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Abstract. This study investigates the influence of the degree of deformation during the drawing out forging operation on
the distribution pattern of plastic strain in billets intended for manufacturing high-capacity lifting hooks. The primary ob-
jective is to determine the optimal deformation degree that enhances the uniformity of plastic strain distribution across
the forging's cross-section. The research was conducted using numerical modeling of the sequential upsetting and
drawing out processes, accounting for the continuity of the technological cycle. Drawing out was performed using the
"ring" method (circumferential rotation) with a rotation angle of 15° and a relative feed of 0.5. Three deformation degrees
per pass were analyzed: 10%, 15%, and 20%. To quantitatively assess strain uniformity, the nonuniformity coefficient C,
was employed, defined as the ratio of equivalent strain values at control points to the maximum equivalent strain within
the cross-section. It was established that increasing the deformation degree from 10% to 20% raises the level of accu-
mulated plastic strain and improves its uniformity across the cross-section. The most uniform strain distribution was
achieved at a deformation degree of 20%, where the minimum nonuniformity coefficient value was 0.54. This indicates a
46% reduction in strain nonuniformity (since C,=0.54 corresponds to nonuniformity reduced to 54% of the reference
maximum difference). The obtained results can be applied in the development of rational technological regimes for forg-
ing high-capacity lifting hooks with enhanced requirements for quality and reliability.

Keywords: drawing out, upsetting, degree of deformation, plastic strain, strain nonuniformity coefficient, high-capacity
lifting hook forging.

AHomauyis. Y ubomy docnioxeHHi docnioxyembcs eriue cmyneHsi 0eghopmauii rnid yac onepauii UMsIXKHO20 Ky8aHHSI
Ha xapakmep po3nodiny nnacmu4Hoi de¢hopmauii 8 3a2omoekax, npu3HayeHux 011 8U20MOBIIEHHST 8EITUKOBAHMAaXHUX
gaHmaxonioliomHux 2akie. OCHOBHOIO MEMOI0 € BU3HAYEHHS ONMUMarnbHo20 cmyreHs deghopmauii, akuli nidsuwye pi-
8HOMIpHicmb po3nodiny nnacmu4yHoi deghopmayii no rnornepeyHoMy rnepepidy Mokoeku. LocrioxxeHHs1 nposoousnnocs 3
BUKOPUCMAaHHSIM 4UCI108020 MOOes1r08aHHS MOCTI008HUX Mpouecie sucadku ma 8UMSHKKU 3 ypaxysaHHsIM besrnepeps-
HOCMIi MexHOoo2iuHO20 UuKIy. Bumsixka eukoHysanacsi MemoOom "Kinbusi" (OKpyxHe obepmaHHs) 3 Kymom rogopomy
15° ma eidHocHoro nodayero 0,5. byno npoaHanisoeaHo mpu cmyrneHi Oeghopmayii 3a npoxid: 10%, 15% ma 20%. Ans
KinbKiCHOT oyiHKU pieHoMipHOCmi eghopmauii sukopucmosysascsi koegbiyieHm HepigHomipHocmi Cn, sikul eu3Havyaemob-
CA1 AK 8IOHOWEHHSI 3Ha4YeHb eKeiganeHmHoi 0eghopmauii 8 KOHMPOIBLHUX MOoYKax 00 MaKcuMarbHOI eKkeieaneHmHoi 0e-
gopmauii 8 Mexax rnornepeyHo2o nepepisy. byno ecmaHosneHo, wo 36insweHHs cmyneHs degpopmauii 3 10% 0o 20%
nidsuulye piseHb HaKonu4yeHoi nnacmu4yHoi deghopmauii ma rnokpawyye ii pisHOMIpHICMb 10 MONEPEeYHOMY repepisy.
Hauibinbw pisHomipHut po3nodin deghopmavyii 6ys docsizHymuli npu cmyrneri deghopmayii 20%, de MiHiMansHe 3Ha4YeH-
Hs KoegbiyieHma HeoOHopiOHocmi cmaHosuno 0,54. Lle ceidyumpb npo 3MeHweHHs1 HeoOHopiOHocmi dechopmauii Ha
46% (ockinbku Cn=0,54 eidnosidac HeoOHOPIOHOCMI, 3MeHweHili 00 54% 8i0 KOHMPONBLHOI MakcuMarbHOI Pi3HUU).
Ompumani pe3ynbmamu Moxymb 6ymu 3acmocoeaHi rnpu po3pobui pauioHarbHUX MEXHOMO2IYHUX PEXUMI8 Ky8aHHSs
BUCOKOBAHMAXHUX 8aHMaXonioloMHUX 2aKie 3 nidsuweHUMuU eumoaamu 00 sskocmi ma HadiliHocmi.

Knro4voei cnoea: sumsixka, ocadxyeaHHs, cmyniHb 0eghopmauii, nnacmuyHa degpopmayisi, koegbiieHm HeoOHOPIOHO-
cmi Oecbopmauii, KyeaHHsI BUCOKO8aHMAaXHO20 8aHMaxornioloMHO20 2akKa.

Introduction. High-capacity lifting hooks are criti-
cal components in hoisting and transportation sys-
tems, operating under variable and impact loads. The
operational reliability of such components is deter-
mined by a combination of factors, among which the
structural homogeneity of the metal, the absence of
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internal defects, and a favorable orientation of the fi-
brous structure play a key role. These characteristics
are primarily formed during the forging process.

One of the key parameters influencing the for-
mation of the structure and quality of forged products
is the pattern of plastic strain distribution throughout
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the billet volume. Strain nonuniformity can lead to the
formation of internal defects and premature failure of
the component. For critical parts, particularly high-
capacity lifting hooks, achieving uniform deformation
penetration (thorough working) of the metal is one of
the primary technological challenges.

In the technology for manufacturing single-horn
(single-prong) lifting hooks, a combined forming
scheme is employed, which includes preliminary up-
setting of the billet followed by drawing out [1]. Upset-
ting ensures the breakdown of the cast structure and
a substantial reduction in internal porosity of the met-
al, while the drawing out operation imparts the re-
quired shape and length to the billet, creating a favor-
able fiber orientation [2, 3]. At the same time, the de-
gree of deformation during drawing out significantly
affects the pattern of its distribution throughout the
metal volume and can either improve or impair the
structural homogeneity of the final product.

Despite the considerable number of studies on
metal forming processes, the specific influence of the
degree of deformation during drawing out—performed
after preliminary upsetting—on the nonuniformity of
plastic strain in billets for single-horn high-capacity lift-
ing hooks remains insufficiently explored. Establishing
quantitative relationships for the distribution of plastic
strain will enable the justification of rational technolog-
ical forging regimes and improve the quality of the fin-
ished products.

Literature Review and Problem. Upsetting is a
fundamental operation in the forging of large critical
forgings, as it ensures thorough working (penetration)
of the metal. This process breaks down the cast
structure, heals internal defects, and promotes the
formation of a homogeneous microstructure, which is
crucial for the strength of the final product. However,
as demonstrated by the results in [4], the upsetting
process is accompanied by significant nonuniformity
in the stress-strain state (SSS), which directly de-
pends on the initial shape of the billet. Furthermore,
work [5] has established that the pattern of metal flow
is substantially influenced by friction conditions and
the temperature-velocity regimes of processing.

Therefore, to achieve uniform strain distribution, it
is effective to use billets of special (profiled or con-
toured) shapes and intensified processing regimes. In
particular, work [6] has demonstrated that the applica-
tion of profiled billets helps to distribute deformation
more homogeneously and prevent the formation of in-
ternal cracks. Additionally, enhanced quality can be
achieved through complex loading schemes. As
shown in study [7], the combination of deformations
and varying stresses ensures better working (penetra-
tion) of the metal structure throughout the entire billet
volume. This not only improves its strength but also
enables effective control of product quality in open-die
forging.

The primary formation of quality and strength in
large forgings occurs during the drawing out forging
operation. In study [8], based on numerical modeling,
it was established that when processing large forg-
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ings with flat dies, insufficient working (penetration) of
the central zone in the billet's cross-section persists,
necessitating improvements in the feed and reduction
parameters. The relevance of seeking new technolog-
ical solutions to enhance the drawing out process is
confirmed in work [9], which analyzes modern forging
regimes from the perspective of improving metal qual-
ity and production energy efficiency.

One of the most interesting approaches to improv-
ing metal quality is proposed by the authors of work
[10]. They demonstrated that the use of dies with un-
conventional (asymmetric) shapes induces intense in-
ternal twisting of the metal, which significantly en-
hances the breakdown of coarse structures compared
to conventional drawing out. A logical extension of
this idea is presented in work [11], where the authors
suggested replacing preliminary upsetting with billet
profiling using wedge-shaped dies prior to drawing
out. According to their findings, this approach enables
through-working of the metal, reduces press force re-
quirements, and saves processing time.

In modern practice, combined forging technologies
are increasingly employed. For example, as demon-
strated in work [12], the application of a double "up-
setting—drawing out" cycle represents one of the most
effective methods for eliminating internal defects. This
combination of operations not only changes the
shape of the billet but also enables targeted control
over the restoration of the metal microstructure in the
core of heavy forgings.

At the same time, improving the forging process—
even when using special convex dies—always carries
the risk of compromising the integrity of the product.
Studies [14, 15] demonstrate that critical stresses
arising at high degrees of deformation during drawing
out can lead to crack formation.

Thus, the analysis of global experience confirms
that achieving high-quality and safe products, such as
lifting hooks, requires finding an optimal balance be-
tween improving metal working and preserving the
structural integrity of the material. This necessitates
detailed computer modeling to determine rational de-
grees of deformation, which constitutes the primary
objective of the present work.

Purpose and objectives of the research. The
objective of this work is to investigate the influence of
the degree of deformation during the drawing-out
forging operation—performed after preliminary upset-
ting of the billet—on the distribution of plastic strain
and to evaluate the nonuniformity of deformation
throughout the volume of the billet for high-capacity
lifting hooks.

Materials and Methods of Research. The object
of the study was a cylindrical billet made of steel 1020
(equivalent to Ukrainian grade steel 20), with an initial
diameter of 470 mm and height of 940 mm. Steel
1020 is a low-carbon steel commonly used for forging
heavy-duty lifting hooks due to its good hot workabil-
ity, moderate strength, and suitability for subsequent
heat treatment.

Numerical simulation of the forging processes was



performed using the QForm UK software package
[15] based on the finite element method (FEM). The
modeling accounted for the sequential continuity of
the technological cycle: preliminary upsetting followed
by drawing out.

The forging operations (upsetting and drawing out)
were simulated under isothermal conditions at a con-
stant temperature of 1150°C. This temperature corre-
sponds to the typical hot forging range for low-carbon
steels like 1020/20, ensuring high ductility, low flow
stress, and effective deformation without excessive
cracking risk.

Upsetting was performed using flat upsetting
plates (dies): the lower plate was fixed, while the up-
per plate moved vertically downward.

The degree of deformation during upsetting was
set at 50% reduction of the initial billet height (from
940 mm to 470 mm).

///

H940

Billet

Lower plate

a) b)

Subsequently, numerical modeling of the drawing-
out forging operation was performed. The initial state
for this stage was the billet with the already formed
distribution of plastic strain obtained after the upset-
ting stage. This approach ensured the continuity of
the technological process and the accurate reproduc-
tion of real forging conditions.

The drawing out of the billet was carried out using
flat dies with dimensions 400 x 1000 x 500 mm. The
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To investigate the influence of the degree of de-
formation during the drawing-out forging operation on
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This stage aimed to achieve preliminary defor-
mation penetration (thorough working) of the metal
structure prior to the subsequent drawing-out opera-
tion, thereby breaking down the initial cast microstruc-
ture, closing internal porosity, and promoting overall
homogeneity.

The results obtained after the upsetting stage
were used as initial conditions for the subsequent
modeling of the drawing-out processes. This ap-
proach ensured the continuity of the technological
process and the accurate reproduction of real forging
conditions.

The 3D model of the initial billet, its position be-
tween the plates prior to upsetting, and the state after
upsetting are presented in Figure 1.

Upper plate

Figure 1 — 3D model of the upsetting
operation: (a) initial cylindrical billet

(D=470 mm, H=940 mm);
(b) billet position before upsetting;
c) (c) billet state after upsetting.

"ring" method (circumferential rotation drawing) was
selected, which involves sequential reductions of the
billet accompanied by rotation (canting) by an angle
a = 15°. A relative feed s/h = 0.5 was applied only af-
ter a full rotation of the billet (i.e., after completing the
360° circumferential pass).

The schematic diagram and 3D model of the
drawing-out process are presented in Figure 2.

Figure 2 — 3D model of the drawing-out forging op-
eration: (a) initial state of the billet and canting
scheme (a = 15°); (b) drawing-out stage and relative
feed (s/h = 0.5).

the quality of lifting hook forgings, three modeling var-
iants were performed with different deformation de-
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grees per pass: 10%, 15%, and 20%. For each vari-
ant, three sequential drawing-out passes were carried
out. After the third pass, the accumulated equivalent
plastic strain was determined, and the pattern of its
distribution in the cross-section—specifically in the
central region of the billet — was analyzed.

This approach enabled the establishment of the
relationship between the degree of deformation after
the third drawing-out pass and the uniformity of plas-
tic strain distribution. This uniformity is a decisive pa-
rameter in ensuring the quality of high-capacity lifting
hook forgings.

L a2

The nonuniformity coefficient Cn was calculated as
the ratio of the equivalent plastic strain value at each
control point in the cross-section to the maximum
equivalent plastic strain value within the correspond-
ing cross-section. This definition confines Cn to the
range from O to 1. Values close to 1 indicate a more
uniform distribution of plastic strain across the sec-
tion.

Figure 4 illustrates the distribution of plastic strain
in the central cross-section of the billet after the up-
setting stage. The maximum values of plastic strain
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To evaluate the uniformity of plastic strain distribu-
tion, the method for predicting volumetric nonuniformi-
ty was applied, with detailed justification provided in
work [16]. In each analyzed cross-section, four radial
lines were drawn, positioned at 45° angles to one an-
other. Along each line, seven control points were
marked, symmetrically arranged relative to the center
of the section and the zones of maximum equivalent
plastic strain (Figure 3). Within this approach, the
nonuniformity coefficient Cn was determined for the
strain distribution.

Figure 3 — Schematic of radial lines and con-
trol points arrangement in the billet cross-
section during drawing out.

are concentrated in the central zone, reaching 1,
while a gradual decrease is observed toward the sur-
face zone, with minimum values of 0.6. Thus, the
range of plastic strain variation across the cross-
section is 0.6—1 indicating the presence of nonuni-
formity in the deformation state.

The plastic strain distribution formed after upset-
ting determines the initial state of the billet prior to
drawing out and influences both the subsequent
strain values and the uniformity of its distribution dur-
ing the drawing-out process.

020 Figure 4 — Distribution of plastic strain in the cross-section of the bil-
0.10 let after upsetting.

Figure 5 presents the distribution of plastic strain
in the central cross-section of the billet after the third
drawing-out pass for deformation degrees per pass of
10%, 15%, and 20%. As can be seen from the con-
tour plots, increasing the deformation degree leads to
a more uniform strain distribution across the section,
with the most homogeneous pattern observed at 20%
(Figure 5c¢).

At a deformation degree of 10 % per pass (Fig-
ure 5a), the plastic strain values vary within the range
of 2 to 8, indicating pronounced strain nonuniformity
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and insufficient working of the central zone.Increasing
the deformation degree to 15% (Figure 5b) results in
a rise of the minimum strain values to 3.1, while the
maximum values remain around 8. This suggests im-
proved deformation penetration in the internal layers
of the metal. The most thorough deformation working
is observed at a deformation degree of 20% (Figure
5c), where the minimum strain values reach 7.1 and
the maximum values attain 13. At this level, the strain
distribution along the radius becomes significantly
more uniform.
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c)

Figure 5. Distribution of plastic strain in the billet cross-section after the third drawing-out pass at different deformation
degrees per pass: (a) € = 10%; (b) € = 15%; (c) € = 20%.

The obtained results clearly demonstrate the sig-
nificant influence of the deformation degree during bil-
let drawing out and confirm the advisability of apply-
ing higher deformation degrees to achieve more
complete working (penetration) throughout the billet
volume. The summarized results of the numerical

analysis are presented in Table 1, which includes the
minimum and maximum values of plastic strain, as
well as the calculated nonuniformity coefficient Cn for
each variant of the deformation degree during draw-
ing out.

Table 1. Plastic strain characteristics and nonuniformity coefficient after
the third drawing out pass for different deformation degrees per pass.

Deformation degree per Minimum equivalent plastic Maximum equivalent plastic Nonuniformity coefficient,
pass, € (%) strain, € min strain, € max Cn

10 2 8 0.25

15 3.1 8 0.38

20 7.1 13 0.54

Figure 6 presents graphs of the nonuniformity co-
efficient Cn distribution along the measurement lines
in the cross-section of billets with different defor-
mation degrees after the third drawing-out pass.

Analysis of the graphs made it possible to estab-
lish the pattern of distribution of the deformation non-
uniformity coefficient C,, as a function of the billet de-
formation degree. For all variants, the curves exhibit a
characteristic symmetric shape: the maximum C,, val-
ues are observed at the outermost (peripheral) points

(points 1 and 7), while the minimum values occur in
the central zone of the cross-section (points 3-5).

It was established that increasing the deformation
degree leads to a rise in the nonuniformity coefficient
C, values in the central zone of the billet. At a defor-
mation degree of 10% per pass (Figure 6a), the min-
imum C, value in the central zone is 0.25. When the
deformation degree is increased to 15% (Figure 6b),
the coefficient rises to 0.38. At a deformation degree
of 20% (Figure 6¢), the K, value reaches 0.54.
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Figure 6. Graphs of the deformation nonuniformity coefficient Cn distribution after the third drawing-out pass
for billets with different deformation degrees per pass: (a) € = 10%; (b) € = 15%; (c) € = 20%.
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In this case, the billet processed with a defor-
mation degree of 20% per pass (Figure 6¢) exhibits
the most uniform plastic strain distribution. The mini-
mum value of the nonuniformity coefficient is C, =
0.54. Since values of the coefficient close to unity cor-
respond to a more uniform strain distribution, the ob-
tained result indicates that the deformation nonuni-
formity is reduced to 54%.

Conclusions. In this study, numerical modeling of
the drawing out processes following preliminary billet
upsetting was performed to investigate the influence
of the deformation degree in the drawing out forging
operation on the pattern of plastic strain distribution
and to evaluate deformation nonuniformity throughout
the volume of billets intended for high-capacity lifting
hooks.

It was established that after upsetting, the billet
exhibits nonuniform plastic strain distribution, with
values decreasing from the center to the surface with-
in the range of 0.6—1. This initial strain distribution is
critical, as it determines the subsequent metal quality

and the uniformity of structural working during the
drawing-out stage.

The key role of the deformation degree during
drawing out has been demonstrated: increasing the
deformation per pass from 10% to 20% ensures a
transition from pronounced nonuniformity to stable
and thorough working of the entire metal volume. In
particular, the minimum strain values increase more
than threefold (from 2.0 to 7.1).

Analysis of the nonuniformity coefficient Cn con-
firmed that the central zone of the billet cross-section
is the most difficult to deform. However, raising the
deformation degree to 20% allows the uniformity in
the central zone to increase from 0.25 to 0.54. This
result indicates that the deformation nonuniformity is
reduced to 54%.

The obtained findings can be used to develop ra-
tional technological regimes for open-die forging of
high-capacity lifting hooks with enhanced require-
ments for structural uniformity, mechanical properties,
and operational reliability.
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