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RESEARCH OF THE MILLING PROCESS 
OF A CYLINDRICAL SURFACE BY AN 
ORIENTED INSTRUMENT

Об’єктом дослідження є процес фрезерування зі схрещеними осями циліндричної поверхні та інстру-
мента. Під час проведення досліджень були застосовані загальні модульні тривимірні моделі інструмен-
тальної поверхні, процесів зняття припуску та формоутворення циліндричної поверхні на базі трьох 
уніфікованих модулів: інструментального, формоутворення та орієнтації. Також використовувалось 
комп’ютерне моделювання для побудови тривимірної моделі процесу фрезерування циліндричної поверхні 
орієнтованим інструментом. Створена графічна схема фрезерування циліндричної поверхні орієнтованим 
інструментом. Розроблені циліндричний модуль формоутворення поверхні інструменту, який описується 
добутком матриць переміщень вздовж відповідних осей, та поверхня обробленої деталі, представлена 
добутком радіуса вектора інструмента та модуля її орієнтації в системі координат вала. Отримано 
графік розподілу питомої продуктивності процесу фрезерування вздовж профілю зуба інструмента при 
обробці зі схрещеними осями фрези та деталі. Аналіз вказаного графіка показав, що спосіб фрезерування 
орієнтованим інструментом дає можливість підвищити точність процесу формоутворення за рахунок 
рівномірного зносу інструмента. Також було визначено кут схрещення циліндричної поверхні та інстру-
мента, величина якого приймається із умови забезпечення максимального зняття шару матеріалу при 
рівномірному завантаженні торцевої частини фрези. Для цього розроблено тривимірну модель процесу 
фрезерування циліндричної поверхні зі схрещеними осями інструменту та деталі, при якому чорнове фре-
зерування здійснюється торцевою частиною інструмента, а чистове – периферійною. В ході проведених 
досліджень визначено, що при чистовому фрезеруванні величина кута повороту фрези приймається із 
умови забезпечення повного завантаження периферійної частини фрези. Підвищення ефективності обробки 
досягається за рахунок схрещення осей інструмента та деталі, що дає можливість програмувати точку 
схрещення, та рівномірного зносу фрези, що підвищує якість обробленої поверхні. Також для забезпечення 
підвищення продуктивності обробки можливе застосування високошвидкісного фрезерування.

Ключові слова: фрезерування зі схрещеними осями, орієнтована фреза, модульне тривимірне моделю-
вання, кут схрещення, циліндрична деталь.
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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 

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 j  
of the tool:
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where Rt  – radius vector of the tool points; MZ R
C

t t t

t
⋅ ⋅α  – cylin­

drical tool shaping module; e 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 Yt та Zt axes of the M6 rotation matrix around the 
OtZt axis:

M M Z M M RZ R
C

t tt t t

t
⋅ ⋅ = ( )⋅ ( )⋅ ( )α α3 6 2 , 	 (2)

where Z Ht = 0...  – linear coordinate along the periphery of the 
tool tooth, varies from 0 to the value of the cutter width H;  
Rt  – outer tool radius; α t = °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:
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where M M Z M M hZ p p h
C

p p⋅ ⋅ = ( )⋅ ( )⋅ ( )δ β3 6 2  – cylindrical mo­
dule that describes the movement of the tool relative to 
the part; Z p – part feed along the axis OpZp; β p – rotation 
angle of the part; h – center distance of the shaft and tool; 
M M MS

α β j ψ⋅ = ( )⋅ ( )4 5  – spherical module of tool orientation 
in the coordinate system of the part; j – intersection angle 
of the axes of the cutter and the part; ψ  – 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:
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= ⋅ ⋅ ⋅⋅ ⋅ ⋅ ⋅ ⋅δ α β α 4. 	 (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 Rt (equa- 
tion (1)) is used to determine the specific processing pro­
ductivity Q:

Q Vn Rt

t

t

= ⋅∫
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α
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d , 	 (5)

where Vn  – projection of the relative speed vector of the 
mill on the direction of the normal to its surface; α αt t1 2,  – 
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 irend  to irst 
corresponds to the cutter end, and irst 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 irend  to irst decreases, and 
after that irst 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 j relative to the part:
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where m – processing allowance [9]; sp  – longitudinal feed 
of the part; rz – 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 іrend of the curvature radius r of the cutter tooth 
will be placed on the radius of the workpiece rz (Fig.  3).

Fig. 2. Distribution of specific processing productivity along  
the tooth profile of the tool
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Fig. 3. The scheme for determining the orientation angle of the tool 
relative to the part: 1 – mill; 2 – workpiece
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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.
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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).

    2
1

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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