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Abstract: Thin-walled axisymmetric truncated parts made of sheet billets are actively used in rocket and aerospace engineering. Improvement
to their shape formation, based on directed material thickness change will ensure the production of parts with minimum thickness variation.
This will also enable aviation and space industry enterprises to attain leading positions, as well as reduce labor costs. This work studies the
possibility of obtaining thin-walled axisymmetric parts of truncated tapered shape using one of the methods of sheet metal stamping under flat
tensile stress conditions (flanging). The mechanism was identified and the analysis of the stress-strain state of the billet during deformation
was carried out. This takes into account the minimizing of the difference between the specified and technologically possible thicknesses.
A mathematical model was developed to consider the shaping method based on the process of flanging. Theoretical studies were based on the
principles of the plastic deformation theory of sheet materials. This was achieved by the following factors: approximate differential equations
of force equilibrium; equations of constraint; plasticity conditions; and fundamental constitutive relations under given initial and boundary
conditions. The process of flanging was simulated using the LS-DY NA software package with the following initial data of a conical billet made
of 12Kh18N10T steel: cone angle 16.4°, thickness Sy = 0.3 mm. The aim was to eliminate errors in designing a tool for future implementation
of the method on a manufactured die tooling, as well as to confirm the theoretical conclusions on the selection of technological parameters and
achieve minimal thickness variation. The steps of computer modeling are presented, indicating the main process parameters such as material
model, mechanical characteristics of the workpiece material, type of elements, kinematic loads, conditions of contact interaction of elements
with each other, etc.
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Aunoramusa: B pakeTHO-KOCMUYECKON M aBUALIMOHHOI TEXHUKE aKTUBHO MPUMEHSIIOTCSI TOHKOCTEHHbBIE OCECUMMETPUYHBIE JeTau
YCEUeHHOM cyKatoleiicsi hopMbl, U3TOTOBICHHBIE U3 JIUCTOBLIX 3ar0TOBOK. COBEPIIEHCTBOBAHME TTPOIIECCOB UX (hOPMOOOPA30OBaAHUS,
B OCHOBE KOTOPBIX HApaBJIeHHOE M3MEHEHUE TONIIWHBI MaTepraa ¢ LeJblo TMOJyUYeHUs AeTaleil ¢ MUHUMaJIbHOW Pa3HOTOMIIUHHO-
CTbIO, TTO3BOJIUT O0ECMEUYUTh BeAYlIMe MO3ULIUU MPEANPUsATUI aBUALIMOHHONW U KOCMUYECKON OTpacseil MPOMBILIJIEHHOCTHU, a TaKXe
rapaHTUpyeT CHUXEHUe Tpyno3aTpar. JJaHHasi paboTa MOCBsILIEHA UCCIEA0OBAHUIO BOZMOXHOCTHU TMOJYyUYEeHUsI TOHKOCTEHHBIX 0CECUM-
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METPUYHBIX JeTajleil yceueHHOi cyxatoleiicss GopMbl ONHUM U3 CIIOCOOOB JIMCTOBOM IITAMITIOBKHU B YCJIOBUSIX MJIOCKOT'O HAMPSIXKEHHOTO
COCTOSTHUSI paCTsXKeHUs (0TOOPTOBKOIM). BBIsSIBJIEH MeXaHU3M U MPOBEIEH aHAJM3 HATIPSIKEHHO-1e(OPMUPOBAHHOTO COCTOSTHUST 3ar0-
TOBKH B TIpotiecce (OpMOU3MEHEHUSI C YUETOM BBIpAKeHUSI MUHUMU3ALNY MEXY 3aIaHHOU U TEXHOJIOTUYECKH BO3MOXKHON TOMIMHA-
mu. PaspaboraHa maTeMaTuyeckasi MOJIEIb paCCMaTpUBaeMoro crnocoba hopMoobpa3zoBaHusi, OCHOBAHHOTO Ha MPOLECCe OTOOPTOBKU.
TeopeTunueckue UCCIe0OBAHNSI OCHOBBIBAJIUCH Ha MOJOKEHUIX TEOPU U MIACTUYECKOr0 Ae(OPMUPOBAHUSI TMCTOBBIX MATEPUAIOB Ty TEM
COBMECTHOTO pelIeHU s TPUOIMXKEeHHBIX AuddepeHIInalbHbIX YPAaBHEHU 1 paBHOBECHSI CUJI, YPaBHEHU I CBSI3U, YCIOBUS MIACTUYHOCTU
1 OCHOBHBIX OIpPEAEISIIOUIMX COOTHOIIEHUI NP 3aAaHHbBIX HaYyaJbHBIX U TPAHUYHBIX YCIOBUSIX. C LEIbI0 UCKIIIOYEHUSI OLUIMOOK MpU
MPOEKTUPOBAHUM MHCTPYMEHTA [IJIsI IEPCIIEKTUBHOM pean3aluy criocoba Ha U3rOTOBJICHHOM IITAMITOBOI OCHACTKE, a TAKKe JIJIs TIOM-
TBEPKICHUST TEOPETUUECKUX BBIBOJOB IO BHIOOPY TEXHOJOTUUECKUX IMAPaMETPOB U MOCTUXEHUS MUHUMAJbHOW Pa3HOTOJIIIMHHOCTU
MPOBEIeHO MOAEINPOBAHNUE TIPOLecca OTOOPTOBKHU B IIporpaMMHOM KomIiekce LS-DYNA ¢ nucxogHbIMU JaHHBIMY KOHUYECKOMN 3ar0-
toBku u3 ctanu 12X18H10T: yron konycHoctu 16,4°, Tonuuna Sy, = 0,3 MM. [IpeacraBiaeHbl 3Tanbl KOMIBIOTEPHOTO MOIEIMPOBAHUS €
yKa3aHUeM OCHOBHBIX MapaMeTpoB Mpoliecca, TAKMX KaK MOJEJIb MaTepuala, MeXaHMYeCcKue XapakTepuCcTUKU MaTepuaa 3aroTOBKH,
THII 3JIEMEHTOB, KHHEMAaTUUeCKUe HArPy3KH, YCIOBHSI KOHTAKTHOTO B3aUMOJECTBISI 2JIEMEHTOB MEX 1y COOOM U T.1I.

Kirouessle ciioBa: 0TOOPTOBKA, TOJIIMHA, TOHKOCTEHHAs, MUHUMU3a11s1, (hopMooOpa3oBaHue, MPOLECC, MHKEHEPHBIN METO/, HATIPsI-
xeHust, LS-DYNA, monenrpoBaHue.
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Introduction

Components such as compartment shells, fairings,
fuel tanks of various shapes and sizes, gas storage cy-
linders, nozzle shells, engine combustion chamber shells
and other parts used in the rocket, space and aviation
industry must fulfill preset performance characteristics.
They must also meet design requirements that determine
the technological feasibility of their manufacture [1—4].
The known methods of shape formation [5—7] of such
parts do not fully provide the necessary and uniformly
distributed thickness (for example, at multiple drawing
the thickness variability can reach 80 %). This entails
an increase in the number of technological transitions,
a decrease in the material utilization rate due to subse-
quent machining and a general increase in production
costs. Associated problems are corrugation (local loss
of deformation stability) and deterioration of surface
quality.

In order to avoid defects [8—10] in thin-walled parts
with a ratio of the preset billet thickness to its major di-
ameter at Speqe¢ /D < 0.08, shape formation is carried
out under conditions of stress state close to the plane
tensile stress state. This can be achieved, for example,
using processes of flanging and forming. In addition, it
is important to design the process in such a way that the
thickness of the workpiece varies in the direction asso-
ciated with a preset part thickness. For this purpose, in
real deformation processes, it is important to ensure the
minimum thickness variation of the part, defined as a
minimization equation in the form of an integral quad-
ratic difference between the preset and technologically
possible thicknesses.
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The aim of this work was, therefore, to develop a
technique for obtaining parts with a preset thickness
from a conical billet by flanging.

Theoretical studies of the flanging process
to obtain thin-walled axisymmetric parts
of a truncated tapering shape

This paper presents the results of the study on-
ly for relatively low parts (the ratio of height to major
diameter H/D ~ 1 and diameter to relative curvature
D/Rp < 0.045). Let us consider a method for manufac-
turing thin-walled axisymmetric parts of a truncated
tapering shape with a minimum thickness difference
from a conical billet using the flanging process. In
this case, we use the theory of plastic deformation of
sheet materials, taking into account the anisotropy
of the mechanical properties of the initial billet and
the assessment of the conditions for stable shape for-
mation upon plane tensile stress state. By minimizing
the equation for the difference between the preset and
technically possible thicknesses, the possibilities of
process analysis are expanded. Figure 1 illustrates a
schematic view of the method of part flanging from a
conic billet.

The tapered billet 4 is clamped between die 3 and
clamp 2, providing a stationary portion of the billet
flange under the clamp during shape formation. For
example, when punch 7 is lowered, due to the different
configuration of the punch and billet geometry, the bil-
let is at first contacted and deformed in the elements of
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Fig. 1. Geometric layout of shape formation

1 — punch, 2 — blank holder, 3 — mold, 4 — workpiece/part

Ryt and Ry, are the major radii of billet and part, mm;

Opjlier 18 the billet cone angle, deg.; riije; and 7y, are the minor radii of
billet and part, mm; Q is the force and direction of clamping, N;

p — is the current radius of part, mm

Puc. 1. l'eomeTpuueckas cxema popMooOpa3oBaHUs

1 — niyaHcoH, 2 — niprkuM, 3 — MaTpuIia, 4 — 3ar0TOBKa/IeTalb
Rypr i R — HAaUOOIbIIME PAJIMYChl 3aTOTOBKU U IETATIA, MM;

Oy, — YTOJI KOHYCHOCTH 3aTOTOBKH, TPAJL; Vg U Fyer — HAMMEHDBLINE
paauychl 3arOTOBKM U IeTalu, MM; O — YCUJIME 1 HalpaBlieHne
npwxkuma, H; p — tekyumit paauyc geranu, My

minor diameter. As the punch is lowered, the billet ele-
ments with major diameter coordinates enter the zone of
deformation center. The process stops when the plastic
deformation of the billet edge begins.

Due to the size and geometry of the punch and the
workpiece, it is possible to adjust the thickness of the
latter along the generatrix length. As a result, the part
obtained has a thickness either close to constant, with
minimal thickness variation, or with a variable (mono-
tonic) thickness that is close to the preset thickness.
It has a minimal thickness variation (with its decrease
from the minor diameter edge elements to the elements
with the major diameter, and vice versa). The main fac-
tors affecting the above-described distribution of part
wall thickness are the inclination angle of the tapered
billet face, friction, and the mechanical properties of
the billet (e.g., anisotropy coefficient of a transversal
isotropic body) [11].

Directed change in billet thickness with regard to
preset thickness is possible by varying the constants
in the process of technological parameters [12] (billet
size, tool geometry, coefficient of friction, bounda-
ry conditions, mechanical property indicators, etc.).
It also requires an analytically [13—15] presented and
resolved expression of minimum thickness difference
[16—18]:

.” (Spreset - STh)zdF — min, (1)
F

where 8o is the preset part thickness, mm; Sty is the
technologically possible thickness, obtained after the
shape formation of the billet, mm; F is the area of the
part across the median surface, mm?.

The mathematical condition for achieving a given
distribution of the constant wall thickness of the part
for implementation of the proposed method is written as

follows:

2
[ } [(Emset -0 (1 - @H dp—>min, Q)
P

Tpart

where Spreset = Spreset /Sbillets ’Tbillet = Tpillet /Rpart and
P =P/ Ryart-

Let us denote Q:
O =(01-wW[(1+0y)/ (1o, —1)] = const, (3)

where 6, = 6,/0 is the ratio of stresses determined
by the engineering method using the equation of equi-
librium in polar coordinates [19]. In the case of billet
shape formation, assuming that the additional pressure
q = 0, it will take the following form:

So (%, % |_
sinay | R, Ry

p

do,
pd—p+ak$p —dog —

where R, and Ry are the radii of the part in the meridi-
onal and tangential directions; 6, and G are the stresses
in meridional and tangential directions, Pa; fis the coef-
ficient of friction on the inner surface of the workpiece;
0, is the angle of generatrix inclination of the part to the
axis, deg.

Let us write the plasticity condition for flanging:

Bo, = 0e, )

where 8 =2 /,/7-6p is the coefficient determining the
stress-strain state of the process taking into account the
anisotropy of mechanical properties of the initial bil-
let [20].
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With the geometrical ratio p = Rg coso and assump-
tion that G, /Rp = ( the equilibrium equation is written
as:

do
P+ 0, — Bo, 1+ feiga) =0, &)
p

where o is the angle of inclination of the tangent to the
axis of the part, drawn in the middle part of the defor-
mation zone, deg.

Assuming that the stress ratio G, /Cg, as shown in
[19], is not affected by hardening [21—23] and thick-
ness variation, we can find the stresses G, in the bil-
let under boundary conditions: 6, = 0, p = rp, and
5 = p/Rpart'

We will assume that the stress in the deformation
center is constant and equals the average integral value.
Its value is determined by the known formula [19] taking
into account that the meridional stress is equal to:

o, =B+ fetga)(1 = 7/ P), (©)
then the average integral value is:
1 - =y =
oy (1+fctg(x)’f7pm(l—rpm/p)dp
Op =——= — . (7)

Ge 1 — rpan
After algebraic transformations we obtain:

B Fpart (1 —In Fpart)

1_”part

50 = (1+ fotga) ®)

Next, it is necessary to determine the ratio #y;e; /p-
Let us make the following assumption:

Foitlet = @ T bp. )

Atp= p/Rpart and Fyjjier = Fpilet /Rpart =1Eq. (7)is
rewritten as follows:

b=1-a. (10)

Taking into account Eq. (10), Eq. (9) will be pre-
sented in the following form:
Toieg =@ +(—a)p=a(l-p)+p. (1)
Let us carry out a minimization for the case of
changing the preset thickness of the part: decrease
from the major diameter. With such a flanging scheme
(Fig. 1), the defining function of a given thickness is de-
scribed by the following equation:

18

S . =1-[m/(-

Fpar )] (1=P), (12)

preset —

where m=1— Spreset /Spinet < 1.
Let us write the minimization condition (2), taking
into account Eq. (12):

L
part l_rpan

Equation (14) with consideration for Eq. (11) will be
rewritten as follows:

s

Varying a and taking the derivative, we obtain the
following equation:

m 1 _ (1
1_Fpart J"’pan|:(1_p)(§ B J:|dp
1 1 ? _ ‘
ijparl g_ dp

After integration, it will take the following form:

_ 2
5)+Q[l —@H dp - min. (13)
= .

2
a- p)+Qa(é— H dp—>min. (14)
P

1-7, part

(15)

a =

=2
__m {— 07 gy = 21~ Py ) + 0,5 — rﬂ

part

(16)

Q(I/Fpart+21n7pan_ Fpart)

Let us determine the relative technologically pos-
sible thickness of the part according to the following
equation:

Sy =1+ QU= Fyje./P)- a7

Using Egs. (3), (9), (12) and (16), m = 0.1, Cpk =
0.3311, Q = —0.7976, a = —0.1497 are obtained, and the
distribution of the technologically possible and specified
thicknesses of the convex part is plotted with the follow-
ing parameters: major radius Ry, = 22.35 mm; minor
radius r,,, = 11.05 mm; radius of curvature of the part
in the meridional direction R 1000 mm. The part was
obtained from a billet with a taper angle oy = 16.4°
during shape formation with a coefficient of friction on
the inner surface of the workpiece = 0.05 and taking in-
to account the anisotropy coefficient of the transversely
isotropic body u = 0.5.



3BecTis By30B. LiBeTHOSI METAAAYPIrUS o 2023 o T.29 o N24 e C, 15-23

AembsiHeHKo E.I., [Tonos W.1., AesarnHa A.A. CoBepLUeHCTBOBAHME NpoLecca $OpMOOBPA30BAHMS B YCAOBKSIX MAOCKOTrO HAMPSHKEHHOTO...

0.990 4

0.970 4

0.950 4

0.930 4

0.910+

0.890 4

0.870
13.69

14.69 15.19 15.69 16.19

o, degr.

14.19

Fig. 2. Distribution of relative technologically possible
at f=0.05 and u = 0.5 (I) and relative preset (2) thickness
of a thin-walled convex part

Puc. 2. PacnipeeieHrie OTHOCUTEILHOM TEXHOJIOTMYECKHI
Bo3MoxxHo# mpu f= 0,05 u u = 0,5 (I) ¥ OTHOCUTETbHOI
3a/IaHHOM (2) TOJNILMH TOHKOCTEHHOM BBITTYKJIOH AeTalu

The data obtained made it possible to plot the distri-
bution of the relative technologically possible thickness
of the part along the deformation zone, according to the
proposed method (Fig. 2).

Simulation of shape formation
in LS-DYNA software

In order to eliminate errors in the design of a tool for
the future implementation of the method on manufac-
tured die tooling [24], we applied the method of simulat-
ing shape formation in specialized finite element soft-
ware systems. A variety of programs, such as LS-DYNA,
ANSYS, Abaqus, QFORM, DEFORM, etc., are used
for calculation of process variables. Despite the fact
that much scientific literature is devoted to the study of
plastic flow, theoretical equations can be derived only
for relatively simple processes (bending, drawing, pre-
cipitation), and with significant assumptions for billets
of simple shape (round, cylindrical, square). However,
when using billets of a complex shape and developing
more advanced metal forming technologies (MPT),
such equations give significant errors, and it is difficult
to obtain a solution with approximate methods.

The solution to this problem can be to use pro-
grams based on the finite element method, such as
ANSYS / LS-DYNA, which is one of the best in its
field. It is intended for calculations of high-speed and
dynamic processes and ideal for solving problems of
mechanical engineering, including cold sheet stamp-
ing. The software enables dangerous zones and seg-

ments of the model in which destruction is possible to
be identified. It can also determine all the necessary
parameters:

— stress-strain state of the billet and tool at any point
and at any time;

— energy parameters of the process;

— values of efforts and torques, normal and tangen-
tial forces;

— contact parameters;

— many other factors necessary for an understanding
of the processes occurring in the billet.

Nowadays, there is a wide choice of programs for
simulating various scenarios [25—31], successfully used
in various fields of mechanical engineering.

The need to resolve these problemsin LS-DYNA sys-
tem can be explained, among other things, by the pos-
sibility of calculating thin-walled shells. The kinematic
diagram of the simulation process is shown in Fig. 3.

The billet and tool geometry (clamp, die, punch)
were designed using ASCON Compass-3D 3D mo-
deling system [32] and exported in a common data ex-
change format between CAD/CAE applications: Iges.
Directly using ANSYS/LS-DYNA, the punch, mold,
and billet were assigned the element type - Shell, a shell
element. The BOUNDARY_SPC constraint was set
on the billet flange nodes to prevent movement along

Punch — |

Clamp

Mold

|
|
|
|
|
|
|
|
. |
|
|
|
|
|
|

—

Billet |
|

Fig. 3. Kinematic diagram of flanging

Puc. 3. Kunemaruueckas cxema mpoiiecca oTbopTOBKH
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Fig. 4. Experimental hardening curve of 12Kh18N10T steel

Puc. 4. DkcnepuMeHTabHasi KpUBasi yIIpOYHEHU
cranau 12X18HIOT

and rotation around axes. The command performs the
clamping and mold functions. The boundary condi-
tions and constraints on the degrees of freedom of the
punch are set in such a way that the tool moves only
along the OZ axis. The coefficient of friction between
the punch and the billet was 0.05. After positioning
the objects along the OZ axis, a regular (quadrilateral)
finite element mesh with an edge length of 1 mm for
the workpiece and a mixed mesh with an edge length
of 2 mm for the punch were plotted for them. A rigid
model was chosen as the material model of the punch
and workpiece: MAT RIGID and transversely ani-
sotropic: MAT TRANSVERSELY ANISOTROPIC
ELASTIC_PLASTIC, respectively.

In order to specify the properties [33] of the material
of the billet (12Kh18N10T), an experimental hardening
curve for this structural steel was introduced, obtained
during a simple tensile test (Fig. 4).

Results and discussion

To describe the properties of the material of a thin-
walled billet with a thickness of Sy = 0.3 mm from
steel 12Kh18N10T, the following parameters were intro-
duced:

— steel density: 7920 kg/mm?2;

— elasticity modulus: 198 GPa;

— Poisson’s ratio: 0.29;

— coefficient taking into account the anisotropy of a

transversely isotropic billet: 0.5.

The simulation results are illustrated in Fig. 5.

For a comparative analysis of the simulation results,
we selected points along the generatrix of the axisym-
metric part (Fig. 6) and plotted the function reflecting
the thickness at these points (Fig. 7). For illustration, let

20

Shell Thickness
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Fig. 5. Distribution of wall thickness (mm)
of an axisymmetric part

Puc. 5. Pacnipenenenue ToguHbl (MM)
CTEHKHU 0CEeCUMMETPUIHOU IeTaIun

Fig. 6. Selection of points along the generatrix
of an axisymmetric part

Puc. 6. Be16op Touek 1mo odpasyolieit ocecCuMMEeTPUIHOM
neTanu

us add the relative specified thickness of the part to the
plot, which will enable a conclusion about the minimum
deviation obtained of the thickness of the part from a
given value, not exceeding 2.0 %.

Conclusions

The following conclusions were drawn from the
study.

1. The maximum discrepancy between the simu-
lation and theoretical data does not exceed 1.5 %. The
minimum variation in thickness is observed at a punch
angle of 15.36°, and the maximum at 16.79° (see Fig. 7).
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Fig. 7. Distribution of relative technologically possible
thickness according to the results of simulation and relative
preset thickness of a thin-walled convex part

Puc. 7. PacnpenesieHue OTHOCUTEJIbHBIX 3HAYEHU I

TEXHOJOIMYECKH BO3MOXHOM TOILIMHbI (l'lO pesyjibratamM

MOJEIUPOBAHMS) U 3aJaHHOU TOMIIMHBI TOHKOCTEHHOU
BBIITYKJIOW AeTanu

2. A comparison of simulation results and theoretical

studies using the proposed method indicates their satis-
factory agreement.

3. The required thickness distribution was achieved

(see Fig. 6): it decreases from major to minor radii with a
minimum deviation from the specified value.
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