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The proposed method consists in upsetting of profiled workpieces with
concave faces. An angle of the concave faces was 150°. A relative depth of
the concave faces has been varied in range 15%...25% from workpiece’s
diameter. Strains effective and mean stresses in the longitudinal cross-
section of the workpiece with concave faces after upsetting have been
determined by FEM. A value of compressive stresses has been determined
based on a parameter of the stress state. FEM allowed to find what a
rational depth of the concave faces should be, which has to be 15 % from
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for this depth of the concave faces. Results of the FEM have been tested by
experimental investigations. It has been established that upsetting of the
four-beam workpieces improved a quality of the massive parts.
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1. INTRODUCTION

Competing in the international markets of large mac-
hines requires higher quality and lower production costs
of manufactured products. Large parts are made by
forging ingots in heavy engineering. The ingot’s metal
has low mechanical properties, which are a consequence
of the dendritic structure and shrinkage defects [1].

Destruction of the dendritic structure and welding of
the shrinkage defects will allow to improve the quality
of the large forged workpieces. It is necessary to pro-
duce forgings with high forging ratio in this case. An
upsetting operation in the forging technological process
is used to increase the forging ratio. However, an
influence of the upsetting operation to the welding of
the shrinkage defects is ambiguously and is known a
conflicting information on this subject.

The improvement of the upsetting operation, which
can be done by changing the shape of the upsetting work-
pieces is the current direction of research. The upsetting
of the workpieces with a special shape will allow to chan-
ge strain and stress state for increasing of breaking of the
cast structure and welding of the shrinkage defects [2].
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2. LITERATURE REVIEW

In the development and design of technological pro-
cesses a manufacturing of large forged parts are aimed
for the search of rational upsetting method to increase
the metal structure breaking. Main localization of the
shrinkage defects in the large parts appears in an axial
zone. It is due to the corresponding stress-strain state
(SSS) during deformation. Usage of the upsetting opera-
tion and a drawing operation increases uniformity of the
mechanical properties but it also increases the laborio-
usness and power consumption of the forging process.

Quantity of the large forged parts manufactured
from ingots has been increased in recent years. It is exp-
lained by increasing of a heavy machines power. How-
ever, the quality of manufactured forgings does not
always correspond to customer requires. A low quality
of the large forged parts is explained by low quality of
forging ingots [3, 4].

The need for large forged parts manufactured using
of the upsetting operation has grown in lately as has
been shown by authors in the paper [5]. The quality of
these forgings is defined by the mechanical properties
and a degree of metal structure heterogeneity. The
applicable processes of the large parts forging does not
guarantee an obtaining of the high quality.

The special methods of the large parts forging have
been reviewed in the paper [6]. These forging methods
differ by the type of used operations, deformation regi-
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mes and dies geometry [7]. The mechanical properties
of the parts mainly depend on using of the upsetting
operation and further drawing operation. The primary
interest is the improvement of the upsetting operation
during design of deformation effective processes.

An increase of a forging production with high qua-
lity requires the development and introduction of new
forging processes with low costs as has been noted in
paper [8]. However, the new upsetting methods which
allow to decrease a deformation force were not investi-
gated in the paper. The deformation by special tool or
changing of workpiece cross-section allows to decrease
an upsetting force [9].

The main forging defect after upsetting is an axial
porosity, which are determined by ultrasonic test [10].
The occurrence of this defect is explained by an unfa-
vorable SSS during workpiece upsetting with a cylin-
drical shape by means appearance of a radial flow metal
leading to internal cracks of the workpiece metal.

The authors of the paper [11] have developed the
original model which described the voids closing and
taking into account voids orientation and strain state of
the workpieces. The model has been developed and
checked based on significant number of experiment by
finite element method (FEM).

However, the large forging ingots have the shrin-
kage defects elongated shape. Therefore these defects
should be better modeling as an axial hole. Thus, deve-
loped model is not an universal for modeling a closing
of axial porosity.

Authors in the article [12] have proposed method
and tool for upsetting of a disk with ledge. The
upsetting is produced with using of a disk’s field
deformation. A disadvantage of this upsetting method is
the tool does not cover the disc’s field. Non-deformed
zones with a fold are occurred. It leads to increase of a
metal consumption during cutting.

The internal defects closing during workpieces up-
setting using flat dies with various geometry have been
investigated by FEM [13]. A deformation degree has a
large influence to the closing internal defects with com-
parison a hydrostatic stress as has been found by authors
based on FEM. Obtained results contradict with a kno-
wn data of other researchers [14] which claim that axial
defects degree depend from SSS in the forging's body.

A fine-grained structure can be obtained by using
rounding and upsetting operations. Workpieces faces
have a conical shape before upsetting in this case [15].
However, obtaining of the workpiece faces with conical
shape is a very difficult process. Moreover, the SSS and
the closing mechanism of the internal defects during
forging have not been determined in the work.

The authors of papers [16, 17] have investigated an
influence of the hydrostatic stress as a parameter for
estimation of the internal defects closing. However,
authors have not analyzed a strain distribution in the
workpiece volume during forging. The closing degree of
the internal defects can be estimated on the base of a
comprehensive account of the stresses and strains of the
workpiece during deformation.

The closing mechanism of the internal defects with
spherical shape has been investigated in paper [18]. The
authors have investigated an influence of dimensions on
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the closing defects. The SSS around of the internal
defects is a main parameter which influences on it
closure as the result has been found. Model for fore-
casting of the closing defects into the large forged work-
pieces has been proposed based on the results finite
element simulation. The main disadvantage of this
investigation is the use of simulated defects with
spherical shape but axial defects into ingots have an
elongated shape.

The strain distribution during forging operation of
cylindrical workpieces at different forging ratio has
been investigated in the paper [19]. A mathematical
relationship of crack appearing on workpiece lateral
area has been established. Developed recommendations,
which improve, the surface quality for massive forgings
have been shown in the works [20, 21]. However, a
stress state influence on the surface crack formation has
not been considered in these papers though this para-
meter is a significant scientific problem at realization
ingots upsetting operation.

Two methods of dimension changing of the axial
defects into ingot during forging have been compared in
[22]. These methods take into account a damage accu-
mulation at plastic deformation based on using of po-
rous material model. It was found that a cut angle of a
bottom die have to in range 90...120° for an intensive
welding of the ingots axial defects. However, the inves-
tigated schemes do not provide the appearance an
uniform strain into workpiece's body.

A high uniform strain needs to provide during for-
ging of the massive ingots to guarantee a mechanical
properties uniform. The internal defects welding of the
ingots during upsetting appears at condition of the
hydrostatic stress. Today, used upsetting methods do not
ensure an enough level of the hydrostatic compression
in the ingot's axial zone to increase a density of forged
metal [23].

The drawing operation before workpiece upsetting
need to use for welding of the ingot's axial defects as in
the paper [24] has been investigated. The authors have
proposed a parameter for estimate of defects welding
degree during hot deformation accounting an irregu-
larity of stress distribution at the upsetting operation.
The upsetting operation without using of the drawing
operation during forging process increases the dimen-
sions of the axial defects. An influence of dies shape for
uniformity increasing of metal forged structure has not
been established in the paper.

Main parameter, which determines the formation of
the forged structure and mechanical properties of the
part, is a forging ratio according to the authors of paper
[25, 27]. However, analyze of forging different variants
need to realize based on data of strain distribution in the
workpiece’s volume. It has not been done in this work.

A typical defect of the forged workpieces when
upsetting operation using is a porosity of the forging's
axial zone which is determined by ultrasonic test (UST).
The reason offormation of workpiece's axial porosity
can be using of the workpiece upsetting.

Based on a literature review, it has been found that
the improvement of technological processes with using
of a special method of workpiece's upsetting have a
significant meaning for science and practice. This aspect
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confirms a relevance of these investigations. Moreover,
an existing methods of upsetting do not provide a high
and uniformity mechanical properties of the part's axial
zone. It is explained by an incomplete closing of the
internal defects and this aspect requires of additional
investigations in this direction.

One of the direction of forging improvement is work-
pieces profiling before upsetting by formation a concave
faces on the workpiece's lateral surface [27]. The con-
cave faces with an angle of 120° contribute to the in-
complete closure of axial porosity. Increasing of the faces
depth can decrease a welding degree of internal defects.

Therefore, it is necessary to conduct a further inves-
tigation to determine of an effective angle and depth of
the workpiece's concave faces allowing to intensifi-
cation a closing of the internal defects [27].

3. INVESTIGATION TECHNIQUE OF WORKPIECES
UPSETTING WITH CONCAVE FACES

The aim of the work is to increase the mechanical pro-
perties for parts with responsible destination by means
of welding of the internal defects, and improvement of
ingot's structure by upsetting of the four-beam work-
pieces. These are the following tasks in this research:

— an shape influence of the four-beam workpieces to
strain and stress distribution, and welding of the internal
defects after upsetting needs to be determined;

— a new scientifically-based method of the workpieces
upsetting with concave faces, which increases a density
of the parts structure needs to be developed;

— an approbation of improved upsetting process of four-
beam workpieces needs to be introduced.

3.1 Theoretical investigation by FEM

The modeling process of workpieces upsetting with
concave faces has been conducted by FEM. A distri-
bution of workpiece's SSS and reshaping of the axial
defects after upsetting has been determined based on re-
sults of the modeling. All workpieces after profiling ha-
ve been deformed with reduction to 50% from height.

An equation of relation between stresses and strain
rates has been used

The workpieces for FE modeling had dimensions (Fig.
1): diameter along ledge D = 1.5 m; workpiece's height
H=3.75m; defect's hole dimeter was 10% from a
workpiece’s maximum diameter (do=0.15 m); angle of
the concave faces was 150°. The relative depth of the
concave faces (h=d/D) has been investigated in range
15%, 20% and 25% from workpiece's diameter.

The model's material is steel 70Cr3NiMo; the hea-
ting temperature of the workpiece is 1150°C; the
temperature of dies is 20°C; the friction coefficient is
0.45; amount of elements —is 75 000; the velocity of
deformation is 35 mm/s. Value and sing of the stress
can determine by means a parameter of the stress state
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This parameter has been determined in the work-
piece’s axial zone.

w0

Figure 1. 3D-model of the workpiece with concave faces
and axial defect

3.2 Experimental investigations

The cylindrical specimens from lead with diameter of
50 mm and height of 70 mm for experimental
investigations have been made. A hole with diameter of
5 mm on workpiece end into axial zone has been drilled.
The hole has been simulated an ingot's axial defect.

The forging of obtained workpieces has been carried
out by convex dies. An angle of the convex die with
wedge shape is equal to 150°. Measurements cross-
section of the axial defects have been carried during
profiling process. The defect’s hole has been connected
with to the laboratory burette. The changing of a water
level into burette has been allowed to determine a
current volume of the defects during upsetting operation
and also its average diameter.

Profiled workpieces on cross-section with concave
faces have been upsetted by flat plates with reduction of
70% with a phased fixing (each 5 mm) of the defect's
volume. The investigation of defects closing additionally
has been conducted for steel specimens (70Cr3NiMo).
The steel specimens have been heated until temperature
of 1150°C and were profiled by convex dies to four-beam
cross-section with subsequent upsetting.

4. RESULTS OF FE MODELING OF THE UPSET-
TING OPERATION OF THE PROFILED WORK-
PIECES WITH CONCAVE FACES

4.1 Closing of the workpiece's defect

The depth of the concave faces during upsetting of the
four-beam workpiece influences on the closing of the
defects. The concave faces with angle of 150° and it
relative depth (d/ D) equal to 0.25; 0.20 and 0.15 have
been used in investigation. This technique has been
described in detail in paragraph 4.1.

The degree of the hole closing after upsetting of the
profiled workpieces with concave faces to 50% is
shown in Fig. 2. According to the modelling results, it
has been determined that for investigated parameters of
the faces depth the hole closing in the middle zone
appears. The degree of the hole closing for specimens
with relative depth of the faces was 0.15 maximum. The
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specimens profiled to the depth of 0.25 from work-
piece's diameter have been shown the worse results of
axial defects closing.

1

. .

Figure 2. Hole closing after upsetting on 50% profiled
workpieces with concave faces: a — d/D=25%; b — d/D=15%

A dependence of the hole closing during upsetting of
the four-beam workpieces with different relative height
of the concave faces is shown in Fig.3. The analysis of
obtained results allowed to found that relative depth of
the concave faces more than 0.15 did not lead to
increasing of the defects closing.
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Figure 3. Changing relative diameter of the hole during
upsetting of the four-beam workpieces with different
relative height of the concave faces

It was established that after upsetting with height
reduction of 50% of the workpieces with relative depth
of d/D=0.15 the closing of the defect's diameter
occurred on 50% (Fig. 3).

4.2 Stress-strain state of the four-beam workpieces
during upsetting operation

The strain distribution in the workpiece's meridional
cross-section after upsetting 50% is shown in Fig. 4.
The maximum strains are localized into forging's
central part. The minimal strains is on the workpiece's
faces. The distribution of strain for different values of
the workpiece's concave faces have a similar result. An
area of the strain with maximum values is more than
35...45% for the upsetting of the four-beam workpieces
with depth of the concave faces d/D=0.15 compare
with other ratio of geometrical parameters (Fig. 4).

The upsetting of the four-beam workpieces changes
a forging's stress state (Fig. 5). A mean stress with sign
“minus” into central forging's zone appears. It leads to
the compressive stresses with value of 85 MPa in the
axial zone for the concave faces d /D = 0.15 (Fig. 5).

Decreasing of the ratio depth of the four-beam work-
pieces leads to changing of the mean-stress distribution
into workpiec's volume. The concave faces with maxi-
mum depth increase an area and value of the compressive
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stresses. The upsetting of the four-beam workpieces does
not exclude a formation of shape-barrel lateral surface
with appearing a tensile stress in this place.

Strain - Effective (mm/mm)
1.0

Figure 4. Strain distribution during upsetting operation of
the four-beam workpieces (d / D = 0.15)

Stress - Mean (MPa)
100

SOI

Figure 5. Mean stress during upsetting operation of the
four-beam workpieces (d / D = 0.15)

The concave faces influence the hydrostatic stress
that appears in workpiece during upsetting. The concave
faces of the four-beam workpiece can increase the level
of a compression stresses. The value of the compression
stress can be evaluated by the parameter of the stress
state (/o). The parameter of the stress state (/7o) with
sign “minus” shows that into the workpiece's body
appears the compressive stress (Fig. 6). This state will
contribute to closing of the internal defects of an ingot.
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Figure 6. The parameter of the stress state during upsetting
of the workpieces with concave faces: 1 —d /D = 0.25; 2 -
d/D=0.20;3-d/D=0.15
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The level of the compression stress during workpi-
eces upsetting with concave faces is increased (Fig. 6).
The analysis of obtained results allowed to establish that
with a relative depth of the faces of 15% the maximum
compressive stresses arise after deformation by 50%
(Illo=—11). The minimal value the parameter of the
stress state (/10 = —4.2) corresponds to the depth of the
concave faces d/D=0.25 and degree of upsetting
€ = 0.46. This stress state does not lead to complete clo-
sing of the axial defects.

5. EXPERIMENTAL INVESTIGATIONS

5.1 The closing of the axial defects after workpieces
upsetting with the concave faces

Investigations of the defects closing during workpieces
upsetting with concave faces have been verified by
experiments on steel specimens at hot deformation. A
heating of the steel specimen has been conducted to
temperature of 1150°C with further it drawing to four-
beam cross-section by convex dies with angle of the
wedge of 150° and degree of a reduction of 20% and
canting of 90° (Fig. 7, a). The upsetting operation has
been realized after additional heating. Templates have
been cooled and cut in the place where the axial defect
was located (Fig. 7, b).

Based on analysis of a macrostructure investigation, it
has been determined that during upsetting operation of
the profiled workpiece to the four-beam cross-section
with angle of the concave faces of 150° the complete clo-
sing of the axial defect has not occurred (Fig. 7, b).

PR

Figure 7. Experimental investigation on the steel speci-
mens: a — profiling billet to the four-beam cross-section; b
— shape of the axial defect after upsetting of the profiled
workpiece

950 = VOL. 48, No 4, 2020

5.2 An approbation of the four-beam workpieces
upsetting

There have been made 22 forgings of backup rolls
according to the developed technological forging pro-
cess of profiling on a four-beam billet and its further
upsetting. The degree of the reduction during profiling
by convex dies was 20% from the workpiece's diameter
(Fig. 8). This reduction degree has been determined
based on results of the theoretical and experimental
investigations. The workpiece after profiling to the
concave cross-section has been upsetted (Fig. 8).

Figure 8. Approbation a new process forging of the
workpiece with weight 57.7 ton (upsetting process)

Ledges formation of the backup rolls after upsetting

Figure 9. Forged workpiece

The ultrasonic test for verification of the internal
defects after heat and mechanical treatments of the part
has been carried out (Fig. 9).

6. DISCUSSION OF OBTAINED RESULTS OF THE
PROFILED WORKPIECE UPSETTING

The new method upsetting of the four-beam workpieces
with angle of the concave faces equal to 150° and dif-
ferent it depth has been investigated. SSS of the work-
piece and dependence changing of the defects dimen-
sions during upsetting according to the research results
have been determined. The analysis of obtained results
allowed to found an effective recommendations of the
upsetting process and it advantages over existing
method of deformation:
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— the maximum closing of the hole occurs after
upsetting on 65 % for workpiece with relative depth of
the concave faces of 15-20% from workpiece's diameter;

— the concave faces with value of 15% from
workpiece's diameter lead to appearance into work-
piece’s body the compression stresses after upsetting on
55%. This fact is confirmed by parameter of the stress
state with level of 10...— 11.

Moreover, the maximum deformations appear in the
axial zone of the four-beam workpiece for the specify
parameters. This will help to closing of the internal
defects additionally. An increasing of the level defor-
mation during upsetting of the four-beam workpieces
leads to increasing of the compression stresses into
workpice's body.

The obtained results for reshaping and UST have
been checked and compared with correspond traditional
technological processes of the forging such workpieces.
The analysis of results of the UST for forgings
manufactured with using new method of upsetting
allows to conclude that obtained forgings correspond to
requirement of standard SEP 1921. The obtained results
confirm a positive influence of the concave faces of the
profiled workpiece to increasing the level of the
compression stresses in the axial zone and welding of
the internal defects during forging.

Manufactured forgings correspond to requirements
of a customer. The obtained results confirm the theo-
retical data of the investigations establishing with using
of FEM and experiment.

The disadvantages of developed upsetting method of
the workpieces with concave faces are:

— degree increasing of the concave faces depth lead
to decrease the level of the compression stresses into
workpiece;

— the developed method of the upsetting does not
eliminate a formation of a convex lateral surface, which
can lead to cracks.

Novelty:

— the new process of upsetting massive workpieces
has been further developed;

— the dependencies of changing dimensions and SSS
during upsetting process of the four-beam workpieces
have been established. These dependencies allowed to
determine the effective geometrical parameters of such
workpieces.

The practical aspect of using the research result is
improvement of the forging process of massive work-
pieces. The proposed approach to increasing density of
an internal structure based on using upsetting of the
four-beam workpieces with angle of the concave faces
equal to 150° is an actually. The obtained results lead to
quantitative change of the workpiece's SSS. As a result,
the level of the compression stresses into workpiece's
body has been increased. It has been provided a more
intensive welding of the axial defects.

However, a complex influence of the operations pro-
filing and upsetting to the SSS and welding level of the
internal defects has not been investigated in the work.
Therefore, the further research need to direct on
determining of the complex influence such operations as
profiling and upsetting of the four-beam workpieces for
establishing the closing level of the internal defects.
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7. CONCLUSIONS

The angle influence of the concave faces 150° to the
strain distribution, stresses and welding of the internal
defects after upsetting has been determined. The closing
of the defect takes place after upsetting of more than
10%. The maximum closing of the defect takes place
after upsetting 65%. The concave faces with depth 15%
from workpiece's diameter after upsetting 55% lead to
appearance of the compression stresses in —10...—11
times more of a stress effective.

The new science-based upsetting method of the four-
beam workpieces increasing the quality of the massive
parts has been developed.

The recommendations for design of the forging pro-
cesses with using new schemes deformation have been
developed based on conducted theoretical and experi-
mental investigations.

The approbation and implementation of proposed
method of the forging in the manufacturing conditions
have been realized. The quality of the forgings based on
results of the UST has been increased by means of
absence of the internal defects exceeding the require-
ments of the standard SEP 1921.

REFERENCES

[1] Markov, O. E., Gerasimenko, O. V., Shapoval, A.
A., Abdulov, O. R., Zhytnikov, R. U.: Computeri-
zed simulation of shortened ingots with a controlled
crystallization for manufacturing of high-quality
forgings, The Int. J. of Advanced Manufacturing
Technology, Vol. 103, pp. 3057-3065, 2019, doi:
http://doi.org/10.1007/s00170-019-03749-4

[2] Smyrnov, Y. N., Skliar, V. A., Belevitin, V. A,
Shmyglya, R. A., Smyrnov, O. Y.: Defect healing
in the axial zone of continuous-cast billet, Steel in
Translation, Vol. 46, No. 5, pp. 325-328, 2016,
http://dx.doi.org/10.3103/S0967091216050132

[3] Wang, J., Fu, P, Liu, H, Li, D., Li, Y.: Shrinkage
porosity criteria and optimized design of a 100-ton
30Cr2Ni4MoV forging ingot, Mater. Design, Vol. 35,
pp. 446-456, 2012, http://dx.doi.org/10. 1016/j.mat
des.2011.09.056

[4] Zhang, X-X. et al.: A criterion for void closure in
large ingots during hot forging, J. Mater. Process.
Tech., Vol.209, No. 4, pp. 1950-1959, 2009,
http://dx.doi.org/10.1016/j. jmatprotec. 2008.04.051

[5] Dobrzanski, L. A., Grajcar, A., Borek, W.: Influ-
ence of hot-working conditions on a structure of
high-manganese austenitic steels, Journal of
Achievements in Materials and Manufacturing
Engineering, Vol. 29, No. 2, pp. 139-142, 2008.

[6] Hrudkina, N.S., Aliieva, L.I.: Modeling of cold
extrusion processes using kinematic trapezoidal
modules, FME Transactions, Vol. 48, No 2, pp.
357-363, 2020, doi:10.5937/fme2002357H.

[71 Ameli, A., Movahhedy, M.R.: A parametric study
on residual stresses and forging load in cold radial
forging process, Int. J. Adv. Manuf. Tech., Vol. 33
No. 1-2, pp. 7-17, 2007, http://dx.doi.org/10.1007
/300170-006-0453-2

VOL. 48, No 4, 2020 = 951



[8] Regodi¢, M. M., Sinikovi¢, G. B., Veg, E. A, Jeli,
Z. V., Gubeljak, N.: Application of "Omega" De-
former for Stress Measuring in Dynamic Loading
of the Structure, FME Transactions, Vol. 46, No. 4,
pp. 520-524, 2018. doi:10.5937/fmet180 4520R.
WWW.SCOpUS.COm.

[9] Markov, O.E., Oleshko, M.V., Mishina, V.I.: De-
velopment of Energy-saving Technological Process
of Shafts Forging Weighting More Than 100 Tons
without Ingot Upsetting, Metalurgical and Mining
Industry, Vol. 3, No. 7, pp. 87-90, 2011, http://
www.metaljournal.com.ua/assets/Uploads/attachme
nts/87Markov.pdf

[10]Markov, O.E., Perig, A.V., Markova, M.A. and
Zlygoriev, V.N.: Development of a new process for
forging plates using intensive plastic deformation,
Int. J. Adv. Manuf. Technol., Vol. 83, No. 9-12, pp.
2159-2174, 2016, http://doi.org/10.1007/s00170-
015-8217-5

[11]Saby, M., Bouchard, P.-O., Bernacki, M.: A geo-
metry-dependent model for void closure in hot
metal forming, Finite Elements in Analysis and
Design, Vol. 105, pp. 63-78, 2015, http://dx.doi
.org/10.1016/j.finel.2015.07.003

[12]Markov, O.E.: Forging of Large Pieces by Tapered
Faces, Steel in Translation, Vol. 42, No. 12, pp.
808-810, 2012, https://doi.org/10.3103/S0967091
212120054

[13]Dudra, S. P. and Im, Y. T.: Analysis of void closure
in open-die forging, J. Mach. Tools Manuf., Vol.
30, pp. 65-75, 1990, https://doi:10.1016/0890-
6955(90)90042-H

[14]Chen, K., Yang, Y., Shao, G. and Liu, K.: Strain
function analysis method for void closure in the
forging process of large sized steel ingot, Com-
putational Materials Science, Vol. 51, No. 1, pp.
72-77, 2012, http://dx.doi.org/ 10.1016/j.commat
s¢i.2011.07.011

[15]Markov, O., Kosilov, M., Panov, V., Kukhar, V.,
Karnaukh, S., Ragulina, N., Bochanov P., Rizak P.:
Modeling and improvement of saddling a stepped
hollow workpiece with a profiled tool, Eastern-
European Journal of Enterprise Technologies, Vol.
6/1, No. 102, pp.19-25, 2019, DOI: https://doi.
org/10.15587/1729-4061.2019.183663

[16] Nakasaki, M., Takasu, 1., Utsunomiya, H.: Appli-
cation of hydrostatic integration parameter for free-
forging and rolling, J. Mater. Process. Technol.,
Vol. 177, pp. 521-524, 2006, https://doi:10.1016/
j.jmatprotec.2006.04.102

[I7]Markov, O.E., Perig, A.V., Zlygoriev, V.N.
Markova, M.A. and Grin, A.G.: A new process for
forging shafts with convex dies. Research into the
stressed state, Int. J. Adv. Manuf. Technol., Vol.
90, pp. 801-818, 2017, http://doi.org/10.1007s00
170-016-9378-6

[18]Chen, M-S. and Lin, Y.C.: Numerical simulation
and experimental verification of void evolution
inside large forgings during hot working, Int. J. of

952 = VOL. 48, No 4, 2020

Plasticity, Vol. 49, pp. 53-70, 2013, http://dx.
doi.org/10.1016/j.ijplas.2013.02.017

[19]Markov, O.E., Perig, A.V., Zlygoriev, V.N.
Markova, M.A. and Kosilov, M.S.: Development of
forging processes using intermediate workpiece
profiling before drawing: research into strained
state, J. Braz. Soc. Mech. Sci. Eng., Vol. 39, No. 4,
pp. 4649-4665, 2017, https://doi.org/10.1007/S40
430-017-0812-Y

[20]Delosevi¢, M., Petrovi¢, D., Bizi¢, M.: Identifi-
cation of the Stress-Strain State of a Cylindrical
Tank with Walls of Variable Thickness, FME
Transactions, Vol. 39, No. 1, pp. 25-32, 2011.

[21]Aksakal, B., Osman, F. H., Bramley A. N.
Determination of experimental axial and sideways
metal flow in open die forging, Material and De-
sing, Vol. 3, pp. 576-583, 2008.

[22] Christiansen, P., Martins, P. A. F., Bay, N., Hattel,
J.H.: Multi-objective optimization of die geometry in
ingot forging, Proceeding 11th International Con-
ference on Technology of Plasticity, ICTP, 19-24.
10.2014, Nagoya Congress Center, Nagoya, Japan,
Procedia Engineering. Vol. 81, pp. 2457-2462, 2014,
https://doi:10.1016/j.proeng.2014.10. 350

[23]Cho, J. R., Bae, W.B., Kim, Y.H., Choi, S.S. and
Kim, D. K.:. Analysis of the cogging process for
heavy ingots by finite element method and physical
modeling method, J. Mater. Process. Technol., Vol.
80-81, pp. 161-165, 1998.

[24]Kakimoto, H., Arikawa, T., Takahashi, Y., Tanaka,
T. and Imaida, Y.: Development of forging process
design to close internal voids, J. Mater. Process.
Tech., Vol. 210 No. 3, pp. 415-422, 2010,
http://dx.doi.org/10.1016/ j.jmatprotec.2009.09.022

[25]1Kun, C., Yitao, Y., Guangjie, S. and Kejia, L.:
Strain function analysis method for void closure in
the forging process of large sized steel ingot,
Computational Materials Science, Vol. 51, No. 1,
72-717, 2012, http://dx.doi.org/
10.1016/j.commatsci.2011.07.011

[26]Zhang, S.H., Wang, Z.R., Wang, Z.T., Xu, Y. and
Chen, K.B.: Some new features in the development
of metal forming technology, J. Materials
Processing Technology, Vol. 151, No. 1-3, pp. 39-
47,2004, doi:10.1016/j.jmatprotec.2004.04.098.

[27]Markov O, Zlygoriev V, Gerasimenko O, Hrudkina
N and Shevtsov S: Improving the quality of
forgings based on upsetting the workpieces with
concave facets, FEastern-European Journal of
Enterprise Technologies, Vol. 5/1, No. 95, pp. 16-
24, 2018, http://doi.org/10.15587/1729-4061.2018
.142674

NOMENCLATURE

Sij components of a deviator's stress, [mpa]

&jj components of strain rates, [1/s]
oij components of tenzor stresses, [mpa]
£

strain, []
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strain rate, [1/s]

£
T temperature, [°c]
Illo parameter of the stress state, []
00 hydrostatic stress, [mpa]
o stress effective, [MPa]
Abbreviations
SSS stress-strain state
UST ultrasonic test

FEM Finite Element Method

YHAIIPEBEILE ITPOIIECA CABUJAIBA KO/J]
YETBOPOKPAKHNX OBPAJAKA BABUPAHO
HA KOMIIJYTEPCKOM U ®U3NYKOM
MOJEJIHUPABY

FME Transactions

O.E. Mapkos, B.B. Kykxap, B. 3i1uropues, A.A.
IlanoBan, A.C. Kpamrunncku, P.Y. JKutHukoB

HUctpaxyje ce meron cabujama KOA BEIUKHX HHIOTA.
[pemnoxkeHn MeTox ce cacToju Of MPOQHINCAHUX
oOpajgaka ca KOHKaBHMM CTpaHama. YTao KOHKaBHE
nospumHe m3Hock 150° a penatusha nyGuna ce kpehe ox
15% - 25% mnpeunuka obparka. EdexrnBHa nedopma-
[IMja ¥ TIPOCEYHH HAINOH Y MOAY>KHOM IONPEYHOM IIpe-
ceKky onpehenn cy mocine cabujama kopumhemem MKE
MeTone. BpexHoctn cabojHOr HamoHa cy onpeheHe Ha
OCHOBY mapamerpa crama HamoHa. Meroga MKE je
omoryhmia ogpehuBame parroHanHe TyOnHEe KOHKaBHUAX
MOBPIIMHA, Koja 0 Tpebano aa m3Hocu 15% mpedHuka
oOparka. MakcumaiHO 3aTBapama YHYTpallmbHX aede-
Kara ce BpIIM ycieA JyOWHE KOHKAaBHHMX IIOBPILIHHA.
Pesynrati cy npoBepeHH €KCIEPUMEHTATHUM HCTPaXKH-
BambUMa. YTBphEHO je na cabujame KOJl YeTBOPOKPAKHX
o0pajiaka 1mo0oJbIIaBa KBAIUTET BEITMKHX JICJIOBA.
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