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In papers [2, 4, 5] the solution relations and the algorithm of the method of block iterations of
solving linear and nonlinear equations by the semivanalytic finite element method for curvilinear
inhomogeneous prismatic bodies are realized. In paper [1], a numerical study of the convergence
of solutions was performed, and a wide range of test problems for bodies with smoothly and
abruptly changing physical and geometric characteristics in elastic and resilient-plastic formulation
was considered. In paper [6], to confirm the reliability of the results obtained on the basis of the
semi-analytical finite element method, the effectiveness of this approach for the calculation of
curvilinear inhomogeneous prismatic objects is shown. Solving control problems of the theory of
elasticity, thermoelasticity and thermoplasticity, as well as problems of shape change makes it
possible to draw conclusions about the reliability of the results of the study of a selected class of
objects based on the developed methodology and implements its application package.

In this work, using the methodology outlined in the above works, the solution of the spatial
problem of plastic deformation of a prismatic body was solved on the basis of the semi-analytical
method of finite elements, and the process of broaching a strip in the process of metal embossing
was analyzed. The purpose of this study is to determine the spatial picture of the stress-strain state
of the strip during drawing and to compare the spatial resolution with the flat one. A comparison
of the parameters of the stress-strain state of the workpiece during the broaching process, obtained
in flat and spatial settings, allows us to conclude that the research must be carried out on the basis
of spatial calculation.

Keywords: finite element method (FEM), semi-analytical finite element method (SAFEM),
stress-strain state, elastic and elastic-plastic deformation, shape change, strip broaching, metal
embossing, flat and spatial production.

Introduction.The broaching operation is used to increase the length of the
workpiece by reducing its cross-section (Fig. 1,2). The contact of the
workpiece and the tool during broaching is not carried out over the entire
surface of the workpiece, but only on its part, i.e. There are quite extensive
external zones that do not interact with the tool.

Broaching is an important operation of processing metals by pressure, this
method is used during the production of many important parts of energy and
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transport engineering. The development of broaching technology requires a
correct assessment of the nature of the stressed-deformed state of the workpiece.
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Fig. 1. The workpiece is in an undeformed state ~ Fig. 2. The workpiece is in a deformed state

Obtaining such information is possible only on the basis of numerical
methods, among which the finite element method has become the most
common. There are known publications [3, 7] in which the broaching process
is considered by FEM in a flat setup.

Analysis of the process of broaching a strip of rectangular
section.Consider a stretch of strip, the dimensions of the cross-section of
which are in theundeformed state 2H;=2B=80 mm, its length 27,=130 mm,
and the length of the working part of the striker 2L= 25 mm. The workpiece
material is D16 alloy. The physical characteristics of the material are taken in
accordance with the strain hardening curve schedule at 7= 450 °C.

To substantiate the adequacy of the initial ratios of the deformation process,
the trajectories of points C and D lying on the surface of the freely deforming
body were constructed (Fig. 3). Their
configuration is close to a straight line,
which indicates the correctness of the
selection of the state levels.

The calculation scheme is shown in
Fig. 4. In the plane of the longitudinal
section, a grid of finite elements is
drawn, uneven in the Z*, direction,
along the Z* axis, expansion into a series
of polynomials was wused. The
movement of the tool was modeled by
0 o1 2 5y the problem of rigid shifts AU" in the

direction Z'.
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Fig. 3.Trajectories of points C and D
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Fig. 4. Settlement scheme

As experiments show [8, 9], with the selected ratios of the geometric
dimensions of the working part of the hammers and the cross-section of the
workpiece, there is no contact sliding during broaching between dry rough
plates. Therefore, boundary conditions corresponding to complete "sticking"
are adopted on the contact surfaces of the workpiece and the tool. When
solving the problem in a flat setting, the absence of displacements U of the
side surface of the body was assumed to simulate the conditions of plane
deformation in the Z° direction.

The plastic deformation process is considered up to the degree of height
compression, which is 18.8%.

To substantiate the reliability of the obtained results, a number of
convergence studies were conducted depending on the number of finite
elements in the plane Z° = 0, the number of retained members, the expansion
along Z°, the size of the step in the displacement parameter, and the accuracy
of solving systems of nonlinear equations.

It was found that to approximate the object, it is sufficient to use a grid with
a total number of nodes in the plane of the longitudinal section, equal to 96,
and to keep the first 5 expansion members along Z° . Thickening the mesh of
finite elements by 1.5 times and increasing the number of retained expansion
members by 2 times leads to a refinement of the result by less than 3 The size
of the step of the forced shift AU' is chosen equal to 1,5 mm and has little
effect on the convergence of the result.Thus, increasing the step by 3 times
resulted in a loss of calculation accuracy by only 1%. The study of the
accuracy of solving systems of nonlinear equations showed that for this
problem, convergence was achieved at &=107. An increase in the Eparameter
by an order of magnitude resulted in a refinement of 1,7%.

One of the variants of the position of the approximating grid in the
deformed state is presented in fig. 5.
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Fig. 5. The approximating grid in a deformed state

To detail the change in body shape during stretching, consider the movement
of the most characteristic parts of the body. In Fig. 6 (a,b), 7 shows the graphs of
the movements of points U° of the lateral surface of the body in the transverse
plane of symmetry, U” in the longitudinal plane of symmetry, and U* along the
line AB in the longitudinal plane of symmetry at different stages of broaching.
Numbers 1 indicate the curves obtained at &,=3,8%, numbers 2 — at §,=11,3%, 3
— at £,=18,8%. The dashed line (Fig. 8) shows the corresponding plot U?, built
based on the results of solving the planar problem.
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Fig. 6. Plots of movements U°’

The main difference between the spatial solution and the planar solution is
that the barrel formation occurs not only in the plane Z* =0, but also along the
entire side surface of the workpiece (Fig. 6 (a),(b)).

Accounting for movements U° leads to a significant quantitative change in
the pattern of movements of body points in the longitudinal plane of symmetry
(Fig. 7). In the area of maximum displacements U” the planar solution gives a
result that is overestimated by almost 60% compared to the spatial solution.
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Plots of deformations along the 4, ; . .
Z" coordinate on the axis of  UZmm) | - flat
symmetry of the workpiece at the F--43 — Space
maximum degree of compression 3 [ <] [
are presented in Fig. 8 (a). The .: 3 i A \
planar solution (dashed line) gives ==

the longitudinal strains &, the axis
of symmetry by 60%
overestimated compared to the
three-dimensional one. The lower
level of €,,, deformations obtained L | 25— ©
in the spatial setting is due to the Z\(tnm)
consideration of shape change
along Z° and, therefore, the
presence of g3;deformations. A similar discrepancy in results is also observed
from the comparison of &5,, graphs constructed along the longitudinal axis of
symmetry of the workpiece (Fig. 8 (b)).
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Fig. 7. Plots of movements U’
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Fig. 8. Plots of deformations

N
N
N\
833 \ % 833\\\
\
8 \\ N\ g\ \
20

In Fig. 9 (a), (b) shows the isolines of the intensity of plastic deformations
in the longitudinal section of the body in the Z*=0 plane, respectively, for the
spatial and planar resolution. It turned out that in this field, the distribution of
plastic deformations, obtained by both calculation options, is quite close.

The stress plots o''c'", constructed along the vertical axis of symmetry of
p

the workpiece (Fig. 10) for the planar and spatial solutions, have qualitatively
the same character. At the boundary of the region of difficult deformation in
both cases, an increase in compressive stresses is observed, and in the near-
contact region, they are somewhat reduced. This is in good agreement with the
results given in [7] taking into account a flat calculation.

Quantitative discrepancies between the values of o"c" obtained in the

three-dimensional and planar setting in the region of the maximum amount to
approximately 60%.
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Fig. 9.Isolines of intensity of plastic deformations
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Fig. 10. Plots of voltage o’'c”

One of the important characteristics of the considered process is the
broaching effort. The graphs of the dependence of the broaching force on the
degree of deformation in height are shown in Fig. 11.
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Fig. 11. Graphsofthefallowofsusillabroachesinthedegreeofdeformationinheight

Their comparison shows that at the maximum degree of deformation, the
planar solution gives a result more than 30% higher in comparison with the
spatial solution.

Conclusion. Thus, the comparison of the parameters of the stress-strain
state of the workpiece during the broaching process, obtained in the flat and
spatial settings, allows us to conclude that the research must be conducted on
the basis of spatial calculation.
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Marxcum 1ok 1O.B., Kyzomineyo M.I1., Mapmuniok 1.FO., Maxcum ok O.B.
JOCJII)KEHHS HAMIPYKEHO-TE®OPMOBAHOI'O CTAHY METAJIEBOi CMYTH
Y IIPOLECI IPOTSIZ)KKH

VYV poGorax [2,4,5] peaii3oBaHO pO3B’SA3yBajibHI CIIIBBIJAHOIICHHS Ta AJrOPUTM METOAY
ONOYHMX iTepaliii pO3B’s3aHHS JIHIHHMX 1 HENIHIHHUX PIBHSAHD HAMiBAaHATHYHHUM METOIOM
CKIHYEHUX CJIEMCHTIB [UIsl KPHBOJIHIHHMX HEOJHOPITHMX NpPH3MATHYHUX TiI. Y poboti [1]
BHKOHAHO YHCENbHE JOCIILKEHHs 301KHOCTI pO3B’sI3aHHs, PO3IISIHYTO IIMPOKE KOJIO TECTOBUX
3a7a4 Uil T 3 IUIABHO 1 CTPHOKONOIOHO MIHJIMBUMH (I3HYHUMH Ta TE€OMETPHUYHHMH
XapaKTepUCTHUKAMH B TNPYXHIH 1 MpyXHO-IUIACTHYHIM moctaHoBii. B [6] mit migTBepmKeHHs
JIOCTOBIPHOCTI OJIEP)KYBAaHUX pE3yJIbTATIB HAa OCHOBI HAaNiBaHAJITHYHOIO METOAY CKiHUEHHX
CNIEMEHTIB, IO0Ka3aHO e(EKTUBHICTH 3aCTOCYBaHHS [JaHOrO MIAXOLY JJIs  PO3PAaXyHKY
KPHBOJIHIHHUX HEOMHOPIAHHUX MPU3MATHYHHX 00’€KTiB. PO3B’SI3aHHS KOHTPOJIBHUX 3a7ad TEOpil
IPYXKHOCTI, TEPMONPYXKHOCTI Ta TEPMOIUIACTUYHOCTI, a TaKOX 3axad (OPMO3MIHEHHsS [a€
MOXJIUBICTh 3pOOHTH BUCHOBOK ITPO JOCTOBIPHICTH PE3yJbTATIB AOCIIKEHHS BUIICHOTO KIIACy
00’exTiB Ha 6a3i po3po0JICHOT METOANKH Ta peali3ye 1l MakeT MPUKJIAIHUX IPOrpam.

VY naiii poboTi, BAKOPHCTOBYIOYH METOAMKY, BUKIAJCHY B HaBEACHHUX BHIIE poOOTax, 0yio
BHKOHAHO Ha OCHOBI HAIiBaHATITHYHOTO METOLY CKIHUCHHX CJIEMEHTIB PO3B’SI3aHHS IPOCTOPOBOL
3aja4i MJIACTHYHOro (POPMO3MIHEHHS IPHU3MATHYHOrO TUIA 1 MNPOBEICHO aHali3 Mpolecy
HPOTATYBaHHS CMYTH B IPOLECi 00pOOKH MeTaly THCHEHHSAM. MeTa 1boro JOCIIIKEHHS IoJsrae
y BH3HAYEHHI MHPOCTOPOBOI KApTHHH HAIpPyXKEHO-Ie(hOPMOBAHOIO CTaHy CMYTH Y HpoLeci
IPOTSDKKM Ta 3iCTaBJICHHI MPOCTOPOBOTO PO3B’SI3aHHS 3 IUIOCKHM. 3iCTAaBICHHS IapaMerpiB
HaInpyXeHO-1e(pOPMOBAHOIO CTaHY 3aroTiBKH B IIPOLECI MPOTSDKKH, OTPUMAHHUX y IJIOCKiM Ta
HPOCTOPOBIil MOCTAHOBKAX, JO3BOJISIE 3pOOUTH BUCHOBOK, L0 AOCIIDKEHHSI HEOOXIIHO MPOBOUTH
Ha 0a3i IPOCTOPOBOTO PO3PAXyHKY.

Kiawo4oBi cioBa: MeToJ CKIHYCHHHX €JIEMEHTIB, HaIliBaHAJIITHYHUM METOJ CKiHYCHHHX
CIIEMEHTIB, HaNpyXeHO-1epOpPMOBAHUH CTaH, HPYKHE Ta MNPYXKHO-IUIACTHYHE Oe(pOpMyBaHHS,
(hopMO3MiHEHHS, MPOTSHKKA I10JIOCH, OOpoOKa MeTajdy THCHECHHsM, IUIOCKAa Ta IPOCTOPOBA
IIOCTaHOBKA.
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Maksimyuk Yu.V, Kuzminets M.P., Martyniuk I.Yu., Maksimyuk O.V.
RESEARCH OF THE STRESSED AND DEFORMED STATE OF A METAL STRIP IN
THE BROACHING PROCESS

In papers [2,4,5] the solution relations and the algorithm of the method of block iterations of
solving linear and nonlinear equations by the semivanalytic finite element method for curvilinear
inhomogeneous prismatic bodies are realized. In paper [1], a numerical study of the convergence
of solutions was performed, and a wide range of test problems for bodies with smoothly and
abruptly changing physical and geometric characteristics in elastic and resilient-plastic formulation
was considered. In paper [6], to confirm the reliability of the results obtained on the basis of the
semi-analytical finite element method, the effectiveness of this approach for the calculation of
curvilinear inhomogeneous prismatic objects is shown. Solving control problems of the theory of
elasticity, thermoelasticity and thermoplasticity, as well as problems of shape change makes it
possible to draw conclusions about the reliability of the results of the study of a selected class of
objects based on the developed methodology and implements its application package.

In this work, using the methodology outlined in the above works, the solution of the spatial
problem of plastic deformation of a prismatic body was solved on the basis of the semi-analytical
method of finite elements, and the process of broaching a strip in the process of metal embossing
was analyzed. The purpose of this study is to determine the spatial picture of the stress-strain state
of the strip during drawing and to compare the spatial resolution with the flat one. A comparison
of the parameters of the stress-strain state of the workpiece during the broaching process, obtained
in flat and spatial settings, allows us to conclude that the research must be carried out on the basis
of spatial calculation.

Keywords: finite element method, semi-analytical finite element method, stress-strain state,
elastic and elastic-plastic deformation, shape change, strip broaching, metal embossing, flat and
spatial production.

YK 539.375

Maxcum’iok FO.B., Kysemineyv M.II., Mapmuniox LIO., Makcum’iox O.B. JlociixkeHHst
HaNpyKeHo-1e()OPMOBAHOI0 CTAHY METAJIEBOICMYIH y npoueci npoTsekkn // Onip Marepianis
i Teopis cropya: Hayk.-Tex. 30ipH. — Kuis: KHYBA, 2022. — Bumn. 109. — C. 229-238.

B oaniiipobomi, suxopucmosyiouu memoouxy, sukiaoeny ¢ pooomax [1,2,4-6] 6yio euxonano Ha
OCHOGI HANIBAHANIMUYHO2O MemOOY CKIHYEHUX eNeMeHmié po36 s3aHHs Npocmoposoi 3adaui
RAACMUYHO20 (POPMOIMIHEHHS! NPUIMAMUYHO20 MINA | NPOBEOEHO AHANI3 NPOYECY NPOMALYEAHHS
cmyeu 8 npoyec 06pobKu memany muchennam. Mema yb02000 criddicenns nouscac y 6UsHaA4eHti
nPOCmMopo6ol KapmuHu HAnpydlCceHo-0ehopmMo8ano20 Cmamy cmysu y npoyeci npomsiicku ma
3icmasnenni nPOCMOPOBO2O PO36 A3aHHA 3 NIOCKUM. 3iCMasneHHs Napamempie HaAnpyiceHo-
Odepopmosarozo cmamny 3a20MmieKu 6 NPoOYeci NPOMANCKU, OMPUMAHUX Y NAOCKIU Ma NPOCmopositl
NOCMAHOBKAX, 00380JI5€ 3p0OUMU BUCHOBOK, WO OOCHIONCEHHS HeOOXIOHO nposodumu Ha 6a3i
nPOCMOPO6O20 PO3PAXYHKY.

Tab6u. 0. . 11. Bi6umiorp. 9 Ha3s.
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Maksimyuk Yu.V, Kuzminets M.P., Martyniuk 1.Yu., Maksimyuk O.V. Research of the stressed
and deformed state of metal stripin the broaching process // Strength of Materials and Theory
of Structures: Scientific-&-Technical collected articles. — Kyiv: KNUBA, 2022. — Issue 109. — C.
229-238.

In this work, using the methodology outlined in works [1,2,4-6], the solution of the spatial problem
of plastic deformation of a prismatic body was solved on the basis of the semi-analytical method of
finite elements, and the analysis of the strip broaching process in the process of metal embossing
was carried out. The purpose of this study is to determine the spatial picture of the stress-strain
state of the strip during drawing and to compare the spatial resolution with the flat one. A
comparison of the parameters of the stress-strain state of the workpiece during the broaching
process, obtained in flat and spatial settings, allows us to conclude that the research must be
carried out on the basis of spatial calculation.

Table 0. Fig 11. Ref. 9.
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