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1. Introduction

Sheet metal forming is a fundamental process in
many industrial applications, from automotive to aerospace
engineering. Understanding the behavior of metals undergo-
ing forming processes is crucial for predicting and control-
ling the quality of the final product. In particular, the onset
of plastic instability can lead to defects and failure in the
formed parts [1, 2]. Therefore, accurate characterization and
prediction of plastic instability is of utmost importance.

The S235 steel, commonly used in sheet metal
forming, presents unique challenges due to its complex ani-
sotropy, elastoplastic and damage behaviors. This study
aims to provide a comprehensive characterization of the
plastic instability of S235 thin steel sheets using a novel
identification method.

The study of metal plasticity and the prediction of
plastic instability has been an area of active research for
many Yyears [3]. Plastic instability in sheet metals during
forming processes can lead to undesirable outcomes such as
wrinkling, tearing, and other forms of deformation that can
compromise the integrity of the final product [4]. The ability
to predict and control the onset of plastic instability is there-
fore of great interest in the field of materials science and
engineering [5].

The mechanical behavior of metals, including plas-
tic deformation and failure, has been traditionally character-
ized using uniaxial tensile tests [6]. However, this method
does not capture the biaxial stress state that occurs in sheet
metal forming processes [7]. To address this, hydraulic
bulge tests have been used as a means to generate biaxial
stress conditions in sheet materials. The bulge test method
has been extensively studied and used to characterize a wide
range of materials, including aluminum alloys [8], dual-
phase steels [9], and stainless steels.

The S235 steel, in particular, has been widely used
in various applications due to its excellent mechanical prop-
erties. Research on S235 steel has focused on understanding
its behavior under different loading conditions. For exam-
ple, a study by Davis et al. investigated the anisotropic be-
havior of S235 steel under various loading conditions,
providing valuable insights into the material’s directional
properties [10].

In recent years, the application of statistical meth-
ods such as analysis of variance (ANOVA) and regression

analysis has gained popularity in the field of materials sci-
ence. These methods have been used to identify and quan-
tify the significant factors affecting the material behavior
[11]. Furthermore, finite element simulations have been ex-
tensively used for predicting the behavior of materials under
various forming conditions, and for validating experimental
results [12].

In this study, we aim to build upon this body of re-
search and present a new identification method for charac-
terizing the elastoplastic damage behavior of S235 steel
sheets [13]. Our method combines the use of bulge tests,
ANOVA, multiple regression, and finite element simula-
tions to provide a comprehensive characterization of the
plastic instability of S235 steel sheets [14, 15, 16].

Our approach uses the analysis of variance
(ANOVA) and multiple regression methods to identify pa-
rameters that characterize the elastoplastic damage behavior
of the sheet metal [17,18,19]. The method was applied to
both experimental and numerical simulation results of a
bulge test on the S235 steel sheets. The numerical simula-
tions were performed using the finite element method, a
powerful tool for predicting the behavior of materials under
various loading conditions [20, 21].

The identified models were validated through a
comparison with experimental results on several hydro-
forming applications, including free expansion and expan-
sion in matrix cavities. This validation process demon-
strated a high degree of coherence between the experimental
observations and the numerical predictions of instabilities.

In this paper, we present in detail the methodology
of the identification process, the experimental and numeri-
cal results, and the validation of the identified models. We
also discuss the implications of the investigation findings
for the prediction and control of plastic instability in sheet
metal forming processes.

The remainder of this paper is organized as fol-
lows: Section 2 provides background information on the
5235 steel and its importance in sheet metal forming. Sec-
tion 3 describes the experimental and numerical methods
used in the study. In Section 4, we present the identification
method and the results obtained. Section 5 discusses the val-
idation of the identified models using hydroforming appli-
cations. Lastly, Section 6 summarizes the main findings of
the study and provides directions for future research. The
aim of this paper is to characterize and simulate forming
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processes. We are particularly interested in developing a ro-
bust procedure for identifying the hot forming properties of
thin structures using multiple regression techniques.
Through the applications carried out, we are attempting to
exploit multiple regressions and analysis of variance to de-
scribe an identification approach based on a limited number
of simulations and experimental tests.

After identifying the behavior model parameters,
the results obtained are used to study the plastic instability
of S235.

2. Methods and materials
2.1. Behavior models

In a previous study, we established the
relationships expressing the quadratic criterion HILL 48
coupled to isotropic ductile damage represented by the
scalar D:

- The equivalent stress o, of HILLA48:

aeq:\/F022+G0'12+H(02—0'1)2+2N0122 . (1)

-The damage D in terms of the cumulated equivalent
plastic strain &gq

D=[(58q+gs)/gu]y. (2)
- The Swift model coupled to the damage:
o, =K[1-D](& +4,) - (3)

Two groups of parameters were determined to
identify the behavior of the material: the first group includes
the hardening parameters K, &, and n, and the second group

the damage parameters y, & and & where K (strength
coefficient), n (strain-hardening exponent), &, (elastic strain

to yield)
2.2. Multiple regression method

The problem is based on response variables
Z1, 2o, ..., Zp and an influencing factor x whose multiple
regression leads to a relation of the form:

X=ay+2 +2, +...+a,Z, +¢&, 4)

where ap, ai, az, ...
regression, ¢is an error.
To validate the quality of the regression equation
between the influence factor and the response variables, we
use the multiple determination coefficient defined by Eq. 5,
where SCR and SCT are the squared sums of deviations:

, ap are the coefficients of the

R? = 2R )
SCT

2.3. Identification method

The multiple regression method is a statistical tech-
nique used to estimate the relationship between a dependent

variable and multiple independent variables at the same

time. The aim of this method is to identify the parameters

that are significant for predicting the dependent variable.

The steps to perform a multiple regression are as follows:

- Data Collection: collect data on the independent and de-
pendent variables.

- Data Analysis: analyze the data using graphs and statis-
tics to understand the relationship between the variables.

- Model Construction: determine the variables that have a
significant impact on the dependent variable. Construct
a multiple regression model using these variables.

- Model Evaluation: evaluate the model using measures
such as the coefficient of determination R? and residual
analysis to determine the accuracy of the prediction.

- Interpretation of Results: interpret the results of the
model to understand the relationship between the varia-
bles and to predict the dependent variable based on the
values of the independent variables.

The parameters that are significant for predicting
the dependent variable can be identified by examining the
regression coefficients of the model. The regression coeffi-
cients represent the relationship between each independent
variable and the dependent variable. Coefficients that have
a significant t-value indicate a significant relationship be-
tween the corresponding independent variable and the de-
pendent variable.

The identification method using the multiple re-
gressions and analysis of variance is developed in two
stages, as illustrated in the flowchart shown in Fig. 1.
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Fig. 1 Identification method using multiple regression
2.4. FE modeling and numerical simulations

The geometric model employed is a thin circular
sheet with a diameter of 320 mm and thicknesses of 0.6 mm
and 0.8 mm, respectively. The model is discretized utilizing
hexahedral 3D solid elements with reduced integration and
eight nodes (C3D8R). A total of 6552 elements are used in
a two-zone meshing approach: the central region of interest
adopts a fine mesh discretization while in the outer region,



a coarser mesh is used for computational efficiency (Fig. 2).
This selective mesh refinement focuses computational re-
sources on obtaining an accurate solution in the critical
bulging area of the sheet.

The clamping area which anchored the sample was
meshed with a course 10 mm x 2 mm brick element size for
computational efficiency, yielding an aspect ratio of 5:1.

In the active bend zone of the sample, element sizes
smoothly grade from 11 mm x 10 mm down to 2.3 mm x 2.3
mm moving through the bend region. Resulting aspect ratios
range from 1.1:1 near the clamps up to 3:1 at the inner ten-
sile edge. The central zone 42 mm diameter is discretized
using elements with aspect ratios from 1.4:1 to 1:1.

Fig. 2 modeling numerical of bulge test: a - Test specimen
meshing; b - loading conditions for the bulge using a
circular die

The sheet is blocked between the die and the blank
holder (Fig. 3). The circular die has an inside diameter of
220 mm with a fillet radius of 6 mm. It is modeled by shell
elements R3D4, supposedly rigid and non-deformable. The
Coulomb coefficient of friction between all the solids in
contact is taken 0.1.

The boundary conditions (Fig. 3) consist of an em-
bedding imposed on the matrix and a linear pressure exerted
Pmax = 5 MPa on the blank according to the material to be
tested.

Clamping joint

| /

Fig. 3 Clamping of the sheet between the die and the blank
holder

a b

Fig. 4 Bulge test pressure at the pole: a - experimental,
b - simulated results

The data used to determine the identification pro-
cedure were obtained from hydraulic bulge tests on circular
sheets 0.6 mm thick and having an active part with a diam-
eter of 220 mm (Fig. 4).

3. Results and discussion
3.1. Identification of the work hardening parameters

The experimental shape indices of work hardening
are the slope of the linear curve a. and the linear curve’s
intercept at the origin of the regression line A (ae, be)

(Fig. 5).
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Fig. 5 Experimental shape indices for the identification of
work hardening and damage of bulge test

The experimental damage shape indices Pa, Ha, Ps,
Hg, ae, aq are defined from the coordinates of the points A,
B and the slopes of the two straight lines 4. and Aq. Point
A(Pa, Ha), which corresponds to the maximum pressure,
represents the point of the tangent to the line Aq4. Point B(Pg,
Hg) corresponds to the intersection of the two straight lines
Ae and Aqg.

The first step was reserved for identifying the Swift
model hardening parameters (D = 0; Eq. (3)), where the pa-
rameters K, g0 and n were taken as influencing factors. In
the second step, we were interested in identifying the dam-
age parameters relating to the coupled Swift model (D = 0;
Eq. (3)) where the parameters y, & and &, were taken for fac-
tors of influence.

Tensile tests oriented at 0°, 45°, and 90° to the roll-
ing direction of E24 (S235) steel sheets were carried out to
characterize the anisotropy (Table 1). The hardening param-
eters K, & and n were taken as influencing factors. Indeed,

the idea behind this new approach consists in executing suc-
cessively until the identification of the work hardening pa-
rameters, numerical simulation factorial experimental plans
(v3 = k simulations) for the three factors of influences K, &,
and n having progressive levels v=2, 3, 4, ... (23, 3%..)).
Table 2 presents the values of the potential levels of the pa-
rameters of hardening to be exploited in this step.

In this first step, the simulation plan P3(3%), pre-
sented in Table 2, was sufficient to identify the hardening
model parameters. The levels of each parameter are chosen
based on published results.



Table 1
Parameters of Hill48 and mechanical properties of
Steel S235 sheets

Lankford coefficients Anisotropy coefficients
ro I'45 r9o F G H N
1.985 | 1.234 | 1.637 | 0.45 | 0.38 | 0.62 | 1.345
Mechanical properties
Modulus of elasticity, GPa

210 0.33

Poisson’s ratio

Table 2
Values of the levels of the work hardening
influence factors

Influence factors Label Levels factors
1 2 3
Strength coefficient, MPa K 400 500 700
Initial strain, % & 1 2 3
Hardening exponent n 0.1 0.2 0.3

According to the ANOVA analysis of the simu-
lated responses, the relations between the hardening para-
meters, where Xq = K or & or n and the shape indices (a and
b, respectively, the slope and the intercept of A.) were de-
termined according to the linear regression Eg. (6).

X, =8, + a0 +a,F . (6)

The values of the regression coefficients (ao, ai,
and a;) are obtained using the “LinearModel.stepwise”
function in MATLAB®, which creates a linear model of the
response Xxq as a function of the data matrix Z (Eq. (4)) intro-
duced, using stepwise regression to add or remove predictor
variables (shape indices).

Table 3 presents the regression coefficients (ao, ai,
and ay) obtained for each of the simulation plans, for the pa-
rameters K, o and n respectively, as well as the determina-
tion coefficients R? and RZ%gj, which make it possible to
judge the quality of the linear regression relations.

The standard error (RMSE) is presented, which
measures the deviation of the actual value from the regres-
sion prediction.

Table 3
Multi-linear regression coefficients of the work hardening
parameters P (3%)

Coefficients K, MPa & %0 "
ao 868.18 0.2 0.033191
ai -196.42 - 0.08245
a, 8.033 - 0.023253
R? 90.7% - 85.8%
Radj 89.9% - 84.7%
RMSE 39.6 - 0.0326

According to Table 3, the initial strain &, does not

depend on the shape indices. It is an equivalent strain from
which work hardening is activated; it is considered an in-
trinsic parameter of the material, which remains constant.
The determination coefficients show that the linear
regression relations obtained make it possible to explain

more than 90% and 85% of the total variance of the harden-
ing modulus K, the initial strain, and the hardening coeffi-
cient n (Table 4), respectively.

Table 4
Experimental shape indices of the experimental bulge test
Qe be
1.4841 - 0.4755

The predictions of the uncoupled Swift model
identified, and the experimental measurements of the hy-
draulic swelling test fit very well. The relative error between
the experimental and numerical responses shows the quality
of the results (& =1.2%; Table 5; Fig. 6).

Table 5
Identification of hardening parameters
Experiment design K,MPa | &0, % n &, %
P (39%) 572.85 0.02 | 0.145 1.2
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Fig. 6 Experimental and numerical responses for the Swift
hardening model: height at the pole/ pressure of the
bulge test

3.2. Identification of damage parameters

The parameters, damage threshold &, cumulative
total plastic strain &, and damage indicator y characterized
the ductile damage and were taken as influencing factors.
Indeed, the idea behind this new approach consists in suc-
cessively executing, until the identification of the damage
variables, numerical simulation experiment design (v®=k
simulations) for the three influence factors (&, & and y) hav-
ing three levels 3%, Table 6 presents the values of the levels
of the damage variables to be exploited in this study. The
levels of each parameter are chosen based on published re-
sults. Also, Table 7 represents the indices of experimental
forms relating to the zone of damage.

From the ANOVA analysis of the simulated re-
sponses, the relationships between the damage parameters
were determined by the linear regression relationship (7).
The coefficients are presented in Table 8.

X, =8 +a, P, +a,H, +a,P, +a,Hy +aa, +aga, .(7)

Table 9 shows that the damage threshold & does
not depend on the shape indices. Indeed & is an intrinsic pa-
rameter of the material; it represents the equivalent strain
from which hardening is saturated, and the damage is acti-
vated. The determination coefficients show that the linear



regression relations obtained make it possible to explain the
86.7% of the total variance for the cumulative plastic strain
& and the 66.4% of the total variance of the damage indica-
tor y.

The two damage parameters (&, and y) are identi-
fied by introducing the experimental shape indices as varia-

Table 6
Values of the influence factors levels

Influence factors Label Levels factors
1 2 3
Damage Threshold, % & 0.5 | 0.625 0.75
Cumulative plastic &u 50 60 70
strain, %
Damage indicator 4 5 7.5 9.5
Table 7
Experimental shape indices
A B A1 A2
Pa, Ha, Ps, Hg, p1, p2,
bar mm bar mm bar/mm bar/mm
33 57.15 | 28.70 | 33.16 1.099 5.58
Table 8
Linear regression coefficients of damage parameters
Coefficients &, % &u, % 14
ao 0.012667 0.075478 -184.24
a1 - - -
a - - -
as - - 5.833
aa - - -1.7551
as - - 3.6949
a6 - 0.1157 -
R? - 86.7% 66.4%
R%ad; - 86.2% 62%
RMSE - 0.0309 1.15
Table 9
Identification of the damage parameters
Experiment design K, MPa £0, % n &, %
P(3%) 1.2667 72.14 13.99 | 0.45
70 -
60 A
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E 50 B Swift damage model
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Fig. 7 Experimental and numerical responses of the Swift
damage model: height at the pole/ pressure of the
bulge test

bles in the linear regression relations (Table 9). The relative
error between the experimental and numerical responses
shows that the results are good (& = 0.45%; Table 9).

Fig. 7 shows that the predictions of the coupled
Swift model and the experimental measurements fit very
well.

3.3. Application of the identified models for the localiza-
tion of instability areas

Two applications testing the elastoplastic behavior
with considering the damage of the sheet have been devel-
oped to test the effectiveness of the identified models. The
first concerned the expansion in a cavity of matrix CM
(Fig. 8) made up of a succession of surfaces of revolution
(conical, plane, spherical concave, and convex). The second
relates to the free expansion of sheet metal with a set of
blank holders SF1, SF2, SF3, SF4, and SF5 comprising
square hollows with a side of 140 mm (Fig. 8). The blank
holders are only distinguished by the radii of their fillets,
fixed successively at 1.6, 2.2, 2.6, 2.9, and 3.6 mm.

The tests were carried out on circular plates
(blanks) with a diameter of 300 mm and a thickness of 0.6
mm. The pressure applied to the blank is provided through
a transmission fluid injected with a constant flow rate of ap-
proximately 10 ml/min. Numerical simulations of the same
tests were carried out on Abaqus Implicit ©. The blank is
assimilated to a deformable solid; its spatial discretization is
carried out with hexagonal elements with reduced integra-
tion (C3D8R) and tetrahedral elements (C3D6). Their num-
ber is 4 144 for free expansion and 5 177 for expansion into
the matrix cavity.

Fig. 8 Blank-holder used in hydroforming applications:
a - die cavity (CM), b - blank clamp with pseudo-
square (SF) shape

3.3.1. Plastic instability criterion

In this section, the results of parameter
identification of the Swift model coupled to damage are
used to investigate the plastic instability of S235.

Swift criterion relating to the diffuse necking
stipulates that the plastic instabilities appear when the load,
along the principal directions, reaches the maximum. For a
biaxial state of loading, the criterion is expressed by the
relations between the stresses and the principal strains:

199 4 =1, ). ®)
; de;

When the co-axiality of the main axes and the
orthotropy axes is verified, the diffuse necking criterion will

then result in the following:
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With a stress ratio:

1 do,, (G*+A°F?)+ H?(1+ B)(1- B)° +2H (G- B°F)(1- B)

p=22. (10)

Eqg. (9) becomes:

— = . (11)
Oeq d&‘eq (Fﬂz +G+H (1_ﬂ)2)(3l2)
Considering the expression of the coupled
hardening law Eg. (3), the Eq. (11) reduces:
n r(are)” (G*+B°F)+H? (1+p)(1-B) +2H (G- B°F)(1- B) | )

&t+é g —(e+e)

From the above equations, the plastic instability is
determined using:

& = Pe;, (13)

=0 9—8—0}, (14)
Xy n
5[ (F+H)s +Hsl |

or - Z|(FXH)al+He; | (15)
€| FG+FH+GH |
5[(G+H)el +Hel |

o= Z| (St H)e 1 (16)
z| FG+FH +GH

Where &/, &5, oy and o, are the critical strains
and stresses, respectively.

3.3.2. Zones of plastic instability onset in the matrix cavity
subjected to bulge test

By adopting the analysis procedure based on eval-
uating the instability indicator, we could compare the exper-
imental observations and the numerical simulations relating
to hydroforming in a die cavity (first application). The main
results are illustrated (Fig. 9, Fig. 10 and Fig. 10). It was

a b

Fig. 9 Location of damage and failure zones of blank under
bulge test in the die cavity (a): failure of the test spec-
imen, (b): localization of the failure zone by numeri-
cal simulation

(Fp?+G+H (- p) )(3/2)

also noted that the extreme values of the instability indicator
produced by simulation are 0.96 for model 1 and 0.99 for
model 2. These levels are reached with the respective pres-
sures of 2.71 MPa and 3.17 MPa, respectively.
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Fig. 10 Evolution of the loading ratio as a function of the
pressure exerted on the blank

A= 273MPa

--8--250MFs

-=#-- 271 MPa

277 WP R [ ,""
075 e Modd2
Py '3
. ¢4

Radbad position (mm)

Pressure {MFa)

a b c
Fig. 11 Radial profiles and evolution of the instability indi-
cator: a - prediction by model 1, b - prediction by
model 2, ¢ - evolution as a function of the pressure
applied to the blank

3.3.3. Effect of the die’s fillet radius

Fig. 12 shows that the blank’s experimental defor-
mation highlights the fillets’ harmfulness when they en-
counter the sheet. For all the fillets admitting connection ra-
dii of less than 3.6 mm, the ruptures observed occurred in
the areas of the smallest curvatures of the deformed sheet in
contact with the blank holder. However, Fig. 13 shows a
failure at the pole for the case of expansion in a blank holder
with a 3.6 mm fillet radius. Some regions were subjected to
a more in-depth analysis based on these observations. These
are the pole and the contact areas between the blank and the
fillets. In these two regions, which are at risk of rupture, it



is shown that if the pressure exerted on the blank shows ex-
ceeds 0.62 MPa, the condition relating to the proportionality
of the loading is verified. Prediction results allow to track
the evolution of plastic instabilities at the pole and the fillets
were utilized based on these observations.

a

Fig. 12 Location of damage and failure at the fillet
(expansion with blank clamp SF1: radius fillet
1.6 mm): a - Numerical result; b - Experimental
result

3.3.4. Estimation of the instability initiation pressure

On the diagrams expressing the instability
indicator as a function of the pressure exerted on the blank
(Fig. 13), it is possible to extract the pressures leading to the
onset of the first instabilities (£'= 0) noted P, as well as the
one corresponding to the maximum value of the indicator
{imax, Noted Pp.

Fig. 14 summarizes the simulation results. It makes
it possible to compare, for the two behavior models, the
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Fig. 13 Critical pressures from instability indicator
diagrams (prediction of model 2 with the blank-
holder SF1)
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Fig. 14 Critical and experimental failure pressures for the
two predictive models: a - model 1; b - model 2
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pressures of priming the plastic instability with the experi-
mental pressures at rupture. The plastic instability onset
pressures at the pole and the maximum pressures are not
sensitive to changes in the radius of the blank holder fillet.
At the level of the fillets, these pressures undergo an in-
crease associated with an increase in the radius, followed by
an asymptotic trend showing the existence of a critical ra-
dius above which the singularity no longer has any effect on
the evolution of the instability indicator. These radii are es-
timated at 2.7 mm for model 1 and 3.1 mm for model 2.

Moreover, the ruptures observed seem to
correspond to the regions admitting the least onset
pressures. This means that the expanding regions that are
affected by the first instabilities can be correlated with the
rupture zones. The severity of the instability can be
correlated with the slope of the instability indicator/loading
curve. It is also noted that the priming pressures are lower
than the experimental rupture pressures, with a relative
difference varying between 6.5% and 24%.

4, Conclusions

The investigations carried out in this study show
the possibilities that the statistical analysis of simulation
results can offer in terms of identification.

The performance of the method is linked to the
initiation of the levels of influencing factors that will allow
rapid convergence toward the optimum parameters. The
initiation problem was avoided by establishing a factorial
design of experiments sweeping a range of levels justified
by the literature. We established a relationship between the
material parameters and the experimental shape indices
through a finite and organized number of simulations.
Indeed, this method based on ANOVA and multiple
regression allowed quick and efficient identification. This
method could have great potential in computation time and
result quality applied to other characterization tests. In
addition, the formulations retained for identifying behavior
models can be generalized to models with the same global
behavior.

The identified models associated with the SWIFT
diffuse necking criterion could be used to trace the critical
deformation revealing the onset of the first instabilities. The
introduction of the instability indicator, based on a
measurement of plastic deformation and an evaluation of the
loading ratio, makes it possible to locate areas at high risk
of failure. The applications developed have also shown that
the pressure priming instability is lower than the
experimental rupture pressure, and the relative deviation
varies between 6 and 24%.

In addition, the developed calculations have shown
that the areas affected by the first instabilities are regions
with a high risk of rupture when subjected to an
evolutionary expansion loading. When these regions get
stuck against the matrix wall, the development of
instabilities can be stopped. The damage thus spreads to
expanding areas directly affected by the combined effects of
thinning and rising loading levels.

The study highlighted the potential offered by the
multiple regression method in identifying models. It showed
the validity of the method for analyzing sheet metal forming
abilities through a confrontation with the Simplex method.
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N. Ghazouani, M. T. Nasri, B. Eladeb, W. Salah,
M. A. Tashkandi, N. Becheikh

THE CHARACTERIZATION OF THE PLASTIC
INSTABILITY OF S235 THIN STEEL SHEETS BY
MULTIPLE REGRESSION AND ANALYSIS OF
VARIANCE METHODS

Summary

In this study, we present a new identification
method of parameters characterizing the elastoplastic dam-
age behavior of sheet metal based on analysis of variance.
The analysis covered experimental and numerical simula-
tion results using the finite element method of the sheet mild
steel bulge test. The identification procedure was validated
through a confrontation between numerical simulations and
experimental results on several hydroforming applications,

(CMoM

such as a free expansion and an expansion in matrix cavities.
Results show consistency between experimental observa-
tions and numerical predictions of instabilities. Further-
more, the location of risk areas of instability and rupture and
the damage level could be quantified. The analysis focused
on a set of results combining experimental data and numer-
ical simulations of the bulge test of steel sheets. The identi-
fied models were validated thanks to a comparison between
numerical simulations and experimental results of a set of
forming applications by bulge test. The results show coher-
ence between the experimental observations and the numer-
ical predictions of the instabilities.

Keywords: work hardening, damage, bulge test, analysis of
variance, multiple regression.
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