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Abstract

Three kinematic schemes are studied, which differ from one another in the route of technological operations. Each of
these kinematic schemes has its own set of power stages of shaping and stages of free bending or bending of the ends of
the sheet blank. In addition, the quantitative values of the angular parameters of a particular kinematic scheme are
determined. Numerical experiments have been carried out, which give complete information about the distribution of the
shell thickness as discrete values in one or another element. The result is statistical processing of this information, the
scope of the predicted values and comparison with the tolerance on the thickness of the peel used in aviation enterprises.
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1. Introduction

The tightening process in the domestic aircraft building industry is the main way to form shells of
double curvature and has the same advantages as bending with stretching. Depending on the nature
of the application of external forces, the tightening process at the initial stage of development in
industry was divided conditionally into a simple hanging (OT scheme) and tightening with
stretching (RO scheme) (Filin, 1987, Glouschenkov, 1997). Sometimes these tightening schemes
are called respectively transverse and longitudinal. In turn, double curvature shells are divided into
a number of characteristic groups, among which we select only the shells of a complex spatial form
(Leishman et al., 2011, Rudskoy et al., 2016; Snegirev et al., 2018). These shells with significant
curvature in both directions of biconvex form are made on presses of the OP type (Figure 1).

A simple covering is characterized in that the forming force P is applied to the punch, and the
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tensile stresses in the sheet occur along the wide side of the workpiece due to the reaction forces N
of the fixed clamps of the press. A simple hanging is used to produce curved short shells of
considerable double curvature of biconvex form with large angles of coverage up to 180 °. Tension
presses type OP have a horizontal table with the arrangement of clamps along its side (long) sides
(Miheev et al., 2003; Grechnikov et al., 2009; Vasilyev et al., 2017; Baimova et al., 2017; Stepanov
et al., 2017). In the overwhelming majority of these presses have a lifting table, by moving it and
tightening is done at fixed clamps (press OP-3). The horizontal table is mounted on two power
cylinders that lift it.

Figure 1. Scheme of the process of simple hanging over a tight punch of a shell of significant double
curvature of a biconvex shape: 1 - punch; 2 - blank; 3 - press clamps

In recent years, the company ASV (France) is continuing work on the creation of new covered
equipment, among which you can identify the presses of the transverse FET, longitudinal FEL and
combined FETL actions (Imayev et al., 2016; Burkovsky et al., 2017, Kodzhaspirov and Rudskoi,
2017). On the FET press, there are rectilinear clamping jaws arranged horizontally. Movement
clamping jaws on a certain pseudo trajectory is carried out by four hydraulic cylinders, of which
two are horizontal, and two are vertical. These hydraulic cylinders form four connecting rods of
variable length, pivotally attached to the common frame of the press (Apostolopoulos et al., 2017).
In this case, the FET press table is fixed and installed for easy operation at the floor level (Figure
2).
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Figure 2. FET type pull press

As a result of the relative movements of the two parallel hydraulic cylinders, it becomes possible
to move the clamping jaws both in a straight line and at an angle within the limits determined by
the actions of the connecting rod mechanism. Eight programmable coordinates formed by moving
the rods of the hydraulic cylinders from each side of the press table are simultaneously controlled
by a special software control system with feedback (Izamshah et al., 2011; Musabirov et al., 2016;
Ivanov, 2018). Collapsible presses with (numerical program management) CNC provide realization
of various kinematic schemes of forming by the tightness of a shell of the complex spatial form.
The choice of rational schemes is a key task of the information support system and is carried out
depending on the geometric parameters of the shell, the limiting coefficient of the tightening and
the type of the tightening equipment. To do this, it is necessary to collect information on the
trajectory of the edges of the workpiece, on which the technological capabilities of the hanging
process essentially depend on the degree of unevenness of the strain in the direction of the
tightening (Grechnikov et al., 2015; Petrichenko et al., 2016, Smirnov et al., 2016).

A directional change in the thickness of the workpiece when it is formed into a shell with a
minimum variance is carried out in a sequential manner, due to the optimal choice of the coverage
angle in the first hooking operation: either from the total angle ak, or from the angle a1 to a by step
loading. Changing the angle of coverage by an amount Aal, for example, upwards, causes an
additional deformation of the workpiece stretching along the boundary of its contact with the punch
due to external friction, which from a certain moment can lead to the localization of deformation
in the free section. Then, the shaping of the second curvature in the region of the central section is
possible only from a certain angle of coverage al (Lisovenko et al., 2016; Galaev et al., 2017;
Bulovich, 2017).

Correct selection of the initial angle of coverage ol should ensure complete shaping of the
workpiece in the central section passing through point O without deformation localization in the
part of the blank that is not yet part of the workpiece between the exit from the punch and the press
clamps. After preliminary tightening the flat workpiece from the angle «1 to the full angle of
coverage ok, the largest deformation will be in the region of the central section of the shell with

Gaussian curvature at the point O, the value of which is K -k, .
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The Gaussian curvature will retain its value when the shell surface is bent in a load-free state, while
the radii of curvature R(® and R{”’ during bending of the envelope change. Based on the above

property of the internal geometry of the surfaces, a technological solution has been formed. It is
suggested to unload the shell after the preliminary tightening and, without releasing it from the
clamps, perform the bending of the shell by an angle ap due to the movement of the press clamps
along the calculated trajectory.

As aresult, we obtain the so-called isometric shell surface with respect to the surface of the hanging
punch with radii of curvature at the point O, respectively, and connected by the relation for the
same value of the Gaussian curvature Ko:

1
K, - R

0 1

where, if the angle Rl‘o) is increased by an angle ap, then, on the contrary, decreases to Rl(OV, and
the shell retreats from the punch surface in the region of the central section by an amount f .

)y _
R’ =

During the subsequent tightening of the shell with the isometric shape of the surface by step loading
from the angle ap to ak, as a result of the transformation of the deformation focus due to the change
in the boundary conditions, the edge underformed parts of the preform are stretched and the
conditions for equalizing the thickness of the workpiece in the transverse direction are created.

Thus, the internal parameters of the sequential forming pattern of the skin-tightness are the
kinematic angular values associated with the angle of coverage of the tightening punch and with
the angle of extension of the shell between the operations of the hanging (Rudskoy et al., 20164a;
Rudskoy et al., 2016b; Andreeva et al., 2016). The choice of angular parameter values is realized
due to the understanding of several reasons:

(i)  The localization of the deforming forces in the region of the pole of the tight punch at the
first hooking operation is taken into account due to the presence of flat sections in the area
of the workpiece removal from the punch. In this case, this localization can be considered
as the effect of a "direct descent™ of the workpiece, charged with a rectilinear row of clamp
bodies (Rudskoi et al., 2016; Politova et al., 2019). Therefore, the angle of coverage for
the first reason is chosen equal to 90° with the presence of an undercut of the press
clamping unit.

(if)  The features of the formation of the central portion of the shell at the initial stage of the
first hooking operation are taken into account, on which the localization of the deforming
forces in the vicinity of the pole of the tight punch is preserved. The central section of the
shell is characterized by certain angular parameters with respect to the pole. First of all,
this is the angle that is 18° and the angle equal to 7° (Figure 3). The central feature is that
it defines the geometric shape of the shell of double curvature (Miheev et al., 2011,
Glushchenkov et al., 2012; Andreeva et al., 2016).

(iii) The features of the double curvature shell are taken into account, due to the fact that, when
the surface is bent, it remains unchanged, as does its Gaussian curvature, although the
principal curvatures vary inversely. For example, when the double-curvature shell obtained
at the first skin is bent, the longitudinal curvature decreases and the transverse curvature
increases (Figure 4). As a result, with the tightening punch attached to this shell shape, the
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localization of the deforming forces will be in the central cross section. Calculations
performed using the analytical formulas given in allow us to determine the values of the
expansion angle equal to 12° for a given part. As a result, shaping by the tightness of the
resulting deflection of the positioning pole of the shell relative to the tightening punch will
allow deforming the edge regions in the same way as the pole in the first operation was
deformed.

Figure 4. Transverse deflection in the central part of the shell at the beginning of the extension of the
double-curvature shell (a) obtained at the first skinning and at the end of the extension by 12 ° (b)

Thus, the analysis of the causes made it possible to form three possible kinematic schemes of
successive tightening, which combine the following force forming operations.

For the first kinematic scheme: a tightening of a cylindrical workpiece with an angle of engagement
of the punch 900; bending of the part from 900 to 120 along the contour of the punch edge and
stretching the part at an angle of 120; bending of the part without unloading along the molding
contour of the punch with simultaneous extension of the part (Snegirev et al., 2016; Loktionova et
al., 2016; Tribunskaia and Kozhukhov, 2017; Patsey and Galyshev, 2018).

For the second kinematic scheme: the tightening of a cylindrical blank with an angle of punch 180;

bending of the part from 900 to 120 along the contour of the punch edge and stretching the part at
an angle of 120; bending of the part without unloading along the molding contour of the punch.
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For the third kinematic scheme: the tightening of the cylindrical workpiece with the angle of
engagement of the punch 900; bending of the part from 900 to 120 along the contour of the punch
edge and stretching the part at an angle of 120; free bending of the part along the molding contour
of the punch; Calibration covering of the part with an angle of engagement of the punch 900
(Grechnikov and Khaimovich, 2015; Rakov et al., 2016; Gravit et al., 2018).

For the initial analysis of the results of numerical experiments conducted with the ANSYS / LS-
DYNA program, data were obtained for each of the three kinematic schemes, which correspond to
different values of the friction coefficients (0.05, 0.1, 0.2) when the anisotropic workpiece is
tightened with coefficients transverse deformation and the distribution of effective deformations
along the middle surface of the shell in the following stages: after the first hood at an angle of 90
or 180, after the workpiece has been bent at 120 and stretched, at the end of the molding operation;
distribution of shell thickness at the given key stages.

2. The Numerical Experiment
We give one of the best variants of their three kinematic schemes.

The numerical experiment 1 (Figure 5).
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Figure 5. Distributions of experimental data 1 from the first kinematic scheme in the following stages: after
the first skinning by an angle of 900 (a, d), after the part is bent through the angle 120 and its extension (b,
e), at the end of the molding operation (c, f); a, b, ¢ - distribution of effective deformations along the
middle shell surface; d, e, f is the shell thickness distribution
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Numerical experiment 8 (Figure 6)
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Figure 6. Distributions of experimental data 8 from the second kinematic scheme in the following stages:
after the first skinning by an angle of 180 (a, d), after the workpiece has been bent by 120 and stretched (b,
e), at the end of the molding operation (c, f); a, b, ¢ - distribution of effective deformations along the
middle shell surface; d, e, f is the shell thickness distribution
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Numerical experiment 14 (Figure 7)
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Figure 7. Distributions of the experimental data 14 from the third kinematic scheme in the following stages:
after the first skinning by an angle of 900 (a, d), after the part is bent through the angle 120 and its
stretching (b, e), at the end of the molding operation (c, f); a, b, ¢ - distribution of effective deformations
along the middle shell surface; d, e, f is the shell thickness distribution

3. Results and Conclusions

The analysis of friction coefficient values between the blank and the tightening punch and the
anisotropy indices of the sheet billet and their changes in the technologically justified interval is
performed. The coefficient of friction assumed the following values: 0.05, 0.1, and 0.2. The
anisotropy indices corresponded to the "less" textured p21=0.36, P21=0.39, n:1=0.51, and "more"
textured p»=0.51, u»=0.51, w1=0.39. As a result, a set of numerical experiments was formed
depending on the number of kinematic schemes, friction coefficients and types of materials,
depending on the degree of texture.

18 numerical experiments were performed, which allowed to reveal a more optimal kinematic
scheme of forming by the skin of the double curvature shell, the probability of appearance of shell
defects in the form of dangerous places in terms of deformation degree and possible corrugation on
the surface was predicted.
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The numerical experiments carried out provide complete information on the distribution of the shell
thicknesses in the form of discrete values in one or another element. As a result, it became possible
to perform statistical processing of this information, to reveal the nature of the distribution, the
scope of the predicted values, and comparison with the tolerance for the thickness of the skin used
at aviation enterprises.
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