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Nowadays, when there is strong tendency to still accelerate production process and thus save time and money, is
very necessary to take into account influences of the individual process parameters on forming process. Another
tendency tries to reduce weight of parts at keeping the required mechanical properties. These aspects lead also to
utilization numerical simulations for modelling processes and materials with the specific utility properties. This
paper deals with the influence of load-rate (thus also strain-rate) on the own process of metal sheet forming
(namely U-die bending) — in light of both achieved deformation and subsequent spring-back of material. Field of
titanium and its alloys application for the engineering industry is closely related especially with its suitable ration
between strength and density. Deformation and subsequent spring-back was investigated by the numerical

simulation in the software PAM-STAMP 2G.
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1 Introduction

Utilization of titanium and its alloys in the industrial
production has already found quite wide range of appli-
cations. Such reality is given mainly due to its favourable
ratio between strength and density. In light of strength,
titanium achieves similar magnitudes as high-strength
steels, but has lower Young’'s modulus (cca. by 50%).
Due to low density and good mechanical properties can
be titanium taken as almost ideal construction material.
On the other hand, mainly due to its high price, titanium
can be found especially in the aircraft industry and some
special applications. But as was already mention before,
titanium and its alloys can be found also in the automotive
or another industry. [1, 2]

Due to the nowadays trend still to accelerate, improve
and predict the own production process on the one hand
and subsequently to keep the most efficient economic
aspects of production on the other hand, there are still gre-
ater requirements about applications pre-production met-
hods, which can map the whole process before investment
in needed devices and tools. In these cases, the use of nu-
merical simulations of the given process is offered. This
paper uses numerical simulations in the PAM-STAMP
2G software environment. The effect of load-rate (thus
also strain rate) on the deformation abilities of tested ma-
terial and subsequent spring-back of part after unloading
was tested by the numerical simulation. In order to take
into account the effect of the load-rate in the numerical
simulation computational model, there were performed
static tensile tests under chosen load-rates. After the ma-
terial model was defined, own simulation of metal sheet
forming process (here U-die bending) was done. The re-
sults from numerical simulation were compared with the
real blank and its spring-back for the tested material — ti-
tanium alloy Ti-CP AMS4911 6AI-4V. [1, 2]

2 Experimental tests

Own experimental part of this paper consists of two

major parts. Firstly, there is determination of important
input data carried out by static tensile test under different
load-rates and then the subsequent performing of numer-
ical simulation that utilized quite new Vegter material
model.

2.1 Static tensile test

Common static tensile test was performed to measure
the basic mechanical properties of tested material. By
means of this test there were determined the following
quantities — proof yield strength Rpo., ultimate strength
Rm, uniform ductility A, total ductility Agomm and
Young's modulus of elasticity E. [3,4]

Static tensile test was performed at the testing device
TIRA Test 2300 that is equipped with integrated length
gauge MFN-A-4-500. Own test evaluation was carried
out in the environment of software LabNET. Test was
done under three different load-rates (5, 50 and 500
mm/min), because for proper definition in the numerical
simulation was necessary to measure material
characteristics for different load-rates. Results from the
static tensile test, which were taken as arithmetic mean
from 3 samples, are for the individual load-rates shown in
Tab. 1. Corresponding engineering stress-strain curves
(again for different load-rates) are subsequently shown in
Fig. 1.

Nevertheless, for complete definition of the material
model in numeric simulation there was also necessary to
determine strength coefficient C , strain hardening
exponent n and offset of strain @o. These values were
obtained from fitting true stress/strain curves acc. to
Krupkowsky (see equation 1) and are given in Tab. 2.

0=C.(¢+p)" (1
Where:
C- strength coefficient [MPa],
n- strain hardening exponent[-],
@o- offset of strain [-]. [3,4]
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Tab. 1 Result of static tensile test for applied load-rates

Load-rate Rpo,2 Rm Ag Asomm
[mm/min] [MPa] [MPa] [%] [%]
5 456.2 591.6 13.94 24.41
50 489.6 609.8 11.36 21.91
500 528.1 637.8 11.6 22.16
Tab. 2 Results of fitting stress-strain curve — approximations constants acc. to Krupkowsky equation
Load-rate C n (7} 0o
[mm/min] [MPa] [-] [-] [-]
5 941.305 0.1665 0.12409 0.0125
50 977.294 0.1726 0.10581 0.0212
500 1061.765 0.2018 0.10322 0.0366
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2.2 U-die bending process

Just to verify the validity of results computed from
numerical simulation, there was necessary to produce the
real blank from the titanium alloy. Because of that there
was made blank by means of the U-die bending
technology. This part was produced by the simple

@©
%_' 300 4 bending tool consisting from bending punch, bending die
=2 and blank-holder. Own bending process was performed at
200 - device TIRA Test 2300, where is possible to control feed
—— 5 mm min rate of bending tool. Individual blanks were produced
100 ——50mmmin” under different load-rates — namely 5, 50 and 500
——500 mm min” 1 mm/min. After their own production, there was needed to
00,00 " 005 o010 015 020 025 determine their contour after spring-back. Such contour

Fig. 1 Engineering stress-strain curves of tested mate-
rial for different load-rates

of real blanks was obtained by means of 3D coordinate
measuring device SOMET XYZ 464 with involved
software TANGO!3D.

Fig. 2 Arrangement of the U-die bending and measurement of contour after bending

3 Numerical simulation

As a basic tool of numerical simulations and
computations there are numerical methods for mechanics
of deformable bodies, where is basically used final
element method (FEM). This method is considered to be
as the most efficient method of the mathematical
modelling that is used in the metal forming simulation
processes. In this paper was used software PAM-STAMP
2@G, which is specialized CAE software for simulation

mainly the metal forming processes, where is CAD model
of tool automatically transferred on the computational
mesh CAE model. Such mesh of the blank (sheet) is
generated in the environment of graphical pre-processor
together with required boundary, contact and loading
conditions of own solving. [5, 6]

Nevertheless, to achieve the maximal efficiency of
numerical simulation and to ensure the highest validity of
results, there is necessary to know and absolutely
precisely defined geometrical proportions of forming tool
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and contour of sheet intended for forming. As an another
aspect for precise course of simulation there is perfect
setting of the boundary conditions and process parameters
for the simulated process.

In this paper was by means of the numerical
simulation in software PAM-STAMP 2G both simulated
and performed the metal forming process — to be specific
U-die bending of sheet. Moreover, there wasn’t
performed only numerical simulation of bending, but
there was also computed magnitude of subsequent spring-
back of tested material.

3.1 Definition of the Vegter material model

Material model termed as Vegter with isotropic
hardening of material (further just Vegter model) was
used in the numerical simulation in the environment of
software PAM-STAMP 2G. The Vegter model is suitable
for anisotropic material. However, it requires more
complicated measurement of material properties in
tension, compression and shear. To define this material
model, there is needed to define not only material
properties and characteristics of used alloy, but also to
determine control points of ellipse, which are measured
from the material mechanical tests. [5, 6]

To define the Vegter model with isotropic hardening
of material is necessary to determine quantity as follows:

e  Young's modulus in tension E

e Poisson’s ratio

e Density p

e  Static tensile test for rolling directions 0°, 45° a
90° (mean hardening curve in the relevant direc-
tions)

e Normal anisotropy coefficients for rolling direc-
tions 0°, 45°, 90°

e  Plain strain tensile test

e Bulge test (to define multiaxial state of stress)

This material model has been already fitted within the
cooperation with company MECAS ESI Ltd.

To determine the influence of different load-rates on
the forming process and subsequent spring-back of part
in the numerical simulation, there was needed to involve
into the material model other parameter that characterizes
strain rate. The common static tensile test was performed
to define these strain rates characteristics in the Vegter
model, to be specific the following load-rates were used:
5, 50 and 500 mm/min. The own definition of material
model in the software PAM-STAMP is subsequently
shown in Fig. 3 [5, 6].
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Fig. 3 Definition of the material model in PAM STAMP 2G

3.2 Definition of the FEM project

To define numerical simulation in the environment of
software PAM-STAMP 2G, there is firstly needed to
import individual parts of tool, which will realize the
metal forming process. Moreover there is necessary to
import contour of sheet as deformable element. These

parts of bending tool (bending die and punch) were
created in software CATIA VS5 and their geometry
corresponds to the real bending tool geometry. By this
tool was also produced the real blank. Gradual import of
bending die, bending punch, blank and blank-holder is
shown in Fig. 4.
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Fig. 4 Import of CAD tool into the software PAM-STAMP 2G

After import of tools, definition of deformable
element (tested alloy) and adjustment of individual
numerical simulation parameters was performed the own
computation acc. to selected Vegter material model.
Firstly, there was simulated own bending process and
after tool deactivating, spring-back of material was
computed as well. Final contours of sheets after bending
process and subsequent spring-back is shown in Fig. 9.

4 Overview of results

Final contours from numerical simulation after
material spring-back and contours of real blank are shown
in the following figures. In Fig. 5 is shown graphical
comparison of the final contours from numerical
simulation for individual load-rates as following: red -
load-rate 5 mm/min, green — load-rate 50 mm/min and
blue for 500 mm/min.

5 mm/min
— 5() M/min

Fig. 5 Comparison of sheet contours from numerical simulation for load-rates 5, 50 and 500 mm/min

In Fig. 6 is shown comparison of the final real sheet
contours for the individual load-rates. There is used the
same color indication as in the previous case (red — 5
mm/min, green — 50 mm/min and blue — 500 mm/min).

Fig. 7 shows the comparison of the final real sheet
contours for the individual load-rate with the final con-
tours computed from the numerical simulation. Real sheet

contours have again the same color indication (red — 5
mm/min, green — 50 mm/min and blue — 500 mm/min)
and contour from numerical simulation is shown in black.

The gradual deformation of the stamping process
made by PAM-STAMP 2G numerical simulation
environment is shown in Fig. 8.
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Fig. 6 Comparison of real sheet contours for load-rates 5, 50 and 500 mm/min

N\

Fig. 7 Comparison of real sheet contours for load-rates 5, 50 and 500 mm/min and sheet contours from numerical sim-
ulation

50 mm/min

500 mm/min

Real 5 mm/min

— Simulation 5 mm/min

~0.001
Min =-0.001
Ny = 40,000

Fig. 8 Gradual deformation of the stamping process in numerical simulation
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Fig. 9 Sheet contour before spring-back (left) and after spring-back (right)

In Fig. 9 is shown final contours of sheets after bend-
ing process and subsequent spring-back in the numerical
simulation environment of software PAM-STAMP 2G.
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In Fig. 10 is graphically shown distribution of strain
in blank for the individual load-rate in the numerical si-
mulation environment of software PAM-STAMP 2G.

Minor strain - Membrane (true value)
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Fig. 10 Distribution of strain in blank for load-rate 5 mm/min (left) and 500 mm/min (right)

5 Conclusion

This article investigated the influence of load-rate on
the deformation course and magnitude of spring-back.
This problem was solved via numerical simulation in
software PAM-STAMP 2G. Using the numerical simula-
tion, there was investigated the course of sheet metal

forming process, to be specific U-die bending and its sub-
sequent spring-back due to elastic deformation. As a trend
in the industry today is the search for and application of
new materials to improve component properties, weight
reduction, corrosion resistance and so on, own research
was applied to the titanium alloy Ti-CP AMS4911 6Al-
4V.
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So-called Vegter material model was used for numer-
ical simulation. Moreover, material characteristics for the
individual load-rates were added into this model. These
characteristics were obtained from the static tensile test at
selected load-rates: 5, 50 and 500 mm/min. In order to
verify the numerical simulation results validity, a real
stamping (blank) was also produced, which corresponded
to the numerical simulation by its own production pro-
cess. The contour of this blank was further compared with
the resulting contour obtained from the numerical simu-
lation.

When comparing the resulting contours from the nu-
merical simulation (see Fig. 6), there is evident that apart
from the slight variations in the contour obtained at load-
rate 500 mm/min, the differences between the contours
for applied load-rates are practically negligible. Small de-
viations are achieved by comparing the contours of the
real forming process for the selected load-rates (see Fig.
7). Comparing the results of the real process and the nu-
merical simulation, minor deviations of the resulting con-
tour of the blank are again achieved. Nevertheless, the re-
sults of the numerical simulation quite accurately
describe the selected forming process and can be consi-
dered as very beneficial. Fig. 8 shows the course of de-
formation during the forming process and Fig. 9 shows
stress distribution on the blank right before its removing
from tool and subsequent spring-back. Various small
changes in stress distribution are also shown for different
load-rates, this fact is illustrated in Fig. 10. The results
obtained at different load-rates revealed minor differen-
ces and deviations which should be verified by further re-
search for different load-rates, eventually to use a more
complex material model of numerical simulation that ta-
kes into account the kinematic hardening of material.
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