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INTRODUCTION

Some research projects have been devoted 
to controlling the industrial processes involved 
in shaping metals and alloys, because of their 
industrial and economic interests. However, dur-
ing these shaping operations, phenomena such as 
localization of deformations and significant plas-
tic instabilities occur, which makes it necessary 
to know the critical deformations and the loca-
tion of these plastic deformations to characterise 
the formability of various metals, as well as the 
mechanisms limiting their formability and caus-
ing their fracture.

Several approaches exist to predict and over-
come these challenges, In theory, to overcome 
these problems and predict the occurrence of 

these phenomena [1, 2], some authors use the ap-
proach of forming limit curves (FLC) introduced 
by Keeler and Goodwin [3, 4], and Hill [5] was 
one of the first to propose a prediction model 
based on a phenomenological description of the 
material’s behavior by adopting a rigid isotropic 
plastic model for the prediction of the left part 
of the FLC, Marciniak and Kuczynski [6] intro-
duced the concept of initial imperfection. These 
phenomenological models remained limited in 
that they did not take into account certain es-
sential physical characteristics of the material’s 
behavior, such as the initial and induced textures 
and other microstructural parameters. To over-
come these limitations, others are adopting ad-
vanced micromechanical modelling [7]; Panicaud 
et al. [8, 9] to analyse the impact of the material 
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on the microstructure. Modelling is employed to 
analyse the impact of microstructural aspects on 
ductility and to establish relationships between 
microstructure and formability. While others rely 
on numerical simulation using the finite element 
method as a powerful tool for the virtual design of 
various industrial sheet metal processes [10, 11]. 
The modelling of the mechanical behavior of met-
als in large elastoplastic deformations has been 
extensively studied, and the conceptual difficul-
ties concerning the formulation of elastoplastic-
ity in large transformations have been sufficiently 
mastered in [12-15] using the rotating reference 
frame formalism. Firstly, the precise descrip-
tion of the behavior law of the material making 
up the sheet and its influence on the response to 
particular stresses remains an open subject and is 
the subject of much research work. Secondly, the 
selection of an appropriate criterion for predicting 
plastic instabilities, which can manifest in vari-
ous forms (such as necking or shear bands) and 
lead to defects during forming operations, in this 
context, in order to address these issues, we have 
employed a common general framework for the 
formulation of the behavior of materials, which 
allows for the reproduction of elastoplastic be-
havior in finite transformations. This framework 
was introduced in a three-dimensional kinemat-
ics framework based on particular writing of de-
formation gradient and velocity gradient tensors 
by an upper triangular matrix [16, 17] that was 
developed to facilitate numerical resolution and 
integration and to enable the integration of two 
Cordebois-Ladeveze and Rice [18-20] plastic in-
stability prediction criteria in the context of large 
deformations. The first criterion is based on the 
principle of virtual powers, while the second is 
based on deformation heterogeneities, using a 
bifurcation approach. The basic model utilised is 
that of phenomenological plasticity, which was 
introduced in a large elastoplastic transformation 
case involving either isotropic or anisotropic ma-
terials [18]. In this case, plasticity is assumed to 
be either associated with or not associated with 
strain-hardening, for which we assume that the 
elasticity is relatively small. 

In particular, the use of non-associated plas-
ticity has enabled this work to overcome the nor-
mality problem encountered by Hill (in the rigid 
case) and thus to predict critical deformations in 
positive deformation domains.

CONTRIBUTION

In this context, the work presented here can be 
evaluated as follows: The behavior was formulated 
according to three choices of rotating referential, 
and the Rice and Cordebois-Ladvez criterion was 
expressed according to Sidoroff’s constitutive phe-
nomenological model [21, 22], based on Mandel’s 
work. It is sufficient to state that the present study 
tests the validity of the approach proposed by Rice 
and Cordebois and the influence of the choice of a 
rotating reference frame. Especially, this work ad-
dresses the limitations of previous models by em-
ploying a comprehensive framework for material 
behavior in large elastoplastic deformations. A nov-
el formulation using a three-dimensional kinemat-
ics framework allows for integrating Cordebois-
Ladeveze and Rice criteria for predicting plastic in-
stabilities. This approach overcomes the normality 
problem encountered in earlier models, providing a 
more accurate prediction of critical deformations.

The study’s novelty lies in its three-dimension-
al kinematic framework, using a specific upper tri-
angular matrix form that enhances numerical reso-
lution and integration speed. However, limitations 
remain, particularly in accurately predicting elas-
tic behavior and initial yield points. An improved 
elasticity criterion is necessary for better modeling 
under various stress states. While the current algo-
rithm is not optimal, it achieves results in under 
10 minutes. The authors acknowledge the poten-
tial for improvement in more complex scenarios. 
The results of this theoretical model demonstrate a 
positive correlation with empirical and experiment 
data, indicating the effectiveness of the model in 
simulating the mechanical response of the material. 

Table 1. Conventions, notations, and acronyms
.e : the elastic part of .
.P : the plastic part of .
.S : the symmetric part of .
.T : transpose of tensor .
..: time derivative of .
.-1: inverse of .
F: the deformation gradient tensor
Q: the rotation tensor
L: the strain velocity gradient tensor
V: the elastic strain tensor
Ω: the spin
W: the antisymmetric part of L
τ: the stresses tensor
Ԑ: the shortening tensor
D: the strain rates of deformation tensor
.ani : the anisotropic matrix
. : . : the double contraction product between . and .
Note that the stress (MPa) values shown in the figures are 
divided by Young’s Modulus E (GPA).
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MATERIALS AND METHODS 

Formulation of anisotropic elastoplasticity 
in a rotating frame of reference 

The rotating frame of reference represents the 
optimal framework for modelling anisotropic 
elastoplasticity in large deformations [23, 24]. 
The anisotropic elastoplastic material is 
considered an elastic medium with respect to an 
isoclinic configuration C̅ in accordance with 
Mandel's terminology [12, 25]. Its orientation is 
defined by a ''directing trihedron'' (Mandel 
trihedron), which is linked to the material 
element. This leads to a multiplicative 
decomposition of the deformation gradient F, 
with the plastic deformation gradient part F̄p and 
the elastic part  Fe which rotates (Q) and distorts 
the material element (Ve): 

 F = Fe F̄p = Ve Q F̄p (1) 
This rotating reference frame is defined by the 

rotation Q, which, according to Mandel [12, 25], 
postulates the existence of a privileged directing 
trihedron linked to the material element. Let us 
suppose that 𝑚𝑚𝑖𝑖̅̅̅̅⃗⃗ ⃗⃗   and 𝑚𝑚𝑖𝑖⃗⃗ ⃗⃗  represent the privileged 
trihedron in two different configurations: (i) the 
initial configuration 𝐶𝐶0 and the isocline 𝐶𝐶̅𝑝𝑝, and 
(ii) the released intermediate configuration 𝐶𝐶𝑡𝑡

𝑒𝑒, 
which was deduced by elastic deformation from 
the current configuration 𝐶𝐶𝑡𝑡. In this case, the 
rotation Q can be defined as: 

 Q = mi⃗⃗ ⃗⃗  ⊗ m̅j⃗⃗ ⃗⃗ = Qije⃗ i ⊗ m̅j⃗⃗ ⃗⃗  (2) 
In order to ensure the law of objectivity and 

material frame indifference, as outlined by Dogui 
[23] and Sidoroff [24], the rotation must be 
transformed into a rotation defined by q (F →
F′ = 𝑞𝑞𝑞𝑞), which can then be expressed as a 
rotation Q’: 

 Q → Q, = 𝑞𝑞𝑞𝑞 (3) 
Rotation defines the movement of a rigid 

solid. The strain velocity gradient tensor is 
expressed in the deformed configuration as 
follows C𝑡𝑡 by: 

L = ḞF−1 = V̇e Ve−1 + Ve Ω Ve−1 + 
+ Ve L̄p Ve−1 (4) 

Where L̄p represents the Lagrangian plastic 
strain velocity gradient tensor, defined in the 
isoclinic configuration by: 

 L̅p = F̅ṗ F̅p−1 (5) 

  

From a practical point of view, for metals, the 
elastic distortion is often negligible: 

 Ve = I + ε𝑒𝑒  and  ‖ε𝑒𝑒‖ ≪ 1 (6) 
In this context, the identity tensor is 

represented by I, while the symmetric elastic 
strain tensor is represented by ε𝑒𝑒. For the 
purposes of this analysis, the second term and any 
higher powers of ε𝑒𝑒 and ε̇𝑒𝑒 are neglected.  
The relationship (4) can then be simplified to: 

 L = (ε̇e − Ωεe + εeΩ) + Ω + Lp (7a) 
Or Lp is the gradient tensor of Eulerian plastic 

strain velocity which is defined by: 

 Lp = QL̅pQT (7b) 
By breaking it down into a symmetrical part 

D = LS and antisymmetric W = LA, we get: 

 L = D +  W (7c) 
 D = L𝑆𝑆 = D𝑒𝑒 +  D𝑝𝑝 (7d) 
 W = LA = Wp + Ω (7e) 

Relation (7d) represents the equation for 
deformation and D is the strain rates of 
deformation. While relation (7e) represents the 
rate of rotation of the reference frame linked to 
the deformed configuration Ct.  
The tensors De, Dp and Wp are defined by: 

 De = ε̇e − Ωεe + εeΩ (8a) 
 Dp = LpS (8b) 
 Wp = LpA (8c) 

In the isoclinic configuration, L̅ is defined by: 

 L̅  = Ḟ̅F̅−1 = Q𝑇𝑇LQ = ε̇̅𝑒𝑒+Ω̅ + L̅p (9) 
Or Ω̅ is the spin of the rotating reference frame 

in the isoclinic configuration is defined by: 

 Ω̅ = QTΩQ = QTQ̇ (10) 
The symmetrical part of the L̅ defines the La-

grangian total rate of deformation tensor D̅, for its 
antisymmetric part W̅, it represents the total 
Lagrangian rotation velocity tensor. These ten-
sors are defined in the isoclinic configuration by: 

 D̅ = L̅S = QTDQ = D̅e + D̅p (11) 
 W̅ = L̅A = QTWQ = Ω̅ + W̅p (12) 
and: 
 D̅e = QTDeQ = ε̇̅ e (13a) 

 D̅p = L̅pS = QTDpQ (13b) 
 W̅p = L̅pA = QTWpQ (13c) 
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Equations of the anisotropic elastoplastic 
model 

In this case, the anisotropic model equations 
are approached similarly to the isotropic model 
used in [26], and the constitutive laws are 
introduced in the rotating reference frame rather 
than the Eulerian reference frame. 

Elastic law 

In this type of structure, the law of elasticity is 
considered in the rotating reference frame 
defined by the double contraction product 
between the elasticity matrix and strain tensor: 

 τ̇̅ =  𝒞̅𝒞: ε̇̅ (14) 
𝒞𝒞 ̅ is the elasticity matrix defined in the 

isoclinic configuration. 
This law can be written in the Eulerian 

configuration with the objective derivative by: 

τ̌ =  𝒞𝒞: ε̌ (15) 
with: 
 𝒞𝒞ijkl = Qip Qjq Qkr Qls𝒞̅𝒞pqrs (16) 

In the case of isotropic elasticity, the tensor 𝒞𝒞 
is expressed as a function of Young’s modulus 
and Poisson's ratio.  

Plastic flow 

The associated flow law that follows provides 
the plastic deformation tensor, as per Sidoroff 
[21] and Dafalias [13]: 

 D̅p = λ
. ∂f̅
∂τ̅ = λ

.
N̅ (17) 

N̅ represents the plastic flow direction, it is 
normal to the charged surface and it is defined by 
the potential f ̅in the isoclinic configuration C̅ . 

λ
.
 is the plastic multiplier, which is determined 

by the charge-discharge criteria. 

 {
f(̅τ̅, p) = Σ̅(τ̅) − R(p)

λ
.
≥ 0

fλ̅
.

= 0
 (18) 

Or Σ̅ is the equivalent stresses, a function of 
the stresses τ̅ defining the shape of the loading 
surface in stress space (elastic domain). Finally, 
R represents the size of the loading surface, 
linked to the isotropic strain-hardening of the 
material anisotropic, the most commonly used 
basic model is that of Hill [27] defined by: 

 Σ̅ = √3
2  𝜏̅𝜏𝐷𝐷: Ĥ̅ ∶ 𝜏̅𝜏𝐷𝐷 (19) 

  

Or τ̅D and τD are the deviatoric part of the 
Kirchhoff stress τ̅ and τ, and Ĥ̅ the Hill 
anisotropy matrix, where: 

Σ̅1/2 =  Ϝ ∗ (τ̅22 − τ̅33)2 + G ∗ (τ̅33 − τ̅11)2
+ ℋ ∗ (τ̅11 − τ̅22)2 + 2Lτ̅12
+ 2Mτ̅13 + 2Nτ̅23 

The Hill coefficients are given in Table 2. 
In this case, the direction of flow is defined by: 

 N̅ = ∂Σ̅
∂τ̅ = √3

2 Ĥ̅: τ̅
D

Σ̅  (20) 

Hardening law 

The following paragraphs will examine the 
isotropic hardening law, which is defined by 
Swift's law: 

 R(p) = h(ε̄p + ε0)n (21) 
The term n represents the hardening exponent, 

whereas the parameter h denotes the material 
constant. 
The cumulative plastic strain is defined by: 

ε̇̅p = √3
2 |D̅p| (22) 

Tangent module 

Calculating the tangent matrix involves 
finding the relationship between the Kirchhoff 
stresses ratio τ̇̅ and the rate of deformation D̅. 
According to expressions (14) and (15), we can 
write: 
 τ̇̅ =  𝒞̅𝒞: (D̅ − D̅p) (23) 
Using (17) we have: 
 τ̌ =  𝒞𝒞: (D − λ

.
N̅) (24) 

To calculate λ
.
 we use the consistency 

condition ḟ(τ, p) = 0 and we obtain: 

 λ
.

= N̅:𝒞̅𝒞:D̅
R′(p)+N̅:𝒞̅𝒞:N̅ (25) 

By introducing the relation (25) into (24), we 
obtain: 

 τ̇̅ = 𝒞̅𝒞: (D̅ − N̅:𝒞̅𝒞:D̅
R′(p)+N̅:𝒞̅𝒞:N̅ N̅) (26) 

Hence the incremental law in the isoclinic 
configuration: 

τ̇̅ = 𝒜̅𝒜ani: D̅ (27) 
The matrix 𝒜̅𝒜ani designates the tangent 

modulus representative of the elastoplastic 
behavior law linking, on the one hand, the 
Kirchhoff stresses tensor and, on the other hand, 
the strain rate.  



160

Advances in Science and Technology Research Journal 2024, 18(8), 156–166  

Writing (27) the behaviour law has the 
advantage of avoiding the decomposition into 
elastic and inelastic deformation. However, there 
remains the choice of objective derivatives from 
the multitude proposed in the literature, which is 
difficult and requires physical justification. 

• Jaumann’s case. 
For this case, we take: 

 Ω = Q̇QT = W (28) 
W is the strain rate, which may be written as 

follows: 

 W = 1
2 (L − LT) (29) 

According to definitions (29), (14) and (23): 

 τ̇ = 𝒜𝒜ani: L − τW + Wτ (30) 
or: 
      τ̇ = 𝒜𝒜ani: L + 1

2 {−τL + τLT + Lτ − LTτ}
 (31) 
This can be written as: 

τ̇ = 𝒜𝒜ep: L (32) 
𝒜𝒜𝑒𝑒𝑒𝑒 being a tangent matrix representative of 

the behaviour. 
It is the incremental constitutive law linking 

the time derivative (τ̇ = 𝒜𝒜ep : L) to the strain 
velocity gradient tensor L. 

• Dafalias case. 
 In this case, we have: 

 Ω = Q̇QT = W − ω (33) 
and: 

w = 2a1(m2Dpm3)A + 2a2(m3Dpm1)A

+ 2a3(m1Dpm2)A 

 w = w23 + w31 + w12 (34) 

If we consider the first term, we have: 

 w23 = 2a1(m2Dpm3)A;  
                     wij

23 = 2a1mip
2 GpqklDklmqj

3  (35) 
either: 
 wij

23 = Ωijkl
1 Dkl (36) 

with: 
 Ωijkl

1 = 2a1mip
2 GpqklDklmqj

3  (37) 
Similarly for the others, we obtain: 

 Ωijkl
2 = 2a1mip

3 GpqklDklmqj
1  (38) 

 Ωijkl
3 = 2a1mip

1 GpqklDklmqj
2  (39) 

The final result is: 

 w = Ω: D and Ω=Ω1 + Ω2 + Ω3 (40) 

  

or: 
 τ̇ = A: L + wτ − τw (41) 
Hence (41) is written: 

 τ̇ = (A + A2): L (42) 
or: 
  Aijkl

2 = Ωimklτmj − τimΩmjkl (43) 
In general, relationship (49) can be rewritten as: 

 τ̇ = ⌊(Aani + A1 + A2)⌋: L = Aep: L (44) 

   Aijkl
1 = 1

2 (−τikδjl + τilδkj + τikδjl − τikδjl)
 (45) 
  Aijkl

2 = Ωimklτmj − τimΩmjkl 

 Aep=Aani + A1 + A2 (46) 

RESULTS AND DISCUSSIONS

This section delves into the analysis of the 
results, encompassing: first, the analysis of con-
straints based on the calculations of stresses and 
shear strains; second, an analysis of instability, 
followed by a discussion of the results. The equa-
tion systems are numerically solved using the 
fourth-order Runge-Kutta method. The program-
ming is written in the Matlab environment, and 
the instability is predicted by a test of Rice’s [28] 
and Cordebois’s criterion.

In this section and during the mechanical tests 
studied, we demonstrate the change in behavior in 
relation to the reference frames chosen, as well as 
the effect of the rotation induced for the predic-
tion criterion used on the (FLC).

The numerical results illustrated for the sim-
ulation of the anisotropic elastoplastic behavior 
independent of the rotation spin were obtained in 
the case of a power-type hardening law defined 
above. To demonstrate the feasibility of the calcu-
lation, the material parameters were chosen from 
a case study by Habracken et al. [29], where the 
Hill coefficients were given by Lankford. The ma-
terial parameters [29] were fitted to the Lankford 
coefficients, their values are shown in Table 2.

Constraints analysis

Within the framework of the kinematics 
presented above, we numerically integrated the 
various equations obtained for the different tests: 
simple tensile, simple shear, and plane compres-
sion. The integration of the systems is resolved 
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using an explicit or implicit formalism depending 
on the degree of precision required.

For these distinct types of tests, we conducted 
an analysis of the behaviour in order to ascertain 
the significance of the choice of rotating reference 
frame for the formulation of the behaviour law 
and the impact of strain hardening as well as the 
influence of induced anisotropy, by implementing 
the evolution of the rotation angles. It should be 
noted that in some studies, the effect of the orien-
tation of the rolling angle was studied to reduce 
the anisotropy and reduce the average microhard-
ness for Al-Cu and AlCuV alloys [30].

	• Simple tensile and biaxial test cases.
Figures 1 and 2 show the effect of the choice 

of a rotating frame of reference on the evolution of 
τ11 and ᴨ11 as a function of the Ԑ in the anisotropic 

Table 2. Material parameters (Aluminum alloy)
Parameter Value

M, N, L 2.5091

F 0.5395

G 0.5526

H 1.4474

Initial critical value ԏ0 0.01

Material constant h/E 0.007

Hardening exponent m 0.24

Young’s Modulus E (GPa) 70

Poisson’s coefficient 0.33

Note: The stress values shown in the figures are 
divided by E.

case for a simple tensile test and a biaxial test. In 
both cases, the choice of Green-Naghdi and Jau-
mann reference frames yielded no discernible in-
fluence on the two tests for the stress τ11. Contrary 
to the force ᴨ11 where the evolution is the same at 
the beginning until the 4% of deformation, after 
this threshold, the evolution becomes significant 
between the two tests for the two cases of the 
chosen reference frame. From these curves, we 
note that the hardening order obtained is qualita-
tively consistent with the results of experimental 
tests [31] in the case of less rigid materials. This 
shows the importance of the hardening effect, a 
result confirmed by Zhani et al. [17] in the case 
of Channel-die.

	• Simple shear test case.
The figures below shows the evolution of 

stresses τ11 (Fig. 2) and τ12 as a function of slip in the 
case of a shear test for different rotating reference 
frames shear test in the anisotropic case for Jau-
mann, Green-Naghdi rotation and Dafalias (Fig. 3).

In the case of the simple shear test, for Green-
Naghdi we note that the evolution is significant 
compared with that of Dafalias and less important 
than that of Jaumann (Figure 3). It can be seen 
that the choice of reference frame has a signifi-
cant effect on strain hardening. In the case of the 
choice of the Green-Naghdi reference frame, we 
note that the evolution is greater than that of Da-
falias and less than that of Jaumann (Figure 3). 
We can see that the choice of reference frame has 
an important effect on the strain hardening. We 
can see that the evolution in the case of Green-
Naghdi is more important than that of Dafalias 
and less important than that of Jaumann.

Figure 1. Stresses τ11/E and ᴨ11/E as a function of shortening Ԑ 
(calculated for simple tensile and biaxial expansion)
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	• Channel-die test case.
In the anisotropic case, Figure 4 shows the 

effect of the choice of rotating reference frame 
on the evolution of the normal stress 𝜎33/E as a 
function of the shortening Ԑ in the case of a plane 
compression test, this case was widely studied by 
Zhani et al. [17]. We note that the evolution in 
the Jaumann case is more important than that of 
the Geen-Naghdi. in this case and for the normal 
stress, the hardening phenomenon is qualitatively 
consistent with experimental investigations in the 
case of single crystals [31], particularly for the 
less hard materials.

Rotation analysis

The results of the simulations presented 
in the Figures 5 and 6 illustrate the influence 
of the rotating reference frame on the induced 
anisotropy and were obtained for the various 
mechanical tests. They show that the choice of 
frame of reference has a significant influence 
on anisotropy and behavior, and therefore on 
the time taken for plastic instabilities to ap-
pear. This effect is very significant in the case 
of self-rotation and is influenced by the evolu-
tion of hardening. 

Figure 2. Stresses τ12/E as a function of slip γ (calculated for a simple shear)

Figure 3. Stresses τ11/Rp as a function of slip γ (calculated for a simple shear)
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Figure 4. Normal stresses σ33/E as a function of shortening Ԑ (calculated for a channel-die compression)

Figure 5. Angle (ψ, θ, ϕ) as a function of the slip γ (calculated for a shear test)

Figure 6. Angle (ψ, θ, ϕ) as a function of the shortening Ԑ (calculated for a simple tensile test)
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Instability analysis

Figures 7 show that the initial orientation 
has an influence on the FLCs and the instability 
prediction criterion. In general, we can draw the 
conclusion that the simulations demonstrate the 
ability of FLDs to predict instability and that the 
ultimate outcome may rely more on the constitu-
tive model that is employed as well as the insta-
bility approach that is chosen. Effect of choice of 
rotating reference frame on constraints, for Rice’s 
Criterion and Cordebois’s Criterion (Figure 8).

We can conclude from the results above that, 
for loads generating large rotations (e.g. simple 
sliding), the choice of rotating reference frame 
has a substantial impact on the behavior law’s 
reaction. However, for loads with little rotation 
(e.g. off-axis tensile) this influence is negligible, 
especially if the deformations are not very large.

CONCLUSIONS

In conclusion, the results of the numerical 
simulations indicate that the selection of a ro-
tating reference frame is an essential element in 
the formulation of a behaviour. In the case of the 
Green-Naghdi reference frame, it can be observed 
that the evolution is greater than that of Dafalias 
and less than that of Jaumann.

The influence of the rotating frame of refer-
ence on mechanical stresses for elastoplastic be-
havior has been studied. It has been found that the 
effect of the choice of frame of reference is slight 
in some cases, generally during stress-strain anal-
ysis. However, it is significant in others, such as 
the case of large sliding. However, when studying 
instabilities, it is necessary to consider rotations 
and the influence of the choice of a rotating frame 
of reference. The results were corroborated in 

Figure 7. The minor strain Ԑ2 as a function of the major strain Ԑ1 (calculated for a simple tensile test 
for Rice’s and Cordebois’s criterion)

Figure 8. The stresses τ1 as a function of the angle θ (calculated for a simple tensile test 
for Cordebois’s and Rice’s criterion)
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two-dimensional kinematics. The formulation of 
large strains requires the use of multiple tensors, 
but the introduction of a material rotation frame, 
where the deformation tensor is represented by 
an upper triangular matrix, greatly simplifies the 
calculations.

It is noted that the results obtained in this 
work constitute a means of comparing, theoreti-
cally and numerically, various formulations in 
large elastoplastic deformations. Furthermore, 
these results can be obtained by simulation in a 
finite element code, and they will be verified and 
validated by experimental results. Furthermore, 
this work has confirmed the findings of the mi-
croscopic mechanical analysis conducted at the 
single-crystal scale, which forms part of the mi-
crostructural study of the material’s behavior. It 
has also revealed the influence of the orientation 
of single-crystal grains on the emergence and lo-
cation of plastic instabilities.
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