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Abstract

Single Point Incremental forming (SPIF) is a technology that allows obtaining complex parts
using a hemispherical end tool by applying a local deformation process in sheet metal. This
dieless process presents the advantage of high formability limits and low cost. The increasing
need for micro components, namely in the medical industry (implants and medical tools and
accessories), has contributed to the development of the micro single-point incremental
forming (u-SPIF) technique. However, this technique requires meeting certain challenges
related to tool wear, resistance and precision of the manufactured parts, and increased
formability. So, understanding the deformation and failure mechanisms in p-SPIF is
important to achieve improved formability. This paper aims to improve the predictions of the
shear-modified GTN damage model by proposing an identification procedure for its numerous
material parameters based on an inverse method coupling the numerical predictions with
experimental results. The extended GTN model is first implemented into the finite element
code Abaqus. The numerical approach is assessed through numerical simulations under shear
and uniaxial tension loading. Then, a complete methodology is proposed to identify the set of
material parameters using tensile and micro single-point incremental forming (u-SPIF)
experimental results. The identification approach is based on the comparison of the numerical
and experimental forces used to carry out the micro-incremental forming test with a pyramidal
shape tool. To show the pertinence of the identification procedure, the numerical predictions
of the modified GTN model with these material parameters are compared to the experimental
results of p-SPIF tests with different tool paths and geometrical forms. Finally, It is shown
that the shear modification of the GTN model can predict the failure of sheets during metal

forming.

Keywords: Micro-single point incremental forming. GTN model. Shear damage. Ductile
damage model. Finite element method. Identification. Inverse method.
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1. Introduction

Incremental sheet forming is one of the essential techniques used in industry for the
manufacturing of thin sheet metal components for a large number of application domains [1].
The desired geometry is obtained by using a specific forming tool path controlled by a CNC
machine. The main advantage of this process is its very low cost. However, there is some
need to master the influence of some process parameters to avoid damage and rupture of the
sheet during forming. The conducted studies focus on the prediction of damage evolution
until failure in a square sheet copper alloy.

It’s well known that the failure process in ductile metallic materials occurs under three stages,
i.e. micro-void nucleation, growth, and coalescence. Several coupled and uncoupled models
have been proposed to study the damage by the growth of cavities (voids) from the pioneering
works of McClintock [2] and Rice and Tracey [3]. Gurson [4] proposed a coupled constitutive
model based on a micromechanical approach. Afterward, Tvergaard and Needleman [5-7]
modified the original Gurson model by adding three additional parameters to describe the
ductile fracture of material due to nucleation, growth, and coalescence of spherical cavities.
This formulation, the so-called Gurson-Tvergaard-Needleman (GTN) model, is widely used
to study the ductile fracture of metals [8-14]. More recently, an important limitation of the
original GTN model is established. It is related to the fact that shear states are not taken into
account in the formulation. Therefore, the model cannot predict correctly the localization of
shear bands and failure under relatively low or even negative stress triaxiality [15, 16]. To
remedy this situation, Xue [17], Nahshon, and Hutchinson [18] put forward a shear-modified
GTN model to take into account the accumulation of effective damage caused by void
distortion due to shear strain. The accuracy of the modified GTN model in the prediction of
ductile failure is the subject of several studies [19-22].

For the prediction of ductile fracture during single point incremental forming (SPIF), Gatea et
al. [23] conduct a comparison between the original GTN model and the GTN modified by
Nahshon and Hutchinson [18]. Belouettar et al. [24] studied the influence of some process
parameters using response surface methodology and the GTN damage model to analyze the
damage evolution during material deformation. An implementation of the shear mechanism in
the GTN damage model is validated by Ying et al. [25] for tensile and shear tests for use in
the Small Punch Test (SPT) modeling. Achouri et al. investigate the damage behavior for
different stress states by the modified GTN model [26, 27]. It demonstrated that the model can

predict ductile fracture due to shear in the punching process application.



It is well known that fine prediction of failure by the GTN model depends on the accurate
determination of its various material parameters set. Several methods are developed for the
identification of the GTN’s model parameters. A method based on artificial neural networks
(ANN) combined with experimental tests and numerical simulations is used in many studies
to identify these parameters in different applications. Aguir et al. [28] and Marouani et al. [29]
considered the sheet metal blanking technique. Abbassi et al. [30] calibrated the parameters
by using the results of the notched tensile test, bulge test, and Erichsen test. Sun et al. [31]
identified the material parameters of a shear-modified GTN damage model by the small punch
test. Achouri et al. [27] propose an identification strategy for the modified GTN model using
experiments on specimens with different shapes under low and high-stress triaxiality
conditions. Another important approach widely used to calibrate the model’s parameters is the
inverse method coupled with a non-linear optimization procedure. The principle of this
method is to quantitatively describe responses and minimize the difference between
experimental tests and the corresponding numerical simulation results by using an advanced
optimization technique. The identification of the model parameters with the inverse methods
is carried out using classical tensile tests, compression, bending, and shear tests [32-35]. It is
noticed that the generated strain level by these tests is lower and limited, therefore, the
necking phenomenon is not represented, which makes the identification difficult in the case of
complex and large deformation produced by damage level. Hence, the identification by
classical tests is not sufficient to correctly predict material behavior during metal forming
operations.

Several authors proposed an approach that combines classical and advanced tests (deep
drawing, small punch...) with measurement data to determine constitutive parameters.
Ghouati and Gelin used this approach to directly identify the material parameters from the
metal-forming process [36]. The initial parameters set of the elastoplastic law are determined
from the tensile test results of an aluminum alloy. Then the deep drawing test is used as a
second step of identification. Ben Hamida et al. [37] and Hapsari et al. [38] developed a
procedure for ductile damage parameters identification by an inverse finite element method

applied for tensile and micro incremental forming tests named InDef tests.

This paper is dedicated to the identification of the optimum material parameters of an
extended anisotropic Gurson model taking into account shear mechanisms to predict ductile
fracture during the micro Single Point Incremental Forming process (u-SPIF) of a copper
alloy sheet. In this context, the forming force measurement is adopted to characterize the
material behavior of thin sheet metals from micro-single point incremental forming tests. The

modified GTN damage model is implemented through the user-defined material subroutine
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(VUMAT) into Abaqus/explicit. The implementation is validated by numerical tests (uniaxial
tensile and simple shear) on a single element. The identification of the GTN damage model
parameters is carried out based on tensile and u-SPIF test results. For this purpose, the finite
element updating method (FEUM) is used. Finally, the reliability of the identified parameters
is verified by p-SPIF tests on different tool paths and geometrical forms.

2. Modified GTN model

2.1 Yield surface definition

A micromechanical GTN model is chosen for the prediction of the damage and ductile
fracture of materials which is based on the initial Gurson model [4]. In its basic form,
Gurson’s model represents only porosity growth to quantify material degradation during
loading. New parameters of damage were added to the expression of the yield surface and the
introduction of nucleation and coalescence phenomena were taken into account. With these
modifications, the extended version of the Gurson model defined as the GTN’s model is
expressed by:

¢:[Uaeqvjz+2q1f*cosh[—3q2U—m]—(l-r(qlf*)z):0 1)

y 2 ° y
Where o, is the von Mises equivalent stress, initially equal to o, (initial yield stress), o is
the hydrostatic stress and (q,.q, ) are the Tvergaard’s coefficients.

The function " (f) defines the void volume fraction of the GTN model expressed by

fe

(f-f) if fo<f<f, (2)

where £ is the void volume fraction, initially equals to f,, f_is the critical void volume

fraction, f. is the void volume fraction at fracture and f. =1/q, .

The evolution of the void volume fraction is given by

e f%rowth + f%ucleation (3)
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where f, is the void volume fraction due to the nucleation of new cavities, ¢, the plastic
strain at the start of nucleation, s, and the standard deviation of the nucleation strain. 7* and

2 represent respectively the equivalent plastic strain and the equivalent plastic strain rate in
the material matrix.

2.2 Shear effects

In the original GTN model, the measurement of the increment of void volume fraction is
based on the nucleation and growth of voids. In this study, the Nahshon-Hutchinson type
shear mechanism is incorporated in the GTN model to take into account the effect of shear in
the increment of void volume fraction. Therefore, to extend the applicability, K. Nahshon et
al. introduced a modification term into the GTN model [18]:

B =k s ©

where w, (o) is a function of the stress state, characterized by the normalized third invariant of
the deviatoric stress tensor ( ¢ = 27J3/2q3 ), s=o+pl. |is the second order unit tensor.

The k, parameter is the magnitude of the shear growth rate.w, (o) is given by
Wy(o) = w(¢)=1-(¢)" =1-27J,/2¢° (7)
where J, = det(s) is the third invariant of the deviatoric stress tensor.

Finally, after the addition of the new contribution for shear loads, the evolution of the total
void volume fraction becomes:

fw, (o)

o 1- f)tr(&)+ AR 1k, s & (8)

q

The corresponding implementation method of the modified Gurson model in shear loading is
developed in the ABAQUS/Explicit finite element code, using a user material constitutive
subroutine (VUMAT). The implementation of the constitutive law is carried out using the
algorithm proposed by Aravas for pressure-dependent plasticity models, which is also based

on elastic prediction and plastic correction [39-42].

2.3 Validation tests on single elements

In this section, the model implementation is verified using numerical simulation tests. A
single 8-node brick element with one integration point (C3D8R) is selected to simulate
uniaxial tension and simple shear tests. The initial size of each element edge is 1 mm. A value
of 0.01 m/s of the loading velocity is taken for both tests to limit dynamic effects from the
explicit algorithm. The boundary conditions are shown in Figure 1. To simulate the test cases,



the material parameters are chosen from Nahshon et al. [42] and Achouri et al. [26]. The
results of the validation are shown in Figures 2 and 3 respectively.

e Material hardening low:
For the plastic flow definition, the von Mises yield criterion is used. Hardening evolution is
based on an isotropic hardening law given by
c=0c,+K(") (9)
where o =200 MPa is the initial yield stress, k = 500 mpa the material consistency, and

n = 0.1 the hardening exponent.

e Damage parameters:
The constantsq, =g, =1, f, =0.005,¢, =0.3, S, =0.1, f, =0.04and k, takes three values:

0,1,and 3. 1, is the initial void volume fraction in the material.

ZA ZJ\
v v
v, v,
»~ ~
v v / /
Z \Z
”~ »
Yy Y
X X
(a) (b)

Fig. 1. Single element and boundary conditions for (a) uniaxial tension and (b) simple shear

tests.

1- Uniaxial tension test

Effective stress and the void volume fraction evolutions as a function of equivalent plastic
strain are illustrated in Figure 2. The obtained results of the modified model are perfectly
superposed with the original GTN model for the axial stress (figure 2a) and the porosity
(figure 2b). It can be observed that the results are independent of the « , value in the tension

condition.

2- Simple shear test

In the case of a simple shear test, i.e. w(s) =1, the results are expressed with the evolution
of the effective stress and void volume fraction as a function of equivalent plastic strain for
different « values (Figures 3a and 3b). The increase of k, induces the decrease of the
strain in the zone corresponding to damage localization. For the case k, = o, stress and
porosity evolutions coincide with the original GTN model. The results show that the

modified GTN model can predict damage accumulation in shear stress conditions.
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Fig. 2. Uniaxial tension test as a function of the equivalent plastic strain: (a) Effective stress
(b) void volume fraction.
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Fig. 3. Simple shear test as a function of the equivalent plastic strain for k,, =0, 1, 3: (3)
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3. Material and methods
In this section, the material used for this study is presented and the considered mechanical
behavior law is introduced. Several tensile tension and micro incremental sheet forming tests
are then performed experimentally and equivalent numerical models are developed to
calibrate the constitutive parameters of the modified GTN model by an inverse method.

3.1. Material parameter and hardening law
The selected material is a 210 pm thick sheet in a Cu-0.1Fe copper alloy. The material is
annealed at 400°C for 30 minutes to eliminate the effects of rolling texture and to homogenize

the material microstructure [43].



Uniaxial tensile tests are conducted according to the ISO 3167 standard. The use of this
standard is justified by the very thin thickness (210 pm) of the sheet used in this study, made
of copper alloy. The tests are performed on flat specimens in three directions 0°, 45°, and 90°
with respect to the rolling direction (figure 4). The measurements of the elongation a1 were
performed using a laser extensometer. Three tests are conducted for each direction to
minimize experimental deviation. The specimen is elongated up to fracture, and the true

stress-strain curves are presented in Figure 5.

90°
45°

¥
/ J ![:62 mm
w \ ” 1y=25 mm
! ! w,=14 mm
T N |
/ r=4.5 mm
L I
(2) (b)

Fig. 4. Tensile test specimen (a) Geometry and characteristic dimensions (in mm), (b)
direction tests.
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Fig. 5. True stress-true strain curves.

The stress-strain curves presented in Figure 5 illustrate small deviations. Lankford’s

coefficients (r,, r,,and r, ) are measured up to 20% of strain. The calculated normal
anisotropy and the planar anisotropy are r, = 0.9874 and AR =-0.12, respectively. These

results demonstrate that the material can be considered isotropic. The elastic parameters
obtained from ultrasonic characterization are 100 GPa for the Young Modulus and 0.31 for
the Poisson’s ratio. These results are in good agreement with data reported in the literature
[44, 45].



The Voce’s isotropic hardening behavior of the matrix is considered [46] and can be

described by

oT:o'erQ(l—exp(—bg_p)) (10)
where o is the equivalent stress, & is the equivalent plastic strain, o, is the initial yielding

stress, @ and b are isotropic hardening parameters.

To provide an accurate prediction of the material behavior, the shear-modified GTN model
described in section 2 is used for the numerical modeling. Therefore, the set of 10 parameters

q,.9,.9, f,. f,.e,.8,. f., f. and k, , have to be identified.

These parameters are divided into categories associated with the contribution of elasticity,
plasticity, and damage. In order to minimize the number of damage parameters to calibrate,

some of them can be set as constants according to the literature [7, 17, 47]. The combination
9,=15,4,=1.0,q,=q, is selected and fits most metal materials [25]. Also:¢, and s, are
constant and can be fixed to 0.3 and 0.1 respectively [48]. Finally, for the identification of:

f,, f,. f.. f. and k_, a finite element inverse method is proposed.

c

3.2. Calibration methods of the GTN model parameters

The identification of the modified GTN model parameters is performed from a micro-SPIF
test using the finite element updating method (FEUM). For this, a comparison between
numerical simulations and experimental results of the forming forces along the forming axis is
used as presented by Hapsari et al. [38]. The finite element inverse method based on the
minimization of a function of cost is employed for the identification. The Levenberg-
Marquardt optimization algorithm [49, 50] is used through the MIC2M software
identification toolkit developed on MATLAB by Richard [51] for the parameters

identification.

As described in Figure 6, the procedure of identification is adapted to the identification of the
proposed model and divided into 2 steps. The first step is dedicated to the identification of
elastic and initial plastic parameters using tensile test results to obtain a physical solution and
reduce computing time. The second one uses the results of step 1 as input data for the
identification of plastic and the modified GTN damage model parameters by comparing

forming forces between the experimental pu-SPIF test and modeling.
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Fig. 6. Identification procedure of GTN model parameters.

3.2.1. Identification with tensile test (Step #1)

The first step is devoted to the calibration of the elastic parameters and the initial hardening
set parameters using a tensile test. The identification approach is applied to the tensile force
by comparing numerical and experimental data.

For the experimental part, uniaxial tensile tests are performed as previously described in
section.3.1. A finite element simulation of the tensile tests is carried out with the same
experimental conditions. Using ABAQUS/Explicit software, the specimen is meshed by 4-
node quadrilateral shell elements (S4R) to decrease the computational time. For boundary
conditions, the specimen is fixed on the left while, on the right side a displacement is applied
in the x-direction, as illustrated in figure 7. The Force evolution is obtained by summing the
nodal forces at the fixed end of the specimen.

(Lir

H

1 :éUx

vl

e
B

Clamped

-

b

Fig. 7. Finite element model used for tensile tests.
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The initial hardening parameters (- ,.,.b,) from the tensile test are obtained using the

FEUM method. For each simulation, a comparison of the numerical reaction force to the
experimental measurement is done and the initial hardening parameters are iteratively
adjusted until the cost function is minimized using the Levenberg-Marquardt optimization
algorithm. The identification of the considered parameters is made until 25% of deformation

to avoid the influence of the necking phenomenon.

3.2.2.1dentification using p-SPIF test (Step #2)
The second step is dedicated to the identification of the remaining model parameters based on
the results of step #1 and with modeling and experimental u-SPIF tests combination.

p— e Signal Convertor

(e ————————— .- Forming Tool

! Blankhold Multi-channel
| \ or Cramhoer charge amplificr

Modular Die

s
e
-

_-~ Die Support

-= Support

(@) (b)
Fig. 8. Micro-SPIF test: (a) testing device, (b) forces acquisition.

An experimental device used as a platform for the p-SPIF tests is mounted on a CNC milling
machine (figure 8a). The forming forces F, are acquired by using a 4-axis dynamometer, as

represented in Figure 8b. The dynamometer is mounted between a testing device and the
machine work-surface and connected to a multi-channel charge amplifier. The measuring
system also includes data acquisition cards and a computer. In order to reduce friction
between the tool and the workpiece, water/oil mixture fluid, composed of 5% cutting oil and
95% water, is used as a lubricant to improve the sheet's formability. Each test is repeated three
times to ensure the reliability of the tests. Pyramidal shape is used to perform the pu-SPIF test
with a helical forming strategy. The geometrical definition and strategy are presented in
Figure 9. The main p-SPIF process parameters are given in Table .1.
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Fig. 9. (a) Pyramidal geometry, (b) helical forming strategies.

Table 1

SPIF process parameters and geometry
Tool diameter 1.9 mm

Tool depth step 0.1 mm
Spindle speed 1000 rpm
Feed rate 300 mm/min

For the numerical model, a fully parametric toolbox, programmed and developed in the study
of Thibaud et al. [52], is adapted for the simulation of the u-SPIF test under the commercial
finite element code Abaqus/Explicit. This parametric toolbox also defines the experimental
path in CNC language machine by way of parametric paths to perform experiments and
simulations with the same trajectories. A parametric model (mesh, boundary, loading, initial
conditions, material behavior) is first produced and then used as the input files to run the

simulations of p-SPIF.

The simulation conditions (geometry, boundary, load, and initial conditions) of the pu-SPIF are
the same as those used for the study of the forming of the pyramid shape. The blank is meshed
with fully integrated 8-node solid elements (C3D8). To get information on the thickness
evolution, three elements in thickness are considered. The rest of the tooling (forming tool,
die, and blank holder) has meshed with rigid shell elements (R3D4). Coulomb frictional

12



contact behavior is used at the interfaces between the forming tool and the metal sheet, with a
friction coefficient value of 0.2 [52]. The finite element model is illustrated in Figure 10.

N\
AN
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. ‘(%\\‘&\\\\\\\\\\\\\\%}\
e

i

g

i

Fig. 10. Mesh model of pu-SPIF simulations.

The identified elastic-plastic parameters (' 2" ) obtained from step #1 (physical solution)
are introduced as the initial values for the second step.

The initial values of damage parameters are taken from the literature [30, 31]. The numerical
results (forming force) of u-SPIF are compared to the experimental measurements. Then, the
same iterative optimization algorithm used in step #1 is applied to adjust the material

parameters on smooth forming force evolutions.

4. Results and discussion
4.1. Tensile test (Step #1)

The calibration via a tensile test of the plastic parameters (v ?") took 8 hours of
simulation with 11 iterations of the inverse method. Parallel processing is utilized with 16
processors for reducing the simulation time. The obtained results are presented in Table .2.
The comparison between the hardening model response and the experimental load-
displacement curve is given in Figure 11. The model with the identified plastic parameters is

close to the experimental curve.

Table 2

Material parameters calibrated from tensile test
o, (MPa) Q,(MPa) b,
65.87 172.57 30.1

13
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Fig. 11. Experimental and model comparisons of force-displacement tensile curves.

4.2. Micro-SPIF test (Step #2)

Due to the important size of the problem and the stability condition associated with the
explicit algorithm, simulation time requires approximately 15 hours for each iteration of p-
SPIF simulation. Therefore, parallel calculation of Abaqus/Explicit is used with 8 processors
to decrease the computational time. The results are then obtained after 15 iterations
corresponding to a total computation time of 225 hours. The obtained set of calibration

parameters is reported in Table .3. The comparison between the numerical and the

experimental axial forces F, of the process as a function of the forming cycle is shown in

Figure 12.

Table 3

Material parameters calibrated by using the Micro-SPIF test

o, (MPa)  Q (MPa) b, f, f f, f k,
65.87 177.4 30.34 1.23E-3  4.08E-3  2.49E-3 0.13 0.86

The experimental axial forming force is correctly reproduced by numerical modeling. A
difference at the beginning, at 20% of the forming cycle, could be due to the initial contact
between the forming tool and the blank. The tool is considered rigid and stable during
forming, but this assumption is not valid for elastic contact, which will affect the evolution of
the forming force at the beginning of the cycle. When a local plastic strain occurs, the
evolution of the numerical process becomes close to the experimental data for the rest of the

forming cycle.

14
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Fig. 12. Evolutions of numerical and experimental axial forming forces using the helical
strategy and pyramidal geometry after the identification procedure.

A general geometric comparison between the experimental profile obtained by an ALICONA
Infinite Focus Microscope and the numerical one is carried out to improve the quality of the
parts obtained by the p-SPIF process (figure 13). The pyramidal shape obtained by numerical
simulation is close to the experimental part. The differences observed can be explained by the

reasons of the low thickness of the sheet and the effect of springback, which is a difficult
parameter to control.

(b)

Fig. 13. Evolutions of numerical and experimental axial forming forces using the helical
strategy and pyramidal geometry.

4.3. Validation tests

In this section, the validation of the identified behavior law is studied. The calibrated material
parameters identified in the previous section are used to simulate the validation tests. For this,
a series of experimental p-SPIF tests are carried out and compared with the numerical results
using the identified damage parameters. A pyramidal shape with a constant Z-level strategy
and a conical-shaped part using both forming strategies (constant Z-level and helical) is
adopted. The obtained results of forming forces and geometric accuracy are compared to the

experimental data and given in the figure. 14.
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The simulation of the pyramidal shape with constant Z-level strategy shows a good
correspondence with the real part for the overall geometry, as presented in Figure 14. The
results obtained show that the evolution of the numerical forming force is also close to the
experimental measurement. A small difference is observed at the beginning of the forming
cycle (10%) and disruption in the numerical effort due to the nature of the Z-constant
trajectory, which generates tool/part contact discontinuity. These observations show that the
strain paths are not the same between the two strategies. For the conical shapes. A good
agreement is obtained between the numerically predicted forming force and that measured
experimentally in terms of forming force level and geometric accuracy.

However, a discrepancy in the prediction of the moment of failure during the simulation of
the conical shape is observed. This discrepancy can be attributed to the choice of material
parameters. Indeed, the identification procedure was tested and verified using the pyramid
shape (which showed good results in predicting the evolution of the force and the final shape
during failure). Therefore, the differences observed in the simulation of the conical shapes
could be reduced by introducing an identifiability analysis in the identification method which
makes it possible to control the capacity to effectively identify the parameters of the model
[53, 54].

Crack is observed from the significant decrease in the force level to zero, which corresponds
to about 95% of the forming cycle for both forming strategies. The force level differences

(alternation between a zero and a positive value) at the end of the forming cycle are due to the
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alternative contact between the tool and the sheet (displacement with the cracked top of the

part).

5. Conclusions
The paper is dedicated to the identification of the ductile damage behavior of thin sheet metals
via micro-single point incremental forming tests. A micromechanical GTN model modified
for shear loading is chosen for the prediction of the damage and ductile fracture of materials
applied to a single-phase copper alloy. This model is implemented as a user material
constitutive subroutine in ABAQUS/Explicit. A parametric finite elements model procedure
based on the inverse method is developed and coupled with experimental tests to calibrate the
shear-modified GTN damage model parameters. The identification of the considered
parameters is carried out by the minimization of the gap between the forming forces in the p-
SPIF test and modeling. This approach is divided into two principles steps:

- The first step is dedicated to the identification of elastic and initial plastic parameters

using tensile tests at moderate plastic strain level (25%).
- The second step uses the results of step #1 as input data for the identification of plastic
and the modified GTN damage model parameters under large local strains level (>150%).

The validity of the identified material damage parameters is confirmed by comparing the
simulations of several incremental forming tests to experimental results. The obtained results
of the validation tests showed good agreement compared with the experimental
measurements. Therefore, the identified damage parameters of the shear-modified GTN
damage model are effective to characterize the damage evolution and ductile failure in the ISF
process.
Future studies will focus on improving the identification method by introducing an
identifiability analysis that allows controlling the ability to identify model parameters
efficiently. Once the identification of the parameters has been carried out, simulations of
incremental forming could be carried out to optimize the process, in particular the toolpath
that minimizes the geometric differences between the designed part and the manufactured
one. In order to improve the prediction of when and where the material damage occurs when
studying the microforming of thin structures, we plan to use a physically based model taking
into account the shape change and the rotation of the cavities [55-57]. Indeed, microforming
processes such as the one presented in this study are accompanied by a consistent rotation of
the material, it is, therefore, necessary to include coherently its effect on the damage of the

material.
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