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a b s t r a c t

The anisotropic plasticity constants of the CPB06 criterion for Ti64, previously identified

with experiments performed in all three dimensions, are applied here to evaluate the effect

of the direct and inverse calibration strategies of the tensile-compression asymmetry

parameter k on the predictive behavior of large deformations of the hexagonal close-

packed (hcp) alloy. The direct calibration strategy is based on model fitting with experi-

mental strain hardening data up to the onset of plastic instability. The inverse calibration

strategy reduces prediction errors of the load-displacement curves of both the cylindrical

bar tensile and the elliptical cylinder compression tests. The results provide interesting

insights into the identification of the laws modeling large deformations of hcp materials.

© 2023 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The accurate prediction of the large deformations process of

metals and alloys is of current interest to materials scientists

and mechanical designers working in Industry 4.0. Recently,

several types of applications have been developed relating to

optimization [1e7], advanced manufacturing techniques

[8e13] and advances in mechanical properties [14e21]. In

particular, for optimizing advanced Ti64 fabrication
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processes, Racz et al. [11]investigated the optimal fabrication

method of Ti64 for cranioplasty due to its excellent formability

and biocompatibility characteristics. In Bambach et al. [22] the

incorporation of hybrid Ti64 processing technologies

combining wire arc additive manufacturing (WAAM) and

forging was carried out for the production of complex parts

requiring multiple forging steps. This resulted in a solid

metallurgical bond in the transition zone, reducing potential

damage under loading conditions compared to the traditional

process. In addition, they found that with this hybrid
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processing method it was possible to substantially increase

the mechanical properties of the material by incorporating a

subsequent heat treatment.

The mechanical response of Ti64 alloy, when processed by

different fabrication methods is complex due to the lack of

isotropy, as demonstrated by Huang et al. [23] when evalu-

ating the mechanical response of the material processed by

selective laser melting. Since the load response of this alloy

includes anisotropy and tensile/compression asymmetry, the

latter being of major significance [24,25], simulating the large

plastic behavior of this material is challenging.

The complexity of hcp metals and alloys has been inves-

tigated by several authors in order to characterize the me-

chanical behavior for bulk and sheetmetal forming processes,

additive manufacturing, and parts design under operational

conditions of combined stress states [26e31]. The local

behavior of this hexagonal close-packed (hcp) material is

governed by complex sliding phenomena and twinning, with

the consequent tension-compression asymmetry (also called

differential strength effect) [32]. Therefore, to perform accu-

rate simulations and optimize the large deformation pro-

cesses, both the yield surface based on a plasticity criterion

and the strain hardening law must be defined and accurately

identified.

The plasticity criterion of CPB06 has been widely applied to

Ti64 in several studies, thus demonstrating that the experi-

mental points of the yield surface can be well described

[33e36]. However, selecting the correct identification strategy

for strain hardening law is not always clearly established. This

identification can be made by using either direct methods

based on information obtained from experimental tensile and

compression stress-strain curves or by using finite element

simulations of the tests evaluated in the broad plasticity

domain, including plastic instability phenomena, also called

inverse identification.

In this work, we quantify the effect of the calibration ap-

proaches on the prediction accuracy of the tension-

compression asymmetric hardening behavior of a hcp Ti64

at large deformation including plastic instability. We provide

new insights and findings from successful compression and

plane strain simulations and numerical results of plastic

instability in cylindrical tensile samples that support the hy-

pothesis: “The selection of calibration approach affects the

asymmetric load predictions of hcp alloy”. The finite element

(FE) material model selected to simulate the evolving quasi-

static, anisotropic, and tension-compression asymmetric

mechanical response until the onset of fracture of bulk Ti64

alloy is based on five distorted CPB06 plasticity surfaces [25].

While the other directions are modelled by distortional

hardening, the model considers that the different yielding

surfaces follow the nonlinear strain hardening response of

Voce in the reference direction of the alloy. The two identifi-

cation methods performed and compared are direct and in-

verse. These two strategies are evaluated considering the

ability to predict loads over the entire elastoplastic range,

particularly in the large deformation zone including strain

levels higher than plastic instability or localized necking. The

direct identification is performed by curve fitting of the model

with the actual stress vs. logarithmic strain data from tensile

tests under uniform stress states, without considering data
generated during necking or under triaxial stress states. The

second identification strategy consists of minimizing the load

prediction error obtained in the test simulations compared to

the experimental data generated until the strain levels of

complete failure of the tensile specimen. By considering more

information in the second strategy, greater accuracy in the

predictions is expected; however, it is difficult to establish

suitable model parameters given the complexity of the iden-

tification due to the asymmetry of themechanical response in

terms of strain hardening between tension and compression.

In the following sections, the methods and main results

obtained with the two-calibration strategy of the CPB06

asymmetry parameter k and strain hardening are reported,

including the assessment of the two identification methods

and their influence on the predictive behavior of the CPB06-

Ti64 plasticity model at the large strain level. The accurately

identified plasticity coefficient Cij from inverse modeling with

experimental data restricted until plastic instability reported

by Tuninetti et al. [25] are keep constant here for both iden-

tification strategies, given that the focus is to quantify only the

effect of asymmetric strength and strain hardening-related

parameters.

In this context, themain aimof this study is to compare the

effect of identification methods for the hardening and the k-

parameter, which are responsible for predicting the tension-

compression asymmetry of the plasticity model.

Section 2 defines the asymmetric behavior of Ti64

described by the CPB06 plasticity model and details the two

applied calibration strategies. Section 3 provides the predic-

tion results, assessment and analysis of the identification

methods for tensile, compressive and plane strain states.

Finally, the main findings drawn from this work are given in

Section 4.
2. Materials and methods

2.1. The Ti64 asymmetric behavior described by CPB06

The orthotropic plastic behavior of Ti64 is described by 5

previously identified distorted CPB06 yielding surfaces char-

acterized in Ref. [25]. The asymmetric tension-compression

hardening behavior is adjusted in this work by a k-param-

eter of the CPB06 criterion and the constants of the Voce law

representing the reference tensile hardening. The CPB06

equivalent stress for the studied Ti64 is given in Eq. (1).

sCPB06 ¼ ~m
n
ðjS1j � k S1Þ2 þ ðjS2j � k S2Þ2 þ ðjS3j � k S3Þ2

o1
2
: (1)

S1;S2;S3 are the principal values of the tensor S ¼ C : S, where

C is the orthotropy tensor and S is the deviator of the Cauchy

tensor. In this study, Cij parametersmainly affecting the shape

of the yield surface are values previously tuned for the

anisotropy behavior of the alloy [25]. The material constant ~m

describes the equivalent stress as the tensile hardening in the

reference direction. The Voce-type isotropic hardening law

given in Eq. (2) was chosen to compute the stress tensile stress

ðsÞ in terms of equivalent plastic strain ðεpÞ:.

s
�
εp

�¼Aþ B
�
1� exp

��Cεp
��

(2)

https://doi.org/10.1016/j.jmrt.2023.08.255
https://doi.org/10.1016/j.jmrt.2023.08.255


Fig. 1 eMechanical experiments: machines, measurement devices, and dimensions of the samples. (a) Tensile of cylindrical

bar, (b) compression of elliptical cylinder, and (c) plane strain tensile.
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A represent the stress at the onset of yielding, while B and C

represent the stagnation and hardening rate, respectively.

2.2. Definition of the identification approaches
investigated

The anisotropic plasticity parameters given in Table 1 and

applied to the CPB06 model have been previously identified

with mechanical experiments performed in the three di-

mensions of the alloy [25]. To determine the two sets of

constitutive hardening parameters with the investigated

direct and inverse identification strategies, tension and

compression tests data are post-processed according to the

procedure described in Tuninetti et al. [35]. The performed

tests selected for the identification are the tensile of the cy-

lindrical bar (Fig. 1a), compression of the elliptical cylinder

(Fig. 1b) and the plane strain tensile (Fig. 1c). The tensile test
Table 1 e Anisotropic model constant (Cij) as a function of the

Strain energy per unit
volume (W/m3)

An

C11 C12 C13

1.86 1 �2.37 �2.36

9.38 1 �2.50 �2.93

48.6 1 �2.43 �2.92

100 1 �2.57 �2.88

207 1 �2.97 �2.93
provides the reference hardening parameters from the

experimental stress-strain relation for direct identification or

from load-displacement for the inverse approach, mainly

because the highest strain values are reached with this sam-

ple before the fracture occurs. The compression test adjusts

the asymmetry k-value while the plane strain assesses the

calibration approaches for sheet metal forming applications.

Further details of the experimental arrangement of machines

and measurement devices as well as the dimensions of the

samples are given in Fig. 1. The loading conditions include a

controlled non-constant machine head speed computed with

the method described in Ref. [37] for a constant deformation

rate of 0.001 s�1. This method is required for providing accu-

rate experimental data with no effect of strain rate variations

on the strain hardening or tension compression asymmetry

evolution. The determined model constants are provided in

Table 1.
specific plastic strain energy [35].

isotropic constants of CPB06

C22 C23 C33 C44¼C55¼C66

�1.84 1.20 �2.44 �3.61

�2.28 1.28 �2.45 4.02

1.65 �2.24 1.00 �4.00

1.39 �2.38 0.88 �3.93

0.53 �2.96 0.44 �3.88
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Table 2 e Identified model parameters for asymmetric hardening with direct and inverse identification methods [38].

k-value for yield surfaces at a specific plastic strain energy levels (W/m3) Strain hardening coefficients

1.857 9.377 48.66 100.2 206.6 A B C

Direct �0.136 �0.136 �0.165 �0.164 �0.18 921 160 15.5

Inverse �0.136 �0.136 �0.125 �0.114 �0.11 918 290 5.8
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The direct and inverse identification strategies investi-

gated here directly influence the k-value of the tension/

compression asymmetry from the CPB06 criterion and the

reference tensile hardening constants from the Voce's law.

The first identification strategy is mainly based on the

experimental actual stress-strain data until the necking point

computed with the Consid�ere criterion (CPB06 direct), and the

second is performed by reducing the FE prediction errors of

load-displacement curves of both the tensile test of a cylin-

drical bar and the compression test of an elliptical cylinder

sample. The latter strategy allows to obtain a model called

here CPB06 (inverse). Digital image correlation has been

applied to all the experiments to evaluate the two identifica-

tion strategies and cross-sectional area prediction model ca-

pabilities. Note that the anisotropic shape evolution of the

cross-section is not evaluated here, as this behavior is

mainly driven by the previously determined anisotropic con-

stants (Table 1).

The reference hardening curve for the direct identification

method is obtained from the experimental stress-strain rela-

tionship until plastic instability. The reference for the inverse

approach is identified by updating thematerial data such asA,

B, C and K-value during the finite element simulations to

reduce the load errors vs. axial length variation in both the

tensile bar and the compressive elliptical cylinder. The k-

parameter values obtained for each yielding surface at a

specific plastic work are given in Table 2. Note that the evo-

lution of this value k with the specific plastic work for the

different identification approaches (Fig. 2) also depends on the

strain hardening coefficients, particularly on the stress stag-

nation B and strain hardening rate C (Table 2).
Fig. 2 e Tension compression asymmetry k-value of CPB06

identified from direct and inverse approaches.
3. Prediction assessment of the calibration
approaches

For assessing the calibration approaches, tensile loadings on a

cylindrical bar (Fig. 3a) and sheet sample are simulated. Under

compression, numerical results are given from the elliptical

cylinder (Fig. 3c). The FE code LAGAMINE developed at the

University of Li�ege since 1985 is used to simulate the experi-

ments [39e42]. The dimensions and meshing of the samples

are detailed in Fig. 3. Each sample has a particular model

prediction application or purpose. Tensile is generally

required for drawing processes, sheet samples under plane

strain tensile for sheet metal forming applications and

compression for forging operations. The computed and

analyzed simulations results include equivalent plastic strain

fields, sample shapes, and total loading force evolution with

axial displacement.

3.1. Tensile and compressive loading predictions

The results obtained for the tensile of the cylindrical bar and

compression of the elliptic cylinder, both axially loaded in the

reference direction, are shown in Fig. 4. At the same time, the

prediction errors for each identification approach are given in

Table 3. The prediction capabilities of the two models have

also been tested in cylindrical bars with 6 different notches

providing both error predictions lower than 3%. The

maximum discrepancies are found for the model calibrated

with the direct strategy, with a 31%model prediction error for

the load and 23% for the displacement field in the cylindrical

tensile bars (CPB06-direct in Fig. 4a). However, in this sample,

the predictions of load and shape are accurate for the

inversely identified CPB06 model (CPB06-inverse), from initial

plasticity until the onset of necking. An increasing prediction

error is found until just before fracture but with values lower

than 6% for both the loading and displacement fields. To un-

derstand this significant difference, we must analyze the data

used for each strategy and the requirements for data pre-

dictions of each sample in terms of strain values. As the stress

computation data (CPB06-direct) have been identified by

considering the Consid�ere criterion for accurate stress

computation excluding plastic instability and non-uniaxial

stress, the material behavior from strain values higher than

10% is not an input. This is not an issue for the notch samples

with a high triaxiality as these samples reach strains of only

low values, and both identified data sets include these mate-

rial data. The inverse identification method of the tensile-

compression asymmetry parameter (k) and strain hardening

law coefficients (A, C, and D) provides the model with an

improved prediction of axial loading both over the entire

https://doi.org/10.1016/j.jmrt.2023.08.255
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Fig. 3 e Samples meshing including fixations and displacements from machine loadings: (a) tensile, (b) plane strain and

(c) compression sample.
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elongation range of cylindrical tensile specimens and up to

95% of the axial compressive strain (Fig. 4c). For the case of

tensile loading of cylindrical specimens, the model identified

by the inverse strategy not only correctly describes the onset

of plasticity and hardening, but also ensures a correct pre-

diction of the plastic instability up to just before themaximum

fracture strain. Even if complex strain hardening models are

available for extrapolating the stress-strain relationship after

the onset of necking, taking instability data into account can

significantly reduce the complete nonlinear plasticity model

prediction errors by around 20%.

3.2. Analysis of plane e strain predictions

For the case of simple plane strain, both strategies yield ac-

curate results, with a slightly better prediction for CPB06-

inverse (Fig. 4b). The low average strain value (0.11)

reached at the maximum elongation of the plane strain

tensile sample (Fig. 5) explains this result, which is close to

the plastic instability value in the uniaxial tensile test.

Additionally, the results obtained by CPB06-inverse indicate

that the load evolving is more uniformly distributed with the

increase in strain than CPB06-direct. Localized values of 0.2

strain in the center of the sample (Fig. 5) indicate a local

thickness reductionwith high triaxiality which consequently

reduces its load-bearing capacity prior to fracture. Consid-

ering the overall plastic strain in the sample, around 90%

reached a maximum strain of 0.1. This strain value is close to

the onset of plastic instability, indicating that prior defor-

mation follows the high accuracy of the two identification

approaches (Fig. 4a and b).
3.3. Discussion on the identification strategies and their
effect on model predictions

These findings are supported by the results obtained by

Tuninetti et al. [25], who evaluated the quasi-static mechani-

cal response of a Ti64 alloy by analyzing the asymmetry. They

pointed out the sensitivity of the inverse method to high-

strain distribution. Consequently, the solution obtained

through the inverse method is smoother and continuously

differentiable, resulting in higher accuracy and stability. On

the other hand, the CPB06-direct method may require a

greater number of nodes and placement points to obtain an

accurate solution, which may influence the accuracy.

In contrast, the CPB06-inverse method may require fewer

nodes and collocation points, resulting in an efficient solution

with a lower computational cost. These results are supported

and explained in previous proceeding work [38], where

experimental load-elongation curves in tension and

compression were evaluated, obtaining a better fit for the

CPB06-inverse method using the experimental results from

the instability point until rupture. The results obtained in

Ref. [38] are also supported by Tu et al. [43], who described the

inverse identification method as providing high accuracy by

properly verifying the strain hardening rules in the material.

CPB06, with the direct strategy, provides evidence of the sig-

nificant difficulty encountered by several authors in predict-

ing large deformations after the triaxiality point using the

Bridgman correction method (Fig. 6).

The analysis developed by Tu et al. [43] concluded that the

correction method needed to be more suitable for large dis-

placements. Based on the above, the finding of this work
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Fig. 4 e Load (F) and cross-sectional area: model predictions from direct and inverse methods with experiments. Tensile

testing of (a) bar including plastic instability and (b) plane-strain samples. (c) Elliptical cylinder under compression.
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concerning the inverse method solves this problem of plastic

flow range in hcp materials, enabling its use in large plastic

deformation processes such as metal forming.
This study allows confirming that to increase the accuracy

of load and transverse area predictions during plastic defor-

mation of the Ti64 until fracture, asymmetrical hardening

https://doi.org/10.1016/j.jmrt.2023.08.255
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Table 3 e Root mean square model prediction error for
each loading condition and global value.

Method Plane strain Compression Tensile Global

Load Load Shape Load Shape

Direct 4% 3% 0.5% 31% 23% 12%

Inverse 2% 1% 0.6% 6% 5% 3%

Fig. 6 e Experimental neck of the tensile cylinder at

maximum elongation showing difficulties in accurately

measuring the radius (R) required to apply the Goodman

corrector.
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parameter k should be identified for values of plastic work

higher than the values reached at the onset of necking, or

stress-strain curves until 0.1 (CPB06 direct). The prediction

accuracy of the load and shape just before fracture in cylin-

drical tensile test were increased by identifying a new set of

hardening parameters and k values with inverse modeling.

Higher accuracy increases the load predictions in the samples

with higher stress triaxilities while simultaneously reducing

the shape prediction errors in notched bars. Finally, to in-

crease the prediction of mechanical deformation of Ti64 in

specimens with several combined stress states and high

stress triaxilities, the asymmetric anisotropic pressure sensi-

tive plasticity-damage model is required [44], especially for

accurate prediction of sheet metal forming and forming limit

diagrams [45].

These findings highlight the importance of carefully

selecting the appropriatemodelingmethod and parameters to

ensure accurate and efficient predictions in plastic deforma-

tion scenarios. Both the CPB06-direct and CPB06-inverse

methods yield accurate results for simple plane strain, with

a slightly better prediction for CPB06-inverse. However, the
Fig. 5 e Contour plot for the equivalent strain of the investigated

maximum axial fracture deformation for (a) compressive samp

(b) uniaxial, and (c) plane strain.
CPB06-direct method may require a more significant number

of nodes and placement points to obtain an accurate solution,

which may influence the accuracy. Therefore, it is important

to consider the trade-off between accuracy and computational
samples, noting maximum values reached are: 95% of the

le and at the onset of fracture for tensile loadings:
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cost when selecting the appropriate modeling method and

parameters for a given plastic deformation scenario.
4. Conclusions

The influence of the direct and inverse strategies on the

asymmetric prediction of plastic flow at large deformations

using the CPB06 plasticity model has been studied in this

work. The difficulty in predicting the plastic behavior of hcp

Ti64 alloy is not only due to its inherent slip systems and

plasticity governing mechanisms which are well described by

the CPB06 model, but also by the chosen calibrations ap-

proaches, which significantly affect the quality of the model

predictions. The conclusions established in this work are lis-

ted below.

� The CPB06 criterion is suitable formodeling the asymmetry

behavior due to slip and twinning planes in hcp Ti64 alloy

above the triaxial instability point and reaching strains

close to the fracture point.

� The model identified with the direct strategy exhibits

considerable errors in predicting the post-necking area of

the axially loaded cylindrical bar. This is mainly due to the

stress stagnation feature of the Voce model; however, the

finding confirms that the finite element-based inverse

strategy is essential to accurately describe the large

deformation behavior in the triaxial state with plastic

instability for the investigated model.

� The use of inverse identification is recommended for

accurately calibrating models of hcp alloys with restricted

slip planes and complex flow behavior such as asymmetric

tension/compression strain hardening at large de-

formations including plastic instability and fracture loads.

In the case of Ti64 alloy, the overall prediction error is less

than 3%.
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Hussain T, Duchêne L, et al. Nanomechanical
characterization of the deformation response of orthotropic
Tie6Ale4V. Adv Eng Mater 2021;23:2001341. https://doi.org/
10.1002/adem.202001341.

[20] Xiao G, Xia Q, Zhang Y, Cheng X. Manufacturing of Ni-based
superalloy thin-walled components by complex strain-path
spinning combined with solution heat treatment. Int J Adv
Manuf Technol 2021;117:199e215. https://doi.org/10.1007/
s00170-021-07676-1.

[21] O~nate A, Sanhueza JP, Zegpi D, Tuninetti V, Ramirez J,
Medina C, et al. Supervised machine learning-based multi-
class phase prediction in high-entropy alloys using robust
databases. J Alloys Compd 2023;962:171224. https://doi.org/
10.1016/j.jallcom.2023.171224.

[22] Bambach M, Sizova I, Sydow B, Hemes S, Meiners F. Hybrid
manufacturing of components from Ti-6Al-4V by metal
forming and wire-arc additive manufacturing. J Mater
Process Technol 2020;282:116689. 10.1016/
j.jmatprotec.2020.116689.

[23] Huang W, Chen X, Huang X, Wang H, Zhu Y. Anisotropic
study of Ti6Al4V alloy formed by selective laser melting. J
Occup Med 2021;73:3804e11. https://doi.org/10.1007/s11837-
021-04765-0.

[24] Tuninetti V, Jaramillo AF, Riu G, Rojas-Ulloa C, Znaidi A,
Medina C, et al. Experimental correlation of mechanical
properties of the Ti-6Al-4V alloy at different length scales.
Metals 2021;11:104. https://doi.org/10.3390/met11010104.

[25] Tuninetti V, Gilles G, Milis O, Pardoen T, Habraken AM.
Anisotropy and tensionecompression asymmetry modeling
of the room temperature plastic response of Tie6Ale4V. Int J
Plast 2015;67:53e68. https://doi.org/10.1016/
j.ijplas.2014.10.003.

[26] Kowalczyk-Gajewska K, Sztwiertnia K, Kawałko J,
Wierzbanowski K, Wronski M, Frydrych K, et al. Texture
evolution in titanium on complex deformation paths:
experiment andmodelling. Mater Sci Eng, A 2015;637:251e63.
https://doi.org/10.1016/j.msea.2015.04.040.

[27] Jia Y, Bai Y. Experimental study on the mechanical properties
of AZ31B-H24 magnesium alloy sheets under various loading
conditions. Int J Fract 2016;197:25e48. https://doi.org/
10.1007/s10704-015-0057-7.

[28] Zhang K, Badreddine H, Yue Z, Hfaiedh N, Saanouni K, Liu J.
Failure prediction of magnesium alloys based on improved
CDM model. Int J Solid Struct 2021:217e8. https://doi.org/
10.1016/j.ijsolstr.2021.01.013.

[29] Lee H, Jo M, Noh G. Biomechanical effects of dental implant
diameter, connection type, and bone density on microgap
formation and fatigue failure: a finite element analysis.
Comput Methods Progr Biomed 2021;200:105863. https://
doi.org/10.1016/j.cmpb.2020.105863.

[30] Wu S-H, Song N-N, Andrade Pires FM, Santos AD. Prediction
of forming limit diagrams for materials with HCP structure.
Acta Metall Sin (English Lett 2015;28:1442e51. https://doi.org/
10.1007/s40195-015-0344-3.

[31] Harbaoui Rym, Daghfas Olfa, Znaidi Amna, Tuninetti Victor.
Mechanical behavior of materials with a compact hexagonal
structure obtained by an advanced identification strategy of
HCP material, AZ31B-H24. Frat. Ed Integrit�a Strutt
2020;14:295e305. https://doi.org/10.3221/IGF-ESIS.53.23.

[32] Jedidi MY, Ben Bettaieb M, Abed-Meraim F, Khabou MT,
Bouguecha A, Haddar M. Prediction of necking in HCP
sheet metals using a two-surface plasticity model.
Int J Plast 2020;128:102641. https://doi.org/10.1016/
j.ijplas.2019.102641.

[33] Williams BW, Boyle KP. Characterization of anisotropic yield
surfaces for titanium sheet using hydrostatic bulging with
elliptical dies. Int J Mech Sci 2016;114:315e29. https://doi.org/
10.1016/j.ijmecsci.2016.05.022.

[34] Kakogiannis D, Verleysen P, Belkassem B, Coghe F, Rabet L.
Multiscale modelling of the response of Ti-6AI-4V sheets
under explosive loading. Int J Impact Eng 2018;119:1e13.
https://doi.org/10.1016/j.ijimpeng.2018.04.008.

[35] Tuninetti V, Gilles G, Flores P, Pincheira G, Duchêne L,
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