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Abstract 

In cold forging processes as well as in sheet-bulk metal forming, vast contact stresses result in severe tool wear and thus in tool failures. In order 
to achieve a sustainable production, a new manufacturing process is developed within the subproject T06 in the transregional collaborative 
research centre 73 at the Institute of Forming Technology and Machines (IFUM). In this subproject the influence of an oscillation superposition on 
a forming process is investigated. The new type of sheet-bulk metal forming (SBMF) process manufactures a component with internal and 
external gearing. Contact normal stresses and thus tool wear could be reduced by applying an oscillation superposition in the main force flow of 
the machine. To verify the positive results in other processes, the oscillation method is applied to an industrial-like process based on anchor bolt 
manufacturing of Fischerwerke GmbH & Co. KG. For this purpose, a representative tool system is developed using numerical simulation. The 
numerical simulation is also used to investigate resulting local contact stresses and relative sliding velocities. Furthermore, cylinder compression 
tests with and without oscillation superposition are conducted for the workpiece stainless steel 1.4362 (AISI S32304), in order to qualify the 
reduction of contact stress. 
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1. Introduction 

In order to achieve a resource-saving and sustainable 
production, new production methods are to be developed. The 
technology of sheet-bulk metal forming (SBMF) combines the 
conventional sheet metal forming and bulk metal forming. 
Sheet-bulk metal forming has high benefits in terms of 
increased strain hardening due to forming, higher surface 
quality and a near-net-shape production [1]. To extend the 
production limits of this technology, a SBMF process for the 
production of a demonstrator component with an internal and 
an external gearing was developed at the Institute of Forming 
Technology and Forming Machines  within the scope of the 
subproject A7 [2]. A hydraulically working oscillating device 
is installed in the tool system of the process to generate an 
oscillation superposition in the main force flow of the machine 

[3]. It could be demonstrated, that an oscillation superposition 
leads to an increase of the mold filling of the gear geometry, a 
reduction of the plastic work necessary for forming [4] and an 
increase of the surface quality by reducing the average surface 
roughness [5].  

An explanation for the reduction of the average forming 
force due to an oscillation superposition is the elastic relaxation 
of the material during stress release [6]. The elastic relaxation 
causes that the amplitude minimum remains below the static 
forming force. Another explanation deals with oscillation 
induced effects between the tool and the workpiece surface. 
Therefore, Ulmer described an increased smoothing of surface 
roughness due to an oscillation superposition as a reason for 
friction reduction and therefore for forming force reduction [7]. 
The positive influence of an oscillation overlay on the wear 
behaviour could be demonstrated by Matsumoto et. al. [8].  
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Verified and validated wear models which describe the ratio 
of the expected wear under the acting loads served as a basis for 
a realistic wear prediction. The loads are determined by means 
of Finite Element (FE) analysis. For this purpose, a multitude 
of mathematical wear calculation approaches have been 
developed. The approaches can be divided into two groups. One 
group of the wear models predicts a critical plastic deformation 
of the surface layer as material weakening and beginning of tool 
damage [10-12]. The other group of wear models is based on 
the approach of Archard or Holm [13-16]. The Archard 
approach is one of the best known and proven 
phenomenological models for describing wear in the contact 
zone of two bodies moving against each other either in its 
original or more advanced versions [17-18].  

The main goal of this research project is the transfer of the 
knowledge gained in subproject A7 regarding the influence of 
oscillation superposition and the further development of 
numerical wear modelling to the forming process of extrusion. 
For this purpose, an industry-like reference process for the 
production of a bolt anchor is considered. Fig. 1 shows an 
example of the process chain for the production of a bolt 
anchor. In the first stage, the manufactured semi-finished 
product is rejunvenated at one end of the cylinder by means of 
cold extrusion. Similar to the first stage, the workpiece is 
further rejunvenated in the second stage. In the third stage, the 
material is piled up by upsetting between the tapered and non-
tapered workpiece area, creating the first stop for the expanding 
clip. In stage four, the tapered area at the end of the workpiece 
is being set up further, resulting in the formation of the second 
stop. In the last process stage, a marking is applied to the bolt 
end face by stamping. In the first and second stage, impact 
extrusion causes increased wear due to the high contact stresses 
and the relative movement.  

 

Fig. 1.  Process-chain of the bolt anchor 

Within the scope of this contribution, a model process for 
first stage investigations on laboratory level is designed based 
on of the Fischer industrial process [24]. In order to investigate 
the influence of oscillation superposition on the industrial 
process, it should be possible to carry out both oscillation-free 
and oscillation-superposed experiments at laboratory scale on 
the developed model process. By introducing an oscillation 
superposition in the main force flow of the machine, the contact 

stresses and tool wear can be reduced. In order to predict a 
numerical representation of the process precisely, it is 
necessary to determine the material behaviour. For this purpose, 
the flow curves under uniaxial compression are determined by 
means of the cylinder compression test. The cylinder 
compression test is a material testing procedure to determine 
flow curves, compressing a cylindrical sample between two 
compression stamps [19]. In addition, the force displacement 
curves for oscillation superposed and non-oscillation 
superposed forming are recorded. 

2. Cylinder compression tests 

The characterisation of the material is divided into two parts. 
In the following, the determination of the process-relevant flow 
curves, which are used for the later process and tool design is 
shown. Furthermore, the forming behaviour by oscillation-free 
and oscillation-superposed experiments is investigated. 
Therefore cylinder compression tests are conducted.  

2.1. Material characterisation 

The result of FE-simulations depend decisively on the exact 
modelling of the influencing factors on the forming process. 
Among other aspects, this includes the determination of the 
hardening behaviour of the workpiece material. For the 
simulation of the extrusion process, the flow curves of the wire 
rod were determined at process-relevant temperatures and 
strain rates.  
The compression tests to characterise the workpiece material 
1.4362 were conducted on the Gleeble 3800 GTC test system 
from Dynamic Systems Inc. to determine the flow curves under 
isothermal conditions. Cylinder compression tests were carried 
out with the specimen geometry of Ø10 mm x 15 mm and 
tungsten carbide punches.  
The flow curves being used to model the thermomechanical 
material behavior of the steel alloy under investigation were 
determined at relevant temperatures T (°C) between room 
temperature (RT) and 250 °C in steps of 50 °C with constant 
strain rates �̇�𝜑  of 0.1, 1 and 10 s-1. At least three tests were 
conducted for each parameter combination. The resulting data 
from the testing machine were used to compute the coefficients 
for the analytical flow curve approach called Hensel-Spittel-10 
which is depicted in the following equation (1) [20]:  

𝜎𝜎𝑓𝑓 = 𝐴𝐴 ∙ 𝑒𝑒𝑚𝑚1∙𝑇𝑇 ∙ 𝑇𝑇𝑚𝑚8 ∙ 𝜑𝜑𝑚𝑚2 ∙ 𝑒𝑒(𝑚𝑚4
𝜑𝜑 +𝑚𝑚6∙𝜑𝜑) 

          ∙ (1 + 𝜑𝜑)(𝑚𝑚5∙𝑇𝑇) ∙ �̇�𝜑(𝑚𝑚3+𝑚𝑚7∙𝑇𝑇) 
(1) 

To determine the material-specific coefficients A, m1, m2, m3, 
m4, m5, m6, m7, and m8, the Generalized Reduced Gradient 
(GRG)-nonlinear optimisation algorithm was used [20]. 
Subsequently, the flow modelling was validated with the aid of 
numerical mapping of the cylinder compression tests. The 
force-displacement curves and the geometry of the workpieces 
after the cylinder compression test were used as validation 
criteria. Fig. 2 (a) compares the experimentally determined 
flow curves and the calculated flow curves, showing a high 
agreement.  
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Fig. 2 (a) depicts the temperature-dependent flow curves 
between RT and 250 °C at a strain rate of 1 s-1 and Fig. 2 (b) 
shows the strain rate-dependent flow curves for RT. The flow 
curves demonstrate a strong dependence of the flow stress on 
the forming temperature. As the forming temperature rises, the 
flow stress of the material decreases. In contrast, the strain rate 
dependence for this material is very small (see Fig. 2 b). 
Subsequently, the determined flow curves were implemented in 
the commercial FE-system Simufact Forming 16.0. The 
numerical model was used to develop and design the forming 
process of the anchor bolt.  

 

 

Fig. 2. (a) temperature dependent flow curves between 20 °C and 
250 °C for 𝜑𝜑 ̇ = 1 s-1; (b) strain rate-dependent flow curves between 
𝜑𝜑 ̇ = 0.1 s-1 and 𝜑𝜑 ̇ = 10 s-1 for the forming temperature 20 °C 

2.2. Experimental oscillation superposition 

The experiments are conducted on the Hydraulic Press 
Hydrap HPDZb 63 at the IFUM. The cylinder compression test 
tool is installed above a hydraulically working oscillating 
device (see Fig. 3). The oscillating device is able to realise a 
frequency range between f = 0 Hz and f = 600 Hz and an 
amplitude range between Apath = 0 μm and Apath = 50 μm [3]. 
The compression stamps are made out of the tool steel 1.3344 
(M3Class2). They were quenched and tempered to a value of 
60 ± 2 HRC. Their surfaces were ground to a roughness of Ra 
= 0.8 in order to create a smooth surface, so that the material-
related effects dominate and the impact of surface properties on 
the test is reduced. One pair of punches was used for all tests 
within this scope of work. The sample geometry is identical to 
that described in 2.1. 

 

Fig. 3. Cylinder compression test tool for oscillation-superposed experiments 

The force-displacement curves during the experiments are 
recorded with a laser as a displacement sensor and a load cell 
as a force sensor (see Fig. 3). The press is set at a constant 
speed of vpress = 6 mm/s. The oscillation superposed 
experiments are conducted with an oscillation overlay with a 
frequency of f = 100 Hz, f = 200 Hz and f = 300 Hz, because 
these frequency ranges has proven to be the most promising in 
previous work [5]. Five experiments per test parameter are 
conducted. The samples are compressed to half of its initial 
height. The force-pathways are determined from the load cell 
and laser-sensor measurements. 

 

Fig. 4.  Force-displacement curve for non-oscillation superposed and 
oscillation superposed cylinder compression tests 

The force-displacement curves are plotted in Fig. 4. The 
average forming force is plotted without showing the 
amplitude. It can be seen that a frequency of f = 200 Hz leads 
to the greatest reduction in the average forming force ∆F. The 
maximum value of the average forming force decreases from 
max. F = 185 kN for oscillation free compression to max. 
F = 162 kN for an oscillation superposed compression with a 
frequency of f = 200 Hz. It is noticeable that a frequency of 
f = 100 Hz and a frequency of f = 300 Hz lead to a similarly 
strong reduction in the maximum value of the average forming 
force. Here a reduction to Fmax. = 172 kN occurs for a frequency 
of f = 100 Hz and a reduction to Fmax. = 179 kN occurs for a 
frequency of f = 300 Hz. A possible explanation is that for the 
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same system pressure of p = 65 bar the force amplitudes are 
different for the three frequency ranges. Due to the applied 
frequency, a stronger or weaker oscillating of the hydraulic 
pressure occurs in the oscillating device. This causes the 
highest amplitude to occur in a frequency range of about 
f = 200 Hz. For a frequency of f = 200 Hz, the highest force 
amplitude is A = 23 kN. For a frequency of f = 100 Hz, 
however, only a force amplitude of A = 13 kN results, and for 
a frequency of f = 300 Hz, only a force amplitude of A = 6 kN 
results. The amplitude results indirectly from the frequency due 
to the operating behaviour of the oscillation device. Due to a 
change in oil volume flow because of the applied frequency, 
the hydraulic oil pad below the piston degrades to varying 
degrees, resulting in a change in amplitude. 

This leads to the conclusion that the average forming force 
is primarily influenced by the amplitude of the applied 
oscillation superposition. The increased influence of the 
amplitude was also observed by Blaha et al. [21], being 
explained by a strong effect of the amplitude on softening 
mechanisms occurring in the material due to an oscillation 
superposition [22]. For the oscillation range investigated and 
the given material pairing in this experiment, this particular 
observation is confirmed. A softening occurring due the 
oscillation superposition is therefore primarily dependent on 
the amplitude. 

3.  Numerical investigation 

The investigated extrusion process is a rotationally 
symmetrical forming process and was modeled in 2D. For a 
better visualization, the numerical results of the 2D model are 
transferred subsequently to a 3D representation. The forming 
simulations were modeled with the commercial FE system 
simufact.forming 16.0 considering the material data described 
above. As boundary conditions, a tool temperature of 20 °C and 
a constant friction coefficient of 0.3 were set. The tools were 
designed as rigid bodies for the first consideration of the 
material flow. It should be ensured that the required forming 
force does not exceed the limit of the oscillation superposed 
tool system of 300 kN. Fig. 5 shows the numerical force-
displacement curve of the extrusion process. At approximately 
40 kN, the force required is significantly lower than the 
possible forming force of the oscillation-superposed tool 
system. Furthermore, the simplified numerical process design 
allowed to avoid workpiece errors in the process, such as 
wrinkles or buckling. Fig. 6 shows the final FE model of the 
active components and the resulting effective plastic strain of 
the anchor bolt after the first forming step. The tool analysis of 
the die were also carried out with an axisymmetric 2D model, 
because the deformation and the heat transfer are 
axisymmetric. In addition, the coupled analysis approach was 
used, in which the deformation and the stress of the elastic tools 
are calculated parallel in each step. Thereby the thermal and 
mechanical interactions are considered. In this case the 2D 
simulation can effectively save calculation time and resources. 

 

Fig. 5: Numerical force-displacement curve of the extrusion process 

 

Fig. 6: FE-model and the resulting effective plastic strain of the anchor bolt 

In Fig. 7 the die stress analysis results of the upper die are 
shown, which is formed at the force maximum described above 
after 3 mm forming stroke (see Fig. 5). To compare and assess 
the process loads of the upper die, the first principal stress, 
which is an indicator for crack initiation, as well as the v. Mises 
stress, which indicates regions of critical plastic deformations 
are taken into account.  

 

Fig. 7.  Die stress analysis results of the forging process for the upper die 

The maximum v. Mises stress and the first principal stress 
are below 1600 MPa. Due to the internal pressures of about 
1600 MPa, a single-reinforced die was designed for the tool 
system (see Fig. 9). The limit values for the number of 
reinforcement rings can be taken from [23].  

In the present forming stage, increased wear in the die is 
expected during extrusion due to the high contact normal 
stresses and the relative speed between the die and the 
workpiece. High die wear reduces the component quality and 
thus leads to a shorter lifetime of the components. Fig. 8 shows 
the resulting relative speeds that occur due to the rejuvenation 
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of the die geometry as well as the wear-critical areas in the die 
using the Archard wear model. Industrial experience has shown 
that the current wear models do not show high agreement with 
the experimental measured wear, so further research is planned 
to develop an extension of the Archard model for the numerical 
calculation of tool wear for cold forging processes with high 
contact stresses.  

 

Fig. 8. Results of the resulting relative speeds (left) and the wear critical areas 
in the tool using the Archard wear model 

4.  Design of the tool system 

An experimental test bench is designed to create the wear 
occurring on the tool die due to an extrusion process. In 
addition, the test bench should be able to implement an 
oscillation superposition in the process. For this purpose, a 
cylindrical bolt is rejuvenated by pressing into the die. The 
occurring maximum component and tool loads are drawn from 
the simulation for the non-oscillation superposed case. From 
this, the tool design is derived (see Fig. 9). The lower tool 
system consists of a compression stamp on which the semi-
finished product is positioned and a guiding device which is 
fixed by four screws and positioned vertically with spiral 
springs being installed on the hydraulically working oscillating 
device. The upper part of the tool system contains the tool die 
and the ejector, which are installed under the ram.  

 

Fig. 9. Tool system for oscillation superposed wear experiments in an 
industry like extrusion process 

Experiments can be conducted in three process stages with 
the tool system (see Fig. 9). First, the semi-finished product is 
positioned on the compression stamp in the guiding device. 
Next, the oscillation overlay is activated and the tool system 
moves together. Afterwards, the bolt is pushed into the upper 
tool die. To prevent the bolt from buckling, it is laterally fixed 
by the guiding device during the extrusion process. During the 
forming process, there is contact between the guiding device 
and the tool die. The oscillation device is activated and the 
different oscillation frequencies can be set. The oscillation is 
introduced vertically into the semi-finished product by the 
punch. Thus the semi-finished product oscillates during the 
insertion into the die. When the guiding device is at the bottom 
stop (see Fig. 9 – 2. Oscillation superposed extrusion), the 
forming process is complete. After forming, the tool moves 
upwards, the guiding device is displaced upwards by the 
compressed spiral springs and the component is ejected from 
the tool die. 

5. Conclusion 

Within the scope of this paper, a tool concept was designed 
which will allow the investigation of the influence of an 
oscillation superposition in an industry-like impact extrusion 
process for the production of a bolt anchor. For this purpose, a 
comprehensive material characterisation of the stainless steel 
1.4362 was conducted on the Gleeble 3800 GTC test system. 
The analytical flow curve approach by the experimental results 
were used for the numerical process design of the industry-like 
reference process. It could be demonstrated that the required 
forming force did not exceed the limits of the available 
equipment. In addition, the numerical process design was able 
to avoid workpiece defects in the process, such as buckling and 
wrinklings. Subsequently, a tool analysis was carried out on the 
basis of a tool modelling in the form of elastic bodies in order 
to adapt the tool geometries and components with respect to a 
safe process control in case of critical tool loading.  

Furthermore, the forming behaviour of the sample material 
was investigated in dependence of an oscillation superposition. 
An oscillation superposition with a frequency of f = 200 Hz and 
an amplitude of A = 23 kN proved to be the optimum of the 
investigated oscillation parameters with respect to a reduction 
of the average forming force. This can be explained by an 
increased oscillation induced material softening during the 
forming process. This effect is enhanced by higher amplitudes. 

Within the scope of the subproject T06, in which the 
influence of an oscillation superposition on wear in a forming 
process is investigated, an extended wear model according to 
Archard was developed on the basis of the combined friction 
model for solid sheet metal forming. This wear model is to be 
further developed for cold forming within the scope of this 
project. Future work will focus on the further development of a 
numerical tool wear model for the production of the bolt 
anchors. In cold forming processes, a tool life optimised 
process design based on FEM, taking the wear into account, is 
of great importance and contributes decisively to an economic 
process design. As the current wear models do not correspond 
with practical experience, further work in the field of wear 
calculation is required here. 



320 Bernd-Arno Behrens  et al. / Procedia Manufacturing 47 (2020) 315–320
6 Author name / Procedia Manufacturing 00 (2019) 000–000 

An experimental validation of the influence of an oscillation 
superposition on the tool wear will take place on the newly 
developed test setup in future work. Also the optimal frequency 
range of f = 200 Hz will be investigated more intensive. 

Acknowledgements 

The results presented in this paper were obtained within the 
scope of the transregional collaborative research centre 73 
“Sheet-Bulk Metal Forming” in the subproject 
T06 - 417860413 and A7 - 116817829 funded by the Deutsche 
Forschungsgemeinschaft (DFG, German Research 
Foundation). The authors thank the German Research 
Foundation for their financial support of this project.  

References 

[1] Merklein M, Allwood JM, Behrens BA, Brosius A, Hagenah H, Kuzman 
Mori KK, Tekkaya AE, Weckenmann A. Bulk forming of sheet metal. 
CIRP Annals – Manufacturing Technology 2012;59-2. 

[2] Gröbel D, Schulte, Hildebrand P, Lechner M, Engel U, Sieczkarek P, 
Wernicke S, Gies S, Tekkaya E, Behrens BA, Hübner S, Vucetic M, Koch 
S, Merklein M. Manufacturing of functional elements by sheet-bulk metal 
forming processes. Production Engineering Research & Development 
Special Issue 2016;10:63 – 80. 

[3] Behrens BA, Hübner S, Vucetic M. Influence of superimposed oscillation 
on sheet-bulk metal forming. Key Engineering Materials 2013;554-
557:1484-1489. 

[4] Behrens BA, Bouguecha A, Vucetic M, Hübner S, Rosenbusch D, Koch 
S. Numerical and experimental investigations of multistage sheet-bulk 
metal forming process with compound press tools. 18th International 
ESAFORM Conference on Material Forming. Key Engineering Materials 
2015;651-653:1153-1158. 

[5] Koch S, Vucetic M, Hübner S, Bouguecha A, Behrens BA. Superimposed 
oscillating and non-oscillating ring compression tests for sheet-bulk metal 
forming technology. Applied Mechanics and Materials 2015;794:89-96. 

[6] Kirchner HOK, Kromp WK, Prinz FB, Trimmel P. Plastic deformation 
under simultaneous cyclic and unidirectional loading at low and ultrasonic 
frequencies. Materials Science and Engineering 68 1985;2:197-206. 

[7] Ulmer J. Beitrag zur Berechnung der Reibungskraftreduktion beim 
ultraschallüberlagerten Streifenziehversuch. Beiträge zur 
Umformtechnik-Band 37. Universität Stuttgart, Institut für 
Umformtechnik-Dissertation, 2003. 

[8] Matsumoto R, Sawa S, Utsunomiya H, Osakada K. Prevention of galling 
in forming of deep hole with retreat and advance pulse ram motion on 
servo press. Annals of the CIRP. 60 2011;1:315 – 318. 

[9] Dautzenberg JH, Zaat JH. Qualitative Determination of Deformation by 
Sliding Wear. Wear 1973;23:9-19. 

[10] Kapoor A, Johnson KL, Williams, JA. A Model for the Mild Ratchetting 
Wear of Metals. Wear, 1996;200:38-44. 

[11] Kapoor A, Franklin FJ. Tribological Layers and the Wear of Ductile 
Materials 2000;245:204-215. 

[12] Venkataraman B, Sundararajan G. The Sliding Wear Behaviour of Al-SiC 
Particulate Composites-II. The Characterization of Subsurface 
Deformation and Correlation with Wear Behaviou. Acta Materialia 
1996;2:461-473. 

[13] Archard JF. Contact and Rubbing of Flat Surfaces. Journal of Applied 
Physics 24 1953;981-988. 

[14] Archard JF. Elastic Deformation and the Laws of Friction. Proceedings of 
the Royal Society A: Mathematical, Physical and Engineering Sciences 
1957;1233:190-205. 

[15] Archard JF. Peterson M, Winer WO. Wear Theory and Mechanism. Wear 
control hand-book 1980;35-80. 

[16] Holm R. Electrical Contacts. Stockholm, Almquist and Wiksells 1946. 
[17] Andersson S, Fuerstner I. Wear Simulation. Advanced Knowledge 

Application in Practice 2010;15-36. 

[18] Bronovets MA, Ogurechnikov VA, Solov’Yev NG, Chizhov YL, 
Yakimov MY. Experimental Simulator of Outer-Space Conditions for the 
Study of Friction and Wear. Wear 2009;6:381-384. 

[19] Chen FK, Chen CJ. On the Nonuniform Deformation of the Cylinder 
Compression Test, J. Eng. Mater. Technol. 2000;122(2):192-197.  

[20] Henke T, Bambach M, Hirt G. Experimental Uncertainties affecting the 
Accuracy of Stress-Strain Equations by the Example of a Hensel-Spittel 
Approach. AIP Conference Proceedings. AIP, Belfast, (United Kingdom) 
2011;71-76. 

[21] Blaha F, Langenecker B. Plastizitätsuntersuchungen von Metallkristallen 
in Ultraschallfeld. Acta Metallurgica 7 1959;2:93-100. 

[22] Siddiq A, El Sayed T. Accoustic softening in metals during ultrasonic 
assisted deformation via CP-FEM. Materials Letters 65 2011;2:356-359 

[23] Lange K, Kammerer M, Pöhlandt K, Schöck J. Fließpressen: 
Wirtschaftliche Fertigung metallischer Präzisionswerkstücke. Springer 
Berlin Heidelberg 2008. 

[24] Internal discussions with the Fischer company, 08.08.2017 
 
 


