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Abstract. The damage state in the form of voids and lattice defects of a sheet metal component 
has a substantial impact on the performance of a component in service regarding fatigue or crash 
behaviour. Therefore, managing the damage evolution during forming, especially the 
accumulation and distribution of damage, by targeted changes of the process parameters and set-
up enables to improve component performance by influencing the stress-strain state [1]. The 
evolution of the stress-strain state during the forming process and along the process route 
represents the most significant factor influencing the resulting damage state. This paper focuses 
on the influence of the damage state of sheet metal components in order to improve the 
performance of a component regarding fatigue and crash behavior. Considering a variation of the 
process parameter (drawing die radius) and change in process set-up (singlestep, multistep, reverse 
stretch drawing) the damage accumulation and distribution within the component is analyzed using 
a calibrated LEMAITRE damage model. For the consideration of this paper, an u-shaped geometry 
of dual phase steel DP800, which is often found as an element in vehicle body construction, is 
used.  
Introduction  
The automotive sector is one of the main contributors to CO2 emissions [1]. Due to the climate 
goals of the European Union to become a net zero greenhouse gas emitting economy by 2050 [2], 
it is necessary to rethink the approaches in this sector and to find a way to significantly reduce CO2 
emissions. One approach is lightweight design [3]. Lightweight design enables to reduce CO2 
emissions in every life cycle by means of resource efficiency. 

Stretch drawing, often combined with deep drawing, is one of the most important processes for 
the production of three-dimensional sheet metal components and is used in particular in the 
manufacturing of vehicle bodies in the automotive sector [4]. Since 40% of the total mass is 
attributed to the vehicle body, stretch drawing is a lever for saving CO2 by implementing 
lightweight design measures [5]. One possibility to introduce lightweight design measures in 
stretch drawing is to reduce the thickness of the sheet metal in order to save weight. In the 
automotive industry in particular, however, the components used have to meet stringent 
requirements in order to ensure the safety of passengers in the best possible way [6]. 
In the field of lightweight design, high-strength materials or topology optimization are currently 
used in order to save material and thus weight [7]. What is currently only insufficiently exploited 
are the possibilities offered by the control of ductile damage along the process chain and by ductile 
damage meaning the formation, growth and coalescence of voids in the microstructure. These 
voids are formed in structural materials by decohesion at interfaces such as phase or grain 
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boundaries and inclusions, or by the formation of new surfaces within phases or inclusions. This 
damage causes degradation of the performance of the corresponding component [8]. Damage 
control then enables either the damage accumulation or the damage distribution to be adapted by 
adjusting the process parameters or process set-up in such a way that components achieve a higher 
performance in their subsequent application or can be designed lighter [9]. 

On the one hand, damage development is dependent on the strain state. However, ductile 
damage only occurs in combination with plastic strain. On the other hand, damage is dependent 
on the stress state. Li has thereby shown in the context of forming that it is not sufficient to use 
equivalent stress alone to model damage [10]. The three-dimensional stress state in the form of the 
VON MISES stress 𝜎𝜎𝑣𝑣𝑣𝑣, the lode parameter 𝜃𝜃 and the triaxiality 𝜂𝜂 must be used (Eq. 1- 3). Whereby 
𝐼𝐼1 is the first invariant of the CAUCHY stress tensor 𝜎𝜎 and 𝐽𝐽2 and 𝐽𝐽3 are the second and third 
invariants of the deviatoric stress tensor 𝑠𝑠.  

𝜎𝜎𝑣𝑣𝑣𝑣 =  �3𝐽𝐽2 (1) 

𝜂𝜂 =  𝐼𝐼1
𝜎𝜎𝑣𝑣𝑣𝑣

 (2) 

𝐿𝐿 =  −� 𝐽𝐽3
𝜎𝜎𝑣𝑣𝑣𝑣

�
3
 (3) 

Lode parameter 𝜃𝜃 and triaxiality 𝜂𝜂 are proven to have an influence on the damage and in particular 
also on the shape of the resulting voids. While the triaxiality 𝜂𝜂 has a particular effect on the size of 
the voids, the lode parameter 𝜃𝜃 influences the geometry of the voids. Both parameters have in 
common, that they cannot be measured during stretch drawing [11]. Therefore numerical or 
analytical modelling is necessary.  
Materials and Methods 
Approach. In this paper the objective is to investigate the damage development in the form of 
damage accumulation and distribution. For this purpose, classical stretch drawing (SD, Fig. 1a)) 
with different drawing die radii 𝑟𝑟𝐷𝐷𝐷𝐷 as well as multistep stretch drawing (MSSD, Fig. 1b)) and 
reverse stretch drawing (RSD, Fig. 1c)) are considered. The aim is to generate the same geometry 
on different process routes in order to identify the influence of different load paths on damage 
development, so that in the future the damage development can be specifically adjusted in the form 
of accumulation and distribution in order to achieve a higher component performance. Due to the 
dependence of the damage on the stress and strain states, the load paths are first analyzed in terms 
of the time- and location-dependent states, which requires numerical modelling performed in this 
work. Afterwards the load paths are correlated with damage accumulation and distribution to 
disclose cause effect relations.  

 
Stretch drawing, reverse stretch drawing and multi-step stretch drawing process. In the present 
work, the focus is on a u-shaped geometry from DP800 dual phase steel with a sheet thickness of 
𝑠𝑠 = 1.5 mm. The punch velocity 𝑣𝑣𝑝𝑝 was set to 𝑣𝑣𝑝𝑝 = 15 mm/s and the blank holder was position 
controlled due to different necessary blank holder forces to prevent the sheet metal from bypassing 
the drawing groove. The different processes are schematically depicted in Fig. 1. 
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Process model. The SD, MSDD and RDD processes were modelled using Abaqus/explicit. To 
save computation time, the geometry was reduced to one quarter using symmetry. A general 
contact with a uniform COULOMB friction coefficient of 𝜇𝜇 = 0.05 was applied to model the contact 
of the part, as identified in prior strip drawing tests. The parameters of the mesh as well as the 
types of the bodies can be seen in table 1. A LEMAITRE damage model was utilized in this paper 
which is based on the work of SPRAVE [12]. The model parameters of the calibrated material model 
are consistent with prior work [8]. The constitutive model was implemented as a VUMAT 
subroutine and was successfully used and validated in earlier work [13, 14]. 

The LEMAITRE damage model is based on the definition of the damage variable 𝐷𝐷. The 
parameter reflects the influence of voids and microcracks on the plastic behavior of the material 
[15]. The damage parameter 𝐷𝐷 is defined as the ratio of the damage-free area increment 𝜕𝜕𝜕𝜕 and 
the area increment affected by damage 𝜕𝜕𝑆𝑆𝐷𝐷 (Eq. 4). As the damage grows the area increment 
affected by damage 𝜕𝜕𝑆𝑆𝐷𝐷 becomes greater. Thus the forces 𝐹𝐹 respectively the stresses 𝜎𝜎 applied to 
the material are not distributed over the entire material cross section. Therefore the concept of 
effective stress 𝜎𝜎� is introduced (Eq. 5) and used to estimate the response of the material to applied 
stress under consideration of damage evolution [16].  

𝐷𝐷 = 𝜕𝜕𝑆𝑆𝐷𝐷
𝜕𝜕𝜕𝜕

 (4) 

𝜎𝜎� = 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕−𝜕𝜕𝑆𝑆𝐷𝐷

=  𝜎𝜎
1−𝐷𝐷 (5) 

Table 1. Parameter of the mesh and types of bodies for process model. 

Name Mesh Type of body 
Sheet C3D8R Solid deformable body 
Punch, blank holder, die R3D4 Discrete rigid 
 

Reference process, reference position and area under investigation. As reference process the SD 
with a drawing die radius of 𝑟𝑟𝐷𝐷𝐷𝐷 = 3 mm is considered. The triaxiality 𝜂𝜂, lode parameter 𝜃𝜃 and 
damage parameter 𝐷𝐷 analysis is performed at a point in the outer bend of the component (reference 
point (RP)), which is in principle the most sensitive area for performance in later applications. For 
the comparison of the die radii 𝑟𝑟𝐷𝐷𝐷𝐷, a punch path 𝑠𝑠 of 𝑠𝑠 = 25 mm is used as reference position. 
This punch path 𝑠𝑠 corresponds to the punch path shortly before the first component fails. For the 
comparison of the different process set-ups, the reference position of 𝑠𝑠 = 7.5 mm is determined 
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Fig 1.  SEQ Figure \* ARABIC 1. Schematic illustration of a) stretch drawing, b) reverse 
stretch drawing and c) multistep stretch drawing. 
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accordingly. Due to material limitations, the process set-up only considers the area in which the 
components have the same geometry or have the same cup height as a functional measure of the 
geometry respectively. 
Results 
Influence of drawing die radius 𝑟𝑟𝐷𝐷𝐷𝐷 on load path and damage evolution. The damage distribution 
of the damage parameter 𝐷𝐷 in dependence of the drawing die radius 𝑟𝑟𝐷𝐷𝐷𝐷 in the cross section of the 
components is shown in Fig. 2a), the course of triaxiality 𝜂𝜂 and lode parameter 𝜃𝜃 in dependence of 
equivalent plastic strain 𝜑𝜑𝑝𝑝𝑝𝑝 in Fig. 2b) and the course of damage parameter 𝐷𝐷 in dependence of 
equivalent plastic strain 𝜑𝜑𝑝𝑝𝑝𝑝 in Fig. 2c). Considering the course of the lode parameter 𝜃𝜃 as a function 
of the equivalent plastic strain 𝜑𝜑𝑝𝑝𝑝𝑝 in Fig. 2b), the curves for the different die radii 𝑟𝑟𝐷𝐷𝐷𝐷 differ, in 
particular for the mean value (𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚.𝑟𝑟𝐷𝐷𝐷𝐷=3 =0.121, 𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚.𝑟𝑟𝐷𝐷𝐷𝐷=6  =  0.118, 𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚. 𝑟𝑟𝐷𝐷𝐷𝐷=9 =  0.116). All 
curves initially start at a value of almost 𝜃𝜃 = 1 and then drop and continue to progress in an 
oscillating manner. The course of 𝑟𝑟𝐷𝐷𝐷𝐷 = 3 mm, however, shows a steep peak before ending. The 
course of the triaxiality 𝜂𝜂, however, differs. The course of die radius 𝑟𝑟𝐷𝐷𝐷𝐷 = 3 mm of the triaxiality 
𝜂𝜂 has a higher value on average (𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚.𝑟𝑟𝐷𝐷𝐷𝐷=3

=  0.6, 𝜂𝜂𝑚𝑚𝑚𝑚𝑑𝑑.𝑟𝑟𝐷𝐷𝐷𝐷=6
=  0.519, 𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚.𝑟𝑟𝐷𝐷𝐷𝐷=9 =  0.518). 

Due to the non-steady shaped courses, a clear and explicit description of the courses is not possible 
respectively. However, what stands out concisely is the decreasing peak of 𝜂𝜂 𝑟𝑟𝐷𝐷𝐷𝐷=3

at the end. The 
different components also reach different equivalent plastic strains in the reference point at the 
reference position (𝜑𝜑𝑝𝑝𝑝𝑝. 𝑟𝑟𝐷𝐷𝐷𝐷=3 = 0.258, 𝜑𝜑𝑝𝑝𝑝𝑝. 𝑟𝑟𝐷𝐷𝐷𝐷=6 = 0.272, 𝜑𝜑𝑝𝑝𝑝𝑝. 𝑟𝑟𝐷𝐷𝐷𝐷=9 = 0.277). The courses of the 
damage parameter 𝐷𝐷 as a function of the equivalent plastic strain 𝜑𝜑𝑝𝑝𝑝𝑝 in Fig. 2c) show a quadratic 
course with an offset with ascending drawing die radius 𝑟𝑟𝐷𝐷𝐷𝐷 for all three die radii 𝑟𝑟𝐷𝐷𝐷𝐷. The 
difference in the die radius of 𝑟𝑟𝐷𝐷𝐷𝐷 = 3 mm is particularly pronounced. The damage parameter 𝐷𝐷 is 
consistently higher for the same equivalent plastic strain 𝜑𝜑𝑝𝑝𝑝𝑝 . 

 

 
Fig. 2. a) Damage parameter 𝑫𝑫 distribution in cross section of components; b) course of 
triaxiality 𝜂𝜂 and lode parameter 𝛩𝛩 in dependence of equivalent plastic strain 𝜑𝜑𝒑𝒑𝒑𝒑 at RP;  
c) course of damage parameter 𝑫𝑫 in dependence of equivalent plastic strain 𝜑𝜑𝒑𝒑𝒑𝒑 at RP 

considering different drawing die radii 𝒓𝒓𝒅𝒅𝒅𝒅𝒅𝒅. 
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Fig. 3a) shows the course of VON MISES stress 𝜎𝜎𝑣𝑣𝑣𝑣 in dependence of punch path 𝑠𝑠, Fig. 3b) 
shows the course of damage parameter 𝐷𝐷 in dependence of punch path 𝑠𝑠, Fig. 3c) the damage 
distribution 𝐷𝐷 in the cross section of the component with a drawing die radius 𝑟𝑟𝐷𝐷𝐷𝐷 = 3 mm and 
Fig. 3d) the course of damage parameter 𝐷𝐷 in dependence of the distance 𝑥𝑥 to the symmetry plane. 
The VON MISES stresses 𝜎𝜎𝑣𝑣𝑣𝑣 of the individual curves all start at 𝜎𝜎𝑣𝑣𝑣𝑣 = 0 MPa. A reverse square 
increase of all curves follows. With increasing die radius 𝑟𝑟𝐷𝐷𝐷𝐷, however, a smaller gradient appears. 
After achieving the maximum and a slight decrease, all curves then decline to reach a quasi-
stationary value to oscillate around. The drop occurs with increasing die radius 𝑟𝑟𝐷𝐷𝐷𝐷 at a later punch 
path 𝑠𝑠 (𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚.𝑣𝑣𝑣𝑣 𝑟𝑟𝐷𝐷𝐷𝐷 = 3 𝑚𝑚𝑚𝑚 = 806.51 MPa, 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚.𝑣𝑣𝑣𝑣 𝑟𝑟𝐷𝐷𝐷𝐷 = 3 𝑚𝑚𝑚𝑚 = 826.98 MPa, 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚.𝑣𝑣𝑣𝑣 𝑟𝑟𝐷𝐷𝐷𝐷 = 3 𝑚𝑚𝑚𝑚 = 
832.58 MPa). The progression of the damage variable 𝐷𝐷 as a function of the punch path 𝑠𝑠 starts at 
𝑠𝑠 = 0 mm for all three curves until the first contact between blank holder and sheet and punch and 
sheet has been established. From a punch path of 𝑠𝑠 =  2.2 mm, the curve of the die radius 𝑟𝑟𝐷𝐷𝐷𝐷 = 3 
mm begins to increase, followed by the curve of the die radius 𝑟𝑟𝐷𝐷𝐷𝐷 = 6 mm and finally the curve 
of the die radius 𝑟𝑟𝐷𝐷𝐷𝐷 = 9 mm. Irrespective of the offset of the curves, the course of the three curves 
initially shows a quadratic increase, which changes to a steep linear increase and finally approaches 
a final value in a quadratic manner. At the reference position, the damage parameter 𝐷𝐷 reaches a 
value of 𝐷𝐷𝑟𝑟𝐷𝐷𝐷𝐷 =3 𝑚𝑚𝑚𝑚 = 0.108, 𝐷𝐷𝑟𝑟𝐷𝐷𝐷𝐷 =6 𝑚𝑚𝑚𝑚 = 0.106 and 𝐷𝐷𝑟𝑟𝐷𝐷𝐷𝐷 =9 𝑚𝑚𝑚𝑚 = 0.108. Considering the damage 
parameter D in dependence of the distance 𝑥𝑥 to the symmetry plan, the three courses of the different 
die radii 𝑟𝑟𝐷𝐷𝐷𝐷 in the area of the wall have a nearly identical course. The same can be seen in the 
transition area and after the wall. In the area of the wall, in contrast, the three curves show a 
different course. There is a local maximum of the damage variable 𝐷𝐷 with the smallest die radius 
𝑟𝑟𝐷𝐷𝐷𝐷 = 3 mm. Equivalent to this is the maximum value of the damage parameter 𝐷𝐷 in this area with 
decreasing die radius 𝑟𝑟𝐷𝐷𝐷𝐷.  

 
Fig. 3. a) Course of VON MISES stress 𝜎𝜎𝒗𝒗𝒗𝒗 in dependence of punch path 𝒔𝒔 at RP; b) course of 

damage parameter 𝑫𝑫 in dependence of punch path 𝒔𝒔 at RP; c) damage distribution 𝑫𝑫 in cross 
section of component 𝒓𝒓𝑫𝑫𝑫𝑫𝑫𝑫 = 3 mm; d) course of damage parameter 𝑫𝑫 in dependence of 

distance 𝒙𝒙 to symmetry plane considering different drawing die radii 𝒓𝒓𝒅𝒅𝒅𝒅𝒅𝒅. 
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Influence of process set-up on load path and damage evolution. The distribution of the damage 
parameter 𝐷𝐷 in the cross section of the components from SD, MSSD and RSD are depicted in Fig. 
4a). Considering the different heights of the cups shown in the figure, only the area up to the 
transition of the wall into the die radius 𝑟𝑟𝐷𝐷𝐷𝐷 was selected for the analysis of the results. This is a 
consequence of the fact that the maximum drawing depth was limited due to material constraints 
and the objective is to compare geometrically almost identical components. The courses of 𝜂𝜂𝑆𝑆𝑆𝑆, 
𝜃𝜃𝑆𝑆𝑆𝑆 and 𝐷𝐷𝑆𝑆𝑆𝑆 are the same than in Fig. 2 since no damage respectively change of stress and strain 
state occurs in the reference position after a punch path of 𝑠𝑠 = 6 mm. The damage distribution, 
however, differs.  

The course of triaxiality 𝜂𝜂 and lode parameter 𝛩𝛩 in dependence of equivalent plastic strain 𝜑𝜑𝑝𝑝𝑝𝑝 
are shown in Fig. 4b). The outer side of the outer bend, which is under consideration, experiences 
different equivalent plastic strains 𝜑𝜑𝑝𝑝𝑝𝑝 to obtain the same geometry (𝜑𝜑𝑝𝑝𝑝𝑝 𝑆𝑆𝑆𝑆 𝑚𝑚𝑚𝑚𝑚𝑚. =  
0.26, 𝜑𝜑𝑝𝑝𝑝𝑝 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑚𝑚𝑚𝑚𝑚𝑚. = 0.52, 𝜑𝜑𝑝𝑝𝑝𝑝 𝑅𝑅𝑅𝑅𝑅𝑅 𝑚𝑚𝑚𝑚𝑚𝑚. = 0.56). The courses of the triaxiality 𝜂𝜂 of MSSD and RSD 
show a similar behavior with mean values of 𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚.𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 0.523 and 𝜂𝜂𝑚𝑚𝑚𝑚𝑚𝑚.𝑅𝑅𝑅𝑅𝑅𝑅 = 0.53. Both 
courses start with a steep rise. After a quadratic drop, an almost linear curve follows, which drops 
at 0.34 and then rises again. Considering the lode parameter 𝜃𝜃 of MSDD, the course begins with a 
value of almost 𝜃𝜃 ≈ 1. The course then drops with a steep gradient into the negative range followed 
by an oscillating curve. This results in an average value of 𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚.𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 0.21. The course of the 
lode parameter 𝜃𝜃 of RSD starts similar to the course of MSDD. However, when the course drops 
with a steep gradient the curve remains in the positive range and starts to oscillate around a value 
of 𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚.𝑅𝑅𝑅𝑅𝑅𝑅 = 0.19. The course of damage parameter 𝐷𝐷 in dependence of equivalent plastic strain 
𝜑𝜑𝑝𝑝𝑝𝑝 considering different process set-ups is shown in Fig. 4c). The curves of MSSD and RSD 
depict a similar course. SD, however, has a slightly higher level of damage parameter 𝐷𝐷. The 
maximum value of damage parameter 𝐷𝐷 obtained are 𝐷𝐷𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 0.52 and 𝐷𝐷𝑅𝑅𝑅𝑅𝑅𝑅 = 0.41. 

 

 
Fig. 4. a) Damage parameter 𝑫𝑫 distribution in cross section of components; b) course of 
triaxiality 𝜂𝜂 and lode parameter 𝛩𝛩 in dependence of equivalent plastic strain 𝜑𝜑𝒑𝒑𝒑𝒑 at RP;  
c) course of damage parameter 𝑫𝑫 in dependence of equivalent plastic strain 𝜑𝜑𝒑𝒑𝒍𝒍 at RP 

considering different process set-ups. 
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The course of VON MISES stress 𝜎𝜎𝑣𝑣𝑣𝑣 in dependence of punch path 𝑠𝑠 can be seen in Fig. 5a). The 
initial values of the RSD and MSSD processes differ. Since a U-profile is produced in the first step 
and is rotated 180° or is not rotated depending on the process route, the courses start differently. 
Despite the different start, both courses show a reverse square increase which is very similar. The 
mean values of VON MISES stress 𝜎𝜎𝑣𝑣𝑣𝑣 obtained are 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚.𝑣𝑣𝑣𝑣 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 882.52 MPa and 
𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚.𝑣𝑣𝑣𝑣 𝑅𝑅𝑅𝑅𝑅𝑅 = 852.58 MPa. Fig. 5b) shows the course of damage parameter 𝐷𝐷 in dependence of 
punch path 𝑠𝑠. The courses of MSSD and RSD depict a very similar quadratic course which start 
to elevate from a punch path 𝑠𝑠 of 𝑠𝑠 = 3 mm. The course of SD, on the other hand, shows a s-
shaped course, which depicts a stronger elevation at 𝑠𝑠 = 3 mm followed by a steady course of 
𝐷𝐷𝑆𝑆𝑆𝑆 = 0.108. The Course of damage parameter 𝐷𝐷 in dependence of distance 𝑥𝑥 to symmetry plane 
considering different process set-ups can be seen in Fig. 5c). All three courses begin with a damage 
parameter 𝐷𝐷 = 0. With the start of the transition from floor to wall, the damage parameter 𝐷𝐷 
increases for the first time in the courses. For MSSD and RSD, the curves show an initial quadratic 
rise, which changes to a linear rise with a very high gradient, and then fall off inversely. The course 
of SD shows a course with also a quadratic rise, but with a lower gradient as well as rise and 
descent shifted further to higher 𝑥𝑥 values. Considering the wall of the three components, there is a 
small rise in damage parameter 𝐷𝐷 for MSSD and RSD.  

 
Fig. 5. a) Course of VON MISES stress 𝜎𝜎𝒗𝒗𝒗𝒗 in dependence of punch path 𝒔𝒔 at RP; b) course of 

damage parameter 𝑫𝑫 in dependence of punch path 𝒔𝒔 at RP; c) damage distribution 𝑫𝑫 in cross 
section of component 𝒓𝒓𝑫𝑫𝑫𝑫𝑫𝑫 = 3 mm; d) course of damage parameter 𝑫𝑫 in dependence of 

distance 𝒙𝒙 to symmetry plane mm considering different process set-ups. 
 

Discussion 
Change of die radii 𝑟𝑟𝐷𝐷𝐷𝐷. The comparison of the load paths and the damage development at the 
reference point using different die radii 𝑟𝑟𝐷𝐷𝐷𝐷 shows a distinction, especially for 𝑟𝑟𝐷𝐷𝐷𝐷 = 3 mm. As 
early as from an equivalent plastic strain 𝜑𝜑𝑝𝑝𝑝𝑝 of 𝜑𝜑𝑝𝑝𝑝𝑝 = 0.025, a higher value of the triaxiality 𝜂𝜂 
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becomes apparent, which can be consulted moderately for the damage development. Analogously, 
the damage parameter 𝐷𝐷 differs from the other two curves at the same point in strain. Due to the 
different equivalent strains 𝜑𝜑𝑝𝑝𝑝𝑝 needed, however, all three achieve an almost identical damage 
parameter value 𝐷𝐷 in the end. When observing the course of the damage parameter D as a function 
of the punch path 𝑠𝑠, a later onset of damage development with increasing die radius 𝑟𝑟𝐷𝐷𝐷𝐷 becomes 
apparent. It is concluded that this is due to the time dependent course of the bending radius of the 
sheet. With a smaller die radius 𝑟𝑟𝐷𝐷𝐷𝐷, the final bending radius is reached sooner than with a higher 
die radius 𝑟𝑟𝐷𝐷𝐷𝐷. Accordingly, the damage development begins at a later stage, since damage is 
always associated only with plastic deformation. 

Considering the different equivalent plastic strains 𝜑𝜑𝑝𝑝𝑝𝑝 at the reference point depending on the 
die radius  𝑟𝑟𝐷𝐷𝐷𝐷, it is noticeable that although the bending radius is significantly smaller at 𝑟𝑟𝐷𝐷𝐷𝐷 = 3 
mm, the equivalent plastic strain 𝜑𝜑𝑝𝑝𝑝𝑝 is lower than with a greater die radius 𝑟𝑟𝐷𝐷𝐷𝐷. It is assumed that 
the larger contact area of the sheet and the die with increasing die radius 𝑟𝑟𝐷𝐷𝐷𝐷 results in a larger 
frictional surface. This larger frictional surface leads to a higher flow resistance of the sheet, which 
results in higher punch forces. The higher punch forces required also result in higher stresses above 
the yield point at the reference point, which are reflected in a higher equivalent plastic strain 𝜑𝜑𝑝𝑝𝑝𝑝. 
With regard to the damage distribution in the component, it is assumed that the smaller die 
radius  𝑟𝑟𝐷𝐷𝐷𝐷 and the correspondingly smaller bending radius result in correspondingly higher 
damage parameter 𝐷𝐷 in the wall of the component. This is brought into the context of greater 
predominant stresses in this area due to the smaller bending radius.  

Change of process set-up. The course of triaxiality 𝜂𝜂 of RSD and MSSD show a very similar 
course. The two courses differ only in the equivalent plastic strain 𝜑𝜑𝑝𝑝𝑝𝑝 achieved. Similar to the 
observation of the different die radii  𝑟𝑟𝐷𝐷𝐷𝐷, the necessary punch forces and the associated higher 
stresses at the reference point also seem to lead to more deformation being introduced into the area 
under consideration. A similar result can be seen in the course of the damage parameter 𝐷𝐷 over the 
equivalent strain respective of the punch path 𝑠𝑠. The two curves do not differ in their 
characteristics, but in the final values obtained due to different equivalent strains 𝜑𝜑𝑝𝑝𝑝𝑝. However, 
severe thinning takes place in the reference position respectively the bend of the component.  
Summary 
A total of six different process routes for the production of a geometrically similar component 
were investigated. On the one hand, different drawing ring radii  𝑟𝑟𝐷𝐷𝐷𝐷 ( 𝑟𝑟𝐷𝐷𝐷𝐷 = {3, 6, 9 mm}) and, 
on the other hand, different process set-ups (stretch drawing, multistep stretch drawing, reverse 
stretch drawing) were analyzed. The individual routes were compared with each other on the basis 
of their load paths and the associated damage development. 

When comparing the die radii  𝑟𝑟𝐷𝐷𝐷𝐷, a larger die radius  𝑟𝑟𝐷𝐷𝐷𝐷 at the selected reference point was 
found not to result in a lower damage parameter 𝐷𝐷. However, the damage development starts at a 
later stage with respect to the punch path 𝑠𝑠 or the equivalent plastic strain 𝜑𝜑𝑝𝑝𝑝𝑝. Furthermore, the 
die radius  𝑟𝑟𝐷𝐷𝐷𝐷 was shown to have an influence on the damage distribution in the component. 
Particularly in the wall, a larger die radius  𝑟𝑟𝐷𝐷𝐷𝐷 resulted in less damage, which can be used for later 
applications to increase the performance of the component in respect of the use case. Considering 
the different process setups, the RSD and MSSD show very similar load paths despite different 
process routes, but differ in the equivalent plastic strain 𝜑𝜑𝑝𝑝𝑝𝑝 and thus the values of the damage 
parameter 𝐷𝐷 are different. The deformation at the reference point, however, is so severe that there 
is significant sheet thinning and a high damage parameter 𝐷𝐷. Due to this, the RDS and MSDD are 
not recommended as a suitable process route. 
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To complement the numerical analysis of the load paths and damage development, experimental 
investigations will be carried out. For this purpose, the process routes of the different die radii  𝑟𝑟𝐷𝐷𝐷𝐷 
will be selected on the basis of the present results. The numerically determined load paths will then 
be correlated with the results regarding the damage development. Nevertheless, the present results 
have already enabled a pre-selection of possible process routes to be considered and the 
corresponding load paths to be determined. 
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