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Abstract The forming tests are being developed with the 
purpose of enabling forming companies to better understand 
the sheets formability. The identification of the regions 
where tension-tension, tension-compression, and/or plane 
strain occurred during the forming process can aid the 
process planning through the tools geometry optimization. 
This work consisted of evaluating, experimental and 
numerically, the major true strain obtained with different 
punch designs, which were used in addition to the traditional 
Nakazima test tool. The main objective was to study the true 
strain profile as an alternative method to analyze the tool 
design influence on stretching forming of high stampability 
steels (DC 06). The friction coefficient was investigated, and 
an evaluation was also made of the chosen program's 
response quality (validation). The results are given as a 
major true strain distribution profile at points distributed 
linearly from the region close to the die radius to the punch 
pole. The result expectation is to help the process planning 
and the material evaluation based on the correct tool design 
specification in order to obtain the desired true strain 
distribution in the formed part. 
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1 Introduction 
 
Steel sheets have become the most important raw material 
for the manufacture of large variety of stamped durable 
consumer goods. 

Stamping dies are traditionally designed by 
professionals with practical experience who can determine 
the best stamping process configuration for each shape 
based on the use of tryout techniques, the circle grid analysis 
method, and the Forming Limit Curve [1]. 

According to Makinouchi [2], changes are often 
necessary when trying out stamping tools. Such changes 
may range from the choice of a new material with better 
formability to adjustments in the dies and punches design in 
order to achieve the degree of satisfaction expected for the 
product [3,4]. All these actions, however, require time and 
money creating the need for better true strain distribution 
profile knowledge during processing. The identification of 
regions of tension-tension, tension-compression, and/or 
plane strain during forming can contribute to improve the 
stamping process through tools geometry optimization [5,6]. 
The major and minor true strains can be determined with 
precision, leading to identification of each deformation zone 
and eventually to methods for preventing stamping defects 
[7].  

Since there exists rarely an analytical expression 
describing the relationships between these designs 
parameters, the dimensioning and integration of the tooling 
elements constituting the forming interface follow a series of 
costly try-and-error procedures on the workshop floor [8]. 
Formability analysis of the sheet materials is usually 
evaluated through the concept of Forming Limit Diagrams. 
Some analytical models are being developed but the 
construction of Forming Curves for particular materials is 
still basically experimental. 



Predicting sheet behavior through numerical 
simulation is an important design tool, since it allows 
reducing the number of practical tests to be carried out prior 
to the tool's completion and delivery to the client. 
Simulation also allows one to predict the critical strain areas 
in workpieces allowing modifications to be made in the dies, 
or even in the product, while still in the design phase. 
Moreover, analytical or experimental solutions that can 
easily describe all the possible strains pathways for this type 
of operation are almost impossible [9]. 

This paper analyzes the major true strain 
distribution profile produced along the stamped sheet metal 
using different punch geometries in order to identify the 
sheet deformation uniformity during the forming operation. 
A numerical analysis is also made, and the results 
expectation is to help the process planning and the material 
evaluation in order to obtain the desired strain distribution in 
the formed part reducing the costly try-and-error procedures. 
As we analyzed a simple shape part, the Forming Limit 
Strain technique was chosen instead the Forming Limit 
Stress approach—independently on strain path [10]. 

 
2 Experimental methodology 
 

The material used was a cold-rolled mild steel alloy 
produced by Thyssen Krupp to the DC06 specification (0.7 
mm thickness). In this study, thin square 200 mm-sided 
sheets were used as test specimens and stretched using 
different punch geometries (Fig. 1). 

An important factor in the development of the 
geometry of each punch was the specification of the R1 and 
R2 radii, the former corresponding to the punch head size 
(diameter) and the latter responsible for the congruence of 
R1 with the rectilinear portion of the tool. The congruence 
between these radii was the determining factor in assigning 
the aforementioned shapes to each punch. The position of 
the major true strain peak (ε1) allows identifying which part 
of the punch acted in this region, i.e., whether the material's 
maximum ε1 was caused by the punch head radius (R1) or 
by the external congruence radius (R2). 

A 4.2-mm diameter circles grid was imprinted on 
the test specimen's surface. The grid was imprinted using a 
new process developed during this research, which differs 
from the processes traditionally used (electrolytic, 
photosensitive resin, or laser marking). This new marking 
process uses a screen (mask) similar to the kind used in the 
silkscreen technique, and a grid fixer developed for the 
coated metallic sheet employed (mixture of 25% of nitric 
acid, solvent, and black metallic paint). The process proved 
simpler, easier to apply, and cheaper, since no special 
equipment is required to the grid imprint. 

Figure 2 shows the analyzed path, and the 
measurements were taken on the opposite side of the 
fracture so that the measurements in cracked circles were 
avoided. The printed circles were measured with a calibrated 
transparent mylar tape with diverging railroad tracks. An 
average of three test specimens was evaluated for each one 
of the punch geometries.  

In order to evaluate the ability of the ANSYS 
9.0/LS_Dyna software to reproduce the experiments, some 
numerical tests were carried out following the methodology 
described below. 
 
Preprocessing This phase consisted of analyzing the input 
data required in the preprocessing phase, such as the tools' 
geometries, material characteristics [11], element type 

formulation, constraints, and loadings. Due to the symmetry 
of the problem, only one quarter of the geometry of each 
component was built. 

The punch downward velocity used for the 
simulations was 400 mm/s. The velocity used for the 
experiments was 1.33 mm/s, but higher velocities than the 
real ones can be used in explicit dynamic analyses [12]. The 
necessary condition to use higher velocities is that the 
kinetic energy remains below a certain level so that the 
dynamic effect does not affect the simulation [13]. 

The punch, die, and blank holder were defined as 
rigid bodies. Considering the plane formed by x- and z-axes, 
a plane parallel to the sheet, the following constraints were 
applied to the rigid bodies, conditions 1, 2, and 3 (Fig. 3). 
For the punch and blank holder, the movement in the x- and 
z-axes is equal to zero, and the rotation about the x-, y-, and 
z-axes is equal to zero. For the die, the movement in the x-, 
y-, and z-axes is equal to zero, and the rotation about the x-, 
y-, and z-axes is equal to zero. 

The Shell163 type element was used to model the 
sheet and the Solid164/rigid type was used to model the 
punch, die, and blank holder [14]. The following 
formulation were used for the shell elements: S/R Hughes-
Liu type formulation, number of integration points in the 
thickness direction equal to five, integration rule of Gauss 
quadrature, and nodal distance of 2.5 mm (when local 
refinement of the grid was not indicated) and 0.8 mm (when 
local refinement was indicated). The material tested 
experimentally was characterized as anisotropic, and the 
Barlat's model was selected [15]. The material properties are 
listed in Table 1. 

To formulate the contact condition between the 
solid bodies and the sheet it was formed components with 
the nodes of each elements and imposed the automatic 
contact condition between the main and slave surfaces, so 
that the nodes with potential contact were searched 
automatically by the program. 
 
Processing In this phase, the model was simulated using 
LS_Dyna software. Initially, the forming operation with the 
hemispherical punch (P3) was simulated, and different 
friction coefficient values were tested. The value providing 
the best curve fit (validation) in relation to the experimental 
data was used in the all other simulations. The numeric error 
can be defined as the difference between the exact analytical 
solution of a certain variable of interest and its numeric 
solution [16]. The main processes to estimate and to 
evaluate the error in simulation programs are called 
verification and validation. While the verification is the 
evaluation of the computational solution accuracy in relation 
to the numeric model, the validation seeks to determine the 
proximity that the mathematical model is from the real 
phenomenon, through the comparison of the numeric 
solution with the experimental data [17]. Always, it was 
used mapped (structured) meshing with quad-type elements. 

 
3 Results and discussion 
 
Figure 4 illustrates the true strain distribution profile of test 
specimen stamped with different punch geometries. Figure 
4a shows a ε1 peak between points 3 and 4 in the exact 
position of the tool's external congruence radius (R2). This 
punch geometry (P1) does not present any curvature at the 
punch head, which is flat, so that the highest stress level and 
hence, the ε1 (in the range of 0.14) are limited to this region 
of the tool. 



A comparison of the curve obtained in the test with the 
cylindrical punch (P1) with the curve obtained with the 
shallow ellipse-shaped punch (P2; Fig. 4a, b) indicates that 
the ε1 peak shifted to a slightly higher degree (0.15), while 
its position was concentrated at points 4 and 5 (shifting 
visibly away from the die radius toward the punch pole). 
The ε1 location and displacement of this peak to the right 
(toward the punch pole) are due to the increase of the 
external radius (R2) and the existence of an R1 radius at the  

 
head of punch P2. This geometrical characteristic of the tool 
kept the ε1 peak at the external radius (R2) because in this 
case the congruence radius is much smaller than the punch 
head radius (R1). The slight increase in the ε1 peak from 
0.14 for punch P1 to 0.15 for punch P2 occurred because the 
external radius R2 (punch P2) was larger than the external 
radius of punch P1, which generated a lower stress 
concentration in this critical region (allowing the sheet to 
reach a slightly higher stampability). 

Figure 4c depicts the major true strain distribution 
profile for the hemispherical punch (P3), which corresponds 

to the model originally used in Nakazima tests. The ε1 

distribution profile obtained with punch P3 showed the same 
tendency as the curve resulting from the ε1 measurements of 
punch P2 with the major true strain peak displaced to the 
punch pole direction (right-hand side of the graph). The 
punch P3 caused this variation in the curve to increase 
further, with the ε1 peak in the range of 0.29 (ε1 peak was 
positioned between points 6 and 7). 

Both the increase in true strains and the shift of the 
curve's peak toward the punch pole were greater than the 
variation presented by punch P2 when compared with punch 
P1. An analysis of these results based on the tool's geometry 
indicates that the hemispherical punch presented a single 
radius that encompassed the entire punch profile. In other 
words, there was no congruence between an external radius 
(R2) and an internal one (R1) that could concentrate stresses 
in a specific position of the material under the tool 
influence. Therefore, the uniform geometry of punch P3 

 
Fig. 1 Geometry of the punches and congruence radii of each tool—100 mm diameter. a Cylindrical punch (P1). b Shallow ellipse punch (P2). c 
Hemispherical punch (P3). d Deep ellipse punch (P4). e Extra deep ellipse punch (P5) 
 

Fig. 2 Test specimen showing the measured points for the true strain 
distribution profile Fig. 3 Constraints for the sheet



generated a better stress distribution on the material surface, 
allowing the sheet to reach a higher formability at an 
intermediary point between the die radius and the punch 
pole (corresponding to the tool's curvature radius, i.e., being 
the main point of action of the punch on the sheet). 

Altering the punch configuration to geometry with 
a sharper punch head radius (R1) and a larger external 
congruence radius (R2) motivated the ε1 peak to shift even 
further toward the punch pole. This variation in the major 
true strain distribution is shown in Fig. 4d, e, which 
illustrate the results on test specimens with the deep ellipse 
(P4) and extra deep ellipse (P5) punches, respectively. Both 
tools had a smaller R1 radius at the punch head that tended 
to favor a higher stress concentration in this region (which 

explains the displacement of the major true strain peaks to 
the punch pole position). 

From the curves obtained for punches P4 and P5, it 
is clear that the ε1 peak was positioned at point 8 for P4 and 
at point 9 for P5 (which had an even smaller R1 radius than 
P4) while, for the hemispherical punch (P3), this extreme 
point was situated between points 6 and 7. These data 
indicates that the reduction of the radius at the punch pole 
caused the tool to act preferentially in the central portion of 
the tested sample, making this the sheet region of maximum 
ε1. The surrounding region of the material was not in direct 
contact with the stamping punch, so it did not undergo true 
strain as severe as that in the sheet metal central area.  

Table 1 DC 06 main properties Property  Value Unit  Source

 Density (ρ) 7.850 g/cm3 Literature
 Modulus of elasticity (E) 210,000 MPa Literature
 Poisson's coefficient (ν) 0.3 (Dimensionless) Literature
 Plastic resistance constant (K) 626.8 MPa Tension test
 m 6 (Dimensionless) Literature
 Anisotropy coefficient at 0° (R0) 2.0483 (Dimensionless) Tension test
 Anisotropy coefficient at 45° (R45) 1.8659 (Dimensionless) Tension test
 Anisotropy coefficient at 90° (R90) 2.5988 (Dimensionless) Tension test



The smaller the punch head radius, the greater is 
the material stress concentration leading to a lower 
stampability degree. This statement is reinforced by the 
results obtained for the maximum ε1 degrees illustrated in 
the curves shown in Fig. 4d, e. Since P4 showed a smaller 
R1 radius than P3, it is clear that the curve resulting from 
the tests with this punch had its point of maximum ε1 

reduced to 0.24, while punch P5 (whose radius is even 
smaller than P4) promoted an even smaller ε1 peak of around 
0.13.  

In a sequence from punches P1 to P5, the 
characteristics of the aforementioned curves clearly indicate 

that, the more uniform the tool geometry the more 
homogeneous the stress distribution in the stamped material 
(enabling the material to reach higher true strain degrees).  

In order to validate the numerical data for the 
different punch geometries, the major true strain curves (ε1) 
obtained experimentally and by simulation were plotted. 

 Figure 5 illustrates the ε1 distribution profile with 
the hemispherical punch (P3) as a function of the distance 
from the punch pole for different friction coefficients, i.e., 
between 0.0 and 0.20. The experimental values without 
lubricant addition are also presented.  

Fig. 4 True strain distribution profile of the 200×200 mm test specimen (experimental): a) cylindrical punch (P1), b) shallow-ellipse punch (P2), 
c) hemispherical punch (P3), d) deep-ellipse punch (P4) and e) extra deep-ellipse punch (P5)



 
In the zero friction condition, the strain distribution 

reached a maximum value close to the punch pole (point 12 

of Fig. 2) decreasing as it got further away from that region. 
With a friction coefficient other than zero, the contact with 
the punch restrains the sheet movement. Thus, the value of 
ε1 decreased at the punch center region as the friction 
coefficient increased. Because the ε1 distribution in the 

contact region with the die is also restricted (both by the 
blank holder and by the friction with the die), the region of 
maximum ε1 is now the region not in contact either with the 
punch or the die. Figure 5 also shows that the simulated 
values for a friction coefficient of 0.15 are in good 
agreement with the experimental ε1 peak values in the region 
between the die and the punch radii. In the region 
corresponding to the punch pole, the experimental ε1 values 
were slightly lower than those found for this friction value. 
In the sheet center, the ε1 values are about 0.15, gradually 
increasing up to 0.35 in the region between the punch pole 
and the die radius. From this region, the ε1 value diminishes 
up to the region of contact with the die. 
Figure 6 shows the ε1 distribution with the cylindrical punch 
(P1) in the direction from the die radius to the punch pole. 
The grid was refined in the region corresponding to the ε1 

peak. 
Note that at the end of curves, i.e., at the points 

corresponding to the die radius and the punch pole, the 
simulation results are just below the experimental data 
(using the refined grid). On the other hand, the unrefined 
grid showed a good agreement with the experimental results 
in the region of the punch radius (maximum ε1) and in the 
region between the punch and the die radii. We also can 
observe that the grid with local refinement was able to 
reflect an experimental inflection point, as indicated in Fig. 
6, which was not the case with the locally unrefined grid. 
Similarly, the ε1 was quite low in most of the punch contact 
area. This was due to the action of the punch in a large 
region of the sheet imposing a greater strain restriction. 

The extra deep ellipse punch (P5) was simulated 
using the same parameters as those employed to simulate the 
hemispherical punch (P3), i.e., a grid without local 
refinement and a 0.15 friction coefficient. Figure 7 compares 
the ε1 obtained by experimental and numerical analysis. The 
simulation data presented a good agreement to the 
experimental results, with the ε1 peak coinciding in 
magnitude and location, as well as the shape of the curve. 
 The experimental results showed values of zero for 
the ε1 in the region corresponding to the punch pole and after 
the maximum ε1 region. On the other hand, the simulated 
values started at 0.08 (punch pole) gradually declining to 
0.02 in the region between the highest value and the die 
radius. A possible explanation for this difference is that the 
experimental data reading method is limited by the system 
resolution used (which was probably not able to detect 
oscillations in the deformation values around 0.02). 

 

Fig. 5 The major true strain distribution as a function of distance 
from the center of the hemispherical punch (P3) and the friction 
coefficient 

Fig. 6 The true strain distribution 
comparison and the experimental data for 
the cylindrical punch (P1) 

 

Fig. 7 Major true strain distribution using the extra deep ellipse 
punch (P5) 



We can observe the ε1 values are concentrated in 
the punch contact region and decline to values close to zero 
along a few millimeters causing a high major true strain 
gradient. The highest ε1 value was also located in the sheet's 
central region, which corresponds to the punch contact 
region. In the contact region with the die radius, the major 
true strains values were negative and close to zero. Thus, the 
sheet's major true strain state varied between tension-tension 
in its central region (contact with the punch) shifting 
gradually to the plane strain state up to the region of contact 
with the die (where the predominant mechanism was 
becoming tension-compression).  

Figure 8 summarizes the ε1 distribution obtained 
with the three different punch geometries numerically 
studied. This graphic shows that with the cylindrical punch 
(P1), the maximum ε1 point was moved toward the die's 
radius. By other hand, with the hemispherical punches (P3) 
and extra deep ellipse (P5), the ε1 peak points remained 
closer to the punch pole. 

 
 
4 Conclusion 
 
The results described herein confirm that the material tended 
to suffer a greater stress concentration at the tool's smallest 
radius (congruence radius—R1), as indicated by the major 
true strain distribution profile measured from the die radius 
to the punch pole. The maximum ε1 were found to occur 
close to the die radius when using the cylindrical and 
shallow ellipse punches (whose external congruence radius 
was smaller than the punch head radius) and close to the 
punch pole when using more pointed tools (deep and extra 
deep ellipse shaped punches).  

From the comparison between the experimental and 
simulated data, it can be concluded that the ε1 analysis via 
Finite Element Method, using ANSYS/LS_Dyna software, 
reproduces the experimental results satisfactorily. 

The greatest dispersions between the simulated and 
experimental results occurred in the cases involving the 
cylindrical punch. The graphs displacements on the right or 
left in relation to the points of maximum ε1 obtained should 
also not be considered as very relevant, i.e., the grid 
refinement causes the nodal distance to vary along the path 
selected for the reading data, and this variation was not 
taken into account when plotting the graphs. 

We can, therefore, conclude that the ε1 

measurement along the test specimen (creating a profile) 
represents a useful tool for evaluating the critical punch 
action region upon the sheet. The ε1 profile should be well 
adjusted for the desired tension-tension, tension-
compression, and/or plane strain distribution preferentially 
during the tryout of stamping tools in order to obtain a more 
homogeneous stress/strain distribution. Qualitatively, it can 
be stated that the shape of the simulated and experimental 
curves are fairly similar to each other, and the numerical 
experimentation could be a successful way for reducing the 
costly try-and-error procedures. 
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Fig. 8 Major true strain distribution for the three numerically studied 
punch geometries (P1, P3, and P5)—200×200-mm test specimens 



 


