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 Abstract This article presents the results of measurements on friction forces carried out in the model forming process 
(MFP). The description of this process takes into consideration the presence of plastic strain at the interface 
between the test specimen and tool due to the material flow. The experimental forming process was performed 
with a laboratory unit constructed and manufactured at the Fundamentals of Technology Faculty of the Lublin 
University of Technology [L. 1, 2]. This unit was used to carry out the measurements on friction force during 
model forming of shaped test specimens at a pressure of 0 to 100kN acting on a continuous basis during the 
research process. The results of experimental measurements of friction forces were compared to those of 
numerical calculations obtained with the finite element method (FEM). Experimental results of friction forces 
were compared with the results obtained using the model forming process (MFP).  

  In order to document the effects of plastic strain in the structure of shaped test specimens subjected to 
experimental model forming, metallographic examinations were carried out using a light microscope. Structure 
observations were conducted in a bright field and polarised light with a magnification of up to 2000x. 

 Słowa kluczowe: MES, tarcie, odkształcenie plastyczne, wytłaczanie, badania symulacyjne.

 Streszczenie W artykule przedstawiono  rezultaty badań sił tarcia w modelowym procesie wytłaczania (MPW). Uwzględ-
niono także występowanie odkształcenia plastycznego zachodzącego wskutek płynięcia materiału przy styku 
próbki z narzędziem. Modelowy proces wytłaczania przeprowadzono na urządzeniu laboratoryjnym skon-
struowanym i wykonanym na Wydziale Podstaw Techniki Politechniki Lubelskiej. Urządzenie pozwalało na 
prowadzenie badań wytłaczania próbek kształtowych dla siły nacisku (od 0 do 100 N) działającej w sposób 
ciągły, w trakcie procesu badawczego. Efekty doświadczalne pomiarów sił tarcia porównano z wynikami uzy-
skanymi metodą obliczeniową przy zastosowaniu MES w modelowym procesie wytłaczania (MPW). Użycie 
metod numerycznych pozwoliło również na obliczenie rozkładu odkształceń w badanych próbkach.

  Dla udokumentowania  efektów odkształcenia plastycznego w strukturze kształtowników poddanych do-
świadczalnemu, modelowemu wytłaczaniu przeprowadzono badania metalograficzne przy wykorzystaniu 
mikroskopu świetlnego. Obserwacje struktury prowadzono w  polu  jasnym  i świetle spolaryzowanym przy 
powiększeniu do 2000x.

*  Lublin University of Technology, Fundamentals of Technology Faculty, Nadbystrzycka 38 Street, 20-618 Lublin, Poland.

INTRODUCTION

Model investigations are used for computer simulation 
of technological processes. The computer simulation 
method allows designing and optimising industrial 
processes without the need of long-lasting and costly 
research on a process line  [L. 1–3]. It allows the 
complex technological problems that occur mainly 
when developing new production processes to be solved 
effectively [L. 4–8]. The computer simulation method 

involves the execution of plastic working schemes of 
selected technologies on model test specimens by using 
model process simulators [L. 9–16]. This paper presents 
a simulator in the form of a laboratory unit, which 
allows the model forming process to be conducted with 
simultaneous measurement and recording of friction force.

The finite element method (FEM) has been used 
for calculations and computer simulation in the field of 
metal working since the 1960s. At present, the effect 
of friction is taken into consideration when using this 
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method. In earlier times, the friction between cooperating 
elements was ignored and many computer programs 
had limitations in the selection and determination of 
boundary conditions for this effect. The investigations 
on the effect of friction are carried out for models with 
varying degrees of simplification. They are conducted 
for friction pairs as well as the entire virtual models of 
laboratory units.  

The definition of contact phenomena and the 
selection of friction parameters in computer programs 
used for the analysis of plastic working processes are 
hindered because of the limited possibility of choosing 
friction models and the dynamic changes in the 
phenomena of this process. 

In many cases, averaged friction parameters are 
adopted for numerical calculations [L. 17–19]. Making 
calculations of the parameters that characterise the 
friction process by FEM is connected with the need 
of selecting the appropriate program to allow the 
simulation of examined phenomena as well as adopting 
the optimum boundary conditions for calculations. 

MATERIALS

The investigations on friction process during cold strain 
in the model forming process were carried out on shaped 
test specimens – Figure 1.

The test specimens were C-shaped sections of 
30 mm in length and 34 and 38 mm in width obtained 
by cold bending of a plate made of S235JR steel with 
a thickness of 2 mm (specimens marked P1) and 
a thickness of 4 mm (specimens marked P2), respectively.

To remove the effects of strain that occurred when 
bending the plate, the shaped test specimens were 
recrystallized at 650°C for one hour.

Fig. 1.  Shaped test specimen for testing MFP with 
indicated points where microsections for 
metallographic observations (M) and hardness 
measurements (HV) were taken

Rys. 1.  Próbka kształtowa do badania w modelowym proce-
sie wytłaczania (MPW) z zaznaczonymi miejscami 
pobrania materiału do obserwacji metalograficznych 
(M) i pomiarów twardości (HV)

The model forming process was performed with 
a device (Figure 2) in which the upper and lower plates 
were a counter-specimen and the shaped test specimen 
was moved by a stamp [L. 4].

Fig. 2.  Diagram of a test device for model extrusion and 
friction test: 1,2 – upper and lower plate of the device, 
3,4 – interchangeable sample plates, 5 – specimen 
sample, 6 – clamp, 7 – spindle, 8 – joint 9 – strut, 
10,11 – bolt, 12 – strain gauge system

Rys. 2.  Schemat urządzenia badawczego do  realizacji pro-
cesu modelowego wytłaczania i badania tarcia: 1, 2 –
płyta górna i dolna urządzenia, 3, 4 – wymienne płytki 
przeciwpróbek, 5 – próbka kształtowa, 6 – obejma, 
7 – trzpień, 8 – przegub, 9 – cięgło, 10, 11 – śruby, 
12  – tensometry

The counter-specimens and the stem were made 
of steel for toughening 41Cr4 and quenched in oil at 
a temperature of 850°C and tempered at 200°C before 
installation.

TEST DEVICE

The model forming process (MFP) with simultaneous 
investigation on the sliding friction process was 
performed on a laboratory station consisting of a test 
device mounted on the testing machine between the 
lower and upper cross bars. 

The diagram of the test device is shown in Figure 2 
and the vertical section of the working part is show in 
Figure 3. 

During MFP, the shaped test specimen placed 
between the counter-sample plates was compressed 
and simultaneously shifted. The compression of the test 
specimen was caused by the pressure force of the testing 
machine’s upper cross bar, which was decomposed into 
a horizontal force transmitted by a system of rods and 
connectors that was shifting the specimen. A system 
of extensometers and relays was installed on the rods 
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surface, which, in combination with the measuring 
equipment, allowed the friction force to be measured 
and saved during MFP.

METHODS

Experimental methods

Laboratory MFPs were carried out for specimens 
marked P1 and P2. The measurement was taken by 
strain gauge tests of the friction force (Ff) during method 
on a continuous mode. A system of extensometers 
was placed on the rod’s surface in the test device. The 
shaped test specimen is moved in MFP by a horizontal 
force, which is a component of the cross bar’s vertical 
pressure force, which was generating voltage changes 
in the Wheatstone quarter bridge extensometer system. 
Voltage variations were recorded every 0.025s by 
the measuring and recording system consisting of 
a computer, a PicotestM3510A multimeter, and a power 
supply. During testing, the model forming process took 
5 seconds for every test specimen. Voltage values were 
converted by using a specially developed program for 
the Picotest M3510A meter. The program loaded CSV 
(Comma Separated Values) data sheets and converted 
their data into friction force values. The friction force 
values were presented as a function of the model 
forming test duration in the form of plotted graphs using 
the 4 Module FEM program developed by S. Korga 
[L. 9]. In addition to the curves of friction force vs. 
model forming test duration F(f)= f(time) plotted for 
individual test specimens, a graph was made where 
every point of which represented the arithmetic mean of 
friction force measurements. The obtained Ff values and 
known pressure forces allowed for the calculation of the 
coefficient of friction, whose average value in MFP was 
µ = 0.20 for P1 specimens and µ = 0.23 for P2 specimens.

Microscopic metallographic examinations were 
carried out to determine the structure of shaped test 
specimens, counter-specimens, and the mandrel 
subjected to model forming process (MFP). The micro-
sections for metallographic examinations were taken of 
the areas of test specimens and counter-specimens that 
interact in MFP – Figure 1. The taken test specimens 

were submerged in Duracryl, ground mechanically 
with papers of varying abrasive grit, and polished with 
a water suspension of Al2O3. To reveal the structure, the 
micro-sections were etched with a 4% solution of nitric 
acid in ethyl alcohol. Metallographic examinations were 
carried out with an Olympus GX71 light microscope, 
which enabled the electronic documentation of results. 
Structure observations were conducted at a magnification 
of 200x and 500x in a bright field and polarised light 
using Nomarski contrast. 

Hardness tests were carried out on metallographic 
micro-sections of the shaped test specimens made 
of S235JR steel and tools made of 41Cr4 steel after 
having completed the model forming process – Table 1. 
Hardness measurements were taken by Vickers method 
using a hardness tester by the Japanese company FM700 
with an accuracy of measurement ± 1%. Hardness test 
results are the average of five measurements.

COMPUTER  METHODS 

Numerical calculations of the friction force (Ff) that 
occurred during MFP were carried out with the Deform 
3D software. The virtual model of the test device and 
test specimens subjected to model forming was made 
using the AutoDesk-Inventor software.

The numerical analysis using Deform 3D software 
included a virtual model of the test device and virtual 
models of test specimens marked P1 and P2 (Figure 4).  
The virtual models were created using AutoDesk-
Inventor software. The test specimen models were 
divided into finite elements as tetrahedrons. The number 
of divided elements was 7789 for P1 and 15051 for P2 
test specimens.  That number determined the number of 
friction pairs, which was 2234 for P1 and 3641 for P2 
specimens. For the description of friction, the Coulomb 
relationship was adopted, and for the description of the 
state of stress in deformed test specimens, the Huber-
Mises-Hencky stress hypothesis was adopted. For 
calculations, the rigid-plastic model of the forming 
process was adopted in which the test specimens were 
determined to be the plastic element and the counter-
specimens and stamp – the rigid element [L. 6–8].

Fig. 4. Model assembly for the sample P1(a) and P2(b)
Rys. 4. Zespół modelowy dla próbki P1(a) i P2(b)

Fig. 3. Cross section of the working part of the test 
equipment: a – top counter, b – sample,  
c – mandrel, d – bracket, e – bottom counter

Rys. 3. Przekrój części roboczej urządzenia badawczego: 
a – górna przeciwpróbka, b – próbka kształtowa,  
c – trzpień, d – obejma, e – dolna przeciwpróbka

a)

b)
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The material for test specimens meeting the 
plastic element conditions was steel marked S235JR 
(Americans designation of steel 1015), while the material 
for counter-specimens and stamp was heat-treated 
41Cr4 steel meeting the rigid element conditions. The 
materials were selected from Deform 3D database.  For 
each of the test specimens, the preliminary conditions 
corresponding to parameters of the forming process 
conducted in the test device under real conditions were 
determined.  The calculations were carried out for the 
coefficient of friction ranging between 0.15 and 0.40, 
with pressure force varying between 0 and 80 kN for 
P1 test specimens and between 0 and 100 kN for P2 test 
specimens, and the process duration was 5s. Cohesion 
and adhesion forces were not considered during the 
experiment.

The results of numerical calculations of 
instantaneous friction forces were recorded every 
0.025s. The movement of the test specimen and counter-
specimens of the unit’s virtual working part and stamp 
was possible due to properly adopted degrees of freedom 
[L. 6–8]. 

The use of FEM and Deform 3D software allowed 
for the calculation and presentation of changes in friction 
forces during the model extrusion process. [L. 9, 10, 12].

RESULTS AND DISCUSSION

The application of FEM incorporated in Deform3D 
program allowed the distribution of strains (Figure 5) 
in the test specimens subjected to MFP to be calculated 
and presented. 

The results of numerical calculations for friction 
forces and various friction coefficients, μFEM, are shown 
as functions in the drawing (Figure 6, 7). 

Fig. 5. Distribution of strain ε in the material of test 
specimens P1 (a) and P2 (b) determined after 
completion of MFP

Rys. 5. Rozkład naprężeń ε w materiale próbki P1 (a)  i P2 (b) 
po PMW

The calculated curves showed a linear increase in 
friction force during MFP caused by a linear increase 
in the pressure force during the virtual model forming 
process.  The highest values of calculated Ff on the 
Ff = f(sample time) curves occurred for the highest 
coefficient of friction.  For P1, the values of friction 
force linearly increased from approx. 8 to 10 kN for 
µMES = 0.05 and from approx. 22.5 kN to 26 kN for 
µMES  = 0.30 (Figure 6), while for P2, from approx. 11 kN 
to approx. 12.5 kN and from approx. 29 kN to 34 kN for 
µMES = 0.05 and µMES = 0.30, respectively (Figure 7). 

 

Fig. 6. The dependence of instantaneous values of 
frictional forces between sample P1 and lower 
counter counting time for different coefficients of 
friction: 7 – experimental curve, 1–6 calculated 
curves

Rys. 6. Zależność chwilowych wartości siły tarcia między 
próbką P1 a dolną przeciwpróbką od czasu, dla róż-
nych wartości współczynnika tarcia: 7 – krzywa do-
świadczalna, 1–6 – krzywe analityczne 

Fig. 7. The dependence of instantaneous values of 
frictional forces between sample P2 (Figure 7). The 
dependence of instantaneous values of and lower 
counter counting time for different coefficients of 
friction: 7 – experimental curve, 1–6 – calculated curves 

Rys. 7.  Zależność chwilowych wartości sił tarcia między 
próbką P2 a dolną przeciwpróbką od czasu, dla róż-
nych wartości współczynnika tarcia: 7 – krzywa do-
świadczalna, 1–6 – krzywe analityczne
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The results of experimental investigations on 
friction force in MFP for test specimens marked P1 and 
P2 are shown as graphs (Figures 6 and 7). The graphs 
(black line) present the impact of MFP duration on 
average values of friction force at an average value of 
the coefficient of friction equal to 0.20 for test specimens 
P1 and 0.23 for test specimens P2.  The course of the 
friction force vs. test duration curves is variable. At 
the first, i.e. the initial stage of MFP for test specimens 
P1, the average value of friction force increases from 
approx. 8kN to approx. 16kN and then, at the second 
stage, it is maintained on a fixed level of approx. 
17.5kN; whereas, at the third stage, the average friction 
force decreases to obtain its initial value from the first 
stage (Figure 6). The nature of changes in the average 
value of friction force during the model forming process 
for test specimens P2 is similar, but Ff adopts higher 
values than Ff for test specimens P1 at all stages of MFP 
(Figure 7). The increase in friction force at the initial 
stage of MFP is caused by the reduction in clearances 
existing in the test device. The conformity between the 
experimental and calculation results for friction force in 
MFP occurred for the coefficient of friction µ = 0.2 for 
test specimens P1 and µ = 0.23 for test specimens P2. 

The microscopic metallographic examinations 
allowed the impact of cold plastic strain of the 
shaped test specimens in the model forming process 
(MFP) on the their structure and the effects of plastic 
strain due to material flow to be determined. The 
results of metallographic observations are shown in 
microphotographs (Figures 8–14).

The shaped test specimens in the as-annealed 
state for testing in the model forming process were 
characterised by a ferritic structure with a slight amount 
of pearlite with a hardness of 124 HV10. The average 
diameter of the axially shaped ferrite grains ranged 
between approx. 10µm and approx. 40 µm (Figure 8). 

Fig. 8. Ferrite grains with a slight amount of pearlite 
in the structure of the test specimen P1 after 
recrystallization

Rys. 8.  Ziarna ferrytu z niewielką ilością perlitu w strukturze 
próbki P1 po wyżarzaniu rekrystalizującym

Fig. 9. The structure of P2 test specimen after the model 
forming process

Rys. 9.  Struktura próbki P2 po  procesie wytłaczania
 

Fig. 10. Deformation bands in the sample structure P2 
after the model forming process revealed in the 
Nomarski contrast

Rys. 10. Pasma odkształcenia w strukturze próbki P2 poddanej  
modelowemu wytłaczaniu   ujawnione  w kontraście 
Nomarskiego

Fig. 11.  Ferrite and pearlite with deformation bands in the 
structure of P1 test specimen after model forming

Rys. 11. Ferryt i perlit z pasmami odkształcenia  w strukturze 
próbki P1 poddanej  modelowemu wytłaczaniu
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Fig. 12. The clear bands of deformation in the sample 
structure P1 after model forming revealed with 
Nomarski contrast

Rys. 12. Wyraźne pasma odkształcenia w strukturze próbki 
P1 poddanej modelowemu wytłaczaniu ujawnione 
w kontraście Nomarskiego

Fig. 13. The shear band (A) in the structure of the 
subsurface part of test specimen P1 subjected to 
the model forming process

Rys. 13. Pasmo ścinania (A) w strukturze przypowierzchniowej 
części próbki P1 poddanej modelowanemu wytłaczaniu

Fig. 14. Low-tempered martensite with bainite in the 
counter-specimen structure after hardening and 
low-temperature tempering

Rys. 15. Martenzyt niskoodpuszczony z bainit w strukturze 
przeciwpróbki po hartowaniu i niskim odpuszczaniu

MFP resulted in a change in ferrite grains in the steel 
structure of the shaped test specimens and the appearance 
of plastic strain effects (Figures 9–13). After cold strain, 
the strain effects were observed on the cross-section 
of the shaped test specimens in the form of elongated 
ferrite grains (Figures 9 and 10). Metallographic 
examinations in polarised light with the use of Nomarski 
contrast revealed the existence of deformation bands in 
the structure of the shaped test specimens (Figures 10 
and 12). These bands occurred on the micro-section 
mainly in the surface layers and run in accordance with 
the direction of movement of the shaped test specimen 
during MFP. The formation of the deformation bands 
was caused by the hardening of the material due to the 
action of compression and friction forces between the 
cooperating test specimen and counter-specimen. The 
hardening may be the effect of the activation of the slip 
mechanism in critical systems [L. 19]. In addition, the 
shear bands were found in the material structure of the 
test specimen marked P1 within the area of cooperation 
with the counter-specimen (Figure 13). They occur 
generally at the point of contact between the deformation 
bands and the grain boundaries, which was observed in 
the material structure of the investigated test specimens 
[L. 19–21]. The concentration of stresses stimulates the 
activity of the slip mechanism resulting in nucleation 
of the shear bands, which propagate in a forced non-
crystallographic direction (Figure 13). The observed 
shear bands were situated at approx. 65° in relation to the 
strain direction. At the initial stage of deforming, these 
bands form an angle of approx. 25° – 40° along the strain 
direction [L. 19, 20]. The material of both the counter-
specimens and the mandrel in the unit used for testing 
friction in MFP was characterised by a structure of low-
tempered plate martensite with bainite (Figure 14).

The results of hardness testing on the cross-section 
of the shaped test specimens (Figure 1) after model 
forming and the results of statistical calculations are 
summarized in (Table 1). In steel of the investigated 
test specimens P1 and P2, the maximum hardness 
occurs at the measuring points marked with number 
3 (Figure 1) where maximum strain values were 
observed (Figure 5). Within the area (G) on the side 
of cooperation between the test specimen P1 and the 
counter-specimen, hardness measured at the measuring 
points marked 1, 2, and 3 (Figure 1) was 147HV, 
149HV, and 155HV, respectively, while on the side 
of cooperation between the test specimen P2 and the 
counter-specimen hardness was 145HV, 154HV, and 
157HV, respectively.

Higher hardness values were also found in the 
surface areas (D) of the test specimens cooperating with 
the test device’s mandrel, while in the middle areas of 
test specimens (S), similar or slightly lower values were 
found.
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Table 1. The results of hardness measurements for test specimens P1 and P2 subjected to MFP
Tabela 1. Wyniki pomiarów twardości dla próbek testowych P1 i P2 poddanych obróbce MFP

Test 
specimen 

designation

Measurement 
area – Fig.1

Hardness HV,   variance σ2,   standard deviation σ

Place of measurement – Fig. 1

1 2 3

HV σ2 σ HV σ2 σ HV σ2 σ

P1

G 147.06 2.25 1.50 149.98 1.39 1.18 155.66 0.88 0.94

S 128.46 1.14 1.07 147.86 0.61 0.78 171.78 0.49 0.70

D 130.96 1.17 1.08 138.48 1.30 1.14 163.16 1.54 1.24

P2

G 145.90 1.19 1.09 154.52 1.00 1.00 157.42 1.59 1.26

S 128.06 1.02 1.01 134.32 1.28 1.13 146.56 1.17 1.08

D 139.16 1.58 1.26 143.44 1.08 1.04 149.22 1.48 1.22

3.  In structure of the shaped test specimens subjected 
to MFP, the effects of plastic strain in the form of 
deformation and shear bands were revealed in the 
areas of cooperation with the counter-specimens.

4.  The ferritic structure with a slight amount of pearlite 
with a hardness of 124 HV10 in the steel of the 
shaped test specimens and the structure of martensite 
with bainite with a hardness of 58 HRC in the steel 
of the counter-specimens and stamp confirms the 
correctness of the adoption of the rigid-plastic model 
for the performance of MFP tests. 

5.  The maximum hardness after MFP was demonstrated 
by surface areas of cooperation between the shaped 
test specimens and the counter-specimens that form 
a friction pair.

CONCLUSIONS

The completed experimental results as well as the 
obtained results and their analysis allowed the following 
conclusions to be drawn:
1.  The friction force results obtained in the experimental 

and numerical investigations using FEM indicate the 
suitability of this method for the measurement of the 
friction force in the model forming process.

2.  The numerically calculated friction forces that exist 
in MFP carried out on virtual unit using Deform 3D 
program correspond to the values obtained at the 
FEM laboratory stand for pressure forces between 
0 and 100kN and the coefficient of friction of 0.2. 
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