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INTRODUCTION 
 

he use of aluminum alloys in industrial applications can be justified by its superior strength-to-weight ratio and 
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 laborious, 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. 
 
 
EXPERIMENTAL STUDY 
 

he investigation is centered on the use of an Al-Mg-Si aluminum alloy, with the designation AA6063 and chemical 
composition provided in Tab. 1. In the Fig. 1, we illustrate the metallographic microstructure of the AA6063 base 
metal following a polishing process and chemical etching with Keller reagent (3 ml HCl, 2 ml HF, and 20 ml H₂O) 
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during 15 seconds. The dark, dispersed spots within the α-Al light matrix correspond to secondary phase particles, typically 
Fe-rich intermetallic compounds such as AlFeSi or AlFeMnSi, as well as Mg₂Si 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 α-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 Zn Cr 

wt.% 98.06 0.62 0.58 0.35 0.12 0.11 0.07 0.05 0.04 
 

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

 
 

Figure 1: Metallography of AA6063 alloy. 
 

 
 

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). 
 

 
 

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/l for 3 min at 65°C. Subsequently, a bleaching 
treatment was carried out by dipping the blanks into a mixture of chromic acid (60 g/l) and sulfuric acid (180 g/l) 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 

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]. 
 

 * * *, ,  1 ln 1                  n mT A B C T    (1) 
 

where  σ  is the equivalent flow stress,   is the equivalent plastic strain, *
0/      is the dimensionless plastic strain rate 

for 1
0 1   s , and    *

0 0 /  mT T T T T  is the homologous temperature. 0T  is the ambient temperature and mT  the 

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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* mT = 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-1) 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. 
 

  



 


f

D            (2) 

 
where   is the equivalent plastic strain increment, which occurs during a cycle of integration, and  f  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: 
 

*
3d σ    * *

f 1 2 4 5d d e 1 d 1 d T                   (3) 

 
where d1, d2, d3, d4 and d5 are the damage constants of the model that are dependent on the material under investigation, 

and  f  represents the strain at break, * /   m  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 AA6063. 
 
 
RESULTS AND DISCUSSION 
 

t is well known that DIC bypasses the main limitation of strain gauges and extensometers, which can only measure 
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 
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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 carried out. 
 

 
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 
distance (mm) 

Real distance 
(mm) 

Error (%) 
 X Y Z 

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 (L150) 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. 

 

 
 

Figure 5: Validation curve of the calibration process. 
 

  
 

Figure 6: Image analysis by the stereo-DIC technique of the NAKAZIMA test for sample L170: 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 L170, L150, 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 L24, L50, 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. 
 

 
 

Figure 8: Applied loads for: a. NPSMs and b. PSMs. 
 

 
 

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 L170, 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. 
 

 
Figure 10: Comparison between experimental results and numerical predictions. 

 

 Specimen width (mm)  24 50 68 90 110 130 150 170 

 
 

NPSM 

Stamping force (kN) 
Num 5.0 7.8 9.1 12.5 15.2 26.8 34.6 37.8 

Exp 4.6 7.2 7.3 14.9 25.4 30.8 35.5 39.3 

Maximum tool 
displacement (mm) 

Num 44.0 36.0 31.0 18.7 26.5 37.0 41.9 42.8 

Exp 41.6 36.3 25.2 22.0 26.4 34.4 44.3 44.5 

 
 

PSM 

Stamping force (kN) 
Num 3.0 4.0 4.6 5.9 9.0 10.1 11.5 11.8 

Exp 5.0 5.5 7.5 8.5 10.7 10.8 10.5 11.3 

Maximum tool 
displacement (mm) 

Num 17.8 14.9 13.6 14.0 16.4 17.5 17.3 17.2 

Exp 20.4 16.8 14.4 14.8 15.6 17.5 16.4 16.4 
 

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 11: Numerical and experimental values of the stamping force for: a. NPSMs and b. PSMs. 
 

 
 

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. 
 

 
 

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 MARCINIAK 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, L90, L110, L130, L150, and L170), while blanks with smaller widths (L24 and L50) experience rupture in the lateral 
zones away from the center. 
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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. 
 

 
 

Figure 16: FLDs of NAKAZIMA and MARCINIAK tests. 
 
Microstructural analysis of mechanical damage 
Fig. 17 shows the mechanical behavior and microstructural evolution of the L150 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. 17e 
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 L170 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. 
 

f   
 

Figure 17: a. Stamped L150 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. 
 

   
 

Figure 18: a. Post-failure crack morphology of L170 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 L170 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. 19c 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 L150-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. 
 

 
 

Figure 20: a. General view of L150-P PSM after the NAKAZIMA test, b. Coalescence of voids through crack propagation, c. Fracture 
surface, d. Enlarged view of the boxed area in c, 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. 
 

 
 

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. 
 

   
 
 
 
 

 

Figure 22: a. Various mechanisms of ductile deformation at different positions on L170-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. 22f-22i highlight the contraction of the hole, 
providing insights into the material's capacity for strain localization and redistribution under applied loads. 
 
 
CONCLUSION 

 
 comprehensive numerical and experimental investigation of the stamping process was conducted to determine the 
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: 
 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. 
 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.  

 The safe forming region obtained by NAKAZIMA test is higher than that obtained with MARCINIAK test. 
 The results of NAKAZIMA stamping operation confirm that the largest samples experienced biaxial tension, while 

uniaxial tension is predominant in smaller widths specimens. 
 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. 
 The microscopic analysis of the stamped specimens reveals various damage micromechanisms, including shear, 

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. 
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