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DEVELOPMENT AND OPTIMIZATION
OF TECHNOLOGY AND MODERNIZATION
OF FORGING LINE FOR BEARING RINGS

06’ckmom docnidxcenns € kosarvcovra rinis JI-408 (Ykpaina) 0ns supobnuumea 3a20mogox Kiieyb 3aii3HUMHUX
nidwunnuxie. I{s ninis scmanosiena na Xapxiscvkomy niduunnuxosomy 3asodi (Axuionepue Tosapucmeo «XAPII»,
Ykpaina) ma cxkradaemocs 3 dinsnxu indyxyitnozo posiepicy KIH 750, 2idpasniunozo mpu-no3uuiiinozo npe-
ca I1-2038A ma xinvye-poskouyeanvroi ycmanosku KIIC 250. 3a pesyrvmamamu mexuiunozo ayoumy ninii eu-
aeneno, uo KIH 750 6yno supobeno na sacmapiniti anapamiii 6asi i éin mae Ginvw nusokuii KK/[. Kpim mozo,
BLOCYMIICTNG MOJCIUBOCTEN YNPAGLIHH NOMYNICHICTNIO MA YACTOMOI0 8 NPOUECE PO3izpisy He 0ae MONCIUBOCTI
ONMUMIYBAMU NPOUEC 3a BUMPAMAMU eleKkmpoenepzil. Takoxc npecu 6¢ix wicmvox Jinill npauiooms 6io 00uici
2i0pasniunoi nacocnoi cmanyii, wo eUKIUKAE ii c6i00MO Heepexmusny pobomy npu UKOPUCAHHT JUULE YACTUHU
ninii. Oxpim mozo, npunyun pobomu npeca 11-2038A 3a éidcymuicmio cucmemu ynpasiinis 2i0pasiivnum muckom
Y BUKOHABUUX OP2AHAX Npeca He J0360SE Pealizyeamu ONMUMALbHe YNPABIiHHs 2i0POHACOCAMU 3a KPUMEPIEM
MIHIMYMY esexmpoenepeii, Wo CnoICUBAEMbCS.

B x00i docnidcenmss ocHOBHUM MeMOOOM MAMEMAMUUNO020 MOOCNI0BANHS THOYKUIIUH020 HAZPIsY 3a20MOBKU
ma KoBaIbCbKUX onepauitl 06pano memood ckinuenux eiemenmie. Pospobiena il 6u2omosiena noea cucmema -
OYKUiiH020 Hazpisy mae 6e3cymuieni nepesazi neped iCHyouol paniule Hinien HOYKYiiH020 Hazpisy, 0CKiIbKU
BUKOHANA 1A CYUACHIL elemenmiii 6asi 1 Mac MONCIUBOCTE NPOZPAMILO20 YNPAGIIHHA NOMYICHICTIO 8 NPOUEC]
naepisy. Buxonana modepuisayis npeca 3 asmonomnoo Hacocuoro cmanyicto nomyociicmio 132 KBm (samicmo
yenmpanvroi cmanyii nomyaxcnicmio 900 KBm). Bukopucmanius kinemuunoi enepezii nogsyna i mpasepc nadae
PAOUKATBHO20 SHUICEHHS eHeP2OCNONCUBANNS, 0COBIUBO 8 YMOBAX PobOmMU 0eKinvKkox abo mum 6itvu 00Hiel
3 wecmu Kosanvcvokux ainitl JI1-408.

Mamemamuuni moodeni i uucienni memoou, po3pooieni Ois MOOeII06ANH Keposano2o iHlyKuitinozo posizpisy
3a20M060K Ma 00 €MHO-NPECOsUX Onepayiil, 006elu c60l0 eQhexmueHicmy npu PO3PAXYHKY 1 ONMUMISAULT KO-
CMPYKMUBHUX A PEICUMHUX NAPAMEMPIE 2apsue-KoBaIbebKoi Ninii. Ompumani 3a 00n0M02010 MAMEMAMUUHOZO
MOOenosans eexmu nosuicmio 6yau niomeepoNceni npu HAMyPHUX UNPOOYEANHAX, A GAACHE 3HAUECHHS MeM-
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1. Introduction

Bearings throughout the development of civilization have
been and remain the most common components of the vast
majority of machines and mechanisms. Because of this, the
production of bearings is rightly considered a strategic in-
dustry. Joint-Stock Company Kharkiv Bearing Plant (JSC
HARP, Ukraine) is the largest manufacturer of a wide range
of bearings for rail and road transport, agricultural machin-
ery, machine tools and other engineering industries. In the
past, JSC HARP (GPZ No. 8 — «8th State Bearing Plant»)
was the main enterprise in the Soviet bearing industry for
the All-Union Bearing Research Institute (VNIPP) in the
development of new types of bearings and new serial pro-
duction technologies.

One of the most important production areas in the
production of bearings is the forging line L-408 (Ukraine)
for the production of ring workpieces. First, the workpieces
enter the induction heating line, then into the hydraulic
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press, and finally, at the end of the line, the ring is hot
rolled. According to the results of the technical audit, it
is revealed that in the current market situation, characte-
rized by a much larger nomenclature of bearing rings and
smaller volumes of produced batches, such a configuration
of production leads to huge unjustified energy costs. Thus,
there is a need for a radical modernization of the forging
production aimed at ensuring the autonomous operation of
each forging line and, at the same time, modernization of
the design of induction heating units and a hydraulic press,
which, thanks to new technologies, provide higher efficiency
and, at the same time, quality of the workpieces themselves.
This work outlines the main stages of the original theo-
retical and field studies, which provided the development of
a new line. The studies are carried out in the Joint Engi-
neering Center (JEC) of the UPEC Industrial Group (Uk-
rainian Industrial Energy Company, which includes JSC
HARP) and have independent scientific value in solving
similar problems of modernizing blacksmith production.
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2. The ohject of research
and its technological audit

The object of research is the forging line L-408 for the pro-
duction of workpieces for rings of railway bearings (Fig. 1).
The line consists of:

— the induction heating section of KIN 750 produced by

the All-Union Scientific Research and Design Institute

of High Frequency Currents (VNIITVCH, Leningrad,

USSR);

— hydraulic three-position press P-2038A produced by

Dnipropress (Dnipro, Ukraine) with operations <«up-

setting», «shaping», «punching»;

— ring-rolling mills KPS 250 produced by Starokrama-

torsk Machine-Building Plant (Ukraine).

The study focused on the first two sites, which are the
main sources of energy loss.

Fig. 1. General view of the forging line L-408: a — old, b — modernized

There are six such lines at the plant and they are
the largest consumers of electricity both in the areas of
induction heating and in the hydraulic pump station, which
ensures the operation of all presses. The plant itself and,
accordingly, the forging workshop, were created for the
mass production of a small range of bearing rings and,
due to this, the lines were combined into a system with
unified electric and hydraulic stations that ensure the ope-
ration of all forging lines.

According to the results of a technical audit conducted
by UPEC JEC, it is revealed that in the current market
situation, characterized by a much larger nomenclature of
bearing ring types, but smaller volumes of each type of

production, such a configuration of equipment leads to
huge unjustified energy costs.

It is also revealed that KIN 750 is produced on an
outdated hardware base, powered by an electric machine
converter, in contrast to modern systems operating on
a semiconductor base. An electric machine converter that
provides the conversion of electricity from the factory power
supply network to a power signal with a frequency of up to
1.000 Hz already due to its electromechanical principle of
operation has additional mechanical losses and, as a result,
a deliberately lower efficiency (not more than 90-94 %).
In addition, the fundamental lack of power and frequency
control capabilities during the heating process does not
make it possible to optimize the process for energy costs.
This leads to additional losses, which can only be esti-
mated by designing a KIN (induction heating units) on
a new element base with a modern control system based
on a PLC (programmable logic controller) and making such
a comparison first by mathematical, and then, full-scale,
physical modeling.

As a result of a technical audit of P-2038A hydraulic
press, it is found that the presses of all six lines operate
from one hydraulic pump station. This provokes its ob-
viously inefficient work when only part of the lines are
involved, and sometimes even one line at all.

In addition, the principle of operation of the P-2038A
press in the absence of a hydraulic pressure control sys-
tem in the press executive bodies does not allow optimal
control of hydraulic pumps to be implemented according
to the criterion of minimum electric power consumption.

3. The aim and ohjectives of research

The aim of this research is to develop a project for
deep modernization of the forging line, based on mathe-
matical modeling and optimization of induction heating
processes and forging operations.

To achieve this aim it is necessary to solve the fol-
lowing objectives:

1. Development of a mathematical model of induction
heating of workpieces, as well as operations of upsetting,
shaping and punching.

2. Development of the basic design of modernized line.

3. Optimization of technological modes on mathemati-
cal models and field experiments.

4. Research of existing solutions
of the problem

Induction heating, using the induction interaction of
the electromagnetic field of high and medium frequency
currents with a metal workpiece, has been known and used
in industry for over 100 years for induction heating, induc-
tion melting, induction hardening and induction welding
of metals. The fundamentals of engineering calculations
of induction heating systems are described in sufficient
detail in [1]. A quantitative and qualitative description of
the interaction of physical processes occurring in a work-
piece from ferromagnetic steel, which ultimately leads to
its heating, is largely devoted to [2]. In [3], a systematic
refinement of mathematical modeling of induction heating
based on the finite element method is considered, including
specific issues of using the ANSYS complex in modeling
induction heating and induction hardening processes. The
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study [4] refines the behavior of carbon steels in modeling
induction hardening. In [5], the results of a test study of
induction heating of a cylindrical workpiece of a bearing
ring based on the finished element method in the rela-
tionship of Maxwell’s equations and the heat conduction
problem are presented. A similar mathematical model of
interconnected electromagnetic and thermal processes for
axisymmetric workpieces was considered in [6]. In [7],
specific issues of modeling surface induction hardening by
high-frequency currents are considered. The finite element
method is undoubtedly the main tool for numerical modeling
of induction hardening technology, but not the only one.
So, in [8], the features of numerical modeling of induc-
tion hardening processes for two-dimensional axisymmetric
workpieces (cylindrical objects) were considered using the
boundary element method (BEM).

In [9], a technique for evaluating and optimizing the
forging process using modern computer tools for developing
a product model, associated equipment, as well as subsequent
modeling and analysis of deformation processes is presented.
The problems of modeling by finite element methods of
both cold and hot stamping processes are quite fully de-
scribed in [10]. The statement of the associated problem of
induction heating and plastic deformation of a cylindrical
workpiece was considered by the authors in [11]. Mathe-
matical modeling of pressure treatment of axisymmetric (cy-
lindrical) parts during three-stage shaping is considered
in [12]. The methodology for modeling wear of die tool-
ing taking into account the thermal effect on the material
of the die is described in [13]. Additionally, the analysis
of thermomechanical deformations of stamping equipment
during hot stamping is considered in [14]. The work [15]
addresses the issues of mathematical modeling of the optimal
design of a hydraulic press taking into account variable loads.

Thus, the analysis allows to conclude that the finite
element method is applicable for modeling the process of
induction heating of cylindrical workpieces. It can also be
used to simulate plastic deformation processes during hot
stamping. It can also be said that there is a number of
works on mathematical modeling of the optimal design of
hydraulic presses, but there is no scientific work combin-
ing the modeling of the entire process of manufacturing
a ring forging with a view to further optimization.

5. Methods of research

The finite element method is chosen as the main me-
thod of mathematical modeling of induction heating of
the workpiece, as well as forging operations.

5.1. Mathematical modeling of induction heating of a work-
piece. The main task of induction heating unit is to heat the
workpiece ring to the temperature necessary and sufficient
for forging operations in the press. This target temperature,
according to many years of experience in operating existing
forging lines, should not be lower than 1120 °C, otherwise
the shaping operation will not be of high quality and the
ring will lose temperature before hot rolling mill. At the
same time, this temperature can’t be higher than 1180 °C,
since taking into account the instability of heating, this can
lead to irreversible metallurgical changes in the structure
of steel (burn out). The instability of temperature from the
workpiece to the workpiece should not exceed +20 °C. And
the uneven heating of the workpiece itself in the volume

of material (between the outer layers and the core) should
not exceed 50 °C.

The multi-physical mathematical model adopted in the sim-
ulation of induction heating of a cylindrical workpiece consists
of interconnected systems of Maxwell equations for describing
the electromagnetic field and non-stationary Fourier heat equa-
tions with the corresponding boundary and initial conditions:

oF
rotH:c(H)E+£§; (D
LB )
rot. ——g——u( )gy (2)
, D
oT
pC(T)g:dzv(k(T)gde)+Q(t)+p(t), (4)

where H — the magnetic field strength; E — the electric field
strength; B — magnetic induction; J — the current density;
D — the electric induction; 6(T) — the electrical conductivity,
u(T) — the magnetic permeability, C(T) — the heat capacity,
and M(T) — the heat conductivity of the metal, which in turn
is nonlinearly dependent on temperature T.

The distribution of current density j, along the radius
(depth) is taken in the form:

Jr=Jse", ()
and the penetration depth of electromagnetic radiation &
(skin layer depth) is defined as:

[ 2p.
o= ,
(/S
where ® — the angular frequency; p, — the resistivity of
the workpiece material; g — vacuum permeability; u — the
specific permeability of the workpiece material.
The density distribution of heat sources is described
by the formula:

(6)

pl0)=0() ()= 37570 ©

Additional heat in carbon steels occurs during the trans-
formation of the material structure from pearlite to austenitic,
while the density of the sources of which can be defined as:

oy

Q=pL3. ®)

p — the density; L — the bulk density of the heat source; ¥ —
the volume fraction of transformed austenite.

The boundary conditions of heat transfer on the cy-
lindrical surface of the workpiece are taken in the form:

+7L8T
- % s

= Ol (Twr _Tamb)+0r (Tv!;r _Ta4mh)! (9)

where oy, — the convective heat transfer coefficient; 6, — heat
transfer coefficient by radiation; Ty, — surface temperature;
T,m» — ambient temperature.
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Earlier [3], test finite element (FE) calculations and
optimization of the induction heating of a cylindrical work-
piece made of ShKh15 steel with a length of L=190 mm
and a radius 7=50 mm of a two-section cylindrical inductor
with a current frequency of f=800 Hz are performed. The
mathematical model of the workpiece included more than
60,000 finite elements. Fig. 2 shows the graphs used in the
calculation of the dependences of the physical characte-
ristics of ShKh15 steel on temperature. Fig. 3 shows the

boundary conditions reflect the model of radiant and con-
vective heat exchange with air on all surfaces of the work-
piece). Since the heating control in the future automatic
system will be carried out by pyrometers measuring the
temperature on the surface of the workpiece, this effect
can lead to erroneous overheating of the inner layers of
steel, which should be taken into account when program-
ming the KIN control system.

calculated FE-diagram of the inductor with the workpiece. 1150
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Fig. 2. The temperature dependence of the physical characteristics of Shkh15 steel:
a — heat capacity; b — thermal conductivity; ¢ — relative magnetic
permeability; d — resistance 543.989
min 543.989
max 769.270

Fig. 3. The finite element model of the inductor with the workpiece

As a result of test calculations (Fig. 4), it is found
that the maximum heating temperature is formed not on
the surface of the workpiece, but on its subsurface layers.
This is due to heat removal from its external surface (the

= Temperature, C

Fig. 5. The temperature field of the workpiece after
cooling for 5 seconds

5.2. Mathematical modeling of workpiece volumetric
stamping. To analyze the technological process of volumet-
ric stamping of the bearing ring, let’s use a mathematical
model of a coupled nonlinear thermo-visco-plastic contact
problem that takes into account nonlinear physical and
geometric relationships (taking into account large defor-
mations and strain rates):
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where p, p — density and density change rate; v;, 0; — speed
and acceleration; e=e(p, T) — the specific internal energy;
;i — the stress tensor; r — internal distributed heat sources;
qi — the components of the heat flux vector; f# — the com-
ponents of the vector of volume forces; T — temperature.
In this case, the physical equations are taken in the form:

G§=Cijk1Dk1,

, v, d; dv;
6l=06,+=——0,,—=—0Gj—=—0y4,
v Y axk Y axk # axk i

1 avk a?)l
D == ——+— , 11
H 2 (ax, 8xk ( )
where 6;; — the stress velocity tensor; Cjj — tensor of the
physical law of «stress-strains»; Dy — strain rate tensor for

large plastic strains, including plastic and temperature com-
ponents:

D, =D!+ D}, 12
y y y

In this case, plastic deformation is described by the
theory of flow in a velocity form:

Dp—xaF
"= "%,

(13)
where A — the plasticity parameter; F — the plastic potential,
determined in the calculations as:

F(o;,06,)=f(0;)-0,, (14)
where 6, — the functional dependence for the current yield
strength; f(o;) — the plasticity function. Naturally, the de-
pendence of the physicomechanical properties of the material
on the level of temperatures and strain rates, which is cha-
racteristic of high-speed and high-temperature deformation,
is taken into account.

The contact problem is solved taking into account

slippage:

[t <u|pa|
LlﬂzHl Cﬁ’
o =H'fE, (15)

where p,=6,=/,, — the contact pressure, and 1,=/,; — the
tangential force at the contact point; ug — the coefficient
of friction.

Of course, in parallel, the interconnected problem of
unsteady heat conduction is solved with the corresponding
boundary conditions of convective heat transfer on the
free surfaces of the matrix and taking into account contact
heat transfer in the contact zones of the workpiece-matrix
and punch-workpiece.

Earlier, to verify the model, test calculations are car-
ried out using the Newton-Raphson method to solve in
time the listed interrelated nonlinear equations.

Workpiece after modeling induction heating with tem-
perature distribution shown in Fig. 6, goes to the first forg-
ing operation (upsetting), as a result of modeling of which
a «pancake» is formed with the temperature distribution
shown in Fig. 6, a. In Fig. 6, b, the result of a similar

calculation is presented, but for a virtual workpiece with
a uniform temperature distribution 7=1140 °C.

1150
1030

901

775'

min 775
max 1150
Temperature, C

1170
1050

9278

807I

min 807
max 1170
Temperature, C

b

Fig. 6. The distribution of the temperature field in the workpiece
after upsetting: a — preliminary uneven temperature distribution;
b — preliminary constant temperature distribution

Let’s also simulated the time variation of the force
required during shaping, depending on the different pat-
terns of temperature distribution over the volume of the
workpiece after induction heating. The results of comparison
of test calculations with measurements indicate a discrep-
ancy with the experiment of not more than +15 °C in
the temperature field (which is about 1 % error against
the background of maximum temperatures in the range
1140-1190 °C) and a discrepancy of +3 % in effort in the
press on the main forging shaping stage in the press. The
results of test calculations and their comparison with the
full-scale experiment make it possible to consider mathe-
matical FE models and the applied numerical methods as
adequate for optimizing design parameters and technological
modes with their help.

6. Research results

UPEC JEC held a bid among manufacturers of induction
heating systems, as well as hydraulic equipment and control
systems for press modernization, to develop a moderniza-
tion project and subsequent manufacture of components
for the new forging line. This bid was won by two Czech
companies: Roboterm spol. s.r.o. and Hydroma, spol. s.r.o.,
who proposed their projects for new equipment based on
the modeling and preliminary calculations carried out in
the work. Refined calculations were performed on designs
already developed by the companies named. Fig. 7 shows
a three-dimensional solid-state assembly line model developed
jointly with Roboterm and Hydroma. Fig. 8 is an assembly
drawing of the new Roboterm induction heating line.
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At the end of a two-section inductor, there are two
temperature sensors (pyrometers) for adjusting the inductor
power and a third sensor for rejecting rings according to
the type of burnout or, on the contrary, underheating. As
a result of the operation of the feedback control system
and the hard-tuned controller, the real picture of power
control looked irregular (Fig. 9).

By setting the graph in Fig. 9 changes in the power
of the inductor, the dynamics of heating the workpiece
is simulated by calculation (Fig. 10).

800
700
600
500

400
0 40 101 146 196 240 282 333 378

Time, s

Power, kW

Fig. 9. Inductor control graph

Over the lengths of time that the inductor’s power
drops to the minimum values, the heat manages to pen-
etrate deep into the workpiece from the peripheral layers,
which in turn have time to cool, transferring heat to
the inner layers of the material and to the air due to
convective and radiation heat transfer. A 4-parameter
optimization of inductor control is carried out. The maxi-
mum and minimum power and the duration of their re-
tention vary. As an optimization criterion, the conditions
of minimum power consumption are accepted. Functional
limitations — the temperature on the cylindrical surface
of the workpiece is 1160£10 °C, the temperature in the
core of the workpiece is 1080+10 °C, the temperature
spread from the workpiece to the workpiece is not more
than 20 °C.

As a result, let’s obtain a graph of the optimal pe-
riodic control of the inductor, presented in Fig. 11 and
providing a picture of the temperature distribution pre-
sented in Fig. 12.

Fig. 13 shows a three-dimensional solid-state model
of modernized hydraulic press developed in collaboration
with Hydroma company.

li

I

Fig. 8. Assembly drawing of the new Roboterm induction heating line:
1 — input receiver; 2 — pusher; 3 — inductor; 4 — vertical conveyor; 5 — limit switch; 6 — sorter; 7 — connecting receiver;
8 — output roller; 9 — lifting curtain; 10 — pyrometers; 11 — place of unloading of workpieces; 12 — heater body; 13 — platform for maintenance;
14 — control panel; 15 — lever
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Fig. 10. Temperature distribution in the workpiece (temperature
change graph along the radius and temperature field):
a — 25 % of the inductor is passed; b — 50 % of the inductor is passed;
¢ — workpiece at the end of the inductor

Fig. 13. 3-D solid model of modernized hydraulic press designed
together with Hydroma

The new system (Fig. 14) uses the gravitational force
of the free fall downstroke, which allows to significantly
win in the consumption of total energy in all forging ope-
rations (upsetting, shaping, punching), but primarily in
combined operations — upsetting and punching.
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Fig. 11. Graph of optimal periodic inductor control =
1137.341
Fig. 14. The hydraulic scheme of the press
1008.573
In idle mode, the press operates with minimal energy
938,078 consumption. The idle speed is adjusted using hydraulic
control valves. The speed of the gate valves HV2 and
I HV3 also provides braking of the internal slide.

867584 The maximum idle speed of the traverse and the in-
min 867.584 ternal slider is «close» to the speed of free fall. When the
max 1137.341 kinetic energy of the «falling» internal slider HV1 is ex-
Temperature, C hausted, the valves switch and the hydraulic pump is turned

Fig. 12. Temperature distribution pattern on to complete the shaping operation.
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Similarly, the movement of the traverse for the combined
operations «upsetting» and «punching» begins with the help
of the kinetic energy of the free fall of the traverse. By open-
ing the valve, the hydraulic oil is sucked from an additional
tank located above the press into the hydraulic cylinders
HV4+HV5+HV6+HV7. On the HVS8 and HV9 hydraulic
cylinders hydraulic oil is discharged in to the tank by control.
Driving speed is determined by setting the hydraulic valves.

When the kinetic energy of the traverse fall is exhaus-
ted, as evidenced by the speed sensor, hydraulic cylinders
HV4+HV5+HV6+HV7 during closing of filling valve have
simultaneous switch on of pump, providing supply of hy-
draulic oil and, accordingly, necessary pressure.

Fig. 15 shows the results of modeling the first two forging
operations (upsetting and shaping) in the form of a force —
time graph. In Fig. 15, b—e depict calculations of the shape
of the workpiece during different phases of plastic deforma-
tion, from the starting state of the workpiece before the
beginning of the force application (Fig. 15, b) to the end
close to shaping (Fig. 15, /).

Time, s
300 302 303 305 307 308
813
650
= 488
535 /
“ 163 -
obsa [T
‘4 e f
a
]
1

b c
d e f
Fig. 15. The results of modeling the first two forging
operations (upsetting and shaping) in the form of a «orce-time» graph:
a — dependence of the force developed by the press on time;

b—e — preform shapes during different phases
of plastic deformation

It is established that the heating provided by the Ro-
boterm KIN with a surface temperature of 1120 °C and
an even more than 100 °C colder «core» of the workpiece
gives an unacceptable picture of shaping with defective
«under-shaping» in the upper corners of the mold. Fig. 16
presents the results of under-shaping of the workpiece:

— for heating the Roboterm KIN and the standard

force of the Hydroma press during shaping up to

600 tons (Fig. 16, a);

— for the «ideal» heating of the workpiece to 1160 °C

over its entire volume and maximum effort of 600 tons

(Fig. 16, b);

— for «ideal> heating of the workpiece to 1160 °C

over its entire volume and forced force of 730 tons

(Fig. 16, ¢).

Fig. 17 shows a picture of the cooling of a workpiece
during three successive forging operations.

Fig. 16. The results of under-shaping of the workpiece:
a — for heating the induction heating unit and during shaping up
to 600 tons; b — for warming up to 1160 °C and effort of 600 t;
¢ — for warming up to 1160 °C and effort of 730 t
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Fig. 17. The results of cooling the workpiece during forging operations:
a — upsetting, b — shaping, ¢ — punching

As can be seen from the above results of cooling the
workpiece, the maximum temperature of the workpiece
after stamping is 1137 °C, the minimum is 708 °C, which
is an acceptable result. Therefore, the calculated heating
of the workpiece to 1160 °C is enough to complete the
entire cycle of shaping operations.

7. SWOT analysis of research resulis

Strengths. As a result of the study, including mathematical
modeling, constructive 3-dimensional design, manufactur-
ing and a large cycle of test and full-scale experiments,
it can be argued that the newly developed equipment has
such strengths:

1. KIN Roboterm induction heating system has an in-
creased efficiency compared to the previously existing KIN 750
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induction heating line, since it is based on a modern ele-
ment base and equipped with an electronic thyristor energy
converter instead of an electromechanical one.

2. The thyristor converter, by virtue of its device, is
automatically tuned to the resonant frequency of the in-
ductor, which greatly reduces the reactive component of
power, and thus reduces the energy consumption;

3. The PLC-based control system provides the abi-
lity to programmatically control the heating power over
a wide range.

4. The modernization of the press with an autonomous
pump station with a capacity of 132 kW (instead of a cen-
tral station with a capacity of 900 kW), as well as the
use of the kinetic energy of the slider and traverse, result
in a radical reduction in energy consumption. Especially
in the conditions of work of several or even more than
one of the six forging lines L-408.

Weaknesses. However, the new equipment also has a num-
ber of disadvantages, among which the most important:

1. An inductor made of two equal halves in length is
controlled by a single control system. Thus, KIN does not
have the ability to set different heating power in halves,
as is done in equipment with accelerated heating. This
design feature does not allow to obtain the maximum ef-
fect on saving energy consumption and uniform heating
of the workpiece;

2. The controller of the control system is set up by
Roboterm in such a way that it only works correctly to
maintain the stability of heating of the outer layer of
the workpieces at 1120£20 °C. This is not enough for
the press to work without defects due to under-shaping
and subsequent high-quality hot rolling.

3. As a result of mathematical modeling, it is proved
that the power of one hydraulic pump at the shaping stage
is not enough to complete all three forging operations
with a total cycle of 18 s. On many workpieces, the upper
edges remain unformed. In addition, longer than necessary
according to the target sequence diagram, the stay of the
workpiece in the form leads to its cooling and scrap at
the next stage of rolling.

Opportunities. As tasks for further research, which will
improve the productivity of the line and improve the qua-
lity of products, it is possible to distinguish 2 areas:

1. Setting up the existing KIN control system for maxi-
mum approximation to the target surface temperature indices
of 1170+15 °C, core temperature not less than 1120 °C,
cycle time 15 s. The above change in the settings of the
KIN control system will allow to reduce the percentage
of under-shaped workpieces due to underheating.

2. Setting up the press control system in such a way
as to ensure a rapid increase in the shaping force during
the last 1-1.5 s of the shaping stage. In this way, it is
possible to achieve compliance with the residence time
of the workpiece in the form necessary according to the
target cyclogram value. And therefore, to reduce the per-
centage of defects due to underheating in the subsequent
rolling operation.

The best indicators of energy efficiency, productivity
and quality of products can be achieved by modernizing
the developed equipment. For the induction heating unit,
it consists in introducing separate control of the inductor
halves, as is done in units with accelerated heating, manu-
factured by ISR, Inductoheat, GH Induction, EFD and
others. For the press, modernization consists in installing

an additional hydraulic pump and a hydraulic accumula-
tor (booster), which increase the pressure of the press at the
final stage of shaping. The described measures will require
significant investments, which will significantly increase the
price of a typical modernization of L-408 forging lines, so
the modernization should be preceded by an analysis of the
feasibility and effectiveness of the above work.

Threats. The authors of this work suggest that the total
cost of old equipment and modernization work will be
higher than the cost of purchasing completely new equip-
ment with high energy efficiency, productivity and product
quality. In this case, the forging line modernization project
will have to be recognized as economically inexpedient.

1. To simulate induction heating, a mathematical model
of induction heating is used, consisting of Maxwell’s sys-
tems of equations for describing the electromagnetic field
and non-stationary Fourier equations of heat conduction.
Based on it, a simulation finite element model of a work-
piece made of ShKh15 steel with a length of 190 mm and
a radius of 50 mm, placed in a two-section inductor with
a current frequency of 800 Hz in it, is created. The simula-
tion of heating is carried out, the temperature distribution
inside the workpiece is obtained. It is found that after
the end of the heating operation, the areas with the maxi-
mum temperature are located not on the surface of the
workpiece, but on its subsurface layers, the temperature
difference of the hottest point and the surface reaches
18 °C. The temperature difference between the surface
and the core of the workpiece is 65 °C. To simulate the
operation of stamping a ring, a mathematical model of
a coupled nonlinear thermo-viscous-plastic problem, taking
into account nonlinear physical and geometric relation-
ships, is used. A simulation of the forging operations of
a workpiece having a previously determined temperature
distribution by volume is carried out. As a result of the
simulation, the temperature distribution of the workpiece
after forging operations is obtained, and the dependences
necessary for shaping the press forces on various temperature
distributions of the workpiece after heating are obtained.
Based on the simulation results, the target cyclogram of
the press is determined.

2. According to the results of calculations and modeling,
UPEC JEC together with the firms Roboterm spol. s.r.o.
and Hydroma, spol. s.r.o. developed designs of the new
induction heating unit KSO 1200/1,2-A30 with a capac-
ity of 1200 kW and the upgraded press P-2038A. Both
units receive a modern control system based on PLC with
the necessary set of sensors and actuators. The developed
solid-state equipment models make it possible to quickly
assemble the line from new and existing line equipment.

3. A series of simulation and full-scale experiments
of induction heating and stamping of the workpiece is
carried out. After comparing the results, the difference
in temperature field is not more than +15 °C (which is
about 1 % error). According to the efforts in the press at
the main forging stage of shaping, a difference of £3 % is
obtained. Four parametric optimization of inductor control
is carried out, the conditions for minimum power con-
sumption are adopted as an optimization criterion, and
the optimal schedule for controlling the heating power is
obtained. It is found that after heating the workpiece with

;SO
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Roboterm KIN, the surface temperature is =1160 °C, the
temperature difference between the core and the surface
reaches 90 °C. It is established that the temperature dif-
ference between the core and the surface of the workpiece
of the order of 100 °C or more leads to an unacceptable
pattern of shaping with defective «under-shaping» in the
upper corners of the die.

As follows from the results of the SWOT analysis,
at the moment, not all modernization targets have been
achieved by the current Roboterm KIN versions and the
Hydroma press hydraulic system.
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