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Abstract. Parts made of the billets with a thin web and stiffeners are manufactured at metallurgical enterprises in special workshops equipped with powerful
hydraulic presses. Often their production is accompanied by the defects that worsen the product macrostructure. In this regard, new techniques are
relevant that allow modeling the processes of forming of forgings with stiffeners. The processes of metal treatment by pressure are difficult to create
a mathematical model describing the stress-strain state of plastic forming of metal. One of the ways to solve the problem of modeling the pattern
of metal flow and the spatial diagram of contact pressures is the “theory of thin layer flow”, based on assumptions that simplify the initial system
of differential equations. Then the problem is reduced to a purely geometric one and can be solved within the framework of the “sandy analogy”
using the proposed methodology. The paper presents the results of computer and physical modeling of the forming of stamped forgings with contour
stiffeners. The experiment was carried out in industrial conditions on the precipitation of flat billets made of AK6 alloy on a hydraulic press with
a deformation force of 150 MN. It is shown that the proposed software package can have a different functional purpose: express analysis of the pattern
of metal flow and calculation of the shape of the billet at the stages of its deformation. This allows, by sorting through values of the geometric
parameters of the stamp engraving, to obtain different patterns of metal flow and profiles of stiffeners and choose from them those that guarantee
the most uniform filling of the stamp cavities with metal under the stiffeners, which ensures defect-free production of the product.
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AHHOmMayus. Jlerany 13 3aroToBOK C TOHKUM IOJIOTHOM M peOpaMi KECTKOCTH H3TOTaBIMBAIOTCS HA METAJUTY PTUYCCKUX MPEATIPUATHSAX B CIICIIMAIBHBIX
1exax, 00Opy/ZOBaHHBIX MOILIHBIMHM THAPABIMYECKUMH INpeccamMu. Hepeako mx MpoM3BOACTBO COMPOBOXKAACTCS Ne(eKTamMM, yXyALIAIOLMMH
MaKpOCTPYKTYpY M3zAenus. B CBsI3M ¢ 3THM aKTyaJbHBI HOBbIE METOJIMKH, MTO3BOJISIONINE MOJCIHPOBATH IPOLECCHl (OpMOOOpa30BaHUs TOKOBOK
¢ pebpami sxecTkocTH. [Iponeccsl 00paboTKH METAIOB JaBICHUEM CIIOXKHBI B CO3JAHMU MaTEMaTHYECKOH MOJIEIH, OIMCHIBAIONIEH HAIPSHKEHHO-
Je()OPMUPOBAHHOE COCTOSTHHE IUIACTHYECKOro (hopmoobpazoBanus Metaiuia. OJHUM U3 CIIOCOOOB pElICHUS 3a/1a4l MOJCIMPOBAHUS KapTHHBI
TEUEHMsl METajIa U IPOCTPAHCTBEHHOM JMMIOPhl KOHTAKTHBIX JABICHU SIBISIETCS «TCOPHSI TCUCHUS] TOHKOTO CJIOs1», OCHOBAaHHAS Ha JOMYIICHUSX,
YIPOLIAIOMINX MCXOAHYIO0 CUCTEMY IU(depeHIMaNbHBIX YpaBHEHNH. B 3ToM ciydae 3amada CBOANUTCS K YHCTO TEOMETPUYCCKON M MOXKET OBITh
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pelieHa B paMKax «ecYaHOH aHAJIOIMU» C IOMOIIBIO NPEUIOKEHHOH MeToquku. [IpuBeneHbl pe3yabTaTbl KOMIBIOTEPHOIO M (DHU3HYECKOro
MOJEIUPOBaHUs (HOPMOOOPa30BaHNUS INTAMIOBAHHON IIOKOBKU ¢ KOHTYPHBIM OpeOpeHHeM. DKCIEPHMEHT IPOBEICH B IPOMBIIUICHHBIX YCIOBHAX
0 OCajIke IUIOCKUX 3aroToBok u3 cruiaBa AK6 Ha ruzppaBiudeckoM npecce cuwiioit aedopmuposanust 150 MH. IokaszaHo, 4To npeuioKeHHbIH
IIPOTPAMMHBIH KOMIIIEKC MOXKET HMETh Pa3IHYHOe (PyHKIHOHATbHOEC HAa3HAUCHHE: JKCIPECC-aHaINW3 KapTHHBI TEYEHUS MeTallla M pacder
(hOPMOM3MEHEHUSI 3arOTOBKH Ha CTausX ee Ne(OopMHpOBaHHs. DTO MO3BOJSIET, epedupasi 3HAUCHUs] FeOMETPUUECKUX MapaMeTpOB I'PAaBIOPHI
[ITaMIIa, [OJIydaTh pa3Hble KapTHHBI TeUECHNS MeTallla U MpoHIn pedep KECTKOCTH U BRIOHpAaTh U3 HUX T€, KOTOPbIC TapaHTHPYIOT Hanbonee
PaBHOMEPHOE 3aI0JIHEHHE METAJIJIOM MOJIOCTEH MITaMIIa I0Jl pedpa KeCTKOCTH, 4To obecreunBaeT Oe3/iedeKTHOe MOoTyueHHe U3Cus.

Kaloyesvle c/108a: mramioBka, TCYCHHE MeTalla, MATEMAaTHYCCKOEC MOJACIMPOBaHME, (U3MYECKOE MOJCIHPOBAHUE, MPOTPAMMHOE OOECICUCHHUE,
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- INTRODUCTION

Improving the production efficiency of the domestic
industry [1 — 4], heavy engineering in particular [5 — 8],
is an urgent concern. Parts composed of billets with thin
webs and stiffeners are typically manufactured at metal-
lurgical plants in specialized workshops equipped with
high-capacity hydraulic presses. However, their produc-
tion often encounters defects that degrade the macrostruc-
ture of the final product. Hence, novel methods enabling
the modeling of the forging processes involving stiffeners
are highly relevant. The method devised by the authors
could also be effectively applied in the fabrication of rail
wheel billets. In the production of forged-rolled rail
wheels, a critical operational step involves obtaining bil-
lets with minimal asymmetry across all units of the press-
rolling line [9; 10 — 13]. This aspect is contingent upon
various factors, primarily the stability of the mass and
dimensions of the initial billets [14 — 18].

In metal forming processes, creating a mathematical
model to describe the stress-strain state of plastic metal
forming poses significant challenges. One approach
to address this modeling issue concerning the metal
flow pattern and the spatial distribution of contact pres-
sures is through the “theory of thin layer flow” [19]. This
theory relies on assumptions that simplify the initial
system of differential equations, transforming the prob-
lem into a purely geometric one. Subsequently, it can be
resolved within the context of a “sandy analogy” method
developed by the authors [20].

- MAIN PRINCIPLES OF THE DEVELOPED METHOD

The developed method is founded on the following
principles [21; 22].

The shortest-normal principle governs the direction
of current lines perpendicular to the forging contour,
which represents a line of abrupt changes in the layer
thickness (incorporating stiffeners or elevations along
the forging web). During the initial stage of strain, when
the terminal pressures are uniform along the contour,
the metal flows orthogonally to the contour, and the quan-

tity of leaked metal at each boundary point is dictated
by the length of the current lines.

During strain, the boundary conditions change result-
ing in unequal contact pressures along the contour. Con-
sequently, the current lines will deviate at an acute angle
from the forging contour. However, given that the spatial
distribution of contact pressures forms a linear surface,
the slope lines (and consequently the current lines) are
perpendicular to the level lines of this surface. By pro-
jecting the volumetric pattern onto the forging web plane,
a hypothetical contour can be introduced where the con-
tact pressures are uniform. Subsequently, the current lines
become perpendicular to this hypothetical contour.

Generally, the hypothetical contour is a rather intri-
cate curve. According to the principle of smallest perime-
ter, a flat billet tends to adopt the shape of a circle in plan.
Therefore, it can be assumed that the current lines follow
the radii of some circular arc. As a result, the hypothetical
contour becomes a circle, and the metal flow path along
the forging web becomes radial.

It’s worth noting that the radial metal flow path is
more versatile than the normal flow path. It can be applied
even at the initial stage of strain for a forging with a con-
tour comprising curved line sections. By approximating
the contour of the forging with circular arcs, the radial
scheme can also be employed initially, when the current
lines are perpendicular to the contour.

Consequently, the spatial distribution of contact pres-
sures forms a combination of conical surfaces at any stage
of the forging strain, except for the initial one. The termi-
nal contact pressures lie in vertical planes intersecting
these surfaces.

Determining the value of the terminal contact pres-
sure at any moment of strain for any arbitrary point
on the contour relies on several parameters: the thick-
ness of the forging web, the dimensions of the die cavity,
the width of the gutter, and the amount of metal leaked
into the cavity. Accounting for all these parameters neces-
sitates the use of rather complex formulas to calculate
the terminal contact pressure.

As the spatial distribution of terminal pressure forms
a surface of uniform slope, the metal flow interface rep-
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resents a geometric locus of points equidistant from
the forging contour. The contour itself can be approxi-
mated using straight lines and circular arcs. Consequently,
constructing the metal flow interface boils down to deter-
mining the geometric location of points equidistant from
circles and straight lines.

Given that any complex contour can be adequately
approximated by straight line segments and circular arcs,
it’s reasonable to assume that the surface of the spatial
distribution of contact pressures comprises flat and coni-
cal sections. The intersection lines between them consti-
tute edges, commonly referred to as ridges.

By examining the frontal and profile projections
of these edges, we can ascertain the volume of the con-
tact pressure distribution and, correspondingly, the forces
needed to deform the metal. The horizontal projection, or
plan view, depicts a line representing the metal flow inter-
face, which characterizes the distribution of metal flows
on the contact surface.

- NEW ALGORITHM FOR BUILDING THE EQUIDISTANT

In mechanical engineering, a significant portion
of parts, driven by design processability requirements,
comprise rotational surfaces and polyhedrons. Conse-
quently, die forging in practice often involves parts derived
from flat billets featuring planar elements [23 —25].
This study focuses on the simplest scenario, addressing
the challenge of constructing an equidistant curve for
a contour represented by a piecewise linear closed line,
namely, a polygon (Fig. 1, a).

The equidistant line of two intersecting straight lines
corresponds to the bisector of the angle formed by their
intersection. Our approach initiates from the small-
est angle of the polygon. Thus, the first equidistant line
of the contour constitutes the bisector of the angle at ver-
tex D. Subsequently, we extend this line by drawing bisec-
tors of the two adjacent angles, intersecting at points G
and H, which mark the termination points of the first
equidistant lines at the closest intersection point G with
the bisectors of the neighboring angles.

Next, we disregard the DE contour side. The equidis-
tant lines were formed by the bisectors of the adjacent
angles to the DE contour side. We proceed until reach-
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Fig. 1. Equidistant construction scheme

Puc. 1. Cxema TIOCTPOCHUS SKBUANCTAHTBL

770

ing the intersection of contour sides FE and CD, adjacent
to the discarded line.

The dimensionality of the contour has decreased
by one: instead of a hexagon, we will now consider a pen-
tagon. Obviously, now the smallest angle in the contour
polygon will be the newly obtained angle. The procedure
is repeated, but the new equidistant line is drawn not from
the contour angle, but from the end point of the last equi-
distant line — point G. Then we again search for the smal-
lest contour angle among the remaining ones (this is
the angle at vertex F) and repeat the above algorithm until
the polygon is reduced actually to a triangle. As we know
from geometry, in a triangle the bisectors always intersect
in one point, so to complete building the equidistant lines
it is sufficient to connect the points where the consecu-
tive actions were stopped. Building is over (the result is
shown in Fig. 1, b).

This approach can be applied to construct the equi-
distant line of any polygon. Currently, the algorithm
has been implemented in the DELPHI visual program-
ming environment. Additionally, a similar algorithm has
been devised for a piecewise-nonlinear multilink con-
tour [26 — 28].

[ COMPUTER MODELING

Let us explore the capabilities of the developed
method and software system through an example of mod-
eling the forming of a stamped forging with contour rib-
bing (Fig. 2).

To swiftly assess the viability of incorporating a boss
(or a cutout) in the given forging, the developed software
system [29 — 31] was employed to simulate the metal flow
pattern by adjusting the position of the circle center and
the radius value. Analysis of the results demonstrates that
directing the metal flow towards the boss (or cutout) mit-
igates the unevenness of metal distribution into the die
cavity, thereby confirming its practical applicability.

To conduct the forging forming simulation, we uti-
lized software built upon the developed method.

Fig. 2. Stamped forging with technological cutout
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When conducting the modeling, certain requirements
must be considered. Only geometric elements that do not
impact the design of the final product can be altered. These
include parameters such as the width and height of the gut-
ter threshold, the radius of the boss, the initial thickness
of the billet, or the upset increment. Notably, the radius
of the boss is included in these variables because it will be
replaced by a 240 mm diameter hole in the finished part,
and the boss will be removed during machining. Through-
out the calculation process, the size of the boss functions
as a control factor, allowing for the generation of various
metal flow patterns along the die impression surface and,
consequently, different profiles of the stiffener.

Fig. 3, a schematically illustrates the pattern of metal
flow along the forging web.

Similarly, it is feasible to derive the metal flow pattern
for contours of any complexity, as depicted in Fig. 3, b.

[l PHYSICAL MODELING

To validate the results of the analysis regarding the form-
ing of the stamped forging with contour ribbing, an experi-
ment was conducted under industrial conditions involving
the stage-by-stage upsetting of flat forged billets (Fig. 4).
These billets were composed of AK6 alloy and processed
on a hydraulic press with a strain force of 150 MN.

The forging could not be fully formed due to the insuf-
ficient capacity of the hydraulic press. At the latest studied
stage of upsetting, the boss was already formed in full,
while one of the corner areas did not reach the designed
height (Fig. 4, d).

The central areas of the stiffeners significantly out-
paced the corner areas in terms of forming. Conse-
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Fig. 3. Model of the metal flow pattern

Puc. 3. Mopens KapTUHBI TCUCHUS METaJlla

quently, metal flowed over the die cavities beneath
the stiffeners in the central areas, resulting in poor mac-
rostructure of the product. This deficiency manifested in
an inadequate alignment of metal fibers featuring sharp
bends (Fig. 5, a), which could potentially lead to under-
cutting of the stiffener from the flash gutter side.

These observations were corroborated by the utilization
of software for modeling various technological alternatives
aimed at producing the specified serial forging. As previ-
ously noted, the forging could not be stamped in a single
pass using the manufacturer’s proposed technology.

The analysis of the calculation results has led to recom-
mendations regarding the design of the die and the man-
ufacturing process for producing a series of forgings.
Despite the introduction of a large-radius boss, which failed
to eliminate the uneven formation of individual stiffeners,
thereby risking defects, it is proposed to conduct stamping
in two passes using a single final die. This involves cutting
a hole in the center of the forging after the first pass.

Stamping conducted in industrial conditions, while
incorporating these recommendations, has validated their
effectiveness. A hydraulic press with a capacity of up
to 100 MN proved sufficient for achieving a high-quality
product. Notably, the macrostructure of the stamped for-
ging saw significant improvement, resulting in smooth

Fig. 4. Forming of stamped forgings
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Fig. 5. Macrostructure of the forging
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alignment of metal fibers at the base of the stiffeners
(Fig. 5, b). This effectively prevents the occurrence
of defects such as “shooting-through”.

- CONCLUSIONS

The software system can serve a diverse functional
purpose: facilitating rapid analysis of the metal flow pat-
tern and computation of billet forming across its strain
stages. This capability enables users to select various geo-
metrical parameters of the die impression, thereby obtain-
ing different metal flow patterns and stiffener profiles. By
prioritizing configurations that ensure the most uniform
filling of die cavities with metal beneath the stiffeners,
manufacturers can guarantee defect-free production
of their products. The outcomes of the presented deve-
lopment can be effectively leveraged to further advance
modeling efforts concerning the plastic flow of metal in
the metalworking process [32 — 35].
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