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Abstract

The forming history influences the mechanical properties and the formability of sheet metals. Numerous models and
approaches have been published to implement this influence into FE-tools, based on isotropic damage or failure criterions.
In this paper, the influence of a uniaxial pre-forming and a change in loading direction on the material parameters is inves-
tigated for two different steel grades in tensile tests. It was found, that a change in loading direction significantly affects the
mechanical properties of the material. The force—displacement curves obtained from nanoindentation experiments were
utilized to determine the flow curves for single grains as well as grain boundaries of the pre-formed materials. This was done
by inverse parameter identification using finite element analysis.
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Introduction

Precise sheet metal forming simulations require a precise
knowledge about the material behaviour. The material
behaviour is often characterized by simple, monotonic
experiments such as tensile, shear or biaxial tests. However,
most sheet metal forming processes have a complex loading
history which has to be taken into account. Various stud-
ies have been published in order to measure and model the
material behaviour under complex loadings. Barlat et al. [1]
investigated the influence of a uniaxial pre-forming on the
mechanical parameters of a AA1050-O under various load-
ing conditions. They found, that the height of the pre-form-
ing influences the flow curve which is due to three effects.
For low strains the Bauschinger effect plays an important
role, followed by a reorganisation of dislocation structures
and for larger strains texture evolution. It was shown, that
the material parameters are strongly affected by a change in
loading paths as well as the amount of pre-strain. Further
investigations found, that a change in the loading direction
with regard to the initial forming direction has a great influ-
ence on the material. Where Tarigopula et al. [25] found,
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that the bigger the change in loading direction of a DP80O is,
the bigger the difference in the transient behaviour is. Many
approaches such as the Homogenous Anisotropic Harden-
ing (HAH) model by Barlat et al. [2] or the crystal plastic
models such as the Viscoplastic Self-Consistent Crystal
Plasticity frame work (VPSC) by Lebensohn and Tomé [17]
have been published to model the influence of pre-strain-
ing, change in load paths as well as the change in loading
direction on the material behaviour, which was successfully
used to simulate non-proportional loading of DP780 and
CHSP45R by Kim et al. [14] and for a TRIP780 steel by
Zaman et al. [33]. Next to these models also approaches
using a mixed isotropic and kinematic hardening could be
used to simulate non-proportional loading with a change in
loading direction as done by Larsson et al. [16] for a DP600
and a DP1200. Most of these publications use interrupted
experiments where the specimen is unloaded after a certain
amount of pre-forming. Merklein et al. [19] were able to
create strain paths with a continuous change in between dif-
ferent load cases. This was done by a biaxial test machine in
combination with a cruciform specimen.

The influence of a change in loading direction for ten-
sile tests of the mild steel DCO5 and the aluminium alloy
AA6016 was shown by Manopulo et al. [18]. It was found,
that the DCOS5 steel is more sensitive to a change in loading
direction compared to the AA6016. This effect is predicted
well by a Modified Maximum Force Criterion (MMFC) in
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combination with a HAH model. A strong effect is also cap-
tured for the elastic—plastic transition of a DP800, where the
strongest effect was captured for an orthogonal reloading of
the material Tarigopula et al. [25].

The reason for this behaviour is found in the dislocations,
the texture as well as the microstructure of the material (e.g.
Barlat et al. [1]. By using TEM analysis Clausmeyer et al.
[6] found, that for a DCO6 steel cell walls begin to form at
5% deformation. When the material is further elongated until
12% deformation, almost all tangles are incorporated into
cell walls or dense dislocation walls. An orthogonal loading
of the pre-formed material leads to a change in the disloca-
tion structure. Kim et al. [14] used a VPSC in combination
with a dislocation-based hardening model (RGBV) to suc-
cessfully predict the hardening behaviour as well as the ani-
sotropy for a dual-phase steel DP780 and a single phase steel
CHSP45R. The material parameters such as the recovery
parameter, the back-stress parameter and others were found
by a simplex optimization of a uniaxial tension—compression
test data. For the dual-phase steel phase specific parameters
are required for a sufficient accuracy. Vincze et al. [26] have
investigated the mechanical behaviour in tensile tests after a
uniaxial pre-forming for an AA1050-H24 aluminium alloy.
For specimens with a change in loading over 45° an early
softening of the material was found. Therefore, the texture
is not the main source for the material response and further
investigations on the microstructure have to be conducted.
The VSPC models show, that a material model for different
phases in a material are difficult to determine.

One way to obtain the parameters for material phases
is nanoindentation. Choi et al. [5] used a spherical
nanoindentation process to calculate the flow curve for
both phases of a dual-phase steel. By idents with two
different indentor radii of 550 nm and 3.3 pm a suffi-
cient accuracy of the flow curves was obtained. Seok
et al. [22] used a similar procedure to determine the flow
curves for pearlite and ferrite. Casals and Alcala [4]
deployed the force—displacement of a nanoindentation
experiment with a Berkovich indenter by FE-simulation.
They were able to determine the yield stress, Young’s
modulus and the strain hardening parameter by inverse
parameter identification. For the FE-analysis the mesh
size plays an important role, therefore, a sufficiently
small size has to be chosen. Kim et al. [15] were able
to define material parameters for different uniaxial pre-
formed materials. An increase in hardness and decreas-
ing strength coefficients and strain hardening exponents
were observed for the investigated materials.

The forming history not only affects the mechani-
cal parameters but also the formability of a material.
Bergstrom and Olund [3] investigated the influence on
aluminium-killed steel (AK-steel) as well as one alu-
minium alloy. For both materials a significant influence
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of pre-forming on the forming limit curve is found. The
use of the Marciniak—Kuczynski model (M-—K model) by
Graf and Hosford [10] allowed the prediction of forming
limits after pre-forming for an AA2008 T4 alloy which
also showed a dependency on the pre-forming height and
strain state (uniaxial, plane-strain and biaxial tension).
To predict the forming limits of materials subject to non-
proportional load paths Stoughton [23] has proposed a
stress-based model which allows the path independent
determination of forming limits which occurs for strain-
based models. Nevertheless, a precise knowledge about
the yield locus and the hardening behaviour is needed.
This model was later extended to the Polar Effective
Plastic Strain (PEPS) model, which does not show the
strain-hardening limitations of the stress-based mod-
els, by Stoughton and Yoon [24]. Another stress-based
approach is the Modified Maximum Force Criterion
(MMFC) by Hora et al. [13] which has been extended
multiple times Hora et al. [12],Hora and Tong [11]. The
main idea is, that the strain state is shifted to a plain
strain once the maximum force is reached. This model
also requires profound knowledge about the stress—strain
relationship of the material. To increase the robustness,
a phenomenological approach, the so-called General-
ized Forming Limit Concept (GFLC) was published by
Volk et al. [28] and was further extended by Volk and
Suh [31]. This approach uses a database consisting of
bi-linear strain paths to determine the formability of
an arbitrary non-proportional load path. For the data-
base 72 experiments with different pre-strain heights
and pre-strain states are needed. The GFLC is limited
to strain paths with no change in loading direction. All
the presented methods are based on isotropic damage
behaviour. In recent findings it is found, that a change in
loading direction significantly influences the formability
and failure behaviour of a material in Nakajima experi-
ments Volk et al. [30]. Therefore, the GFLC-model was
extended to capture these effects as well by increasing
the database which is needed. The proposed 3D-GFLC
model by Volk et al. [27] was successfully verified by a
novel tool and is able to predict the failure after non-pro-
portional load paths with a change in loading direction.

In the present study, the reason for the anisotropic failure
behaviour is further investigated. As the phenomenological
3D-GFLC model, based on macroscopic findings is able to
predict this behaviour. The reasons for this behaviour are
still not found yet. Therefore, a microscopic investigation
of the microstructure is conducted for two steel grades, a
micro-alloyed steel HC340LA and a mild steel DX56. To
determine the influence of a change in loading directions the
materials are uniaxial pre-formed. Followed by tensile tests
without and with a change in loading direction. The influ-
ence on the mechanical parameters and the fracture strain are
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determined. Using nanoindentation of the pre-formed mate-
rials and inverse parameter determination the flow curves of
the grains and the grain boundaries were obtained.

Objective and solution strategy

In this paper, the results of Volk et al. [30] are further inves-
tigated. Nakajima experiments of pre-formed HC340LA
steel under various loading directions showed a significant
influence of the pre-forming and the change in loading direc-
tion on the necking strains. The failure could be separated
in two types. Type I is the failure by localized necking,
where Type II is a shear failure which corresponds with the
early failure of the material, see Fig. 1. It was found, that an
increase in void growth is responsible for the early failure
of the material. By using a phenomenological model, this
material behaviour was successfully predicted. The used
3D-GFLC model is an extension of the GFLC model by the
parameter of loading direction and is also based on various
experiments with different pre-forming heights, pre-forming
states and changes in loading direction. Nevertheless, the
reason for the increased void growth was not investigated.
Vincze et al. [26] have found similar behaviour for AA1050
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material in tensile tests which cannot be captured by the
use of a VSPC model. They stated, that the texture is not
the main source for the material behaviour and additional
investigation on the microstructure has to be done.

Therefore, two steels with a very different microstructure,
DX56 and HC340LA are uniaxial pre-formed and used in
tensile tests under different loading angles.

Experimental setup

The investigated materials were a micro-alloyed steel
HC340LA with an initial thickness of 1 mm and a mild steel
DX56 with an initial thickness of 0.8 mm. Both materials
are single phase steels, with only a ferrite phase present.
Nevertheless, the two materials have a different microstruc-
ture regarding the grain size with the DX56 having a coarse
microstructure and the HC340LA showing a fine microstruc-
ture, see Fig. 2.

To characterize the initial material, tensile tests were per-
formed in 0°, 22.5°, 45°, 67.5° and 90° with respect to the
rolling direction at a constant strain rate of 0.001 1/s. The
forming limit curves were also determined for both materials
to quantify the formability for different stress states using
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Fig. 1 Different failure types according to Volk et al. [30] for Nakajima specimens with no change in loading direction (a=0°) and a change in

loading direction by 90° (a=90°)
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Nakajima tests with varying specimen widths at a constant
punch speed of 1 mm/s. To reduce the friction, a PVC-pad
in combination with a lubricant is used. For the tensile tests
as well as the Nakajima experiments, at least three valid
experiments were conducted.

Pre-straining of the materials

To create the non-proportional load paths, large stripes
of the material were cut out and formed on a hydraulic
press using an oversized Marciniak-tool developed by
Weinschenk and Volk [32]. This tool was already suc-
cessfully used to pre-form materials e.g. Volk et al. [27].
The punch speed was set to a constant value of 15 mm/s
and deep drawing oil was applied on the specimens to
reduce the friction between the punch and the speci-
mens. By changing the drawing depth, the pre-forming
height can be adjusted. All pre-forming specimens
were cut out under 0° with regard to the initial rolling
direction. For the pre-forming process in this investiga-
tion the use of a rectangular specimen geometry with
a specimen width of 250 mm was sufficient as only
uniaxial pre-forming states are investigated. If higher
pre-forming heights or different pre-forming states,
e.g. plane strain or biaxial, are needed, the specimen
geometry has to be adapted. Due to the large, homoge-
neously pre-formed area with a diameter of 100 mm,
see Fig. 3 (a), it is possible to extract five tensile test
specimen out of one pre-formed rectangle. Prior to the
forming process a grid was etched onto the material
surface. After the first forming step, the deformed grid
was measured to determine the pre-forming height. To
measure the strains obtained by pre-forming, the opti-
cal measurement system ARGUS, which also allows the

Major Strain [-]

determination of the strain distribution over a larger
area, was used. The materials were pre-strained to six
different pre-strain heights. For the specimen with a
pre-forming of more than € =0.1, the sheets were pre-
formed in two consecutive steps with oil application
in between the steps. This enables a more homogenous
strain distribution even for high strains. The tensile tests
were cut from the centre of the pre-formed specimen
where the most homogenous strain distribution is found.
The change in loading direction was done by rotating
the tensile test geometry relatively to the initial forming
direction where a denotes the angle between the initial
forming direction and the subsequent loading direction,
as shown in Fig. 3 (b). The final manufacturing process
was done by milling.

Tensile tests

To ensure, that more tensile test specimens can be cut from
a single pre-formed rectangle, the geometry H with a width
of 12.5 mm as proposed in [8] was used. The measurement
of the strain was done by a laser extensometer. The gauge
length for the strain in longitudinal direction was set to
50 mm and a constant strain rate of 0.001 1/s was applied.

Nanoindentation

To identify the strength of the pre-strained microstruc-
ture, the flow curve of the ferrite grains as well as the
grain boundaries are needed. Therefore, nanoindenta-
tion was done on the pre-formed materials to obtain the
force—displacement curves. The indenter tip was a spher-
ical punch with a radius of 5.8 pm and all experiments
were conducted with a loading rate of 0.5 mN/s until
a maximum force of 25 mN was reached. To minimize
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Fig. 3 a Homogeneity of the Major and Minor strain distribution of a DX56 specimen after pre-forming. b Specimen extraction from the pre-

formed specimen and nomenclature of the tensile test specimens

@ Springer



International Journal of Material Forming (2022) 15: 54

Page50f15 54

the influence of the surface roughness, the material was
polished and etched to make the grain boundaries visible.
As the punch is smaller than the grain size for both mate-
rials, single ferrite grains could be tested. For testing the
grain boundaries, indents were made at triple junctions
of grain boundaries. This was done to ensure a sufficient
grain boundary area to be tested.

Experimental results
Initial tensile tests and forming limit curves

Even though the two steel grades are both single phase
ferrite steels, the stress—strain curves are very different.
While the DX56 shows low strength and high ductility,
the HC340LA has an increased strength and a lower duc-
tility which is due to the smaller grain size of the mate-
rial. The micro alloyed steel also shows a pronounced
yield strength for all investigated angles with regard
to the rolling direction. The onset of yielding is deter-
mined by the equivalent yield strength at 0.2% method
(Rp0.2%). The mechanical parameters as well as the
Forming Limit Curve are shown in Fig. 4. In between
the different angles with regard to the rolling direction
only small differences in the fracture strain (A50) and
the uniform elongation (Ag) are visible. The forming
limit curves of the material, obtained by using the time
dependent evaluation method proposed by Volk and Hora
[29], depict a good formability for both materials, where
the DX56 shows a higher formability as expected for this
very ductile steel grade.
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Pre-straining and pre-formed tensile tests

Six different uniaxial pre-strain heights were investigated
in this paper. The height of the pre-forming was chosen
so that a large area between the onset of yielding and the
uniform elongation is covered, see Table 1. It is noted,
that even the highest pre-forming states are still below
the uniform elongation for both materials, ensuring a suf-
ficient remaining formability of the material before the
onset of necking.

After a change in loading direction a loss of form-
ability and an early onset of necking can be detected for
both materials, while the onset of yielding remains unaf-
fected. When the specimens are pre-formed higher than
€pre = 0.05, already a slight change in loading direction
leads to an early necking indicated by uniform elongation
and a decreased fracture elongation (Figs. 5, 6 and 7).
Such a behaviour was also captured by Vincze et al. [26]
for an AA1050 aluminium alloy which was uniaxial pre-
formed up to 13.3%. A VSPC model was used to simulate
this behaviour. When only the texture evolution due to
the pre-forming is taken into account, these effects could
not be captured. Therefore, additional investigations on
the microstructure evolution are required.

Volk et al. [27] and Volk et al. [30], who investigated
the same HC340LA in Nakajima experiments with two
different pre-forming heights and three post-loading
angles with respect to the initial forming direction, also
found a significant loss of formability when the load-
ing direction is changed, but this effect occurred only for
pre-strains higher than those investigated in this paper.
A separation in two different types of failure was done
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Fig.4 Results of the initial tensile test with the (a) DX56 steel and (b) HC340LA steel and the forming limit curves for both materials

Table 1 Uniaxial pre-strain heights in logarithmic strain for the two materials

DX56 0.022 0.046 0.065 0.099 0.15 0.18
+0.001 +0.001 +0.002 +0.003 +0.002 +0.002

HC340LA 0.011 0.046 0.078 0.097 0.12 0.15
+0.001 +0.001 +0.001 +0.016 +0.003 +0.001
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Fig.5 Selected Stress—Strain HC340LA DX56
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where Type I indicates a failure by necking, while Type
II indicates a shear failure.

At certain combinations of pre-forming height and change
in loading direction, a mixed type can occur. The reason for
this behaviour was found in an increased void growth for
pre-formed materials with a change in loading direction. The
different failure types are visible in Fig. 7.

By optical measurement of the occurring strains in tensile
tests, the early localization of strain can be observed, shown
in Fig. 8 and Fig. 9. The loss of global fracture elongation is
therefore due this early localization, leaving the rest of the
tensile test specimen almost undeformed. This localization
area occurs randomly on the parallel length of the specimen,
making it necessary to conduct more experiments to receive
valid results. A closer look at the necking zone shows, that

@ Springer

the maximum strain close before fracture inside the necking
zone is almost the same for the different pre-forming and
angles a. The data from Fig. 6 and Fig. 7 can also be found
in the appendix.

The strain path of the point P of each specimen is pre-
sented in \* MERGEFORMAT Fig. 10. The strain path
shows, that for the specimen with no change in loading
direction (a¢=0°) a shift from uniaxial tensile state to the
plane-strain occurs, indicating a necking of the speci-
men. For the specimen with a change in loading direction
(a=90°), this change cannot be observed.

A closer look at the fracture surfaces reveals dif-
ferent fracture modes. For low pre-forming heights,
the fracture surface shows a ductile fracture behaviour
with void coalescence, regardless of the angle a for the
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5

]

O

5 1.100

S

o

1 —_—
<C wg g . 1 : | c
) 0 % 5 % 10 % 15 % 20 % 23 % 0750 &
& . > &
% ] Global Elongation _’Q

= ©

< 0.300 =

°

> 0

Q

o

1l

0 % 5% 7.5 % 10 % 1%
Global Elongation

Fig. 8 Major Strain distribution for the HC340LA tensile test with a pre-forming of €=0.097 and an angle of a=0° and @ =90°, respectively

HC340LA. When the pre-forming height is increased, the ~ After a pre-forming of € =0.097, and a change in loading
fracture mode changes when a change in loading direc-  direction by a=90°, the HC340LA materials show big
tion occurs. An increase in void size is visible in Fig. 11.  voids. Between the voids a mixed fracture mode between
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Fig. 10 Strain path for point HC340LA DX56
P of the specimens shown in 147 127
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ductile and brittle fracture can be observed. Where the  surfaces of pre-formed Nakajima experiments by Volk
specimen with no change in loading direction («¢=0°) et al. [30].

show only small voids. For the DX56 a ductile failure

in combination with shear mechanisms can be observed ~ Nanoindentation results

for specimens with low pre-forming heights. Higher pre-

forming leads to an increase of the shear mechanisms for ~ To ascertain the effect of pre-forming on the microstruc-
a=0° and o =90° specimens and reduced ductile failure  ture, microstructural analysis and nanoindentation of single
mechanisms. Nevertheless, a change in loading direc-  grains as well as the grain boundaries are conducted. For
tion leads to higher amounts of shear mechanisms and  the inverse calculation of the flow curves the pre-straining
increased void size compared to the specimen with no  heights of ¢,,,=0.046 and ¢,,,=0.097 for the HC340LA

change in loading direction. Therefore, a lower triaxi-  steel and &, =0.046 and ¢,,,,=0.099 for the DX56 steel are
ality and a positive Lode parameter are present during  chosen. The lower pre-forming height is just under the criti-
failure. The combination of a low triaxiality and a posi-  cal pre-forming height and the higher pre-forming height
tive Lode parameter lead to concentrated plastic strain  is the height were a significant loss of formability can be
zones around the voids. The void coalescence is domi-  observed.

nated by shearing, see Zhu et al. [34]. This findings are The experiments revealed, that the grain boundaries

in good agreement with the SEM findings for the fracture =~ have a higher hardness than the grains which also leads
to different indentation depth, respectively (Fig. 12). The
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Fig. 12 Hysteresis curves of the investigated materials, (a) HC340LA, (b) DX56 and pre-forming heights and (c) the resulting average hardness

over the pre-forming strain

hardness of different grains or grain boundaries show
only a little deviation. By indenting the two different
pre-forming heights, it is found, that grain boundaries
also have a higher increase in strength than the ferrite
grains when comparing the two pre-forming heights. For
the numerical simulation, the force—displacement curves
of experiments were chosen which have a hardness close
to the average hardness, which is shown in Fig. 12 (c).
Ohmura et al. [21] found a similar behaviour for an
interstitial-free steel. They also observed, that an indent
close to the grain boundary or on the grain boundary also
has an increased hardness in comparison to the centre

of the grain and that the nanohardness of two different
grains is quite similar. For the experiments conducted in
this study, the amount of pre-forming also changes the
force—displacement curves. A higher pre-strain leads to
a bigger difference in between the hardness of the grains
and the grain boundary (Fig. 15). As a smaller grain size
leads to an increase in strength, the force—displacement
curves for the HC340LA steel are above those from the
DX56 steel. This is in good agreement with the observa-
tions from nanoindentation experiments with two dif-
ferent steels with varying grain size of Miyahara et al.

[20] (Fig. 13).
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These results are used to inverse calibrate the flow
curve for the pre-formed materials. By iterative adjust-
ment of the flow curve the difference between the exper-
imental and the numerical results were minimized and
the flow curves for the grains and the grain boundaries
were determined. The flow curve is modelled by the
Swift approach, which is chosen due to its low number of
parameters which have to be fitted. The three parameters

C, gy and m are optimized until the average deviation
between the experimental force—displacement curve and
the numerical force—displacement curve is below 5%, see
Fig. 14. The 5% boundary was already used by Dias and
Godoy [7], leading to a sufficient accuracy in the deter-
mination of the parameters.

To minimize the time effort and to make use of the
symmetric experimental setup, only a quarter of the

25¢ 257
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20 20 ' |
z z
£ 15+ £ 15+ 1000
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o o
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Displacement [nm] Displacement [nm]
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Fig. 13 Experimental and numerical Force-Displacement curves
from nanoindentation at two pre-form heights (a) €=0.046 and (b)
£=0.099 were the dashed lines represent the simulated results. (c)

Fig. 14 Fitting procedure for the Force — Displacement

Resulting indents depths on a grain boundary (upper picture) and
inside a grain (lower picture)
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Fig. 15 Flow curves obtained by inverse parameter identification for (a) HC340LA and (b) DX56 and (c) the used simulation model
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Table 2 Swift-parameters for the different materials and pre-forming
heights

Pre-Forming Phase C g m

HC340LA 0.046 Grain 737.3 0.04574 0.2

0.046 Grain Bound- 737.3 0.12574 0.19
ary

0.097 Grain 750.0 0.04574 0.15

0.097 Grain Bound- 824.6 0.04888 0.1179
ary

DX56 0.046 Grain 585.0 0.007322 0.1948

0.046 Grain Bound- 612.1 0.008534 0.1849
ary

0.099 Grain 609.7 0.008426 0.1858

0.099 Grain Bound- 649.3 0.01009 0.173

ary

punch and the material are simulated. As the punch
radius is only 5.8 um, very small element sizes have to
be used. In the contact zone of the punch and the mate-
rial, the element size of the 3D tetrahedron elements
(C3D10M element type in ABAQUS) is set to 50 nm.
Referable to the very small measured displacement, the
elastic deformation of the spherical diamond punch has
to be taken into account as well. Due to the small con-
tact area of the punch and the material, stresses up to
1850 MPa can be observed at the tip of the punch, see
Fig. 15. Therefore, the elastic deformation is simulated
by applying a Young’s modulus of 1141 GPa and it is
assumed that no plastic deformation of the punch occurs
based on the high yield strength of diamond of 130 GPa
found by Eremets et al. [9]. The maximum elastic defor-
mation of the punch is about 6.8 nm for the HC340LA
grain boundary at a pre-forming of € =0.097. By ignor-
ing the elastic deformation, an error of 1.8% in displace-
ment of the punch is made. In contrast to the indentation
simulations of Dias and Godoy [7] and Casals and Alcala
[4], which assumed frictionless contact between the
punch and the material, a friction coefficient of p=0.01
is assumed. The stresses, strains and displacement of the
material can be found in Appendix B.

The obtained Swift parameters for the flow curves from
the FE-analysis can be found in Table 2. The young’s modu-
lus is set to E=210 GPa for all materials and pre-forming
heights.

Conclusion

In this study, two single-phase ferrite steels, HC340LA and
DX56, were subjected to tensile tests after pre-forming. Six
different pre-forming heights, ranging from €=0.01 up to
€=0.15 for the HC340LA steel and €e=0.02 up to £=0.18
for the DX56 steel were investigated. To investigate the
influence of a change in loading direction after pre-forming,
the tests were conducted under 0°, 22.5°, 45°, 67.5° and 90°
to the initial loading direction which was under 0° to the
rolling direction. The experimental and numerical results
lead to the following conclusions:

e The amount of pre-forming as well as a change in loading
direction have a significant influence on the mechanical
parameters as well as the formability for both investi-
gated materials.

e SEM —images showed, that a change in the failure mode
occurs for high pre-forming heights and a change in load-
ing direction. The failure mode is changed from ductile
fracture to a mixed mode between ductile and brittle frac-
ture.

¢ By using nanoindentation and a following inverse param-
eter finding, the flow curves for the grains as well as the
grain boundaries were determined. The grain bounda-
ries show a higher strength than the grains and also a
higher increase in strength during forming. For the fine-
grained HC340LA steel, the hardness is higher than for
the coarse-grained DX56 steel.

In the current study only single-phase steels have been
investigated, so therefore further research is required to
investigate the effects for materials with two or more phases
or inclusions as well as other materials like aluminium alloys
where the strength of the material is caused by other mecha-
nisms than grain boundaries.
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Appendix A. Additional experimental data

Table 3

Table3 Rp0.2% in MPa

dependent on the pre-forming Angle o [] Pre-Forming [-]

height and the angle « for DX56 0.022 0.046 0.065 0.095 0.155 0.185
0° 204.89 239.29 256.85 290.96 319.94 332.3
22.5° 214.09 247.78 274.15 304.71 334.62 349.9
45° 223.86 260.98 292.21 323.82 366.51 376.47
67.5° 214.21 247.59 273.48 299.43 345.39 359.16
90° 200.77 231.08 258.31 285.83 320.33 328.93
Table 4

Table 4 Rp0.2% in MPa

dependent on the pre-forming Angle o [%] Pre-Forming [-]

height and the angle o for 0.011 0.044 0.078 0.097 0.123 0.147

HC340LA
0° 338.04 412.41 453.81 473.62 494.39 531.63
22.5° 342.04 406.19 453.22 472.49 491.66 494.19
45° 355.63 415.49 455.36 453.87 497.92 524.41
67.5° 357.91 415.94 455.19 485.36 500.93 535.15
90° 354.60 415.74 454.61 484.22 510.48 500.88

Table 5

Table 5 Uniform Elongati(?n Angle o [°] Pre-Forming [-]

dependent on the pre-forming

height and the angle o for DX56 0.022 0.046 0.065 0.095 0.155 0.185
0° 0.222 0.198 0.176 0.138 0.073 0.047
22.5° 0.228 0.202 0.177 0.009 0.006 0.005
45° 0.219 0.194 0.159 0.006 0.005 0.005
67.5° 0.222 0.202 0.169 0.008 0.008 0.008
90° 0.232 0.220 0.179 0.012 0.010 0.010

Table 6

Table 6 Uniform Elongati(?n Angle «[°]  Pre-Forming [-]

dependent on the pre-forming

height and the angle o for 0.022 0.046 0.065 0.095 0.155 0.185

HC340LA
0° 0.179 0.133 0.099 0.072 0.039 0.002
22.5° 0.177 0.138 0.058 0.006 0.006 0.006
45° 0.174 0.128 0.007 0.007 0.006 0.006
67.5° 0.169 0.127 0.009 0.008 0.007 0.008
90° 0.169 0.129 0.011 0.009 0.009 0.011
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Table 7

Table 7 Fracture Elongation

Angle a [ Pre-Forming [-
dependent on the pre-forming ngle o [°] re-Forming [-]

height and the angle o for DX56 0.022 0.046 0.065 0.095 0.155 0.185
0° 0.413 0.394 0.372 0.353 0.267 0.274
22.5° 0.408 0.387 0.375 0.321 0.199 0.130
45° 0.395 0.369 0.349 0.245 0.124 0.092
67.5° 0.394 0.379 0.361 0.277 0.112 0.111
90° 0.413 0.408 0.389 0.283 0.139 0.116

Table 8

Table 8 Fracture Elongati(?n Angle o [°] Pre-Forming [-]

dependent on the pre-forming

height and the angle o for 0.022 0.046 0.065 0.095 0.155 0.185

HC340LA
0° 0.293 0.256 0.227 0.214 0.187 0.123
22.5° 0.291 0.255 0.225 0.123 0.107 0.109
45° 0.299 0.275 0.154 0.129 0.077 0.054
67.5° 0.281 0.259 0.121 0.079 0.067 0.049
90° 0.283 0.237 0.120 0.084 0.068 0.053

Appendix B. Additional simulation data

Figure 16
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Fig. 16 v. Mises stress, v. Mises Strain and the displacement in z for a nanoindentation simulation
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