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На основі моделювання досліджено  
новий технологічний процес кування  
масивних ступінчатих пустотілих оби-
чайок. Цей процес полягає у розкочу-
ванні пустотілої заготовки східчастим 
деформуючим інструментом. Розроблена 
методика експериментального моделю-
вання на основі закону геометричної подо-
би. Методика дозволяє встановлювати 
закономірності змінення форми пусто-
тілої заготовки та утворення поверхне-
вих дефектів при деформуванні східчас-
тим інструментом. Параметром, який 
варіювався, був відносна висота усту-
пу (співвідношення діаметрів) вихідної 
заготовки. За результатами досліджень 
визначалась конусність обичайок, яка 
утворюється в процесі кування за новим 
способом. Дослідження проводилися заго-
товках зі свинцю та сталі.

Моделювання дозволило визначити, що 
деформування ступінчастим інструмен-
том може призводити до появи конус-
ності на обичайці. Ці результати можна 
пояснити тим, що в процесі деформування 
уступу пустотілої заготовки відбуваєть-
ся більш інтенсивна деформація обичайки 
у тангенціальному напрямку, ніж в висту-
пі через різницю товщин ступінчастої 
пустотілої заготовки. Зростання ступеня 
деформації виступу призводить до збіль-
шення його діаметру. Макроструктурне 
дослідження стінки східчастої обичайки 
дозволило встановити, що процес куван-
ня східчастої пустотілої заготовки бой-
ком з виступом призводить до утворен-
ня волокнистої структури, яка співпадає  
з профілем ступінчастої деталі. Таке роз-
ташування волокна виключає можливість 
їх перерізання у процесі механічній оброб-
ці. За результатами експериментального 
моделювання було визначено, що куван-
ня східчастих пустотілих обичайок стає 
можливим, що розширяє технічні мож-
ливості операції розкочування масивних 
деталей відповідального призначення
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1.  Introduction

The priority area of machine building engineering is the 
development of energy-saving processes for the manufacture 
of articles for responsible purposes used at power plants. 
This is due to the advancement and introduction of new 
knowledge-intensive technologies that improve the quality 

of articles through the use of new deformation techniques. 
At present, energy engineering enterprises lack research and 
scientifically-justified solutions aimed at developing modern 
technological forging processes, which are intended to make 
parts for responsible purposes. The main task of mechanical 
engineering advancement is the development of fundamen-
tally new resource-saving technologies that ensure increased  
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productivity, savings of material and energy resources. Solv-
ing these problems is contributed to by the introduction of 
progressive technological processes in the industry to forge 
rings [1]. The optimality criteria in this case are the high 
quality and accepTable cost of parts for responsible purposes. 
Development of scientific foundations to improve quality and 
reduce costs in the manufacture of large forgings for respon-
sible purposes necessitates undertaking a specialized research 
to devise new, as well as improve existing, technological pro-
cesses of forging and forging tools. This requires an integrated 
approach that takes into consideration the complex chain of 
the entire technological sequence of ring production, from 
ingot manufacturing to their further forging to machining. 
It is a relevant scientific and practical task in the processes 
of forging large forgings is the manufacture of blanks with  
a stepped profile, which repeats the geometry of the part. That 
would make it possible not to cut the internal fibrous struc-
ture of the blank and to improve a metal utilization factor. To 
solve this issue, it is necessary to undertake a research into  
a new technique of saddling stepped forgings based on model-
ing that involves workpieces made of lead and steel.

2.  Literature review and problem statement

Optimizing the technological processes of making large 
blanks implies the elimination or replacement of inefficient, 
energy-intensive operations with those that do not increase 
costs and warrant at the same time the predefined quality [2]. 
One such operation is saddling. It is possible to eliminate the 
saddling operation by using new ingots [3, 4]. As stated in pa-
per [5], in order to improve the quality of forgings for respon-
sible purposes, to develop new and promising power plants 
with enhanced capacity, a technology was devised for the 
production of large-sized rings. Work [6] assesses the technical 
advantages of producing large-sized forgings for responsible 
purposes. However, the cited studies [2–6] do not describe the 
technological modes and recommendations for rings forging.

Article [7] reports an improved technology for casting 
hollow ingots in order to save metal in the manufacture of 
hollow parts. The authors’ modeling of the process of pouring 
and crystallization of a hollow ingot indicated a decrease in 
segregation and a lower depth of the shrinkage cavity in com-
parison with conventional ingots. However, article [7] does 
not examine the segregation in the obtained ingots and there 
are no data on the mechanical properties of the received rings.

Study [8] developed a new technology for casting  
a 200-ton hollow ingot for the manufacture of rings. The re-
sulting forging had high indicators of mechanical properties. 
However, study [8] does not specify the sequence of techno-
logical forging operations or how this affected the resulting 
mechanical properties of the forging. 

The use of a hollow ingot as a semi-finished product for the 
production of hollow forgings is not only cost-effective, but 
ensures improvement in the forging quality. The mechanical 
properties of forgings become more uniform in all directions, 
while the size of macroliquations is much lower than that when 
using a regular ingot [9]. However, the cited paper gives no 
results from metallographic studies for the forgings obtained.

Work [10] considered different empirical ratios of the 
geometric sizes of rings during the manufacture of a ring by 
using a conventional technology of forging from a standard 
ingot. These recommendations were proposed for the proper 
control over a shape in the process of forging rings on a man-

drel. When obtaining a thin-walled ring, these recommenda-
tions improve utilization rate of a material compared to the 
method of traditional ring saddling. The cited work does not 
investigate the impact of deformation technique on quality 
indicators, as well as gives no information on the conditions 
of the experiment and the size of the forgings received.

Two rings were forged to make a reactor. One had an 
outside flange and the other had an inner flange. A feature of 
the technique is that the rings with flanges were forged using 
a stepped upper die [11–13]. However, the cited papers give 
no recommendations on the ratio of a blank’s dimensions, 
which was used for saddling, and the parameters of the tool’s 
working surface.

A technique for making a large-sized forging for a reactor 
unit’s ring [14] implied forging the ring and flange with fur-
ther welding. That led to an increase in the number of welds, 
which under radiation conditions lead to premature corro-
sion. It would be useful to consider in the work a technique 
for making a solid-forged forging with a flange.

Papers [15–17] consider the process of forming a conical 
ring with cylindrical sections. The forging process consists 
of conventional operations, but, during last transitions,  
a special rig is used to forge a cylindrical section of the forg-
ing. However, the cited papers lack data on forging modes for 
the predefined forging.

Manufacture of forgings with a collar is accompanied 
by defects at the end of the ledge or at the inner surface 
from the side of the ledge [18]. A rational way to solve this 
issue is to model the saddling process by a finite-element 
method (FEM). Paper [19] applies a FEM to examine the 
factors that influence the occurrence of defects during the 
manufacture of hollow blanks. But the cited paper does not 
specify how the chemical composition of a material affects 
the quality of articles. The presence of defects in the surface 
layers of a blank could cause further cracks during forging.

Authors of work [20] optimized the process of forging 
large forgings based on FEM, which implies studying the 
effect of tool shape on a change in the shape of a blank during 
forging. Such a concept, whose effectiveness was demonstra
ted only using a specific example, does not combine the pos-
sibilities of virtual analysis, practical observations, and could 
only be used to evaluate a specific forging process.

Papers [21–24] investigated closing internal disconti-
nuities when broaching and reducing hot ingots. The estab-
lished technological parameters were feed and reduction at 
deformation. Study [25] applied a FEM to compare broach-
ing techniques when using the flat and combined dies. It was 
established that when using the combined dies, deformations 
are more concentrated in the central zone of a forging, by 
15 %. However, the cited papers do not give data on the 
development of internal defects at broaching and saddling.

Study [26] tested a possibility of saddling large-sized 
rings. The authors determined the stresses that occur in 
the deforming tool and the forging. Work [27] carried out 
computer simulation, a 1:30 scale lead test, a 1:5 prototype 
test, and a 1:1 scale layout test, to improve the ring forging 
process. However, the cited papers report results from forg-
ing the forgings with a simple geometry, while the forging of 
complex-profile rings was not considered.

Analysis of scientific publications [14–27] has revealed 
that the task on increasing the utilization factor of a material 
during machining and on improving the mechanical charac-
teristics of a material in the manufacture of stepped rings has 
not been fully resolved up to now. The steps of rings are as-
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signed with a significant technological margin for machining. 
This leads to excessive consumption of the material, as well as 
to cutting the internal fibrous structure. Therefore, it is neces-
sary to improve the forging technique for large stepped rings.

3. The aim and objectives of the study

The aim of this study is to improve the quality and uti-
lization rate of a material by modeling and improving the 
technological process of forging rings with a flange.

To accomplish the aim, the following tasks have been set:
– to devise a technique for modeling the process of saddling 

rings with a flange;
– to conduct an experimental simulation of the process of 

saddling a ring with a flange using lead blanks and, based on the 
results from simulation, to determine the dependences of change 
in the shape of a forging on the different ratios of geometric sizes 
of the blank and the technological modes of forging;

– to perform metallographic studies of the parts obtained in 
line with a new technique using steel models to assess the impact 
of the new deformation technique on the quality of forgings.

4. A procedure for modeling the saddling  
of rings with a flange

Lead was selected as a material to model the saddling 
under laboratory conditions [28] as this metal has a low re-
crystallization temperature (≈20 °С). Modeling that employs 
lead blanks does not contradict the position of the similarity 
theory [29]. To change the mechanical characteristics of the 
model material, antimony was added to lead (up to 5 %). The 
set-up for experimental modeling is shown in Fig. 1. During 
the forging process, the magnitude of sample reduction was 
varied. For the study, hollow models with a scale of 1:50 were 
made. A hole in the blank had a taper (1:100). This taper 
is obtained during a preliminary operation of broaching on  
a conical mandrel. To simplify calculations and designations, 
it was decided during the study to introduce a parameter for 
the average hole diameter (dср). The saddling was carried out 
at a hydraulic press with an effort of 0.1 MN, the deformation 
rate was 5 mm/s. For a macrostructural study, the saddling of 
models made of steel was performed.

 
Fig. 1. Profiled die

Steel hollow blanks were heated, before deformation, in the 
furnace to a temperature of 1,050 °С at aging of 25 minutes.  
A single reduction over one rotation of the blank was 0.5 mm.

Calculating the process of saddling forgings with a vari-
able thickness of the wall presents a complex research task, 
predetermined by the influence of a significant number of fac-
tors on a given process. Therefore, we planned the experiment 
to obtain information that describes a change in the size of  

a blank at deformation. A full-factor experiment (FFE), the 
type of FFE 32, was chosen as a plan. The result of planning 
was the established center of the plan and the variation levels. 
The center of the plan for the relative diameter of the ledge  
is 2.4, at a variation level of 0.1. For the degree of deformation, 
the center of the plan was 0.2 and the step was 0.1. Under 
these parameters, it is possible to maximally cover the size 
range of blanks, which can be made with ledges. The rate of 
deformation and a friction factor would not change during the 
experiment. Thus, we identified two main factors influencing 
the process of saddling the rings with a flange – relative dia
meter of the protrusion of a blank and the degree of deforma-
tion (Table 1), as well as the parameters for their variation.

Table 1

Main factors and levels of their variation for plan FFE 32

Factors and intervals of 
their variation

х1 х2

DB/dcp ε

Variation interval Δxi 0.1 0.1

Lower level xi  =  –1 2.5 0.1

Medium level xi  =  0 2.4 0.2

Upper level xi  =  +1 2.3 0.3

5. Results of modeling the saddling of a ring with a flange 

5. 1. Shape changes
We studied two forging strategies for the size of the 

blanks with ratio Dy/dcp = 1.85 (Dy is the outer diameter of 
the ledge). A first one implies that a flange deforms in the 
beginning of saddling (Fig. 2, a), a second one implies the 
simultaneous reduction of the flange and ledge (Fig. 2, b). 
Upon reducing the blanks, the lowest taper is obtained for 
the ring, which was deformed with a ledge diameter DB/dcp 
equal to 2.5 (DB is the outer diameter of the protrusion), and 
the largest is for DB/dcp = 2.3 (Fig. 3).

  
                            a                                             b

Fig. 2. Two forging strategies for rings with a flange: 	
a – deformation begins from a protrusion; b – deformation 

begins from a protrusion and a ledge

 
                   a                                  b                           c

Fig. 3. Rings after forging (Dy/dcp = 1.85):  
a – DB/dcp = 2.5; b – DB/dcp = 2.4; c – DB/dcp = 2.3
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For a stepped sample with DB/dcp equal to 2.5 the degree 
of reduction of the protrusion is larger than that of a ledge 
(Fig. 4, a). This is due to the difference between the height 
of the step on the blank and the die. As a result, the ledge is 
not reduced at the initial stage. At further reduction, both 
the protrusion and ledge are reduced. 

For a stepped sample with DB/dcp equal to 2.4 the de-
formation of the flange is larger than that of the ledge at 
the initial forging point (Fig. 4, b). The difference between 
the diameters in the flange and the ledge decreases when 
the ledge begins to deform. For a stepped sample with  
DB/dcp = 2.3 (Fig. 4, c) the flange and ledge are forged at the 
same time. In this case, the diameter from the ledge side in-
creases faster than that of the protrusion.

An increase in the reduction degree of the protrusion (εp) 
leads to an increase in the diameter of the hole (Fig. 5). 
The results from modeling indicate that at the diameters of 
flanges equal to 2.5 and 2.4 and the reduction of the flange 
less than 0.1, the difference in the diameters of the flange 
and ledge increases. In this case, the internal diameter of the 
protrusion is increased dn.p/Ln (dn.p is the diameter of the 
forging hole on the side of the protrusion; Ln is the length 
of the forging). For a stepped sample with DB/dcp = 2.4, the 
reduction by 30 % is followed by crossing the lines of the  
chart dn.l/Ln and dn.p/Ln (dn.l is the diameter of the forging 
hole on the side of the ledge), that is the taper is minimal 
under these conditions.

For the ring with DB/dcp = 2.3, the internal diameter  
dn.l/Ln increases more intensively at the initial stage of forg-
ing than dn.p/Ln, but the curves do not intersect indicating 
the emergence of taper. Intensive growth dn.l/Ln in all cases 
is characterized by a significant reduction of the ledge. Ana
lysis of data on change in the magnitude of taper for forgings 
with Dy/dcp = 1.85 (Fig. 6, a) has revealed that the increased 
reduction degree of a flange leads to that taper changes dif-
ferently. For DB/dcp = 2.5, taper grows, which is due to the 
deformation of the flange. Then the taper does not change, 
which is explained by an even increase in the internal diame-
ter of the ledge and flange. Further reduction of taper is asso-
ciated with an increase in the internal diameter of the ledge. 
The difference between the total degrees of deformation of  
the ledge and flange is reduced, which reduces the taper  
of the stepped sample.

With the increasing degree of reduction (ε), the ratios 
of the internal diameters of the flange and ledge decrease 
(Fig. 6, b). At the same time, the diameters of the blanks 
increase for cases when DB/dcp become equal to 2.5 and 2.4. 
The ratio of diameters of the flange and ledge for DB/dcp = 2.5 
is approaching unity, the result being a decrease in the taper. 

Curve 2 is lower than unity, indicating a change in the 
direction of taper during deformation. Curve 3 does not 
exceed unity, which corresponds to the constant formation 
of ring taper.

 
 

 
 

 

a

b

c

Fig. 4. Patterns of change in the degree of reduction of the 
flange and ledge (ε) on the number of runs (Dy/dcp = 1.85): 

a – DB/dcp = 2.5; b – DB/dcp = 2.4; c – DB/dcp = 2.3

 

 

DB/dcp=2.3 (dn.l/Ln) 
 

 

DB/dcp=2.3 (dn.p/Ln) 
 

 

DB/dcp=2.4 (dn.l/Ln) 
 

 

DB/dcp=2.4 (dn.p/Ln) 
 

 

DB/dcp=2.5 (dn.l/Ln) 
 

 

DB/dcp=2.5 (dn.p/Ln) 
 

 

Fig. 5. Dependence of the ring internal diameter dn/Ln on the reduction degree εp (Dy/dcp = 1.85)
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5. 2. Modeling on steel samples
Initial information about the development of the metal 

structure after deformation and detection of the prevailing 
flow of metal can be obtained following the analysis of the 
macrostructure of a forging. In this case, it is necessary to 
establish a change in the structure of the metal at the site of 
wall change. Macrostructural analysis of the ring (Fig. 7, a) 
obtained under the new forging strategy has confirmed that 
the article has a directed texture whose fibers repeat the pro-
file of the received ring (Fig. 7, b).

  

 

                     

5 
m

m
 

 

                 a                                         b

Fig. 7. Results of the experiment on steel models: 	
a – ring with a flange after forging; b – macrostructure 	

in a ledge

It has been established that the developed forging 
technique deforms the metal in a ledge more intensively 
(Fig. 7, b). The arrangement of fiber corresponds to the con-
tours of the ring. This would reduce the number of fibers that 
are cut at machining.

7. Discussion of results from a new technique  
of forging rings with a ledge

Based on modeling using steel and lead samples, we have 
established patterns of change in the shape of the ring when 
forging with a profiled die (Fig. 4–6). As a result, we have 
identified the rational reduction regimes for forging stepped 
rings and defined the benefits of the proposed technique over 
the conventional forging technique:

– the use of a blank with a ledge and a profiled die has 
made it possible to obtain rings with a flange. As a result, it 
has become possible to reduce the magnitude of technologi-
cal margin, which enabled a decrease in the consumption of 
metal by 6...10 %, which can be seen from the shape of the 
forging shown in Fig. 7, a (the difference of masses between  

a smooth ring with a protrusion and a ring with a ledge is not 
given in this work as the calculation is elementary); 

– forging with a profiled die has made it possible to re-
ceive an article that repeats the shape and size of a part, the 
result being a decrease in the ledge machining time (Fig. 7, a); 

– a given process could also be used to produce stepped 
taper-shaped rings, as shown in work [29].

The disadvantages of the devised forging process include:
– difference in the reduction of the protrusion and ledge 

of a stepped ring could lead to a slight anisotropy of mecha
nical properties in these zones; 

– the process of forming a taper of the ring makes it 
a little more difficult to rotate the stepped ring on a mandrel.

Technical application of the established results is the 
development of a new technological process for forging 
rings with flanges. Earlier studies [14–27] have examined 
the technological processes of forging cone-like rings. The 
current work reveals patterns in the production by forging of 
conical and cylindrical rings with flanges.

It should be noted that the work did not investigate the 
processes of obtaining such cone rings by saddling, which 
have an extension on the side of the protrusion. In this re-
gard, further modeling of the processes of forging stepped 
rings should be directed towards establishing patterns that 
would make it possible to identify the effect of the shape and 
size of a stepped workpiece and the profile of the deforming 
stepped die. That would enable an increase in the diameter of 
a ring from the side of a protrusion at deformation.

8. Conclusions

1. We have devised a procedure for modeling the process 
of saddling rings with a flange using lead and steel samples, 
which has made it possible to establish a change in the shape 
of a stepped workpiece in the process of saddling with a pro-
filed die. Its feature is a possibility to study a change in the 
shape of stepped blanks and to assess the basic quality indica-
tors of the forgings obtained in line with the new technology. 
The devised procedure has allowed us to conduct a study into 
the process of saddling large forgings using reduced models, 
which decreased the cost of conducting experiments.

2. Experimental modeling using lead and steel samples 
has established that the stepped samples with a flange at  
DB/dcp = 2.4…2.5 demonstrate an increase in taper at forging. 
At the same-time reduction of the flange and ledge, there is  

 

 

DB/dcp=2.3 
DB/dcp=2.4 
DB/dcp=2.5 
 

DB/dcp=2.3 
DB/dcp=2.4 
DB/dcp=2.5 

dn.l/dn.p 

                                      a                                                                         b

Fig. 6. Change in the shape of a forging depending on the degree of reduction: 	
a – change in taper; b – change in internal diameters of ledge and flange
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the formation of taper. Increased reduction leads to a change 
in the direction of taper. This occurs as a result of an intense 
deformation in the ledge, which leads to an increase in dia
meter. It was determined that the main parameter of blanks 
to control the flow of metal at saddling is the size of the ledge. 
Relative height of the ledge in the 0.45 range ensures obtain-
ing a ring with minimal taper.

3. Our analysis of the macrostructure of a stepped ring 
has revealed that forging a blank with a variable thickness 
of the wall with a profile die ensures the location of fiber 
along the shape of an article, which would eliminate the 
cutting of fiber at machining (similar to saddling a ring 
without a protrusion) and could lead to the increased fatigue  
of a part.
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