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Abstract. Increasing productivity by higher cutting speed and achieving high precision of machined products 

at the same time is an important trend in the development of manufacturing technologies and metalworking 

machine tools. If the traditional method of exchangeable components in assemblies will lead to inefficient 

precise processes, the product costs will increase. The proposed energy-informational model considers a 

procedural system establishing the ratio of the cutting speed and the speed of physical processes in the 

machine tools. The energetic limit for the attainability of associated processes describes the allowable speed 

of materials processing by the machine tools. Stiffness of machine tool structures for highest precision 

manufacturing becomes comparable to work piece geometrical accuracy and manufacturing process 

tolerances. This paper gives several examples for admissible limits of increased productivity by increased 

process speeds in various manufacturing technologies for both traditional cutting and innovative methods. 

1 Introduction  

The application of scientific and technical achievements, 

based on the study of physical processes, phenomena, 

methods, forms and types of their interactions, determines 

and causes the development of scientific and technical 

progress in the field of material production. This progress 

leads to the creation of new technological principles, more 

efficient technologies, machines, equipment, as well as 

the improvement and development of existing and new 

production methods for products. [1] Increasing 

productivity by higher cutting speed and achieving high 

precision of machined products at the same time is an 

important trend in the development of manufacturing 

technologies and metalworking machine tools. If the 

traditional method of exchangeable components in 

assemblies will lead to inefficient precise processes, the 

product costs will increase. 

The development of high-speed (HSC) and high-

performance (HPC) cutting technologies has led to the 

need for both their fundamental research and various 

studies of real manufacturing processes. So, the impact of 

various parameters for speed, depth of cut, feed, 

properties of the processed material, the properties of the 

machine tool, etc. on the characteristics of the HSC, HPC 

processes, such as power, energy, temperature, force, 

speed, vibration, etc. has been evaluated [2,3,4]. 

A lot of work [5,6,7] (see table 1) is dedicated to the 

theoretical methods of determining the most important 

parameters in metal working processes, aiming at the 

justification of the cutting process models. These models 

allow describing the physical laws of the process, its 

parameters, power, thermal and energy characteristics, 

observed types of chips, tool wear, etc. 

Table 1. Cutting models and schemes 

 

The considered mechanical principles of cutting 

schemes, their features and models are essential for 

consideration and creation of cutting processes structures. 

They reflect not only the physical phenomenon, but also 

the constituent elements, that determine the possibility of 

the physical process itself. [8,9,10] In this case, the 

structure elements of the cutting process will be position 
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and motion vectors (velocity and force vectors), which in 

all cases provide the stress-strain state required for the 

cutting process. Considering process models and 

experimental studies, the recommended areas (Fig. 1) for 

the values of cutting speeds of cutting methods and 

materials to be processed were determined [11]. 

 

Fig. 1. HSC speed ranges for (a) cutting methods and (b) 

materials to be processed [11] 

However, these values still require a deeper 

substantiation of the boundaries, the allowable areas and 

their relationship with the physical metal cutting 

processes and phenomena. 

2 Energy-informational model 

The work piece material undergoes changes, interacting 

with the tool. The character and kind of these changes 

depend on the initial condition, on the structure and 

properties of the work piece material, how quantitatively 

and qualitatively it relates with the condition, structure 

and properties of the tool material. Next, they depend on 

the supplied energy, in what order, in what quantity and 

what kind. Further it is important, what quantity of 

information the tool comprises on a product shape. The 

material of the tool can also be absent, and then there is 

an interaction of the work piece material with the energy 

from the technological environment [1].  

The kind of energy for the realised physical process is 

one of the basic characteristics influencing the interaction 

between the materials of the work piece and the tool. 

Usually, the interaction type defines the name of the 

realized manufacturing method and technological 

process. The form of energy can be mechanical, thermal, 

electric, electromagnetic, laser, plasma, chemical, 

gravitational, etc., as well as their various combinations. 

As the purpose of the energy impact is a change in the 

state and/or structure and/or properties, all these processes 

are accompanied by real physical phenomena: elastic 

deformation, plastic deformation, diffusion, evaporation, 

etc. Plastic deformation depends on how and in what order 

forces were applied to such technological processes as 

cutting, punching, forging, and drawing. Thus, the form 

diversity of interactions between matter, energy and 

information determines numerous types of technological 

processes and equipment implementing these 

technologies. 

Fig. 2 presents the energy - information model of the 

part production [12,13,14]. In case of the cutting process, 

the system components provide the formation of the work 

piece size. The physical process of plastic deformation is 

carried out between the tool and the shape and surface of 

the work piece. The operating elements of the machine 

tool perform the physical process of surface shaping. 

Other characteristics and parameters (marked as 

properties, such as roughness, structure, state, such as 

hardness, etc.), which describe the information image of 

the part, are formed by other processing methods in 

accordance with the technological image of the part and 

the energy - information model in fig. 2.  

 

Fig. 2. Energy-informational model [12] 

Consequently, the manufacturing process consists of 

two elements: a set of items of physical processes I (the 

physical process of plastic deformation, which defines the 

size, is shown) and its corresponding set of structures of 

spatial temporal transformation II of the physical process 

(kinematic process of contouring, which defines the 

desired shape of the part, is shown). [11] 

The proposed energy-informational model in fig. 2 

considers a procedural system establishing the ratio of the 

cutting speed and the speed of physical processes in the 

machine tools. System elements, ensuring the cutting of 

part dimension (physical process, implemented by the 

tool) and the creation of part surfaces (physical process of 

surface shaping, implemented by operating elements of 

the machine), are highlighted here. Technological process 

is performed through the manufacturing equipment with 

use of material, energy, information. The result of the 

technological process is the product, which shall meet the 

customer's expectations. 

2.1 Cutting geometry model 

Design principles of cutting schemes shown in table 1, 

their features and models are essential for the 
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consideration and creation of cutting process structures, 

considering not the physical phenomenon, but only the 

constituent elements, that determine a possible 

implementation of the physical process in accordance 

with the energy-information model (fig. 2).  In this case, 

the structure elements of the cutting process will be 

position and motion vectors (velocity and force vectors), 

which in all cases provide the stress-strain state required 

for the cutting process. 

Linear fracture mechanics describes the brittle fracture 

resulting from crack growth with little (or no) plastic 

deformation at the top of the crack. If the characteristic 

linear size of the plastic zone at the top of the crack 

exceeds the length of the crack by more than 20%, then 

the cracked body behaviour is described by nonlinear 

fracture mechanics characterized by a sufficiently 

developed plastic zone in front of the top of the crack. 

Nonlinear fracture mechanics allowed drawing a 

conclusion that as plastic deformations develop their 

gradients at the top of the cracks and the shape of plastic 

zones change. At the same time, elasto-plastic 

deformations and the size of plastic zones grow 

disproportionately to the nominal stresses. 

 

Fig. 3. Process and equipment model for material machining 

by cutting 

Fig. 3 shows the process and equipment model for 

material machining by cutting in a plane perpendicular to 

the front of the crack propagation. Here we agree the 

structural condition for the coordinate systems in this 

model, stating that the direction of axis 0Z is always 

perpendicular to a motion plane or a connection plane, and 

for physical cutting model - to a dislocation plane. Fig. 3 

encloses multiple coordinate systems “O” using different 

indices  𝑂0, 𝑂𝑇1, … , 𝑂𝑇6, 𝑂𝑊1, … , 𝑂𝑊6, 𝑂𝑇 , 𝑂𝑊 , 𝑂𝑊
𝑇  , 

where index “0” (down) corresponds to an independent 

general coordinate system, the indexes "T1 ... T6" (right) 

correspond to coordinate systems that are related to 

possible positions and movements of the tool. The indexes 

"W1 ... W6" (left) correspond to coordinate systems that 

are relating to possible positions and movements of the 

work piece. The indices "T" or "W" correspond to the 

systems of fixing points of the tool and the work piece 

respectively. The index "T-W" corresponds to the point of 

interaction between the tool and the work piece, 

representing the location of the physical cutting process. 

Connecting structures determine mutual position and 

motion of coordinate systems in the structure. Their state 

determines the change of position and/or motion of radius 

vectors between the centres of (𝑂𝑇 − 𝑂𝑇−1) coordinate 

systems in their state space (spatial, power, thermal, 

gravitational, time). Each rectangular coordinate system 

provides three linear movements along the coordinate 

axes and three rotational movements around the 

coordinate axes, i.e. six movements that correspond to the 

degrees of freedom of a solid body. Six position 

components, three linear components in the axes direction 

and three angular components of rotation around the axes, 

determine the relative position. 

Thus, the process and equipment model for material 

machining by cutting on fig. 3 shows the possible number 

of coordinate systems, each of which is characterized by 

only one degree of freedom for movement or rotation, 

while the relative position of the two systems is 

characterized and determined by six parameters - three 

linear and three rotational. 

Then, in the “A” coordinate system 𝑂𝑊
𝑇   determines 

the point (line, surface) of interaction between solids 

(work piece and tool) and determines the coordinate of the 

position of the stress tensor at the top of the crack. At the 

point of contact  𝑂𝑊
𝑇   it is also necessary to ensure equality 

of rectangle and tangent surfaces of contacting solids 

(work piece and tools), velocity vectors of the work piece 

and tool, their first and second derivatives. 

Figure 3 also shows that: 

- the model type for the fracture scheme determines 

the physical process structure, i.e. the physical cutting 

model (physical process of plastic deformation and 

fracture); 

- the difference vector of the position module 

(𝑂0 − 𝑂𝑊) and (𝑂0 − 𝑂𝑇) with vertices at the points 𝑂𝑇  

and 𝑂𝑊 defines the volume of working space; 

- geometrical and space relations of mutual positions 

and dimensions of coordinate vectors (𝑂𝑊 − 𝑂𝑊
𝑇 ) and 

(𝑂𝑇 − 𝑂𝑊
𝑇 ) determine the structure of the cutting scheme 

(space position in the model of the physical cutting 

process); 

- change of mutual relative vector movements  

(𝑂𝑊 − 𝑂𝑊
𝑇 ), (𝑂𝑊

𝑇 − 𝑂𝑇) and (𝑂𝑇 − 𝑂𝑊) define schemes 

of kinematic structures, i.e. the cutting kinematics;  

- change of mutual relative vector movements  

(𝑂0 − 𝑂𝑊) and (𝑂0 − 𝑂𝑇) defines the schemes of 

coordinate structures, which implement the 
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corresponding schemes of kinematic structures, i.e. the 

layout of the equipment structures. 

Then the operator of 𝐿𝑃 transformation in 

homogeneous coordinates will be written: 

𝑀𝑊
𝑇 = 𝑀𝑇

𝑃 × 𝑀𝑇
𝑀 × 𝑀𝑇6

𝑃 × 𝑀𝑇6
𝑀 × … × 𝑀𝑇1

𝑃 × 𝑀𝑇1
𝑀 ×

𝑀0
𝑃 × 𝑀𝑊1

𝑃 × 𝑀𝑊1
𝑀 × … × 𝑀𝑊6

𝑃 × 𝑀𝑊6
𝑀 × 𝑀𝑇 = 𝐿𝑃 × 𝑀𝑇 

(1) 
where - 𝑀𝑊

𝑇  is the matrix of the moving object (point, 

line...). 𝑀𝑇𝑖
𝑃  is the location matrix of coordinate position 

systems and is equal to: 

𝑀𝑇𝑖,𝑊
𝑃 = |

cos 𝛼𝑥𝑥 cos 𝛼𝑥𝑦 cos 𝛼𝑥𝑧 𝑎𝑥

cos 𝛽𝑦𝑥 cos 𝛽𝑧𝑦 cos 𝛽𝑦𝑧 𝑎𝑦

cos 𝛾𝑧𝑥 cos 𝛾𝑧𝑦 cos 𝛾𝑧𝑧 𝑎𝑧

0 0 0 1

|                 (2) 

2.1 Cutting motion model 

If the coordinate systems are relating to moving elements, 

the generalized motion matrix will look like: 

𝑀𝑊𝑖
𝑀 = |

∝11 ∝12 ∝13 𝑙𝑖 × cos 𝜀𝑖

∝21 ∝22 ∝23 𝑙𝑖 × cos 𝜑𝑖

∝31 ∝32 ∝33 𝑙𝑖 × cos 𝜉𝑖

0 0 0 1

|                         (3) 

where ∝𝑖𝑖  is a function of the rotational motion of the 

coordinate system; 𝑙𝑖 - the value of movement; 𝑙𝑖 × cos 𝜀𝑖, 

 𝑙𝑖 × cos 𝜑𝑖, 𝑙𝑖 × cos 𝜉𝑖 - the guiding cosines of the motion 

direction. In general, ∝𝑖𝑖 and 𝑙𝑖 are functions that depend 

on time. 

When the coordinate systems are orthogonal and 

noncrossing, the sequence of rotations of corresponding 

rotation matrixes around the coordinate axes of 0X, 0Y, 

and 0Z can describe and determine the positions of the 

coordinate systems. The product of three rotation 

matrices, each of which describes the rotation motion 

around one of the coordinate axes, will determine the 

overall position matrix: 

𝑀𝑇,𝑊
𝑃 = 𝑀𝑖,𝑊,𝑇,𝑥

𝑃,𝑀 × 𝑀𝑖,𝑊,𝑇,𝑦
𝑃,𝑀 × 𝑀𝑖,𝑊,𝑇,𝑧

𝑃,𝑀                              (4) 

𝑀𝑖,𝑊,𝑇,𝑥
𝑃,𝑀 = |

1 0 0 𝑎𝑥

0 𝑐𝑜𝑠 𝛼𝑥 −𝑠𝑖𝑛 𝛼𝑥 𝑎𝑦

0 𝑠𝑖𝑛 𝛼𝑥 𝑐𝑜𝑠 𝛼𝑥 𝑎𝑧

0 0 0 1

|                           (5) 

𝑀𝑖,𝑊,𝑇,𝑦
𝑃,𝑀 = |

cos 𝛼𝑦 0 − sin 𝛼𝑦 𝑎𝑥

0 1 0 𝑎𝑦

sin 𝛼𝑦 0 cos 𝛼𝑦 𝑎𝑧

0 0 0 1

|                          (6) 

𝑀𝑖,𝑊,𝑇,𝑧
𝑃,𝑀 = |

𝑐𝑜𝑠 𝛼𝑧 − 𝑠𝑖𝑛 𝛼𝑧 0 𝑎𝑥

𝑠𝑖𝑛 𝛼𝑧 𝑐𝑜𝑠 𝛼𝑧 0 𝑎𝑦

0 0 1 𝑎𝑧

0 0 0 1

|                            (7) 

Substituting them in the expression 𝑀𝑊𝑖
𝑀 , we get a 

motion matrix that determines the given motion law. 

Coordinates of the point 𝑂𝑊
𝑇  in the independent 

general coordinate system (𝑂 𝑋0 𝑌0 𝑍0) will be written: 

𝑀𝑊
0 = 𝑀𝑊

𝑃 × 𝑀𝑊
𝑀 × 𝑀𝑊6

𝑃 × 𝑀𝑊6
𝑀 × … × 𝑀𝑊1

𝑃 × 𝑀𝑊1
𝑀 ×

𝑀𝑊                                                                                         (8) 
𝑀𝑇

0 = 𝑀𝑇
𝑃 × 𝑀𝑇

𝑀 × 𝑀𝑇6
𝑃 × 𝑀𝑇6

𝑀 × … × 𝑀𝑇1
𝑃 × 𝑀𝑇1

𝑀 × 𝑀𝑇 
(9) 

Independent from the chosen method of formation, the 

number and sequence of coordinate systems types, the 

equality condition of coordinates in the point 𝑂𝑊
𝑇  must 

always be observed, i.e. equality: 𝑀𝑊
0 = 𝑀𝑇

0 . 

By entering the generalized velocity coordinate, 

dividing the expression by the time „t“ in homogeneous 

coordinates, we get the generalized velocity structure of 

the model: 

�̅�𝑊
𝑇 = 𝑀𝑇

𝑃 × �̅�𝑇
𝑀 × 𝑀𝑇6

𝑃 × �̅�𝑇6
𝑀 × … × 𝑀𝑇1

𝑃 × �̅�𝑇1
𝑀 ×

𝑀0
𝑃 × 𝑀𝑊1

𝑃 × �̅�𝑊1
𝑀 × … × 𝑀𝑊6

𝑃 × �̅�𝑊6
𝑀 × 𝑀𝑇             (10) 

2.3 Cutting process model 

For the cutting process, the model of the fracture scheme 

type determines the physical structure of the process, i.e. 

the physical cutting model (the physical process of plastic 

deformation and fracture). In our case, the stress tensor, 

as described above for different cutting schemes in the 

𝑍 𝑂 𝑋 plane perpendicular to the crack front, is 

determined by the flat stress state, for the dislocation of 

the shift in the 𝑋 𝑂 𝑌 plane, in the form of: 

𝑇𝜎 = (
𝜎𝑥𝑥 0 𝜏𝑥𝑧

0 0 0
−𝜏𝑧𝑥 0 𝜎𝑧𝑧

)                                               (11) 

Similar to the shear stress tensor 𝜏�̅� = 𝜏𝑧𝑥, the speed 

(velocity tensor) �̅�𝑆 = 𝑣𝑧𝑥 and its components will be 

equal to: 

𝑣𝑧𝑥(𝜏𝑧𝑥) = 𝑣𝑧𝑥 + 𝑣𝑦𝑥 + 𝑅 × 𝜔𝑦 = 𝑣𝑦𝑥 + 𝑣𝑧𝑥 + 𝑅𝑧0 ×

𝜔𝑦0
𝑧 + 𝑅𝑦0 × 𝜔𝑦0

𝑦
+ 𝑅𝑥0 × 𝜔𝑦0

𝑥                                        (12) 

where 𝑣𝑧𝑥, 𝑣𝑦𝑥 is the linear velocity vector of the axes 

Z0, Y0 along X0 in the shear plane 𝑋 𝑂 𝑌. 

𝑅 × 𝜔𝑦 is the linear vector of the rotation speed of the 

radius-vector around the axes in the 𝑋 𝑂 𝑌 shear plane. 

Tangential stresses 𝜏𝑆 determining the dislocation 

shift are equal to: 

𝜏𝑆 = 𝜏𝑥𝑦 =
𝐹𝑆

𝐴𝑆
                                                                      (13) 

where 𝐹𝑆 is the shear force of the dislocation, 𝐴𝑆 is the 

tangential stress area. 
The shear occurs when the tangential stresses and 

active forces on the part and tool side are equal (friction 

forces are not considered here), as a result we will get: 

�̅�𝑆 = 𝜏�̅� × 𝐴𝑆 = 𝑚𝑆 × 𝑎𝑆 =  𝜌 × 𝑉𝑆 ×
�̅�𝑆

𝑡𝑆
= ∑ �̅�𝑇𝑊 =

𝑚𝑊 × 𝑎𝑊 + 𝑚𝑇 × 𝑎𝑇 = 𝑚𝑊 ×
�̅�𝑊

𝑡
+ 𝑚𝑇 ×

�̅�𝑇

𝑡
           (14) 

where 𝑎𝑆 is the acceleration and �̅�𝑆 is the dislocation 

speed vector, 𝑡𝑆 is the dislocation propagation time, 𝑉𝑆 - 

the moved dislocation volume, 𝑚𝑊 - the work piece mass, 

𝑚𝑇 - the tool mass, �̅�𝑊 - the vector of the work piece 

speed, �̅�𝑇 - the vector of the tool speed, t - the cutting time. 

A more precise value of the active force during the 

cutting process can be found in the works of different 

authors, whose cutting schemes are shown in table 1. 

In this case, the structure of the cutting force is 

important, which can be written as: 

  �̅�𝑆 = 𝜏�̅� × 𝐾𝑆                                                                      (15) 
where the coefficient 𝐾𝑆 is determined by the cutting 

model under consideration (table 1) and depends on the 

type and quantity of parameters taken into account 

(geometric linear and angular, physical properties, e.g. 

friction type, etc.) and the degree of their detailing.  

For example, in the Vorontsov A.L. scheme 2008 the 

cutting force is determined as follows: 
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𝐹𝑆 = 𝜏𝑆 × 𝐾𝑆 = 𝛽 × 𝜎𝑆 × 𝑢 × ℎ1 × {𝑐𝑜𝑠 𝛾 × [1 +
𝜇1×𝑙

ℎ2
+

(0.5+𝜇)×𝑢×ℎ1

2×ℎ2
] +

ℎ2

4×𝑢×ℎ1×𝑐𝑜𝑠 𝛾
+ 𝜇 × 𝑠𝑖𝑛 𝛾 +

𝜇2×𝑙3

𝑢×ℎ1
}     (16) 

𝜏𝑥𝑦 = 𝜏𝑆 = 𝛽 × 𝜎𝑆 × (𝜇 −
0.5+𝜇

ℎ2
× 𝑦)                          (17) 

𝜏𝑆 × 𝐾𝑆 = 𝛽 × 𝜎𝑆 × (𝜇 −
0.5+𝜇

ℎ2
× 𝑦) × 𝐾𝑆 = 𝛽 × 𝜎𝑆 ×

𝑢 × ℎ1 × {𝑐𝑜𝑠 𝛾 × [1 +
𝜇1×𝑙

ℎ2
+

(0.5+𝜇)×𝑢×ℎ1

2×ℎ2
] +

ℎ2

4×𝑢×ℎ1×𝑐𝑜𝑠 𝛾
+ 𝜇 × 𝑠𝑖𝑛 𝛾 +

𝜇2×𝑙3

𝑢×ℎ1
}                                  (18) 

Therefore, the coefficient 𝐾𝑆 in the case of Vorontsov 

A.L. scheme 2008 is equal to: 

𝐾𝑆 = (𝜇 −
0.5+𝜇

ℎ2
× 𝑦)

−1

× 𝑢 × ℎ1 × {𝑐𝑜𝑠 𝛾 × [1 +

𝜇1×𝑙

ℎ2
+

(0.5+𝜇)×𝑢×ℎ1

2×ℎ2
] +

ℎ2

4×𝑢×ℎ1×𝑐𝑜𝑠 𝛾
+ 𝜇 × 𝑠𝑖𝑛 𝛾 +

𝜇2×𝑙3

𝑢×ℎ1
}  

(19) 
For other cutting schemes in Table 1, as well as the 

existing schemes of other authors, the cutting force will 

be determined similarly to 

 𝐹𝑆 = 𝜏𝑆 × 𝐾𝑆, but the values of 𝐾𝑆 will differ 

numerically, the value of which is determined by the 

values of angles in the adopted schemes, the values of 

friction coefficients. At the same time, the value of shear 

stresses in the most general form is determined from the 

ratio: 

 𝜏𝑆 =
𝜎

√3
                                                                                (20) 

where σ according to the Johnson-Cook equation 

𝜎 = [𝐴 + 𝐵(𝜀)𝑛] × [1 + 𝐶 × 𝑙𝑛 (
�̅�

�̅�0
)] × [1 − (

𝑇−𝑇0

𝑇𝑚−𝑇0
)

𝑚

] 

(21) 
Due to space limitations, this material does not include 

a table of 𝐾𝑆 values for the thirty most well known cutting 

models. 

3 Energy limit 

3.1 Allowable manufacturing process speed  

The energetic limit for the attainability of associated 

processes describes the allowable speed of materials 

processing by the machine tools. Significant advances in 

understanding the machining process were made by Ernst 

and Merchant, whose thermodynamic approach proposed 

a specific cutting energy Ps, which describes the 

efficiency of the cutting process:  

𝑃𝑆 =
𝑃𝑚

𝑍𝑤
=

𝐹𝑐

𝐴𝑐
                                                                        (22) 

Here 𝑃𝑚 = 𝐹𝑐 × 𝑣  is the rate of energy consumption 

during machining; Fc - cutting force in the direction of 

cutting; Zw - metal removal rate; Ac - cross-sectional area 

of the undeformed chip, and v - cutting speed. 

PS is affected by cutting speed, feed and tool 

geometry. The theory does not specifically provide for 

materials comparisons in that Ps can vary considerably for 

a particular material. Cutting energy does tend to become 

constant at high speeds and large feeds, therefore Ernst 

and Merchant, and Lee and Shaffer later on, imply that the 

dominant material property is related to the work piece 

material's shear strength. (Experimental work does in fact 

show that a material's shear stress remains constant over a 

wide range of cutting conditions.) Thermodynamics also 

suggests that the non-friction heat generated during 

machining is a function of the work piece material's 

physical properties. One proposal is that it should 

therefore be possible to describe machinability in terms of 

a "thermal number" R, which considers the relevant 

properties: 

R =
𝜌×𝑐×𝑣×𝑎

𝑘
                                                                        (23) 

where 𝜌 - density, c - heat capacity, v - velocity related 

to cutting speed, a - chip area, k - work piece thermal 

conductivity. [15] 

The product of the force and velocity vector are used 

to predict power requirements for sizing a new machine 

tool or for predicting the production rates possible with an 

existing machine tool. Temperature predictions are used 

to estimate how the process of machining or grinding 

affects a useful life of cutting edge or how elevated 

temperatures can change the mechanical properties of the 

work piece. [11] 

The main body of the ISO 3685-2017 report is 

contained in several sections which deal with reference 

work piece materials, reference tool materials and tool 

geometries, reference cutting fluids, reference cutting 

conditions, tool life criteria and tool wear measurement, 

equipment, test procedures, and the recording and 

reporting of results. [16,17] 

3.2 Physical cutting process model 

Based on Fig. 1, let’s present the energy model of cutting 

as a physical process of transformation of the initial 

material (characterized by mass, volume, physical and 

mechanical properties) into a given part (characterized 

also by its mass, volume, physical and mechanical 

properties) under the influence of energy required for this 

transformation. 

 

Fig. 4. Energetic model on energy transformation and material 

property change velocity 
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The fracture model determines the physical structure 

of the process - the physical model of cutting (the physical 

process of plastic deformation and fracture in Fig. 4), and 

the shear stresses determining the dislocation shift are 

equal to:  

𝜏𝑆 = 𝜏𝑥𝑦 =
𝐹𝑆

𝐴𝑆
                                                                     (24) 

The shift occurs when the shear stresses and effective 

forces on the part and tool side are equal (see Section 2). 

In this case, it is important, as shown in section 2 

above, that the cutting force structure can be written as: 

�̅�𝑆 = 𝜏�̅� × 𝐾𝑆                                                               (25) 

where the coefficient 𝐾𝑆 is determined by the cutting 

model under consideration and depends on the type and 

quantity of parameters taken into account (geometric 

linear and angular, physical properties, e.g. friction type, 

etc.) and their degree of detail. At the same time, the 

cutting force operation is determined by the cutting force 

and cutting speed. 

Consequently, this relation build the following 

equation: 

𝜏𝑆 =
𝐹

𝐴𝑆
=

𝐹×𝐿

𝐴𝑆×𝐿
=

𝐹×𝐿

𝐴𝑆×𝐿
×

𝜏

𝜏
=

𝐹×𝑣
𝑉

𝜏

=
𝑃

𝑄
=

𝑊

𝑉
                (26) 

where F is force [N]; AS is area [m2]; L is length 

(cutting motion) [m]; τ is time [s (min)]; V is volume [m3]; 

ν is speed [m/s, m/min]; P is power [W]; Q is specific 

productivity [m3/s]; W is energy, J is specific energy 

intensity [J/m3]. 

This expression defines various stress ratios, including 

the value of shear stresses and relevant 𝜎𝑠 - yield stress of 

the processed material. From this conceptual dependence 

follows the values of energy ranges, required for cutting 

of different materials under different cutting conditions 

(Table 2). 

Table 2. Values of energy ranges, required for cutting of 

different materials under different cutting conditions [12] 

Chip removal 

range 

1 nm … 

0.1 µm 

0.1 µm … 

10 µm 

10 µm … 

1 mm 

Defects / 

Inserts 
Spot defect 

Offset/ 

Crack 

Crack / 

crystal border 

Type of 

material 

destruction 

atomic 

cluster 

Sub 

crystalline 

Multi 

crystalline 

Resistance to 

brittle 

fracture 

104 … 103 

J/m3 

atomic 

crack 

103 … 102 

J/m3  

micro crack 

102 … 10 

J/m3  

fragile crack 

Shear 

resistance 

limit 

104 … 103 

J/m3 

atomic dis-

placement 

103 … 102 

J/m3  

slip offset 

102 … 10 

J/m3  

shear strain 

3.3 Physical crack propagation speed 

The physical cutting process (Fig. 4) determines and 

origins the material removal speed during cutting and is 

characterized by the speed of relative movement of the 

cutting tool and work piece, which can be determined by 

the product of the area of material cut per unit of time or 

the feed rate or cutting speed multiplied by the cutting 

area. Thus, you can write:  

𝑄 =
𝐹×𝑣

𝜏𝑠
=

𝜏𝑠×𝐾𝑠×𝑣

𝜏𝑠
= 𝐾𝑠 × 𝑣                                         (27) 

The ideal rate of propagation of plastic deformations 

can be determined based on the solution of the equation 

of motion of the mass element of the material having the 

form: 
𝜕2𝑢

𝜕𝑡2 =
𝜕𝜎

𝜕𝑥
=    

𝐸 

𝜌
×

𝜕2𝑢

𝜕𝑡2                                                         (28) 

Then the elastic wave propagation velocity 

𝑣 = √
𝐸

𝜌
                                                                                   (29) 

can be taken as a measure of the plastic deformation 

propagation velocity.  

Therefore, if we take into account the 

recommendations of [12] about the dependence of the 

plastic strain rate on the sound velocity: 

𝑣𝑑𝑖𝑠𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 = √
𝐸

𝜌
× 𝑒

−
𝐴

(𝜏𝑠×𝜃0) = 𝑣𝑠𝑜𝑢𝑛𝑑 × 𝑒
−

𝐴

(𝜏𝑠×𝜃0)   (30) 

where A is the material constant, τs is the shear stress, θ0 

is the cutting zone temperature. 

Table 3. Sound and crack velocities for various materials [18] 

Material Sound velocity 

[m/s] 

Crack propagation 

velocity [m/s] 

Diamond  12 000 6000-7200 

Steel 5030 1800 

Hardened steel 5850 2300 

The scheme of formation and direction of crack 

propagation is shown in Fig.5. 

 

Fig. 5. Stress components and crack propagation 

The driving force behind the crack propagation is the 

energy of deformation, which is balanced by surface and 

kinetic energies, and as the velocity of the crack increases 

above the maximum velocity, it will be absolutely brittle. 

It is also known that the speed of heat waves propagation 

is determined by the speed of sound. Therefore, at 

supersonic speeds there is a "lagging behind" of the heat 

flow and, consequently, a decrease in the coefficient of 

thermal conductivity of metals with an increase in 

processing speed. 

Taking into account the kinetic energy of the crack, 

the maximum possible rate of propagation of the fracture 

in the solid body, referring to Mott, is 0.38 of the sound 

velocity, and within the framework of a purely elastic 

problem, this limit is increased to 0.4 of the sound 

velocity. The above arguments about velocity at plastic 

deformation and fracture allow us to raise the question 
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about the maximum possible cutting velocity. If we 

assume that the thickness of the material to be cut h, the 

direction of propagation is determined by the angle θ, the 

length of the crack will be equal to: 

𝑙𝑐𝑟𝑎𝑐𝑘 =
ℎ

sin θ
                                                                            (31) 

The propagation of this crack will require a time equal 

to: 

𝑡𝑐𝑟𝑎𝑐𝑘 =
ℎ

sin θ×v𝑑𝑖𝑠𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛
=

ℎ

sin θ×√
𝐸

𝜌
×𝑒

−
𝐴

(𝜏𝑠×𝜃0)

              (32) 

The length projection is cracked on the cutting speed 

direction will be equal: 

𝐿𝑐𝑟𝑎𝑐𝑘 = 𝑙𝑐𝑟𝑎𝑐𝑘 × cos θ =
ℎ×cos θ

sin θ
                               (33) 

The time required to travel this distance will be equal 

to: 

𝑡𝑐𝑟𝑎𝑐𝑘 =
𝐿𝑐𝑟𝑎𝑐𝑘

𝑣𝑐𝑟𝑎𝑐𝑘
=

ℎ×cos θ

sin θ×𝑣𝑐𝑟𝑎𝑐𝑘
                                              (34) 

Then for the process of formation and removal of 

dislocations to be continuous it is necessary to have 

equality of times 

𝑡𝑐𝑟𝑎𝑐𝑘 = 𝑡𝑐𝑢𝑡              or                                                      (35) 
ℎ

sin θ×√
𝐸

𝜌
×𝑒

−
𝐴

(𝜏𝑠×𝜃0)

=
cos θ

sin θ×𝑣𝑐𝑢𝑡
  .                                          (36) 

Therefore, the cutting speed will be determined as 

follows: 

𝑣𝑐𝑢𝑡 =
𝑐𝑜𝑠 𝜃×ℎ×𝑠𝑖𝑛 𝜃

𝑠𝑖𝑛 𝜃×ℎ
× √

𝐸

𝜌
× 𝑒

−
𝐴

(𝜏𝑠×𝜃0) = 𝑐𝑜𝑠 𝜃 × √
𝐸

𝜌
×

𝑒
−

𝐴

(𝜏𝑠×𝜃0) = 𝑐𝑜𝑠 𝜃 × 𝑣𝑠𝑜𝑢𝑛𝑑 × 𝑒
−

𝐴

(𝜏𝑠×𝜃0)  .                      (37) 
Therefore, in accordance with the scheme of Fig. 4, 

the forming rates and plastic deformation rates differ and 

depend on the direction of propagation are cracked, and 

the kinematically necessary cutting rate is proportional to 

the rate of propagation of plastic deformations multiplied 

by the cosine of the angle of propagation of dislocations. 

Energy parameters of each of the components of the 

cutting structure are determined by the above 

dependencies based on the required velocity ratios. On 

this basis, the question of requirements to the physical 

characteristics of the machines designed for this purpose 

is solved. 

4 Increasing productivity 

4.1 Stiffness of machine tool structures 

Stiffness of machine tool structures [3] for highest 

precision manufacturing becomes comparable to work 

piece geometrical accuracy and manufacturing process 

tolerances. 

4.2 Traditional cutting application 

The cutting velocity for a steel work piece by a standard 

milling tool is 𝑣𝑐 = 1 m/s. The cutting force is  

𝐹𝑐 = 3 000 N, generated by an electrical servo drive and 

ball screw. The rate of energy consumption during 

machining is 

𝑃𝑚 = 𝐹𝑐 × 𝑣𝑐 = 3 000 Nm/s.                                      (38) 

The cutting time is 300 s. The cutting energy 

consumption is 900 000 J. The axial work piece accuracy 

is P = 0.01 mm. The required machine tool stiffness is  

𝑐 =
𝐹𝑐

𝑃
=

3000 𝑁

0.01 𝑚𝑚
= 300 000 000 𝑁/𝑚 .                      (39) 

4.3 High Speed Cutting application 

The cutting velocity for a steel work piece by a HSC 

milling tool is 𝑣𝑐 = 25 m/s. The cutting force is 

𝐹𝑐 = 2 000 N, generated by an electrical servo drive and 

ball screw. The rate of energy consumption during 

machining is 

𝑃𝑚 = 𝐹𝑐 × 𝑣𝑐 = 50 000 Nm/s                                   (40) 

The cutting time is 15 s. The cutting energy 

consumption is 750 000 J. The axial work piece accuracy 

is P = 0.01 mm. The required machine tool stiffness is 

𝑐 =
𝐹𝑐

𝑃
=

2000 𝑁

0.01 𝑚𝑚
= 200 000 000 𝑁/𝑚 .                      (41) 

Table 4. Ratios between traditional cutting and innovative 

High Speed Cutting technologies 

Technologies Traditional 

cutting 

HSC cutting ratio 

Process time [s] 300 15 20 

Velocity [m/s] 1 25 25 

Force [N] 3 000 2 000 0.67 

Energy [J] 900 000 750 000 0.83 

Stiffness [N/m] 300 000 000 200 000 000 0.67 

 

The innovative HSC productivity is 20 times faster 

than a traditional cutting process. The HSC velocity ratio 

to cutting is 25, but the process force ratio is 2/3. At the 

same time, the energy consumption for the HSC process 

is 83%, but the required machine tool stiffness is 67% of 

traditional cutting machine tool. 

5 Summary 

Today’s process velocities are far away from theoretical 

values for crack propagation velocities in table 3. Not only 

the process speed is limiting the interaction between the 

tool and the work piece, but also the energy, the process 

temperature, the dynamic stability, the tool lifetime and 

the machine tool stiffness. 

This paper gives several examples for admissible 

limits of increased productivity by increased process 

speeds in various manufacturing technologies for both 

traditional cutting and high speed cutting methods. 

The energy - information regularities of increasing 

productivity in metalworking machine tools, presented in 

this paper, will open chances for innovative 

manufacturing methods and technologies. 
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