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O6’ckmom docriorcenst € npoyec Ppesepysaniis 3i CXPeueHUMU OCIMU UUITHOPUUHOL NOBEPXHI Ma THCMPY -
menma. ITio uac nposedenis docaioxcenv Oyiu 3acmocosani 3a2aivii MOOYLbHI MPUSUMIPHI MOOCNT THCMPYMe-
MArbHOT NOBEPXHI, NPOUECI8 SHAMMS NPUNYCKY MaA POPMOYMEOPEHHS UULIHOPUUHOT NOGePXHI HA Oasi MPbox
YHighikosanux mMooynis: iHcCmpyMenmanivnozo, gopmoymeopenns ma opienmayii. Taxoic uKopucmosyeaioco
Komn romepue modenosanis 01t noO6y006U MpPusUMIpHOT Moderi npouecy ppesepyeanis yUIHOPUUHOT NOBEPXHT
opienmosanum incmpymenmom. Cmeopena epadiuna cxema Qpesepysaniis YUIHOPUUHOT NOGEPXHT OPIEHMOBANUM
incmpymenmom. Pospobaeni yunindpuunuii Mooyao opmoymeopeniis noGepxi IHCmpyMenmy, SKUtl OnUcYemvcs
006ymKoM Mampuyp nepemiuerv 63006 6i0N0GIOHUX ocell, ma nosepxns 06pobienoi demani, npedcmaeiena
dobymxom padiyca eexmopa iHcmpymenma ma mooyias i opienmayii ¢ cucmemi xoopdunam eara. Ompumano
Zpagix posnodiny numomoi npodyxmuenocmi npouecy gpesepyeanis 630068xc npodini 3yba iHcmpymenma npu
00po6Ui 3i cxpewenumu ocamu ppesu ma demaii. Ananiz 6xasamnozo epadixa noxasaes, wo cnocio pesepysaniis
OPIENMOBANUM THCTPYMEHMOM 0AE MONCIUBICTNG NIOBUWUMU TOUHICTND NPOUECY (DOPMOYMBEOPEHHS 3a4 PAXYHOK
pieHoMmipio20 3nocy tnempymenma. Taxosc 6Yio eUHAUEHO KYM CXPEUweHMs UULIHOPUUHOT No6epXHi ma iHCmpyY -
MeHMa, 6eIUMUNA K020 NPUUMAEMbCS 13 YMOBU 3A0e3NeUeHs MAKCUMALLHOZ0 SHAMMS WaAPYy MAmepiaiy npu
pieHOMIpHOMY 3a8anmadxcenii mopueeoi wacmunu pesu. Jns yb0oz0 po3poOIeHO MPUBUMIPHY MOOeb NPouecy
ppesepysanis yURIHOPUUHOL NOBEPXHI 31 CXPEUEHUMU OCAMU THCMPYMEHMY Ma 0emai, npu AKOMY 4opHose gpe-
3epyeaniis 30LUCHIOEMbCSL MOPUEGOI YACMUHOIO THCMPYMENma, a uucmose — nepugepiinoio. B xo00i npogedenux
Q0CIONCeHD BUSHAUECHO, WO NPU YUCTMOBOMY (PPE3ePYBaNHI GEIUMUNA KYMA NOBOPOMY (pe3u NPUlMAemvcs i3
YMOoBU 3a6e3neuenis noeHozo 3asanmagiceris nepudepiinoi vacmunu ppesu. Ilideuwenns epexmusnocmi 06poodxu
00Cs12a6MbCsL 30 PAXYHOK CXPewenis ocell incmpymenma ma 0emai, uo 0ae MOJNCIUBICIG NPOZPAMYBATNU MOUKY
CXPeweHHs, ma pieHOMIPHOZ0 3HOCY (Dpesu, wo nidsuwye skicms 00pobaenoi nosepxni. Taxox dns 3abesneuenis
nideuuienis nPoOYKMuUEHOCmi 00POOKU MONCIUBCE 3ACMOCYBANHS BUCOKOUBUOIKICHOZ0 (pesepysaniis.

Kmouosi cnosa: Qpesepysanis 3i cxpeuenumu 0camu, OpieHmosana ppesa, Mooyivie mpusumipne mooeio-
BANHS, KYM CXPEUeHH, UULIHOPUUNHA 0emalb.
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1. Introduction

One of the most common parts that are produced by
engineering enterprises includes parts that have cylindrical
surfaces of revolution. In order for the parts to fulfill all
the technical conditions, their critical surfaces must satisfy
the necessary requirements for quality and accuracy. Milling
is a productive method for processing cylindrical parts.
The study of the milling process of the cylindrical surface
makes it possible to increase the processing productivity
while maintaining the necessary quality and accuracy of
the surfaces of the parts. So, in [1], the results of a study
of milling parts with cylindrical surfaces using a set of
disk milling cutters are presented. And in [2], a method
for milling cylindrical parts that have a large diameter is
considered. In this method, two end mills are used, the
axes of which are crossed with the axis of the part and
a longitudinal feed of the tool is carried out along the
axis of the part. A study of the milling process with the
crossed axes of cylindrical parts and tools was carried
out in [3]. In addition, the work [4, 5] was devoted to
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the study of the milling process of cylindrical surfaces.
In [6, 7], three-dimensional models of various methods
of milling materials were studied. Thus, the study of the
milling of a cylindrical surface with an oriented tool is
an urgent task. Thus, the object of research is the milling
process with the crossed axes of the cylindrical surface
and the tool. The aim of research is to develop a three-
dimensional model of the process of milling a cylindrical
surface with the end and the periphery of the cutter with
crossed axes of the tool and part.

2. Methods of research

During the research, the results of [8, 9] are applied.

Fig. 1 shows a diagram of a milling process with crossed
axes of a mill 1 and a shaft 2.

To obtain a three-dimensional tool surface, it is neces-
sary to define a cylindrical shaping module that takes
into account changes in the position of the coordinate
along the profile of the tool tooth and the rotation angle ¢
of the tool:

;16

TECHNOLOGY AUDIT AND PRODUCTION RESERVES — Ne 3/1(53), 2020



I55N 2664-93969

INDUSTRIAL AND TECHNOLOGY SYSTEMS:
REPORTS ON RESEARCH PROJECTS )

R =MS, , -4, (1)
where R, —radius vector of the tool points; My, , — cylin-
drical tool shaping module; €4 — radius vector of the initial
coordinate [8].

The cylindrical tool surface shaping module is described
as the product of the displacement matrices M2, M3 along
the Y; ta Z, axes of the M6 rotation matrix around the
0,7, axis:

MS o =M3(Z,)-M6(a)- M2(R,), 2)
where Z, =0...H — linear coordinate along the periphery of the
tool tooth, varies from 0 to the value of the cutter width H;
R, — outer tool radius; o, =0...360° — angular coordinate
along the tool profile.

Fig. 1. Scheme of milling a cylindrical surface with an oriented tool:
1 — mill; 2 — shaft

The product of the radius vector of the tool and its
orientation module in the shaft coordinate system, as well
as the part shaping module, have a machined part surface:

R, =M3 5, Mgy ‘R =

=M3(Z,)-M6(B,)-M2(h)-M4(¢)- M5(y), (3)
where M5, =M3(Z,)-M6(B,)-M2(h) — cylindrical mo-
dule that describes the movement of the tool relative to
the part; Z, — part feed along the axis 0,Z,; B, — rotation
angle of the part; & — center distance of the shaft and tool;
Mgy = M4(9)-M5(y) — spherical module of tool orientation
in the coordinate system of the part; ¢ — intersection angle
of the axes of the cutter and the part; y — rotation angle of
the tool in the coordinate system of the shaft [8, 9].

Given equations (1) and (2), a cylindrical surface when
processing with an oriented tool will look like:

R, =M§p,5p,h~M(f,ﬁ~M7€‘ -e4. (4)

The contact condition of the cutter profiles and parts
at different points in time [3] is used to determine the
profile of the machined shaft.

A modular three-dimensional model of the tool R, (equa-
tion (1)) is used to determine the specific processing pro-
ductivity Q:

o R

Q= T Vn-R,do.,

Oy

()

where Vn — projection of the relative speed vector of the
mill on the direction of the normal to its surface; o0, —
angular coordinates along the profile of the tool.

A graph of the distribution of the specific processing
productivity Q along the profile of the cutter tooth when
processing with an oriented tool is shown in Fig. 2.

In the graph (Fig. 2), the section from i,,, to iy
corresponds to the cutter end, and i, starts from the
beginning the peripheral part of the tool. So, the removal
of the rough allowance falls on the end face of the tooth
of the instrument, and the finishing allowance — on the
peripheral section. While the specific processing produc-
tivity Q in the direction from i,,, to i, decreases, and
after that i, takes the smallest values. So, the milling
process of a cylindrical surface with an oriented tool pro-
vides high accuracy of shaping the part surface due to the
small wear of the final peripheral parts of the tool tooth.

Therefore, rough milling of a cylindrical surface with
an oriented tool is possible to carry out with the end part
of the cutter, and the finish is peripheral. This processing
method will provide the necessary quality and accuracy
of the machined surfaces of the parts.

To ensure the removal of the maximum allowance while
maintaining the condition of uniform loading of the end face
of the mill during rough processing of the cylindrical surface,
the tool is rotated through an angle @ relative to the part:

(R, +1.)’
¢=2s, —— —,
Ar.+m)*- R, =[2r.(R, —m)—m? ]

(6)

where m — processing allowance [9]; s, — longitudinal feed
of the part; r, — radius of the workpiece.

When finishing processing, the cutter 1 must be oriented
relative to the workpiece 2 at an angle at which the end
point i, of the curvature radius » of the cutter tooth
will be placed on the radius of the workpiece 7, (Fig. 3).
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Fig. 2. Distribution of specific processing productivity along
the tooth profile of the tool

Fig. 3. The scheme for determining the orientation angle of the tool
relative to the part: 1 — mill; 2 — workpiece

This placement of the tool will provide the condi-
tion for a full load of the peripheral section of the cutter
during finishing of parts. This will contribute to an even
distribution of forces and wear of the cutter teeth.

TECHNOLOGY AUDIT AND PRODUCTION RESERVES — Ne 3/1(53), 2020

17—)



INDUSTRIAL AND TECHNOLOGY SYSTEMS:
REPORTS ON RESEARCH PROJECTS

I55N 2664-9969

3. Research results and discussion

Using the results of studies in [10], a three-dimensional
model of the process of milling a cylindrical surface 2 (Fig. 4)
with an oriented tooth of a mill 1 in the form of a tetra-
hedral plate is created. The universal software ABAQUS
is used to create this model. The finite element mesh is
applied using the Mesh module. The shape of the elements
is chosen hexahedral.

The resulting stress distribution model makes it possible
to analyze the state of the surface layer of the part in the
process of milling with an oriented tool. So, according to
Fig. 4, the highest stress values (4390 MPa) fall on the inser-
tion zone of the cutting insert into the part, and when ap-
proaching the periphery of the tool they decrease (295 MPa).
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Fig. 4. Three-dimensional model of the process of milling a cylindrical
surface with an oriented tool: 1 — oriented mill tooth; 2 — processed shaft

When milling a cylindrical surface with crossed tool
axes by the end face of the cutter tooth, the rough stock
is removed, and the periphery is responsible for removing
the final stock and the final shaping of the part surface.

This distribution of the allowance provides an increase
in processing productivity and accuracy of shaping due
to the uniform minimum wear of the final section of the
tool (Fig. 2). The performance of the milling process with
an oriented tool is affected by the width of the tool, the
number of cutting inserts and their material.

In this case, roughing is carried out with the orien-
tation angle of the cutter (equation (6)), which ensures
uniform loading of the tool face and removal of the maxi-
mum allowance. A fine milling — with the rotation angle
of the tool, which provides the condition for a full load
of the periphery of the tool (Fig. 3).

4. Conclusions

A three-dimensional milling model has been developed that
makes it possible to study the processes of removing allow-
ance and shaping of the part surface. The proposed method
improves the processing productivity due to the intersection
of the axes of the tool and the part, as well as the shaping
accuracy due to the possibility of programming the point
of intersection of the axes of the mill and the cylindrical
part. Roughing with the end face of the tool, and finishing
with its periphery ensure uniform wear of the tool. At the

same time, for effective roughing, the rotation angle of the
cutter is taken from the condition of uniform loading and
maximum removal of the allowance with the end face of the
tool. And during finishing — with a full load of the peripheral
part of the cutter. The resulting stress distribution model
makes it possible to analyze the state of the surface layer
of the part in the process of milling with an oriented tool.
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