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Hocnioxnceno nosuii cnocié po3kouyeanns eeauxoza-
Oapumnux KonycHux Kineup 3i cmyninuacmum npodinem.
3anpononosanuii cnoci6 nonszae y oedopmyeanni 3azo-
misku 3 ycmynom cxiouacmum 6otixom. 3anpononosana
Memoouxa npoeedenms 00CHI0NCEHb MemoooM CKinue-
Hux enemenmie. Memoduxa npusnauena 0 6U3HAYEH-
HS 3a7eHCHOCmel HANPYHCeHO-0ePopM0o8anozo cmany ma
opmosmina 3azomisxu y npoueci po3xouysanms cxiouac-
mum 00UKom. SMIHHUMU napamempamu OyYyau 6iOHOCHA
sucoma sucCmyny cxXioHacmux 3azomieox, Ka 6apio8alacs
6 inmepgani 2,2...2,5. Ha ocHo8i ckinueno-eemMeHmnozo
MOO0en06anHa 6Yau 6CMAn06eHi: PO3N00LiN IHMeHCUBHOC-
mi depopmauiii y nepepizi noxosKu Nicas PoO3KOUYEAHHS
cmyninuacmum 6otixom. Busnauanace xonycuicmo noxo-
80K, KA YMEOPIOEMbC NPU POIKOUYEAHHI 3a OAHUM CNO-
cobom. Pezynvmamu cxinueno-eiemMeHmnozo Mooeato8an-
HSL NePesipANUCA eKCNEPUMEHMATILHUMU 00 CTIOHCEHHAMU
Ha ceunuesux ma cmanesux 3pasxax. byna sanponomno-
eana MemoouKa nposedeHns exCnepuUMeHmaiIvHux 00Cui-
Oxcenv. Crinueno-esemenmue 00CAIOHCEHHS 00360UN0
6CMAaH0BUMU, WO POIKOUYBAHH CMyNiHuacmum 0otiKom
npu3eooums 00 YmeopeHHs NOKOBKU KOHYCHOI opmu.
Ile nosicntoemocs mum, wo npu odmuckanui ycmyny ioe
Oirvuma manzenyiaavia depopmauis Kiavueeoi azomie-
KU 6 30Hi ycmyny, HidC 30Hi 6UCMYNY 6HACHIOOK PIi3HOT
sucomu cmyninuacmoi 3azomisxku. Pesynvmamu crinve-
HO-eleMeHmH020 MO0eTI08aHHA OYau niomeeporceHi exc-
nepumenmamu 8 1a00PAMOPHUX YMOBAX HA CGUHUEBUX MA
cmaneeux 3paskax. 3oinvuenns diamempy sucmyny 3azo-
mieok npu3eodumv 0o 30ivwenns cmynens depopmauii
eucmyny, w0 GUKJIUKAE 30invuleHHs diamempa omeopy
sucmyny. Ananiz mMaKpocmpyxmypu KoHycHoi Kilvyeeoi
noKo6Ku 3i cmyninuacmum npoiniem 00360auU6 6CMAHO-
sumu, w0 NPU GUKOPUCMAHHI Onepauii po3Kouy8anHs cmy-
nIHYACMO20 KibUsl CXi0MACmMUM tHCMpYMeHmoM 60J10KHA
cmpyxmypu nosmopioromes popmy demani, w0 6UKAIOUAE
ix nepepizanns npu mexaniuniii 06pooui. B pesyrvmami
docnidxcenv Y0 6CMAHOBIEHO, WO POKOHYBAHHS CMY-
NIHYACMUX KOHYCHUX 3A20MIB0K MOJNCAUGE, Ue POIUWLU-
PIOE€ MEXHOI02IUHI MONHCAUBOCHT NPOUECY PO3KOUYBAHHS
8ENUK02A0APUMHUX NOKOBOK
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1. Introduction

Production of large-size forgings has ever increasing
in recent years. It relates to the growth of power and
number of electrical generating stations and heavy machi-
nery [1]. Heavy and power engineering products include
significant amounts of rings including tapered rings. Such
shaped forgings are high-duty products subject to strict
requirements to isotropy of mechanical properties, internal
structure, etc. Most of the rings are made using expansion
operations. Tapered rings are made currently by machining
cylindrical thick-walled rings which leads to excess metal
consumption caused by enormous machining allowances as
well as reduced mechanical properties of the products be-

cause of cutting fibrous metal structure of forgings during
machining.

One of the ways to improve manufacture of large-sized
tapered rings with a stepped profile consists in the use of
stepped hollow blanks (ingots) to obtain forgings with
a shape repeating that of the final part. Hollow ingots can re-
duce work content in forging large-sized rings and cut metal
waste due to the absence of piercing stage. Manufacture of
stepped tapered rings requires application of special opera-
tions for forging hollow blanks (ingots). Making stepped
tapered forgings which repeat the target part contour is an
urgent scientific and technical problem. Its solution would
eliminate cutting of fibrous metal structure and reduce metal
wastage during machining.




2. Literature review and problem statement

The application of ingots with a new configuration is
the main direction of improving manufacture of large-sized
rings including tapered rings. Low quality of forge ingots is
caused by internal defects of metallurgical origin present.
When forging large-sized rings, these defects are fused and
removed from the forging body. To date, there are various
ways to improve quality of forging ingots. However, they
have limitations and purposes. Therefore, at the first stage,
it is necessary to consider ingots which are used for forging
tapered rings with a stepped profile.

Examination of longitudinal and transverse sections of
ingots reveals porosity and cracks in their central part. They
have to be eliminated during the forging process [2, 3]. Axial
porosity is one of typical defects of conventional ingots. It is
accompanied by inclusions and macro-liquation [4]. Accor-
ding to the data obtained in [4], 3D modeling has made it
possible to establish optimum temperature and crystalliza-
tion rate to reduce axial porosity.

It was found in [5, 6] that the use of a cooled ingot sink-
head with a reverse taper increases depth of the shrink cavity
and concentrates it along the axis which in turn reduces
coefficient of metal utilization by 7 %. This can bring about
internal defects in the forging body worsening quality of
large-sized rings.

Results of forging of a reactor block from a conventional
190-ton ingot are described in [7]. The technology included
sinking and piercing. After that, the blank was drawn on
a tapered mandrel and expanded on a mandrel with the use
of anarrow die. The ingot forging technology under study as-
sumed two heating operations for sinking and piercing which
have resulted in a significant rise of energy consumption for
forging. Moreover, the paper lacks technological recommen-
dations regarding the percent reduction obtained in one ex-
panding pass as the main parameter of forging hollow blanks.

It is necessary that internal defects were concentrated
in the center of the conventional ingot at the initial forging
stage [8]. After that, the ingot is sunk to reduce height and
increase diameter of the blank. This improves uniformity of
deformation distribution and improves working of the struc-
ture. To eliminate defects in a large ingot by piercing, they
must be located in the center of the ingot during the forging
process. This requires improvement of forging processes in
which the tool shape and size must be optimized. Based on
improvement of the forging process, JWS Co. has manufac-
tured a flanged shell from a 350-ton ingot.

It was found in [9] that the forgings made of hollow in-
gots simplify the ring forging process. Use of hollow ingots
for the manufacture of annular forgings simultaneously with
improvement of the product quality ensures a 25-30 % cut
of metal consumption. However, in this case, porosity can be
expected in the middle of the hollow ingot wall which will
result in quality deterioration.

Sheffield Forgemasters Ltd. (USA) has introduced hol-
low ingots into the range of products[10] intended for
forging rings. However, no recommendations on choosing
optimal geometrical parameters of hollow blanks were given.
Moreover, it was not specified how these parameters affect
mechanical properties of the product and no recommenda-
tions concerning deformation conditions that provide the
declared forging properties were given.

Creusot-Loire Industrie has established effect of in-
ternal defects in forging blanks on formation of cracks

and developed optimal recommendations for making large
forgings [11, 12]. The use of hollow ingots with controlled
location of segregation zones is an effective solution for
rings. However, the papers do not present the study results
nor they give recommendations concerning parameters of
the ring forging process. Information regarding ratio of the
ingot dimensions which will reduce heterogeneity of che-
mical composition and amount of axial porosity would be
especially useful.

The second stage consists in improving the processes of
manufacture of large-sized stepped tapered forgings which
would repeat the target part contour. This will make it
possible to eliminate cutting of fibrous metal structure and
reduce metal wastage during machining. These methods
consist in the use of special forging operations or working
tools. In this regard, it is necessary to establish effect of the
operations and tooling on expanding of hollow forgings.

The demand for large-sized rings with diameter of up to
10 meters and height of up to 6 meters is explained by deve-
lopment of nuclear power plants [13]. Production of rings of
such height would simplify the reactor design. To make rings
with the specified dimensions, it is necessary to create special
equipment for external expanding. Such expanding device
must be driven by a hydraulic forging press. However, this
equipment has limited technological capabilities.

The essence of the method described in [14] implies the
installation of a special crossbar that serves as a die. The
press force is transmitted between the movable tie-bar and
this crossbar. A ring with a specified wall thickness is formed
between the bottom tool and the tie-bar which is held and
rotated by a mandrel [15]. However, the study did not give
dimensions of the blank before expanding and information on
how large reduction was per one circular pass.

A method of forging rings which consists in installing an
additional hydraulic mechanism was proposed in [16]. There
are no limits of the maximum ring size in this embodiment.
However, it was not indicated how to make tapered rings
with a stepped surface.

Analysis of studies [13-16] with the main idea consist-
ing in the use of special tools and equipment for expanding
large-sized rings has made it possible to establish that there
is no detailed description of the expanding equipment design.
Also, there are no recommendations regarding parameters of
the blank and the deformation process such as deformation
rate and the wall thickness achievable by forging.

Forged rings can be made either from conventional ingots
using the process of piercing or from hollow ingots [17—19].
The need for upsetting and piercing conventional ingots re-
quires large material and energy resources. To reduce metal
consumption and weight of the ingots used to manufacture
annular forgings, hollow ingots have been introduced which
greatly simplifies forging procedure and reduces number of
heating steps [20].

Analysis of published data [14—20] has made it possible
to state that the problem associated with reduction of metal
consumption and improvement of mechanical properties
in production of tapered stepped rings has not been solved
to date. This is explained by the fact that large machining
allowances are specified for the tapered stepped parts. As
a result, instead of tapered rings, cylindrical ones are used
bringing about increased metal wastage and metal fibers cut
during machining. That is why it is necessary to develop and
study a new method for manufacture of large-sized tapered
rings by forging.



3. The aim and objectives of the study

The study objective is to reduce metal consumption
and expand technological capabilities when forging tapered
hollow blanks based on development of new technological
processes of expanding rings with a stepped surface.

To achieve this objective, the following tasks were set:

— choose methods and develop procedures for studying
expanding of stepped tapered rings;

— conduct theoretical study of shape change and stress-
strain state (SSS) of tapered blanks with a stepped profile;

— conduct experimental studies of the operation of ex-
panding tapered rings with a stepped profile and establish
dependences of the blank shape change on the ratios of initial
blank dimensions and cross-section deformation rate;

— conduct macrostructure studies of forgings obtained by
the new technology.

4. The procedure of studying the process of expanding
tapered rings with a stepped profile

4. 1. Theoretical study of a stepwise expanding operation

The ring forging process was modeled by the finite ele-
ment method (FEM). Distribution of the forging SSS and
shape change during expanding were established in accor-
dance with the modeling results. Boundary conditions of
modeling the expanding process had the following values:

— initial temperature of the blank: 1,200 °C;

— the number of mesh elements: 80,000;

— the tool movement speed: 40 mm/s;

— the die and mandrel temperature: 100 °C;

—a Zibel friction coefficient: 0.7.

A 1,240 mm dia. mandrel was chosen as the bottom tool.
Draft of the stepped forge die is shown in Fig. 1.

The protrusion and the wall were deformed simultane-
ously (Fig. 2, a). Each pressing stroke measured 60 mm in
one circular pass. Following one reduction with the die, the
blank was turned and further deformation was performed.
This sequence of operations was repeated until required val-
ues of the distance between the tools corresponding to the
forging wall thickness and deformation rate were reached.

The expanding process was carried out with the help of
a stepped die in which the working surface (Fig. 1) repeats
outside surface of the blank (Fig. 2, b). The difference bet-
ween diameters of the protrusion and the wall was equal
to the size of the die step and measured 275 mm. Relative
diameter of the blank was 2.3 for the protrusion and 1.87
for the wall.

4. 2. The procedure used in conducting the experiments

As evidenced by numerous studies, the FEM method has
a high accuracy in determining the SSS parameters including
those for the processes of hot plastic deformation [22-25].
However, the FEM is a theoretical method and requires ex-
perimental verification of the results obtained [26].

Lead samples in a scale of 1:40 to the actual forging size
were made for experiments. The samples were made by cas-
ting in a mold with a rod. A stepped die was made for expan-
ding. The die with a total length of 130 mm had a 7 mm
high step and a 40 mm long protrusion section. The mandrel
had diameter of 30 mm. In order to obtain accurate dimen-
sions and provide the necessary deformation rate, a set of
1 mm thick plates was used. Deformation was conducted on
a 100 kN hydraulic press at deformation rate of 200 mm/min.

For macrostructure studies, experiments were performed
on steel samples. Alloyed tool steel of KhVG grade was
chosen as a material because it is widely used in the produc-
tion of large forgings. Tools were also made for expanding:
a stepped die and a mandrel (Fig. 3).
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Fig. 2. The results of simultaneous expanding of the protrusion and the wall:
design expanding model (a); draft of the blank for expanding (6)
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Fig. 3. Tools for experimental studies: stepped die (a); mandrel (b)

The samples were heated to 1,100 °C with holding time
of 10 min in an electric oven. Reduction was 1 mm per pass,
both during drawing and die expanding. A 25 mm dia. mand-
rel (Fig. 3, ) and dies of a corresponding profile were used
for expanding.

5. Analysis of the forging expanding

The results obtained in the study have allowed us to find
that the wall had diameter larger than that of the adjacent
protrusion when the protrusion and the wall were shaped
simultaneously (Fig. 4). In this case, deformation intensity
in the protrusion was less than that in the wall. Maximum
deformations in the wall were concentrated in the surface of
contact of the blank with the tool. Intensity of deformation
in the wall was large which indicates a high degree of working
of this forging section. Different degrees of deformation can
be explained by different thicknesses of the protrusion and
the wall. The wall experienced a greater degree of relative
deformation than the protrusion at the same pressure ap-
plied to the protrusion and the wall. Based on the simulation
results, it was found that the largest strains were concen-
trated at the transition from the protrusion to the wall. The
resulting forging had a taper at the wall deformation rate of
0.38. The taper constantly grew during expansion (Fig. 5)
due to an increase in the wall inside diameter compared to
that of the protrusion. The inside taper was affected both
by the difference in diameters of the protrusion and the wall
and forging time. The blank length did not change signifi-
cantly after expanding, so we can conclude that its effect
was negligible.

Dependence of the change in relative diameters of the
protrusion bore, d, /Ly, and the wall, d,,/L,, on the pro-
trusion deformation rate e is shown in Fig. 6, a. Analysis
of the calculation results has made it possible to establish
that relative diameters of the protrusion and the wall varied
almost linearly. After first reductions, relative diameter of the
wall bore begins to increase more intensively than that of the
protrusion. Under this condition, the wall length does not
increase significantly. Intensive increase in the wall diame-
ter after each expanding pass increases difference between
diameters resulting in a growth of the forging taper. This is
explained by different deformation rates in the protrusion
and the wall.

Fig. 6, b presents data of deformation rates in the protru-
sion and the wall during each pass of the expanding process.
Analysis of the obtained data has allowed us to establish
that deformation rate in the wall is greater than that in the
protrusion and rises more intensively after each circular pass
of expanding. This causes an intensive increase in the wall
bore diameter which is explained by different thicknesses of

the protrusion and the wall because of the fact that the pro-
trusion and the wall are deformed with the same reduction
during each circular pass of expanding. The thicker wall has
less relative deformation rate at the same reduction value.
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Fig. 4. The forging after working:
draft (a); strained state of the forging (6)
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Inside diameter of the wall section increases more in-
tensively and the forging acquires a tapered shape during



simultaneous expanding of the protrusion and the wall.
Based on the results obtained, it can be concluded that when
expanding stepped blanks with a stepped die, tapered shape
of the forging is formed due to different deformation rates of
the protrusion and the wall.
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Fig. 6. Calculation results: relative bore diameter, d/L,
depending on the protrusion deformation rate ez (a);
deformation rate, €, in the process of expanding (b);

wall (1); protrusion (2)

6. Experimental modeling of the stepped blank
expanding operation

6. 1. Shape change study with lead blanks

When expanding stepped blanks, uneven deformation
of the wall and the protrusion occurs resulting in a taper
formation. Dependences of the shape change during expan-
ding operation with a stepped die have to be established
by experimental studies. Fig. 7, a shows the shaped stepped
blanks with a relative wall diameter D, /d,,=2.05. As a result
of expanding, the samples had a tapered shape with a large
wall section diameter.

Analysis of the results of relative deformation rates of the
protrusion and the wall in the expanding process has allowed
us to establish that deformation rate of metal in the wall be-
comes greater than that in the protrusion with each blank re-
duction pass (Fig. 7, b). It was established that a decrease in
the relative diameter of the protrusion and, respectively, its
wall thickness leads to an increase in the difference between
relative deformation rates. This is explained by the fact that
more intensive increase in diameter will occur in the thin
wall zone at simultaneous reduction of the protrusion and
the wall by an identical absolute value. This is because of the
greater relative deformation of metal which contributes to
increase in diameter of the forging wall.

Uneven change of relative diameters of the bores results
in formation of the forging taper. Taper of the forging de-

pends on basic parameters: diameter of the protrusion bore,
dynp, and diameter of the wall bore, d,,,,. In this regard, it is
advisable to study interaction of these two taper components
during expanding.
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Fig. 7. Experiment results: lead blanks after expanding (a);
dependence of relative deformation rates (€) on reduction for
blanks with different Dg/ d., (b)

Analysis of the change of relative bore diameters of the
protrusion and the wall sections in the process of expanding
(Fig. 8) has shown that bore diameters of the wall section
increase more intensively than those of protrusion section
which confirms theoretical study results. With a decrease in
relative protrusion diameters, Dg/d,,, relative bore diameters
d,p/L,, of the protrusion decrease, the curve correspon-
ding to Dp/d.,=2.5 is higher and the curve corresponding to
Dg/d,=2.3 is lower. On the other hand, with a decrease in
relative diameters of the protrusion, Dg/d,,, relative diame-
ters of the wall bore, d,, /L, increase, the curve correspon-
ding to Dg/d,,=2.3 is higher and the curve corresponding to
Dg/d,=2.5 is lower.
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Fig. 8. Change of relative bore diameters, d,/L,, depending
on the relative deformation rates in the wall, €, for blanks
with D,/ d,=2.05



As a result, for the studied scheme of expanding blanks
with D,/d.,=2.05, difference between relative protrusion
bore diameters, d,p/L,, and relative wall bore diameters,
dyny /Ly, constantly grows with a decrease in relative diameter
Dg/d., which leads to taper formation.

Another pattern is characteristic for relative diameter of
the blank protrusion Dp/d,=2.5. At the start of expanding,
relative diameter of the protrusion bore is larger than that
of the wall bore (d,p/L,>dy,/L,) which is accompanied
by the protrusion deformation (the wall is not deformed at
the start). When reaching relative protrusion deformation of
0.25, bore diameters in the protrusion and the wall are equa-
lized (d,/Ly,=dy,,/Ly) followed by an intensive growth of
the wall bore diameter (d,,.5/Ly <dy,/Ln).

Special attention should be paid to expanding a sample
with Dp/d.,=2.5. A tapered shape with a large protrusion
diameter was formed for it at the initial stage of expanding.
The sample shape became cylindrical when €,=0.25 and the
bore diameters were equal at both ends. Intersection of two
curves in Fig. 8 corresponds to this condition for Dg/d,,=2.5.
As reduction increased, the wall deformation rate increased
contributing to formation of maximum wall diameter. Taper
was constantly growing for the other two samples.

Analysis of the results of taper formation in forgings
depending on relative deformation rate of the wall has made
it possible to state (Fig. 9) that for a relative diameter of the
blank, D,/d,, equal to 2.05, increase in relative reduction in
the wall section leads to the taper growth. Increase in taper
is connected with an intensive increase in the wall bore d,,
during expanding operation. Reduction of taper in blanks
with relative protrusion diameters of 2.5 at reduction rate
€<0.26 is connected with forging in the first pass of the ring
protrusion expanding operation. The wall is not deformed
in this case. So, the protrusion diameter begins to increase
and the wall diameter does not change. A tapered ring with
protrusion diameter (Dp/dy,=2.5) is formed. Further defor-
mation of the wall and the protrusion results in the taper de-
crease to zero after reduction rate of €=0.26, which indicates
equality of diameters of the wall and the protrusion sections
(d,p=d,,). Growth of taper for a blank with relative protru-
sion diameter of 2.0 is connected with more intensive increase
in the wall bore diameter which is explained by a large metal
flow in tangential direction when thin wall is reduced.
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Fig. 9. Change of taper (K) depending on relative wall
deformation (g,) for blanks with D,/ d.,=2.05 (1);
Dg/ d.,=2.40 (2); Dg/ dp=2.30 (3)

The change of ratio of the protrusion and the wall bore
diameters during the expanding process which allows one to
establish qualitative and quantitative change of diameters

at the blank ends at a constant length of the blank gives an
important result. Analyzing the change of ratio of the for-
ging bore diameters in the protrusion and the wall, d,5/d,,
depending on deformation rate, g, (Fig. 10) for the relative
diameter of the wall, D, /d;,=2.05, it can be noticed that as de-
formation rate €, increases, ratio of the forging bore diameters
decreases. The point on curve 1 marked by a circle corresponds
to absence of taper. These diameters at the marked point coin-
cide (d,p=d,,) and with further deformation, diameter of the
wall section bore increases more intensively than that of the
protrusion section and the ratio of the end diameters d,, 3/d,,,,
of the forging becomes less than 1.0 (dy, 3 <d,,).

Curves 2 and 3 lay not upper than value of 1.0 which
corresponds to the wall section deformation at the start of
expanding. Their gradual lowering occurs because of the
fact that the wall diameter increases more intensively due
to the greater accumulation of deformations. Moreover, the
obtained regularities have practically linear dependence.
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Fig. 10. Change of the ratio of bore diameters depending
on deformation rate in the protrusion section for the blanks
with D,/ d,=2.05: for Dg/d,=2.5 (1); for Dg/d,=2.4 (2);

for Dg/d,=2.3 (3)

6. 2. Expanding study with steel blanks

The new technology of forging stepped tapered rings
(Fig. 11, @) assumed blank heating and drawing on a mand-
rel, heating and expanding until specified forging dimensions
are achieved. Specimens were cut along axis of annular for-
gings for metallographic studies (Fig. 11, b).

b

Fig. 11. Experimental study: the process of expanding
steel blanks in a hot state (a); the forging macrostructure
in a cross-section (b)



Analysis of the obtained results has made it possible to es-
tablish that the new forging technology ensures compression
of the metal fibers in the wall more densely than in the pro-
trusion (Fig. 11, b). The fiber direction repeats the stepped
forging profile which excludes cutting of the metal structure
as is the case with machining according to the conventional
technology.

7. Discussion of the results obtained in expanding
tapered stepped rings

According to the study results, SSS of the blank and
regularities of change of the ring dimensions during the
expanding process have been established. Analysis of the ob-
tained results has allowed us to establish effective conditions
for the process of expanding tapered rings and its advantages
before the existing method of deformation:

— the use of a stepped blank for expanding has enabled
manufacture of tapered rings which was impossible earlier.
This is explained by the fact that increase in the wall dia-
meter occurs more intensively which imparts tapered shape
to the blank;

— the use of a stepped die makes it possible to manufacture
rings with a stepped profile which eliminates use of excess
machining allowances and increases metal utilization by 7 %;

— expanding with the help of a stepped die has enabled
manufacture of forgings repeating contour of the target
parts which has eliminated machining operation in the wall
formation and made it possible to reduce machining time as
well as improve metal quality in the zone of the protrusion
transition to the wall by eliminating cutting of the metal
structure fibers.

Constraints of the developed method of expanding tape-
red stepped blanks include the following:

— the proposed expanding method can be used in the
manufacture of tapered rings only with a stepped profile;

— the process of the hollow blank manipulation on the
mandrel becomes more complicated at significant values of
the ring taper.

The recommendations on geometrical parameters of the
blank, tools and expanding conditions worked out in this
study are important scientific and technical results that can
be used in the theory and practice of manufacture of large-
size hollow forgings.

Practical aspect of using the study results consists in im-
provement of the technological process of expanding tapered
forgings with a stepped profile.

Previously, methods of obtaining cylindrical rings were
studied. The current study considers the method of making
tapered rings by forging.

However, results of the study of applicability of the
proposed method to the manufacture of tapered rings with
expansion towards the blank protrusion were not presented.
Therefore, further studies should be conducted to determine
effect of the stepped blank geometry and the tool shape on
the possibility of expanding the forging protrusion diameter.

8. Conclusions

1. Special procedures for studying ways of expanding
stepped tapered rings have been developed. Theoretical
studies of shape change and SSS in tapered blanks with
a stepped profile have been conducted. It was established
that when the stepped blank is shaped, its wall increases in
diameter more intensively than that of the protrusion due to
which the forging acquires a tapered shape. This is explained
by different rates of deformation applied to the protrusion
and the wall and the more intensive growth of deformation
rate in the wall than in the protrusion. The difference in de-
formation rates arises from the difference in thickness of the
wall and the protrusion. Taper is 0.17 at eg=0.25.

2. Based on the experimental studies of expanding ta-
pered rings, it was established that an increase in relative wall
diameter, D, /d,, leads to an increase in the rate of deforma-
tion of the wall and, accordingly, to an increase in diameter of
the resulting wall section. As a result, difference between the
protrusion and the wall affects variation of the taper during
expanding. Expanding of blanks with relative diameter
D,/d;,=2.05 and increasing rate of deformation (g) brings
about increase in the relative diameter of the wall, d,,,, /L, and
decrease in the ratio of diameters of the forging wall and pro-
trusion, d,/d,,. Moreover, the taper growth occurs as the
relative diameter of the blank protrusion, Dp/d, decreases.

3. Macrostructure examination of the forgings obtained
by the new technology has shown that during expanding of
a stepped blank with the help of a stepped die, metal fibers
repeat the part contour which excludes their cutting during
machining.

References

1. Improving the quality of forgings based on upsetting the workpieces with concave facets / Markov O., Zlygoriev V., Gerasimenko O.,
Hrudkina N., Shevtsov S. // Eastern-European Journal of Enterprise Technologies. 2018. Vol. 5, Issue 1 (95). P. 16—24. doi: https://

doi.org/10.15587,/1729-4061.2018.142674

2. Xu B, Sun M., Li D. The void close behavior of large ingots during hot forging // 19th International forgemasters meeting. Maku-

hari, 2014. P. 141-145.

3. Rutskii D. V., Zyuban N. A., Chubukov M. Y. Features of Structure and Solidification of Extended Double Ingots for Hollow For-
gings. Part 1 // Metallurgist. 2016. Vol. 60, Issue 1-2. P. 156—163. doi: https://doi.org/10.1007 /s11015-016-0267-x

4. Shrinkage porosity criteria and optimized design of a 100-ton 30Cr2Ni4MoV forging ingot / Wang J., Fu P, Liu H,, Li D, Li Y. //
Materials & Design. 2012. Vol. 35. P. 446—456. doi: https://doi.org/10.1016 /j.matdes.2011.09.056

5. Choice of a rational scheme for casting of a forging ingot for producing hollow forgings / Kolodkin M. V., Zhul’ev S. 1., Dub V. S,,
Romashkin A. N., Mal’'ginov A. N. // Russian Metallurgy (Metally). 2010. Vol. 2010, Issue 6. P. 544-547. doi: https://doi.org/

10.1134,/50036029510060169

6. Shamrei V. A., Zhul’ev S. 1. New shape of forging ingot for making hollow forged products // Metallurgist. 2007. Vol. 51, Issue 11-12.

P. 617-623. doi: https://doi.org/10.1007/s11015-007-0112-3



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Fabrication and properties of the heavy-wall ring forgings with modified 9Cr-1Mo steel for high-temperature and high-pressure
reactor / Shinozaki T., Komura T, Fujitsuna N. et. al. // 19th International forgemasters meeting. Makuhari, 2014. P. 397-400.
Tanaka Y. Reactor pressure vessel (RPV) components: processing and properties // Irradiation Embrittlement of Reactor Pressure
Vessels (RPVs) in Nuclear Power Plants. 2015. P. 26—43. doi: https://doi.org/10.1533,/9780857096470.1.26

From hollow ingot to shell with a powerful numerical simulation software tool / Jaouen O., Costes E, Lasne P, Barbelet M. //
19th International forgemasters meeting. Makuhari, 2014. P. 513-518.

Tomlinson M., Talamantes-Silva J., Davies P. The development of hollow ingot technology at Sheffield Forgemasters Interna-
tional Ltd. // 18th International forgemasters meeting. Pittsburgh, 2011. P. 175-178.

Hollow ingots: thirty years of use to control segregation and quality for nuclear and petrochemical large shells / Girardin G., Jo-
bard D., Perdriset E et. al. // 18th International forgemasters meeting. Pittsburgh, 2011. P. 170-174.

Method of Determination of Technological Durabilityof Plastically Deformed Sheet Parts of Vehicles / Dragobetskii V., Za-
girnyak M., Naumova O., Shlyk S., Shapoval A. // International Journal of Engineering & Technology. 2018. Vol. 7, Issue 4.3.
P.92-99. doi: https://doi.org/10.14419 /ijet.v7i4.3.19558

Raz K., Vaclav K. Using of a Hydraulic Press in Production and Manufacturing of Large Rings // Procedia Engineering. 2014.
Vol. 69. P. 1064—1069. doi: https://doi.org/10.1016/j.proeng.2014.03.091

Cechura M., Smolik J. Development and innovations of existing design solutions of forming machines // Research report,
CK-SVT-WP11, CVTS. Pilsen, 2012.

Manufacturing of ultra-large diameter 20 MnMoNi 5 5 steel forgings for reactor pressure vessels and their properties / Onodera S.,
Kawaguchi S., Tsukada H., Moritani H., Suzuki K., Sato I. // Nuclear Engineering and Design. 1985. Vol. 84, Issue 2. P. 261-272.
doi: https://doi.org/10.1016,/0029-5493(85)90196-7

Current forging technology for integrated type steel forgings for nuclear steam supply system components / Kawaguchi S.,
Moritani H., Tsukada H., Suzuki K., Murai E., Sato I. // Nuclear Engineering and Design. 1984. Vol. 81, Issue 2. P. 219-229.
doi: https://doi.org/10.1016,/0029-5493(84)90009-8

Suzuki K., Sato 1., Tsukada H. Manufacturing and material properties of ultralarge size forgings for advanced BWRPV // Nuclear
Engineering and Design. 1994. Vol. 151, Issue 2-3. P. 513-522. doi: https://doi.org/10.1016,/0029-5493(94)90192-9

The development of a chill mould for tool steels using numerical modelling / Balcar M., Zelezny R., Sochor L. et. al. // Materials
and technology. 2008. Vol. 42, Issue 4. P. 183-188.

Lee S., Lee Y., Moon Y. Effect of deformation and heat treatment on fabrication of large sized ring by mandrel forging of hollow ingot //
Materials Research Innovations. 2011. Vol. 15, Issue sup1. P. s458—s462. doi: https://doi.org/10.1179,/143307511x12858957675750
Forging of heavy products for nuclear fuel containers / Pastore A., Guyot E., Dairon J., Lemoine M. // 19th International forgemas-
ters meeting. Makuhari, 2014. P. 244—-247.

Markov O. E., Oleshko M. V., Mishina V. I. Development of Energy-saving Technological Process of Shafts Forging Weigh-
ting More Than 100 Tons without Ingot Upsetting // Metalurgical and Mining Industry. 2011. Vol. 3, Issue 7. P. 87-90.
URL: http://www.metaljournal.com.ua/assets/Uploads/attachments/87Markov.pdf

Development of a new process for forging plates using intensive plastic deformation / Markov O. E., Perig A. V., Markova M. A,
Zlygoriev V. N. // The International Journal of Advanced Manufacturing Technology. 2016. Vol. 83, Issue 9-12. P. 2159-2174.
doi: https://doi.org/10.1007 /s00170-015-8217-5

Development of alternative technology of dual forming of profiled workpiece obtained by buckling // Eastern-European Journal of
Enterprise Technologies. 2016. Vol. 3, Issue 7 (81). P. 53—61. doi: https://doi.org/10.15587/1729-4061.2016.72063

Markov O. E. Forging of large pieces by tapered faces // Steel in Translation. 2012. Vol. 42, Tssue 12. P. 808—810. doi: https://doi.org/
10.3103/50967091212120054

Zhbankov I. G., Markov O. E., Perig A. V. Rational parameters of profiled workpieces for an upsetting process // The International
Journal of Advanced Manufacturing Technology. 2014. Vol. 72, Tssue 5-8. P. 865—872. doi: https://doi.org/10.1007 /s00170-014-5727-5
A new process for forging shafts with convex dies. Research into the stressed state / Markov O. E., Perig A. V., Zlygoriev V. N., Mar-
kova M. A., Grin A. G. // The International Journal of Advanced Manufacturing Technology. 2017. Vol. 90, Tssue 1-4. P. 801—818.
doi: https://doi.org/10.1007 /s00170-016-9378-6



