 1.29.

Figure 1.29: Four points to detect forming limit curves: TE: Tensile test at necking

point; PS: plane strain; IM: intermediate biaxial; BI: equi-biaxial [116]

1.6.1 Nakazima and Marciniak tests

To determine the forming limit curves, there are two main methods: the out-of-

plane stretching such as Nakazima test [117] and the in-plane stretching such as

Marciniak test [118]. The Nakazima and Marciniak tests are shown in Figure 1.30.

Standard ISO 12004-2 explains the detail of the procedure to plot FLC. The

detail of this method will be introduced in Chapter 2.

Nakazima test uses a rigid hemispherical punch. The stress state on the blank

is triaxial. In order to eliminate the effect of bending, a large geometric size

of the specimen and die are required. Because of the out-of-plane deformation,

Nakazima test needs two cameras to capture the deformed shape of the specimen.
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Figure 1.30: Nakazima and Marciniak tests [117][118]

The specimen is always in contact with the hemispherical punch during the test,

consequently, it is difficult to eliminate the effect of friction.

Marciniak test leads to a plane stress state in the center area of the blank.

Moreover, due to the special geometry of the specimen and the punch, there is no

contact between the punch and the sheet in the center of the specimen, avoiding

bending and friction effects. The surface of the specimen remains flat during the

test so only one camera is needed to film the specimen [119].

Besides Marciniak test and Nakazima test, some other methods can be used to

obtain limit strains. Figure 1.31 shows the curves from different testing methods.

It demonstrates that these testing methods present limits. The Nakazima and

Marciniak tests can plot the FLC for a large range of strain paths.

1.6.2 Factors affecting forming limit curve

Besides microstructures mentioned above, several factors can affect the shape and

level of forming limit curves for a specific material.

1.6.2.1 Strain path

A strain path is made by a group of principal strain components (ε2; ε1) which

ends up at the fracture point in FLD. The Figure 1.32 shows different strain paths

by various methods.

The forming limit curve is strongly affected by the strain path history. Figure

1.33 shows the effect of strain path history. If a specimen is submitted to a uniaxial

stretching (ε1 > 0, ε2 < 0) and then followed by a biaxial expansion (ε1 > 0,
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Figure 1.31: Forming limit curves by different testing methods: 1 Hasek test; 2

Nakazima test; 3 uniaxial tension test; 4 Keeler test; 5 hydraulic bulge test [120]

Figure 1.32: Strain paths from different methods. I: ISO 50 - From uniaxial tensile

test with standard specimen; II: TPE 1 - From tensile test with thinned specimen;

III: Swift 50 - From a flat bottom cylindrical cup with Φ=50 mm; IV, V: From

hydraulic expansion [121]
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ε2 > 0), the forming limit curve will be higher (II) than the curve with linear

strain path (I). If the uniaxial tensile loading (ε1 > 0, ε2 < 0) is after a biaxial

expansion (ε1 > 0, ε2 > 0), the forming limit curve will be lower (III).

Figure 1.33: Influence of strain path on the forming limit curve [122]

1.6.2.2 Temperature

Temperature can affect FLC. Figure 1.34 shows the effect of temperature on the

FLC for AA3003 aluminium alloys when the punch speed is 1.6 mm/s [123]. With

the increase of temperature above 100◦C, the level of FLC increases and formability

is improved.

Figure 1.34: Influence of temperature on the forming limit curve [123]
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1.6.2.3 Strain rate

Strain rate can also affect FLC. In Nakazima and Marciniak tests, this parameter

can be controlled by punch speed. Figure 1.35 shows the effect of punch speed on

the FLC for AA3003 aluminium alloys under two temperatures [123]. No matter

the temperature, the FLC with a slower punch speed is higher. However, compared

to the effect of temperature, the effect of punch speed remains low.

Figure 1.35: Influence of punch speed on the forming limit curve [123]

1.7 Predicted FLC

1.7.1 Models for predicting FLC

Different predictive models have been proposed that focus either on diffuse or

localized necking. These models can help to reduce the experimental effort of

formability characterization. The classification of theoretical models which can

predict forming limit curves is shown in Figure 1.36.

Some important models are introduced below:

Hill presented a model with localized necking in 1948 [78]. Swift presented a

model with diffuse necking in 1952 [98]. These models assumed that the sheet is

homogeneous. Some models are based on the theory of ductile fracture criteria

[125][126][127].

M-K (Marciniak-Kuczynski) model with thickness imperfection (groove) be-

comes popular [128] after the study of mini-grooves before fracture [129].

Pishbin tested the theory of Jones [130][131] and Gillis [132] which is based on

the three-phase deformation idealization and Hill’s non-quadratic flow law [80]. It

concluded that the agreement between the models and the experiments is poor for

aluminium alloys and fair for titanium alloys [133].
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Figure 1.36: The classification of theoretical models for predicting forming limit

curves [124]

Bressan’s model proposed a shear stress mechanism in which instability of

shear stress occurs in a specific plane when necking [134]. Then a strain gradient

evolution model is used to overcome the limitation of fast shear stress fracture

[135].

Storen and Rice model, which is based on the bifurcation theory, proposed a

vertex on the yield surface to determine local necking [136]. This model has good

agreement with some experimental results but has poor prediction in the negative

quadrant of FLD [136][137].

Viscoplastic crystallographic slips and the Taylor approach [138] can be used

to predict the FLC. It illustrates that texture, as well as anisotropy, influences

FLC mainly for equibiaxial stretching [139].

1.7.2 Marciniak-Kuczynski model

1.7.2.1 Theoretical M-K model

M-K model is widely used for predicting FLC. The complete FLCs predicted by

M-K model have good agreement with the experimental results as this is the

case for aluminium alloys [140]. The model assumes that there is a pre-existing

groove [128][141]. This geometrical defect can represent non-uniform microvoids,

pre-cracks or other weak points in the material. The different deformations and

fracture behaviors from textures can also be predicted by the models with im-

perfection [77]. The typical M-K model is shown in Figure 1.37. Axes 1, 2, 3
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represent the rolling, transverse and normal directions of the sheet. The basic

model assumes that the groove is perpendicular to axis-1.

Figure 1.37: Representation of the M-K model

The geometrical imperfection can be quantified by an initial imperfection factor

f0.

f0 =
eb0
ea0

(1.5)

Where ea0 and eb0 are the thicknesses of the sheet corresponding to the homo-

geneous region (zone a) and the region of the groove (zone b).

The model is subjected to plastic deformation in the two regions. The choice

of yield criterion and constitutive model of the material have a great influence on

the predicted forming limit curves [142]. For the Von Mises’s yield function and

plane stress condition (σk13=σk23=σk33=0, with k= a or b).

(σ̄k)2 = (σk11)2 − σk11σ
k
22 + (σk22)2 + 3(σk12)2 (1.6)

Where σ̄k is the equivalent stress, σk11, σk22 and σk12 are stress tensor components.

Swift’s hardening law is applied here for example:

σ̄k = K(ε̄0 + ε̄kp)
n (1.7)

Where ε̄kp is equivalent plastic strain, n is strain hardening index, K and ε̄0 are

material parameters.

The sheet metal can obey Levy-Mises flow rule:

∆εkij =
∂σ̄k

∂σkij
∆ε̄kp, i, j = 1, 2 (1.8)

Where ∆εkij is strain component increment and ∆ε̄kp is equivalent plastic strain

increment.

The principle of volume constancy is:
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∆εk11 + ∆εk22 + ∆εk33 = 0 (1.9)

The same force in the direction 1 is transmitted across zone a and b. Hence

the equilibrium equation are:

σa11e
a = σb11e

b (1.10)

Where ea and eb are the current thicknesses of the sheet in zone a and zone b.

Thickness ea, and eb are given by:

ea = ea0exp(ε
a
3), eb = eb0exp(ε

b
3) (1.11)

The major strain is assumed along 1-axis. The compatibility requirement as-

sumes that the strain in zone b is limited by zone a in the groove direction:

∆εa22 = ∆εb22 (1.12)

By combining the equations above, a function [F (∆εb11)] of the value of in-

crement ∆εb11 can be written. Finally, by using Newton-Raphson’s method, an

iteration step can be expressed as:

(∆εb11)(i+1) − (∆εb11)(i) = − F ((∆εb11)i)

dF/d((∆εb11)i)
(1.13)

When the absolute value of increment (∆εb11)(i) is less than a error E, ∆εb11 can

be solved. For every increment ∆εa11, a strain increment ∆ε̄b is obtained iteratively.

The strain in zone a and zone b for every step of increment are noted. When the

failure criterion is satisfied, the εa11 and εa22 at this moment are regarded as the

forming limit strains. The whole FLC can be plotted by using different ratios of

proportional loading.

Decades later the definition of M-K model was extended. The groove can be

defined with an angle to the principal axis [143]. Effect of temperature has been

added into the M-K model [144]. This model also has been used to predict FLC for

titanium alloys [145][144][146]. Figure 1.38 shows the predicted FLC for Ti-6Al-4V

for different strain rates from theoretical M-K model [147], at high temperature.

The presented theoretical M-K model is built on the basic hypothesis that the

groove is perpendicular to the 1-axis. For the general case, the groove can have an

angle Ψ0 to the 1-axis. In order to simplify the calculation, a numerical approach

based on the finite element method and on the theoretical M-K model with a

groove perpendicular to the 1-axis can be used.
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Figure 1.38: Predicted FLC for Ti-6Al-4V for different strain rates from theoretical

M-K model [147]

1.7.2.2 Numerical M-K model

Compared to the theoretical M-K model, the numerical M-K model can include

advanced mechanical behaviors of materials.

Researchers studied the effect of yield criterion, orientation of the defect, or

mesh size on the predicted FLC [148]. Zhang et al. use the finite element method to

predict FLC for AA5086 alloy [149]. Yuan et al. also compared the predicted FLC

and experimental results for aluminium AA5754-O with a numerical M-K model

[150]. Figure 1.39 shows the comparison of predicted FLC and experimental points

of TNW700 titanium alloy by numerical M-K model from Liu [145]. The results

show a good agreement in plane strain condition. The detail of this model will be

introduced in Chapter 4.

1.7.3 FLC for titanium alloys

Very few studies exist on the determination of FLC for titanium alloys, especially

for metastable β titanium alloys. Figure 1.40 shows the experimental results of

Ti-grade 1 [151], Ti-grade 2 [152], Ti-6Al-4V [153][154], Ti-5Al-2.5Sn [154] and

Ti40 [155]. The Ti-6Al-4V and Ti-5Al-2.5Sn are strongly textured so the limit

strains in the left part of the FLC are very high, they are limited for the right

part. Ti40, Ti-grade 1 and Ti-grade 2 have very good formability.

1.7.4 Conclusion

The numerical M-K model is a suitable model to predict FLC for titanium alloys

because of its ease of implementation and wide applications. Generally, there is
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Figure 1.39: Comparison of predicted FLC from M-K model and the Marciniak

test results for TNW700 titanium alloy [145]

Figure 1.40: Experimental results of FLC for several titanium alloys [155]
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also good agreement between the experimental results and the predicted FLC from

M-K model. Because the predicted FLC is sensible to the imperfection value, the

calibration of this value is essential to improve this agreement. No study exists on

the prediction and characterization of metastable β titanium alloys.

1.8 Conclusion

Titanium alloys can have different microstructures by controlling the size and

arrangement of the two phases α and β. Fine α phase plates can precipitate from

the original β matrix to form a dispersed second phase, which is a strengthening

mechanism of β alloys. The strengthening happens by hindering the movement

of dislocations at interfaces between α and β phases at room temperature. This

phenomenon lowers the ductility, and hence, reduces the formability. Textures also

can affect the mechanical properties through anisotropy. Many researchers have

focused on the mechanical properties of titanium alloys, as well as microstructure.

But very few of them studied the effect of microstructure on formability.

Forming of titanium alloys is often used in the aviation industry. Forming

limit curves is a widespread tool to achieve a complex formed component. This

curve is also affected by the microstructures of titanium alloys. Investigating the

relationship between the microstructure and the formability can lead to a better

control over the manufacturing of titanium alloys.

FLC is used to characterize the formability of sheet metal. But plotting forming

limit curves from experiments is very time-consuming and expensive. With the

development of predictive models, predicted FLCs is increasingly used. Theoretical

M-K model was demonstrated suitable to predict FLC for titanium alloys. M-

K numerical model can be used to predict FLC because complex behaviors of

materials can be introduced and it is easily implemented.

This work focuses on the study of the behavior of metastable β titanium alloys

which are increasingly used in aeronautical applications replacing common α and

α+β titanium alloys. The aim is to study the influence of microstructure, and

particularly the texture, on the formability of such materials. The metastable β

titanium alloys Ti21S and Ti5553 are selected for this study. Due to the complex

procedure for detecting the whole forming limit curves, uniaxial tensile tests are

firstly used to characterize one point of the FLC for different microstructures

and also to determine the conventional mechanical properties for these different

microstructures.
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2.1 Introduction

Cold rolling and following heat treatment have a great influence on the microstruc-

ture, and particularly, on texture. This can affect the mechanical properties and

formability of alloys.

In metastable β titanium alloys, α phase can precipitate to form a dispersed

second phase. This will change the mechanical properties of the alloy. In this work,

two newly developed metastable β titanium alloys Ti21S and Ti5553 are chosen.

Mechanical properties of these two alloys with different rolling reduction rates

(0%, 50%, 75%) and heat treatments are characterized by tensile tests. To study

the effect of anisotropy, tensile tests at 0◦ and 90◦ from the rolling direction are

conducted. Microstructures, with special attention to grain size and texture, are

characterized by EBSD. Meanwhile, fractographs after tensile tests are observed

by SEM. These analyses permit to discuss the effect of the microstructure on

mechanical properties.

From tensile tests, one point on the forming limit curves for the uniaxial con-

dition can be plotted. The relationship between microstructure and formability is

investigated.

2.2 Experimental procedure

2.2.1 Materials, thermomechanical treatments and tensile

tests

The received Ti21S sheet with thickness of 0.8 mm and Ti5553 forged bar which

is cut with the thickness 1.5 mm are all solution treated at 900◦C for 30 min and

water quenched. This temperature is in the β phase zone of these two materials.

Solution treatment at this temperature allows to dissolve all the α phase in the

β matrix. Then these materials are cold rolled with a reduction rate of 0%, 50%

and 75% which can give a global view of the effect of no deformation, medium and

severe deformation on the microstructure. Then the materials are all again solution

treated at 900◦C for 30 min, and quenched in water. Recrystallization happens

during this treatment and the squashed grains from cold rolling recrystallized to

equiaxed grains. A part of treated Ti21S alloys is then heat treated at 650◦C for 8 h

and cooled in the furnace. From the TTT diagram of Ti21S (Figure 1.9 in chapter

1), the aging at 650◦C for 8 h and cooling in the furnace allows precipitation of α

phase from the solid solution of β phase. This treatment is suitable to study the

effect of α precipitates in metastable β titanium alloys. This condition of Ti21S

alloy which has α+β phases is named Ti21S+ in this work. Tensile specimens are

machined as in Figure 2.1 and polished). To investigate the effect of anisotropy,
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all the conditions are tested along the rolling direction and transverse direction.

(a) Dimensions of the tensile specimen (mm)

(b) Painted tensile specimen

Figure 2.1: Tensile specimen

The name of specimens contains the materials and both direction parameters

and rolling parameters, with the form: (Material) (direction parameter),(rolling

rate), which shown below:

Materials:

Ti21S (β)

Ti21S+ (α+β)

Ti5553

Directions:

L: along the longitudinal direction, i.e, the rolling direction

T: along the transverse direction

Rolling parameters:

0: Reduction rate of 0% (without cold rolling)

50: Reduction rate of 50%

75: Reduction rate of 75%

All the experimental procedures and naming of Ti21S and Ti5553 alloys are

summarized in Figure 2.2. The name of the specimens of each condition is dis-

played with a red frame in the figure. Especially, the specimen labeled Ti5553 RM

corresponds to the raw material with no heat treatment. There is no Ti5553 T,0

because of the symmetry of the Ti5553 forged bar.
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Figure 2.2: Mechanical and heat treatment applied to Ti21S and Ti5553 alloys

The tensile tests are carried out on INSTRON-3345 testing machine, at room

temperature with an initial strain rate of 10−3s−1. Every specimen is painted with

speckle pattern to permit DIC (Digital image correlation) method which will be

explained later. A camera is set for filming the deformation of the specimens during

the tensile test. For each condition, five specimens are tested. The specimens which

have necking outside of the center deformation zone will not be taken into account.

Samples with large dispersed results are neglected.

2.2.2 EBSD

In order to find the effect of microstructure on mechanical properties, EBSD is

conducted to characterize microstructures, including grain size and, the most im-

portant, texture.

Rectangle EBSD samples are cut from the corresponding materials. The length

is along the rolling direction. The procedure of the EBSD samples is showed below:

(a) Cut-off

The samples with the appropriate size about 15× 10 mm are cut off from the

materials by a cutting machine.

(b) Mounting

The samples are put into a holder in order to have better handling and protec-

tion. Hot mounting is conducted to cover the samples.

(c) Grinding

Grinding papers from rough to fine are used during this procedure. Silicon

Carbide (SiC) papers are used, with the grit of 800, 1000, 1200, 2000. After each
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paper, a rotation of 90◦ of samples is needed in order to totally eliminate the

scratches from the previous step.

(d) Polishing

Polishing textile is used in this procedure to make sure the sample is very flat.

During the polishing, a special solution of OP-S colloidal silica is used.

(e) Etching

In order to reduce the residual stress on the surface of the samples, etching

with a particular solution needs to be conducted. The time of this procedure is

strictly controlled. Any inadequate etching and over-etching will strongly affect

the image we observe. The solution of 5% HNO3 and 5% HF in water with an

etching time of 10 s are applied.

(f) Scanning

Several continuous areas per sample are scanned to acquire sufficient informa-

tion about the samples. A general quick scanning is conducted at first to verify the

sample surface condition and grain size. Then the samples are scanned in detail

with a step size of 1/10 actual average grain size.

(g) Analyzing

For a specimen, several areas along the rolling direction are scanned to max-

imize the number of grains contained. The obtained EBSD IPF (inverse pole

figure color coding) maps of several areas are merged into a large EBSD IPF map.

The calculated information of grain sizes and textures are based on these merged

EBSD IPF maps. The inverse pole figures give a global view of the texture distri-

bution in the samples. ODF (orientation distribution function) which is a classical

three-dimensional tool to characterize texture, is also used.

2.2.3 Method of plotting forming limit points

Figure 2.3 shows geometry of specimens that can be used to plot FLC and the

corresponding strain path. It can be seen that the tensile test gives one point at

the uniaxial tension part of FLC [156]. The forming limit points of Ti21S and

Ti5553 with different microstructures can be obtained by this tensile test.

To obtain the limit strain of these points, the strains during tensile tests must

be identified. A very convenient and affordable way to measure the strain field is

Digital Image Correlation (DIC) [157][158]. This measurement method uses the

images which are acquired by a camera. The surface of the specimen is sprayed by a

speckle pattern (Figure 2.1). When the specimen is under deformation, the pattern

will deform and its deformation can be calculated by following the displacement

of subsets.

GOM Correlate is a software often used to calculate the strain components at

each point in the gauge area at any instant time. In order to make the results
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Figure 2.3: Specimen geometries and the corresponding strain paths of FLC [156]

more reliable, three sections in each specimen are chosen. The strains along the

section just before the rupture can be plotted. Due to the onset of necking, rupture

happens at the position with the highest major strain at the next moment. The

detail of this method is presented in Figure 2.4 and the definition of the parameters

in Table 2.1, by using an example of Ti21S L,0.

Table 2.1: Definition of parameters in detecting limit strain

Parameters Definition

Position X Length of sections on the specimen (mm)

A The rightest point of the left fit window

B The leftest point of the right fit window

Wl Width of the left fit window

Wr Width of the right fit window

This method to detect limit strains from the strain distribution curves was

introduced by ISO 12004-2 [119] for Marciniak and Nakazima tests. For each

section, to calculate the limit major strain ε1, the distribution of major true strain

is plotted (example for section 1 in Figure 2.4). At the beginning, two inner

boundary points A and B are chosen manually according to the dividing point of

the strain unstable zone on the curve. Besides, the width of two fit windows Wl,

Wr are chosen. Then, an inverse parabola defined by a quadratic equation (Eq.

2.1) is used to fit the experimental points in the two fit windows.

f(x) =
1

ax2 + bx+ c
(2.1)

Where a, b, c are constants which are optimized by the iteration algorithm.

The highest point on the inverse parabola is the limit strain ε1.
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Figure 2.4: Detecting forming limit strain from ISO 12004-2 [119]

To calculate the limit minor strain ε2, Chu et al. proposed a modified method

different from the standard, using the determined experimental strain path [109].

The ε2 value corresponds to the ε1 on the actual strain path at the limit strain

(see in Figure 2.5). The result from the modified method improves the measure of

minor strain, especially when the strain is large.

2.2.4 Method for calculating Lankford coefficients r

Lankford coefficients (r-values) permit to characterize the anisotropy of a rolled

sheet. These values can be calculated in every corresponding direction. Since the

tensile tests along the rolling direction and transverse direction are conducted in

this work, the r-value can be calculated for these two directions. The comparison

of these r-values can highlight the effect of microstructure on the tensile anisotropy

of Ti21S and Ti5553 alloys.

In order to calculate r-values, the strain components ε2 and ε3 are needed as

r = ε2/ε3. The ε3 is the deformation along the normal direction so that it is hard to

measure directly. The principle of incompressibility is then applied: ε3 = −ε1−ε2.

Therefore, using GOM software to calculate ε1 and ε2, r-values can be determined.

Here we choose Ti21S L,0 as an example to introduce the method of calculating

r-values by using GOM Correlate software. Five points are chosen on each spec-



2.2. Experimental procedure 77

Figure 2.5: Comparison of limit points from ISO 12004-2 and modified method

proposed by Chu [109]

imen to minimize the errors. These equally spaced five points need to be located

in the zone with plastic deformation of the tensile specimen (see in Figure 2.6).

Figure 2.6: Position of the five selected points on the specimen Ti21S L,0

A range of strain from 50% to 75% of maximum strain is chosen to ensure

homogeneous increments on the strain components ε2 and ε3 and precise r-values

evaluation (Figure 2.7). The range can be adjusted when the increments are not

homogeneous.

Then, the strain evolution of ε2 and ε3 of the five points in this range (Figure

2.8 (a)) are plotted. A linear tendency curve is plotted to fit the averaged curve.

The slope of this linear fitting curve gives the r-value (Figure 2.8 (b)).
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Figure 2.7: Strain range of 50%-75% of maximum strain for the specimen Ti21S

L,0-1

(a) Strain evolution of the 5 points (b) Averaged strain evolution

Figure 2.8: Evolution of ε2 and ε3 of the 5 points chosen on specimen Ti21S L,0

and its averaged strain evolution curve
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2.3 Microstructure of Ti21S and Ti5553 alloys

2.3.1 Grain size of Ti21S and Ti5553 alloys

Figure 2.9 shows the EBSD results of Ti21S and Ti5553 alloys for each rolling

reduction rate: 0%, 50% and 75%. The grains are fully equiaxed. Therefore,

recrystallization structure is for all the specimens after the solution treatment.

A statistic of average grain size and its standard deviation of Ti21S and Ti5553

alloys is shown in Table 2.2. Grain diameter distribution of these two materials

are shown in Figure 2.10 and Figure 2.11.

Table 2.2: Statistics of average grain size and standard deviation of Ti21S and

Ti5553 alloys

Specimen Average grain size/(µm) Standard deviation σ/(µm)

Ti21S 0 66 34

Ti21S 50 78 42

Ti21S 75 79 41

Ti5553 0 225 157

Ti5553 50 130 87

Ti5553 75 109 78

We can see from the Table 2.2, Figure 2.10 and Figure 2.11, after the heat

treatment, the Ti21S alloy with cold rolling has slightly larger grain size. Their

distribution is similar, whatever the cold rolling rate. Ti5553 has a larger grain

size than Ti21S. All the conditions have a quite dispersed distribution of grain

size, especially Ti5553 0. This phenomenon is due to the limited number of grains

scanned by EBSD. The largest grain is for Ti5553 0, which has a diameter of 600

µm. This phenomenon is probably due to the large size of grains in the received

materials.

2.3.2 Texture of Ti21S and Ti5553 alloys

2.3.2.1 Inverse pole figure

Inverse pole figures of Ti21S and Ti5553 alloys are presented in Figure 2.12 and

Figure 2.13. In these figures, the evolution of the global texture can be seen.

For Ti21S, an increased density of {1 1 3}//sheet plane is exhibited. With the

increase of rolling reduction rates, the maximum densities are increased slightly.

The inverse pole figures of Ti5553 0 show strong {1 1 5}//sheet plane textures.
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Figure 2.9: EBSD IPF maps of Ti21S and Ti5553 alloys (X direction is along

rolling direction)
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Figure 2.10: Distribution of grains diameter of Ti21S alloy

Figure 2.11: Distribution of grains diameter of Ti5553 alloy



82 Chapter 2. Microstructure and mechanical properties

(a) Ti21S 0

(b) Ti21S 50

(c) Ti21S 75

Figure 2.12: Inverse pole figure of Ti21S (a) 0% reduction rate, (b) 50% reduction

rate, (c) 75% reduction rate (X0 corresponds to the rolling direction)
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(a) Ti5553 0

(b) Ti5553 50

(c) Ti5553 75

Figure 2.13: Inverse pole figure of Ti5553 (a) 0% reduction rate, (b) 50% reduction

rate, (c) 75% reduction rate (X0 corresponds to the rolling direction)
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2.3.2.2 ODFs

In order to analyze several specific texture components, the most frequently used

ϕ2=45◦ section of ODF of Ti21S and Ti5553 alloys in different conditions are

shown below. The whole ODF of each condition is listed in Appendix A, where

the texture components are marked and located.

The ϕ2=45◦ sections of ODF of Ti21S for different conditions are plotted in

Figure 2.14. The ODF shows the low intensity of the texture in Ti21S 0 and Ti21S

50. Ti21S 75 has the highest intensity compared to other conditions. Several

texture components are developed: like {1 1 2}〈0 2 1〉 in Ti21S 0, {1 1 3}〈6 9 1〉 in

Ti21S 50 and {2 3 8}〈2 4 1〉 in Ti21S 75.

(a) Ti21S 0 (b) Ti21S 50

(c) Ti21S 75

Figure 2.14: ϕ2=45◦ section of ODF of Ti21S (a) 0% reduction rate, (b) 50%

reduction rate, (c) 75% reduction rate

The ϕ2=45◦ sections of ODF of Ti5553 for different conditions are plotted

in Figure 2.15. The ODF shows a higher density of textures than Ti21S, but it

decreases when the rolling reduction rate increases to 75%. The Ti5553 0 has an

evident texture of {1 1 5}〈5 5 2〉 and {2 2 5}〈3 8 2〉 which disappears for the other

two conditions. The Ti5553 50 has its special orientation of {3 2 1}〈0 1 2〉, while the

Ti5553 75 forms a texture of {1 1 0}〈1 1 2〉. Large texture difference are observed

for all the conditions.

2.3.3 Conclusions

Specimens of Ti21S and Ti5553 have been tested in their solution-treated condi-

tions. Ti5553 has a larger grain size than Ti21S. This step brings alloys various
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(a) Ti5553 0 (b) Ti5553 50

(c) Ti5553 75

Figure 2.15: ϕ2=45◦ section of ODF of Ti5553 (a) 0% reduction rate, (b) 50%

reduction rate, (c) 75% reduction rate

recrystallization textures according to the previous deformation texture. Ti21S

shows fewer concentrations on the texture compared to Ti5553 alloys. With the

increase of rolling reduction rates on Ti21S alloys, the texture {1 1 3}//sheet plane

is reinforced. Ti21S 0 has its special textures of {4 6 5}〈0 5 6〉. Ti21S 50 has

{3 1 1}〈1 2 5〉, {1 1 4}〈1 7 2〉. Ti21S 75 has {2 3 8}〈2 4 1〉, and also {3 1 1}〈1 2 5〉. For

the textures of Ti5553 alloys, {5 1 2}〈1 9 2〉, {2 2 5}〈3 8 2〉 and {1 1 5}〈5 5 2〉 textures

are found in Ti5553 0. When the rolling reduction rate is 50%, these textures disap-

pear and all the texture components are concentrated into {3 2 1}〈0 1 2〉. However,

this concentrated texture becomes disperse into {1 1 0}〈1 1 2〉, {0 1 4}〈1 0 0〉 when

the rolling reduction rate increased to 75%.

2.4 Tensile tests of Ti21S and Ti5553 alloys

Tensile tests of Ti21S and Ti5553 alloys are conducted. True stress - true strain

curves, mechanical properties and forming limit points are evaluated for all the

microstructures. The analysis of these results permits to have a comprehensive

understanding of the effect of the mechanical and thermal treatments on mechan-

ical properties.

2.4.1 Tensile results of Ti21S and Ti5553 alloys

True stress - true strain curves of Ti21S L and Ti21S T with different rolling

reduction rates are plotted in Figure 2.16. The tensile test shows that the specimen
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Ti21S L,0 has the largest elongation. With the increase of the reduction rate, the

elongation decreases. The difference of elongations in T direction is not evident.

Young’s modulus and yield strength for these curves are very close. From the

fracture images of the tensile specimens, a clear necking is observed for Ti21S 0

whatever the direction. There is no evident necking for Ti21S 50 and Ti21S 75.

It demonstrates that with the increasing of the rolling reduction rate, the total

deformation reduces. This may have a negative effect on the formability of the

material.

(a) Ti21S L

(b) Ti21S T

Figure 2.16: Comparison of tensile curves of Ti21S alloys: (a) L direction, (b) T

direction

True stress - true strain curves of Ti21S 0 and Ti21S+ 0 for different tensile

directions are plotted and compared in Figure 2.17. These two materials have

very different mechanical behaviors. After the aging process, Ti21S+ 0 specimen

shows a significant increase in tensile strength compared to the Ti21S 0. But as



2.4. Tensile tests of Ti21S and Ti5553 alloys 87

compensation, the elongation is reduced. The images of fractured specimens in

Fig 2.17 show that there is merely no necking near the tensile crack for Ti21S+,

while necking appears in Ti21S 0 specimens. The cracks are also perpendicular to

the rolling direction for Ti21S+ specimens. All these features of Ti21S+ are due

to the well-known hardening effect and embrittling effect of α phase precipitation

[159].

(a) Ti21S+ L

(b) Ti21S+ T

Figure 2.17: Comparison of tensile curves of Ti21S 0 and Ti21S+ 0: (a) L direction,

(b) T direction

Similarly, true stress - true strain curves of Ti5553 alloys are shown in Figure

2.18. The tensile result of Ti5553 shows that all the ultimate tensile strength are

close, while the one of Ti5553 RM is much higher. Poor elongations are observed.

This brittle behavior will certainly affect the formability. The raw material of

Ti5553 RM may have α precipitates which can explain its behaviour, similar to

the tensile behavior of Ti21S+.
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(a) Ti5553 L

(b) Ti5553 T

Figure 2.18: Comparison of tensile curve of Ti5553 alloys: (a) L direction, (b) T

direction
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The Young’s modulus (E), elongation (A), ultimate tensile strength (UTS),

yield strength (Y S), and their standard deviations (σ̄) of Ti21S and Ti5553 alloys

are listed in Table 2.3 and Table 2.4.

Table 2.3: Mechanical properties of Ti21S and Ti5553 alloys (1 of 2)

Specimen E/GPa σ̄(E)/GPa A/% σ̄(A)/%

Ti21S L,0 75 2.8 27.8 1.7

Ti21S L,50 70 2.7 20.6 3.6

Ti21S L,75 68 1.0 16.2 2.1

Ti21S T,0 73 1.5 19.3 1.5

Ti21S T,50 71 2.3 16.3 2.7

Ti21S T,75 65 2.1 10.0 1.4

Ti21S+ L,0 122 3.5 9.9 0.8

Ti21S+ T,0 113 3.6 9.0 1.7

Ti5553 L,0 68 3.6 19.7 1.9

Ti5553 L,50 78 6.1 3.7 1.4

Ti5553 L,75 88 2.0 1.1 0.1

Ti5553 RM 114 12.3 4.0 0.9

Ti5553 T,50 88 2.1 2.0 0.5

Ti5553 T,75 74 4.5 1.8 0.0

For Ti21S, Y S, UTS, as well as A along L direction are higher than T direction,

except for Young’s modulus, which is nearly the same for both directions. Texture

is responsible for this anisotropy. The texture components of Ti21S are not exactly

the same but their orientations are very close. The evolution of the texture can

be regarded as {4 6 5}〈0 5 6〉 (Ti21S 0) to {1 1 4}〈1 7 2〉 (Ti21S 50) and then to

{2 3 8}〈2 4 1〉 (Ti21S 50). The texture component {3 1 1}〈1 2 5〉 is also rising during

this procedure. They give good mechanical properties in the rolling direction and

fair in the transverse direction.

On the contrary, Ti21S+ 0 specimens do not show this anisotropy evidently.

The difference in the mechanical properties of Ti21S+ 0 is very limited, although

they have the same texture components as Ti21S 0. The precipitation of α phase

in Ti21S+ 0 dramatically improves the mechanical properties, which covered the

effect of texture on the anisotropy. The ultimate tensile strength of Ti21S+ 0 is

much higher than Ti21S 0. It increases from 989 MPa to 1304 MPa (L direction),

or from 890 MPa to 1300 MPa (T direction). Young’s modulus also increases

evidently. But the elongation of Ti21S+ 0 is less than 10%, while Ti21S 0 has

elongation of 27% and 19% in L and T directions.

Ti5553 L,0 has lower Y S than the other conditions, due to its large grain size.
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Table 2.4: Mechanical properties of Ti21S and Ti5553 alloys (2 of 2)

Specimen UTS/MPa σ̄(UTS)/MPa Y S/MPa σ̄(Y S)/MPa

Ti21S L,0 989 19 894 24

Ti21S L,50 945 32 889 27

Ti21S L,75 878 17 852 21

Ti21S T,0 923 12 875 14

Ti21S T,50 890 29 867 28

Ti21S T,75 794 19 792 21

Ti21S+ L,0 1304 7 1167 3

Ti21S+ T,0 1300 23 1176 26

Ti5553 L,0 825 21 711 9

Ti5553 L,50 844 16 814 18

Ti5553 L,75 807 37 807 37

Ti5553 RM 1230 1 1155 80

Ti5553 T,50 843 7 830 9

Ti5553 T,75 846 17 815 19

The elongation A of Ti5553 is extremely low except for Ti5553 L,0. The effect of

texture on the Ti5553 alloys is not evident.

When compared to the two materials with the same treatment, Ti21S alloys

have larger Y S, UTS, and A than Ti5553 alloys in general. The different percent-

age of β stabilizers makes the difference on the mechanical behavior of titanium

alloys.

2.4.2 Forming limit points and r-values of Ti21S and Ti5553

alloys

Following the procedure presented in section 2.2.3 and 2.2.4, the results of forming

limit points and r-values of Ti21S, Ti21S+ and Ti5553 are plotted in Figure 2.19.

For uniaxial stretching, the formability of Ti21S alloys decreases with the in-

crease of the reduction rate. The major limit strain of Ti21S alloys with 75% of

rolling reduction is nearly half of the one of Ti21S alloys without rolling. The

r-values of Ti21S L with three different rolling reduction rates are very close.

The texture component {1 1 2}〈1 1 0〉 is known to be good for formability (Ta-

ble 1.5 in Chapter 1) [76]. In the specimen with the best formability, Ti21S

L,0, the {1 1 2}〈0 2 1〉 texture component have the same {1 1 2}//sheet plane with

{1 1 2}〈1 1 0〉. This group of textures increases the formability.

The formability from the T direction is generally lower than the one from L
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(a) Ti21S L (b) Ti21S T

(c) Ti21S 0 and Ti21S+ 0 (d) Ti5553

Figure 2.19: Average forming limit points and r-values for Ti21S and Ti5553 alloys
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direction, except for Ti21S 75. For a specimen, variations of r-value and formability

can be linked. The r-value reflects the property of the resistance to thinning. The

r-value which is less than 1 means that the material is easy to thin, which makes

it vulnerable when forming. This can explain that the forming limit points from

the tensile test along the transverse direction are lower than the points from the

rolling direction for the same conditions.

The Ti21S+ has excellent tensile strength but poor formability. This is mainly

due to the α phase precipitation from the β matrix. The material is strengthened

but the ductility is sacrificed. This microstructure is not suitable for forming.

The results of Ti5553 alloys exhibit extremely low formability, except for Ti5553

L,0. The Ti5553 with 50% and 75% rolling reduction rates and raw materials have

very poor formability. Similarly, a very low elongation at rupture was measured

during the tensile test. Comparing the forming limit points of Ti5553 L,0 and

Ti21S L,0, Ti5553 L,0 exhibits a lower r-value and formability.

The texture component {1 1 0}〈1 1 2〉 in Ti5553 75 has the similar {1 1 0}//sheet

plane with {1 1 0}〈0 0 1〉, which is bad for formability (Table 1.2 [76]).

2.4.3 Conclusions

From the results of the tensile tests of Ti21S and Ti5553 alloys we can draw some

conclusions:

1. With the increase of the rolling reduction rate, both E and UTS decreases.

It also reduces the ductility of the material. The tensile strength along the lon-

gitudinal direction is higher than the one along the transverse direction. r-value

of rolling directions is higher than transverse direction, except for Ti21S 75. The

r-values can be linked to the formability in the different directions of a specimen.

The effect of texture on the mechanical properties of Ti21S and Ti5553 alloys is

not so evident.

2. From the values of the forming limit points, the rolling process reduce the

formability of materials. The higher the reduction rate, the worse the formability.

For uniaxial stretching, the formability along the longitudinal direction is better

than in transversal direction also with an exception for Ti21S 75. The Ti5553

alloys show very low formability, except Ti5553 L,0. This reduction of formability

has a relationship with deformation. The {1 1 2}//sheet plane and {1 1 0}//sheet

plane can explain some effects of texture on the formability on Ti21S 0 and Ti5553

75.

3. The alloy with heat treatment at 650◦C for 8 hours (Ti21S+), cooled in the

furnace has a significant increase of Young’s modulus and ultimate tensile strength

due to α phase precipitation. Ductility is reduced which makes the formability of

Ti21S+ worse than the Ti21S. The effect of aging on the mechanical properties
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can cover the effect of textures.

2.5 Fracture analysis of Ti21S and Ti5553 alloys

SEM observations are conducted on the fracture surface of the tensile specimens

in each conditions.

2.5.1 Fractographs of Ti21S

Fractographs of each condition of Ti21S are shown in Figures 2.20 to 2.22. Each

group has two kinds of tensile directions: 0◦ and 90◦ from the rolling direction.

Every specimen exhibits a low magnification image and a high magnification image.

(a) Ti21S L,0 200× (b) Ti21S L,0 1000×

(c) Ti21S T,0 200× (d) Ti21S T,0 1000×

Figure 2.20: Ti21S 0 SEM images

The fractograph of Ti21S 0 shows a fracture with large size dimples. The

fracture surface in the dimples is very flat. The large size of dimples reflects that

the nucleation sites are very few.

The Ti21S 50 shows a rupture with fewer dimples. Furthermore, this specimen

exhibits a part of the river pattern. This is the main feature of cleavage fracture.

The fractograph of Ti21S 75 rarely has dimples. The surface exhibits a dom-

inated cleavage fracture. The appearance of dimples demonstrates the ability of

plastic deformation to develop. The tendency of dimples to disappear for Ti21S
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(a) Ti21S L,50 200× (b) Ti21S L,50 1000×

(c) Ti21S T,50 200× (d) Ti21S T,50 1000×

Figure 2.21: Ti21S 50 SEM images

(a) Ti21S L,75 200× (b) Ti21S L,75 1000×

(c) Ti21S T,75 200× (d) Ti21S T,75 1000×

Figure 2.22: Ti21S 75 SEM images
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from 0% to 75% of rolling reduction rates is linked to the loss of formability.

Fracture surface of Ti21S 0 along the rolling direction has more dimples than the

transverse direction. This demonstrates that the elongation of Ti21S L,0 is higher

than Ti21S T,0. The difference of fractograph between different directions of Ti21S

50 and Ti21S 75 is not evident.

2.5.2 Fractographs of Ti21S+

(a) Ti21S+ L,0 200× (b) Ti21S+ L,0 2000×

(c) Ti21S+ T,0 200× (d) Ti21S+ T,0 2000×

Figure 2.23: Ti21S+ 0 SEM images

The fracture surface of Ti21S+ shows a mix-mode fracture. Low-magnification

(200×) shows a grainy appearance, where decohesion occurs, because of α precip-

itates in the grain boundaries. High-magnification SEM shows shallow dimples on

the facets, which is a ductile fracture. The dimples contribute to the plastic part

deformation, which reflects on the higher work hardening on the tensile curve of

Ti21S+ than Ti21S. But because of the existence of α and β phases, the interface

of these two phases can be a good zone for voids gathering, crack nucleation and

becomes the path of crack propagation. The zone that has shallow dimples is an

evidence of the transgranular fracture. This significantly restricts the plastic de-

formation, furthermore, the formability. That is why the tensile curve of Ti21S+

has high strength, high hardening rate but low elongation.
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2.5.3 Fractographs of Ti5553

(a) Ti5553 L,0 200× (b) Ti5553 L,0 2000×

(c) Ti5553 RM 200× (d) Ti5553 RM 2000×

Figure 2.24: Ti5553 SEM images

Ti5553 L,0 shows a ductile fracture with fine dimples, which leads to good

ductility. Ti5553 RM shows transgranular fracture. The grains have very limited

plastic deformation. Similar phenomena are found in titanium alloys with low

formability [145]. Due to the very low plastic deformation of Ti5553 50 and Ti5553

75, the fractographs of them are not analyzed.

2.5.4 Conclusions

Fractography of Ti21S 0 shows a fracture with a flat surface and large size dimples,

revealing a transgranular fracture. With the increase of rolling reduction rates, the

dimples decreases on the fracture surface.

The fracture mode of Ti21S+ is a mixed-mode with intergranular fracture and

ductile fracture. Very small and shallow dimples with some visible grains can be

observed. This change in fracture mechanism after aging treatment is clearly due

to the precipitation of α phase.

Ti5553 L,0 has many fine dimples and presents good ductility.
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2.6 Conclusions

The solution treatment leads to recrystallization of specimens after cold rolling.

The reduction rate affects the final texture components. The effect of these tex-

ture components on the mechanical properties is limited, because they are not so

concentrated in some specimens.

For Ti21S, r0 is higher than r90 except for Ti21S 75. This also makes the

formability from the longitudinal direction is higher than the transverse direction.

The formability of Ti21S is better than Ti21S+. The aging procedure after

solution treatment generates fine α precipitation. This is the main reason which

affects the mechanical behavior of β metastable titanium alloys. This kind of

treatment increases the ultimate tensile strength evidently and reduces elongation.

It reduces the formability dramatically. The mixed fracture mode (intergranular

and ductile) of these specimens explains this phenomenon.

The formability of Ti21S is better than Ti5553. They have similar phases

but different textures. Ti21S shows a low intensity of texture while Ti5553 has

a stronger texture. These textures make a low r-value of Ti5553 0 (0.502), that

is bad for formability. The textures are affected by the rolling procedures, then

affecting the mechanical properties of Ti21S and Ti5553.

One forming limit point in uniaxial stretching condition is not enough to eval-

uate the formability of a material. The whole FLC needs to be plotted to have a

global comparison between microstructures and formability, that will be done in

the next Chapters.
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3.1 Introduction

Uniaxial tensile tests with different microstructures provided only one point for

each microstructure on the Forming Limit Diagram for the corresponding strain

path. From these first observations, one can draw some basic conclusions about the

effect of microstructures on formability. But the complete FLCs are not identified.

In order to plot whole FLCs, predictive models are an interesting alternative

while experimental method is costly and time consuming. The deformation of a

reliable predictive model is linked to the choice of the material constitutive model

and instability criterion.

In this chapter, the widely used M-K model is introduced. A finite element

(FE) M-K model is proposed to predict the forming limit curve for different mi-

crostructures. Previous uniaxial tests are used to identify the parameters of the

constitutive model and to calibrate the imperfection factor of the M-K model. Pre-

dicted FLCs of Ti21S and Ti5553 alloys are then plotted. Finally, the predicted

FLCs with different rolling reduction rates of Ti21S alloys are compared. The

effect of anisotropy on the predicted FLCs of Ti21S alloys is also studied.

3.2 Numerical M-K model

3.2.1 Definition of the FE M-K model

A finite element M-K model is built with the ABAQUS software by referring to

the model proposed by C. ZHANG [149]. Due to symmetry, only 1/8 of the model

is considered, which has 50 mm in length and 50 mm in width totally. The normal

thickness is set as 1 mm and the thickness in the groove is adjustable. The width of

the groove is 2.5 mm. Different displacements (u,v) are applied on the boundaries,

respectively along directions 1 and 2, for simulating different strain paths (Figure

3.1).

Figure 3.1: (a) M-K analytical model and (b) 1/8 of the M-K model and its

dimensions
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This model is meshed by hexahedral elements with an approximate global size

of 1 mm to guarantee the accuracy of the simulation (see Figure 3.2). This size

of the mesh is decided by testing the evolution of the equivalent strain where the

smaller element size have a similar results. As shown in Figure 3.2, an element in

the zone with the normal thickness ea is designated ”Element A” and an element

in the imperfection zone with the reduced thickness eb is called ”Element B”. As

the same in the M-K theory, the numerical imperfection can also be quantified by

an initial imperfection value f0 (see in equation 3.1):

f0 =
eb0
ea0

(3.1)

Figure 3.2: Finite element model of the M-K model

The properties of materials used in these FE simulations are based on exper-

imental uniaxial tensile test results presented in Chapter 2. For each material,

Young’s modulus, Poisson’s ratio and identified hardening laws are introduced.

At the end of the simulation, the temporal evolution of equivalent plastic strain,

major strain and minor strain for Element A and Element B are exported. The

evolution of the equivalent plastic strain for Element A and Element B for Ti21S

L,0 are plotted in Figure 3.3 as an example.

3.2.2 Failure criterion of M-K model

During the deformation, the evolution of equivalent stress and strain in zone a

and zone b are different. The equivalent stress and strain must meet the static

equilibrium conditions and geometric coordination conditions, which makes the

stress in zone b larger than the stress in zone a. The evolution of stress and strain

in zone b will accelerate when necking. Choosing a suitable failure criterion to

identify this necking is important in this work.
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Figure 3.3: Identify the necking of Ti21S L,0

Figure 3.4: The effect of different critical increment ratios (∆ε̄b/∆ε̄a) on predicted

FLC of aluminium alloy AA6111-T4 [160]
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There are various failure criteria. Marciniak-Kuczynski proposed that the neck-

ing happens when the real-time ratio of the thickness (eb/ea) becomes lower than

a critical value [128], the result is very sensitive to this critical value. Another

method is that when the ratio of the strain increment in the zone b is 7 times than

in zone a (∆ε̄b/∆ε̄a > 7), the necking happens [161]. The influence of the value

of the critical ratio on the forming limits is very low (Figure 3.4). The predicted

FLCs from different ratios are coincident, which indicate that the effect of critical

value from 5 to 15 on the predicted FLC is not obvious. Therefore, the critical

value 7 in the studied range is chosen in this work.

The method to determine the limit strains is as follows:

1. Calculate the increment of the equivalent plastic strain of Element A and

Element B.

2. Find out the moment whose increment in Element B is firstly larger than 7

times the increment in Element A (see plastic instability point in Figure 3.3).

3. The major strain and minor strain at this moment in Element A are the

forming limit strains, which correspond to one point of the forming limit diagram

for the considered strain path.

In the predicting model, different strain paths are calculated by changing the

displacement ratio in the two different directions 2 and 1 respectively. This ratio

is defined by S:

S =
v

u
(3.2)

In order to cover strain states from equibiaxial stretching to uniaxial stretching,

the ratio S is changed.

3.2.3 Comparison of numerical and analytical predictions

of forming limits from M-K model

For many years, the analytical M-K model has been widely used for the prediction

of forming limits of metal sheets. Therefore, a procedure of validation of the finite

element model by the analytical model is conducted.

This work refers to the results of the M-K theory by C. ZHANG based on

an analytical M-K model [162]. The same material of AA6056 is chosen in our

simulation because the analytical results and the mechanical properties are already

provided. For the elastic part, Young’s modulus E=70500 MPa, Poisson’s ratio

υ=0.33. For the hardening, a Swift’s law is considered:

σk = K(ε0 + εk)n (3.3)

The parameters of this function are K=567.28 MPa, ε0=0.0029, and n=0.1939.
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Figure 3.5: Validation of finite element model by comparing numerical and ana-

lytical results

Figure 3.5 shows a comparison of the predicting result between the proposed

FE model and the analytical M-K model. Three strain paths which correspond to

uniaxial tension, plane strain and biaxial tension are applied in FE model. From

the results of the simulation, the two methods fit well. The FE model can be a

reliable method for the prediction of forming limits. Because the numerical M-K

model is easy to implement, it has been chosen for study in this work.

3.2.4 Effect of the initial imperfection factor f0

The imperfection factor f0 is a very important factor that has a great effect on

the predicted FLC. It can not be detected directly by experiments. However,

one forming limit point of each condition has been already plotted through the

experiments of the tensile tests in Chapter 2. So the imperfection factor (defect) is

used to calibrate the M-K model from this experimental point. The corresponding

imperfection factor (f0) represents the defects of the microstructure of a material

[149].

C. ZHANG has studied the effect of the imperfection factor f0 on the predicted

FLC of AA6056 aluminium alloys by simulation with numerical M-K model with

four different factors: 0.99, 0.995, 0.9975 and 0.9985. Figure 3.6 shows the result

of this comparison [162].

As shown in Figure 3.6, there is an evident effect of imperfection factor f0 on

the formability. With the decrease of the imperfection factor f0, a decrease in the
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Figure 3.6: Effect of different initial imperfection f0 on predicted forming limit

curve of AA6056 aluminium alloy [162]

formability for every deformation condition can be seen. The level of FLC is very

sensitive to the change of the imperfection factor f0.

3.2.5 Identification of Ludwik’s hardening law

Ludwik’s law is calibrated on true stress - plastic strain curves for Ti21S L,0, Ti21S

L,50, Ti21S L,75, Ti21S+ L,0 and Ti5553 L,0. Considering the perfect plastic

behavior (horizontal plateau) that appears between the end of the elastic domain

and the beginning of the hardening for some specimens, the hardening curve is

calibrated in a range of deformation between 0.5εm to εm, where εm is the plastic

strain corresponding to the maximum stress σm. This fitting can make material

a better behavior in simulation. This range is chosen because the characterized

behavior of the material is just before necking. There have no influence with the

difference of the curve at small strain. Figure 3.7 shows this calibration stage

applied to the Ti21S L,0 as an example.

Then, the σ0=750 MPa is applied for Ti21S L,0, Ti21S L,50 and Ti21S L,75,

1150 MPa for Ti21S+ L,0 and 700 MPa for Ti5553 L,0, according to their initial

yield stress from uniaxial tensile tests. 750 MPa is set for all the Ti21S specimens

to allow easy comparison. These values are lower than the yield strength of cor-

respondent material just for better fitting. K, n are identified by linearizaton of

the Ludwik’s law as follows:

ln(σ̄ − σ0) = nlnε̄p + lnK (3.4)

A straight tendency line is plotted from the experimental curve ln(σ−σ0) versus
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Figure 3.7: Definition of fitting zone

lnεp. The n and K are respectively obtained from the slope and the intercept of

the tendency line.

The fitting curve and the tendency line are shown in Figure 3.8. The calculated

fitting parameters for Ludwik’s law are listed in Table 3.1. These fitting data will

be used in the following simulation in Abaqus.

Table 3.1: Fitting parameters by Ludwik’s law

Specimens σ0 (MPa) K (MPa) n

Ti21S L,0 750 481 0.4

Ti21S+ L,0 1150 628 0.46

Ti5553 L,0 700 278 0.36

With the same method, the fitting on the Ti21S L,50, Ti21S L,75 is also con-

ducted to give convenience on comparing the effect of rolling reduction rates with

Ti21S L,0 on the predicted FLCs. The results are shown in Figure 3.9. The

calculated fitting parameters for Ludwik’s law are listed in Table 3.2.

The fitting results show that fitting with Ludwik’s law has good agreement

with the hardening part of the experimental curve. The mechanical behavior of

these materials are kept the same in the simulation of following parts.

3.2.6 Conclusions

A finite element numerical M-K model is proposed and a failure criterion of strain

increment in the zone b 7 times larger than in zone a is applied. This numerical
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(a) Fitting curve with Ti21S L,0, Ti21S+ L,0 and Ti5553 L,0

(b) Tendency line with Ti21S L,0, Ti21S+ L,0 and Ti5553 L,0

Figure 3.8: The fitting of Ti21S L,0, Ti21S+ L,0 and Ti5553 L,0
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(a) Fitting curve with Ti21S L,0, Ti21S L,50 and Ti21S L,75

(b) Tendency line with Ti21S L,0, Ti21S L,50 and Ti21S L,75

Figure 3.9: The fitting of Ti21S L,0, Ti21S L,50 and Ti21S L,75
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Table 3.2: Fitting parameters by Ludwik’s law of Ti21S with different rolling

reduction rates

Specimens σ0 (MPa) K (MPa) n

Ti21S L,0 750 481 0.4

Ti21S L,50 750 428 0.44

Ti21S L,75 750 228 0.2

M-K model is validated by analytical M-K model. The initial imperfection factor

f0 has a great effect on the predicted FLC and it can be identified by calibrating

the experimental point from uniaxial tensile test. The Ludwik’s law can be applied

as the hardening law of Ti21S and Ti5553 in simulation.

3.3 Anisotropy characterization of Ti21S

In order to study the effect of anisotropy on the FLC and imperfection factor f0,

tensile tests on 5 directions of 0◦, 22.5◦, 45◦, 67.5◦ and 90◦ to the rolling direction

of Ti21S 0 has been conducted. The Lankford coefficients r0, r22.5, r45, r67.5 and r90

of Ti21S 0 can be calculated and used to evaluate the anisotropy of the material.

3.3.1 Lankford coefficients of Ti21S 0

Lankford coefficients of Ti21S 0 given in chapter 2 are presented for the five direc-

tions in Figure 3.10 for the Ti21S 0.

Figure 3.10: r-value of Ti21S 0
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This result shows that the r-value in 45◦ is lower than 0◦ and 90◦. The r-value

in 90◦ is more than 1. It indicates that the strain through the normal direction

of the plate is less than the transverse direction. That means the direction of 90◦

has more resistance to the thinning when deformed. The formability predicted

through this direction may be better.

3.3.2 Anisotropy parameters of Ti21S 0

Expressions of anisotropy parameters of Hill48 model R11, R12, R22, R13, R23 and

R33 in function of Lankford coefficients r0, r45 and r90 have been presented in

Chapter 1 (Equation 1.4). From these expressions and the Lankford coefficients

obtained by uniaxial tensile tests, anisotropy parameters are calculated. Table 3.3

presents these anisotropic parameters for Ti21S 0:

Table 3.3: Anisotropy parameters of Ti21S 0

Parameters R11 R12 R22 R13 R23 R33

Value 1 1.17 1.03 1 1 1.04

3.3.3 Validating the anisotropy of Ti21S 0 by simulation

In the numerical M-K model, the calculated anisotropy parameters of Ti21S alloys

can be added in the plastic property, which is shown in Table 3.3. In order to

validate the anisotropy model in Abaqus and the r22.5, r67.5 values from the ex-

periment, the simulation of a tensile test is conducted in Abaqus. The calculation

of r-value is similar to the method on the tensile test in Chapter 2. The finite

element model is built as in Figure 3.11. One edge is fixed and a displacement is

imposed on the opposite edge.

Figure 3.11: Finite model for validation r-value of Ti21S 0

The evolution of strain components ε2 and ε3 of an element in the necking zone

is exported and plotted in Figure 3.12(a). Then the zone with linear deformation

is chosen. A relationship between ε2 and ε3 can be plotted. Finally, a straight
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tendency line fits this curve. The slope of this tendency line is the r-value (Figure

3.12(b)).

(a) The choosing of calculating zone during the

evolution of ε2 and ε3 of 22,5◦
(b) The calculation of r-value of 22.5◦

Figure 3.12: Method of calculating r-value in simulation

The comparison of the results of r-value from simulation and experiments are

shown in Figure 3.13.

Figure 3.13: Comparison of the r-value of Ti21S 0 from simulation and experiment

From the results of the experimental and the simulation r-values, the anisotropy

model is validated in Abaqus. The measured Lankford coefficients r22.5 and r67.5

are close to the predicted one. It confirms that the Hill48 criterion can be used to

model the anisotropic behaviour of the considered materials.
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3.4 Predicted FLCs of Ti21S, Ti21S+ and Ti5553

After the validation of the finite element M-K model, the predicted FLCs of the

materials can be plotted with acceptable precision. Since the Ti21S 0 can have

different anisotropic parameters in directions L and T, their predicted FLCs may be

different because of the different material anisotropy parameters adapted in Ti21S

L,0 and Ti21S T,0. Moreover, the isotropy material parameters can be applied on

the predicted FLCs of Ti21S, Ti21S+ and Ti5553. The FLC of Ti21S+ L,0 can be

predicted to study the effect of the precipitated α phase. The effect of the rolling

reduction rates on the predicted FLC can be studied with the specimens Ti21S

L,0, Ti21S L,50 and Ti21S L,75. The material mechanical properties in isotropy

can be applied because the comparison is only between the rolling reduction rates.

For Ti5553 alloys, the specimen of Ti5553 50, Ti5553 75 and Ti5553 RM have

very low formability, the predicted FLC only on Ti5553 L,0 is conducted for this

material.

3.4.1 Methodology

The numerical M-K model built in this chapter is used to predict the different FLCs

(Figure 3.2). The simplified naming Ti21S L and Ti21S T are used for the fitting

curve from the uniaxial tensile specimen Ti21S L,0, with anisotropy parameters

adapted to investigate the effect of anisotropy. Ti21S+ and Ti5553 are based on the

uniaxial tensile specimen Ti21S+ L,0 and Ti5553 L,0 with isotropic mechanical

properties respectively. Ti21S L,0, Ti21S L,50 and Ti21S L,75 are obtained by

assuming isotropic hardening.

According to the experimental forming limit point from the uniaxial tensile

test, the ratio of the strain components can be obtained and then S value for

the uniaxial tensile path can be applied in the FE M-K model. The imperfection

value f0 in the M-K model is adjusted in order to obtain good correlation between

the experimental and the predicted forming limit point from uniaxial tension test.

Then the whole predicted FLC can be plotted by changing the S value. Figure

3.14 shows this predicting procedure.

3.4.2 Predicted FLCs of Ti21S L,0, Ti21S L, Ti21S T,

Ti21S+ and Ti5553

The properties of the materials used in the simulation are shown in Table 3.4. The

comparison of experimental point and predicted forming limit curve of Ti21S L,0,

Ti21S L, Ti21S T, Ti21S+ and Ti5553 are shown in Figure 3.15 and Figure 3.16.

The S value and imperfection f0 used in predicted FLC are listed in the Table 3.5.
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Figure 3.14: Schematic of plotting the whole FLC by using different S values

Table 3.4: Properties of the materials used in simulation of isotropic Ti21S L,0,

anisotropic Ti21S L, anisotropic Ti21S T, Ti21S+ and Ti5553

Material E (MPa) υ Hardening laws Isotopic/Anisotropic

Ti21S L.0 77137 0.36 σ̄ = 750 + 481ε̄0.4
p Isotropic

Ti21S L 77137 0.36 σ̄ = 750 + 481ε̄0.4
p Anisotropic

Ti21S T 77137 0.36 σ̄ = 750 + 481ε̄0.4
p Anisotropic

Ti21S+ 118366 0.36 σ̄ = 1150 + 628ε̄0.46
p Isotropic

Ti5553 68245 0.28 σ̄ = 700 + 278ε̄0.36
p Isotropic
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(a) Isotropic Ti21S

(b) Anisotropic Ti21S L and Ti21S T

Figure 3.15: Comparison of experimental point and predicted FLC assuming (a)

isotropic Ti21S, (b) anisotropic Ti21S L and Ti21S T
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From the predicted FLC of Ti21S L and Ti21S T (Figure 3.15(b)), it can be

seen that the predicted curve of Ti21S L and Ti21S T are almost the same. The

imperfection value f0 are close. It can be concluded that the anisotropy doesn’t

have obvious effect on the predicted FLCs.

Table 3.5: Minimum S value and imperfection f0 used in predicted FLC of isotropic

Ti21S L, anisotropic Ti21S L, anisotropic Ti21S T, Ti21S+ and Ti5553

Material S minimum f0

Isotropic Ti21S L,0 -0.37 0.9525

Anisotropic Ti21S L -0.37 0.9460

Anisotropic Ti21S T -0.37 0.9552

Ti21S+ -0.43 0.9050

Ti5553 -0.39 0.9485

From the predicted FLC of Ti21S+ (Figure 3.16(a)), it has lower formability

than Ti21S L,0 for each strain path. The lowest experimental point from the

tensile test leads to the smallest value of imperfection factor f0. The predicted

FLC at the plane strain of Ti21S+ is very close to 0. This phenomenon is due

to the low strain volume of the uniaxial tensile test. From the predicted FLC of

Ti5553 (Figure 3.16(b)), it can be seen that the formability of Ti5553 is between

Ti21S L,0 and Ti21S+. These three materials all indicated low formability in the

plane strain condition (minor strain=0).

3.4.3 Predicted FLCs of Ti21S L,0, Ti21S L,50 and Ti21S

L,75

The predicted FLCs of Ti21S alloys with different rolling reduction rates are plot-

ted with the same method. The properties of the materials used in the simulation

are shown in Table 3.6.

Table 3.6: Properties of the materials used in simulation of Ti21S L,0, Ti21S L,50

and Ti21S L,75

Material E (MPa) υ Hardening laws Isotopic/Anisotropic

Ti21S L,0 77137 0.36 σ̄ = 750 + 481ε̄0.4
p Isotropic

Ti21S L,50 66600 0.36 σ̄ = 750 + 428ε̄0.44
p Isotropic

Ti21S L,75 66381 0.36 σ̄ = 750 + 228ε̄0.2
p Isotropic
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(a) Ti21S+

(b) Ti5553

Figure 3.16: Comparison of experimental point and predicted FLC of (a) Ti21S+,

(b) Ti5553
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The comparison of experimental points and predicted forming limit curves of

Ti21S L with 0%, 50% and 75% are shown in Figure 3.17. The S value and

imperfection f0 used in predicted FLC are listed in the Table 3.7.

Figure 3.17: Comparison of experimental point and predicted FLC of Ti21S L,0,

Ti21S L,50 and Ti21S L,75

Table 3.7: Minimum S value and imperfection value f0 used in predicted FLC of

Ti21S alloys with different reduction rate

Material S minimum f0

Ti21S L,0 -0.370 0.9525

Ti21S L,50 -0.417 0.9258

Ti21S L,75 -0.417 0.9425

From these results, the difference in the shape between these three conditions is

not evident. The imperfection value f0 of Ti21S L,0 is the highest, corresponding to

the best formability on the uniaxial stretching path. It leads to the best formability

under equibiaxial tension. With very different values of f0, the forming limits under

the equibiaxial strain path of Ti21S L,50 and Ti21S L,75 are almost the same. The

predicted forming limit on plane strain is very low.

3.4.4 Conclusions

The whole FLC can be plotted through calibrating forming limit point from the

tensile test with different parameters S and f0 value. Some conclusions can be
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made.

Anisotropy parameters of Ti21S alloys are calculated and applied in the pre-

dictive model. The results show that anisotropy has no significant influence on the

formability.

The formability of Ti21S alloys between solution treated condition and so-

lution treated and aging condition has great difference. The low formability of

Ti21S+ can be attributed to the effect of α precipitates after aging. These pre-

cipitates increased the tensile strength but reduced the ductility. In the scale of

microstructure, it increased the potential defects. This phenomenon is observed

and explained in the fractograph part of Chapter 2. On the numerical simulation,

it acted as a smaller imperfection value f0 for this condition. Then it affects the

whole predicted FLC.

The different mechanical behavior of Ti5553 from Ti21S affects their forma-

bility. The different chemical composition leads to different solution states, larger

grain size and higher texture intensity. All of these can be factors that reduced

formability.

The rolling reduction rate can have an evident effect on the uniaxial stretching

condition of Ti21S alloys but a less evident effect on other strain paths. The

Ti21S L,0 has the highest imperfection value f0 but Ti21S 50 has the lowest.

The value f0 is not only dependent on the forming limit points from the tensile

test but is also sensitive to the mechanical behavior of the materials. From the

general comparison between the strain hardening rate n and the imperfection value

f0, it also can be concluded that the effect of n on the imperfection value f0 is

not evident. The reason for this phenomenon is probably because the simulation

neglected the different ultimate strain of materials.

All the predicted FLCs have a similar shape, the difference is only at the

uniaxial stretching and biaxial. In the plane strain condition, the predicting results

are quite similar. They all have very low formability for this strain path.

3.5 Conclusions

A numerical M-K model has been built to predict the whole forming limit curve

of different titanium alloys. This model is based on the M-K theory and has been

validated by comparison with the analytical M-K model. Ludwik’s hardening law

has been chosen here and has been calibrated for the different titanium alloys

(Ti21S and Ti5553) studied.

The r-value of Ti21S alloys is calculated by tensile test in five directions. The

r-value in 45◦ is lower than 0◦ and 90◦. A numerical tensile test model with

anisotropy is built and the r22.5, r67.5 values are validated by this numerical tensile
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model.

The FLCs are predicted by numerical M-K model calibrated from the forming

limit point of the uniaxial tension path. Predicted FLCs in different conditions

are compared. The relationship between imperfection value f0 and microstructure

is found. The precipitate condition Ti21S+ has the lowest f0, which demonstrates

that α precipitates in the β matrix is bad to the formability. The texture affects

the r-value of Ti21S L and Ti21S T and consequently the formability. High r-value

corresponds to high formability. All the predicted FLCs have low formability at

plane strain conditions.
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4.1 Introduction

In this chapter, experiments with a conventional Marciniak setup will permit to

establish experimental forming limit curves for Ti21S titanium alloys. These ex-

perimental curves can validate the predicted forming limit curve, which is plotted

with the help of an experiment point from a tensile test through a numerical M-K

model.

The predicted forming limit curves of Ti21S and Ti5553 alloys have been plot-

ted in Chapter 3 through a numerical M-K model. Each curve is only using one

experimental point from a uniaxial tensile test. This point provided an imperfec-

tion value f0 to adapt the prediction on the other strain paths. The experimental

method is crucial to validate this numerical M-K model and the predicted forming

limit curves.

The Marciniak device available in our group is firstly designed for the determi-

nation of the forming limit curves at necking or rupture of aluminium alloys and

steels. Preliminary tests performed on titanium alloys have shown a premature

rupture of the blank in a non-planar area (curvature radius induced by the punch

or the die), an area outside of the one filmed during the test. A determination of

the formability limits is impossible in this case.

Marciniak test device and dimensions of the specimen are first optimized through

finite element simulation in order to obtain necking in the central zone of the spec-

imen. The parameters of fillet radius of punch, fillet radius of blank holder, shape

of specimen and thickness of intermediate part of the specimen are investigated.

The Marciniak test device and the specimen are thus modified as the parameters

optimized in simulation.

Tests on titanium alloy Ti21S are then conducted on the modified Marciniak

test device with success. A modified method to detect forming limit points is

proposed and the experimental forming limit curve at necking is plotted. The

comparison between the predicted FLC and the experimental one is discussed.

4.2 Presentation of Marciniak test

4.2.1 Marciniak test device

The existing Marciniak device is modified from the device in standard ISO 12004-

2 [119]. It has smaller dimensions by proportionality. This device has a smaller

specimen size than that in standard ISO 12004-2, so that the tests can be conducted

on a device with lower capacity.

Figure 4.1 shows the setup of the Marciniak test device. The blank holder

clamps the specimen, and holds it from slipping. On the other side of the specimen
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is the punch. Good lubrication is required between the punch and the specimen.

The bottom surface with a speckle pattern is facing a 45◦ mirror under the spec-

imen which allows the image to reflect into a camera recording 50 images/s with

the resolution of 512 × 416. In order to keep a steady focusing distance to the

specimen during the test, the punch is fixed and the blank holder rises together

with the specimen at a speed of 1 mm/s. The sheet is deformed until fracture.

The strain of the deformed specimen is measured with three parallel sections by

DIC method and the forming limit points can be plotted.

Figure 4.1: Marciniak test device

Figure 4.2: Dimensions (in mm) of Marciniak device

4.2.2 Marciniak test specimen

Different from the uniform thickness adapted in the standard, the modified Marciniak

specimens contains three parts with different thicknesses. Dimensions of the spec-

imen is shown in Figure 4.3. These modifications are for the Marciniak test on
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aluminium by some previous researchers [163][164][165]. The thickness of the spec-

imen is increasing from the center area to the surroundings. These three parts with

different thicknesses are called center, intermediate and clamping. This design can

reduce the number of the components for Marciniak test compared to standard

ISO 12004-2 and further reduce the required force during the test.

Figure 4.3: Dimensions of Marciniak test specimen with three thicknesses (0.8mm,

1.5mm and 2mm)

The values of R, Rm, Re and Rc are fixed for each specimen, W is measured

perpendicular to the rolling direction and can vary in order to realize different

strain paths. The dimensions of these parameters of Marciniak specimens are

listed in Table 4.1.

Table 4.1: Dimensions of Marciniak specimens

Parameters R Rm Re Rc W

Dimensions (mm) 50 26.5 10 70 10-100

The specimens are painted at the flat side with a speckle pattern (Figure 4.4)

in order to analyze the strains. The different strain paths and the corresponding

specimens with different W are shown in Figure 4.5. The experimental forming

limit curve can be plotted from such a group of specimens.

4.2.3 Experimental validation of the Marciniak test dimen-

sions for titanium alloys

Marciniak tests on titanium alloy TA6V are firstly conducted on the existing device

in order to check that necking appears in the central zone of the specimen.
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Figure 4.4: Specimen painted with a speckle pattern

Figure 4.5: Forming limit curve and the corresponding specimen of Marciniak test

Firstly, the specimens with the strain path of uniaxial tension (W=10 mm) and

plane strain (W=52 mm) of TA6V are tested. Results show that the strain localizes

near the radius of the clamping part on both TA6V specimens (Figure 4.6) and not

in the desired center zone of the specimen. A very small punch displacement was

observed which indicates a low deformation before the fracture. This connecting

area induces stress concentration due to its geometry, especially if there are some

defects from processing, making the fillet on the specimen vulnerable.

Figure 4.6: Uniaxial and plane strain TA6V specimens before and after Marciniak

tests

The explanation of this phenomenon is the different mechanical behavior of

titanium and aluminium alloys. Titanium alloy TA6V has high yield stress and

low hardening rate (yield stress and ultimate tensile strength of TA6V are very
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close) while aluminium alloys are on the contrary. In order to realize the Marciniak

test on titanium alloys, the Marciniak device must be optimized.

4.3 Simulation and optimization of the Marciniak

test

4.3.1 Finite element model of Marciniak test

Finite element simulations have been led to understand and try to prevent strain

localization outside the center zone. Figure 4.7 shows the FEM model of the

Marciniak test.

Figure 4.7: Marciniak test parts of the model

One-fourth of the total device is considered because of the two symmetry planes

(XZ and YZ) of the device. The punch and the blank holder are considered rigid

solids so they are constructed with shell elements. It can reduce the total number

of elements calculated. A displacement of a value H is set to simulate the motion

of the punch. The specimen is also meshed by shell element with three layers.

The result of the center layer is used for analysis. Three parts are divided in

order to distinguish the different areas of the uniaxial specimen of Marciniak test

(Figure 4.8). Ec, Ei and Em correspond to the thickness in the center, intermediate

and clamping parts. 0.8 mm, 1.5 mm and 2 mm are set as corresponding original

thicknesses. The contact zone between the specimen and the punch has no friction.
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The zone between the specimen and blank-holder has a friction coefficient of 0.1.

Loads of 51.8 MPa are applied on the clamping part of the specimen.

Figure 4.8: Three thickness zones and mesh of Marciniak specimen

The materials of TA6V but also Ti40 commercially pure titanium are used for

comparison. Tensile test results are used for these two materials. The yield stress

of TA6V is higher than Ti40 and the hardening rate of TA6V is lower. Figure 4.9

shows the plastic properties of these two materials used in the simulation. The

ultimate tensile strength (UTS), Young’s modulus (E) and Poisson ratio (υ) used

in the simulation of TA6V and Ti40 are listed in Table 4.2.

Figure 4.9: Plastic strain - stress curves of TA6V and Ti40

In order to simply simulate the procedure of Marciniak test, the blank holder

is fixed. The punch has a displacement of 20 mm to the direction of the specimen.

Figure 4.10 shows simulation results for TA6V when the maximum Mises stress

of some part of the specimen has reached UTS of 1131 MPa. This does not mean



4.3. Simulation and optimization of the Marciniak test 129

Table 4.2: Ultimate tensile strength (UTS), Young’s modulus (E) and Poisson

ratio (υ)

Material UTS (MPa) E (GPa) υ

TA6V 1131 101 0.34

Ti40 627 110 0.30

that the fracture happens because the local stress when fractured is more than this

value. But 1131 MPa used here is to set a criterion of the time just before failure.

The distribution of Mises stress can be used to identify the area where localization

is most likely to happen. The same criterion is also used in the following parts.

Figure 4.10: Mises stress distribution on the TA6V specimen when the maximum

reaches 1131 MPa

From the distribution of Mises stress in TA6V, the area where the stress reached

1131 MPa is not in the center. It is located in the first peripheral, the contacted

area with the punch and the second peripheral. This means the first rupture very

likely happens in these areas instead of the center.

The displacement of the punch (H) until fracture in the simulation of TA6V

is 4.2 mm, while the measured displacement in the experimental Marciniak test

of TA6V is 5.8 mm. Considering the offset of the punch and specimen in the ex-

periment, the displacement from simulation and experiment is quite close, which

can be a good factor to measure the extent of the deformation. This displacement

at fracture can evaluate the forming behaviors. A material that has a large dis-

placement of punch in simulation is more likely to have the maximum stress in the

center, which has more possibilities to complete the Marciniak test successfully in

the experiment.

Figure 4.11 shows the simulation result of Ti40 when the Mises stress of some

part of the specimen has reached 627 MPa. From the distribution of stress of the

Ti40 in the figure, the area where the stress reached 627 MPa is just located in

the center. This means the rupture of Ti40, in this case, is very likely to happen
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in the center.

Figure 4.11: Mises stress distribution on the specimen Ti40 when the maximum

reaches 627 MPa

The difference in properties between these two materials is the main cause of

different simulation results. The TA6V has very high yield stress and little strain

hardening. It demonstrates that the Marciniak test is not suitable for TA6V in

our condition, while Ti40 has lower yield stress and some strain hardening, which

makes it successful in Marciniak test. Whatever, optimizing the test parameters

can at least reduce the risk, especially for materials with low hardening.

4.3.2 Parametric study

In order to avoid the strain localization near the radius of the clamping part, the

Marciniak device has to be optimized. All the parameters that may affect the

distribution of the stress are critical to have localization in the center. Therefore,

the fillet radius of blank holder rb, the effect of the fillet radius of punch rp, the

different surface shape and the thickness of intermediate part Ei of the specimens

will be investigated in this section.

During the deformation, there are three points on the specimen that have a

high possibility of fracture in simulation. We are focusing on these points which

are named center (C), bending center (B,c) and bending edge (B,e). They present

stress concentration due to geometry. Figure 4.12 shows the definition of the center

(C), bending center (B,c) and bending edge (B,e).

In order to have a quantitative analysis of a test, a G value is proposed:

G = Max{ ε̄c
ε̄B,c

,
ε̄c
ε̄B,e
} (4.1)

Where ε̄c is the equivalent plastic strain in the center (C), ε̄B,c is the equivalent

plastic strain in the bending center (B,c), ε̄B,e is the equivalent plastic strain in

the bending edge (B,e). All these values are obtained at the moment when the

Mises stress reaches the ultimate tensile strength of the material in any area. The
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Figure 4.12: Definition of center (C), bending center (B,c) and bending edge (B,e)

larger the G value, the more suitable the test. The material of Ti40 is used in the

following investigations just for a convenient comparison between the simulation

results from different parameters.

4.3.3 Effect of fillet radius of blank holder rb

The original dimension of the fillet radius of blank holder is rb=5 mm. Increasing

that radius will reduce the bending angle during the test. This may reduce the

stress concentration in the bending area. Considering the fracture location of

Marciniak test of TA6V is exactly on the bending area, the investigation of this

parameter is very important. Enlarging the radius of blank holder rb to 7.5 mm,

10 mm and 12.5 mm is proposed. The result of the distribution of Mises stress at

rupture moment is plotted to find out its evolution and the best parameters. The

evolution of equivalent plastic strain is plotted and the displacements of the punch

(H) when fracture happens are listed for comparison.

Figure 4.13 shows the result of the simulation of different fillet radius of blank

holder rb. The simulation result with the fillet radius of blank holder rb of 5 mm

shows that both the center and bending area have high stress. The distribution of

stress and strain provides the possibility of fracture in both areas. That demon-

strates the stress in these two areas is very similar. This specimen has a high risk

of fracture in the bending area. With increasing fillet radius of blank holder rb,

the stress concentration on the bending area is less significant. Enlarging the fillet

radius of blank holder rb is a good way to increase the possibility of success of

Marciniak test on titanium alloys.

Figure 4.14 shows the evolution of equivalent plastic strain with different fillet

radius of blank holder rb. The evolution of the ratio of the equivalent plastic strain

shows that the deformation in the bending area occurs first. When the specimen

is bent, the Mises stress on the center increases. It leads to a sudden increase in

the equivalent plastic strain. The competition between equivalent plastic strain

and stress in these two areas contributes to the location of the fracture.
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(a) Fillet radius of blank holder rb of 5 mm

(b) Fillet radius of blank holder rb of 7.5 mm

(c) Fillet radius of blank holder rb of 10 mm

(d) Fillet radius of blank holder rb of 12.5 mm

Figure 4.13: Distribution of Mises stress for Ti40 uniaxial specimens with different

fillet radius of blank holder rb
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(a) Fillet radius of blank holder rb of 5 mm

(b) Fillet radius of blank holder rb of 7.5 mm

(c) Fillet radius of blank holder rb of 10 mm

(d) Fillet radius of blank holder rb of 12.5 mm

Figure 4.14: Evolution of the equivalent plastic strain (PEEQ) with different fillet

radius of blank holder rb. Red vertical line indicates the punch displacement when

the maximun Mises stress is reached
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Increasing the fillet radius of blank holder rb does not affect the evolution of

equivalent plastic strain in the center. However, the punch displacement before

reaching the maximum Mises stress is increased. The strain level in the connecting

radius zone (B,c; B,e) decreases compared to the one at the central point of the

specimen. Large rb makes the center have the largest equivalent plastic strain

when fracture happens.

The effect of the fillet radius of blank holder on the G value is plotted in Figure

4.15, and G value and displacement of the punch are reported in Table 4.3. The

larger the fillet radius of blank holder, the larger the G value. From the Table

4.3, an evident increase of displacement of the punch is demonstrated. But in

reality, the fillet radius of blank holder can not be too large. Otherwise, the blank

holder will lose the area for holding the specimen. Slipping of the specimen will

happen because of inadequate friction provided by the blank holder. Therefore,

the enlargement of the fillet radius of blank holder from 5 mm to 10 mm can be

conducted.

Figure 4.15: Effect of the fillet radius of blank holder on the G value

Table 4.3: G value and displacement of the punch (H) when ultimate tensile

strength is reached with different fillet radius of blank holder rb

rb (mm) G value H (mm)

5 1.04 12.2

7.5 2.37 14.0

10 4.44 15.4

12.5 7.00 16.4
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4.3.4 Effect of different fillet radius of punch rp

The original dimension of the fillet radius of punch is rp=8 mm. The parameter

rp can affect the contact position of the specimen and the punch, and then affect

the deformation of the specimen. According to the radius of the punch (20 mm)

and the geometry of the specimen, the fillet radius of punch rp is modified as

6.5 mm or 9.5 mm. These parameters are simulated in Abaqus. The results of

distribution of equivalent plastic strain at rupture moment, distribution of Mises

stress at rupture moment, evolution of equivalent plastic strain are plotted for

comparison. The displacements of the punch (H) when fracture happens are also

listed. For all the simulations with different fillet radius of punch, the fillet radius

of blank holder keeps an optimized value of 10 mm.

Figure 4.16 shows the results of the simulation of the different fillet radius of

punch rp. From the distribution of the stress in Figure 4.16, the rupture happens

in the center. The distribution of the strain verifies that the center has the largest

equivalent plastic strain. The increasing of the fillet radius of punch rp reduces

the Mises stress concentration in the contacting area of punch and specimen. The

stress distribution in other areas has not much difference.

Figure 4.17 shows the evolution of equivalent plastic strain (PEEQ) with differ-

ent fillet radius of punch rp. The evolution of the equivalent plastic strain (Figure

4.17) shows no evident difference. The different fillet radius of punch rp can affect

the stress and strain on the contact zone but have a very limited effect on the

center and bending zone.

In order to evaluate the risk of fracture, the G value of these conditions is plot-

ted in Figure 4.18, and G value and the displacement of the punch are presented

in Table 4.4. From Figure 4.18, increasing the fillet radius of punch indeed has an

advantage on the rupture in the center. But this effect is not as significant as the

fillet radius of blank holder. The displacement of the punch of these three condi-

tions is very close and the value is large. Considering the risk and the workload of

modifying this radius, the fillet radius of the punch is kept the same.

Table 4.4: G value and displacement of the punch (H) when ultimate tensile

strength is reached with different fillet radius of punch rp

rp (mm) G value H (mm)

6.5 4.02 15.2

8 4.44 15.4

9.5 5.19 15.8
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(a) Fillet radius of punch rp of 6.5 mm

(b) Fillet radius of punch rp of 8 mm

(c) Fillet radius of punch rp of 9.5 mm

Figure 4.16: Distribution of Mises stress for Ti40 uniaxial specimens with different

fillet radius of punch rp
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(a) Fillet radius of punch rp of 6.5 mm

(b) Fillet radius of punch rp of 8 mm

(c) Fillet radius of punch rp of 9.5 mm

Figure 4.17: Evolution of equivalent plastic strain (PEEQ) with different fillet

radius of punch rp. Red vertical line indicates the punch displacement when the

maximun Mises stress is reached
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Figure 4.18: Effect of the fillet radius of punch on the G value

4.3.5 Effect of the shape of specimen

Traditional Marciniak test specimen has three parts with different thicknesses.

The bending area is very close to the contact area of the intermediate and the

clamping. To avoid stress concentration at defaults on this contact area which

underwent the machining or milling, a new specimen combining the intermediate

and center parts in a curved surface is proposed (see the section in Figure 4.19).

The thickness in the center point is 0.7 mm and there are no dimension defects for

stress concentration. This model is built with 3D solid elements instead of shell

elements due to its special shape. The result of the distribution of Mises stress at

rupture moment is plotted (Figure 4.20). For this simulation, the fillet radius of

blank holder is kept as 10 mm.

Figure 4.19: Section of the new specimen shape with curved surface

The result of the specimen with a curved surface does not have much improve-

ment on the distribution of each part and the ratio of equivalent plastic strain.

The machining of this new specimen still has some challenges, so this dimension

is not applied in our future tests.
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Figure 4.20: Distribution of Mises stress for Ti40 uniaxial specimens with curved

surface

4.3.6 Effect of different thicknesses of intermediate part Ei

The intermediate part takes the stress concentration on the contact area and bend-

ing area, which makes it vulnerable in the test. The different thicknesses of the

intermediate part Ei can change the stress and strain condition and may have dif-

ferent behavior. The original thickness of the intermediate part is 1.5 mm. The 1.2

mm, 1.8 mm and 2.0 mm are investigated and compared. Shell elements are used

and distribution of Mises stress at rupture moment, evolution of equivalent plastic

strain are plotted and the displacements of the punch (H) when fracture happens

are listed for comparison. For all the simulations, the fillet radius of punch is kept

as 8 mm and the fillet radius of blank holder is 10 mm.

Figure 4.21 shows the result of the simulation with different thicknesses of

intermediate part Ei. The effect of the thickness of intermediate part on center

and bending area is not evident. But it affects the contact area of the punch and

specimen. With the increase of thickness, the stress concentration at the contact

area is increased. This value in this area reaches the ultimate tensile strength of

Ti40 when the intermediate thickness is 1.8 mm which is the same value as in

the center. The thickness of 2.0 mm shows the extreme case of this change. The

rupture happens neither in the center nor bending area, but only at the area where

the punch is contacted. A thick intermediate part will reduce the flexibility of the

specimen and makes it vulnerable to bending. Considering all these situations,

the thickness of the intermediate part is kept the same as the original value.

Figure 4.22 shows the evolution of equivalent plastic strain with different thick-

nesses of intermediate part Ei. Even though the thicker intermediate part can

reduce the evolution of the equivalent plastic strain at bending area, the fracture

still can happen due to significant stress concentration.

The effect of the intermediate part on the G value is plotted in Figure 4.23,

and G value and the displacement of the punch are presented in Table 4.5. The G

value of the thickness of intermediate part Ei of 2.0 mm shows exactly the same

conclusion than from stress. The displacement of the punch clearly shows the same
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(a) Intermediate part thickness Ei of 1.2 mm

(b) Intermediate part thickness Ei of 1.5 mm

(c) Intermediate part thickness Ei of 1.8 mm

(d) Intermediate part thickness Ei of 2.0 mm

Figure 4.21: Distribution of Mises stress for Ti40 uniaxial specimens with different

thicknesses of intermediate part Ei



4.3. Simulation and optimization of the Marciniak test 141

(a) Intermediate part thickness Ei of 1.2 mm

(b) Intermediate part thickness Ei of 1.5 mm

(c) Intermediate part thickness Ei of 1.8 mm

(d) Intermediate part thickness Ei of 2.0 mm

Figure 4.22: Evolution of the equivalent plastic strain (PEEQ) with different thick-

nesses of intermediate part Ei. Red vertical line indicates the punch displacement

when the maximun Mises stress is reached



142 Chapter 4. Characterization of the formability of Ti21S titanium alloy by Marciniak test

tendency. When the Mises stress reaches the ultimate tensile strength, the rupture

happens neither in the center nor bending area, but at the area where the punch

contacted. The thick intermediate part will reduce the flexibility of the specimen

and makes it vulnerable to bending. Considering all these situations, the thickness

of the intermediate part Ei with a value intermediate to the center and clamping

is suitable.

Figure 4.23: Effect of intermediate thickness on the G value

Table 4.5: G value and displacement of the punch (H) when ultimate tensile

strength are reached with different thicknesses of intermediate part Ei

Ei (mm) G value H (mm)

1.2 3.09 15.2

1.5 4.44 15.4

1.8 5.68 15.4

2.0 0.14 12.2

4.3.7 Conclusions

In order to optimize the Marciniak test to achieve fracture in the center of spec-

imens of titanium alloys, a finite element model of Marciniak test is built. The

parametric study on the G value is applied to investigate the effects of fillet radius

of blank holder rb, fillet radius of punch rp, curved specimen surface and thickness

of intermediate part of the specimen Ei.

The results of simulations show that with increasing the fillet radius of blank

holder rb, there is more possibility to have a fracture in the center. The increase of

the fillet radius of punch rp, is beneficial to fracture in the center. But this effect is

very limited. Compared to the Marciniak specimen with three steps, the specimen

with a curved surface shows no advantage in Marciniak test. The increase of the

thickness of intermediate part of the specimen Ei has the effect of first increasing
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and then decreasing on G value. Considering all the simulation results and the

risks, the modification on enlarging the fillet radius of blank holder rb from 5 mm

to 10 mm is conducted. The fillet radius of punch rp is kept the same as 8 mm.

The dimensions of specimens are kept with Ec, Ei and Em corresponding to 0.8

mm, 1.5 mm and 2 mm.

4.4 Marciniak test

4.4.1 Experimental characterization of the formability on

Ti21S alloy

The original thickness of Ti21S is 0.8 mm. The desired thickness is reduced by

proportionality (Ec=0.32 mm, Ei=0.6 mm and Em=0.8 mm). Because of the

limitation of the thickness control on the machining machine with very thin sheets,

the final measured thickness of Ti21S Marciniak specimens is about Ec=0.4 mm,

Ei=0.5 mm and Em=0.8 mm. Despite this, such modification can reduce the force

needed to complete the whole Marciniak test and do not have other bad effects on

the tests.

Marciniak specimens corresponding to uniaxial (W=10 mm), plane strain (W=52

mm) and equibiaxial (W=100 mm) strain paths are performed. All the specimens

undergo a solution treatment at 900◦C for 30 min, which is the same heat treat-

ment of tensile specimens Ti21S 0. The Marciniak test device is the same as in

Figure 4.1 with the only modification of the fillet radius of blank holder to 10

mm. The test procedure and parameters are the same as stated in section 4.2.1.

Six specimens are tested in each strain condition (u: uniaxial, p: plane strain,

b: equibiaxial). The results of new modified specimens are shown in Figure 4.24.

From this figure, only two specimens in plane strain did not fractured. The others

are well deformed and fractured. The limited area of the clamping provided lim-

ited friction to prevent the specimen from sliding in the blank holder. The force

on this high-strength titanium alloy is very high and the fixing axis is ruptured.

The sliding reduced the stress in the specimens so that some specimens in plane

strain are not fractured.

4.4.2 Difficulty of detecting the forming limit

The method of detecting the forming limit of the Marciniak is ISO 12004-2 is the

same as detecting the experimental forming limit point from the tensile test in

Chapter 2. The distributions of major strain in one section of each specimen are

identified just before the rupture. But there is problem on fitting with the inverse
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Figure 4.24: Marciniak specimens of Ti21S
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parabola f(x) = 1/(ax2 + bx + c). Figure 4.25 shows the section and the fitting

on the Marciniak specimen 3u as an example.

(a) Section of the Marciniak spec-

imen 3u

(b) Distribution of major strain along the section and its

fitting curve on the specimen 3u

Figure 4.25: Section and the fitting on the Marciniak specimen 3u

The studies on the fitting method found that the problem is due to the inverse

parabola function f(x) = 1/(ax2 + bx+ c) used in the fitting. When the specimen

underwent adequate plastic deformation throughout the section before necking, as

in aluminium for example, a high level of strain can be found along the section.

At this moment, the fitting has no problem correlating the fitting window and ob-

taining a reasonable forming limit (Figure 4.26 (a)). But when there is inadequate

deformation along the section before necking, the fitting window is very narrow.

The slope of the fitting window is then high, the distance of these two windows is

far. The ideal fitting curve of the function presented in the standard can be seen

in Figure 4.26 (b). To fit the strain distribution in this situation, the identified

parameters a, b and c exceed the presupposed ranges. And the most important,

precise forming limit can not be obtained from the fitting curve in this condition.

4.4.3 Modified fitting method

The function of fitting need to be modified to adapt to the new situation. A new

parameter d is added at the end of the function. Equation 4.2 shows the modified

function for the following fitting.

f(x) =
1

ax2 + bx+ c
+ d (4.2)

The new parameter d can be justified as the same method of a, b, c, which allows

an offset up and down of the inverse parabola curve. It can neglect the effect of

the level of strain throughout the section. This function is especially suitable for
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(a) Fitting with high level strain distribution

(b) Fitting with low level strain distribution

Figure 4.26: Comparison of the standard fitting curve fitted with the specimens

which have high level strain distribution and low level strain distribution along the

section
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detecting the forming limit of materials with low plasticity. The fitting of the

Marciniak specimen 3u with the modified method shows great success (Figure

4.27).

Figure 4.27: Distribution of major strain after Marciniak test (specimen 3u) and

its fitting curve with the modified method

4.4.4 Results of Ti21S

The experimental points of all the Marciniak specimens are detected with the

modified fitting method (Figure 4.28). The predicted curve from the tensile test

of Ti21S L,0 in Figure 3.15 is added in Figure 4.29.

The points of Marciniak test of uniaxial specimens are very close to the pre-

dicted curve. But the limit strain is very low and the points are gathered close to

the plane strain. The point from the tensile test of T21S L,0 has a huge difference

of strain level from the Marciniak test uniaxial specimen (Figure 4.30).

The points of Marciniak test of plane strain have relatively higher limit strain

than other conditions. The highest limit major strain is specimen 7p which reaches

0.17 (Figure 4.31). It is much higher than the predicted value of 0.02 at plane

strain. The strain path is not exactly the plane strain. It has a deviation to the

uniaxial part.

The points of Marciniak test of equibiaxial specimens have a higher forming

limit than the predicted curve (Figure 4.32). The dimensions of these specimens

are expected to realize the equibiaxial tension. But the results show that the strain

path of equibiaxial specimens is nonlinear and they are separated from each other.
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Figure 4.28: Marciniak test results of all experimental points on Ti21S

Figure 4.29: Comparison between the predicted FLC and all the points on Ti21S
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Figure 4.30: Marciniak test of Ti21S uniaxial specimen and its strain path

Figure 4.31: Marciniak test of Ti21S plane strain specimen and its strain path
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Figure 4.32: Marciniak test of Ti21S equibiaxial specimen and its strain path

4.4.5 Discussion and conclusions

The strain path of experimental points is very similar to the strain path in Figure

1.39 [145]. The points are located close to the plane strain of the predicted FLC

and hard to reach ideal path of uniaxial stretching and equibiaxial stretching. The

predicted FLC is plotted by the mean of the finite element M-K model calibrated

on the point from uniaxial tensile test, but the Marciniak test results can not

always cover all the possible strain paths on the predicted FLC.

The strain paths of all specimens are concentrated near the plane strain, making

them hard to validate the uniaxial part and equibiaxial part of the predicted FLC.

This phenomenon probably is due to the dimensions of Marciniak specimens. Even

for the Marciniak uniaxial specimen, the thickness is 0.4 mm and the width is 10

mm. The ratio of the specimen thickness to width is 0.4/10=0.04. The tension

is homogeneous through this blank. The deformation mode is very similar to the

plane strain. However, the uniaxial tensile specimen of Ti21S L,0 has a thickness

of 0.8 mm and the width is 3 mm. The ratio of the specimen thickness to width

(0.8/3=0.27) is larger than the Marciniak uniaxial specimen (0.04). This dimension

has the advantage to have a strain component along the transverse direction.

The Marciniak specimens of Ti21S alloy show a localize plastic instability.

The plastic deformation outside this small area is very low. This phenomenon

is different from specimens for the uniaxial tensile test, which is also due to the

dimension of the specimens. Despite these disadvantages, the experimental results
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are slightly higher compared to the predicted FLC on plane strain. It can be

concluded that the predicted FLC on the plane strain is conservative.

There are some strain paths of equibiaxial specimens which are not linear. Be-

cause the center part of the equibiaxial specimen is under a biaxial tension, the

crack can be in any direction. Sometimes cracks in different directions occur simul-

taneously, which can be seen in the equibiaxial specimens after the Marciniak test

in Figure 4.24. The main crack and sub cracks indicate that there is a competition

of the necking in several directions. This may lead to a strain path in a non-linear

condition.

All in all, the experimental points of Ti21S from Marciniak test have some

discrepancies with the predicted FLC.

4.5 Conclusions

The optimization of the Marciniak test is conducted by simulation. The fillet radius

of blank holder has the most evident influence on the Marciniak test. Enlarging

this radius can significantly increase the possibility of cracking in the center part

of the specimen. Modifying fillet radius of blank holder from 5 mm to 10 mm is

adopted.

The formability of Ti21S alloy is characterized by Marciniak test. The experi-

mental points are compared with the predicted FLC. These points are concentrated

on the part of the plane strain of the curve. This method validates the predicted

FLC of titanium alloys, even though the result is conservative on the plane strain.

It is difficult to validate the uniaxial part and equibiaxial part of the predicted

FLC because the Marciniak specimens can not realize the ideal strain path due

to their dimensions. This is due to different ratios of specimen thickness to width

of the uniaxial tensile test specimen and Marciniak uniaxial specimen. The ex-

perimental points are gathered close to the area of plane deformation because the

Marciniak specimens are very thin.

Thanks to this predicting method, detecting FLC will be simplified to a ten-

sile test and several finite element simulations, which makes this procedure more

economic and convenient.
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L’objectif de ce travail est d’étudier l’effet de la microstructure sur la formabilité

des alliages de titane. Pour cela, différentes microstructures d’alliages Ti21S et

Ti5553 ont été caractérisées et les CLFs ont été tracées par un modèle prédictif

ainsi que par l’expérimentation.

À partir d’une campagne expérimentale d’essais de traction, les propriétés

mécaniques et la formabilité pour un chemin de déformation de traction uniaxiale

ont été obtenues. Les résultats de l’essai de traction montrent que l’augmentation

du taux de laminage, conduit à la réduction de la ductilité et la formabilité. La

valeur r dans le sens de laminage est plus élevée que dans le sens transversal, ceci

explique que les résistances à la traction dans le sens longitudinal sont plus élevées

que celles dans le sens transversal. Ces observations peuvent être faites sur toutes

les nuance testées à l’exception du Ti21S 75. Les alliages Ti5553 présentent une

très faible formabilité, à l’exception du Ti5553 L,0. L’effet de la texture sur les

propriétés mécaniques des alliages Ti21S et Ti5553 n’est pas évident. Mais on peut

malgré tout conclure que le plan {1 1 2} conduit à une meilleure formabilité tandis

que le plan {1 1 0} a un effet negatif sur la formabilité. Les fractographies du Ti21S

et du Ti5553 illustrent les différences observées sur les propriétés mécaniques et sur

les formabilités. Le mode de rupture fragile devient de plus en plus prépondérant

avec l’augmentation du taux de laminage. La précipitation de la phase α conduit

à une rupture à modes mixtes qui combine une rupture intergranulaire et une

rupture ductile.

Après cette partie expérimentale, un modèle numérique M-K a été mis en

place pour prédire les CLFs des alliages Ti21S et Ti5553. La loi d’écrouissage de

Ludwik a été calibrée pour chaque condition. Les paramètres du critère Hill48 ont

été déterminés pour la condition Ti21S 0. Les résultats montrent que l’anisotropie

a une influence significative sur les CLF prédites. La précipitation de la phase α

après vieillissement conduit à une faible formabilité sur l’alliage Ti21S. On constate

que les plus faibles valeurs de défaut f0 sont calibrées pour le Ti21S 50 et le Ti21S

152
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75. Le taux de laminage a un effet évident sur les limites de formabilité en traction

uniaxiale des alliages Ti21S mais un effet moins évident sur les autres chemins de

déformation. Contrairement au Ti21S, l’alliage Ti5553 a une très faible formabilité

en général, ce qui peut s’expliquer par la plus grande taille de grain et sa plus

grande intensité de texture.

Enfin, des tests Marciniak ont été réalisés sur Ti21S. La méthode de calcul

des limites de formabilité a été adaptée aux alliages de titane caractérisés par un

faible niveau de déformation plastique en dehors de la zone d’instabilité plastique

localisée. Les résultats des tests de Marciniak montrent quelques divergences avec

la CLF prédite pour le Ti21S. Le modèle prédictif est conservateur pour le chemin

de déformation plane.

Malgré ces avancées, plusieurs perspectives peuvent être envisagées pour la

suite de cette étude:

1. La caractérisation de la texture des alliages de titane β métastables pourrait

être améliorée par la méthode DRX afin d’obtenir une information sur une plus

grande échelle.

2. Le dispositif de Marciniak pourrait être redimensionné afin de tester des

éprouvettes plus épaisses, ce qui permettrait d’être moins sensible aux dimen-

sions de l’éprouvette (à l’épaisseur notamment) et de réaliser une campagne plus

complète en terme de chemins de déformation.

3. Ce travail n’a considéré que la formabilité des alliages de titane β métastables

à température ambiante. II serait intéressant d’évaluer leur formabilité en fonction

de la température.

4. Une caractérisation plus complète de l’anisotropie de ces alliages et un critère

d’anisotropie plus approprié devraient être envisagés et être mis en œuvre dans le

modèle prédictif.
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The object of this work is to study the effect of the microstructure on the forma-

bility of titanium alloys. For this purpose, different microstructures of Ti21S and

Ti5553 alloys have been characterized and FLCs have been plotted by a predictive

model as well as by experiment.

From an experimental campaign of tensile tests, the mechanical properties

and the formability for the uniaxial strain path of Ti21S and Ti5553 alloys have

been obtained. According to the results of the tensile test, with the increase of

the rolling reduction rates, ductility and formability are all decreased. r-value in

rolling direction is higher than in transverse direction, this explains that tensile

strength along the longitudinal direction is higher than those along the transverse

direction. These phenomenons are concluded with an exception of Ti21S 75. The

Ti5553 alloys show very low formability, except Ti5553 L,0. The effect of texture

on the mechanical properties of Ti21S and Ti5553 alloys is not evident. But it

still can be concluded that the {1 1 2}//sheet plane leads to a better formability

while the {1 1 0}//sheet plane has a bad effect on the formability. The fractograph

of Ti21S and Ti5553 illustrates the observed differences in mechanical properties

and formability. Brittle fracture mode becomes more and more significant with

the increasing of the rolling reduction rate. Precipitation of α phase leads to

mixed-mode fracture which combined intergranular fracture and ductile fracture.

After this experimental part, a numerical M-K model has been built to predict

FLCs of Ti21S and Ti5553 alloys. Ludwik’s hardening law has been calibrated for

each condition. Parameters of Hill48 criterion have been determined for condition

Ti21S 0. Results show that anisotropy has a significant influence on the predicted

FLCs. The precipitation of α phase after aging leads to low formability for the

Ti21S alloy. It is shown that the smaller f0 is calibrated for Ti21S 50 and Ti21S

75. The rolling reduction rate has an evident effect on the uniaxial stretching

condition of Ti21S alloys but a less evident effect on other strain paths. Unlike

Ti21S, Ti5553 alloy has very low formability in general, which can be explained
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by its larger grain size and higher texture intensity.

Finally, Marciniak tests have been performed on Ti21S. Standard method for

calculating forming limits has been adapted to titanium alloys characterized by a

low level of plastic strain outside of the area of localized plastic instability. Results

of Marciniak tests show some discrepancies with the predicted FLC of Ti21S which

is slightly conservative for the plane strain path.

Despite this progress, there are still several perspectives that can be envisaged

for this study:

1. The characterization of texture of metastable β titanium alloys can be

optimized by XRD method to obtain the information of grains in a larger scale.

2. The capacity of Marciniak device can be improved to perform tests on the

thicker specimens, which would permit to be less sensitive to the dimensions of

the specimen and would allow to realize more complete strain paths.

3. This work only considered the formability of metastable β titanium alloys at

room temperature. It would be interesting to evaluate their formability of different

temperatures.

4. A more complete characterization of the anisotropy of these alloys and

the calibration of a more suitable anisotropy criterion should be considered for

implementation into the predictive model.



156 Chapter 4. Characterization of the formability of Ti21S titanium alloy by Marciniak test



Appendix

The ODF of Ti21S and Ti5553
(*: texture components secondary important)

Figure 4.33: ODF of Ti21S 0

157



158 Chapter 4. Characterization of the formability of Ti21S titanium alloy by Marciniak test

Figure 4.34: ODF of Ti21S 50

Figure 4.35: ODF of Ti21S 75
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Figure 4.36: ODF of Ti5553 0

Figure 4.37: ODF of Ti5553 50
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Figure 4.38: ODF of Ti5553 75
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[51] S. Hémery and P. Villechaise, “Influence of β anisotropy on deformation

processes operating in Ti-5Al-5Mo-5V-3Cr at room temperature,” Acta Ma-

terialia, vol. 141, pp. 285–293, 2017.

[52] S. K. Jha, C. J. Szczepanski, R. John, and J. M. Larsen, “Deformation

heterogeneities and their role in life-limiting fatigue failures in a two-phase

titanium alloy,” Acta Materialia, vol. 82, pp. 378–395, 2015.

[53] J.-Y. Kim, V. Yakovlev, and S. Rokhlin, “Line-focus acoustic microscopy of

Ti-6242 α/β single colony: determination of elastic constants,” in AIP Con-

ference Proceedings, vol. 615, pp. 1118–1125, American Institute of Physics,

2002.
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[109] X. Chu, Caractérisation expérimentale et prédiction de la formabilité d’un
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Titre : Effet de la microstructure sur la formabilité des alliages de titane   

Mots clés : Alliages de titane β métastables; microstructure; courbes limites de formage; modèle 
prédictif M-K 

Résumé : Les alliages de titane sont très 
utilisés dans plusieurs secteurs industriels 
(aéronautique, biomédical, …) en raison d'une 
résistance mécanique spécifique élevée, d'une 
très bonne résistance à la corrosion et de leurs 
performances à haute température. Les 
propriétés mécaniques telles que la ductilité ou 
encore la formabilité sont largement 
dépendantes de leur microstructure. Ce travail 
porte sur l'étude du comportement mécanique 

des alliages de titane  métastables de plus en 
plus utilisés dans les applications 
aéronautiques, en remplacement des alliages de 

titane +. L'objectif est d'étudier l'influence de 
la microstructure, en particulier la texture, sur la 

formabilité de ces matériaux. Les alliages  
métastables Ti21S et Ti5553 ont été 
sélectionnés. 

Une caractérisation mécanique (écrouissage et 
formabilité) de différentes microstructures est 
tout d’abord effectuée à partir d'une campagne 
d'essais de traction uniaxiale.  Les résultats 
obtenus montrent que le taux de laminage et la 

précipitation  affectent la formabilité. Un 
modèle numérique de type M-K est ensuite 
proposé afin de prédire des courbes limites de 
formage complètes pour les différentes 
microstructures étudiées. Une campagne 
expérimentale avec un dispositif de mise en 
forme de type Marciniak est enfin menée pour 
la nuance Ti21S afin de discuter le caractère 
prédictif du modèle proposé.     

 

Title : Effect of microstructure on the formability of  titanium alloys 

Keywords : Metastable β titanium alloys; microstructure; forming limit curves;  predictive M-K 
model 

Abstract: Titanium alloys are widely used in 
industries (aeronautics, biomedical …) due to 
their high specific mechanical strength, very 
good corrosion resistance and high temperature 
performances. Mechanical properties such as 
ductility or formability are largely dependent on 
their microstructure. This work focuses on the 

study of the behaviour of  metastable  titanium 
alloys increasingly used in aeronautical 
applications as a replacement for  

+ titanium alloys. The objective is to study the 
influence of microstructure, in particular texture, 
on the formability of such materials. The 
metastable alloys Ti21S and Ti5553 are 
selected for this study. 

First, a mechanical characterization (hardening 
and formability) of different microstructures is 
carried out thanks to a campaign of uniaxial 
tensile tests. The results show that both the 

rolling ratio and the  precipitation impact the 
formability. A numerical model based on the M-
K theory is proposed for the prediction of the 
whole forming limit curves, for the different 
studied microstructures. Finally, an 
experimental campaign on a Marciniak-type 
set-up permits to follow various strain paths for 
the Ti21S grade and discuss the predictive 
character of the proposed model.   

 


