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INTRODUCTION 

Strict requirements to the quality of production of parts are primarily determined 

by manufacturing technology on finishing operations. That is why decreasing 

labor input on production of parts and increasing labor productivity due to usage 

of more progressive machining methods are relevant tasks of mechanical 

engineering. This problem is especially relevant for face grinding of surfaces 

made of tough-to-machine materials. 

 

GRINDING HARD-TO-CUT SURFACES 

The specific feature of grinding of tough-to-machine materials surfaces is high 

heat density in the zone of contact, which negatively impacts on formation of 

physical and mechanical properties of the machined surfaces. Heat density is a 

limiting factor for appointment of this operation in the structure of the 

technological process. As practical experience shows, application of rational 

compositions of cooling-lubricant technological fluids (CLTF), advanced 

methods and devices for their supply to the cutting zone are intrinsic and 

necessary element of technological support for operations of abrasive 

machining, providing many advantages. These advantages include optimal 

increase in work capacity of facer, decrease in heat density of the process, 

improvement of grinded surface quality and cutting modes (Patent 1997; 

Ivanova et al., 2018; Dement’ev et al., 2017; Ivanova 2016; Rezchikov et al., 

2017; Nikitina & Polyakov, 2021; Troshin & Zakharov, 2020; Tambiev, 2018; 
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Nikiforov & Maltsev 2014).  

Moreover, designing a tool for abrasive machining, which differs from standard 

ones, is one of possible directions for enhancement of technological prospects 

of grinding process. Creation of unsteady thermal mode, entailed by rapid 

periodical disruption of contact of the wheel with the machined surface and 

simultaneous supply of coolant gives an opportunity to change the time of 

thermal saturation decrease and vary the maximum temperature values in the 

contact zone due to creation of competitive tools (Fig. 1, 2) (Nosov et al., 2019; 

Tyuhta et al., 2016; Yanyushkin et al., 2017). 

 

  
Fig. 1 Cutting surface of face grinding wheels 

 

When studying thermal processes using tools (Fig. 1, 2) both with vortex air 

cooling and traditional liquid coolant we took thermal conductivity equation as a 

base. It is assumed that it corresponds to a scheme of moving strip source. 

Considering imposed boundary conditions for temperature distribution along the 

surface, which take into account temperature conductivity coefficient α, speed 

of part υpart, machining length l, we obtained the next equation:  

 
(1) 

 

    
a)        b) 

Fig. 2 Grinding tool with vortex air cooling: a) front view, b) bottom view from the side 
of abrasive layer. 1 – case, 2 – abrasive layer, 3 –  grooves, 4 – vortex tubes,  

5 – mandrel, 6 – concentric hole, 7 – hole, 8, 9, 13, 14 – radial holes, 10 – nuts, 11,  
12 – pipelines, 15, 16 – pipelines, 17 – cavity, 18 – hole, 19 – coupling, 20 – packing seal, 

21– threaded sleeve, 22 – seal rings, 23 – gasket, 24 – screw, 25 – machine spindle. 
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It has been established that multiplying the square of Peclet number  

by Fourier criterion Fo = α·τ/l2, characterizes the time of thermal saturation τ. 

That is why dependence (1) allows us to determine time limiting maximum 

temperature in the surface layer of the machined part θн, which causes 

irreversible phase transformations.  

Under action of coolant the next dependence was obtained 

 (2) 

where: 

α – heat exchange coefficient,  

λ – thermal conductivity coefficient of the machined material,  

τcool – time considering supply of coolant in contact zone.  

Fig. 3 demonstrates graphical dependence of equations (1, 2).  

 

 
Fig. 3 Dependence of relative temperature: 

н on criteria Pe2F0 (solid line), cool on cooling (dashed line), where: Тi =  

 

Characteristic feature of dependences (1, 2) is the established influence of the 

radius of inclination of the grooves on tool cutting surface, number of vortex 

tubes, outflow rate, temperature and flow rate of cold vortex flow of air (table 1).  

It was established that temperature of machined surface decreases more 

intensively with an increase in length of groove, number of vortex tubes, and 

flow rate of cold vortex flow of air or CLTF.    

 
Table 1 Parameters of the trajectory of movement of CLTF and cooled  

air along the cutting layer of the grinding wheel 

Groove inclination angle , rad 
 

0 0.175 0.351 0.523 0.785 1.047 1.571 

Groove inclination radius r, mm 55.00 56.22 58.57 61.27 65.48 69.56 78.46 

Air flowrate G*cool, m3/s 0.008 0.010 0.015 0.015 0.026 0.010 0.010 

Outflow rate of CLTF f, m/s 11.29 14.67 14.96 15.89 15.82 15.23 15.23 

Heat exchange coefficient  

(W/m2degree) 

1016 1254 1273 1336 1332 1292 1292 

 

To assess the reliability of obtained results, experimental research 

measurement of temperature in cutting zone was carried out by means of 

semiartificial thermocouple, installed in the machined part. Table 2 shows 
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calculated (Тteor С) and experimental values (Тexp С) of temperature during 

grinding using wheels with solid and discontinuous work surfaces. Figure 4 

demonstrates comparison of the results with different cooling environment 

The results of temperature field studies during face grinding by grooved tools 

with air cooling and jet supply of CLTF have shown that any coolant considerably 

reduces the penetration depth of high temperatures and total heat content of the 

part. It contributes to a decrease in temperature by 25-30% compared to tool 

with solid surface and supply of coolant by flooding 

 
Table 2 Study of temperatures 

Cutting modes Grooved surface Solid surface 

part m/min t, mm wheel, m/s Тteor С Тexp С Тteor С Тexp С 

0.5 

0.5 

1.0 

1.0 

1.5 

1.5 

2.0 

2.0 

2.5 

0.1 

0.3 

0.2 

0.1 

0.3 

0.2 

0.1 

0.3 

0.2 

40 

25 

32 

35 

25 

20 

25 

30 

22 

130 

125 

190 

130 

120 

133 

118 

195 

130 

137 

120 

200 

147 

135 

127 

112 

224 

132 

680 

540 

484 

225 

280 

220 

293 

340 

325 

700 

510 

400 

240 

290 

225 

280 

360 

373 

 

 

Fig. 4 Dependence of contact temperature on speed of part part with grinding depth:  

1 – t = 0,1 mm; 2 – t = 0,2 mm; 3 – t = 0,3 mm 

 

Other parameters, influencing the efficiency of grinding tool with vortex cooling, 

include cutting forces, roughness, physical and mechanical properties of the 

machined surface, metal removal and diamond consumption. For the sake of 

comparison, we have also conducted experiments on grinding with solid tool 

and supply of coolant by flooding. Experimental data have been processed 

according to experiment planning method. The results of the study include 

dependences of roughness, tangential and radial cutting forces, diamond 

consumption and metal removal intensity on cutting modes and grinding tool 

characteristics. Graphical dependences have been built to illustrate them (Fig. 

4-6). 

As you can see from Figure 5, in case of grinding with grooved tool with supply 

of cooled gas or liquid in the cutting zone, the grains acquire wear areas, which 

are typical for normal work of the wheel. What is more, the presence of such 
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wear character indicates that grains protrude from the bond, which holds them 

tightly, so they are less loaded. In case of solid wheel use, grains almost do not 

protrude. 

 

 
a)      b) 

 
c)      d) 

Fig. 4 Dependence of microroughness height Ra on a) speed of part, b) wheel speed,  
c) operation time, d) cutting depth when grinding steel 18KhN3A (Russia) with cooling. 

Grooves comprise 30% of wheel work surface. Tool 12А2 150х32х40 АС6 М2-01 4 
(Russia) 

 

   
a)                        b)                       c) 

Fig. 5 Cutting surface state: a) after 15 minutes of machining with grooved wheel and 
CLTF supply; b) after 15 minutes of machining with grooved wheel and vortex cooling; 

c) after 15 minutes of machining with solid wheel 

wheel = 40m/s; t = 0,2 mm; part = 4 m/min. 

 

The analysis of obtained graphical dependences has demonstrated that 

machining with the grooved tool and coolant provides 30-40% decrease in 

roughness, 20-30% decrease in cutting force and 20-25% growth of wheel 

cutting ability in comparison with machining using standard tools. Firstly, it is 

explained by improved ability of grains to operate under considerable loads due 

to flow of coolant. Secondly, intensive flow of cooled air can serve as an agent 

of heat transfer from contact zone of grinding wheel with machined material. It 

contributes to creation of lower temperature in the plane of contact between 
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grinding wheel and machined surface, if compared to the use of cooling-lubricant 

fluid. 

 

 
a)                                          c) 

 
b)                                       d) 

Fig. 6 The influence of part speed and grinding depth on metal removal intensity (a, c) 
and specific diamond consumption (b, d) of grooved diamond tool with different grain 

size and vortex cooling and grooved tool with supply of CLTF INKAM-1 (Russia). 
Machined material – steel KhVG (Russia). Grinding tool 12А2 150х32х40 АС6 М2-01 4 

(Russia). а, b) υwheel = 40m/s, t = 0,2 mm, c, d) υpart = 3 m/min, υwheel = 40m/s. 

 

The bond of grinding tool with vortex cooling is protected from thermal 

destruction, so it holds the grains tightly and for longer period. Cutting forces, 

applied to a single grain, decrease. Therefore, there is an opportunity to create 

additional load on the grains, working with high speed. This can be reached by 

an increase in cutting depth or part speed, which allows growth of grinding 

productivity by 2-4 times. Supply of cold flow creates better conditions for heat 

removal from the surface of the part owing to intensive pouring of coolant 

through the grooves of discontinuous tool. It has been experimentally 

established that optimal ratio of shoulders to grooves should not exceed 30% of 

wheel work surface, while number of vortex tubes should be limited by 8. If these 

requirements are not fulfilled, it leads to worsening of roughness parameters 

and tool resistance. 

It has been discovered that 4 zones can be formed in surface layers of steel 

during grinding:  

1) austenitic-martensitic zone, an inhomogeneous weakly etched layer, which 

is found using metallography methods;  

2) tempered martensite or ferrite, austenite and tetragonal martensite of 

secondary quenching;  

3) ferrite and carbides;  

4) zone of transition from high tempering structure to structure of initial thermal 

treatment.  
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All zones can occur in case of rough grinding modes, as for softer ones – only 

the third or the third and the fourth can form. 

Studies have demonstrated that grinding of annealed steel leads to a rapid cold 

hardening of surface layer. Grinding modes, used in practice, result in ultimate 

hardening in surface layers of steels, which may result in crack propagation. 

The samples of tough-to-machine steel 15Kh28 (Russia) of size 10х15 mm have 

been selected for experimental research on surface layer properties. After given 

thermal treatment, the samples were grinded by grooved diamond tool with 

vortex cooling and solid diamond tool with CLTF flooding under different grinding 

modes. Identification of samples microstructure was made by their etching in 

4% solution of nitric acid in alcohol. Then the structure was studied and 

photographed by means of microscope. After this procedure, the microhardness 

was measured using the hardness meter. The results of microstructure studies 

are shown graphically (Fig. 7). Analysis of formed microstructures shows that 

when t = 0.1 mm, deformed layer is insignificant, recrystallization is not 

observed. Only a certain degree of deformation contributes to the intensive 

growth of metal grains in the process of recrystallization. So, grain growth is 

observed after material deformation by 18-22%. 

 

  

a) b) 
Fig. 7 Microstructure of sample cross-section: а) grooved diamond tool with vortex 
cooling, b) solid diamond tool. х500. Tools АЧК 150х32х40 and АС6 100/80 М2-01 4. 

 

Research has shown that grinding with solid tool causes areas with burnings to 

grow in case of increasing cutting depth over 0.35 mm, which indicates surface 

layer tempering. At the same time, microhardness of surface layer also 

decreases. What is more, coarse grains of carbides, elongated along the 

machining direction, are observed. This phenomenon is connected with an 

increase in temperature in the cutting zone (Fig. 5, 6b). After removal of thin 

metal layer (3-4 microns) carbides of initial structure are formed, yet their cross-

sectional size is 2-3 times bigger than on the initial surface 

In case of grinding with vortex cooled tool, burnings are not observed on 

machined surface even when the depth is t = 0,4 mm. There are small equiaxial 

carbides on the surface of the samples. It indicates that the temperature, 

generated in cutting zone, is not sufficient for the beginning of carbides plastic 

flow (Fig. 7а). The deformation of surface layer causes them to split. 

Transformations of surface layer with the change in depth of grinding are not 

observed.  
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The study of surface layer retained austenite has shown that its content remains 

the same along the depth of structurally changed layer in case of machining with 

solid grinding tool and cutting depth in the range of 0.1-0.4 mm. In other words, 

the content of retained austenite stays on the level, typical for initial structure of 

the sample. Grinding with vortex cooled tool leads to partial decomposition of 

retained austenite in the surface layer. This decomposition is distributed to a 

depth of 10-15 microns. Different distribution and the change of retained 

austenite content during grinding with solid and grooved tools indicates the 

differences in the nature of influence of these treatment types on surface layers 

of the machined material. If quenched steel is rapidly heated, the area of 

retained austenite decomposition shifts towards high temperatures. Therefore, 

rapid heating, entailing solid grinding, increases the resistance of retained 

austenite in surface layer. Increasing grinding modes leads to a growth of 

retained austenite content. Rising temperature intensifies the decomposition of 

retained austenite. That is why the observed decrease in austenite 

decomposition is not associated with thermal effects, yet it is the result of a 

decrease in the depth of the deformed layer with an increase in the grinding 

depth. In the process of grinding with solid tool, the removal of the chip is 

accompanied with deformation of metal along the edges of a scratch. As a result, 

surface layers are exposed to cold hardening. Due to an increase in cutting 

depth, chip formation ratio rapidly grows and the biggest part of cold hardened 

metal turns into chip. Underlying layers are exposed to less transformation due 

to friction of the diamond grain with metal surface 

On the base of experimental data, obtained in this work, Table 3 was formed. It 

contains the data including metal removal per minute, microroughness height, 

wheel redress life during surface grinding of steel 45, steel KhVG, steel 

13KhN3A (Russia) by solid face tool, grooved tool with air vortex cooling and 

grooved tool with injection of cooling-lubricant fluid INKAM-1. Steel grades are 

divided into groups; each group includes steels with similar grind ability. The 

indicators of the efficiency of grinding steels in different technological conditions 

are expressed in relative coefficients, since it is difficult to express accurate data 

on productivity, wheel resistance, machining accuracy in absolute terms:  

Coefficient of wheel cutting ability  

Kp = QM/Py, mm3  s–1  N–1, (3) 

where: 

Qм – cutting ability of the wheel, mm3  с–1;  

Ру, Рz – radial and tangential components of grinding force, respectively, 102 N 

Specific grinding power 

KN = Ng/QM 

Ng = Nr – Nx  W  mm–3  s, 
(4) 

where: 

Ng – grinding power W;  

Nr, Nx – load and idle power of the grinding wheel drive, respectively W. 
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Expression of these criteria through coefficients is sufficient for selection and 

correction of wheel characteristics and grinding modes. Actual values will 

depend on conditions of particular machining operation (machine and part 

stiffness, wheel size, machined surface and etc., which are usually taken into 

account in specifications on machining operations). 

The coefficients, shown in the table below, allow us to see how metal removal, 

roughness and wheel resistance change with wheel characteristics, grinding 

mode and steel grade.  

 
Table 3 Criteria of technological efficiency of grinding 

 Criteria of technological efficiency  
Machined 
material 

Redress 
life Тw, 
hours 

Coeff.  
of wheel 
cutting 

ability Kр 

Specific 
grinding 

power KN 

Roughn
ess 
Rа, 

microns 

Radial 
force 

Ру, 102 
N 

Tangen
tial 

force 
Рz, 102 

N 

Cooling type 

KhVG 1.00 0.91 0.86 0.63 0.95 1.03 (1) – CLTF 
«INKAM-1» 

45 1.00 0.97 1.08 0.32 1.07 1.06 

13KhN3A 1.01 1.71 0.98 0.75 0.85 1.00 

KhVG 1.55 1.40 0.54 0.24 0.96 0.14 (2) – Cold air 
Т*cool = -5ºС, 

р*cool = 0.3 MPa, 
μ = 0.44, vortex 
tubes number – 

6 

45 1.91 1.11 0.80 0.10 0.91 1.0 

13KhN3A 1.20 1.33 0.82 0.18 0.63 0.84 

KhVG 1.42 1.07 0.31 0.26 0.93 1.10 (3) – Cold air  
Т*cool = 0ºС, 

р*cool = 0.5 MPa, 
μ = 0.36 Vortex 
tubes number – 

8 

45 1.70 1.97 1.08 0.12 1.05 1.06 

13KhN3A 1.22 1.00 0.74 0.20 0.54 0.73 

KhVG 0.5 0.91 0.96 0.67 1.09 1.14 
(4) – CLTF 

«AKVOL – 6» 
45 0.9 0.89 0.93 0.32 0.87 0.99 

13KhN3A 1.02 0.99 1.50 0.63 0.91 1.05 

 

During grinding of samples of KhVG the highest value of redress life Тw and the 

lowest energy consumption KN were reached in case of vortex air cooling in 

modes (2) and (3), respectively. Obtaining of the machined surface with 

minimum microroughness height Rа is possible in cooling mode (3). The highest 

values of Rа are obtained in case of use of CLTF «INKAM-1». The lowest force 

intensity and energy consumption (KN, Rа, Рz) are provided by cooling modes 

(2, 3, 1). CLTF «INKAM-1» and «AKVOL – 6» show the lowest intensity of wear 

of grinding wheel in case of machining steel 45. In case of grinding with cooling 

mode (2) the highest coefficient of wheel cutting ability Kр has been recorded. 

When grinding workpieces of steel 13KhN3A wheel redress life increase was 

provided in case of machining with vortex air cooling, mode (3). Machining with 

vortex air cooling is characterized by lowest force intensity and minimum energy 

consumption. Cooling mode (2) provided the best microgeometry of grinding 
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surfaces from steel 45 and the highest wheel redress life. 

 

SUMMARY 

Using Table 4 you can select wheel characteristics for specific grinding 

conditions and if the first choice does not meet the requirements for this 

operation, final correction of wheel characteristics can be made.  

 
Table 4 Selection of wheel characteristics for diamond grinding of steels 

Steel 
grades 

Grinding mode Solid wheel Grooved wheel 
with CLTF 

supply 

Grooved wheel 
with vortex air 

cooling 

Wheel 
characteristics 

Grinding 
efficiency 

100/80 80/63 125/100 100/80 125/100 100/80 

Cutting speed - 
35 m/s 

Cutting speed - 50 m/s 

Steel 45 
Steel 20 

Metal removal  
per minute 

3.8 2.12 4.13 3.6 4.35 4.0 

Microroughness 
height 

0.32 0.20 0.32 0.16 0.32 0.16 

Wheel redress  
life 

1.88 1.82 2.96 2.07 3.45 2.6 

KhVG 

Metal removal per 
minute 

2.34 2.39 3.09 2.8 3.66 3.28 

Microroughness 
height 

0.4 0.32 0.38 0.2 0.38 0.2 

Wheel redress  
life 

2.22 1.55 2.04 2.67 2.96 2.33 

13KhN3A, 
30KhSA, 
20 KhN 

3A 

Metal removal per 
minute 

2.0 1.55 3.82 3.45 3.93 3.62 

Microroughness 
height 

0.32 0.2 0.32 0.16 0.32 0.16 

Wheel redress  
life 

1.78 1.55 2.96 1.85 2.6 3.33 

 

Let us explain how to use the table on the example of treatment of steel 45 by 

the wheel АС6 М2-01 100/80 with speed 35 m/sec. We assume that it is 

necessary to increase machining productivity significantly without worsening 

machined surface quality and wheel redress life. Using the first table line we find 

coefficients for the given conditions (average metal removal per minute – 3.8, 

microroughness height – 0.32, wheel redress life – 1.88). After this, we select 

new grinding conditions, which meet the requirement to increase the 

productivity. Such conditions for steel 45 include: grinding at speed 50 m/sec by 

grooved tool with vortex air cooling АС6 М2-01 125/100 (metal removal per 

minute – 4.35, wheel redress life – 3.45, microroughness height remains the 

same).  

In practice, most often it is necessary to solve such problems. For example, if 

wheel resistance is not sufficient, it should be increased or solve the task of 

increasing the productivity of machining without worsening the quality of the 

machined surface. Obtained data provide conscious control over the process of 

discontinuous face grinding by changing wheel grain size and grinding speed. 
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Abstract: In current conditions, great attention is paid to the quality of parts, which 
is in many ways determined by finishing operations of mechanical treatment, with 
surface grinding being the most widespread. Grinding process efficiency, abrasive 
tool wear intensity, machined surface quality and other features of grinding process 
depend on properties of the environment, where the cutting process takes place. 
Forced changing of conditions of this environment is one of the ways to control and 
optimize the grinding process, which can be reached due to finding new technological 
decisions. One of the most promising directions to solve this problem is the process 
of face grinding with discontinuous grinding tool and supply of cooling fluid or air in 
the cutting zone directly. Carried analysis of features of face grinding has shown that 
heat density can be decreased by the usage by grooved wheels with vortex air 
cooling or by supply of cooling-lubricant technological fluid. Obtained dependences 
of temperature field of part surface during grinding establish the influence of the 
length of working shoulders and grooves, vortex tubes number, outflow rate, 
temperature and flow rate of cold vortex flow of air. These data provide conscious 
control over the process of discontinuous face grinding by changing wheel grain size 
and grinding speed. 
 
Keywords: face grinding, grinding wheel, steel, vortex air cooling, cooling-lubricant 
technological fluid 

 


