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Abstract. The present paper deals with the numerical analysis of the process of cold extrusion of tubes. The
analysis was carried out for a specific technological problem in which the principal objective was to reduce the
outer tube diameter in a segment within a given length. Assumptions were made as to initial and boundary
conditions, and the punch speed was preselected. In particular, the influence of the friction coefficient between the
die and workpiece has been analyzed. As a result, using the CAD/CAE system, the diagrams of pressure
distribution for each node in the CAD model of the die in several time steps have been obtained and presented.
The results of the numerical analysis are of great importance, as they make it possible to (approximately) estimate
the die load. Though the actual extrusion process is accomplished within split second, the setting up of a workpice
equipped with all required measurement sensors to register the die load poses a very complicated problem and
often requires significant outlays. Additionaly, the numerical result of the obtained diameter of the tube has been
presented.
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1. Introduction

Cold extrusion is defined as a compressive forming process (push-through), in which the source
material is billet (slug), and the process is carried out at the room temperature [1-2]. The design and
manufacture of dies and the selection of die materials are very important in the production of discrete
parts by means of metal-forming processes [3-6]. CAx [7-11] — computer aided techniques, like CAD
[12-15], CAM [16-18], CAE [19-24] tools are used in many engineering fields. The flow stress is a
function of temperature, strain, strain rate and structure. It is, therefore, determined by the billet material,
billet preheat temperature, container and die temperatures, extrusion ratio and extrusion speed. Thus,
the calculated flow stress value can be used for estimating the extrusion pressures for other extrusion
ratios and shapes [25-26]. A review of theoretical methods and experimental studies reveals that the
extrusion pressure at the end of the extrusion stroke (i.e. without container friction) is a nearly linear
function of the homogeneous extrusion strain [27]. The loads have an impact on numerous engineering
processes described in [28-40]. In the present work a tube extrusion process has been scrutinized. In
particular, a solution of the pressure problem by means of a computer simulation in the above process
has been discussed below. Also, a method of obtaining the contact stresses distribution during extrusion
has been shown.

2. Die design in CAD/CAM Systems

The basic objectives of applying CAD techniques to extrusion are described in [30-32]. The model
of the die has been created using Deform 3D CAD/CAE system (Fig. 1.).

Fig. 1. Die, workpiece (tube) and punch designed in CAD/CAE system
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The mesh of this model is available within this system. This means that the model of the die has
been divided into rectangular pattern of finite elements [28; 30]. This kind of models can be also
imported by the system when they are saved as possible file format.

3. Preparing the simulation

Before commencing the simulation of the extrusion process, a number of conditions have to be
fulfilled. It is necessary to check if all the required files and date are available [29; 33]. The punch data
comprised the following information:
density: 7.8E-09 kg-mm3
Young Modulus: 2.1E+05 MPa
Poisson ratio: 0.3
velocity of the punch: 10000 mm-s™,

The specified dimensions of the die and workpiece geometry are presented in Fig. 2.
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Fig. 2. Geometry of the tool and workpiece

Usually, in the included model the tool is a rigid body. In this case, however, the pressure solution
for the tool is completely disabled. Therefore, it has become necessary to re-create the tool material as
elastic for the purpose of the simulation (if possible).

4. Discussion of the results

There were three different friction coefficients used in each simulation. The values were as follows
[31; 33]: x=0.15 (for example uncoated steel), u = 0.2 (zinc-coated steel in metal forming), = 0.05
(lubricated extrusion). The property of the workpiece can be compared with steel containing 0.35% C.
Below, in Fig. 3, the cross-section of the tool is presented. Point numbers from 1 to 8 correspond to the
numbers of the nodes in the finite element model. The corresponding points are described in Fig. 3.

—

Fig. 3. Characteristic point numbers on the die surface: radial plane cross-section

To recognize the possible load of the press during the extrusion process, which is significant to
planning, the analysis was created using DEFORM 3D system for this simulation. As the results, the
distribution of effective stress can be presented. Accurate contact type with the coefficient of friction
equal to 0.12 was set, such as really the production condition during cold extrusion of steel tubes.
Numerical simulation in Fig. 4. (initial state of extrusion), Fig. 5. (advanced phase of extrusion) and
Fig. 6. (end of the process) is presented below.
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Fig. 4. Effective stress during cold tube extrusion — initial phase of the process

Stress - Effective (MPa)

118 Min
\ | 969 Max
o i i i i z
0000 0.00147 _0.00204 000441 000588 0.00735 L_ X
Time (sec)

Fig. 5. Effective stress during cold tube extrusion — advanced phase of the process
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Fig. 6. Effective stress during cold tube extrusion —end of the process

The technical problem of the tube extrusion is almost always the final diameter of the product. It is
possible to obtain this kind of results from numerical simulation. They are shown in Fig. 7.
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Fig. 7. Final diameters of the extruded tube

In the course of the simulation, obtaining of the distributions of pressure on the die surface is more
difficult, but not impossible. The MS Excel tool has been used to get and analyze the pressure
distribution diagrams. They are shown in Fig. 8-10. “Seria” is treated here as a distribution of pressure
in each time step in a numerical solution. On the whole, 21 time steps (each 0.005 s) have been used.
The significant points have been described above (Fig. 3).
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Fig. 8. Pressure distribution (radial direction) in analyzed points during the process with = 0.05
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Fig. 10. Pressure distribution (radial direction) in analyzed points during the process with g =10.2
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5. Conclusions
The most important information resulting from the obtained numerical simulation is as follows:

1. The basic research work and experiments have confirmed that the value of the friction coefficient
is changing during extrusion. This conclusion is confirmed in Fig. 8-10. The friction coefficient
ranges from 0.05 to 0.15. Comparing Figs. 8, 9 with Fig. 10 (friction coefficient u = 0.2), it can be
seen that there is also a change in the nature and distribution of the die loads.

2. The influence of the friction coefficient is very important, different distributions of pressure have
been obtained which depend on the friction conditions on the contact surface. This way of analysis
allows to determine desirable properties of the die material and facilitates optimization of the
extrusion process. The numerical simulation is also helpful to design optimal die so as to obtain
diameters of the tube correctly.

3. It seems to be impossible to obtain the results of contact stresses using the DFORM 3D system only
(with all functional constrains). Some kind of results is disabled, because the material of the tool is
defined as a rigid body of necessity. Thus, only the solution described below has been worked out.

4. During the test, the friction coefficient p=0.12 was assumed as a recommended parameter to
extrusion of steel tubes. The results of effective stress (Fig. 4, 5, 6.) have shown also the possible
load of the punch. The extreme value of this range is 18 tons.

5. Thisis preliminary, approximate information, which kind of press should be used. Additionally, the
computer simulation allows to check the possible inner and outer diameter of the extruded tube. It
is shown in Fig. 7.

6. So, the computer simulation of the described extrusion process may be very useful to define the
precision load of the die. Using even similar, theoretical or experimental methods, obtaining this
data may be most complex. The results of the numerical analysis, then, are of great importance, as
they make it possible to (approximately) estimate the die load. Though the actual extrusion process
is accomplished within split second, the setting up of a workplace equipped with all required
measurement sensors to register the die load poses a very complicated problem and often requires
significant outlays.

Funding

This publication was financed through the program of the Ministry of Science and Higher Education
of Poland named “Regional Initiative of Excellence” in 2019-2022 project number 011/RI1D/2018/19.

Acknowledgments

This research was founded through subsidy of the Ministry of Science and Higher Education of
Poland for the discipline of mechanical engineering at the Faculty of Mechanical Engineering Bialystok
University of Technology WZ/WM-11M/4/2020.

Author contributions:

Conceptualization, G.S. and A.L.; methodology, G.S. and A.L.; software, G.S.; validation, G.S.;
writing — original draft preparation, G.S.; writing — review and editing, G.S. and A.L.; funding
acquisition, A.L. All authors have read and agreed to the published version of the manuscript.

References

[1] Stepanenko A. V., Isaevich L. A., Veremeichik A. A., Medvedeva T. A. Theoretical investigation
of the process of cold extrusion of rods from unplasticized metal powders. I1l. Extrusion pressure.
Powder Metallurgy and Metal Ceramics, Vol. 26 (7), 1987, pp. 519-523.

[2] Luigino F., Gagliardi F., Micari F. A Laboratory Scale Equipment to Relieve Force and Pressure in
Cold Extrusion of Lead Hollow Components, Key Engineering Materials, VVol. 367, 2008, pp. 137
—144.

[3] Dieter E. G., Kuhn H. A., Semiatin S. L., Handbook of workability and process design. ASM
International, 2003.

[4] Miatliuk K., Lukaszewicz A., Siemieniako F. Coordination method in design of forming operations
of hierarchical solid objects. International Conference on Control, Automation and Systems:
ICCAS 2008, Seoul, South Korea, October 14-17, 2008, Vols. 1-4, pp. 2354-2357.

947



ENGINEERING FOR RURAL DEVELOPMENT Jelgava, 25.-27.05.2022.

[5] Skorulski, G. 3DP technology for the manufacture of molds for pressure casting, Arch. Foundry
Eng. Vol. 16(3), 2016, pp. 99-102.

[6] Borawski A., Szpica D., Mieczkowski G. Verification tests of frictional heat modelling results.
Mechanics Vol. 26, 2022, pp. 260-264.

[7] Lukaszewicz A., Skorulski G., Szczebiot R. The main aspects of training in the field of computer-
aided techniques (CAX) in mechanical engineering. Proceedings of 17th International Scientific
Conference on Engineering for Rural Development, May 23-25, 2018, Jelgava, Latvia, pp. 865-
870.

[8] Lukaszewicz A., Panas K., Szczebiot R. Design process of technological line to vegetables
packaging using CAX tools, Proceedings of 17th International Scientific Conference on Engineering
for Rural Development, May 23-25, 2018, Jelgava, Latvia, pp. 871-876.

[9] Mircheski I., Lukaszewicz A., Trochimczuk R., Szczebiot R. Application of CAx system for design
and analysis of plastic parts manufactured by injection moulding. Proceedings of 18th International
Scientific Conference on Engineering for Rural Development, May 22-24, 2019, Jelgava, Latvia,
pp. 1755-1760.

[10] Mircheski 1., Lukaszewicz A., Szczebiot R. Injection process design for manufacturing of bicycle
plastic bottle holder using CAXx tools. Procedia Manufacturing, Vol. 32, 2019, pp. 68-73.

[11] Dankwort C., Weidlich R., Guenther B., Blaurock J.E. Engineers’ CAx education - it’s not only
CAD. Computer-Aided Design, Vol. 36, 2004, pp. 1439-1450.

[12] Zdobytskyi A., Lobur M., Panchak R., Sika R., Kalinowski K. Increasing the strength of materials
by topological optimization methods. Proceedings of 16th IEEE International Conference on the
Experience of Designing and Application of CAD Systems, 2021, pp. 6-9.

[13]Lukaszewicz A., Miatluk K. Reverse Engineering Approach for Object with Free-Form Surfaces
Using Standard Surface-Solid Parametric CAD System. Solid State Phenomena, Vols. 147-149,
2009, pp. 706-711.

[14] Dabrowska-Tkaczyk A., Florianczyk A., Grygoruk, R., Skalski K., Borkowski P. Virtual and
material models of human thoracic-lumbar spine with compressive fracture based on patients’ ct
data and the rapid prototyping technique. Arch. of Mech. Eng., Vol. 58 (4), 2011, pp. 425-440.

[15] Poniatowska M., Werner A. Simulation tests of the method for determining a CAD model of free-
form surface deterministic deviations, Metrology and Measurement Systems, Vol. 19 (1), 2012, pp.
151-158.

[16] Poniatowska, M., Werner, A. Probe radius compensation and fitting errors in CAD-based
measurements of free-form surface: A case study. 19th IMEKO World Congress 2009, Vol. 3, 2009,
pp. 1461-1466.

[17]36zwik J., Kuric 1., Sdga M., Lonkwic P. Diagnostics of CNC machine tools in manufacturing
process with laser interferometer technology. Manuf. Tech., Vol. 14(1), 2014, pp. 23-30.

[18]J6zwik J., Kuric, I., Grozav, S., Ceclan, V. Calibration of 5 axis CNC machine tool with 3D
quickSET measurement system. Academic Journal of Manuf. Engineering, Vol. 12(1), 2014, pp.
20-25.

[19] Sidun P., Lukaszewicz A. Verification of ram-press pipe bending process using elasto-plastic FEM
model. Acta Mechanica et Automatica, VVol. 11, Issue 1, 2017, pp. 47-52.

[20]Lukaszewicz A. Temperature field in the contact zone in the course of rotary friction welding of
metals. Materials Science, Vol. 55 (1), 2019, pp. 39-45.

[21] Borawska E., Borawski A. Influence of the Initial Speed of the Agricultural Tractor on the Brakes
Heating Process During Emergency Braking. Heat Transf. Res. Vol. 51, 2020, pp. 967-974.

[22] Mieczkowski G., Szpica D., Borawski A., Awad M.M., Elgarayhi A., Sallah M. Investigation of
the Near-Tip Stress Field of a Notch Terminating at a Bi-Material Interface. Materials, Vol. 14(16),
2021, nr 4466.

[23]Holovatyy A., Teslyuk V., Kryvinska N., Kazarian A. Development of microcontroller-based
system for background radiation monitoring. Sensors, VVol. 20(24), 2020, nr 7322.

[24] Borawski A. Testing Passenger Car Brake Pad Exploitation Time’s Impact on the Values of the
Coefficient of Friction and Abrasive Wear Rate Using a Pin-on-Disc Method, Materials, Vol. 15(6),
2022, nr 1991.

[25] Webster W. D., Davis R.L. Development of a friction element for metal forming analysis, Trans.
ASME J. Eng. Ind, 104, No.3, 1982, pp. 253-256.

948



ENGINEERING FOR RURAL DEVELOPMENT Jelgava, 25.-27.05.2022.

[26] Bhattacharyya S. , Mujamdar A. K., Basu S. K. Mathematical modelling of metal extrusion process,
Trans. ASME J. Eng. Ind, 104, No.1, 1982, pp. 65-70.

[27]Hrycaj P., Cescotto S., Oudin J. Elasto - plastic finite element analysis of unilateral contact with
generalised Coulomb friction, Engineering Computation, vol. 8, 1991, pp. 291 -303.

[28]Oden J. T., Pires E. B. Numerical analysis of certain contact problems in elasticity with non-
classical friction laws, Computers & Structures, vol.16, No. 1-4, 1983, pp. 481-485.

[29] Altan T., Ngaile G., Shen G. Cold and Hot Forging. Fundamentals and Applications, ASM
International, 2004.

[30] Abou-El-Lail Mohsen M.M., Farag Mahmound M. Analysis of direct extrusion by the finite
element technique. Curr. Adv. Mech. Des. and Prod. Proc., 1st International Conference, Cairo 27
- 29 Dec. 1979, Oxford e.a. pp. 239-246.

[31]Nine H. D. The applicability of Coulomb’s friction law to draw beads in sheet metal forming.
American Society of Metals, Vol.2, No.3., 1982, pp. 200-2010.

[32] Szymczak T., Kowalewski Z. Variations of mechanical parameters and strain energy dissipated
during tension-torsion loading. Arch. of Metall. and Mat., Issue I, Vol 57, 2012 pp. 193-197.

[33] Samper V., Felder E., 1990, Frictional mechanism in uncoated and zinc-coated steel sheet forming
- theoretical and experimental results. Mechanics and Coatings, Tribology series 17, Elsevier
Science Publishers B.V.

[34] Wegrzyn T., Piwnik J., Wszotek L., TarasiukW. Shaft wear after surfacing with micro-jet cooling.
Archives of Metallurgy and Materials, VVol. 60(4), 2015, pp. 2625-2630.

[35] Tarasiuk W., Golak K., Tsybrii Y., Nosko O. Correlations between the wear of car brake friction
materials and airborne wear particle emissions. Wear, Volumes 456-457, 2020, pp. 203361.

[36] Zdobytskyi A., Lobur M., Iwaniec M., Breznitskyi V. Optimization of the structural characteristics
of the robotic system holder. Proceedings of the 15th International Conference on the Experience
of Designing and Application of CAD Systems, 2019, art. no. 8779311.

[37] Grzejda R. Finite element modeling of the contact of elements preloaded with a bolt and externally
loaded with any force. Journal of Computational and Applied Mathematics, Vol. 393, 2021, nr
113534.

[38] Melnyk M., Kernytskyy A., Lobur M., Szermer M., Zajac P., Maj C., Zabierowski W. Custom
method for automation of microbolometer design and simulation. Proceedings the 22nd IEEE
International Conference of “Mixed Design of Integrated Circuits and Systems” MIXDES 2015,
2015, pp. 301-304.

[39] Grzejda R., Warzecha M., Urbanowicz K. Determination of the Preload of Bolts for Structural
Health Monitoring of a Multi-Bolted Joint: FEM Approach. Lubricants, Vol. 10(5), 2022, nr. 75.

[40] Nevliudov I., Demska N., Palagin V., Nevlyudova V., Botsman I., Kolesnyk K. Stiffness Matrix of
MEMS on the Stress-Strain Method Basis. Proceedings of the 16th International Conference on
“Perspective Technologies and Methods in MEMS Design”, 2020, pp. 142-145.

949



