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Abstract. Inthe energy sector, aviation, and other branches of modern mechanical
engineering, complex-profile parts are used to determine the entire product’s tech-
nical and operational properties. In manufacturing such parts, modern structural
materials are often used with high strength and heat resistance, which classifies
them as difficult to machine. End mills allow the processing of such parts on CNC
machines. At the same time, the processing time of one product can reach tens of
hours. Despite the use of wear-resistant coatings, because of wear, the end mill
has to be changed repeatedly, which reduces productivity and quality of manufac-
turing. In conditions of high-speed machining, it is essential to have an effective
technique based on which you can quickly determine the optimal cutting speed.
In the presented work, the optimal conditions are investigated for the temperature
field distribution between the part’s material and the tool in terms of tool wear. For
this purpose, the dependences of specific heat capacity and thermal conductivity
on temperature were analyzed. These dependencies have a pronounced extremal
character with a maximum for the heat capacity and a minimum for the ther-
mal conductivity. According to the authors, this explains the effect of the optimal
cutting temperature, characterized by the minimum intensity of tool wear. The
optimal cutting temperature and the corresponding optimal cutting speed were
determined by the material being processed heating temperature, at which its
specific heat capacity reaches its maximum value.

Keywords: Optimal cutting speed - Cutting temperature - Temperature field
distribution - Sustainable manufacturing

1 Introduction

Scientific and technological progress in mechanical engineering requires using new
materials with special properties. These materials have increased strength characteristics,
high thermal stability, and corrosion resistance [1]. This applies to parts of the power
industry and the aircraft industry (e.g., turbine blades, unicycles) that have a complex
geometric shape, the processing of which, as a rule, occurs with end mills on CNC
machines [2].

In manufacturing such highly loaded aircraft products, much attention is paid to the
geometric parameters and parameters of the state of the surface layer, which determine
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the quality of processing. Achieving high quality and productivity in modern conditions
of digital products can only be ensured by ensuring optimal processing conditions,
including cutting conditions [3].

The processing time of such parts on CNC milling machines can reach tens and
hundreds of hours. At the same time, despite the presence of wear-resistant coatings,
the wear of end mills can be so intense that the replacement or regrinding of the tool
must be carried out several times during the processing of one part, which reduces
the economic efficiency and quality of processing of such parts. Therefore, optimizing
cutting conditions to achieve maximum tool life is relevant [2].

2 Literature Review

The contour milling is often the final form of surface shaping, where the specified
geometric accuracy and surface roughness are provided, and residual stresses are formed
that affect the technological deformations of parts. During end milling, the surface layer
of parts is formed under the influence of force and temperature fields. Consequently,
stable provision during milling of the parameters specified by the technical requirements
for the operation, which are required for the quality of processing, especially for parts
with a complex profile, such as blades, can be achieved by choosing rational cutting
modes that affect the functional parameters of the process [4].

When processing such parts, end mills of small diameters with wear-resistant coat-
ings are usually used, capable of operating in the operating temperature range of
973-1373 K, which corresponds to the temperature range for high-speed machining
conditions [5].

As is known, of all cutting modes, the cutting speed has the most significant influence
on the wear rate of the tool [6]. The dependence of the tool wear intensity on the cutting
speed has a pronounced extreme character with a very narrow range of optimal cutting
speeds. Determining the optimal cutting speed values is associated with labor-intensive
tool life tests. The extreme character of such dependence has been known for a long
time. However, an unambiguous explanation of this phenomenon based on the thermal
physics of the cutting process has not yet existed [7].

The practical significance of studying this issue is essential for the following rea-
sons: for parts with complex geometric surfaces, high requirements are imposed on the
initial characteristics of the quality of the surface layer (roughness, depth and degree
of hardening, level, and stability of residual stresses), which affect the performance of
parts, fatigue strength, corrosion resistance. Processing on a CNC milling machine is
often a finishing operation for such parts. There are close relationships between the wear
parameters of the cutter and the quality indicators of the surface layer of parts [8, 9].

The problem of optimizing the cutting process during machining [10], the physics of
cutting tool wear, considering thermophysical phenomena [11], is the subject of many
works by scientists from many countries. The practical goal of these studies was to
optimize cutting conditions, which provides the tool’s lowest wear rate and, as a result,
its maximum durability [12].

The prevailing direction of well-known works was associated with the need to test
the tool for resistance by various methods [13, 14]. Despite the development of various,
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including accelerated methods for studying resistance, their common drawback is the
performance of labor-intensive, expensive, and lengthy experimental studies [15].

One of the most progressive approaches to the practical optimization of cutting speed
are methods that use the position of the constancy of the optimal cutting temperature,
which is of great scientific and practical importance. As shown in [16], the optimal
cutting temperature is a stable value when processing the same material and does not
depend on the tool’s and the workpiece’s geometric parameters.

In the well-known works of scientists, the thermophysical nature of the existence of
the optimal cutting temperature and the phenomena that occur when using it, providing
the lowest wear rate of the tool, improving the quality of the surface layer, the occurrence
of a “dip in plasticity” of the material being processed, and reducing the specific cutting
energy, have not yet been explained [17].

3 Research Methodology

To explain the thermophysical phenomena during processing at the optimum tem-
perature, an analysis was made for heat transfer between the part and the tool
[18].

From the standpoint of thermal physics, it can be assumed that when machining at the
optimum temperature [19], conditions are created that contribute to the best distribution
of cutting heat between the workpiece and the tool, considering the effect of temperature
on thermal resistance material characteristics.

As is known, according to the heat balance equation [20]:

Qch+Qw+Qt+Qe (D

where Q — the total amount of heat during cutting; Q. — heat escaping into chips; Qw
— heat absorbed by the workpiece; Q; — heat absorbed by the tool; Q. — heat leaving the
environment.

The best will be the conditions under which Qy, + Q. will be maximum, and Q; will be
minimum. The amount of heat, and hence the cutting temperature, is determined by a set
of parameters: the type of blade processing, the physical and mechanical characteristics
of the processed and tool materials, tool geometry, cutting conditions, and others.

Obviously, for specific processing conditions, the heat balance and heat transfer
conditions will be determined by the energy parameters of the cutting process and the
thermophysical characteristics of the processed and tool materials. When analyzing var-
ious thermophysical characteristics of materials from temperature, the most significant
interest in thermal field control is the heat capacity and thermal conductivity of the
material being processed. This can be explained by the fact that the dependences of
thermal conductivity and heat capacity on temperature are of a pronounced extreme
nature, which was taken as a hypothesis to explain the existence of an optimal cutting
temperature.

Based on the previous, the problem is reduced to finding the cutting temperature
at which the optimal combination of specific heat capacity and thermal conductivity
coefficient of the processed material is achieved.
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Thermal conductivity characterizes heat transfer due to the energy interaction of
microparticles (molecules, atoms, electrons). The thermal conductivity of a material,
which is usually given by the coefficient of thermal conductivity » (W m~1.K1),
characterizes the ability to conduct heat. The specific heat capacity Cp (J kg ' K,
characterizes the ability of the material to absorb the heat transferred to the body [21].

Optimal conditions are under which the best indicators of workpiece material
machinability and tool wear resistance are simultaneously achieved [22]. These are
conditions under which the maximum amount of heat will be locally concentrated in the
cutting zone of the material being processed, contributing to its “softening” and decom-
pression of crystalline bonds and the ability to transfer this heat into the tool material
will be the worst. This condition, based on the physical meaning of the specific heat
capacity C, and the thermal conductivity coefficient A, can be formulated as:

2

C,=C
Optimum = {p—pmax}

A = Amin

This condition, from the standpoint of the optimal combination of thermophysical
characteristics of the processed material, can be written:

{ Cp = Chax

3
A = Amin ( )

The experimentally obtained dependencies of the specific heat capacity and the thermal
conductivity coefficient of pure iron on temperature were analyzed.

Figure 1 shows the temperature dependence of the specific heat capacity C, = f ()
of pure iron, constructed according to the data of [22], from which a maximum specific
heat capacity at a certain temperature is clearly defined seen.

C,(J-kg-KT)
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Fig. 1. Temperature dependence of the specific heat capacity of iron.
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Since the basis of all steel is iron, the temperature dependencies on the heat capacity
of the absolute majority of various grades of steel and alloys have a similar, extreme
character [7].
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Fig. 2. Temperature dependence of the heat capacity of steels 1 — carbon steel; 2 — high-alloy
steel AIS1446; 3 — low-alloy steel.

The temperature at which the maximum value of the specific heat capacity Cpmax
is reached on the temperature dependence Cp = f () corresponds to such a state of the
processed material, which contributes to the absorption of heat to the greatest extent.

The minimum value of the thermal conductivity coefficient Amin on the temperature
dependence A = f (0) corresponds to the best conditions for heat concentration from the
cutting zone in the material being processed. For example, Fig. 3 shows the temperature
dependence of the heat capacity Cp = f (6) and thermal conductivity A = f (6) for steel 40
(carbon steel). The similar extreme nature of these dependencies is also characteristic
of other steel grades. Moreover, for hard-to-cut materials, the extremeness of these
dependencies is more pronounced.

However, the temperature at which C, = Cy,ax and the temperature at which X\
= hmin Most often do not coincide. In connection with the above, the optimum cutting
temperature should be in the range of these temperatures. Moreover, the smaller the value
of this temperature range, the stronger the effect of processing with the optimum cutting
temperature, characterized by a minimum intensity of tool wear, a «dip in plasticity» of
the material being processed, and other phenomena.

As can be seen from the comparison of graphs of temperature dependences C, =
f(6) and » = £ (6) (Fig. 3), the dependence of specific heat on temperature has a more
pronounced extremum than the dependence of thermal conductivity. This suggests that
the heat capacity has a more significant influence on the effect of “ductility dip” than
the coefficient of thermal conductivity by influencing the local cutting temperature.
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Fig. 3. Temperature dependence of heat capacity Cp = f(6) and thermal conductivity \ = f(0) for
steel 40X.

The latter assumption is also confirmed by the well-known Cronenberg [20] dimen-
sional ratio, which shows the relationship between the cutting temperature 6 and
the energy parameters of the cutting process, taking into account the thermophysical
characteristics of the material being processed:

CoUs - V0‘44 'AO'22
0 = ouUg (4)
2044 CI()).SG

where 6 - cutting temperature; U8 — specific cutting energy; V — cutting speed; A — the
cut area; A — thermal conductivity of the processed material; Cp is the heat capacity of
the processed material.

The more significant influence of the heat capacity of the machined material on the
cutting temperature is confirmed by the greater value of the exponents at Cp, than at
. Based on the foregoing, we can conclude that the optimal cutting temperature can
be determined by the heating temperature of the processed material at maximum heat
capacity.

4 Results and Discussion

To implement the proposed method under production conditions, the optimal cutting
speed can be determined by the heating temperature of the material being processed, at
which the specific heat capacity is maximum.

The method is carried out as follows:

1. When cutting the material under study, the dependence of the cutting temperature
on the cutting speed is plotted T = f(V)
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2. To determine the dependence of the specific heat of the material on the temperature
of its heating by one of the known methods and build a graph of dependence of Cp
=f(0).

3. The optimal cutting speed is determined according to the graph T = f(V) according
to the temperature at which the specific heat capacity takes on a maximum value.

This method of determining the optimal cutting speed makes it possible to exclude
the cutting tool’s labor-intensive and rather expensive resistance tests to determine the
optimal speed when machining new high-strength materials and alloys. This is especially
true when milling complex-profile parts on CNC machines in modern conditions of
high-speed cutting.

The correlation of temperatures corresponding to the extreme values of the depen-
dences Cp = £(273 K) and \ = (273 K) with the experimentally determined optimal
cutting temperatures is shown in Fig. 4 when milling iron and steel.

Figure 4 shows that when turning “pure” iron with a cutter made of P20 carbide, the
plasticity and hardness of the machined material on minimum values and internal stresses
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Fig. 4. The effect of temperature on the mechanical properties of technical iron and the wear rate
of the cutter made of P20 carbide when turning a part made of steel. 1 - deformed iron; 2 - cast
iron; 3 - pure iron (99.99%).
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are maximum at the same temperature (1160 K). At the same temperature, the minimum
intensity of cutter wear is achieved. As can be seen from the graph, the indicated tem-
perature lies in the temperature range between the temperatures that correspond to Cp
= Cpmax and A = hpin. This confirms the conclusion that the temperature between C,
and \ creates a cumulative effect of thermophysical and mechanical conditions under
which the tool wear rate is minimal.

5 Conclusions

The conditions for the optimal temperature field distribution between the tool and the
workpiece during edge processing are formalized, taking into account the relationship
between the thermophysical parameters of the material and temperature.

The extremal nature of the temperature dependencies of the specific heat capacity
and thermal conductivity coefficient is shown with a maximum for the specific heat
capacity and a minimum for the thermal conductivity coefficient, using the example of
pure iron.

A method is proposed for determining the optimal cutting speed by the optimal
cutting temperature, defined as the heating temperature of the processed material, at
which its specific heat capacity has a maximum value.

The implementation of the proposed method makes it possible to determine the
optimal cutting speed for high-speed machining of new hard-to-cut materials without
the need for laborious durability tests, which makes it possible to reduce the complexity
of determining the optimal cutting speed by 1.5-2.5 times, which will increase the cutting
tool life in production conditions. 1.2—1.3 times, as well as the quality of the machined
parts.

In the future, it is planned to search for optimal combinations of processed and tool
materials in terms of the optimal combination of their thermophysical characteristics,
as well as the creation of a database values the specific heat capacity of materials ver-
sus temperature, which will simplify the implementation of the method in production
conditions.
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