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INTRODUCTION

remarkable formability. These attributes make aluminum alloys an appropriate material for examining their behavior

under various loading circumstances [1]. The mechanical behavior of aluminum alloys has been extensively
researched within the scientific community, with numerous studies aimed at comprehending their response to loads,
environmental conditions, and their key mechanical properties, such as strength, stiffness, ductility, and toughness [2]. The
outcomes of these studies have been instrumental in informing the development and design of various applications that rely
on aluminum alloys.
In recent decades, metal stamping technology has emerged as a preferred alternative to other metal forming methods,
including forging and die-casting, owing to its advantages in cost efficiency, production time, and improved quality
characteristics [3]. Presently, approximately 20% of automotive components are produced using various stamping processes
[4]. Stamping is categorized as a manufacturing process wherein the geometry, shape, and physical properties are modified.
Defined by its fundamental principle, stamping is a process wherein thin-walled flat metal parts undergo shaping by punches
and cutting dies to transform them into three-dimensional pieces. The stamping process can be further classified into various
types, such as deep drawing and blanking, based on factors like temperature, deformation level, speed, and the final product
shapes [5]. The addition of strategically placed perforation holes in stamped sheets serves to both reduce the overall weight
of the sheet, which is crucial in applications where lightness is essential, such as in the automotive industry, and decrease
costs by reducing the amount of material required, leading to manufacturing cost savings. Furthermore, these perforation
holes can enhance the ductility of the material, facilitating the stamping process by reducing local stresses. Well-designed
perforation holes can also assist in managing heat dissipation and contribute to aesthetic considerations.
In order to assess the deformability of thin sheet metals undergoing in-plane stretching, Keeler and Backofen [6] and
Goodwin [7] introduced the widely recognized concept of the Forming Limit Diagrams (FLD). Initially reliant on
experimental measurements, the determination of FLDs proved to be labotious, time-intensive, and associated with non-
negligible costs, not to mention potential reproducibility challenges. To address these limitations, substantial efforts have
been invested in recent decades towards devising theoretical indicators capable of predicting the limits of formability for
thin sheet metals [8].
The MARCINIAK test method is used to construct the FLD, which involves using a cylindrical flat top punch with a central
hole to stretch the test piece [9]. The NAKAZIMA test, commonly referred to as the Limiting Dome Height (LDH), is a
widely recognized method that utilizes a hemispherical punch [10]. Several related studies based on the NAKAZIMA and
MARCINIAK tests have been reported in the literature [11-12]. The improved Johnson-Cook constitutive model was
employed by Wang et al. [13] to predict the FLDs of the Al-Mg-Li alloy sheet that are subsequently compared with the
experimental FLDs obtained through NAKAZIMA tests. The study reveals that the improved Johnson-Cook effectively
describes the stress-strain relationship. Other researchers have utilized the Johnson-Cook and modified Zerilli-Armstrong
(m-ZA) models to assess the FLD of brass [14] and ASS 316L [15] sheets.
The stereo-Digital Image Correlation (stereo-DIC) technique enables the plotting of the FLDs and determination of the
strain field [16]. In its multi-scale version, both minor and major strains can be measured between two successive images
[17]. The technique involves a three-step process for each test. Firstly, a pair of images of the calibration cube is obtained,
allowing the stereoscopic system to be calibrated for a specific measurement. Secondly, a pair of images of the stamping in
its initial position is acquired. Finally, a pair of images of the stamping in its final position is obtained [18]. These steps are
critical for ensuring accurate and reliable results.
The aim of this study is to determine the FLDs of the 6063 aluminum alloy for both Perforated Sheet Metal (PSM) and
Non-Perforated Sheet Metal (NPSM) through a combined numerical and experimental approach. The experimental FLD
are obtained by using the stereo-DIC technique during the stamping process for NAKAZIMA and MARCINIAK tests,
with image analysis conducted using a specialized MATLAB data processing program. The predicted FLDs will be derived
from the material's isotropic constitutive and failure process modeled using the Johnson-Cook model, employing finite
element computations in the ABAQUS simulation environment.

T he use of aluminum alloys in industrial applications can be justified by its superior strength-to-weight ratio and

EXPERIMENTAL STUDY

composition provided in Tab. 1. In the Fig. 1, we illustrate the metallographic microstructure of the AA6063 base

T he investigation is centered on the use of an Al-Mg-Si aluminum alloy, with the designation AA6063 and chemical
metal following a polishing process and chemical etching with Keller reagent (3 ml HCI, 2 ml HF, and 20 ml H20)
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during 15 seconds. The dark, dispersed spots within the a-Al light matrix correspond to secondary phase particles, typically
Fe-rich intermetallic compounds such as AlFeSi or AlFeMnSi, as well as MgaSi particles that precipitate during the
solidification and subsequent processing of the alloy. These particles are non-uniformly distributed in the microstructure,
which can influence the mechanical properties and fracture behavior. The a-Al light matrix represents the primary aluminum
solid solution, which contributes to the overall ductility of the material. As stated before, the aim of this work is to determine
the FLDs of this material. So, the forming tests are carried out on a range of specimens of different widths obtained by
cutting portions on two opposite-sides of a circular blank (see Fig. 2). This approach is adopted because it’s well known that
during sheet forming the resulting strain path essentially depends on the width of the blanks. The circular blank, with a
thickness of 2 mm and a diameter of 170 mm, was served as the reference. The perforation holes have a 2 mm diameter.
The eight distinct specimens are provided in Fig. 2, including perforated and non-perforated blanks.

Elements Al Mg Si Fe Cu Mn Ti 7Zn Cr
wt.% 98.06 0.62 058 035 012 0.11 0.07 0.05 0.04

Table 1: Chemical composition (wt %) of the AA6063 alloy.

Intermetallic compounds

Figure 1: Metallography of AA6063 alloy.
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Figure 2: Geometry and dimensions of: a. NPSMs, b. PSMs.

The stamping experiments were conducted on a MAB hydraulic machine. The apparatus for making the stamping process
has been designed to adapt to the stereo-DIC technique. This approach involves the use of two Charge Coupled Device
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(CCD) cameras in conjunction with MATLAB software, as illustrated in Fig. 3a. The platform comprises of a support
structure, threaded rods, upper and lower blank holders, and a punch. To capture an image during the stamping process, a
mirror inclined at 45 degrees is placed underneath the stamping module (Fig. 3b).

&

Mirror (45°)
i

Figure 3: a. Stereo-DIC analysis platform, b. Stamping device.

The efficacy of the image correlation technique is contingent not only on the lighting conditions and camera resolution, but
also on the preparation of the surface of the blanks being observed. To this end, a chemical treatment process, consisting
primarily of removing the oxides and achieving surface cleanliness, was implemented. The pickling phase was executed
through immersing the blanks in caustic acid with a concentration of 10 g/1 for 3 min at 65°C. Subsequently, a bleaching
treatment was catried out by dipping the blanks into a mixture of chromic acid (60 g/1) and sulfuric acid (180 g/1) for 30 s
at 65°C, in order to restore their original whiteness. The blanks were then rinsed to ensure their surface purity, therefore
demineralized water was utilized for the final rinse.

To accurately quantify the strain field of the specimen's surface during the stamping process by the stereo-DIC technique,
a randomized pattern must be applied to the specimen under investigation. This is accomplished by applying black speckles
to the surface through spray painting. This texture facilitates tracking of surface displacements when the sheet metal
undergoes deformation. Furthermore, we gained a better understanding of the micromechanisms underlying the damage
process by analyzing the fracture surfaces of the stamped specimens using a scanning electron microscope (SEM).

NUMERICAL MODELING

Johnson-Cook constitutive model

T he development of plasticity is primarily attributed to the phenomenon of strain hardening resulting from
deformation. Consequently, numerous studies have been conducted to develop models capable of describing this
occurrence. In addition to strain hardening, material damage occurs due to the development of cracks that eventually

lead to the complete failure of the specimen. To model the behavior of the aluminum alloy during shaping, the Johnson-

Cook model [19] was chosen. Johnson and Cook proposed an empirical law based on experimental results and intended for

rapid implementation in computer codes. This model proves effective in describing the stress-strain relations of metals

subjected to large deformation and high strain rate [20].

o(e.6T")=[4+Be" |[1+Cln&" |[1-T™ ] 1)

. . . . . . o . . . . . . .
where O is the equivalent flow stress, & is the equivalent plastic strain, & =& / &, is the dimensionless plastic strain rate
. 1 * . . .
for £, =15 ,and T = (T - T, ) / (T I To) is the homologous temperature. 7| is the ambient temperature and 7, the

. . . . . . ok
melting temperature. The terms in the first set of brackets in Eqn. (1) give the stress as a function of strain for & =1 and
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T™" = 0, where A indicates the yield stress of the material (in MPa), B is the strain hardening constant (in MPa), and n
being the strain hardening coefficient. The terms in the second set of brackets describe the effect of the strain rate, C being
the sensitivity coefficient of strain rate strengthening. Ultimately, the components enclosed within the third set of brackets
signify the impact of temperature or thermal softening. The coefficient, m, determines the stress's responsiveness to
fluctuations in temperature. Tab. 2 presents the Johnson-Cook model parameters used in this study. These values were
derived from experimental test results.

A (MPa) B (MPa) n C (s m Tm (K)
324 114 0.42 0.002 1.34 655

Table 2: Johnson-Cook constitutive model coefficients for AA6063.

Johnson-Cook failure model

The failure model presented herein has a basic form and uses a limited number of constants [21]. The material damage is
characterized by a scalar variable D (Eqn. 2). Material failure occurs when D reaches the value of 1.

D= ZE 2
&y

where A& is the equivalent plastic strain increment, which occurs during a cycle of integration, and & r is the equivalent

plastic strain at fracture. The Johnson-Cook model presents the general expression for the equivalent plastic strain at fracture
[19], as indicated in Eqn. 3:

g = [dl +d,e" J[l+d4é*][1+d5T*] 3)

where d1, d2, d3, d4 and d5 ate the damage constants of the model that are dependent on the material under investigation,
. * — . . . oq. . o % *
and £, represents the strain at break, o = 0" | & is the triaxiality strain rate, & and T are the same parameters used

in the constitutive model. In Eqn. (3), the criterion's three terms, enclosed in brackets, are clarified as follows: the first
represents the triaxiality effect, the second describes sensitivity to the strain rate, and the last one accounts for thermal
softening. Tab. 3 provides the values of the Johnson-Cook failure model constants used in the present study.

d1 d2 d3 d4 d5
-0.77 1.45 -0.47 -0.02 1.6

Table 3: Johnson-Cook failure model coefficients for AAG0G63.

RESULTS AND DISCUSSION

strain along a single axis. Indeed, under biaxial loading, such as bulge and FLC, and triaxial loading, conventional

measurement with strain gauges and extensometers becomes imprecise. Additionally, the DIC technique overcomes
another obstacle of measuring with strain gauges and extensometers which only allows measurements of deformation
occurring directly underneath its attached surface. So these classic measurements can only capture local quantities. With
these two advantages, DIC techniques have been adopted and successfully used in many studies, see for example [22-23].
In recent years, work has focused on Stereo-DIC, known as 3D-DIC, which allows the displacement field to be sampled
both in-plane and out-of-plane of the specimen [24—25]. This new possibility is of great interest when measuring the material
deformation during metal forming operations. In this study a Stereo-DIC technique with two CCD cameras is implemented
and validated, then used to study the formability of a 6063 aluminum alloy during the stamping process as described below.
The CCD cameras calibration process employs a target shaped like a plate, containing 25 squares (each side measuring 14
mm) of alternating colors white and black. Left and right photos of the calibration target are captured from two different

I t is well known that DIC bypasses the main limitation of strain gauges and extensometers, which can only measure
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positions and angles as shown in Fig. 4, respectively. Following the completion of the calibration process for the two
cameras, stereo calibration is subsequently cartied out.

H.E. Lakache et alii, Frattura ed Integrita Strutturale, 72 (2025) 62-79; DOI: 10.3221/IGF-ESIS.72.06 Q

Figure 4: Principle of the stereo-calibration.

The validation of the calibration process was performed using a 3D calibration target, with two photographs captured using
the left and right cameras. A 70 mm square was specifically chosen, and its dimensions were recalculated, with the resulting
values detailed in Tab. 4. In Fig. 5, the distance measurements are graphically depicted against true distances, revealing an

almost perfect correlation coefficient (=1). This observation indicates that the measurement process's accuracy is highly
satisfactory.

Coordinates

.Measured Real distance Etror (%)
X Y 7 distance (mm) (mm)
Side 1 -21.3160 -61.1616 25.3002 69.5357 70 0.7
Side 2 -65.2472 25.0045 7.1548 139.7754 140 0.4
Side 3 21.9152 61.2946 -26.1447 209.9242 210 0.3

Table 4: Validation results.

The experimental determination of FLDs requires the precise tracking of points within the speckle pattern on the blanks to
determine their positions before and after the stamping process. Initially, photographs are captured from both left and right
angles in the pre-stamped state. Similarly, photographs are taken in the post-stamped state. Fig. 6 serves as an illustration,
depicting a non-perforated blank (I.150) both before (Figs. 6a and 6b) and after (Figs 6c and 6d) deformation. The stamping
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test concludes just before the onset of localized necking, and the points for stereo-correlation calculation are subsequently
selected within this specific region.

210 A
e Y =0.9999*X + 0.1936
= 2|
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8 140
=1
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0 70 140 210
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Figure 5: Validation curve of the calibration process.

Left camera Right camera

Initial image

Final image

Figure 6: Image analysis by the stereo-DIC technique of the NAKAZIMA test for sample L.170: initial image a. left and b. right, final
image c. left and d. right.

NAKAZIMA test

The NAKAZIMA test results for NPSMs and PSMs are shown in Figs. 7a and 7b respectively. Their corresponding
evolution of the applied load as a function of tool displacement are presented in Figs. 8a and 8b. As tool displacement
increases, the applied load also increases, and although the curves exhibit a nearly identical appearance, there is a discernible
difference in values. It is important to note that the applied load reaches significantly high levels for larger specimens,
surpassing 35 kN for the largest NPSM.

Fig. 9 displays the FLDs resulting from the NAKAZIMA test for both types of blanks. Concerning NPSM specimens, it
was observed that samples 1.170, 1.150, L130, and L110 experienced biaxial tension, indicated by positive strain along both
the diameter and width. Conversely, the remaining NPSM samples, characterized by smaller widths, underwent uniaxial
tension during the tests. As for PSM specimens, only samples 1.24, 1.50, and L68 were subjected to uniaxial tension, as the
strain was positive exclusively along the Ox axis. In contrast, the remaining samples experienced biaxial tension throughout
the stamping process.
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Figure 7: Stamped: a. NPSMs and b. PSMs.
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Figure 8: Applied loads for: a. NPSMs and b. PSMs.
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Figure 9: FLDs of NAKAZIMA test for the NPSM and PSM.

Fig. 10 presents a comparative analysis between experimentally observed fracture zones and numerically predicted ones.
For illustrative purposes, the analysis concentrated on two specimens, specifically L150 and L.170, in both PSM and NPSM
variations. The findings suggest that the model accurately anticipates the locations of the fracture zones.

Tab. 5 presents both experimental and numerical results for the stamping force and maximum tool displacement
corresponding to various widths for both types of blanks. The predicted stamping force values for all the considered samples
are in good agreement with the experimental values, an increase in specimen width correlates with an elevation in stamping
force. Stamping forces for PSMs fall within the range of 3 to 12 kN as shown in Fig. 11a, while NPSMs can require up to
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39.3 kN of force (Fig. 11b). This significant variation can be attributed to the presence of perforation holes, which reduces
the energy required for material deformation.
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Figure 10: Comparison between experimental results and numerical predictions.

Specimen width (mm) 24 50 68 90 110 130 150 170
Num 5.0 7.8 91 125 152 268 346 378
Stamping force (kN)
Exp 4.6 7.2 73 149 254 308 355 393
NPSM Maximum tool Num 44.0 360 310 187 265 370 419 428
displacement (mm) Exp 41.6 36.3 252 220 264 344 443 445
Num 3.0 4.0 46 59 90 101 115 118
Stamping force (kN)
Exp 5.0 5.5 75 85 107 108 105 113
PSM Masimum tool Num 17.8 149 136 140 164 175 173 172
displacement (mm) Exp 20.4 168 144 148 156 175 164 164

Table 5: Experimental and numerical values of stamping force and maximum tool displacement for NPSM and PSM specimens.

Although the tool displacement range differs between the two specimen types (See Figs. 12a and 12b), larger widths
consistently result in relatively high maximum tool displacement values for both. However, for PSMs, the tool displacement
remains consistently lower across the entire range of specimen widths.
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Figure 12: Numerical and experimental values of the maximum tool displacement for: a. NPSMs and b. PSMs.

Upon examining the test pieces, it was observed that there is a positive correlation between the width of the piece and the
required stamping force. This result is anticipated, considering that a larger amount of material necessitates deformation,
leading to increased resistance in the stamping process. In contrast, maximum tool displacement yielded high values for

specimens with extensive widths, whereas for those with moderate widths, it decreased significantly.
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Figure 13: Numerical and experimental FLDs for: a. NPSMs, and b. PSMs.
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The AA6063 FLDs from NAKAZIMA test, for both types of blanks are presented in Figs. 13a and 13b. The FLDs obtained
from simulations and experiments show close alignment, but it is apparent that the simulated major and minor strain values
exceed the experimental ones. The minor strains in the FLD of NPSMs are greater than those observed in the FLD of PSM
ones. Nevertheless, the major strains exhibit similar values in both types of blanks.

Comparative study of the NAKAZIMA and MARCINLAK tests

Fig. 14 exhibits a comparative study of NAKAZIMA and MARCINIAK tests for NPSMs. It can be noticed that, in the
MARCINIAK test, the concentration of the von Mises stress and rupture occurrence is primarily localized in the contact
zone between the punch and the blank, where the lateral fracture occurred in the in-plane for all specimens. This is in
contrast to the NAKAZIMA test, where rupture coincides with the central zone for blanks of medium and large widths
(L68, 190, L.110, 1130, 1.150, and 1.170), while blanks with smaller widths (.24 and L.50) experience rupture in the lateral
zones away from the center.

NAKAZIMA MARCINIAK

PEGE =
o
L
Seslsmati.
sgeREeiE.

ERRERE
Hinens

4+t F A+

72



e ¢
y H.E. Lakache et alii, Frattura ed Integrita Strutturale, 72 (2025) 62-79; DOIL: 10.3221/IGF-ESIS.72.06 s

NAKAZIMA | MARCINIAK |

BESWRENR
"“““l\\
-Il\\\*.
‘III\l\\¢
“‘I\-
Eaunugie

+
+
+
¥
¥
+
¥
+1.
+
+
+
+
+

7 Tt o o e e e e

Figure 14: Von Mises stress distribution for NAKAZIMA and MARCINIAK tests.

Fig. 15a illustrates a comparison of the stamping force for the NAKAZIMA and MARCINIAK tests of NPSM specimens.
It is obvious that the maximum forces in the two tests are of the same order of magnitude. In Fig. 15b, the maximum tool
displacement is done for the two tests. In the MARCINIAK test, the maximum tool displacement remains consistently
around 15 mm for all blanks. In contrast, the NAKAZIMA test shows a notable variation, ranging from 18.7 mm to 44.0
mm. This considerable fluctuation obtained although the stamping forces are close, illustrates that the NAKAZIMA test
exhibits greater ductility, therefore lends itself well for the forming of NPSMs.

The FLDs in Fig. 16 are from MARCINIAK and NAKAZIMA. These tests reveal distinct forming domains. MARCINIAK
FLD tends to exhibit lower major strain values for most blank widths compared to the NAKAZIMA FLD. This shows that
the safe forming region obtained by NAKAZIMA test is higher than that obtained with MARCINIAK test. Furthermore,
knowing that the deformation is mainly concentrated in the in-plane for the MARCINIAK test and out-of-plane during the
NAKAZIMA test, it can be stated that the formability of the 6063 aluminum alloy sheet is higher out-of-plane.
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Figure 15: Comparison between the NAKAZIMA and MARCINIAK tests for NPSM: a. stamping force, and b. maximum tool’s
displacement.
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Figure 16: FLDs of NAKAZIMA and MARCINIAK tests.

Microstructural analysis of mechanical damage

Fig. 17 shows the mechanical behavior and microstructural evolution of the 1150 NPSM specimen subjected to the
NAKAZIMA test. The stamped specimen presented in Fig. 17a highlights the deformation induced by the test. Figs. 17b
and 17c present SEM micrographs that reveal localized necking regions, indicative of severe plastic deformation
concentrated in specific areas. This necking suggests the onset of instability in the material under the applied stress. Fig. 17d
depicts material flow patterns, which provide insight into the redistribution of material during deformation. Finally, Fig. 17¢
offers a magnified view of the ductile deformation occurring prior to fracture, characterized by elongated voids and
microstructural features associated with ductile failure. Together, these observations elucidate the progressive stages of
deformation and failure mechanisms during the NAKAZIMA test of L150 NPSM, contributing to a deeper understanding
of the material's response under complex loading conditions.

The post-failure crack morphology and associated fracture mechanisms are depicted in Fig. 18 for the 1.170 NPSM specimen
subjected to the NAKAZIMA test. Fig. 18a displays the overall shape of the crack after failure, showcasing its irregular
propagation path. Magnified views of the propagated crack, shown in Figs. 18b-18d, reveal features such as micro-void
coalescence and secondary cracking, indicating progressive damage under tensile stress. Figs. 18e-18g illustrate the formation
of new cracks, suggesting a complex interaction of stress fields and localized deformation zones. These new cracks likely
originated from strain localization and material weakening in regions surrounding the primary crack. The figure highlights
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the critical role of crack propagation and initiation mechanisms in determining the ultimate failure of the material, offering
valuable insights into its fracture behavior under controlled deformation conditions.
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Figure 17: a. Stamped L.150 NPSM specimen subjected to the NAKAZIMA test, b-c. SEM micrographs showing localized necking, d.
Material flow, e. magnified view of ductile deformation prior to fracture.
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Figure 18: a. Post-failure crack morphology of 1.170 NPSM after the NAKAZIMA test, b-d. Magnified views of the propagated crack,

e-g. Formation of new cracks.
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Fig. 19 examines the fracture surface morphology of the 1.170 NPSM specimen following the NAKAZIMA test. Fig. 19a
displays a SEM observation of the fracture surface, revealing distinct features indicative of ductile failure, such as dimples
and micro-voids. The central region of the fracture surface, highlighted in Fig. 19b, emphasizes areas where significant
plastic deformation occurred prior to failure. Fig. 19¢ offers a magnified view of the highlighted zone in Fig. 19b, showing
finer details of the microstructural analysis. The combination of these observations provides valuable insights into the micro-
mechanisms of ductile fracture, emphasizing the role of localized deformation, void nucleation, and growth in driving
material failure.

Figure 19: a. SEM observation of the fracture surface of L170 NPSM after the NAKAZIMA test, b. Central region of the fracture
surface, c. Magnified view of the highlighted area in b.

Fig. 20 illustrates the progressive damage and fracture behavior of the L.150-P PSM material subjected to the NAKAZIMA
test, providing critical insights into void formation, crack propagation, and material failure. Fig. 20a presents a general view
of the specimen post-test, highlighting the overall deformation and fracture patterns. The coalescence of voids is closely
examined in Fig. 20b, emphasizing the progression of microvoids into cracks under stress. Fig. 20c displays the fracture
surface, showcasing the material's failure characteristics, while Fig. 20d offers an enlarged view of the boxed region in Fig.
20c, revealing finer microstructural details, such as dimples, which indicate a ductile fracture mode. Finally, Fig. 20e
demonstrates the ovalization of the hole shape, a clear indicator of the biaxial stretching experienced during the
NAKAZIMA test.

Coalescence
of voids
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Figure 20: a. General view of L.150-P PSM after the NAKAZIMA test, b. Coalescence of voids through crack propagation, c. Fracture
surface, d. Enlarged view of the boxed area in ¢, e. Ovalization of the hole shape.
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The detailed visual analysis of the fracture mechanisms in the L170-P PSM specimen following the NAKAZIMA test, as
shown in Fig. 21, illustrates the progression from crack initiation to material failure. Fig. 21a offers a macro-image of the
overall fracture morphology, highlighting the primary deformation and failure zones. The crack initiation zone is highlighted
in Figs. 21b-21d, revealing early-stage material damage, such as localized stress concentrations and void nucleation. Fig. 21e
captures the coalescence of voids, demonstrating how microscopic voids merge under tensile stress to form larger defects,
initiating fracture propagation. Stages of crack propagation are depicted in Figs. 21f-21h, showing the development of
fracture paths influenced by material anisotropy and stress distribution. Fig. 21i ultimately highlights the hole expansion, a
result of significant plastic deformation and biaxial stretching.

Cupular

Crack initiation morphology

8 ciEN & d mEEEEs i

Figure 21: a. Macro-image of the fracture of the L170-P PSM specimen after the NAKAZIMA test, b-d. Crack initiation zone, e.
Coalescence of voids, f-h. Crack propagation, i. Hole expansion.
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Figure 22: a. Various mechanisms of ductile deformation at different positions on I.170-P PSM after the MARCINIAK test, b. Reshaping
of the inner and outer hole contours, c-e. Hole deformation into an elliptical shape, f-i. Contraction of the hole.
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The various ductile deformation mechanisms observed in the L170-P PSM material following the MARCINIAK test are
illustrated in Fig. 22, emphasizing the complex interplay of stress and material response. In Fig. 22a, we identify distinct
mechanisms of deformation at various positions on the specimen, showcasing the heterogeneity in ductile behavior across
the material. Fig. 22b captures the reshaping of both the inner and outer hole contours, signifying the anisotropic nature of
the deformation, while Figs. 22c-22e detail the transformation of the hole into an elliptical shape, demonstrating the
material's response to biaxial stretching and localized thinning. Finally, Figs. 22£-22i highlight the contraction of the hole,
providing insights into the matetial's capacity for strain localization and redistribution under applied loads.

CONCLUSION

FLDs of the 6063 aluminum alloy for both PSMs and NPSMs. The in-plane forming limit curves is obtained using
the MARCINIAK test. The out-of-plane biaxial stretching is studied using the NAKAZIMA test. The key findings
and conclusions can be summarized as follows:

ﬁ comprehensive numerical and experimental investigation of the stamping process was conducted to determine the

e A Stereo-Digital Image Correlation, or 3D-DIC, is implemented and used for the measure the FLDs curves of the
PSMs, and NPSMs.

¢ The numerical predictions using the constitutive and failure Johnson-Cook models are validated using the stereo-
DIC technique and then used to explain the plastic behavior of the AA6063 material.

e The disparity in rupture locations and corresponding major and minor strains in the FLDs from MARCINIAK and
NAKAZIMA tests highlights the particular stretching inherent in each test. In addition, a difference is observed in
where and when the rupture occurs for each test.

e The safe forming region obtained by NAKAZIMA test is higher than that obtained with MARCINIAK test.

e  The results of NAKAZIMA stamping operation confirm that the largest samples experienced biaxial tension, while
uniaxial tension is predominant in smaller widths specimens.

e The maximum tool displacement in the NAKAZIMA testing based out-of-plane forming is double than that of the
in-plane stretching MARCINIAK test for all the NPSM specimens.

e The microscopic analysis of the stamped specimens teveals various damage micromechanisms, including sheat,
crack initiation and propagation, and void coalescence, which depend on the test type, specimen geometry, and
observed zone. The dominant fracture mode is identified as ductile.

REFERENCES

[1] Koubaa, S., Mars, J., Wali, M. and Dammak, F. (2017). Numerical study of anisotropic behavior of Aluminum alloy
subjected to dynamic petforation, Int. J. Impact. Eng., 101, pp. 105-114. DOI: 10.1016/j.ijimpeng.2016.11.017.

[2] Guo, X., Zhu, S., Liu, X. and Liu, L. (2018). Experimental study on hysteretic behavior of aluminum alloy gusset
joints. Thin-Walled. Struct., 131, pp. 883-901. DOI: 10.1016/j.tws.2018.02.033.

[3] Hashmi, M. S. J. (2014). Comprehensive materials processing, Newnes.

Niemietz, P., Pennekamp, J., Kunze, 1., Trauth, D., Wehtle, K. and Bergs, T. (2020). Stamping process modelling in an

internet of production, Proc. Manuf., 49, pp. 61-68. DOI: 10.1016/j.promfg.2020.06.012.

Klocke, F. and Kuchle, A. (2009). Manufacturing processes, Betlin, Springer.

[6] Keeler, S. and Backofen, W.A. (1963). Plastic instability and fracture in sheets stretched over rigid punches, ASM. Trans.
Quart., 56, pp. 25-48.

[7] Goodwin, G. M. (1968). Application of strain analysis to sheet metal forming problems in the press shop, Sae. Trans.,
pp. 380-387.

[8] Y Bouktir, Y., Chalal, H. and Abed-Meraim, F. (2018). Prediction of necking in thin sheet metals using an elastic—plastic
model coupled with ductile damage and bifurcation criteria, Int. J. Damage. Mech., 27(6), pp. 801-839.
DOI: 10.1177/1056789517704030.

[9] Marciniak, Z. and Kuczynski, K. (1967). Limit strains in the processes of stretch-forming sheet metal, Int. J. Mech.
Sci., 909), pp. 609-620. DOI: 10.1016/0020-7403(67)90066-5.

[10] K. Nakazima, T. Kikuma, K. Hasuka, (1968). Study on the formability of steel sheets. Yawata. Tech. Rep. 264, pp. 8517-
8530.

e —
I

78



4 4
G <
/ H.E. Lakache et alii, Frattura ed Integrita Strutturale, 72 (2025) 62-79; DOIL: 10.3221/IGF-ESIS.72.06 f'

[11] Cheong, K., Butcher, C. and Dykeman, J. (2018). The influence of the through-thickness strain gradients on the fracture
characterization of advanced high-strength steels, SAE Int. J. Mater. Manuf., 11(4), pp. 541-552.

DOI: 10.4271/2018-01-0627.

[12] Nodet, J. and Butcher, C. (2019). A comparative investigation into the influence of the constitutive model on the
prediction of in-plane formability for Nakazima and Marciniak tests, Int. J. Mech. Sci., 163, 105138.

DOI: 10.1016/j.ijmecsci.2019.105138.

[13] Wang, Y., Zhang, C., Yang, Y., Wang, Y., Zhao, G. and Chen, L. (2020). The identification of improved Johnson-Cook
constitutive model in a wide range of temperature and its application in predicting FLCs of Al-Mg-Li sheet, J. Mater.
Res. Tech., 9(3), pp. 3782-3795. DOI: 10.1016/j.jmrt.2020.02.005.

[14] Singh, V. D., Mahalle, G., Hussain, M. M., Kotkunde, N. and Singh, S. K. (2024). Deformation behaviour and
formability analysis of thin brass sheet: experiments and modelling, Aust. J. Mech. Eng., 22(2), pp. 296-313.

DOI: 10.1080/14484846.2022.20870640.

[15] Dharavath, B., Morchhale, A., Singh, S. K., Kotkunde, N. and Naik, M. T. (2020). Experimental determination and
theoretical prediction of limiting strains for ASS 316L at hot forming conditions, J. Mater. Eng. Perform., 29, pp. 4766—
4778. DOI: 10.1007/s11665-020-04968-7.

[16] Pan, B., Yu, L. and Zhang, Q. (2018). Review of single-camera stereo-digital image correlation techniques for full-field
3D shape and deformation measurement, Sci. China. Technol. Sci., 61, pp. 2-20. DOI: 10.1007/s11431-017-9090-x.

[17] L4, J., Carsley, J. E., Stoughton, T. B., Hector Jr, L. G. and Hu, S. J. (2013). Forming limit analysis for two-stage forming
of 5182-O aluminum sheet with intermediate annealing, Int. J. Plast., 45, pp. 21-43. DOI: 10.1016/j.ijplas.2012.10.004.

[18] Sutton, M. A., Yan, J. H., Tiwari, V., Schreier, H. W. and Otteu, J. J. (2008). The effect of out-of-plane motion on 2D
and 3D digital image correlation measurements, Opt. Laser. Eng., 46(10), pp. 746—757.

DOI: 10.1016/j.optlaseng.2008.05.005.

[19] Johnson, G. R. and Cook, W. H. (1985). Fracture characteristics of three metals subjected to various strains, strain rates,
temperatures and pressures, Eng. Fract. Mech., 21(1), pp. 31-48. DOI: 10.1016/0013-7944(85)90052-9.

[20] Bobbili, R., Paman, A. and Madhu, V. (2016). High strain rate tensile behavior of Al-4.8 Cu-1.2 Mg alloy, Mater. Sci.
Eng. A., 651, pp. 753-762. DOI: 10.1016/j.msea.2015.11.030.

[21] Johnson, G. R. (1980). Materials Characterization for computations involving severe dynamic loading, In Proc. Army.
Symp. Solid. Mech., pp. 62—67.

[22] Q4 J., Xu, M., Zhang, W., Liu, Y. and Dai, X. (2022). Defect detection of pipeline inner surface based on coaxial digital
image correlation with hypercentric lens, Mater., 15(21), 7543. DOI: 10.3390/ma15217543.

[23] Seo, S., Ko, Y. and Chung, M. (2022). Evaluation of field applicability of high-Speed 3D digital image correlation for
shock vibration measurement in underground mining, Remote. Sens., 14(13), 3133. DOI: 10.3390/rs14133133.

[24] de Deus Filho, J. C. A., da Silva Nunes, L. C. and Xavier, J. M. C. (2022). iCorrVision-2D: An integrated python-based
open-source Digital Image Correlation software for in-plane measurements (Part 1), SoftwareX., 19, 101131.

DOI: 10.1016/j.s0ftx.2022.101131.

[25] Nunes, L. and Xavier, J. (2022). iCorrVision-3D: An integrated python-based open-source Digital Image Correlation
Software for in-plane and out-of-plane measurements (Part 2), SoftwareX., 19, 101132.

DOI: 10.1016/j.s0ftx.2022.101132.

79




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


