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PHYSICAL MODELLING OF CROSS-WEDGE ROLLING OF BALL STUDS

The publication presents and reviews the results of a physical modelling study of the Cross Wedge Rolling process of
ball-studs. The ball-studs was formed in a double system from C45 steel at 1050°C, while the physical modelling process was
performed on a scale of 1:2.5 using Primo plasticine as the model material, which was formed at 5°C. For the real tests, steel tools
were used, while for the model tests the tools were made of ABS plastic. The experimental tests were followed by measurements
of the individual stud steps. The geometrical analysis of the specimens showed that the model material allowed the shape of the
forging obtained in the rolling process to be accurately modelled. Based on the physical modelling studies of the Cross Wedge
Rolling process of ball-studs, it was concluded that the ball-studs rolling process can be modelled using PRIMO plasticine. Based
on the analysis of the physical modelling results obtained, it was concluded that physical modelling allows the Cross Wedge Rolling
process to be modelled with a high convergence of the results obtained in real and physical tests.
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1. Introduction

Cross Wedge Rolling is one of the most popular basic
methods for forming products with axisymmetric geometries.
The Cross Wedge Rolling process is characterised by tools in the
form of rolls or flat plates, which have a wedge-shaped forming
blank on their surface [1].

Cross Wedge Rolling allows the forming of axisymmetric
products with a high surface quality and high accuracy of shape
of the formed component. Products obtained by Cross Wedge
Rolling process can be used as forgings in subsequent forming
processes or as the final product for subsequent machining.

Cross Wedge Rolling with roll tools and Cross Wedge Roll-
ing with flat tools are the most commonly used rolling methods.
In the case of roll-rolling with roll-shaped tools, the tools are
characterised by the alignment of the roll rotation axes in one
plane, where the rolls, rotating in the same direction, shape the
product. In contrast, in the post-roll rolling process with flat
wedge tools, the tools perform a linear motion relative to each
other, where the lower tool may remain stationary or move at
the same speed as the upper tool. The direction of movement of
the tools is the same while the direction of return is opposite [2].

Limitations of Cross Wedge Rolling processes include
uncontrolled sliding of the shaped material between the wedge

tools, narrowing of the stepped steps and the formation of axial
cracks in the workpiece [3-9].

Metal forming processes can be studied in the laboratory
as well as by computer; FEM simulation methods are very often
used for computer studies. The design of metal forming processes
is a difficult and time-consuming issue. Difficulties limiting
the optimisation of metal forming processes are: complex ex-
perimental investigations, which are often possible to carry out
under industrial conditions; high tooling production costs, which
generate high costs if the designer makes a mistake. Therefore,
methods are sought that facilitate the design of metal forming
technology by eliminating testing in an industrial environment
with real materials. Methods of modelling and simulation of
metal forming processes allow testing of metal forming processes
under laboratory conditions, without the need for industrial
machinery and equipment [5,10-14].

FEM simulation consists of replacing a real element with
a discrete model, which is then used for numerical calculations.
Numerical methods are characterised by their ease of testing.
However, the computational accuracy depends on the correct
assumption of the boundary conditions of the process under
investigation and on the software capabilities of the software,
e.g. in many programmes there are problems with the simulation
of the separation process of shaped elements.

! LUBLIN UNIVERSITY OF TECHNOLOGY, 38 D. NADBYSTRZYCKA STR., 20-618 LUBLIN, POLAND

*  Corresponding author: l.wojcik@pollub.pl

QOO

© 2024. The Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCom-
mercial License (CC BY-NC 4.0, https://creativecommons.org/licenses/by-nc/4.0/deed.en which permits the use, redistribution of
the material in any medium or format, transforming and building upon the material, provided that the article is properly cited, the
use is noncommercial, and no modifications or adaptations are made.


https://orcid.org/0000-0001-8623-1835
https://orcid.org/0000-0001-5504-157X
mailto:l.wojcik@pollub.pl

1294

Physical modelling, on the other hand, has a number of
advantages, including lower testing costs, shorter testing times,
the ability to observe the process as it unfolds and the ability to
perform tests under laboratory conditions. Despite the advan-
tages, physical modelling also has several disadvantages, such
as contact stresses that are difficult to estimate, time-consuming
preparation of specimens for testing and difficulties in measur-
ing the resulting products due to the softness of the modelling
materials [4,6,9,15].

Physical modelling is one of the simulation methods used
in metal forming. It is a method that facilitates the analysis of
material flow, stress distribution and metal forming processes.
Physical modelling consists of replacing the real material with
a model material that maintains predefined similarity criteria:
similarity of material flow curves, similarity of friction condi-
tions, similarity of tool shape, similarity of shaping kinematics
and similarity of thermal processes [6,8,16-20].

Modelling materials are divided into two groups: materials
for modelling shaped parts and materials used to make modelling
tools (steel, non-ferrous metals, glass, plastics, wood, gypsum,
etc.). Tools used for modelling billets can be divided into two
subgroups: metallic modelling materials (aluminium, lead, so-
dium, etc.) and non-metallic modelling materials (resins, natural
waxes, synthetic waxes, cellulose, plasticine, etc.) [8,21,22].

Analysing the available literature, it was observed that
physical modelling simulations are most often used to model
extrusion and forging processes, while longitudinal and skew
rolling processes are analysed to a much lesser extent.

The first physical modelling studies of forging processes
were used as early as the 1920s, where the precursors of physi-
cal modelling studies were Massey and Holquist [23,24]. From
1980 onwards, more and more research results on simulation
physical modelling of forging processes have been published.
In 1986, Boer [25] investigated the physical modelling of the
forging process of a turbine blade by modelling the real mate-
rial, a nickel alloy, with FIMO plasticine. Subsequently, in the
following years, individual research teams investigated physi-
cal modelling of forging processes — research team Takemaus
(1996) [26], Vazquez (1996) [27], Yuli (2000) [28], Fujikawa
(2000) [29], Zhan (2001) [30], Assempour, Razi (2002) [31],
Gronostajski (2008) [32], Hosseini Ara (2018) [33].

Studies on physical modelling of extrusion processes have
been conducted by, among others: Ravn (2001) [34] , Sofouglu
(2004) [35], Kazanowski (2004) [36] and Zhou (2018) [37],
Hawryluk (2019) [38].

Cross Wedge Rolling processes were modelled in the
1960s by Awano and Danno [39]. Only in recent years have the
problems of modelling this process been taken up by Komorii,
Zhou, Wojcik and Pater, among others. Komori [40] and Zhou
[41] analysed the significance of the Mannesman effect, while
Wojcik and Pater analysed Cross Wedge Rolling processes of
products such as balls and stepped shafts [39,42,43].

This paper undertakes an analysis of the physical model-
ling of the Cross Wedge Rolling process of ball-stud in a dual
system. The results obtained from the physical modelling pro-

cess were validated against those obtained from the real Cross
Wedge Rolling process. Cross Wedge Rolling of ball-stud was
described in their works by Tomczak, Pater, Bulzak [44-47].
The processes of shaping studs under hot, hot and cold forming
conditions with various rolling methods were numerically and
laboratory analysed.

2. Aims and methodology

The paper presents a physical modelling process for Cross
Wedge Rolling of a ball stud, which was then verified in a real
laboratory testing process. The main objective of the research
was to analyse the possibility of using physical modelling as one
of the simulation methods for the Cross Wedge Rolling process.
The surface quality and shape geometry of the products obtained,
as well as the qualitative and quantitative similarity of the shap-
ing force, were adopted as the main comparative parameters.

The axially symmetrical ball-stud type element shown in
Fig. 1 was used for the tests.
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Fig. 1. Geometrical diagram of the product specimen analysed

In order to stabilise the process, process symmetry was
introduced by using a dual configuration of the test product
(spherical parts facing each other coaxially).

Model tests were carried out on a specially designed labo-
ratory stand, which was built on the basis of the chain-drawing
machine shown in Fig. 2.

Fig. 2. Model cross-wedge rolling machine: 1 —data acquisition device,
2 — AXIS force measurement sensor, 3 — physical modelling module,
4 — chain drawing machine



An additional module was designed and constructed to
simulate the real machine (Fig. 3) on a scale of 1:2.5. The stand
allows the linear speed of the tools to be modified (from 0 to
150 mm/s) and was equipped with a force measurement sensor
(AXIS FCI1K) shaping with a maximum measurement range
of 1 kN.

The real Cross Wedge Rolling machine used for the lab
tests is shown in Fig. 3. The rolling machine has a constant tool
speed of 300 mm/sec, and is equipped with a forming cylinder
pressure sensor to analyse the variation of the forming force of
the rolling process

Fig. 3. Real cross wedge rolling machine, scale 1:1

For the physical modelling of the Cross Wedge Rolling
process of an axisymmetric ball-stud type product, white and
black commercial plasticine from the model product manufac-
turer PRIMO was used. The model material used was to model
C45 steel formed hot at 1050°C.

The plasticine used is a commercial model material pro-
duced on the basis of synthetic waxes with additional materials
such as clays, oils and colour pigments. The model tools, on the
other hand, were produced using the FDM 3D printing method.
The material used to manufacture the tools is ABS plastic.

In the previous stages of research, the plastometric and
strength properties of the model material, a white and black
commercial plasticine from the manufacturer PRIMO, were
analysed; in addition, the friction conditions between the model
material and the 3D-printed ABS tools and the value of the
Cockroft-Latham fracture criterion function were investigated.
In the next stages, preliminary studies were carried out to model
the formation of the Mannesmann effect.

3. Materials

For the physical modelling of Cross Wedge Rolling, a mod-
elling material based on synthetic waxes — PRIMO commercial
plasticine — was used. A modelling material in two colours, white
and black, was selected to model hot-rolled steel. The plasticine
used in the study was supplied in the form of billets weighing
approximately 0.5 kg.
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PRIMO Plasticine is a modelling material in which the main
ingredient is synthetic wax, while the additional substances, the
fillers, are natural clays, oils and colour pigments.

The selected model material was initially tested by plasto-
metric testing. In the course of the research, flow curves were
determined for the model materials, the coefficient and friction
factor between the model material and the ABS tools were de-
termined, as well as the fracture criterion limits by the Cockroft-
Latham criterion. The procedures of the research carried out are
presented in the articles.

Physical modelling by using commercial plasticine makes
it possible to replace the material of real tools (made of steel)
with a model material.

The model material used in the physical tests presented in
this paper is non-metallic ABS plastic, which is characterised by
high hardness and high resistance to mechanical damage. The
model tools were made by 3D printing using FDM technology,
which consists of applying layers of molten ABS material, form-
ing the shape of the tool’s target geometry.

In order to correctly carry out tests on the selected model
material and physical modelling simulations of Cross Wedge
Rolling, it was necessary to prepare a procedure for preparing
commercial plasticine for model tests. The procedure for prepar-
ing the material was developed on the basis of existing methods
for preparing plasticine. The author’s procedure modified the
sample preparation methods developed by Chijiiwa, Segawa,
Huang, Shih, Miraseidi, Wong, Sofuoglu and Swiatkowski
[7.8,47-55].

The most commonly used method of preparing plasticine
samples consists of 3 stages: the first stage is the manual pro-
cessing of the received billets of model material to remove air
bubbles, the second stage is the shaping of batches with the ap-
propriate shape, and the third stage is storage for 24 hours at the
target test temperature. This method was used in their research
by Chijiiwa [10,25], Huang [27], Segawa [26], among others.

Another equally frequently used method is one based on
4 stages, where stage one is a heating process to a temperature
of about 40-50°C, stage two consists of repeated kneading, stage
three is the making of samples, and in stage four the prepared
samples are cooled to room temperature for a period of 24 hours.
This method was used by Shih [53] and Mirsaeidi [54], among
others.

Another method is a modified first method, which has been
used by Wong [30], among others: the first stage is the manual
processing of the received billets of model material to remove
air bubbles, the second stage is the shaping of batches with the
appropriate shape, the third stage is the removal of residual air
bubbles by applying vacuum for a period of 24 hours, and in
the last stage the samples are stored for 24 hours at the target
temperature of testing.

The last method of preparing plasticine samples is based
on two stages of heating the material. The sample preparation
process used by Sofuoglu [7,13,31] was based on this method:
stage one — heating to a temperature of about 40-50°C for
a period of 1.5-2 hours, stage two — repeated kneading, stage
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three — making samples, stage four — heating to a temperature
of about 50°C for a period of 24 hours, stage five — cooling to
room temperature for a period of 24 hours.

The custom procedure was based on three main stages.
The first stage in the preparation of the model material is its
manual processing, which consists of multiple processing of the
plasticine, preheated to approximately 35°C. This stage allows
air pockets, which adversely affect the quality of the material
samples, to be eliminated. Air pockets in the form of cavities
inside the billet received from the manufacturer are formed dur-
ing the plasticine production step.

The second stage of the customised sample preparation
procedure is the process of forming samples with the target ge-
ometry. In this stage, the previously prepared model material is
subjected to extrusion or rolling processes to prepare material of
homogenecous quality throughout the volume of the billets. The
material is then split or shaped according to the shape needed
(discs, strips, bars).

The third stage consists of a 24-hour process of cooling
the prepared billets to the target temperature for physical test-
ing. A period of 24 hours allows a uniform temperature to be
achieved across the billet or sample.

Preliminary plastometric tests were carried out on commer-
cial plasticine PRIMO white and black. Plastometric tests were
carried out using the static compression method on cylindrical
samples. Based on the results obtained, a constitutive equation
was developed to describe the flow curves of the tested materials.
The model material was described by Eq. (1):
nm+b-T )

o :C-g(

» -exp(n, -£)~é(m+b2'T) cexp(a-T) (1)

where: ¢ — strain [-], € — strain rate [1/s], T — temperature [°C],
C, ny, ny, m, a, by, b, — constant coefficients [-].

TABLE 1
Summary of the coefficients of the functions described by Eq. (1)
Coefficients
Cl-l | ml-l | mI] | m[-] | al-]l |bil1| byI-]
Wh.lt.e 0,5061 |-0,0661|-0,0614 10,2299 |-0,0617| 0 |-0,0017
plasticine
Black
.. 10,6952|-0,0582|-0,03270,2521 |-0,0729| 0 |-0,0027
plasticine

Comparing the graphs obtained from the plastometric tests
of the model material and the flow curves of C45 steel (Fig. 4),
it was observed that the flow curves of PRIMO white and black
plasticine show a very high qualitative similarity. This similarity
justifies the possibility of using plasticine as a modelling material
for hot-formed C45 steel.

In the next stage of preliminary research, strength tests were
carried out on the commercial plasticine used as a model mate-
rial. The tests were carried out using the static tensile method
for cylindrical-primary specimens made in accordance with
the standard. On the basis of the tests performed, the values of
absolute elongation AL, relative Ap, relative uniform Ar and
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Fig. 4. Graph comparing flow curves of model materials and steel

relative material constriction Z were determined. Tests on the
model materials were carried out at 5°C for three different tensile
speeds: 5, 50 and 500 mm/min, the results are shown in TABLE 2.

TABLE 2

Plastic property values of commercial plasticine

Tensile White plasticine Black plasticine
speed AL Ap A, z AL A, A, z
[mm/min] | [mm] | [%] | [%] | [%] |[mm]| [%] | [%] | [%]
5 30,60 | 61,20 | 27,10 | 81,51 | 27,77 | 55,54 | 33,03 | 87,96
50 20,37 | 40,74 | 11,51 | 78,56 | 17,23 | 34,46 | 23,46 | 76,28
500 18,67 [ 37,34 | 4,12 | 73,99 | 11,63 | 23,26 | 18,15 | 66,01

Next, based on the obtained values of forces as a function
of displacement, calculations of the strength Rm of the model
materials — PRIMO white and black plasticine — were carried
out. Fig. 5 shows a plot of the change in strength of the model
materials as a function of change in strain rate. It was observed
that the strength of the model materials is sensitive to its change.
As the strain rate increases, the strength of the material increases.
For the strength tests, three specimen strain rates of 5, 50 and
500 mm/min were used. The use of a constant forming speed
makes the strain rate variable and dependent on the instantane-
ous height of the specimen. Thus, the strain rate representing
the measurement at a given forming speed was taken as the
arithmetic mean value, determined according to the formula:

E=—>— 2

where: v — linear speed of the swelling tool [mm/min], 4; — in-
stantaneous sample height [mm].

The next step was to determine the friction coefficient
between the model material and the ABS tools. A method based
on the Amontons-Coulomb hypothesis was used to determine
the coefficient of friction.

Before deciding on this method, tests were attempted using
other methods: cone forming anvil swaging, ring swaging and
cylinder swaging. The conical anvil method was eliminated due
to the problematic nature of the tooling, i.e. at the angles of the
cones used, the 3D printed ABS tools had a conical surface that
did not match the similarity requirements of the tools used in
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Fig. 5. Tensile strength of model materials — commercial plasticine

physical testing, and it proved problematic to remove material
from the tools without deforming the specimen. The cylinder and
ring swaging method was also eliminated due to the large de-
formation of the deformed specimen when removing them from
the tools to take their measurements. Therefore, the best method
was the Amontons-Coulomb law method, which consisted of
sliding a loaded disc-shaped specimen over a flat surface while
the pulling force was recorded.

Based on the results obtained, dynamic and static friction
coefficient calculations were carried out. The values of the fric-
tion coefficients were calculated using the formula:

S=u-N ©)

where: u — coefficient of friction [-], N — contact force [N].

It was determined from the tests that the best representa-
tion of the coefficient of friction of hot steel was achieved using
Teflon oil for the model tests. Based on the results, the values
of the coefficients and friction factors were determined and are
presented in TABLE 3, where the results are compared with the
coefficients obtained from the literature for hot-formed steel.
It was observed that a model material of the PRIMO commer-
cial plasticine type, shaped with tools printed from ABS plastic,
reproduced very well the friction conditions of hot-formed steel
with tools made from steel.

The observed difference between the values of coefficients/
friction factors between white and black plasticine is due to
the chemical composition of ‘PRIMO’ commercial plasticine.
The colour additive of the commercial plasticine significantly
influences the values of friction coefficients/factors. The level of
plasticising stress for black plasticine is higher than that of white
plasticine. At the same time, the coefficient/factor of friction be-
tween the material and the tools is lower than for white plasticine.
The value of the plasticising stress also influences the adhesion
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of the material to the tools; despite the use of lubrication, the
material adheres more deformational, while black plasticine
with its lower adhesion character better retains the lubricating
film of the lubricants used.

The final stage of preliminary research was to identify
similarities in the formation of the Mannesmann effect. The Man-
nesmann effect is a phenomenon which consists in the formation
of cracks and fissures within a shaped product. The defects usu-
ally have the shape of longitudinal axial cracks. The factors that
influence the formation of the Mannesmann effect are: cyclically
varying compressive and tensile stresses; progressive destruction
of material cohesion as a result of low-cycle fatigue; a high level
of non-metallic inclusions in the formed material. A customised
method for determining the critical value of the damage function,
based on rotational compression of a disc in a channel, was used
for the study. The method used makes it possible to determine
the crack moment resulting from the Mannesmann effect during
the compression process.
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Fig. 6. Diagram of the method rule for rotary compression in a channel

In the test method used, the disc to be shaped is inserted
into the shaping channel at a distance S from the end of the lower
tool. The upper tool then moves to form the disc from an initial
diameter D to a final diameter 2 h. During forming, the bottom
tool remains stationary. The lateral walls of the shaping channel
prevent axial elongation of the material, so that the specimen is
constantly subjected to varying compressive and tensile stresses
that favour the formation of axial cracks.

Rotational compression tests were carried out for model
materials and hot-formed steel. Model tests on commercial
plasticine were carried out at 0, 5, 10, 12,5, 15 and 20°C,
while tests on C45 steel were carried out for five temperatures
0f 950, 1000, 1050, 1100 and 1150°C. Based on the results of
the physical tests carried out and the real compression of the
specimens in the channel, the limits of the forming distance
and the corresponding number of specimen rotations, beyond
which internal cracks formed, were determined. Based on the

TABLE 3
Values of coefficients and friction factors
Material plastic‘i):lllenlt’;lMO plastic]isli:cll’(RIMO Steel [5]
Lubricant PTFE PTFE Without lubricant | NaCl salt water solution Soap Graphite in water
i 0,42 0,37 Adhesion 0,4 0,3 0,2
m 0,84 0,74 1 0,7 0,5 0,4
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results of the experimental tests, the graph shown in Fig. 7 was
drawn up, which shows the correlation between the limit value
of the number of rotations and the forming temperature. From
the graph it is possible to read the forming temperature of the
model materials reflecting the cracking of the steel at the selected
forming temperatures of the real materials.
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Fig. 7. Graph of the change in the critical value of the limit number
of rotations

As a result of the real and model tests carried out, the pos-
sibility of using PRIMO white and black commercial plasticine
as model materials for physical modelling of the Mannesmann
phenomenon by the channel compression method was validated.
The results obtained make it possible to determine the process
conditions for physical modelling of cross-rolling processes in
which cracks resulting from the Mannesmann effect can occur.

4. Methods and results

A ball-stud forging was used for model and real Cross
Wedge Rolling tests. The forged stud is made of C45 grade steel
rolled at 1050°C. The physical modelling process, on the other
hand, was carried out on a scale of 1:2.5 using white and black
PRIMO plasticine shaped at 5°C as the modelling material. The
temperature for the physical modelling tests was chosen on the
basis of an analysis of the graph of the change in the limit number
of rotations (Fig. 7), created during tests of the Mannesmann
phenomenon obtained from experimental rotary compression
tests in the channel of model and real materials. The real tools
are shown in Fig. 8, while the model tools (3D ABS printing)
are shown in Fig. 9.

Fig. 8. Real tools used to roll ball-studs

Fig. 9. Model tools used for physical modelling

Abillet (made of C45 steel), 28 mm in diameter and 100 mm
in length, was adopted for the tests in which hot-formed steel
forgings were shaped. The billet used for physical modelling was
a bar with a diameter of 11.2 mm and a length of 40 mm. The
billet dimensions were scaled up by a value of 2.5. The modelling
billet was made according to the author’s procedure and finally
cooled to a forming temperature of 5°C. Testing was carried out
in triplicate for each of the variants analysed, making a total of
nine trials. Figs. 10 and 11 show the ball-stud forgings obtained
in model and real tests.

Fig. 10. Ball-studs forging produced by a real process

Fig. 11. Ball-stud models (1:2.5) produced during physical modelling

In the next stage of the research, the diameters and lengths
of the individual parts of the studs were measured according to
the diagram shown in Fig. 1. The values of the measurement
results are presented in the form of TABLE 4, in which the
average values of the individual forging dimensions are listed.

The analysis of the shape of the samples obtained showed
that the model material allows the shape of the forging obtained
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TABLE 4
Mean values of geometric shape dimensions based on Fig. 12
Typ dl [mm] D2 [mm] D3 [mm] D4 [mm] DS [mm] L1 [mm] L2 [mm] L3 [mm] L4 [mm]

Nominal 29 19 22 16 19 82 56,2 46,6 16,6
White plasticine

Model 11,34 7,75 8,85 6,27 7,23 32,68 22,66 18,84 6,50

1:1 28,35 19,36 22,11 15,68 18,08 81,70 56,65 47,09 16,25
Black plasticine

Model 11,25 7,80 8,90 6,28 7,23 32,52 22,58 18,74 6,52

1:1 28,13 19,49 22,24 15,69 18,08 81,30 56,46 46,84 16,30
Steel C45 1050°C

cas | 285 | 189 | 213 | 165 | 184 80,9 56,1 46,3 16,1

in the rolling process to be modelled in detail. The dimensions of
the forgings obtained from the PRIMO white and black plasticine
differ by about 1.9% from the dimensions of the forging obtained
in the real process and by about 2% relative to the nominal di-
mensions. On the surface of the forgings obtained, no significant
differences were observed between the model forgings and the
real ones. Lines were observed around the perimeter of the coni-
cal surface of the forging obtained; these lines are the imprint of
the filament path created in the 3D printing process of the tool.
Then, based on the force waveforms recorded during the
model tests and the real tests, force diagrams were drawn up as
a function of the wedge tool displacement. Fig. 12 shows the plots
of the shaping forces for the physical modelling and real tests.
Analysing the obtained diagrams of the forming force
curves, a qualitative similarity of the force distribution was
observed. All the curves obtained for the individual test vari-
ants are characterised by four stages in which the shaping force
increases. The first shaping force increase occurs when the shap-
ing tool is plunged into the workpiece material. The second and
third areas of force increase occur when the target outline of the
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Fig. 12. Forming force diagram during cross wedge rolling of ball-studs

rolled forging is shaped, then the force value decreases during
calibration. In the last stage of the shaping force value change, the
side waste is cut off. It was observed that the maximum forming
force for C45 steel at 1050°C reached a value of 47.6 kN. When
rolling PRIMO white plasticine, a maximum force of 29.5 N
was reached, while for PRIMO black plasticine the maximum
value is equal to 43.5 N.

Next, estimates of the value of the real forming force were
calculated. The estimation calculations were based on the force
values obtained from the physical modelling of the rolling of
PRIMO white and black plasticine studs, formed at 5°C. Estima-
tion calculations were carried out using relation (4).

F=)F's 4)

where: F' — maximum forming force from model tests [N];
A — similarity coefficient of plasticity of the model material [-],
s — tool scale [-].

To determine estimates of the forming force, it was nec-
essary to determine the similarity coefficient calculated from
relation (5).

1
.[OGF steel de

2 (5)

1
_[Oo-F plast de

where: op . — plasticising stress of steel [MPa], o, — plas-
ticising stress of plasticine [MPa].

From the calculations, the similarity coefficient was deter-
mined to be 159 for PRIMO black plasticine and 215 for PRIMO
white plasticine.

After calculating the estimated forming force values,
a graph was drawn comparing the estimated forces with the
values obtained in the real process (Fig. 13). Analysing the force
curves obtained, it was observed that the maximum estimated
forming force for PRIMO white plasticine reached a value of
approximately 37 kN, while that for PRIMO black plasticine
reached 39.2 kN. The obtained estimated force values are lower
than the real value by approximately 27% for PRIMO white
plasticine and 18% for PRIMO black plasticine.

A physical modelling study of the ball-studs rolling pro-
cess concluded that the hot-rolling process of ball-studs can
be modelled with PRIMO plasticine used as a model material.
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Black PRIMO plasticine was found to be a better modelling
material for determining the maximum force of the ball stud
forming process, despite the fact that white PRIMO plasticine
slightly better modelled the forming process in the first and
second rolling stages.

On the basis of studies of selected Cross Wedge Rolling
processes (shaping of drive shaft, balls and ball-stud), analysis
of the physical modelling results obtained, it was found that
physical modelling allows the Cross Wedge Rolling process to be
modelled with a high convergence of results (force parameters,
shape, defects and quality) obtained in real and physical tests.

5. Conclusions

This paper presents research into the physical modelling
of Cross Wedge Rolling using PRIMO commercial plasticine as
a modelling material for hot-formed steel. Physical modelling
is a simulation method that facilitates the analysis of runs and
phenomena occurring during metal forming. The method has
a number of advantages, the most important of which include:
performing experimental and preliminary studies under labora-
tory conditions without the need for an industrial environment,
reducing the cost of preliminary studies and the possibility
of observing shaping during the process.

The theoretical and experimental studies have confirmed
that physical modelling using commercial plasticine can be used
to analyse the material’s flow kinematics and predict the force
parameters and constraints occurring during Cross Wedge Roll-
ing of ball-studs.

On the results of the physical modelling and real studies,
the following conclusions were concluded:

—  Physical modelling using PRIMO commercial plasticine
makes it possible to determine estimates of the forming
forces occurring during hot forming of steel,

—  The material that best modelled the force values turned out
to be PRIMO black plasticine — the value of the maximum
estimated force was about 18% lower than the actual force,
while white plasticine differed by 27%,

— In the case of modelling with PRIMO commercial plas-
ticine, a qualitative similarity in force distribution was
observed,

—  Physical modelling makes it possible to achieve a high level
of conformity of the shapes and dimensions of forgings with
respect to those obtained by hot-rolling real steel products.

—  The model materials used allow the cross-wedge rolling
process to be accurately modelled. The forgings obtained
from white plasticine differ from those obtained by the ac-
tual process by approximately 1.9%. while forgings made
from black plasticine differ by approx. 2%,

—  PRIMO black plasticine proved to be a better modelling
material for determining the maximum value of the form-
ing course of the pins, despite the fact that white plasticine
slightly better modelled the forming course in the first and
second rolling stages.
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