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A B S T R A C T

Introduction. The processes occurring in the cutting zone contribute to the rapid wear of the cutting tool and  
a decrease in the quality of the workpiece. It is possible to reduce the impact of negative factors during metal cutting 
through a rational choice of coolant. The aim of the work is to develop a methodology for the accelerated assessment 
of the coolant lubricating properties. Methods. This paper presents experimental studies of the lubricating effect of 
seven different grades of coolant, during friction of a T15K6 (15 % TiC–79% WC–6 % Co) hard alloy pad and a 
rotating roller made of carbon structural Steel 45 (0.45 % C) are presented. As a parameter of coolant efficiency 
in terms of lubricating effect, this paper proposes an efficiency coefficient Kc, which is equal to the ratio between 
the friction coefficient that occurs when using coolant and the friction coefficient during friction without coolant. 
The lower the coefficient Kc, the more effective this coolant is in terms of lubricating effect. Results. Empirical 
dependences of the coefficient Kc on the coolant density ρ and the limiting wetting angle Θ (Kc = f(ρ; Θ)) are 
established. Since the low significance of the parameter ρ is established, the formula for the dependence of the Kc 
only on the limiting wetting angle Θ (Kc = f(Θ)) is established in the work. It is established that the dependence 
formula (Kc = f(Θ) provides the highest accuracy of calculations. Discussion. After evaluating the research results 
presented in this paper, the following conclusions are made: 1) the paper establishes the influence of the coolant 
density and the limiting wetting angle on the coolant efficiency coeff﻿﻿icient for the lubricating effect determined for 
the friction between a roller made of Steel 45 and a pad made of T15K6 alloy: Kc = f(ρ; Θ) and Kc = f(Θ); 2) the 
greatest accuracy of calculations from 2.75 to 15 % is provided by the formula for the dependence Kc = f(Θ); 3) the 
dependence Kc = f(Θ)is proposed to be used for the method for the accelerated assessment of the coolant lubricating 
properties during friction of a pad made of T15K6 alloy and a rotating roller made of Steel 45. The proposed method 
consists in measuring the limiting wetting angle of a coolant drop on the surface of the workpiece and calculating the 
derived empirical dependence of the coolant efficiency coefficient on the lubricating effect.

For citation: Kisel’ A.G., Churankin V.G. Predicting the coolant lubricating properties based on its density and wetting effect. Obrabotka 
metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material Science, 2023, vol. 25, no. 2, pp. 6–16. DOI: 10.17212/1994-
6309-2023-25.2-6-16. (In Russian).
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Introduction

Metal cutting is accompanied by a variety of physical processes occurring in the cutting zone: high 
temperature, friction between the cutting tool, chips and workpiece, internal friction, high cutting force, 
vibrations of the cutting tool and the workpiece. These processes result in the rapid wear of the cutting tool 
and the workpiece quality reduction. Such processes include high temperature, friction between the chip 
and the cutting tool on the face, friction between the workpiece and the cutting tool on the flank, internal 
friction during plastic deformation of the workpiece material, high cutting force, and vibrations of the 
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cutting tool and the workpiece. The ongoing processes lead to the cutting tool rapid wear and to a decrease 
in the quality of the workpiece being processed.

The elimination of negative factors in metal cutting is ensured by the rational choice of processing 
modes, cutting tools and the supply of coolant to the cutting zone. However, the rational choice of coolant 
at production site is not given due attention. At the same time, it is known that different coolants, due to 
different properties, have different effects on the cutting process. Machine tests are required for selecting a 
coolant that provides the required quality of the workpiece being processed, the longest period of durability 
of the cutting tool and high productivity of the processing [1–5]. However, such tests require a lot of 
time and expenditures for the most efficient cutting tools and coolant purchasing. In turn, laboratory tests 
are quite economical and require much less time than machine tests. Therefore, in order to develop a 
methodology for accelerated evaluation of the lubricating properties of a coolant, it was decided to carry 
out laboratory tests instead of machine ones.

Despite the advantages of laboratory tests, in the course thereof, it is not possible to reproduce all the 
conditions that arise during metal cutting. During such tests, not the entire process is simulated, but only 
some of its elements that have the greatest impact on the cutting process [5–16]. However, reducing the 
negative impact of even one factor can lead to a positive effect when cutting itself.

Based on the scientific literature about coolants, it can be concluded that the main functional actions 
of coolants are lubricating and cooling [17]. But modeling even one of the types of functional actions will 
allow choosing a coolant that will reduce the influence of negative factors occurring during the workpiece 
processing. What is important is only which of the functional actions is the most significant one under the 
given processing conditions.

One of the most important functional actions of the coolant is the lubricating action. This is justified by 
the fact that a decrease in the force and the coefficient of friction during cutting provides a decrease in the 
intensity of the cutting tool wear, an increase in the quality of the processed surface of the workpiece and a 
decrease in the temperature in the processing zone. Therefore, improving the lubricating effect of a coolant 
is an important task.

The analysis of the scientific literature published recently has shown that reducing the influence of 
friction on the cutting process is still an urgent task. Friction reduction is achieved in several ways:

– addition of particles of any substance that has an antifriction effect to the coolant composition [1, 3, 
4, 6, 8, 9, 15–20];

– use of solid lubricants instead of liquid and anti-wear coatings on the cutting tool surfaces [7, 10–12, 
21, 22];

– various physical phenomena effecting the coolant, such as ultrasound, electric current and others [11, 
13, 14];

– using more effective oils as a coolant base [2, 20];
– increasing the service life of the coolant by its sterilization in various ways, which allows to maintain 

a low coefficient of friction for longer period [23];
– using ionic liquids as coolants [8, 14, 24].
Despite the large number of ways to reduce friction in the cutting zone, the problem of choosing the most 

effective coolant for cutting metal workpieces has not been completely solved at present. In addition, the choice 
of a coolant is also difficult because there is a fairly large constantly increasing range of coolants on sale.

This research work is aimed at developing a methodology for accelerated evaluation of the lubricating 
properties of a coolant. The results obtained will facilitate the selection of an effective brand of a coolant 
according to its lubricating action. Therefore, the presented results will be useful for those cutting conditions, 
under which large frictional forces arise, for example, during rough cutting. This is due to the fact that 
during roughing, a large cutting depth and feed rate are set.

Thus, the purpose of this work is to develop a methodology for an accelerated assessment of the 
lubricating properties of cutting fluids used in metal cutting. To achieve this purpose, it is necessary to solve 
the following tasks: 

1) to evaluate experimentally the lubricating effect of the coolant on the friction machine; 
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2) to evaluate the density of the coolants used and its wetting effect in laboratory conditions; 
3) to establish the dependence of the index of the lubricating action of coolants on its density and 

wetting action simultaneously and separately; 
4) to establish the accuracy of calculations of the indicator of the lubricating action of the coolant 

according to the derived dependencies; 
5) to develop a methodology for predicting the lubricating properties of coolant based on laboratory 

tests.

Research technique
Investigation of the lubricating properties of a coolant

In studies of the lubricating effect of a coolant, a friction machine of the model II5018 was used. The 
parameter for evaluating the lubricating effect was the real coefficient of friction µ. 

For the evaluation, water-based coolants were used, since this type is the most common in the produc-
tion of metal parts. The applied coolants of various compositions were experimental developments of the 
company NPO Promekologiya LLC (Omsk). Therefore, all coolants were numbered and labelled as coolant 
1, coolant 2, coolant 3, coolant 4, coolant 5, coolant 6, and coolant 7.

The studies were carried out according to the “pad – roller”. The pad was made of solid titanium-tung-
sten-cobalt alloy 15% TiC–79% WC–6% Co, the roller was made of carbon structural steel 45 (0.45% C).

The principle of operation of the machine presupposes the abrasion of a pair of samples pressed against 
each other with a force of R. 

The “pad–roller” test scheme used allows simulating turning: the role of the workpiece is played by 
a rotating roller made of the material being processed, and the role of the tool — by a pad made of tool 
material pressed against the roller. The research was carried out with a pressure force on the pad P = 1,000 
N and a roller rotation speed n = 250 rpm corresponding to low modes. This was done purposefully, since 
with increasing modes, the friction force and wear of the pads and roller increases, and the coefficient of 
friction changes slightly.

As a parameter of coolant efficiency by lubricating action, this paper proposes an efficiency coefficient 
Kc, which is equal to the ratio of the coefficient of friction arising from the use of coolant to the coefficient 
of friction while friction without coolant. The smaller the coefficient Kc, the more effective the coolant is in 
terms of lubricating action.

Since the purpose of the studies was to develop a methodology for accelerated evaluation of the lubri-
cating properties of coolant, at the next stage it was decided 
to select coolant parameters that could potentially affect the 
lubricating effect of a coolant and would not require the use of 
complex equipment for its evaluation. One of these parameters 
is the density (ρ, kg/m3), which is easy to estimate in the labo-
ratory. Another property affecting the lubricating effect of a 
coolant is its wetting effect, which is estimated by the limiting 
wetting angle (Θ, degrees) [17].

Investigation of a coolant density

Experimental estimation of the density of the coolant under 
investigation was carried out using analytical balance AND 
DL-200 with a discreteness of 0.001 g. The analytical balance 
used is shown in figure 1.

During the tests, each coolant was poured into a measuring 
container. The volume of the studied coolant was 120 ml. The 
measuring container was put on the balance pan and held for Fig. 1. Analytical balance AND DL-200
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30 seconds to eliminate the influence of vibrations. After the mass value stopped fluctuating, its value was 
recorded in the table. Then the density values of each brand of a coolant were calculated according to the 
following formula:

	 r = ,
m
V

	 (1)

where m is the coolant mass, kg; V is the coolant volume, m3 (which was equal to 120·10–6 m3).

Investigation of the wetting properties of a coolant

The wetting properties of the coolant are evaluated by the value of the wetting edge angle Θ. The val-
ues of the wetting edge angle were measured using an electronic digital microscope. For these studies, a 
workpiece made of the same alloy as the roller, used in the studies of the lubricating properties of a coolant, 
was used. During the tests, the axis of the electron microscope lens was installed in the same plane with the 
surface of the workpiece since in this position it is possible to set the true value of the wetting edge angle. 
The digital microscope is shown in figure 2. 

Fig. 2. Digital microscope

During the tests, the investigated coolant was applied to the dry surface of the workpiece using a pipette. 
After the coolant drop assumed a static position, an image of this drop was recorded using a microscope. 
According to this technique, images of drops of all coolants were obtained. An example of such an image 
is shown in figure 3.

The assessment of the wetting edge angle of every coolant on the surface of the steel workpiece was 
carried out using a computer drawing software COMPASS v18. In this case, a straight line was drawn, which 
is a projection of the surface of the workpiece, as well as a line that is a projection of the interface between 
the coolant drop and the surrounding air. At the intersection point of the constructed lines, a tangent line 
was drawn to the surface line of the coolant drop. The wetting edge angle was the angle between the tangent 

Fig. 3. A drop of a coolant on the surface of a steel workpiece:
1 – a coolant drop; 2 – a steel workpiece
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line to the drop surface and the projection of the surface of the steel workpiece. One of the constructed edge 
angles of a coolant wetting is shown in figure 4.

According to the described method, the limiting wetting angle of every tested coolant brand was 
determined.

T a b l e  1

Indicators of the coolant lubricating effect
Coolants µ Kc 

Without coolant 0.604 –
Coolant 1 0.148 0.25
Coolant 2 0.117 0.19
Coolant 3 0.130 0.22
Coolant 4 0.090 0.15
Coolant 5 0.082 0.14
Coolant 6 0.119 0.20
Coolant 7 0.119 0.20

T a b l e  2

Coolant densities
Coolants ρ, kg/m3

Coolant 1 947.76
Coolant 2 926.56
Coolant 3 957.60
Coolant 4 945.29
Coolant 5 953.43
Coolant 6 940.36
Coolant 7 945.14

T a b l e  3

Coolant limiting wetting angles
Brand of coolant Θ, °

Coolant 1 16.13
Coolant 2 12.6
Coolant 3 10.02
Coolant 4 3.38
Coolant 5 6.2
Coolant 6 5.72
Coolant 7 9.1

Fig. 4. Measured value of the coolant limiting wetting angle

Results and discussion

The obtained results of the evaluation of the lubricating effect of a coolant, its density and wetting action 
are presented in tables 1–3.

In the current study, it is assumed that the efficiency coefficient of coolant for lubricating action Kc 
depends on the coolant density ρ and the wetting contact angle Θ. In order to establish the empirical depen-
dence of these parameters, the computer program STATISTICA 12 was used. As a result, two graphical de-
pendencies were built Kc = f(ρ;Θ): quadratic and linear (Fig. 5). The parameter Var1 denotes the coefficient 
Kc, the parameter Var2 is ρ, kg/m3, and the parameter Var3 is the wetting edge angle Θ, degrees. In addition, 
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                                         a                                                                                     b
Fig. 5. Characteristic curves Kc = f(ρ;Θ):

a – quadratic; b – linear

with the help of the specified program, mathematical formulas describing the presented dependencies were 
established.

In addition, using the STATISTICA 12 software, mathematical formulas describing the presented 
dependencies were established:

	 Kc = 100.9073 - 0.2001ρ - 1.225Θ + 9.8915 ∙ 105ρ2 + 0.0013ρΘ - 0.0003Θ2;	 (2)

	 Kc = -0.4622 + 0.0006ρ + 0.0071Θ	 (3)

At the next stage of research, in order to determine the most accurate of the obtained dependencies, 
calculations were performed using formulas (2) and (3). The obtained values were compared with 
experimental values of Kc and the values of relative calculation errors were found. As a result, it was found 
that the error of calculations according to formula (2) modulo was from 1.49 to 41.16 %. The error of cal-
culations according to the formula (3) modulo ranged from 3.58 to 28.68 %. Thus, the accuracy of calcula-
tions according to formula (3) is 1.44 times higher than according to formula (2). 

The evaluation of formula (3) shows that the 
constant coefficient for the variable ρ is significantly 
less than the coefficient for the variable Θ: by 11.83 
times. This indicates the higher importance of the 
wetting edge angle when calculating the coefficient Kc 
Therefore, finding out the dependence Kc = f(r) is im-
practical, and the previous purpose of the research was 
to find out the dependence Kc = f(Θ). The constructed 
graph is shown in figure 6.

The dependence shown in figure 6 is approximated 
by a straight line. The formula describing the 
constructed line is also shown in figure 6. By comparing 
the calculated values of Club with the experimental 
values of Kc, the relative error of calculations was 
established: from 2.75 to 23.99 %. It should be noted Fig. 6. Characteristic curve Kc = f(Θ)
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that the calculation error of 23.99 % was obtained only at one point. The error in determining Kc at other 
points did not exceed 15 %. Thus, a point with an error of 23.99 % can be neglected.

Since it was found that the calculation error according to the formula of the dependence Kc = f(Θ) is the 
smallest, the following dependence can be used to predict the effectiveness of the coolant by the lubricating 
action during friction of the 15% TiC–79% WC–6% Co alloy pad and the rotating roller made of steel 45 
(0.45% C):

	 Kc = 0.0069·Θ + 0.1308.	 (4)

Thus, the method of accelerated evaluation of the lubricating properties of coolant used in metal cutting 
presumes the following algorithm:

1) apply a drop of the test coolant to the workpiece made of the required material using a pipette;
2) after the coolant drop has assumed a static position, fix its image using an electron microscope;
3) using a CAD software (COMPASS v18 or another similar one), draw a straight line on the resulting 

image, which is a projection of the surface of the workpiece, as well as a line that is a projection of the 
interface between the coolant drop and the surrounding air;

4) at the intersection point of the constructed lines, draw a tangent to the surface of the coolant drop;
5) measure the angle between the tangent line to the drop surface and the projection of the workpiece surface 

(wetting edge angle);
6) calculate the efficiency coefficient of coolant by lubricating action according to the formula (4) (for steel 

workpiece);
7) by the value of Kc, evaluate the efficiency of coolant. At the same time, the efficiency of coolant can be 

discussed if the value of Kc < 0. The smaller the Kc, the more effective the coolant is in terms of lubricating action.

Conclusion

After evaluating the results of the studies presented in this paper, the following conclusions were made.
1. In the work, the dependences of the coolant efficiency coefficient on the lubricating action determined 

for the friction between the roller made of steel 45 (0.45% C) and the pad made of 15% TiC–79% WC–
6% Co alloy on the coolant density and the coolant limiting wetting angle are established: Kc = f(ρ; Θ),  
Kc = f(ρ ) and Kc = f(Θ).

2. The greatest accuracy of calculations from 2.75 to 15% is provided by the formula of dependence  
Kc = f(Θ): 

Kc = 0.0069·Θ+ 0.1308.

3. The dependence Kc = f(Θ) is proposed to be used for the methodology of accelerated evaluation of the 
lubricating properties of coolant during friction of the 15% TiC–79% WC–6% Co alloy pad and the rotating 
roller made of steel 45 (0.45% C).

The proposed method presupposes measuring the limiting wetting edge angle of a drop of coolant on 
the surface of the workpiece and calculating the derived empirical dependence of the coolant efficiency 
coefficient on the lubricating action.

The lubricating action is one of the main, but not the only functional action of the coolant. Therefore, 
with different processing modes, the degree of influence of this action on the cutting process will be different. 
The use of coolant chosen according to the proposed method will have a positive effect, but the greatest 
effect will be under conditions when the lubricating action is dominant. For example, at low cutting speeds, 
when high temperatures do not occur in the processing zone and the lubricating effect overlays.
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