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Enhancing the Energy Efficiency of the Combined Forging Operations of
Upsetting and Drawing out
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Abstract. The study investigates the influence of upsetting and drawing out forging parameters on the
quality of hook forging and the energy efficiency of these processes. The quality indicators of forged
hooks include uneven strain distribution, which leads to a non-uniform distribution of the mechanical
properties of the product. The forging technology of hooks was analyzed, and it was determined that the
main technological forging operations causing uneven deformation distribution are the sequential
upsetting and drawing out processes. Since the influence of specific parameters of these operations
remains insufficiently studied, this research was conducted to compare and determine the effect of
upsetting and drawing out parameters when performed sequentially in order to improve the mechanical
properties of forged hook metal. The modeling was carried out using the QForm engineering software
package. To study the distribution of the mechanical properties of the metal, a method for assessing
deformation non-uniformity in the cross-section of the forging was applied. Indicators of plastic
deformation were considered in one section along the height for upsetting and in one section along the
length for drawing out. Additionally, graphs of the deformation non-uniformity coefficient distribution
during upsetting and drawing out of the billets were constructed. It was determined that the optimal
shape factor for upsetting is h/D = 2. In this case, deformation non-uniformity is reduced by 60%. For
drawing out with prior upsetting, the optimal shape factor is also h/D=2 with a strain degree of E= 20%.
The analysis showed that deformation non-uniformity is reduced by 54%. Additionally, the energy
efficiency of the processes was analyzed: with h/D=2, energy consumption during upsetting is reduced
by 20-25%, and for drawing with h/D=2 and €= 20%, the third pass (2.838 MN) is the least energy-
intensive, providing an energy saving of 25-30%.
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fmbunititirea eficientei energetice a operatiunilor combinate de forjare de bulversare si trefilare
Kolisnac K. D., Ciuhlib V. L.
Universitatea Nationald Tehnica «Institutul Politehnic Harkov» Harkiv, Ucraina

Razumat. Studiul investigheaza influenta parametrilor de deformare si extragere asupra calitatii forjarii cu carlig
si a eficientei energetice a acestor procese. Indicatorii de calitate ai carligelor forjate includ distributia neuniforma
a tensiunii, ceea ce duce la o distributie neuniforma a proprietatilor mecanice ale produsului. A fost analizata
tehnologia de forjare a carligelor si s-a stabilit ca principalele operatiuni tehnologice de forjare care provoaca
distributia neuniforma a deformarilor sunt procesele secventiale de rasturnare si extragere. Intrucat influenta
parametrilor specifici ai acestor operatii ramane insuficient studiata, aceasta cercetare a fost efectuata pentru a
compara si determina efectul bulversarii si extragerii parametrilor atunci cand sunt efectuate secvential pentru a
imbunatati proprietatile mecanice ale metalului de carlig forjat. Modelarea a fost realizata folosind pachetul
software de inginerie QForm. Pentru a studia distributia proprietatilor mecanice ale metalului s-a aplicat o metoda
de evaluare a neuniformitatii deformatiei in sectiunea transversald a forjarii. Indicatorii deformarii plastice au fost
luati 1n considerare intr-o sectiune de-a lungul 1naltimii pentru rasturnare si intr-o sectiune de-a lungul lungimii
pentru extragere. In plus, au fost construite grafice ale distributiei coeficientului de neuniformitate de deformare
in timpul rasturnarii si extragerii taglelor. S-a determinat ca factorul de forma optim pentru rasturnare este h/D =
2. In acest caz, neuniformitatea deformatiei este redusa cu 60%. Pentru tragerea cu deformare prealabila, factorul
de forma optim este, de asemenea, h/D=2 cu un grad de deformare de €=20%. Analiza a aratat ca neuniformitatea
deformatiei este redusd cu 54%. in plus, a fost analizata si eficienta energetica a proceselor: cu /D=2, consumul
de energie 1n timpul bulversarii este redus cu 20-25%, iar pentru desen cu h/D=2 si €=20%, a treia trecere (2,838
MN) este cea mai putin consumatoare de energie, oferind o economie de energie de 25-30%.

Cuvinte-cheie: céarlig, forjare, rasturnare, extragere, factor de formd, grad de deformare, calitate, eficientd
energetica.
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IoBbIIenne 3Hepro3g(peKTHBHOCTH COBMECTHOTO BhINOJHEHNS Ky3HEYHBIX ONepanuii 0CaiKu u
NPOTSKKH
Kouaecuuk K. 1., Yyxaeo B.JI.

HanmoHanbHbl TEXHUYECKUH YHUBEPCUTET «XapbKOBCKUN NOJUTEXHUIECKUI HHCTUTYT», XapbKoB, YKpauHa
Annomayun. B paboTe NPOBENCHO WCCIICAOBAHUE BIMSHUS IApaMETPOB Ky3HEUHBIX OIEpalnii OCaakd M
MIPOTSKKH Ha KaYECTBO KOBKH KPIOKOB C TIOBBIMICHHEM 3HeprodddexruBHOCTH 3THX nporeccoB. K mokaszaremsim
Ka4ecTBa KOBAHBIX KPIOKOB OTHOCSTCSI HEPAaBHOMEPHOE paclpenesieHne 1eopManni, KOTopoe 00ycIaBIBaeT
HEpaBHOMEPHOE paclpeie]IeHNe TIoKa3aTenei MeXaHNIeCKUX CBOWCTB U3enus. PaccMOTpeHa TEXHOJIOT Ul KOBKU
KPIOKOB W YCTAHOBJICHO, YTO OCHOBHBIMU TCXHOJIOI'MYECKUMH KY3HCYHBIMU OIECpaAlUsIMH, BbI3bIBAIOIIUMU
HEepaBHOMEPHOE pacrpefiesieHue aedopMaluy, SIBISIOTCS ITOCIeJ0BAaTEIbHOE BBHITIOJHEHNE ONEpalii 0CalKu U
OpoTsKKU. 1Ipu 3TOM BIMsSHIE KOHKPETHBIX apaMeTPOB 3THX ONEpalril 10 CHX HOp HeJ0CTaTOYHO u3ydeHo. C
HCJIBI0 YIYUIICHUS MCXaHNICCKUX CBOMCTB MeTalia KOBaHBIX KPIOKOB MPOBCACHO UCCIICAOBAHUEC JI CPABHCHUA
H ONPCACTICHUA BJIMAHUA NapaMCTPOB KY3HCYHBIX onepaunﬁ OCaJIKi U MPOTAKKHK MPU UX NOCICAO0OBATCIHHOM
BBITIOJITHCHHH. MOI[CJ'IPIpOBaHI/Ie BBITIOJTHEHO C MPUMCECHCHUEM HWHIKXCHCPHOI'O0 MPOrpaMMHOI0 KOMIIJICKCA Qform.
Jns  wuccnenoBaHMsA —paclpelesieHHs MEXaHHMYECKHX CBOWCTB MeETaula HCIOJNb30BaH METOJ[  OLEHKH
HEpaBHOMEPHOCTH Jedopmanny MeTamia B CEYCHHWH ITOKOBKH. B HccienoBaHWMM IPHBENEHBI MapaMeTph
MOJICTIMPOBAHUSI OCAJKW M TPOTSDKKU. Pe3ynbraThl aHanm3a MOAEIMPOBAHUS PAcCMOTPEHBI B ITONEPEUHBIX
CCUCHNUSX ITOKOBKH Ha KOHEYHO CTa/Iny MpoIiecca 0CaIKy 1 MOCJIE TPEThEro MPoXo/1a Mporecca MpoTsHKKH. beiu
MIPOaHAIM3UPOBAHBI TOKA3ATEIH TUIACTHYECKOH 1eOopMaIiiy B OTHOM CEUYEHHH I10 BBICOTE JUISl OCAJKH M B OJTHOM
CEUCHMH M0 JUIMHE I TPOTSDKKM. Takke TOCTpOeHBl Tpaukd —pacmpenesieHnss KodhpHuIueHTa
HEpaBHOMEPHOCTH JedopMaliy IpPHU OCaJKe M TPOTSKKE 3aroTOBOK. YCTAHOBICHO, YTO I OCAJIKU
ONTHMAJILHBIM BapUaHTOM sIBIsieTcsl Kod(pduiueHT ¢opmel ¢ ortHoumeHneM h/D=2. B atom ciyuae
HEPABHOMEPHOCTH JiehopManuu cHkaeTcst Ha 60 %. [ mpoTsHKKY ¢ MpeABapUTENHHON 0CaAKOW ONITUMAThHBIM
BapHaHTOM sBJsIeTCs K03 duument popmer co 3HaueHneM h/D=2 u ctemnensio aedopmarmm £=20 %. Anamms
MOKa3aJjl, YTO HePaBHOMEPHOCTH JeopMaiui ymMeHbInaercst Ha 54 %. Takke mpoBeieHa OIeHKa JIJIs TIOBBIIESHUS
9HEProdpPEKTUBHOCTH MPOLIECCOB OCANIKH, T1I¢ IHepronoTpedeHue npu otHomennu h/D=2 cHmxaercs Ha 20—
25 %, n npoTskky, Tae pexxum h/D=2, e=20 % siBnseTcs HaUMeHee Harpy>KeHHbIM Ha TpeTbeM Ipoxoxe (2,838
MH), uTo obecrieunBaeT 3KOHOMHIO 3Heprun Ha 25-30 %.

Kniwouegvle cnosa: Xprok, KOBKa, OCaJiKa, NPOTSDKKA, (Gakrop (GOpMBI, CTENeHb aedopMaliH, KadecTBO,
9HEProdpHeKTHBHOCTS.

INTRODUCTION
The quality of forgings remains a consistently It has been established that the quality of hook
relevant issue in the study of metal-forming  forging is largely determined by the sequential
technologies. execution of upsetting and drawing-out

Heavy-duty forged hooks are no exception, as  operations. Therefore, it is relevant to conduct a
they are frequently used as key components in  study aimed at identifying which specific
lifting equipment within the energy sector —  parameters of these forging operations influence
particularly in the installation of wind turbines, the quality of forgings for critical applications,
hydroelectric ~ power  stations, and the  particularly hooks.
transportation of heavy structures. Numerous works have been devoted to the

Optimizing forging operations such as  study of the design and shape of a forged hook,
upsetting and drawing out not only enhances the  the choice of material for its improvement, the
reliability and safety of these components but also ~ improvement of strength, and the reduction of
reduces energy consumption in production  maximum stress, using modeling and the finite
processes, which is a crucial aspect of sustainable ~ element method. In [1], the aim of the study was
development and industrial energy efficiency. to model and modify the shape of the hook to

The process of manufacturing hooks through  reduce the maximum stress caused by the load.
forging is complex, as the final product must meet ~ The design of the mold concerned both the
a number of requirements: high strength, longitudinal section of the hook and the cross-
hardness, impact toughness, and plasticity. sectional shape. The study confirmed that the
Plasticity is especially important in this context  trapezoidal cross-section proposed in the
because, in the event of overload, the hook must  literature corresponds to a reduced maximum
be able to deform to warn the user of potential  stress. The new result of the study of the T-shaped
failure or malfunction. These properties ensure  cross-section of the hook showed better results
the reliability and safety of hook operation. than the trapezoidal cross-section. The authors of
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[2] say the opposite; they determined the most
effective hook cross-section among five different
geometric profiles. The observed cross-sectional
shapes were rectangular, circular, trapezoidal, T-
shaped, and I-shaped. The study was carried out
using SolidWorks software and finite element
analysis. The results of the study indicate that the
trapezoidal cross-section hook showed better
performance and a higher safety factor.
Improving the hook design leads to a reduction in
the likelihood of breakage and undesirable
incidents. Similarly, the authors of [3] analyzed
the hook for five different cross-sections, namely
triangular, rectangular, trapezoidal, circular and
cavernous. The authors used SolidWorks 2019
software to design the hooks with the different
five cross-sections, and ANSYS Workbench was
used for the stress-strain analysis. The analysis
showed that hooks with a trapezoidal cross-
section are stronger than the other four cross-
sections and have a greater ability to absorb and
retain the deflection caused by vertical loading.
To analyze the strength of the hook (with a
trapezoidal cross-section), the authors of [4] used
two methods: the first method is an analytical
calculation, and the second method is a finite
element method (FEM), which was performed in
the ANSYS software. After obtaining the results
of the analytical calculation and FEM analysis,
the authors concluded that the total stresses
determined by the analytical calculation were 9.8
% lower than the stresses obtained from the
ANSYS software. To increase the strength of the
hook, the authors of [5] performed a mechanical
study of a hook using AISI 4340 alloy steel with
different vanadium contents. The analysis showed
that AISI 4340 alloy steels with 0.05% vanadium
create a fine grain structure that improves
mechanical properties. The authors concluded
that the use of 99.95% AISI 4340 alloy steel with
0.05% vanadium provides high hook strength and
ensures reliability and stability when moving
heavy loads. The authors of [6] analyzed and
designed hooks made of different materials, such
as structural steel, ASTM G 60 (gray cast iron),
and high-strength low-alloy steel. The authors
used CATIA software to build a 3D model of the
hook and ANSYS software to determine the
stresses that occur in it. The research results
showed that high-strength steel produces minimal
stresses, and therefore it is possible to increase the
service life of the hook and reduce fracture
stresses. To test the strength and stability of the
materials (AISI G 60, vanadium steel, carbon
steel 1018 and Income 718) of the hook, the
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authors [7] used CATIA software to design a hook
with a lifting capacity of 63,000 kg. The study was
carried out using static, vibration and harmonic
analyses. After considering all the results, the
Inconel 718 material using the modified model 2
showed better performance compared to other
materials and models. Also, for hook fabrication
and material selection, the author of [8] similarly
performed fatigue analysis of hooks made of
different materials such as structural steel,
wrought iron, and aluminum alloy using FEA
(ANSYS) finite element software. The results
showed that structural steel and wrought iron
produced the lowest stresses. Further fatigue
analysis of these two materials revealed that
wrought iron can withstand the maximum number
of fatigue cycles before failure. Therefore, the
author recommends using forged iron for the
manufacture of the hook. The author of [9]
conducted a study to increase the productivity of
the hook forging process at an enterprise. This
work is devoted to the study of the time and
movement of hook production in forging, finding
the optimal cycle time and the most efficient way
to use the available resources, which include
materials, equipment, people and money. The
author found that productivity gains in hook
production could be increased in percentage terms
by 107% after proper implementation of motion
and time studies.

Forging is a process of metal pressure
treatment that forms a metal part by applying a
force load to it during deformation on universal
equipment using forging operations. The main
advantage of forging compared to other methods
(casting or machining) of manufacturing metal
products is that forging improves the mechanical
properties of the metal, making it stronger and
more ductile and improving its grain structure.
The author of [10] highlighted the advantages of
the metal forging process in his section. The study
[11] analyzes recent advancements in the field of
forging, noting that modern forging plays an
important role in contemporary industry and has
undergone substantial technological
development. The author also found out that
modern forging has less chance of defects and the
ability to forge larger forgings, which was not
possible before. The authors of [12] conducted a
review of forging processes and the associated
defects, discussing their causes and possible
methods of elimination. To investigate the causes
of such defects, the authors used a fishbone
diagram. The authors concluded that a part made
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by forging is of better quality than a part made by
another method.

It has been found that the main technological
processes of hook forging that ensure high
mechanical quality indicators in their production
are forging operations of upsetting and drawing
out. Similarly, the authors of [13] believe that the
quality of forgings depends on the processes of
upsetting and drawing out. The authors proposed
methods to improve the quality of forgings and
are confident that this is undoubtedly of great
importance. To improve the quality of large
forgings, the authors of [14] proposed a forging
method that involves depositing billets with
concave faces. This study was conducted using
the finite element method. The depth of the
concave faces of the billet was the main research
parameter. The results of this study showed that
the proposed forging method, which consists in
depositing billets with concave faces, showed
high efficiency for improving the quality of
forgings. The authors of [15] studied a new
method of forging large ingots based on the
upsetting of billets with conical protrusions. The
authors found that the upsetting of a billet with
conical protrusions leads to a uniform distribution
of deformation in the billet volume. The
recommendations were experimentally tested and
subsequently confirmed through finite element
modeling. The research results were implemented
in industry. In order to improve the quality of
large forgings, the authors of [16] studied the
forging of the double-upsetting process and the
drawing-out process and analyzed the defect
control mechanism for eliminating internal voids.
The results showed that it is possible to eliminate
internal voids by using a two-step upsetting
process and a subsequent broaching process. To
improve the process of drawing out and forging
large forgings with flat strikes, the authors of [17]
conducted a study using finite element modeling.
The results of the study showed an optimized
value of the relative feed of the strikers, which can
ensure a uniform distribution of metal
deformation in the forging. A similar study of the

METHODS AND MATERIALS

Hook forging technology is a complex
process, so let's take a closer look at the specifics
of hook forging technology (Fig. 1). The first
operation is ingot billeting, which involves
knocking down the edges and removing the taper,
thus turning the ingot into a billet. The ticketing
process also includes forging a trunnion to fit the
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metal drawing out process was conducted in [18]
to improve the homogeneity of metal deformation
and stress distribution. The author recommends
paying attention to the parameter of the degree of
strain during drawing out to improve the uniform
distribution of strains and stresses. The authors of
[19] analyzed the numerical modeling of the
forging operation of drawing out using
asymmetric strikers. The results of the analysis
showed that drawing out billets with asymmetric
strikes provides better quality forgings compared
to other types of strikes. As reported in [20], an
experimental study was conducted on the
distribution of deformations and stresses in the
billet under various modes of drawing out using a
combination of axial and radial strikes. The
results of the experimental study determined that
at fixed values of the angle of rotation and an
increase in compression, it leads to an increase in
the values of the average strain intensity and a
decrease in the values of the hardness coefficients
of the stress-strain diagram.

An analysis of the available literature has
shown that there are a considerable number of
studies dedicated to the optimal hook shape and
the use of various materials for its manufacturing.
However, significantly less attention is devoted to
examining the direct impact of forging operations
on product quality. Most existing studies focus on
the control of final operations, whereas the
influence of key forging processes — such as
upsetting and drawing out — on the quality of
forged hooks remains underexplored.

At the same time, the sequential execution of
upsetting and drawing out operations, possible
options for their combination, and their impact on
the quality of the final product - the forged hook -
remain insufficiently explored. In this context,
special attention should be paid to the strain
distribution during their sequential execution, as
it largely determines the quality of the forged
hook. Therefore, the investigation of this issue
represents the primary objective of the present
study.

manipulator chuck (to hold the ingot in the chuck
or grip the manipulator) and chopping the bottom
of the ingot. The next operation is upsetting,
during which the process of increasing the
transverse dimensions of the billet occurs by
reducing its height. In this case, upsetting is used
as an operation to improve the mechanical
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properties of the product and eliminate the cast
dendritic structure of the ingot. Next, the drawing-
out operation is used, and during this process the
length of the billet increases by reducing its cross-
section. Then, after drawing out the billet to the
appropriate diameter, the process of forging the

Initial ingot Billeting

Forging a billet
0d4

@d2 -
1

@d

hook billet of the desired shape and size occurs.
After forging the billet, the following bending
operation is applied. During this process, the hook
billet is given a bent shape according to a given
contour; the bending of the billet consists of two
parts.(Fig. 1)

Upsetting

Drawing out

i__gl_‘:é?__jb\_

Bending

(cross-sectional area I-I)

Bending of Part 2

Fig. 1. Hook forging technology scheme.

The quality indicators of forged hooks include
strength, hardness, ductility, and impact strength.
Strength is required to ensure that the hook does
not break under the action of external forces.
Hardness is necessary to resist the penetration of
other solid bodies under load. Ductility allows the
hook to deform in case of overload, serving as a
warning sign of potential catastrophic failure.
Impact strength is essential for the hook to
withstand fracture under repeated loading. These
quality indicators characterize the mechanical
properties of the material. Most of them depend
on the deformation mode applied during forging.

Having analyzed the hook forging technology,
it was determined that two key technological
forging operations — upsetting and drawing out
— are used to improve the mechanical properties
of the hook material. Their sequential application
ensures the formation of quality in forged hooks,
where the maximum deformation occurs. This is
critical for breaking down the cast structure of the
ingot and achieving a uniform distribution of
mechanical properties throughout the billet
volume.

At present, the influence of factors on the
quality formation of forged hooks remains
unexplored — it is still unknown which specific
parameters of upsetting and drawing out affect the
quality of hook forging. Therefore, a study has
been proposed to compare and determine the
effect of upsetting and drawing out parameters
when performed sequentially, with the aim of
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improving the quality of forged hooks.
Additionally, an analysis of the energy efficiency
of the upsetting and drawing-out processes is to
be conducted to ensure energy savings in hook
manufacturing. To investigate the distribution of
deformation indicators during the forging of
hooks, a method for evaluating metal deformation
non-uniformity in the cross-section of the forging
was applied [21]. Computer modeling of the

upsetting and drawing-out processes Wwas
performed wusing professional engineering
software QForm [22].

The parameters set for the upsetting process
modeling were as follows:

1) billet material: Steel 1020;

2) billet diameter: 470 mm,;

3) billet temperature: 1150 °C;

4) shape factor (ratio of height h to diameter
D): h/D =1 and h/D = 2 (see Fig. 2);

5) degree of deformation during upsetting:
50%;

6) Upsetting tool: flat dies;

For the drawing-out process, the simulation
was based on the following setup:

1) drawing out scheme: lengthwise;

2) rotation angle: 15°%

3) degree of deformation per pass: 10% and
20%;

4) relative feed: 0.5;

5) drawing out tool: flat dies (width: 400 mm,
length: 1000 mm, height: 500 mm).
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Two upsetting processes followed by four
variants of the drawing-out process were
simulated (see Fig. 3). The upsetting simulations
were conducted under identical deformation
degrees of 50% but with different billet shape
factors: h/D=1 and h/D=2. Specifically, the first
billet had a height of 470 mm, and the second—
940 mm. The resulting upset billets were then

h 470

a)

used as initial billets for two drawing out
simulations, where the shape factors (h/D=1 and
h/D=2) remained unchanged, and the total
deformation per pass during drawing out was
10%. For comparison, two additional drawing-out
simulations were carried out, this time increasing
the deformation per pass to 20%.

h 940

@ 470

b)

Fig. 2. Sketches of initial billets for upsetting with shape factors: h/D =1 (a) and h/D =2 (b)

The simulation results were analyzed in the
cross-sections of the forging at the final stage of
the upsetting process and after the third pass of the
deformation

drawing-out  process. Plastic

a) Upsetting

indicators were examined in a single cross-section
along the height of the billet for upsetting and in
a single cross-section along its length for drawing
out.

b) Drawing out

Fig. 3. 3D model of the upsetting process (a) followed by the drawing-out process (b).

To assess the non-uniformity of strain
distribution, the strain non-uniformity coefficient
Cn was calculated. This coefficient characterizes
the degree of uniformity in the distribution of
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equivalent strain values across the cross-section.
The equivalent strain is normalized by the
maximum value in the cross-section and therefore
cannot exceed one. Four radial lines were
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constructed in each cross-section, spaced 45°  of maximum strain and the center of the cross-
apart. Seven control points were marked on each  section (see Figs. 4 and 5).
line, symmetrically with respect to both the point

A——A

AL

Fig. 4. Schematic representation of lines and control points in the cross-section of the billet during the
upsetting process.

A—A

Fig. S. Schematic arrangement of lines and control points in the cross-section of the billet during the
drawing-out process.
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Fig. 6. Distribution of plastic deformation in the cross-section during billet upsetting: shape factor h/D
=1, strain £ = 50% (a); shape factor h/D = 2, strain € = 50% (b).

RESULTS

Figure 6 shows the distribution of strains in the
mid-cross-section of the billets during upsetting.
It can be seen from Fig. 6 that the degree of
deformation and the shape factor have a
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g o L
=

0,6 ——

=2 v -
g% 0,4

9 0,2
g o
= 0
7]

1 2 3 4 5 6 7
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a)

significant influence on the uniformity of strain
distribution and the values of plastic deformation
indicatorsFigure 7 presents the graphs of the
distribution of the strain non-uniformity
coefficient during upsetting of billets with a shape
factor of /D =1 and h/D = 2.
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Fig. 7. Graphs showing the distribution of the deformation non-uniformity coefficient during billet
upsetting: shape factor h/D =1 (a), and h/D =2 (b).

The graphs presented in Fig. 7a show that
during the upsetting of a billet with a shape factor
of h/D=1, the deformation non-uniformity
coefficient decreased by 50%. Figure 7b
illustrates that for a billet with a shape factor of
h/D = 2, the deformation non-uniformity
coefficient decreased by 60%.

Based on the research results, it can be
concluded that the optimal option is the shape
factor with a ratio of h/D=2 rather than h/D=1.
Firstly, this is due to higher values of plastic
deformation indicators, as shown in Figure 6b.

Secondly, the analysis of the deformation non-
uniformity distribution graphs (Fig. 7b) also
supports this finding, indicating that the billet
with a shape factor of h/D=2 provides a more
rational configuration. In this case, the
deformation distribution across the section is
more uniform, and the non-uniformity coefficient
values are closer to one, which indicates more
homogeneous deformation. In this case, the
deformation non-uniformity is reduced by 60%.
Figure 8 shows the distribution of deformation
in the cross-section at the center of billets with
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shape factors h/D=1 and h/D=2 and different
deformation degrees of 10% and 20%, after the
third drawing-out pass with prior upsetting of the

the highest value of plastic deformation is
presented in Figure 8d, and the most optimal case
is a shape factor of /D=2 with a deformation

billets. The simulation results demonstrated that
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Fig. 8. Distribution of plastic deformation in the cross-section during drawing out of billets after the
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Using the graphs shown in Fig. 9, it is possible ~ cross-section during drawing out after the third

to perform a more detailed analysis of the
deformation non-uniformity indicators in the

pass.
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As seen in Figure 9a, the deformation non- The results of determining the distribution of
uniformity coefficient during the drawing out of  deformation non-uniformity during the combined
the billet after the third pass with a shape factor of  execution of upsetting and drawing out, as well as
h/D = 1 and a deformation degree of € = 10% their integration, show that increasing the
decreased by 16%. Furthermore, in Figure 9b, the  deformation degree and the shape factor leads to
value of the deformation non-uniformity indicator ~ improved deformation distribution uniformity in
during drawing out with a shape factor of /D=2  the forging. In this case, the deformation became

and £E=10% show s a 30% reduction in the non -  54% more uniform compared to the initial state.

uniformity coefficient. In Figure 9c, the value of To assess the energy efficiency of the
the deformation non-uniformity coefficient upsetting process, the dependence of the
during drawing out with h/D=1 and €=20% deformation force on the upper plate over time

decreased by 35%. According to Figure 9d, was analyzed using data obtained from QForm
during drawing out with a shape factor of /D=2  (Table 1). Figure 10 presents the graphs showing
and a deformation degree of €=20%, the the relationship between deformation force and
deformation non-uniformity coefficient was  time for two upsetting processes: (a) h/D=1 and

reduced by 54%. (b) /D=2 (€=50% ).
Table 1.
Energy parameters of upsetting
Parameters Maximum force value, Process time, s Deformation work, MJ
MN
h/D=1, E=50% 21,97 1,6 2,9
h/D=2, £E=50% 16,84 3.3 4,8
Tool 1: Upper Plate - Force, MN Tool 1: Upper Plate - Force, MN
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Fig. 10. Graphs of the deformation force versus time for two upsetting processes: (a) h/D=1 and (b)
h/D=2 (€= 50%).

As shown in Figure 10a, for /D = 1, the  energy-efficient and reduces the load on the press,
maximum force value reaches 21.97 MN, contributing to energy savings. A preliminary
achieved at 1.667 seconds, whereas in Fig. 10b,  calculation of deformation work shows that for
for /D = 2, the maximum force decreases to  h/D=2, energy consumption may be 20-25%
16.84 MN at 3.3014 seconds. The 23.4%  lower compared to h/D=1.
reduction in maximum force for h/D=2 confirms To assess the energy efficiency of the drawing-
that applying a shape factor of /D=2 is more  out process, the dependence of the upper die
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deformation force on time was analyzed using
data obtained from QForm (Table 2). The analysis
covers one compression stroke of the upper die

during the third pass of four drawing-out
processes, and graphs of the deformation force
versus time were constructed (Fig. 11).

Table 2.
Energy parameters of drawing out

Parameters Maximum force value, Compression time, s | Deformation work, MJ
MN

h/D=1, =1 0% 4,097 1,1 0,106
h/D=1, € =10% 3,562 0,26 0,032
h/D=2, € =20% 3,028 0,46 0,032
h/D=2, € =20% 2,838 0,53 0,026

Tool 1: Upper die - Force, MN Tool 1: Upper die - Force, MN
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Fig. 10. Graphs of deformation force versus time for four drawing-out processes:
(a) h/D=1, € =10%; (b) h/D=2, € =10%:; (c) h/D=1, € =20%; (d) h/D=2, € =20%.
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Figure 11 details the deformation force of a
single compression during the third pass of the
drawing-out process: the maximum force
ranges from 2.838 MN (h/D=2, £=20% ) to
4.097 MN (/D=1, €&=10% ), w ith com pression
times ranging from 0.26 s to 1.1 s. The mode
h/D=2, €=20% is the least energy -intensive
during the third pass (2.838 MN), which is
30.7% lower compared to h/D=1, €=10%
(4.097 MN), ensuring energy savings of 25—
30% for this pass. These results are particularly
significant for the production of hooks used in
the energy industry, especially in cranes for the
installation of wind turbines and hydroelectric
power plants, where energy efficiency and
equipment reliability are critical.

CONCLUSION

It has been determined that the quality of
forged hooks is primarily influenced by two
forging operations — upsetting and drawing out
— as well as the sequence in which they are
performed. To improve their quality, a study
was conducted to assess the impact of forging
parameters upsetting, drawing out, and their
combination on the uniformity of deformation
distribution during hook production. The
process of upsetting followed by drawing out of
the billet was simulated, and a method for
evaluating deformation non-uniformity in the
cross-section of the forging was applied. The
simulation demonstrated that the key
parameters affecting hook quality are the billet
shape factor (h/D) during upsetting and the total
strain per pass (€) during draw ing out.

For upsetting, the optimal option is a shape
factor with a ratio of h/D=2 rather than h/D=1.
Firstly, this results in higher values of plastic
deformation indicators, as shown in Fig. 6.
Secondly, the analysis of the deformation non-
uniformity graphs (Fig. 7) also confirms this
research finding, indicating that the billet with a
shape factor of h/D=2 (Fig. 7b) is the more
rational choice, as it leads to lower deformation
non-uniformity in the cross-section. In this case,
the deformation non-uniformity is reduced by
60%. For drawing out with preliminary
upsetting, the most rational configuration is a
shape factor of h/D=2 and a deformation degree
of €=20% , w hich ensures a 54% reduction in
deformation non-uniformity (Fig. 9d). From an
energy perspective, the upsetting process with
h/D=2 reduces the maximum force by 23.4%
and confirms that using a shape factor of h/D=2
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is more energy-efficient and reduces the load on
the press, contributing to energy savings. A
preliminary calculation of deformation work
shows that for h/D=2, energy consumption may
be 20-25% lower than for h/D=1. In the
drawing-out process, the mode h/D=2, £=20%

is the least energy-intensive during the third
pass (2.838 MN), which is 30.7% lower
compared to h/D=1, €=10% 4.097 M N),
ensuring energy savings of 25-30%.

The outcome of the conducted work is the
justification and demonstration of how the
execution of upsetting and drawing out
operations, when combined, affects the non-
uniformity of deformation distribution during
the forging of hooks. A key advantage of this
study is also the identification of optimal billet
parameters during upsetting, followed by
sequential drawing out. This combination
ensures maximum refinement of the cast
structure ~ while = maintaining  uniform
deformation distribution, which in turn
improves the quality of the finished forged
hooks and reduces energy consumption in
manufacturing processes
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