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Nowadays, the tendency to survey and accelerate technological processes in order to increase production
efficiency on the one hand and to reduce the ecological impact of production on the environment on the
other hand is increasingly prevailing. These aspects encourage both the applilcation of mathematical
modelling of production processes and utilization of new material types ensuring sufficient strength and
ductility while reducing the overall weight of the final asembly. This paper focuses on investigation and
evaluation of the mechanical properties of the material under plane shear stress conditions. Specifically,
it concerns the testing of a dual-phase high-strength steel DP500 (designation according to EN 10346)
having structure based on a ferritic-martensitic matrix. The test material is loaded by means of a testing
machine with a continuous static load and condition of the plane shear stress is achieved due to the
geometry of the test specimen (ASTM B831). In the experimental part of this paper, plane shear tests are
performed to determine the basic mechanical properties and stress-strain characteristics of the material
with respect to the given loading conditions. These determined parameters and material characteristics
can be further used as important input data to improve results of the numerical simulations regarding
the aspect of metal forming technologies — basically stamping process.
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1 Introduction required properties is the correct solution and desctip-
tion the deformation of the given part during its pro-
duction. These desired resultant properties are greatly
influenced not only by the shape of part to be manu-
factured, but also by the type of material chosen for
its prodcution. An integral part of a correct and effi-
cient technological procedure for the production of
stamping having the appropriate shape and desired
quality is proper solution of selected material defor-
mation. Achieving the required shape and dimensional
accuracy of the sheet metal stamping is significantly
linked to the correct prediction of the material spring-
back. This undesirable phenomenon, which is an inte-
gral part of the deformation process and significantly
influences the whole stamping process, must be elimi-
nated by means of an ideal design of technological
operations in the process, the relevant process para-
meters and, above all, the appropriate shape and di-
mensional correction of the stamping tools. The use
of the mathematical simulation for the production
process in the environment of numerical simulations
is offered as one of the advantageous solutions for the
prediction and subsequent correction of the entire
production process with regard to technological ope-
rations, process parameters and used materia. This is-
sue is very closely related to the correct choice of
mathematical computational material models and to
have valid and accurate results, it is necessary to ensure

One of the fast and dynamically developing bran-
ches of industry today is certainly the automotive
sector. This aspect necessarily encourages the accele-
ration of production processes, increasing work effi-
ciency and the introduction of new types of materials
to improve processing characteristics on the one hand,
but above all to improve the final product characteris-
tics on the other. The application of the strength steels
in the automotive industry is nowadays an inherent
part of the production process, where these materials
are taken into account due to their high strength while
maintaining the relatively favourable processing pro-
perties. They are used for the production of various
car-body components, safety reinforcements and as
part of the deformation zones in the car body. The use
of these materials is a logical step linked in particular
to the requirements about reduction the specific
weight of cars, which leads to a reduction of the eco-
logical impact on the environment.

However, tendency to use these types of materials
brings with it certain pitfalls, especially in the produ-
ction process. Nowadays, high demands are placed on
sheet metal stampings, especially in terms of strength,
surface quality and dimensional accuracy of the final
product. A very important condition for the entire
production process and the achievement of these
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correct input material data. In order to achieve the
best possible accuracy of the numerical simulation re-
sults, it seems advantageous to apply advanced com-
putational models that better describe the deforma-
tion process and the subsequent springback of the ma-
terial. On the other hand, these require the use of ad-
vanced mechanical testing to ensure the appropriate
characteristics. This paper is devoted to the mechani-
cal testing of the dual-phase steel DP500 under plane
shear stress conditions. The parameters and material
characteristics measured during this type of loading
can be further used as important input to numerical
simulations, which through the aforementioned com-
putational models will provide a more detailed and ac-
curate description of the entire sheet metal stamping
process. The following chapters focus on the descrip-
tion and evaluation of this type of mechanical material
testing [1-9].

2 Plane shear test

This test is used to simulate a shear stress state just
in one shear plane. During this test, the material in the
form of a tesign sample is subjected to a shear load,
which occurs in the form of a plane single shear stress
state (American Standard ASTM B831). This stress
state is achieved here by the geometry of the shear test
specimen that is shown in Figure 1. This test specimen
is loaded during the test with a continuously increasing
force arisng from the translational movement of the
testing jig clamps. The test is carried out until the
fracture of specimen, i.e. until a cracks appear in the
single shear zone of test specimen [7-14].
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Fig. 1 Basic shear loading of the test specimen at plane
shear test (ASTM B831)

In order to carry out the shear test, it was first ne-
cessary to realize the preparation fot he test specimens
having the required geometry and dimensions (see
ASTM B831, 2005). These testing specimens were
produced by the waterjet cutting so that the specimens
geometry would not be affected by the thermal con-
ditions. Test specimens were prepared in the chosen
directions as 0°, 45° and 90° with respect to the rolling
direction of the processed sheet. Owwn test was
carried out on device TIRATest 2300, where the test
specimen was clamped by using mechanical grips and
subjected to uniaxial tensile loading. Whole course of
the test was recorded by means of a strain gauge force
sensor mounted on the crossbar of testing device and
by the contact-less pptical system from company

Sobriety Ltd. Hlustration of the shear test concept is
shown in Figure 2 [10-14].

Fig. 2 Realization of the plane shear test on the testing de-

vice

In order to be able to optically measure the running
test, it was necessary to apply on the test specimens
surface a special pattern, on which own software cre-
ates a network of so-called facets and just movement
of these facets is recorded and identified on the basis
of the gray level assigned to each individual facet. The
deformation of the test specimen (represented by the
movement of the scanned facets) was recorded by two
cameras during the test. Evaluation of this deforma-
tion on the scanning plane (shear zone) was subseque-
ntly performed by using the photogrammetric method
in the software Mercury RT. Example of the working
environment in the software Mercury RT together
with a illustration of the test specimen measured area
can be seen in Figure 3.

Deformation occurring in the scanned area was
further evaluated by using the Von-Mises yield locus
(see Equation 1), where were used the major strains
along the principal ditections. These major strains
were recorded during the test and subsequently evalu-
ated using the software Mercury RT [15, 16].

2. 5 5 5
0, :\/§(¢1 +@, +95) [_]’ ©

Where:
$y...Von-Mises strain [-],
@1, P2, @3...Major strains [-].

By means of the evaluated deformation in the ma-
terial thickness direction, it was also possible to quan-
tify the actual thickness of the test specimen during
the whole test and together with the recorded length
change in the shear zone, it was possible to define and
subsequently calcualte the shear stress and deforma-
tion on the shear plane of test specimen — this in the
final graphs are shown dependeces shear stress vs true
strain. In order to be able to use and define this mea-
sured dependence in the numerical simulation proces-
ses, it was necessary to mathematically describe such
dependence. For this reason, the final stres-strain (har-
dening) curve, with respect to the measured data, was
mathematically approximated uby sing so-called Kru-
pkowski law (approximation) that is defined by
equation 2 [15, 16].

indexced on: http:/ | www.scopus.com

35



February 2022, 10/l 22, No. 1

MANUFACTURING TECHNOLOGY

ISSN 1213-2489

o =K.(p, +¢,)" [MPa], @
Where:

o... True stress [MPa],

4 b [P | eiiLive Camera

g REF: Camera 0| &y Carmers 1| g 30 Graph |
‘- BiScene sewp +
*gProbes

¥ Group Ops

u Tools

A Parameters

Polygon Input:
Mode: | Vertex by Vertex

yres AWM

No. of Vertices: |12

Ineremertal [
Step frames].
Veetor Densty |7
(1/n)

*

Vector Mutiplier; |1,00

Template Size [px].
InTime: 32632
Stereo: [£2¢42

Detach from Settings

=)
H#
&
&
]
]

Comelaion Speed

InTime: |Fast - searches |
Stereo;  Fast - searches i

Transfomation Type
InTime:[Full afine ransic

Stereo:  Full affine transfc

I

2 Seek

Area: Yon Mises Strain [-]
0,068 0,223 0,377 0,523 0,678
global min

-0,005 0,150 0,295

0,832
global max
0,605 0,750 v

0,450

The stereo camera is calibrated. The extensometer calibration is not zvailable

Project Import Export Tools Settings  Help 101,937GB @ N/A = N/A
Graph Data ©)| I Grph [ B Graph [N  Graph Absolute frm] P Graph Relative fm] | P _m Projects -
Area - Strain E1 [ 7 — Frame Relative Time [s] vs. A1 - Length: Extension [mm] [ DP500_Smer_0_VZ1
foverage) = Frame Relative Time [s] vs. A1 - Length: Change in X [mm] [ DP500_Smer_0_vz2
E X — Frame Relative Time [s] vs. A1 - Length: Change in ¥ [mm] [ DP500_Smer_45_VZ1
— [ DPS00_Smer_45 VZ2
Area - Strain E2 1] il
average) 14 . PSS 30 V21
(o000 & (% i
Aeea - Srain EXX[] 2 [ DP500_Smer_30_viz2
(average) 05
(00000 & [ &l [71[E[=
Area- Strain EYY [ 7
(o000 ] % :
ENCameras
P
Y
4 & Sync Box
[oees x| | o !
A1 -Length fm] VA T: Point Filtering 4+
S < 02 T: Value Filtering +
A1 - Length: Exension
fom] 4 _$Exiensomet . @
_l s Eo [# Project Notes 4
A1- Lengih: Change in =
Xfam] 4
(o000 1 %
024
Al- Lengh: Change in
¥ fam] 14
00000 ] %
04+
Frame Relative Time [s] | &
00000 [ %
Testng Machne:Force [ 0,6
IN]
(284000 ] %
Testing Machine: 084
Positon fm) 4 o8
[-o0001 & ¢
Testing Machine: 7
Edensian [rm] -1 T T T T
FemmEe | 0 » v e =
[s1
v
2% Seok to Acference | (@ 7] 4 B W 4 M !:‘ * o [$msetasEnd | | et Manc
Run - Frames Saved 5. = esh 1 2 B Recompute I~
;| The project was loaded from D:\04_SHEAR_TEST\2021_06_Smyk_DPS00\DP500_Smer_S0_VZ1.mpr. p

K...Strength coefficient [MPa],
n...Strain hardening exponent [-],
@pl. .. Plastic strain [-],

@o...Offset of strain [-].

Fig. 3 Working environment of the software Mercury RT

3 Results

The recording and evaluation of the deformation
in the scanned area (shear zone) of the test specimen
was performed using the contact-less optical photo-
grammetry method in the software Mercury RT, as
described above. Own recording and course of defor-
mation during the test under shear loading conditions
in the working environment of the given software is
illustrated in Figure 4, where can be seen the distri-
bution of the major strain in the measured region on
the left side and recorded values of revelant force on
the right.

Subsequent complete processing and evaluation of
the relevant data was carried out in software Origin
2020, where was possible to finally expressed the de-
pendence of the actual shear stress acting in the shear
plane of test specimen on the relevant deformation
(stress-strain curve). These resultant stress-strain de-
pendences with respect to the relevant rolling di-
rection of the tested material are graphically represen-
ted in Figure 5 and selected mechanical values of the
material arisng from the plane shear test (shear yield
strength 1, shear strength limit 1) are summerized in
Table 1.

Tab. 1 Selected mechanical properties of Dual Phase Steel DP500 and approximation coefficients

Rolling direction [°] Tps [MPa] 1. [MPa] K [MPa] n[] o [-]
0 318.20 490.26 630.56276 0.11014 0.00401
45 331.09 460.77 534.67822 0.07098 0.00304
90 387.45 468.09 576.34634 0.08725 0.00492
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Fig. 4 Vigualization of major strain during the plane shear test in the working environment of software Mercury KT
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Fig. 6 Krupkowski law (approximation) of the stress-strain
curve for chosen rolling direction 0°

Mathematical approximation of the material harde-
ning curves (stress-strain curves) according to Krup-
kowski is for the chosen rolling direction O°illustrated
in Figure 6 and values of the approximation coeffi-
cients K, n and ¢0 obtained from the own approxima-
tion are subsequently shown in Table 1 for the indivi-
dual rolling directions 0°, 45° and 90°.

4 Conclusion

The aim of this paper was to characterize and clas-
sify the mechanical properties of the dual-phase steel
DP500 under the condition of loading the test speci-
men by the planr shear stress state. Testing under
these conditions was carried out in order to determine
the stress-strain characteristics of the selected material
(DP500) under the given loading method. Resulting
mechanical properties of the material under shear loa-
ding and dependence of the shear stress on the corre-
sponding deformation are shown and described in the
chapter above. These determined material characteris-
tics, which were "mathematized" by the Krupkowski
approximation, can be applied in the future to the me-
tal forming numerical simulation and can be used for
a more accurate definition of the material computati-
onal model in these numerical simulations. Thus, to
improve the validity of the numerical simulations re-
sults in light of deformation during a given forming
process and also the subsequent springback of the ma-
terial.
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