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Abstract
In sheet-forming operations, it has been sought to always obtain the maximum elongation of the material without the occur-
rence of defects, a condition that is of fundamental importance to know the performance of the sheet metal in industrial 
processes. In view of this need, the FLCs (forming limit curves) of the used metal sheets are determined, which provide an 
excellent condition for the evaluation of the material stamping limit. Deformation levels lower than FLC, considering a safety 
margin, are considered satisfactory in industrial operations. Based on this, the objective of this work was the adequacy of a 
test machine and the development of a method to obtain the FLC of sheet metal at the beginning of the material’s bonding, 
thus seeking a more precise result of the formability of the main steels used in the industry, advanced high strength steels. 
For this, an initial analysis of the hydraulic press was carried out where, taking advantage of the displacement and oil pres-
sure sensors present, a new control program was determined in the PLC (programmable logic controller), to parameterize 
the points that precede the rupture of the sheet during the stamping test. Under these conditions, the FLC of the dual-phase 
steel DP600 was determined until its rupture and, later, until the point of its beginning, which allowed the definition of the 
real limit of formability of this material. In addition to the conclusion regarding the behavior of the material, considering the 
industrial processes, the results obtained also allow the determination of set points of machines more adequate to the limits 
of deformation of the sheet metal used. The FLC presented a variation, characterized by a small increase in the formability 
limit for the tests with hydraulic press temperature control conditions. The results highlighted higher temperatures on the 
pump, followed by the distributing block and the pressure sensor, concluding that the major influence critical point on the 
FLC result was the hydraulic pump.
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1  Introduction

There is always a search for new methods to supply the 
needs for products with more efficiency in the automotive 
industry, the improvement in bodywork corresponds to 
improvements in studies for three different sections: AHSS 
steels [1–7], processing, and design. These lines of research 
are directly impacted by more advanced analysis methods for 
the material nature of stamping, being Nakazima the most 

highlighted test which has the purpose to compose the form-
ing limit curves for sheet metals.

A typical and precise manner to predict the maximum 
formability of sheet metal is the forming limit curve (FLC). 
Developed by authors such as Keeler [8], Goodwin [9], and 
Woodthorpe et al. [10], it has been one of the main impor-
tant devices for many authors for different meanings. Min 
et al. [11] disposed of a technique that the appearance of 
localized cracks through a transition in the curvature of the 
sheet metal surface. Affronti and Merklein [12] had their 
study on a sheet metal failure analysis in different cases of 
stress measured at the material surface, with Nakazima tests 
and the forming limit curve data, while Iquilio et al. [13] 
developed an empirical process for obtaining the sheet metal 
FLC with digital image correlation (DIC) and an optical 
technique, granting a more precise measurement on points 
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throughout the sample surface for deformation and dis-
placement analysis. Other mentions of different studies that 
required FLC and Nakazima stamping tests: Schmid et al. 
[6] discussed failure behavior in the mechanical forming 
process, and Barlo et al. [7] had a non-linear FLC model 
and traditional FLC research. Shinmiya et al. [14] granted 
failure and/or bending cracks on different flexibility sheet 
metal surface detection possibilities using the FLC. Norz 
and Volk [15] used the traditional Nakazima test to assess 
the model developed by Jocham et al. [16], having the result-
ing curves compared.

An important way to validate the efficiency of sheet metal 
in stamping is through studies regarding the influence of 
tool variants on its forming process, as analyzed by Chemin 
et al. [17] and Lajarin et al. [18]. Thus, a better knowledge 
surrounding stampability characteristics of sheet metal and 
tool variants is enabling design execution in less time, in 
a more precise and efficient manner in terms of used raw 
material. This advancement is fundamentally due to stud-
ies made focusing on the evaluation of tool and formability 
limits of sheet metal; these two main parameters determine 
the stamping operation efficiency. It is important to describe 
that the lubricant type is also a parameter that can improve 
the sheet metal formability, as shown by Tigrinho et al. [19], 
but it was not considered a main objective for this work.

The research was an experimental work, which utilized a 
sheet metal stamping tool with a blank holder force setting, 
used by Chemin et al. [17] and Tigrinho et al. [20] having 
the hydraulic press programmed for stopping during the test 
on the sheet metal necking point. The necking point is a 
crucial factor that emphasizes the reliability of an obtained 
FLC, Paul [21] illustrates the strain versus stress difference 
from diffuse to localized necking. Localized necking is 
mostly in the diffuse necking zone and harder to acquire the 
starting point, Paul [22] brings FLC near this point to a safe 
level of strain analysis, and Paul [23] shows a significant 
influence of material r-value on this factor.

2 � Methodology

Initially, the hydraulic press was studied to verify its func-
tioning, with sensors and data acquisition software. The 
press works with a double activation, which means the 
die and hemispheric punch are controlled by independent 
hydraulic pistons, originally activated by buttons on the 
press panel. There is a pressure gauge for the blank holder 
line, establishing the force. A pressure transducer  tracks the 
punch-actuating piston’s pressure. A linear encoder which 
tracks the punch displacement is also part of the set. To track 
all these sensors and valve actuation, the press has a PLC.

The software control records the sensors’ values in 100-
ms intervals. The utilized tool was a modified equipment 
from Chemin et al. [17], which possesses a hemispherical 
punch of 50 mm radius, straight die without draw-bead. 
This was tested by the author, and by applying 784.5 kN, it 
obtained similar results as to trials with draw-bead, therefore 
discarding the need for it.

DP600 was used for the procedure, produced, and sup-
plied by Usiminas-MG, with 2.0 mm thickness, following 
the properties in Table 1. Among the AHSS (advanced high 
strength steel) focused on many studies, there are a few who 
mentions DP600 steel, such as Huh [24], Curtze [25], Farabi 
[26] Uthaisangsuk [27], Kim S. B. [28], Nikhare [29], and 
Bornancin [30].

The Nakazima tests (Fig. 1) predict a total of eighteen 
test specimens as detailed on ISO 12004-2 [31]; however, 
eight specimens were utilized, an amount considered suit-
able for the desired purpose. These specimens were defined 
with measures of 25mm, 50mm, 75mm 100mm, 120mm, 
150mm,175mm, and 200mm, all cut by guillotine with 
200mm width (Fig. 2).

Through screen printing, the test specimen had a cir-
cular grid printing on its surface, intended to measure the 
deformation suffered by the material after the forming 
process. Using only the paint from the screen-printing 
process, vinyl type black color, was not enough for an effi-
cient marking, because the test specimen surface does not 
adhere to this paint easily. To solve this issue, nitric acid 
paint was added, a 10% ratio of the paint volume, making 
the adherence better to the material surface.

The first test taking the specimen to rupture with a 
blank holder force of 784.5 kN aimed to bring a FLC to 
validate the one obtained by Chemin et al. [17]. During 
the tests, punch displacement and hydraulic pressure were 
monitored to meet the machine parameters on the extreme 
point, corresponding to the material rupture.

With punch displacement and hydraulic press values, 
for the rupture point of DP600 steel, it was predicted that 
the necking point should represent values slightly lower. 
Consequently, it was experimentally worked with varia-
tion values for tests in which a 1% reduction for each test 
should represent satisfying values for visually detecting 
the necking point on the sheet. The software detects these 
established values and interrupts the test.

Table 1   Material mechanical 
properties (Usiminas-MG, 
2019)

YS yield strength, UTS ultimate 
tensile strength

DP 600 STEEL

Properties Average value

YS (Mpa) 350
UTS (Mpa) 600
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It was observed that some not monitored parameters 
could affect the tests, one of them being the hydraulic tem-
perature of the machine which could interfere with the sen-
sor reading. Therefore, new tests were carried out aiming 
to check if this temperature was really affecting the results.

Firstly, the machine temperature has been monitored 
in three measure points, considered more critical, the 
hydraulic pump, the entry block which distributes to the 
directional valves, and the hydraulic pressure gauge that 
sends the data to the PLC, shown in Fig. 3. It was nec-
essary to check at which temperature these three points 
would stabilize; from that measure, there would be no 

major variation. By empirical means, it was attributed 
that by each 1 min, the temperature on these three points 
would stabilize.

New tests taking the specimens to rupture were con-
ducted from the stabilized temperature, which means that 
the tests were starting on these conditions and would wait 
until the measured points would stabilize again for another 
test to be started. The test in these conditions was entitled 
“with temperature control,” the objective was to verify if 
the press temperature would infer the FLC result until the 
rupture. Already “without temperature control” were the 
tests in which none of the original procedures was altered.

The reason why the pump, the distributing block, and 
the pressure gauge temperature were measured is because 
they correspond to the main components that integrate the 
hydraulic circuit of the press that powers the actuators, 
since the oil exit from the reservoir. Due to these compo-
nents being metallic, the temperature measure on these 
points is simpler. Thus, the stamping efforts under the 
hydraulic system heating can be analyzed, which impacts 
the oil viscosity and consequently the sheet metal forming.

In all these tests, the temperatures of the pump, the dis-
tributing block, and the pressure gauge sensor were meas-
ured immediately before and after the test for a specimen, 
following the machine parameters obtained on the tests 
until rupture with controlled temperature, providing the 
machine control software with 95% pressure data and 98% 
of displacement value of the obtained values during the 
tests. These values were attributed based on the results of 
the tests previously described until rupture, which reported 
satisfying results on these percentages. Thus, the tests 
following the proposed methodology of stopping on the 
DP600 steel necking point were executed.

Fig. 1   Nakazima tool geometry for FLC determination

Fig. 2   Specimen geometries 
carried out on Nakazima’s tests
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3 � Results and Discussion

The test’s first step had the objective of identifying the 
thermic balance temperature of the pump, the distributing 
block, and the pressure gauge sensor, in other words, the 
main devices of the hydraulic machine power-generating 
unit. The plot represented in Fig. 4 shows the temperature 
variation on the pump, the block, and the gauge during the 
60-min monitoring.

Notice that the pump temperature is superior to the sensor 
and the blocking temperature from the start until its stability. 
Still at the start, soon after the press is turned on, the pump 
temperature was already around 1° superior to the block and 
sensor temperature. During the measurement, it is observed 

that with the machine on however without the cylinder acti-
vation, the pump temperature constantly raises reaching a 5 
°C value higher than the block and sensor temperature dur-
ing the 60-min monitoring. It also noticed a gradual temper-
ature increase, however highlighting that the pump presented 
higher temperature over the 60 min, taking approximately 4 
min longer than the block and sensor to reach the stable ther-
mic temperature. The sensor reported temperature stability 
before the other two devices, from the 41st minute of moni-
toring. The distributing block shows temperature stability 
from the 47th-minute monitoring, reaching a final balance 
temperature of 26 °C, the same value as the sensor. The 
pump’s stable thermic temperature occurred after 50-min 
monitoring, being stable at 30 °C.

Fig. 3   Pressure gauge and 
transducer

Fig. 4   Pump, sensor, and block 
temperature monitoring before 
test execution
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Looking at this monitoring process, it was established the 
balance thermic temperatures necessary to start the tests on 
the hydraulic press, maintaining it for at least 50 min before 
starting any practical work. In this condition, the pump will 
reach 30°C while the pressure sensor and the distributing 
block will be at 26 °C. Starting the test on these device 
temperature conditions will eliminate any influence on the 
thermic variation which resulted from the initial phase of 
the equipment heating on the test results, as displayed in the 
flowchart in Fig. 5.

After reaching the machine thermic balance on the 
hydraulic unit devices (pump, block, and sensor), stamping 

tests were done with DP600 steel. For each test specimen 
tested, temperature measures were taken from the three 
hydraulic devices, immediately before and after the stamp-
ing process for each sample, presented in Fig. 6.

It is observed that without a temperature control configu-
ration for the pump, the initial temperature varies between 
46 and 50 °C. Also, for this analysis, the maximum tem-
perature reached at the end of the tests was 80°C for the 200 
× 200 mm specimen and for the 100 × 200 mm specimen, 
while the minimum final temperature was 75 °C, which char-
acterizes a 5 °C variation between the maximum and the 
minimum final average temperature detected on the pump. 

Fig. 5   Flowchart on tests conditions with and without temperature control conditions

Fig. 6   Pump, block, and sensor 
temperature registered for each 
test start and ending with and 
without temperature control
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Regarding the monitoring carried out on the distributing 
block on test conditions without temperature control, it is 
seen that the initial test temperature reached its minimum 
value for the specimen of 200 × 200 mm of 19 °C. The max-
imum final test temperature of 34 °C was identified for the 
smallest specimen tested: 50 × 200 mm and 25 × 200 mm. 
The block has shown a gradual increase, initial and final 
over the carrying of the tests. The temperature at the start 
of each test varied from 19 to 30 °C, while the temperature 
at the end of the tests went from 23 °C and reached 34 °C, 
considering that the tests were conducted for the specimens 
from the maximum width to the minimum width.

For the pressure sensor temperature monitoring, on test 
conditions without temperature control, the minimum and 
the maximum average value of the initial temperatures was 
obtained for the 200 × 200 mm and the 25 × 200 mm speci-
mens respectively. The maximum average final temperature 
of the tests was achieved for the 25 × 200 mm specimen. 
The average initial test temperature was not lower than 28 °C 
nor higher than 43 °C, which characterizes a 17 °C variation 
from the first specimen test (200 × 200 mm) to the eighth 
specimen test (25 × 200 mm). The final test temperature 
also presented a gradual increase from the first specimen test 
(200 × 200 mm) to the last specimen test (25 × 200 mm), 
equivalent to 12°C. For the conducted tests without tem-
perature control, it was registered the average time between 
each one of the 8 stamped test specimens as shown in Fig. 7.

The times shown in the plot correspond to the stamp-
ing start and end intervals of the sheet metal, when there 
was a temperature increase due to the activation of the 
hydraulic cylinder and later the interval of the removal 
and positioning of the next specimen, the latter a period of 
equipment cooling due to the deactivation of the hydraulic 
cylinder. The time difference between these test intervals 

registered on the plot is because all the specimen move-
ment is manually made by the operator, not allowing for a 
precise pattern during the tests.

The curves shown in Fig. 6 represent the thermic vari-
ation on the hydraulic press devices. We also noticed that 
the pump reported higher temperatures than the sensor or 
the distributing block. Another important characteristic 
observed in the plot is that the pump thermic variation, on 
the interval between the tests, is highly steep during heating 
as much as in cooling. The average hydraulic pump heating 
and cooling rate was 0.47 °C/s and −0.57 °C/s respectively. 
The distributing block provided an average heating rate of 
0.077 °C/s and an average cooling rate of −0.054 °C/s. The 
average heating and cooling rate of the pressure sensor was 
respectively 0.118 °C/s and −0.093 °C/s.

The temperatures reached on the hydraulic press devices, 
on “with temperature control” test condition, are been pre-
sented in Fig. 5. In this test condition, all the samples have 
been stamped with the same initial temperature, according 
to pre-determined values from Fig. 6 plot for the pump, the 
distributing block, and the hydraulic press sensor.

The initial pump test temperature, on the “with temperature 
control” condition, was 30 °C for all the test specimens, mean-
ing that by the end of each test, the procedure was to wait for 
the device temperature to reach 30 °C again before starting a 
new stamping test. The final pump temperatures were once 
higher than the sensor and block final temperature. The maxi-
mum pump temperature registered, 79°C, occurred during the 
first specimen test (200 × 200 mm). It was observed a variation 
in the pump’s final temperature between 72 and 79 °C and a 
variation of 7 °C between the minimum and the maximum 
values of the final temperature. This variation corresponds to 
a higher difference than in the test condition “without tempera-
ture control,” which was 5 °C.

Fig. 7   Pump, block, and sensor 
temperature register during tests 
for “without temperature control 
condition”
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For the distributing block, for which the stable thermic 
temperature was 26 °C, it was noticed that the minimum final 
temperature of 31 °C was identified on the third specimen test 
(150 × 200 mm), while the maximum final temperature was 
registered for a 75 × 200 mm specimen test, reaching 35 °C 
that determined a limit difference of 4 °C.

The pressure sensor temperature variations on the “with 
temperature control” condition were the lowest registered 
during the tests. Except for the specimen (175 × 200 mm), 
that reached 37 °C, all the remaining have elevated the sensor 
temperature from 26 to 36 °C.

The original circular grid mesh printed on the mate-
rial samples was composed of 5-mm circles; these shapes 
became elliptical shapes after the test due to the material 
deformation. Following the Chemin 2013 [17] procedure, the 
largest ellipses on the strain area were measured represent-
ing the highest strains reached by the material to its necking 
or rupture. As the strain radial distance is symmetrical, the 
measure is done on the opposite side of the necking or rup-
ture. Figure 8 shows the samples carried out until necking 
formation.

The major and minor axis of the ellipse, D1 and D2, pro-
vides the conventional strain e1 and e2 respectively through 
Eqs. (1) and (2):

D0 is the original circular axis dimension. After that, the 
true strains were obtained through Eqs. (3) and (4):

(1)e
1
=

D
1
− D

0

D
0

(2)e
2
=

D
2
− D

0

D
0

Plotting ɛ1 versus ɛ2 values is how the FLC are 
obtained. Figure 9a shows a comparison between the 
FLC curves obtained to the rupture limit of the DP600 
steel, with a blank holder load of 80 ton., with and with-
out machine temperature control conditions. On stable 
machine temperature after 70 min, the FLC became 
equivalent to the curve obtained on the “without tempera-
ture control” test condition; it can be said that heating the 
system did not cause a variation in the press functioning 
conditions sufficiently enough, to the extent of determin-
ing a steel forming limit to its rupture. In the following 
tests, DP600 necking limit FLC curves were determined, 
as shown in Fig. 9b.

Stamping tests were made with 80 ton. on the blank 
holder, controlling the punch stopping point 5% less than 
the maximum hydraulic pressure limit and 2% less than the 
maximum punch displacement, based on studies done until 
the material rupture.

Figure 9b points to the reduction suffered on the DP600 
steel FLC, when considering maximum deformation on 
the material necking limit, compared to the FLC obtained 
from the material rupture limit. This difference reached 0.05 
larger deformation on plane stress state, a larger difference 
for elongation, and less for bi-axial deformation such as 
deep-drawing. It can be said that for the elongation state, 
there is a larger difference between the necking and rupture 
limit, and for deep drawing is the opposite, minor difference 
between the necking and rupture limit.

(3)ε
1
= ln

(

e
1
+ 1

)

(4)ε
2
= ln

(

e
2
+ 1

)

Fig. 8   Samples tested up to the 
onset of necking
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Analyzing Fig. 9b stamping tests until necking limits 
with and without temperature control, there is a slight vari-
ation between the curves. In the plane stress state, there is 
basically no difference between them; for the deep-drawing 
state, the difference was also low. For elongation, however, 
there was a steep difference, an order of 0.02 for the larger 
deformation.

This is justified because there is more hydraulic pressure 
on elongation when compared to deep drawing, thus having 
for elongation more blank holder action on the sheet flange, 
requiring more load for its formability. Therefore, during the 
elongation process, the influence on the oil viscosity is also 
higher due to the heating imposed on it, resulting in more 
variation in the FLC. For the tests done until rupture, the 
difference between the FLC with and without temperature 
control was insignificant, on account of the material already 
exceeding the necking limit reaching sheet metallurgical col-
lapse, making imperceptible the machine oil viscosity influ-
ence on the forming limit of the DP600 steel.

4 � Conclusion

The main conclusion of this work is that the temperature of 
the machine influences the sheet metal forming limit. The tests 
were conducted with the temperature control of the hydraulic 
press, showing a better formability limit of DP600 steel. The 
results presented above emphasize that after the press heating 
for stamping, until rupture tests carry off the DP600 steel with 
the temperature control condition, the resulting FLC showed 
a variation, which was characterized by a slight increase in 
the formability limit. Therefore, when the initial temperature 
is maintained at a fixed value, being that temperature before-
hand established as the thermic stabilized temperature of the 
hydraulic system, the FLC reflected the higher limits. This 
improvement noticed on the FLC is due to the influence of the 
heat absorbed by the oil, which caused a variation of its prop-
erties, consequently leading the material to a higher deforma-
tion until it reached its programmed hydraulic pressure limit, 
which is derived from the steel necking limit analysis.

Fig. 9   Comparison obtained 
with and without temperature 
control a between the mate-
rial rupture limit curves and b 
between the material necking 
limit curves
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It is also important to notice that the pump is the com-
ponent which has the highest oil temperature (Fig. 4) and 
shows the higher impact on temperature variation during the 
machine activation during the sheet metal forming (Fig. 6), 
concluding that the pump has the most impact on the hydrau-
lic oil heating, and consequently on the temperature varia-
tions during the tests that affect the FLC.

The main point is the influence of the machine on the 
sheet metal forming process. It was inquired based on the 
test results that the higher temperatures reached were identi-
fied on the pump, followed by the sensor and the block. The 
critical point, with a major influence on the FLC result, was 
the hydraulic pump.

This highlights the inferring variables’ influence on the 
equipment in the sheet-forming process, which in practice 
is not commonly observed in the industry. This means that 
studies on process factor influences can be of high relevance, 
especially for more efficient manufacturing designs offering 
better results, and the importance of improving machines for 
formability, controlling temperatures, and further variables 
that could directly interfere with the result, ensuring a better 
work process.
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