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Calculation of multi-blade rotary-friction tool shaft for strength

Abstract. The leading place in the technology of modern mechanical engineering production is
occupied by cutting processes. In many branches of mechanical engineering, especially in mass
production, their labor and production costs reach 40-60% of the total costs of metalworking.
Nowadays, no more or less complex machine can be made without the use of cutting tools.
Thus, we can rightfully assert that cutting machining has retained its predominant influence
on the development of mechanical engineering technology and its importance will be steadily
increasing in the future, largely based on the use of fundamentally new machining methods. And
the latter can be rightly attributed to the so-called rotary cutting. The authors have developed
a design of a special multi-blade rotary-friction tool for machining cylindrical surfaces of
parts made of hard-to-machine materials. This paper presents the results of the calculation
of the most loaded node of the multi-blade rotary-friction tool of the part “shaft”. Calculation
of the bending strength of the shaft has been performed. The results of the calculation have
been checked through the program Apm Winmachine which has confirmed their correctness.
This research is funded by the Ministry of Science and Higher Education of the Republic of
Kazakhstan (Grant No. AP14972884).
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Introduction

Rotary cutting of materials belongs to progressive machining methods. It is based on
replacing the traditional sliding friction between the working surfaces of the cutting element
and the machined material by rolling friction. This is achieved by equipping the rotary tool with
a rotating cup with a circular cutting edge that allows continuous additional rotation around
its axis. It can be forced by a special drive or by frictional forces from the descending chips and
in contact between the tool and the workpiece [1]. When designing a cutting tool design, the
designer relies on his experience to create a new design or modify a known design and then
performs verification calculations for strength. This leads to multiple repetitions of calculations
and requires significant costs in selecting the best option. Development of methods for the
optimal design of the disk, taking into account working conditions and strength requirements,
implemented in the form of an automatic design system on the computer, is more effective.
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The calculation of the spatial stress state became possible due to the development of the
finite element method (FEM), which allows the implementation of well-developed procedures
for solving the elastic-plastic problem, and the introduction of CAE systems of sufficiently high
efficiency. When calculating the design of cutting tools, it is also necessary to take into account
the effects of the environment. For this purpose, refined calculation methods implemented on a
computer have been developed [2]. The authors developed the design of a special multi-blade
rotary-friction tool. Figure 1 shows a prototype of a special multi-blade rotary-friction tool.

Bowl cutters are mounted on the rotating shaft of a multi-blade rotary-friction tool, which
is most often the tool spindle.

The multi-blade rotary-friction tool consists of a bearing unit 4 and a shaft 3, which rotates
freely using bearings. Heating 1 and cutting cup cutters 2 are mounted on the shaft. The tool is
fastened to the tool holder of the lathe using tool holder 5. A heating cup cutter 1 is made from
medium-carbon structural steel of any grade, and a cutting cup cutter 2 is made from R6Mb5
(rapid) steel. The purpose of the heating cup cutter is to soften the machined surface and thus
create a favorable cutting condition during the machining of the cutting cup cutter.

a - top view; b, c - side view; 1 - heating cup cutter; 2 - cutting cup cutter; 3 - shaft; 4 - bearing
unit; 5 - holder; 6 - holder holes to adjust the angle of the cup cutters
Figure 1. Multi-blade rotary friction tool

The final formation of the machined surface and its quality is provided by the cutting cup
cutter.
Figure 2 shows photos of parts of a multi-blade rotary-friction tool.
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1 - holder; 2 - bolt; 3 - washer; 4 - shaft; 5,8 - bearings; 6 - bushing between cup cutters; 7 -
key; 9 - bushing between bearings; 10 - bearing housing; 11 - nut
Figure 2. Parts of a multi-blade rotary friction tool

Experimental studies on testing a prototype of a multi-blade rotary-friction tool have shown
that the part “shaft” is the most loaded in the process of tool operation.

In this regard, research aimed at ensuring the rigidity and strength of the tool design, in
particular the shaft part, is an urgent task.

In work [3] strength and rigidity of cup cutters of multi-blade rotary-friction tools in the
process of machining with the use of the Ansys WB software package was investigated. The
strength and stiffness of cup cutters were investigated under different values of cutting force
and temperature. It was found that the cup cutters have sufficient strength and stiffness. Works
performed in this scientific field were also investigated.

In [4] a new design of a multi-blade rotary tool was investigated. The design of the tool
contributed to the creation of a new milling system that eliminates vibration during machining.
This method of milling allows the machining of plastic materials that become stronger when
deformed. It is also possible to process heat-resistant and complex alloys, titanium, and its alloys.

In [5] the simulation of the process of thermal friction disk operation during cutting metal
workpieces was performed. Modeling of the cutting disk operation is performed in two variants
(as arod system —in the form of a non-jointed circular arch and as a two-dimensional system —in
the form of a thin circular isotropic plate with holes) and the results (in the form of stresses and
displacements) are quite close to each other, which indicates the reliability of the initial theoretical
assumptions. Calculations have been made by two methods: by the analytical method of forces
- for a non-jointed arch (manual calculation); by the numerical method of finite elements — for a
plate in the form of a “semicircle” (machine calculation - based on the Lira 9.6 software package).

In the paper [6] a scientific-theoretical study of the stability condition of the circular saw
blade for thermal friction cutting by calculation method in the form of a circular non-jointed
arch is carried out. A calculation method for determining the state of circular saw blade stability
is proposed, which is based on the application of a rod model in the form of a circular non-
jointed arch for half of the circular saw blade, penetrating the body of the material to be cut. The
computational scheme of the non-jointed circular arch, the bending moment diagram, and the
diagram of transverse and longitudinal forces are given. The form of stability loss of the non-
jointed arch is also determined.
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In works [7] processes of rotary cutting machining which provide updating also contact
surfaces of the tool are investigated. These studies determined the conditions under which
sliding friction is partially replaced by rolling friction, which provides increased tool life [8].

Rotary cutting is also accompanied by an increase in the length of the cutting blade, parts
of which periodically participates, in the removal of the allowance from the workpiece and are
cooled outside the cutting zone, which also contributes to the durability of the rotary tool [9].

The paper [10] analyzes the mechanics of rotary milling and presents the results of
experimental studies of the effect of friction forces on the cutting process of carbon materials.
The hypothesis of the mechanism of reducing rotary tool wear and increasing its durability is
proposed.

In [11], the results of parametric optimization of the stress components of a rotating friction
tool using virtual experiments in ANSYS WB are presented. The calculation is performed by
the finite element (FE) method. The most widely used Johnson-Cook model has been chosen as
the criterion for fracture of the elements of the FE mesh. The validity of the model confirms the
sensitivity of cutting force and temperature to changes in cutting speed by modern concepts:
with increasing cutting speed, the cutting force decreases, and the temperature increases. It is
experimentally established that the quality and accuracy of machining are directly influenced by
the right choice of parameters and dimensions of the tool.

Materials and methods

The freely rotating shaft is the main component of a special multi-blade rotary-friction tool,
so the strength of the shaft determines the reliability of the tool.

To calculate the bending strength of a shaft, it is necessary to establish the acting cutting
forces. The constituent forces P, P, P, characterize the loads that exist during the operation
of the rotary cutter, they are convenient for calculating the strength and stiffness of the cutter
assemblies and the bearing capacity of the bearings installed in them [12].

The main component P, of the cutting force is directed tangentially to the machined surface,
the pushing-down component P acts in the radial direction, and the lateral component P_runs
parallel to the axis of the workpiece (Figure 3).

Figure 3. Location of the cup pick concerning the workpiece

The variation of the component forces depending on the setting angles of the cutter cup is
defined as follows (1):
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|( P;C = Pycos@ + P,sing,

4 P'y = Pycosgcosw — P,sinpcosw + P,sinw, (1)

’

P, = P,singsinw — Pycospsinw + P,cosw.

where P, P, P - components of cutting force in the point of contact of the part with a rotary cup
cutter, N; ¢ - the angle of the cutter axis rotation in the horizontal plane, deg; w - the angle of the
cutter axis installation in the vertical plane, deg.

The cutting forces are influenced by many factors, such as the cutting tool setting angle, feed,
and lubrication of the machined surfaces. According to studies [12], the cutting forces depending
on the feed changes as follows (Figure 4).
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Figure 4. Dependence of force components on feed

These three components of the cutting force are mutually perpendicular. In this regard, the
direction of the resultant force P (2) is defined as the diagonal of the parallelepiped [12],

To calculate the bending of the shaft, the support reactions, and the maximum stress are
determined and compared with the allowable bending stress of the given material. Figure 5
shows diagrams of forces and support reactions.

12 Ne3/2023  /.H. lymunes amvindazor EYY xadapuivicot. TeXHUKANIK ZOALIMOAP KIHE MeXHOAOZUS CepUsChl
ISSN: 2616-7263, eISSN: 2663-1261



Calculation of multi-blade rotary-friction tool shaft for strength

/ N s W S
{;=54mm ly=46mm

(> =64mm

Figure 5. Diagrams of forces and support reactions

The reference reactions are calculated from the equilibrium level as the sum of the moments
of all the forces at point B (3) and from the equilibrium level as the sum of the projections of all
the forces on the vertical axis (4):

Zi i=—B(+,)-P(+)+ R, =0; 3)

YY=-P - P+R +R =0; 4)

where P, P, - the forces acting on the cup cutters, R, R, - the reaction of the supports, 1,1, 1, - the
distances.

If we impose a force P =P ,=3100N, then the support reactions get R_A=14152,2N,R=-7952,2N,
and the maximum moment is equal to -365,8 H-m. The maximum bending stress (4) on the shaft
with a diameter of 25 mm is 239 MPa, and the maximum allowable bending stress for steel 45 is
240 MPa. The maximum bending stress of the shaft does not exceed the allowable stress.

Based on the results, we build the bending moment diagrams (Figure 6).

M
O =2 <[o}
w ()

where [0] - maximum allowable bending stress for steel 45, M__ - the maximum moment, W
- axial moment of resistance (for a section with a diameter of 25 mm will be 1,5¢10-6m3).
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Figure 6. Moment and force epures

Check the calculations with the program Apm Winmachine. Sketch of the shaft and specify
the supports and forces (Figure 7).

Figure 7. Sketch of a shaft in the Apm Winmachine program

After entering the data, the program plots the bending moment diagram (Figure 8).
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Figure 8. Bending moment diagram obtained in Apm Winmachine
Figure 9 shows a graph of the fatigue safety factor.
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Figure 9. Fatigue safety factor diagram
Results and discussion

It was found that the direction and magnitude of the cutting force acting on the cutter
during rotary machining differ significantly from the values obtained during conventional cutter
operation, due to fundamental differences in tool kinematics and their installation relative to the
machined surface (see Fig. 2).
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From the diagram (see Fig. 8) it can be seen that the maximum moment is equal to — 365.8
N-m and proves the correctness of the previously conducted calculation of the shaft for strength.

From the graph (see Fig. 9) we can see that the value of the safety factor for fatigue strength
is greater than zero. The obtained results confirm the correctness of the chosen parameters of the
part “shaft” and at the same time its strength and stiffness, as well as the carrying capacity are
ensured.

Conclusion

It has been revealed that the most loaded node of the multi-blade rotary-friction tool is a part
“shaft.” Calculation of the bending strength of the shaft was performed. Calculation results were
checked with the Apm Winmachine program, which confirmed their correctness.
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Poranmsiabik-QpUKIMABIK Kypaa O0iairiHig niay kesiHgeri OepikTiriH ecerrey

A.A. Carnros", K.T. lllepos?, T.I'. Hacaa?, I'.b. A6ayraanesa’®, A.E. OknmbGaesa®
IC.Cetipyarun amvirdazol Kazax azpomexnuxarvix sepmmey ynusepcumemi, Acmana, Kasaxcman
210.A. Tazapun amuvindazor Capamos memaekemmix mexHukarvix ynusepcumemi, Capamos, Peceil

9. Caeviros amwuindazvl Kapazandv mexnuxarvix ynusepcumemi, Kapazandvl, Kasaxcman

Angparna. Kasipri samanrel MalliiHa >Kacay TeXHOAOTMUSICHIHAA KeCy ITpOoliecTepi KeTeKIli OpbIH adaAbl.
MamnHa >KacayAblH KeNTereH cadadaphblHAa, acipece KaIlnall eHAipicTe 0AapAblH eHOeK IIBIFbIHAAPBI
MeH ©HAipiCTiK IBIFRIHAAPEL KaAIIBl MeTall eHAey IIbIFbHAApPEIHEIH 40-60% Kypaiiasl. Kasipri yaksrra
KeCKIIll Kypaajapasl KoA4aHOall KeIl HeMece a3 KypAedi MalIMHaHBI >Kacay MyMKiH emec. Ocplaaiimia,
0i3 Kecy apKbILAbI ©HAEY MalllliHa Kacay TeXHOAOITVLICBIHBIH 4aMybIHa ©3iHiH OachIM ocepiH caKTall KaAAbl
’KoHe 0o0.JalllakTa OHBIH MoHi IPOTrPeccMBTi KaHa ©HAeY 94iCTepiH KO4JdaHy apKbLAbl TYPaKThl Typae
apTaAbl A€l TOABIK KYKBIKIIeH aifTa adambl3. COHFBICBIHA POTALIMAABIK KeCy 94iciH >KaTKbI3yra 004aAbl.
ABTOpaap eHaeyre KUBIH MaTepualjapAaH >KacaaraH OeAllleKTepAiH HMAMHAPAIK OeTTepiH eHaeyTe
apHaJAFaH apHalibl KONl XY3Al pOTauMAANK-PPUKIMAABK KYPaABIHBH KypadaMbBH o3ipaeai. bya
Makadaja poTalusAbIK-QPUKIIUAABIK KYPaAbIHBIH eH KOl JKYKTeATeH TyifiHi «0iaik» Gealreriniyg ecentey
HOTIDKeAepi KeATipiareH.

Miay ymin Oiaikrtiy Oepikririn ecenrey opniHaaaagwl. Ecenrey naTiokeaepi Apm WinMachine
DargapaaMachIHBIH KOMeTiMeH Tekcepiaai, 0y oaapAblH Ay PBICTRIFBIH pacTadbl. Bya seprreyai Kazakcran
Pecriy6amKachHbIH FLABIM SKoHe KOFaphl 6i4iM MMHUCTpPAIT] Kap>KblaaHAbIpaasl (rpaHT Ne AP14972884).

Tyiia ce3aep: porauusAbIK-QPUKLVABIK, Kypad, AMCKial Keckimn, OepikTiK, KaTTBIABIK, uiay
MOMEHTI, Kecy KyIIIi.

PacyeT npO4YHOCTM Basa pOTalMMIOHHO-(PPUKIIMOHHOIO MHCTPYMeHTa Ha u3ruo

A.A. Caruros", K.T. lllepos!, T.I'. Hacaa?, I'.b. AGayraanesa’®, A.E. OkumbGaesa®
'Kasaxcxuii azpomextuveckuii uccaedosamervckuii ynusepcumem umenu C.Cetipyaruna,
Acmana, Kasaxcman
2Capamosckuii zocydapcmeerutii mexuudeckuti yHusepcumem umenu Iazapuna FO.A., Capamos, Poccus
SKapazanounckuii mexnuveckul ynusepcumem umeru A. Cazunosa, Kapazanoa, Kasaxcman

Annoranus. Begyiiee MecTo B TeXHOAOTUM COBPEMEHHOTO MaIIMHOCTPOUTEABHOIO IIPOU3BOACTBA
3aHMMAIOT IIPOLeCCH pe3aHus. Bo MHOrmX oTpacasx MaIIMHOCTPOEHNs, OCODEHHO B MacCOBOM
IIPOM3BOACTBE, VX TPYA03aTpPaThl U ITPOM3BOACTBEHHEIE 3aTpaThl AocTnraioT 40-60% OT obIMX 3aTpaT Ha
MeTaa4000paboTKy. B HacTosIee BpeMs: HM 04HO Doaee 1AM MeHee CAOXKHOe U3JeAre He MOXKeT OBITh
U3TOTOBAEHO 0e3 MCII0Ab30BaHUA PEeXYIIUX MHCTPYMeHTOB. TakuMm oOpa3oM, MBI MOXKEM C ITOAHBIM
IIpaBOM yTBep>KAaTh, YTO 0OpabOTKa pesaHMeM COXpaHUAa CBOe Ipeolaajaloliee BAMSIHNIE Ha Pa3BUTHe
TeXHOAOTMM MaIIMHOCTpOeHus, U B OyaylieM ee 3HaueHue Oy4eT HEyKJAOHHO BO3pacTaTh, BO MHOIOM
3a CJyeT MCIO0Ab30BaHM: ITPOrPECCUBHBIX HOBBIX METOA0B 00paboTku. V rocaegHeMy Io IpaBy MOKHO
OTHECTU TaK Ha3blBaeMOe POTallMOHHOe pe3aHue. ABTopaMy paspaboTaHa KOHCTPYKLMS CIIeIaAbHOIO
MHOTO/A€3BUITHOTO  POTAallMOHHO-(PPUKIMOHHOTO HMHCTPyMeHTa A4 0OpabOTKM HMAMHAPUYIECKUX
IIOBepXHOCTell JeTaleil U3 TpyAHOOOpabaThiBaeMBIX MarepuadoB. B ganHOI crathe OPUBOAUTCS
pesyabTaThl pacyeTa CaMOIO Harpy>kKeHHOTO y3da MHOTOAE3BUITHOIO POTalMOHHO-(PPUKIMOHHOTO
MHCTPYMeHTa AeTaAl «Bad».

Brirmoanen pacyeT mpodyHOCTM Bada Ha usrud. PesyabTaTsl pacueTa ObLAM IPOBEPEHD! C ITOMOIIBIO
nporpaMMmbl Apm Winmachine, KOTOpEIif TOATBEpAMA MX HPaBMABHOCTH. /aHHOe mccaeiOBaHIe
¢unaHcupyercas MUHMCTEPCTBOM HayKu U BhIcIIero oOpasopanmsi PecriyOamkm Kasaxcran (rpaHT No
AP14972884).

KaroueBble ca0Ba: pOTalMOHHO-QPUKIMOHHBI MHCTPYMEHT, YallledHbIl pe3ell, ITPOYHOCTE,
JKeCTKOCTh, MOMEHT 13ruoa, ciuaa pe3aHusl.
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