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COMPARATIVE ANALYSIS OF THE SHAPE CHANGE WHEN A PRODUCT IS PRODUCED BY
FREE-FORM BENDING

The paper presents a comparative analysis of the shape change of a rod when it is deformed in a moving die using the Abaqus and Qform
software packages. The approaches to determining the shape of a profile formed by a moving die are analyzed. Methods for analyzing the shape
change when a product is obtained by free-form bending, based on predicting the volumetric unevenness of metal deformation in the processes of
pressure treatment and determining the product curvature, are considered. For the process of modeling the bending of a product in a moving die, a rod
was selected, as well as an algorithm for moving the moving die and feeding the rod. As a result of the simulation, it was found that the resulting
product models in these software systems are identical in geometry. Based on the methods of analyzing the shape change when a product is obtained
by free-form bending, we analyzed the uneven distribution of deformation parameters and determined the curvature of the workpiece during
deformation. It was found that a significant deformation irregularity is observed in the workpiece, which is caused by the chosen scheme of
deformation. Proposed approaches for further research.
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YyXIB B. JI., VOLK W., LECHNER P., SCANDOLA L., TYBCbKHIA C. O., BIFA M. B., SCHUKRAFT J.
MOPIBHAJIbHAN AHAJII3 ®OPMO3MIHU ITPA OTPUMAHHI BUPOBY BLJIbHAM 3T MHAHHSM

V crarTi npoBeIeHO NOPIBHUIBHUM aHAII3 (OPMO3MIHM IPYTKa NpH AehopMyBaHHI HOro B pyxoMiil MaTpHLi i3 3aCTOCYBaHHSIM IPOrPaMHHUX
xomiuiekciB Abaqus ta Qform. IlpoBeneHo anami3 migxoAiB 10 BU3HAYeHHs (HopMH MPOdLTIO, M0 YTBOPIOETHCS 3a AOMOMOIOI0 PyXOMOi MATPHIL.
Po3risiHyTO MeToM aHanizy popMO3MiHU IPH OTPHMaHHI BUPOOY BITBHUM 3rHHAHHSIM, 110 0a3yIOTHCS HA MPOrHO3YBaHHI 00’ €MHOI HEPiBHOMIpHOCTI
nedopmanii Merany B mporecax 0OpOoOKH THCKOM Ta BH3HAYEHHs BHKPHUBICHHs BHpOOy. [l HpoLecy MOJETIOBAaHHS THYTTS BUPOOY B pyXomiit
Matpuii OyB 0OpaHuii IPYTOK, AIFOPHTM PyXy PyXOMOI MaTpHIli Ta moadvi IpyTka. B pe3ynbrati MoenoBaHHsI BCTAHOBIICHO, IO OTPHMAaHi Moesi
BUpOOY B JaHHX MPOTrPaMHHX KOMIUIEKCAX OJHAKOBI 3a CBOEIO reoMmetpicio. basyrounch Ha MeTomax aHajiidy (OpMO3MIHU MPU OTPHMAHHI BHPOOY
BIUIBHUM 3THHAHHAM OyB IIPOBEJCHHIl aHAJI3 HEPIBHOMIPHOCTI PO3MOIiIY HapaMeTpiB Je)OpMyBaHHS Ta BU3HAUCHHS BHKDHBICHHS 3arOTOBKH B
npoueci nedopmarii. BeranoBieHo, mo B 3aroToBIi CIOCTEPIracThesl 3HAYHA HEPIBHOMIPHICTH Aedopmarii, ska 3yMOBICHa OOPaHOI CXEMOIO
hopMo3MiHK. 3ampoNOHOBaHI MiAXOIH A0 MOJATBIIHNX JOCIIIKEHb.

KJ1104o0Bi c/10Ba: BiJIbHE THYTTS, 00pOOKa MeTasliB THCKOM, MeTo] KiHleBux enemeHTiB (MKE), monentoBanHs, nedopmartis.

1. Introduction. Various approaches to the manufacture of parts and products by bending are being actively
developed. The typical technological process of manufacturing a profile with gradual edge deformation in stands has
been further developed in the production of bent profiles with variable cross-section in width and height [1], while the
possibility of using it to manufacture high-strength steel profiles is being considered [2]. The process of pipe bending in
pipe bending devices [3] has been developed in the use of a movable die, which allows the manufacture of products of
various 3D geometries [4].

Manufacturing elements by bending rods and tubes using a moving die is a modern technology in metal forming.
This approach makes it possible to produce parts of complex 3D geometry without replacing bending tools. Products
made using this method are in demand in the automotive, energy, chemical, aerospace, and other industries [5].

The manufacture of the required elements by bending rods and pipes using a moving die is based on the
kinematically controlled process of continuously feeding a pipe or rod into a moving die that performs rotational and/or
translational movements [6].

Paper [7] developed a finite-element analysis model for simulating the technology of bending in a moving die, and
presented a theoretical model for determining the control data of a bending die. The modeling results were compared
with the experimental results. Similar studies were conducted in [8]. In [9, 10], a simulation approach with the
construction of finite element models was proposed, which correlates well with practical results.

Controlling the geometry of a part bent in a moving die (rod, conventional and profile pipe) is a difficult task.
Because the geometric error that has arisen in the deformed element (due to, for example, normalized differences in
mechanical property tolerances [11]) cannot be corrected, since this element has already been formed. It is only possible
to influence the next element of the part that has not yet been deformed. It is necessary to make this correction to the
movement of the moving die as soon as possible to prevent rejection of the product.

In [12], an approach is proposed to control a microcontroller of a bending machine with a moving matrix based on
commands coming from a neural network. This neural network is trained with a surrogate model based on simulation
data that allows for backward optimization of the global geometry of the part.

2. Methods for analyzing the shape change when a product is produced by free-form bending. Based on the
theoretical determination of the zone of maximum deformation irregularity in the cross-section of the resulting product
and the associated longitudinal curvature, a method for predicting the volumetric irregularity of metal deformation in
pressure treatment processes is used, which makes it possible to evaluate and determine rational deformation modes to
obtain the required properties of products [13, 14]. To predict the volumetric unevenness of metal deformation in
pressure treatment processes and, accordingly, to predict the uneven distribution of mechanical properties, a method is
used according to which a point with a maximum strain value is found in each section subjected to analysis for
unevenness of deformation. Then a line is drawn through the center of the section relative to it. In total, four lines are
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drawn across the section (including the line with the point with the maximum strain value), which are located at an
angle of 45° to each other. Next, several control points (at least 6) are applied to each line symmetrically to the point
with the maximum value and symmetrically to the center of the section.

To assess the uniformity of the strain distribution, which is the smallest deviation of the strain values among
themselves in the section, the index of the unevenness of the deformation of the K, is calculated on the basis of the
above method using the formula (1):

K, = i @

£

max

where g, - is the strain value at the control point (for example, logarithmic deformation), mm;
max - MAXimum strain in cross-section, mm.

The K, index can take a value of no more than one, since it is the ratio of the strain values at the control points of
the section to the maximum strain value in the section. It is necessary to take into account the fact that when the value
of the index of strain irregularity of the K, takes its maximum value throughout the section, which is equal to 1, this
corresponds to a uniform strain (in this case, different points of the body that have the same strain value are related to
each other - that is, we have a uniform strain). The smaller the value of the strain irregularity index of the K, is from
unity, the greater the strain irregularity. When some part of the metal is not subject to deformation, but falls into the
section under consideration, the Ky takes its minimum value — K;, =0.

To study the influence of the forming parameters on the workpiece curvature, the method of determining the
product curvature is used. This method is based on comparing the absolute values of the center deviation in the control
sections of the product from the center of the "main" section of the product located in the middle of the width of the
deforming tool.

The coefficient that shows the degree of curvature of an element in terms of horizontal and vertical components is
called the "curvature coefficient”" (Keur). It can take values from -1 to +1, as it is the ratio of the deviation in the current
section to the maximum deviation from the product's central axis. The positive or negative sign of the indicator is
determined by the displacement of the center of the control section along the axis to a positive or negative area relative
to the "main" section.

The coefficient Keurv is calculated by the formula (2):

£

K _ hcurv.i (2)
cury h
currmax
where h_,...; - is the current value of the curvature in the section considered along the axis, mm;
R curemax - Maximum axial curvature of the product, mm.

3.Modeling. A 3D model of the mill with a moving die was recreated. The material of the bar is aluminum alloy AA 6603,
the diameter of the bar is 42.4 mm.

The case is considered when the workpiece is fed, and the moving die performs vertical movements and rotations. The bar
deformation is modeled according to a certain algorithm of the movable die movement and the bar feed rate.

The forming of the bar by means of a moving die was modeled in the Abaqus and Qform software packages.

To simulate the process of bending a rod using a moving die in Qform, the type of operation "Deformation”, the
type of task "3D", and the option "Unloading after operation" were selected to take into account springing. The bar
blank is defined by parametric geometry, and the finite element mesh is of hexahedral type. The lubrication is mineral
oil.

4. Modeling simulation results. As a result of modeling the deformation of a rod with a
diameter of 42.4 mm (material - aluminum alloy AA 6603) in the Abaqus and Qform software systems,
models with the same shape were obtained - Fig. 1

70



ISSN 2079-004X (Print), ISSN 2786-7587(Online)., Ne2(10),,2024

5. Analysis of deformation during free-form bending of the product. To analyze the
volumetric unevenness of the distribution of deformation parameters, the final model of the product obtained
after modeling the deformation of the bar using a moving matrix was divided into seven sections that are
equidistant from each other - Fig. 2. Section I-1 is located at the point of contact of the moving die with the
workpiece, i.e., at the end of deformation. Section VII-VII at the beginning of deformation

VII

Fig. 2 - The final model of the product obtained after modeling the shape change of the rod using a moving matrix and divided into
seven sections

Each section was analyzed, and the point with the maximum strain value (point 1ma) was determined. Then,
relative to this point, four lines were drawn through the center of the section at an angle of 45° to each other (A, B, C,
D). Each line was then divided into 7 control points, which were placed symmetrically to the point with the maximum
value and symmetrically to the center of the section. For example, the distribution of plastic (logarithmic) strain along
section I1-11 is shown in Fig. 3 (the coloring corresponds to the values of the plastic strain).
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Fig. 3 - Distribution of plastic (logarithmic) strain along section I1-11

Next, we plotted the distribution of the coefficient of unevenness of the deformation of the K;, along the lines A, B,
C, D for each section (e.g., section II-1I - Fig. 4).
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Fig. 4 - Distribution of the coefficient of unevenness of the K}, deformation along the lines A, B, C, D of section I1-11

As a result of analyzing the uneven distribution of the workpiece deformation parameters in the moving die, it was
found that there is a significant deformation unevenness, as shown by the distribution of the deformation unevenness
coefficient in Fig. 4. It should be noted that the minimum strain is concentrated in the entire central zone of the
workpiece, and the maximum strain is only on the bending side of the workpiece surface. At the same time, the value of
the unevenness coefficient K, along one of the cross-sectional lines (line A, Fig. 4) has a very significant difference in
strain - from its maximum value on the surface K,=1 to its minimum value K,=0 in the center of the workpiece. This
significant difference in strain distribution is due to the deformation pattern. Such a distribution of strain irregularity
must be taken into account when deforming various materials, especially those that are most sensitive to significant
strain irregularity and, as a result, to workpiece fracture. This can be corrected by selecting a rational deformation
scheme for a particular material and the shape of the resulting product.

The curvature of the workpiece along its length was also displayed based on the Keury coefficient (Fig. 5). Section
VII-VII was chosen as the maximum curvature. The curvature in other sections was calculated relative to section VII-
VII.
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Fig. 5 - Workpiece curvature along the length
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The analysis of the billet curvature during the deformation of the billet in the moving die showed that the billet
remains in the same plane relative to the vertical axis during its deformation and there is no billet curvature in this
direction, which corresponds to the required shape of the resulting product. In addition, the method used to analyze the
billet curvature allows you to track and control the curvature of the billet in different directions relative to each of the
selected axes and, if necessary, adjust the deformation mode.

Conclusions. In this work, a comparative analysis of the shape change of a rod when it is deformed in a moving
matrix was carried out using the Abaqus and Qform software packages. It was found that the resulting product models
in these software systems are identical in geometry.

We also analyzed the uneven distribution of deformation parameters and determined the curvature of the
workpiece during deformation.

In the future, it is planned to analyze the uneven distribution of deformation parameters and determine the
curvature of the pipe during deformation in a moving die. A wireless monitoring system can be used to control changes
in the stress-strain state [15].
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