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Abstract
For bulk material it is very well known, that the material properties differ between the material near the surface and the 
inner material (i.e. segregations). However, for sheet material a gradient of material properties in depth direction and its 
influence on forming processes was not yet investigated. Within experiments on sheet steel 1.0338 (DC04) a gradient in 
material properties was proven by hardness measurements for both unprocessed material as well as after conducting form-
ing and milling processes. The characterisation shows a gradient in material hardness over the entire sheet thickness. The 
experimental results regarding forming processes, such as rolling and bending, additionally show an increase of the materials 
hardness due to work hardening. The problem from the inhomogeneous material properties leads to an inaccurate prediction 
of the forming behaviour of the workpiece in further processing. Machining experiments were conducted for transferring the 
knowledge of modified surface and subsurface layers onto forming processes and their simulation. The bending experiments 
and the corresponding process simulation of the spring back behaviour show, that the implementation of an inhomogeneous 
material property increases the prediction accuracy. Notably the prediction of the spring back behaviour of thinner sheet 
metals is highly improved. Therefore, an analysis of sheet metal properties in thickness direction and their consideration in 
forming process simulations is inevitable for the implementation of accurate material models.

Keywords Milling · Rolling · Bending · Surface-to-volume-ratio · Work hardening · Material modification

1 Introduction

Sheet metal forming processes, such as deep drawing or roll-
ing are well established in industrial applications. Metals 
and alloys used in this processes are specifically designed 
to meet the corresponding requirements and material 

properties. Due to the low material thickness and the shell 
formulation, the material properties in forming process sim-
ulations are currently approximated as homogeneous over 
the thickness direction. The assumed homogeneity could be 
one reason, why the simulation accuracy of forming pro-
cesses is not yet ideal. In most simulations, shell elements 
are used, and prestrains or prestresses are not considered. 
Otherwise recent studies show, that the material properties 
are not constant over the sheet thickness. Bolka et al. [1] 
showed a characterization method for identifying varying 
parameters in the out-of-plane-direction, while Grassino 
et al. [2] identified skin pass rolling paramters as relevant 
for gradients in material properties. Those gradients of mate-
rial properties can be induced in the workpiece by former 
process steps like a pass reduction by rolling, sheet metal 
straightening methods [3] or premachining steps like mill-
ing or turning [4]. Therefore, a simulation model using vol-
ume or solid elements with respect to gradients of mate-
rial properties is required, to model a deep drawing process 
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more precisely. Additionally, for a more accurate numerical 
description of the forming behaviour, the sheet springback 
after the removal of deforming forces needs to be considered 
[5]. In particular, new high-strength steel materials exhibit 
significantly greater springback compared to the conven-
tional steel grades. This leads to deviations from the ideally 
desired component geometry in the form of angle changes, 
frame distortions, radius changes and twisting of component 
zones [6].

However, the effects of gradients in material proper-
ties are well investigated in milling and cutting processes. 
These findings and methods are transferred onto forming 
processes and their simulation within this interdisciplinary 
study. In recent years, machining and especially its influence 
on surface integrity was in focus of many research studies. 
Particular efforts have been made to investigate the effects 
of mechanical and thermal loads in machining by Brinks-
meier et al. [7], which lead to changes of the surface and 
subsurface material zone defined by the machining process 
[8] resulting in gradients of material properties [9]. These 
material modifications in the surface and subsurface zone, 
namely hardness, residual stresses or surface topography, 
offer potential to improve certain functional properties of 
workpieces in their application [7]. For bulk material work-
pieces with a three-dimensional body the modified surface 
topography and modified material in the subsurface zone 
will hardly influence the volumetrical properties of the 
workpiece (e.g. tensile strength) due to the comparatively 
small surface-to-volume-ratio [10], as described in Table 1. 
On the other hand, in sheet metal workpieces with a approxi-
matively two-dimensional body and therefore a high surface-
to-volume-ratio the volumetrical properties of the workpiece 
will be affected due to a modified surface and subsurface 
material.

Because sheet metal is usually applied in forming pro-
cesses but not in milling and turning processes, the influ-
ence of machining operations on the material properties of 
the subsurface zone of sheet metals is not well known, but 
offers potential to gain knowledge of gradients of material 

properties. As the materials are designed to offer a high 
potential to plastically form under load, a high deforma-
tion in cutting is also expected, especially compared to the 
low workpiece thickness. This could additionally impact 
the overall material properties, which are relevant for sub-
sequent forming processes. To predict forming processes 
more precisely, a process simulation with modified material 
properties in different depth zones is considered. Research 
shows, that gradients in the material properties of sheet met-
als and its influece on deep drawing processes are hardly 
investigated. This is due to the deep drawing processes being 
mostly simplified to a workpiece with shell element proper-
ties to lower simulation expense.

To accommodate for a better process simulation, a 
detailed and holistic analysis of material properties in all 
three dimensions including the thickness is not yet available, 
but considered as mandatory.

2  Material properties of sheet metals

As mentioned prior, selected workpiece material properties 
are important for forming processes. As these properties 
directly depend on material mechanisms occuring during the 
workpieces’ preparation, their influence has to be analysed. 
The major material mechanisms due to mechanical process 
loads identified in current studies are work hardening [8] 
and post-dynamic recrystallisation [11]. The work or strain 
hardening behaviour (Fig. 1) is also one of the main aspects 
in numerical calculations of forming processes.

Within prior investigations, micro hardness already has 
been identified as a proper indicator for work hardening [12] 
and gradients can be seen in thickness direction of sheet 
metals. For process simulations, the yield strength YS as 
well as the strain hardening exponent n and the yield loci 
need to be determined and used in the prediction of the 
material behaviour. These parameters are highly influenced 
by the hardening behaviour. Depending on the material as 
well as the load state different hardening mechanisms are 

Table 1  Different workpiece 
dimensions resulting in a 
different surface-to-volume-
ratio

Dimensions Volumetrical material Sheet material
b ≈ l ≈ h b ≈ l ≫ t

Visualisation

h

b
l

b lt

Surface A = 2 × b × h + 2 × b × l + 2 × h × l with h ≈ 0: A ≈ 2 × b × l
Volume V = b × l × h with h ≈ 0: V ≈ b × l × t
Processes with regarding 

workpiece dimensions
Turning, Milling, Grinding, Bulk forming Rolling, Strech forming, Deep 

drawing, Bending Micro 
machining
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present and need to be considered—especially in numerical 
modelling for accurate descriptions of the forming behav-
iour of sheet metals. The most basic mechanism is isotropic 
hardening, which leads to an expansion of the yield surface 
under plastic deformation on the basis of dislocation forma-
tion. When it comes to nonlinear strain paths during form-
ing processes, the kinematic hardening must also be taken 
into account. The kinematic hardening mechanism leads to 
a change of the material’s work hardening and has a high 
influence on the forming behaviour of high-strength steels 
in particular. Bauschinger et al. [13] and later Chaboche and 
Rousselier [14] developed material models, which combine 
the isotropic as well as the kinematic hardening during plas-
tification. A more complex model is given by Yoshida and 
Uemori [15], which requires seven different input parameters 
for an even more accurate prediction of the material behav-
iour. In the case of rolling processes, anisotropy is of high 
relevance because longitudinal rolling leads to an elongation 
of grains and thus, to an anisotropic effect on the material 
properties. Conventional plasticity models assume that the 
shape of the yield surface remains constant throughout the 
plastic deformation resulting in inaccuracies in the predic-
tion of the forming behaviour of anisotropic sheet material. 
Thus, Yoshida et al. [16] developed an anisotropic hardening 
model. By comparing calculated results based on a varia-
tion of anisotropic input parameters and experimental results 
from different aluminium and stainless steels the model vas 
validated [16].

For the experimental determination of work hardening 
within the material, tensile test results as well as a char-
acterisation of the grain structure can also be directly cor-
related in addition to hardness measurements. During this 

investigation, an analysis of material properties within 
1.0338 (DC04) sheet steel after different machining and 
forming processes was conducted. The mechanical proper-
ties of the workpiece material transverse to the rolling are 
summarized in Table 2.

To further highlight the different material properties in 
different layers of the sheet steel, the grain texture of sheet 
material was characterised within this investigation using 
an electron microscope. The results in Table 3 show, that 
even in unprocessed material, a difference in the orientation 
of grain boundaries can be visualized, with the outer layers 
being more deformed due to the rolling process performed 
to achieve the desired sheet thickness.

This indicates a significant influence of prior process 
steps on the material properties in different layers within 
the sheet steel. Additionally, a grain orientation in deep roll-
ing direction can be detected at the surface, indicating that 
the surface texture can be used as an indicator for differ-
ent cutting mechanics during machining and thus, possible 
occuring deformation and work hardening effects in the 
subsurface material. In this context, different pre-processing 
methods are subsequently applied to the sheet steel.

2.1  Influence of rolling on material properties

Machining processes are proven to have different influences 
on material modifications and therefore on material prop-
erties, as previously shown for steel 42CrMo4 by Brinks-
meier et al. [7] with the introduction aof process signatures, 
and Borchers et al. [8] in connected process chains. This 
behaviour is also expected to occur in sheet metals specifi-
cally designed for use in forming processes. The expectation 

Fig. 1  Work hardening mechanism, influence on material properties and process examples

Table 2  Mechanical material properties of commercially available steel 1.0338 (DC04) [21–23]

Property YS [MPa] TS [MPa] TE [%] N HV0.05 ρ [g/cm3] Λ [W/(m °C)]

Value  ≤ 169 270–320  ≥ 49 0.21 124.5 7.86 45–55
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was investigated in a rolling process for the cold forming 
steel 1.0338 (DC04) with 2.0 mm and 3.0 mm as the initial 
thickness  t0 in accordance to skin pass processes, as seen 
in Fig. 2.

The targeted pass reduction for both initial sheet thick-
nesses of 2.0 mm and 3.0 mm is 15% and 10% respectively. 
This pass reduction guarantees a pronounced plastic defor-
mation of the material and thus a sufficient influence on the 
material properties in sheet thickness direction is expected. 
The reduced pass reduction of 10% for the thicker material 
with 3.0 mm is chosen in order to investigate, if a narrow 
hardened surface layer in comparison to the thickness has 
an influence on the later forming behaviour.

As a first indicator for a change in material properties, 
the gradation of the micro hardness in the initial and the 
preloaded workpieces was characterised over the sheet thick-
ness. The results are shown in Fig. 3.

The micro hardness measurements show, that the hard-
ness is increasing about 24% for 1.0338 (DC04) with 3.0 mm 
and about 50% for 1.0338 (DC04) with 2.0 mm in general. 
It is also interesting, that the influence on the outer layer 
is more pronounced for a sheet thickness of 3.0 mm. The 
rather easy and fast method of micro hardness measurements 
proves to be suitable to show gradients for strength-related 
material properties influenced by work hardening effects. 
From our observations, a key conclusion can be derived 
regarding the influence of rolling on material properties:

• Overall hardening and hardening on the outer layers is 
increased by rolling processes and skin passes.

• Rolling leads to an inhomogeneous plastification and 
stress distribution over the sheet thickness, like shown 
in Fig. 4.

2.2  Influence of bending on material properties

In further investigations regarding the influence of processes 
on material properties, bending was considered, as bending 
processes are common in modern forming applications [17]. 
An analysis of the bending behaviour of the workpieces cre-
ated within the rolling process was performed. In the experi-
ments, a common bending setup is used to analyse the bend-
ing behaviour, as shown in Fig. 5.

Steel 1.0338 (DC04) was bent in an initial material state 
as well as pre-processed state, for both initial thicknesses 
of 2.0 mm and 3.0 mm and a 15% reduction of the initial 
thicknesses in a rolling process. The bending operation was 
followed by a hardening analysis. The results of the punch 
forces and micro hardness measurements are visualized in 
Figs. 6 and 7.

The bending force was correlated to the corresponding 
sheet thickness  t0. As shown, a higher yield strength YS 
and different strain exponents were achieved. For both Ta
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1 0 0

Fig. 2  Cold rolling stand and schematical image of the cold rolling setup

Fig. 3  Illustration of the results from the micro hardness line measurements over the sheet thicknesses of non-deformed and preloaded 1.0338 
(DC04)

Fig. 4  Equivalent stress distri-
bution in rolling process
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initial materials with 2.0 mm and 3.0 mm thickness sig-
nificant hardening is shown after rolling compared to the 
initial state. Further measurements were done with initial 
material that was ground without deformation to the same 
sheet thickness of the rolled material. Therefore, the influ-
ence of the sheet thickness was separated from the influ-
ence of the hardening after rolling. It is evident that the 
impact of rolling predominates over that of the reduction 
in sheet thickness. Excluding the effects of the reduced 
sheet thickness, the first finding is, that the pass reduc-
tion leads to a rise of bending forces of about 20–25%. 

Considering the hardness measurements over the sheet 
thickness, it is assumed, that the hardening of outer lay-
ers has a high influence of forming operations including 
bending. This can be explained by the elemental bending 
theory which defines the maximum compressive and ten-
sile stresses at the edge of the bending beam. The result is, 
that because of the material hardening in exactly this areas 
of the cross section, it leads to a higher resistance against 
an occurring bending torque during forming.

In addition to hardness measurements on the plane 
sheets, also the bent states for both initial and rolled 

Fig. 5  Three point bending 
test setup with optical strain 
measurement

0

0 

1

0 0

11

0.3 0.4

Fig. 6  Diagram with specific punch force over major strain in comparison for different material states, a initial state, b ground and c rolled

Fig. 7  Micro hardness measure-
ments for initial state and rolled 
material with and without 
bending
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conditions were investigated. Thus, micro hardness meas-
urements were performed for four different material states: 
(a) initial state without bending, (b) initial state with bend-
ing, (c) rolled state without bending and (d) rolled state 
with bending. In Fig. 7 it can be seen, that rolling itself 
leads to a rise of the micro hardness. This means for exam-
ple a rise from around 125 HV to about 175 HV for the 
2.0 mm thick 1.0338 (DC04).

Also, a rise of the hardness in the outer layers was 
investigated after a bending process in the initial state. 
On the other side, the effect of bending after the rolling 
process on the micro hardness is lower compared to the 
initial state. For the material 1.0338 (DC04) in 3.0 mm, 
the influence of hardening can be seen on the sheet side 
where tension occurs. As already seen in Fig. 6 with the 
punch forces correlated to major strain, the effect is higher 
for the material with 2.0 mm. A possible explanation are 
different process routes in the rolling process. Material 
with 2.0 mm thickness is usually produced by cold roll-
ing while sheet metal with 3.0 mm is mostly processed 
with warm rolling. Warm rolling can lead to recovery pro-
cesses, which also reduce the described effect. This is one 
aspect explaining the different results and could also be 
one aspect of further investigations.

Different material properties especially occur in the 
outer layers, determined with hardness measurements. 
From our observations, two key conclusions can be drawn 
regarding the influence of bending on material properties:

• Preloading of sheet metal has a significant influence on 
the bending and therefore forming behaviour.

• Preloading of sheet metal has a significant influence on 
the materials hardness.

• Numerical calculations must take into account preload-
ing, especially considering the prediction of the spring 
back behaviour.

2.3  Influence of slot milling on material properties

To investigate the influence of a machining process on the 
material properties of sheet steel 1.0338 (DC04), slot milling 
experiments were conducted using different dephts of cut. 
Therefore the influecnce of the ratio between the machined 
material volume and the remaining material volume on the 
resulting surface layer at otherwise constant cutting con-
ditions was analyzed. Contrary to the machining of highly 
threedimensional workpieces, a different heat flow in a 
twodimensional workpiece could impact the material modi-
fication in the surface and subsurface zone. Additionally, it 

Fig. 8  Milling setup (left), 
workpiece with multiple slots 
(middle) and schematical image 
of the milling process for one 
single slot (right)

Fig. 9  Modified subsurface 
zone of steel 1.0338 (DC04) 
caused by milling with different 
depths of cut  ap
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is expected, that due to the machining process, the modi-
fied surface layer exemplary shows a high gradient in mate-
rial properties, potentially maximizing the effect of differ-
ent material properties over the sheet thickness, which are 
relevant in forming process simulations. The experiments 
(Fig. 8) were conducted on workpieces with an initial mate-
rial thickness of 3.0 mm, where a slot with varying depth 
of cut  ap = 0.5–2.0 mm were milled with a cutting speed 
of  vc = 150 m/min and a feed of  vf = 1100 mm/s. Figure 9 
examplary shows the deformation in grain stucture resulting 
from slot milling steel 1.0338 (DC04).

As an indicator for different possible gradients in mate-
rial properties resulting from the machining, micro hardness 
measurements were performed in crosssections in the vicin-
ity of the bottom of the milled slots. Taking into account 
the relatively small impact of machining, a subsurface layer 
of 30 μm was analyzed using the Vickers method with an 
indentation force of 10 mN and a holding time of 10 s. An 
interaction between the hardness measurements can be 
excluded, as the distances between individual measurements 
is chosen high enough (Fig. 10). The results are visualized 
in Fig. 11.

As expected, the hardness of the material near the 
machined surface rises due to the plastification occuring 
during the machining process. The hardness reaches val-
ues of up to 350 HV, with the hardness value in a depth of 
30 μm from the machined surface still exceeding 200 HV. 
Compared to the base value of the sheet steel 1.0338 (DC04) 
being 125 HV characterised during the bending processes, 
a significant influence of the machining is obvious. Until 
now, it was not known, whether the different heat flow 
within sheet metals compared to three dimensional work-
pieces influences the material modification in the surface 
layer. From the experimental setup of this investigation, 
an influence of the heat flow can be concluded, but further 
investigations and simulations need to be conducted for 
quantification.

Summarizing these results, two key conclusions can be 
drawn regarding the influence of slot milling on material 
properties of sheet steel 1.0338 (DC04):

• Overall hardness of the outer layers is increased by a 
milling process.

Fig. 10  Micro hardness meas-
urement indents on the ground 
of a milled slot

Fig. 11  Micro hardness depth 
gradient in the machined sur-
face after slot milling

p
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• The modification of the surface layer possibly depends 
on the thickness of the remaining material.

2.4  Influence of material properties on springback 
prediction

The characterisation of the thickness variation of the sheet 
finds an application in sheet metal forming process simula-
tion. Process simulations using the finite element method 
can improve the process of tool designing and the choice of 
optimum process parameters by limiting the use of expen-
sive and time consuming try-outs [18]. One of the main 
objectives of the simulations is the prediction of the spring 
back. However, its simulation is very sensitive to the mate-
rial models and parameters employed. In this section, the 
influence of the gradient of the material properties on the 
numerical simulation of the spring back will be studied.

As previously shown, the different steps of the produc-
tion of flat products, especially by cold rolling, lead to non-
uniform deformations in the sheet, which in turn result in a 
varying plastic history along the thickness of the sheet. In 
deep drawing processes, different states of stress and strain 
can be achieved, but in any case, the sheet is bent and then 
unbent along the dies edge. As experimentally illustrated in 

the previous section, the non-homogeneity of the deforma-
tions along the thickness particularly influences this type 
of loading. In the present investigation, a simple model is 
proposed. It can be assumed, that for any point in the sheet 
the material follows the same strain hardening curve, but that 
the equivalent plastic strain varies over the sheet thickness.

In the numerical simulation of the deep drawing process, 
shell elements were used. These elements have a number of 
integration points distributed over the thickness (nine in this 
case) and it is possible to assign a different initial equivalent 
plastic deformation to each integration point. As shown in 
Fig. 12, each integration point was assigned a different ini-
tial equivalent strain. The choice of the initial deformation 
was made in such a way, that the average yield point over 
the thickness was the same regardless of the stress distribu-
tion, i.e.:

Within this equations, � is a parameter denoting the distri-
bution of the initial yield stress. When � = 1 the distribution 
of the initial plastic deformation is homogeneous and the 
higher the value, the more pronounced the inhomogeneity.

The tool chosen for the investigation of this effect is a 
U-Profile tool with a macro structured blank holder and a 
die, that has previously been used to study the influence on 
spring back prediction [19]. The schematics of the tool are 

(1)�y,avg =
1

3
�y,1 +

2

3
�y,2

(2)�y,2 = � ⋅ �y,1

Fig. 12  Integration point dependent yield stress

Fig. 13  U-profile tool schematics

Table 4  Hocket-Sherby parameters

Parameter a b c q

Value 673 500 1.57 0.59
Units MPa MPa Ø Ø
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presented in Fig. 13. In this configuration the blank holder 
was fixed and does not move relatively to the die.

The simulation was implemented in LS-DYNA 12.0.0 
using fully integrated four nodes shell elements 
(ELFORM 16). The forming simulation was done using 
an explicit scheme and mass scaling, while the spring back 
simulation was completed using an implicit scheme. J2 plas-
ticity with a Hocket-Sherby hardening law [20] was used as 
represented by the equation:

The parameter values and units are given in Table 4. They 
were determined based on the results from fitting the tensile 
tests realized on the 2 mm thick 1.0338 (DC04) used in the 
previous sections.

Twelve simulations were performed with three sheet 
thicknesses (1 mm, 2 mm and 3 mm) and four different val-
ues for � (1.0, 1.3, 1.7 and 2.0) respectively. The average 
initial plastic strain 

(

�p,avg

)

 was 0.1 for each simulation. The 
final geometry of the part after the spring back simulation 
was evaluated. Using a python script, the values of different 
profile features ( R , �1 and �2 ) were computed. The differ-
ences between the baseline simulation with a homogene-
ous initial strain distribution of � = 1 and the other simula-
tions were then calculated for each feature and presented in 
Fig. 14. The values for the homogeneous simulation ( � = 1 ) 
are given in Table 5.

(3)�y = a − b ⋅ exp
(

−c ⋅ �q
p

)

The results show, that that the inhomogeneity of the ini-
tial deformation appears to have an influence on the pre-
dicted feature values. This influence is particularly important 
for the radius of curvature of the vertical flank R and for 
the angle �2 . Additionally, a smaller thickness of the sheet 
further increases this effect, resulting in the prediction of the 
spring back behaviour of sheets with a thickness of 1 mm 
having the highest discrepancies between simulation and 
experiments. On the other hand with a 3 mm thick sheet the 
differences are almost negligible. It is also evident that the 
more inhomogeneous the sheet is (i.e. a larger α) the differ-
ences are more pronounced.

From the results of the simulation of the spring back 
behaviour, two key conclusions can be drawn:

• With a higher sheet thickness, the simulation gains accu-
racy. This corresponds to the assumption, that graded 
material properties are more relevant in thin sheet materi-
als during forming processes and subsequent springback.

• The consideration of a gradient in the material properties 
in different sheet layers increases the accuracy of the pro-
cess simulation, espacially in thinner sheet thicknesses.

3  Discussion

A gradient in depth direction of material properties of sheet 
steel 1.0338 (DC04) was shown by hardness measurements 
after forming and milling processes. These gradients of the 
material properties are currently disregarded in common 
deep drawing and forming process simulations, which lead 
to a significant loss of accuracy in the prediction of process 
results, especially for thinner sheet metals with even higher 
surface-to-volume-ratios. The experiments and the corre-
sponding process simulation of the spring back behaviour 
within this investigation show, that the implementation of an 
inhomogeneous material property increases the prediction 

Fig. 14  Influence of α on the prediction of different features of the profile

Table 5  Predicted value for the features of the profile with � = 1

Feature 1 mm 2 mm 3 mm Units

�
1

68.8 74.4 76.25 °
�
2

31.6 22 20.55 °
R 477 654 456 mm
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accuracy. It is also proven, that a preloading on the outer 
layers of sheet metals has a significant influence on the bend-
ing and therefore forming behaviour. This is especially true 
for workpieces within the milling experiments, which was 
used as an intentionally fast forming process to maximize 
the surface and subsurface material modification. The sub-
surface layer in this case was hardened to nearly double the 
Vickers hardness of the underlaying material. Therefore, an 
analysis of sheet metal properties in thickness direction and 
their consideration in a forming process simulation is inevi-
table to implement accurate and process adequate material 
models. To further improve the simulation accuracy, firstly 
for sheet steel 1.0338 (DC04) and perspectively for other 
materials, the whole process chain of production (Fig. 15) 
needs to be taken into consideration, as even pre-machining 
or pre-rolling defines the material property gradients.

The analysis should include material property related 
characterisation, such as a tensile tests in different layers of 
the sheet metal, or a detailed investigation by nano hardness 
and residual stress characterisation. For a deeper process 
knowledge, DIC (Digital image Correlation) and optical 
strain measurement analysis within forming and milling 
processes could be implemented.

4  Conclusions

As mentioned in the introduction, the one objective of this 
investigation lays within an analysis of the influence of 
machining operations on the material properties of the sub-
surface zone of sheet metals. As the materials are designed 
to offer a high potential to plastically form under load, a high 
deformation in cutting was also expected, resulting in a mod-
ified surface and subsurface layer. An other objective was the 
investigation of the influece of this modified layer on subse-
quent forming processes and their prediction in an process 
simulation. To predict forming processes more precisely, 
a process simulation with modified material properties in 

different depth zones was considered instead of deep draw-
ing processes being commonly simplified to a workpiece 
with shell element properties to lower simulation expense.

An holistic analysis of material properties in depth 
dimension was conducted. The characterisation methods 
used in this investigation clearly show a gradient in material 
properties even in unprocessed sheet material, which has a 
now proven influence on subsequent forming processes, such 
as rolling and bending. In previous simulations for predict-
ing bending operations, the inhomogeneous increase of the 
materials hardness due to work hardening was not yet taken 
into account. An advanced characterisation of material prop-
erties in all three dimensions before and after pre-processing 
has not yet been done, but is necessary to investigate the pro-
cess behaviour to its full extent and develop and implement 
enhanced threedimensional material models for an accurate 
forming process simulation and the prediction of functional 
workpiece properties.
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